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Volume-Based Model for Forecasting Truck
Lane Use on the Rural Interstate

D. ALBRiGHT AND C. BLEWETT

Truck lane use is important when assessing the impact of trucks
on multilane roads. A study was conducted to estimate truck
Iane use on tangent sections of the New Mexico rural interstate.
Following review of related literature, a field study method-
ology was developed, data were collected, and a model was
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devived for t:auluaﬁug a truck lane disiribution facior. The
study determined that total vehicle volume is statistically sig-
nificant in explaining truck lane use. The percent trucks of
total volume also adds to the explanatory ability of the model.
Three models were developed from the field data, based on
three traffic volume groups. To diminish the possibility of
underbuilding a facility, precision ranges were established for
the predictive ability of the models. The models were modified
to account for variability in the data. An analysis was con-
ducted of the impact of study models on pavement structural
design. The study models, when compared with previous lane
use estimates, typically reduced pavement thickness by ¥ in.
For all study sites the reduction in pavement thickness was
between % and 1 in.

The lane distribution factor (LDF) is an integral part of load
calculations on multilane facilities. The LDF describes the
percent of heavy commercial vehicles in the right lane. This
factor is used in design of pavement thickness, affecting pave-
ment design and construction costs. For the New Mexico rural
interstate system, the truck lane distribution factor for pave-
ment design assumed that 94% of the heavy commercial traffic
travels in the right-hand lane and the remaining 6% occupies
the left lane. These values were estimates and were not spe-
cifically based on New Mexico traffic data. To determine if
these factors accurately described New Mexico rural interstate
truck lane use, a research program was begun to review the
literature on truck lane distribution.

The review of existing literature yielded two conclusions.
First, little research has been published on the subject. Sec-
ond, the published studies available were completed before
enactment of the Surface Transportation Assistance Act of
1982. Because heavy commercial vehicle characteristics have
changed significantly since that legislation, the New Mexico
State Highway Department felt that the issue was important
enough to warrant a study. The objectives of the study were
to evaluate the existing procedure and, if appropriate, to develop
a new truck lane distribution formula.

STUDY DESIGN

The truck lane distribution study involved three elements: (1)
the methodology to facilitate accurate data collection and

New Mexico State Highway Department, Santa Fe, N. Mex. 87504-
1149.

ensure the validity of the data for statistical inquiry; (2) the
process of data collection, assimilation and summarization,
including the verification of base data; and (3) the statistical
analysis of summary data and generation of a valid set of lane
distribution postulates.

Methodology

Based in part on the literature, the research procedure was
modified to address the problem of personnel constraints and
accurate data collection. The first step was to determine which
variables were most important for the study. The percent of
heavy commercial traffic in the right lane was defined by the
nature of the study as the dependent variable. The remaining
issues to be answered by the design were the selection of
measurable independent variables, determination of sample
size, and site selection. :

The selection of independent variables is typically limited
by resources. Variables are selected which previous experi-
ence or inquiry indicate have promise. These variables are
then reduced by some scale of priority, according to the
resources available.

Based on previous research, notably that conducted in 1971
by M. M. Alexander and R. A. Graves for the Georgia High-
way Department (1), the independent variables for the study
were limited to total traffic volume, percent heavy commercial
with five and more axles, and percent heavy commercial with
less than five axles. The last two independent variables were
totaled separately by lane during data collection and analysis.

Vehicle speed was considered as a variable but was not
selected. Driver detection of radar might result in atypical
data, particularly among heavy commercial vehicles. Addi-
tionally, if speed were determined to improve the lane use
model, it would have to be collected for each site where lane
use was to be calculated, increasing the cost of model imple-
mentation. For the remaining variables used in the study,
system-wide data were available so that lane use calculations
could be readily made. This is a critical element of a useful
model for determining truck lane use distribution.

Sample Size and Site Selection

After selection of independent variables, the next step was
to define the universe of the study and identify an adequate
sample size. A previous study determined that New Mexico’s
900-mile rural interstate system could be subdivided into four-
teen sections with unique volume characteristics. Because these
fourteen sections represented the entire rural interstate sys-
tem, and because the determinant criteria for a unique section
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were volume and percent heavy commercial of total traffic,
the sections were appropriate units for determining sample
size. A sample of five sites was randomly selected from these
sections. After the five sites were selected, they were reviewed
to determine if they were representative of the New Mexico
rura) interstate. The review resulted in the addition of another
site representative of lower traffic volumes and lower percent
heavy commercial of total traffic. All subsequent analysis in
this study is based on data from these sites.

Once the six sections were identified, the road segment for
the count was identified. Each section has a corresponding
permanent counter located in a unique road segment. In the
interest of accurate data collection, the field data collector
would count only heavy commercial traffic. The total volume
would be determined by the permanent counter. Therefore,
the road segment for the count was located between the same
two interchanges as the permanent counter. Because access
to the rural interstate system is controlled, the heavy com-
mercial counts could be compared directly with total volume
counts of the permanent counter for the same hours to com-
plete the data base.

The remaining concern for site selection was the minimum
distance the site had to be located from the nearest inter-
change. Based on standard acceleration rates, it was deter-
mined that the site for the count would preferably be 2 miles
from the nearest interchange. This constraint ensures that the
site will not be affected by atypical lane distributions that
result from merging. With typically 5 miles between inter-
changes, there was a minimum of a 1-mile road segment within
which the specific count site was selected.

Count Days and Hours

In order to minimize seasonal factors affecting the study, the
month of September was chosen as the time to complete the
field counts. Historical volume data for the New Mexico rural
interstate indicate that the traffic ratio of September mean
daily traffic to annual mean daily traffic is close to unity.

At the time of site selection, it was decided that each count
would be made on three consecutive days. To avoid weekend
variation in traffic volume and to provide adequate time for
personnel travel and set-up, the study count days were Tues-
day, Wednesday, and Thursday.

An analysis of the daily hourly volumes at the six sites
during previous Septembers revealed no discernible morning
or afternoon peak in all cases. The typical daily pattern reflected
a fairly continuous flow of traffic from 9:00 a.m. until 5:00
p.m. The data did suggest that in most cases the volume
decreased from noon to 2:00 p.m. The count hours for the
study were selected as 9:00 a.m. to noon, and from 2:00 p.m.
to 5:00 p.m. for all six locations. Based on previous years’
data, these hours would include any peaking characteristics
for all locations and represent characteristic traffic volume at
the sites.

DATA COLLECTION, ASSIMILATION, AND
SUMMARIZATION

After all field data were collected, the raw data were assim-
ilated and summarized for analysis. This process involved

TRANSPORTATION RESEARCH RECORD 1194

surveying the raw data, eliminating unusable records, aggre-
gating the data to different levels, and determining the most
useful summary data set for the development of lane distri-
bution factors.

For each of the six sites, data were collected for both direc-
tions. This, in effect, doubled the site size for data summa-
rization purposes. Under optimal conditions, 36 hours of data
would be available, by direction, for each study site. Of the
total of 216 possible hours of observation, it was determined
that 44 could not be used in the analysis. Of these, 2 hours
were discarded because of lane closures, 6 were lost due to
field transportation problems, and the remaining 36 were
dropped because volumes from the permanent counter were
suspect. Fortunately, the 172 good records were distributed
evenly among the six sites and included data for traffic moving
in both directions at each site. No sites were dropped from
the study because of insufficient data, and no recounting was
required.

To analyze the variance of the data, the mean square error
of each variable was examined at each of the six sites, by
direction. A high within-group variance would suggest that
sampled traffic and lane patterns were not uniform. Alter-
natively, with review of the standard error of the mean to
estimate sampling error, high within-group variance might
suggest that the three-day sample was inadequate and the
study would have to be redesigned. On the other hand, given
low within-group variance as indicated by mean square error
and standard error, consistent site-specific traffic and lane use
patterns could be concluded, and further analysis of the data
would be indicated. The within-group mean square error was
found to be low. The mean statistics for each site, and each
site by direction, adequately represent traffic in the lane dis-
tribution factor model.

The relationship among mean traffic data for the sites, by
direction, was addressed through regression analysis. The best
fit equation was determined for mean values by site and direc-
tion. The statistical analysis system (SAS) procedure used was
PROC STEPWISE MAX R.

In the stepwise procedure the use of the two independent
variables provided a better fit than single variable. The R-
squared value for the best one-variable model, with total vol-
ume the independent variable, was .5845. The R-squared value
for the best fit two-variable model, total volume and percent
trucks of total volume, was .6087.

The two-variable model was selected despite relatively
low improvement in the fit of the model. On some segments
of the rural interstate, percent trucks can affect the resulting
LDF equation. When the percent trucks of total volume
exceeds 16%, this variable affects the LDF. At 32% this
variable reduces the LDF by 1%. Some New Mexico rural
interstate segments currently exceed 38% trucks of total
volume. This variable is also intuitively sensible. As the
percent trucks of the volume increases, the trucks with higher
weight-to-horsepower ratio will on occasion be forced into
the left lane.

The two-variable model, or base equation, for the study,
is shown below. Figure 1 is a plot of equation 1 with the
assumption of 26% truck traffic.

LDF = .98144 — .0004(Volume)
— .000293(Percent Trucks) ¢}
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FIGURE 1 Equation 1 (assume 26% trucks).

This equation is only for tangent segments of the rural
interstate. Because the data used for model development cover
a limited range of volumes, it is important to note the traffic
volumes at which the model does not provide useful infor-
mation. The equation fails at volumes greater than 1,230 per
hour, per direction. At this point the equation provides less
than half the vehicles in the right lane. No more than a 50/
50 split, without other access/egress factors, would occur, even
at level of service E. The volume or heavy truck percent at
which the rural interstate LDF reduces to equilibrium, a 50/
50 split, is not known and cannot be accurately extrapolated
from the data collected for this study.

What is the volume at which the LDF equation should not
be applied? The equation should not be used with volumes
greater than 700 vehicles per hour, per direction. At this level
there is an LDF of 70%—the lowest observed right lane
percent of heavy commercial trucks on the rural interstate.
Extrapolation beyond the observed percent is not recom-
mended because it could result in underbuilding a section of
rural interstate.

While the primary purpose of the study is to check the
assumption of 94/6 distribution between the right and left
lanes and perhaps to prevent overbuilding of a facility, under-
building is also of concern. This concern not to underbuild a
section of interstate directed the study to modifications of
equation 1.

The results of the study demonstrate that current distri-
bution assigns too much of the heavy commercial traffic to
the right lane. At no location surveyed was the LDF as high
as the standard LDF value previously employed by the New
Mexico State Highway Department. This suggests that the
interstate construction cost could be reduced through a cor-
rected load analysis resulting from more accurate LDF.

Equation 1, based around a line fit to the mean data by
site and direction, reduces the possibility of overbuilding through
error in the LDF. To prevent underbuilding through LDF

error, the LDF must not be underestimated. This concern is
the basis for modification to the equation.

RANGE OF ACCEPTABLE ERROR

To use the equation would essentially “miss” the mean as
high as to miss it low because of the sum of squares step in
fitting the regression line to the data. The equation should
be modified so it is fit not only to the mean, but also to the
range of desirable values. This range will be characterized by
a smaller margin of acceptable error below the mean, and a
larger margin of acceptable error above the mean.

Two ranges of error were identified in discussions with
personnel from the Materials Laboratory and Technical Ser-
vices Engineering. These can be used to compare and evaluate
the results of equation 1 with field observation data. A stand-
ard for the result of the equation is an LDF equal to or greater
than —1 percentage point of the observed value, and equal
to or less than +3 percentage points of the observed value.

A less precise, but acceptable, standard would be the equa-
tion LDF providing dependent variable values equal to or
greater than —2 percentage points of the observed value, and
equal to or less than +5 percentage points of the observed
value. The ranges of values identified reflect the concern to
overestimate rather than underestimate the LDF.

At the lower precision level, equation 1 results in eight of
twelve sites being defined within the range. However, at the
higher precision level, equation 1 drops to four of twelve sites
within the range. Equation 1 results in low mean and cumu-
lative errors, of —.00907 and —.10885 respectively. However,
both errors are minus, more typically below the mean field
observations.

The model developed to this point does not satisfactorily
interpret all of the stations. Equation 1 produces acceptable
results for study sites with traffic volumes between 400 and
450 vph.



VOLUME GROUPS

There are three groups of total volumes. Given the desirable
range around the mean, the equation 1 intercept parameter
operates in a linear manner with the coefficients of the inde-
pendent variables only within one range of total traffic vol-
ume. Volumes less than 400 and greater than 450 vph are
modeled to the desirable range. This was accomplished by
adding half a standard deviation to the intercept for the low
volume group, and one standard deviation for the high volume
group. Adding the standard deviation to the equation increases
the LDF. The equation is expressed with the standard devia-
tion added to the intercept parameter. The intercept param-
eter is, therefore, modified to model the characteristics of the
three volume groups. The volume groups, and the modified
parameters, are noted below by range.

Volume
Range Equation
Equation (vph) Number
LDF = 1.02144 — .0004(Volume)
— .000293(T) 405-700 2
LDF = .98144 — .0004(Volume)
— .000293(T) 400-449 1
LDF = 1.00144 — .0004(Volume)
— .000293(T) 10-399 3

With these equations, the projected LDF would be within
the more precise range five of twenty sites, and twelve of
twelve within range at the less precise range. For the less
precise range, six sites were overestimated but in range, four
sites were underestimated but in range, and there was no error
at two sites.

Equation 1 when applied to all traffic volumes performed
satisfactorily to 700 vph. The use of three equations for the
LDF by volume range applies to 800 vph.
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FURTHER ADJUSTMENT FOR THE HIGHER
VOLUME RANGE

A further adjustment may be made to ensure that there is no
underestimation of the LDF. No adjustment is needed for
volume ranges 10—399 and 400-449. Underestimation at higher
volumes suggests that the intercept adjustment for this volume
is not sufficient. An additional .03 added to this intercept
would provide, at higher volume sites, LDFs that are over-
estimated and in range, rather than underestimated and in
range. This modification will ensure that the LDF is not
understated, and that the design and cost gains through the
study are only slightly diminished. The effect of this additional
modification is to increase the equation by slightly under two
standard deviations. The precision range result is similar
to that of a confidence interval modification of the base
equation.

LDF EQUATIONS

The final equations by volume on the rural interstate are noted
below.

Volume
Range Equation
Egquation (vph) Number
LDF = 1.05144 — .0004(Volume)
— .000293(T) 405-700 4
LDF = .98144 — .0004(Volume)
— .000293(T) 400-449 1
LDF = 1.00144 — .0004(Volume)
- .000293(T) 10-399 3

The above equations were evaluated by testing for homo-
geneity of variance. PROC TABLES from the SAS Supple-
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FIGURE 2 Adjusted equation (assume 26% trucks).
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FIGURE 3 Comparison of methods (assume 26% trucks).

mental Library was used to test the homogeneity of variance
in volume and percent trucks to volume. Using Bartlett’s
procedure at p = 0.001, the variance was found to be homo-
geneous. For purposes of comparison with the above equa-
tions, despite acceptance of homogeneity, weighted regres-
sion analysis was conducted using SAS PROC REG. The
resulting high and low volume group equations derived lower
LDFs than calculated by the above equations. If the concern
is not to underbuild a facility, the equations would not be
acceptable.

To present the resulting equations for daily departmental
use, the LDF relationship to volume and trucks is presented
in graphic form. The equations line is smoothed at the middle
volume range. In the process of smoothing the regression
equation line, the resulting LDF for the middle volume range
is also higher than that calculated from the weighted regres-
sion equation. Figure 2 illustrates the use of the three equa-
tions with volume group 2 smoothed.

CONCLUSION

The lane distribution factors put forth in the study represent
a significant improvement in accuracy over earlier methods.
Figure 3 compares the earlier method with the results of the
present study, for the case of 26% truck traffic. The models
can be applied easily because the data required are available
on a system-wide basis and because the LDFs can be repre-
sented in graphic form. The models reflect the differences in

volume and heavy commercial percent of total volume that
are characteristic of New Mexico’s rural interstate system.

Using the lane distribution factors will result in better road
design and may provide considerable savings. A sensitivity
analysis of the impact of this procedure on pavement struc-
tural characteristics was conducted by the Materials Testing
Laboratory and Planning Bureau of the New Mexico State
Highway Department. The analysis determined that for longer-
term pavement design the lane distribution factors reduce
pavement thickness by an average of % in. For all of the sites
in the present study, the pavement design was reduced between
%s and 1 in. pavement thickness. It may be concluded that
the lane distribution factors derived from this study improve
the accuracy of determining truck lane usage, and that this
improvement significantly affects pavement design.

Additional research will be undertaken, including analyzing
the effect of positive grades on truck lane use, sampling for
monthly variation, and examining the time stability of LDF
equations.
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Comparative Analysis of Two Logics for
Adaptive Control of Isolated Intersections

FENG—BQR Lin

Adaptive signal control has the potential to provide improved
control at isolated intersections. Adaptive control, however,
has limitations due to its need to rely on estimated flow con-
ditions for making signal timing decisions. Such estimated flow
conditions always differ from the actual conditions, and the
discrepancies can offset the benefit of having an elaborate deci-
sion making process in a control logic. Therefore, an issue can
be raised as to whether it is necessary to rely on strenuous
decision-making processes for adaptive control. This study
compares the relative merits of a simple queue based logic and
a logic that relies on a much more complicated procedure for
making timing decisions. It is found that the queune-based logic
is nearly as effective as the more complicated logic. This finding
points to a direction for the development of new control logics
that can be widely used to replace existing traffic-actuated
control logics.

Adaptive control, referred to herein, is a mode of control
which relies on very short-term advance vehicle arrival infor-
mation in an attempt to achieve real-time optimization of
signal operations. Several adaptive control logics have been
tested in the field, implemented, or recommended for use at
isolated intersections. Examples of such logics include mod-
ernized optimized vehicle actuation strategy (1), Miller’s algo-
rithm (2), optimization policies for adaptive control (3), traffic
optimization logic (4), and stepwise adjustment of signal tim-
ing logic (5). The split, cycle, and offset optimization tech-
nique (6), which is intended mainly for signal coordination,
has also been tested for the control of isolated intersections
).
It should be noted that, regardless of the level of sophis-
tication of a control strategy, optimal signal operations can
never be achieved in a real life situation. The term optimi-
zation is often used casually to represent a process of searching
for a better course of action. Such a process can be based on
a straightforward trade-off analysis in order to determine
whether the current green duration should be extended for a
short time interval (4). It can also be based on an elaborate
procedure to evaluate alternative signal switching sequences
and, subsequently, to identify the best sequence for a rela-
tively long (e.g., 100 sec) future period of time (3). This liberal
interpretation of optimization is also adopted in this paper.

INTRODUCTION

The extent to which adaptive contrel can improve signal oper-
ations depends in part on the specific adaptive control logic

Civil Engineering Department, Clarkson University, Potsdam, N.Y.
13676.

employed, the quality of the information used for making
timing decisions, the level of control efficiencies delivered by
existing control devices, and the traffic flow patterns involved.
Field tests conducted so far have shown mixed but encour-
aging results for adaptive control. A test of Miller’s algorithm
(8) at an intersection revealed that the resulting control effi-
ciencies were poorer than those provided by vehicle-actuated
controls when the flows approaching the intersection were
less than 1,300 vph. A test of modernized optimized vehicle
actuation strategy (I) for ten time-of-day periods resulted in
delay reductions of 5% to 12% for seven periods, a delay
increase of 7% for one period, and delay reductions of 20%
and 30%, respectively, for the remaining two periods. The
implementation of the traffic optimization logic (4) at one
intersection yielded delay reductions of more than 20% when
compared with a traffic-actuated operation.

As demonstrated in these field tests, the incorporation of an
optimization capability into signal control does not necessarily
guarantee improved signal operations. The accuracy of the infor-
mation utilized to make timing decisions is also critical to adap-
tive control. This can be a drawback, because adaptive control
usually relies on estimated flow conditions rather than on actual
flow conditions. To facilitate the estimation of flow conditions,
it is necessary to place detectors several hundred feet upstream
of the intersection in order to provide advance vehicle arrival
information. Such detectors can provide perhaps no more than
115 sec of advance information at most intersections. In order
to overcome this limitation, some researchers (3, 8) have resorted
to the use of predicted vehicle arrival data to supplement the
detector data. This approach tends to introduce errors into the
information that is used to make signal timing decisions. Even
if the estimation of the flow conditions is based entirely on
detector data, the resulting estimates can be expected to deviate
from the actual flow conditions. The discrepancies between the
estimated and the actual conditions can be attributed to lane
changes and to variations in vehicle speeds, queue discharge
headways, driver responses to signal change interval, and so
forth.

In light of this drawback, it is worth investigating whether
strenuous decision-making processes can be replaced by sim-
ple decision rules for adaptive control. To address this issue,
two adaptive control logics are compared in this study. One
logic is stepwise adjustment of signal timing (SAST) (5), which
requires the evaluation of alternative signal switching sequences
in order to reach a signal timing decision. The other logic is
based on the consideration of queue length and determines
whether the current green should be terminated by comparing
the expected maximum queue length of the current green
phase with a threshold queue length.
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SAST LOGIC

SAST logic relies on a binary choice decision-making process
for stepwise adjustment of signal timing. In this decision-
making process, time is divided into small intervals, or steps.
In each step, an analysis is made to determine whether the
current green should be terminated at the end of that step.
The rationale for the development of this logic is discussed
elsewhere (5).

The decision-making process adopted in SAST logic for
stepwise adjustment of a green duration is shown in Figure
1. This process has four levels of decision-making activities,
which are marked in the figure as I, II, III, and IV, respec-
tively. The first three levels employ simple decision rules which
either permit the current green to be extended beyond the
first step or call for additional analyses. The data processing
requirements for these three levels are very limited. Signal
optimization, which is the last level of the decision-making
process, comes into play only if the first three levels fail to
choose a definitive course of action.

The manner in which SAST logic processes and utilizes
information to reach signal timing decisions is described in
detail below.

Data Acquisition and Processing

Time is divided into successive steps in SAST logic. Each step
is AT sec in length. A decision must be made in each step

either to extend the green beyond the current step or to ter-
minate the green at the end of that step. Referring to Figure
2, let T be the beginning of a step. At least two types of data
are needed for making a timing decision. One type of data is
the vehicle arrival sequence that is expected at the stop line
in several steps beyond T. This type of data is derived from
vehicle arrival data obtained by the upstream detectors. The
procedure for deriving such data is simple.

Let t; be the arrival time of a vehicle at an upstream detector
location and r the average travel time between the detector
and the stop line in the absence of interferences by signal
operations. Then, the expected arrival time of that vehicle at
the stop line is assumed to be A; = 1, r. This expected arrival
time can be used directly for decision making. It can also be
represented as one arrival in a specified step. The latter
approach enables more efficient data processing. Therefore,
it is adopted in SAST logic. Following this approach, A, is
transformed into one vehicle arrival in the kth step beyond
Tif A, falls in that step. Since the efficiency of adaptive control
can be sensitive to the errors in the vehicle arrival sequence
that is used for signal optimization, the step size AT should
be sufficiently small. Large step sizes will distort an arrival
sequence. Two second steps are a reasonable choice. In each
of such steps, the number of vehicle arrivals will rarely exceed
one. On the other hand, the step size should be sufficiently
large in order to allow time for data processing, signal optim-
ization, and implementation of a timing decision.

Because the number of arrivals in each step is derived from



—

T

TRANSPORTATION RESEARCH RECORD 1194

Time

i a
T-Ma T

detector

——4—\——-——-—-———4-—'\

FIGURE 2 Discretization of time for timing adjustment.

detector data, a finite amount of advance information is avail-
able at a given point in time. Referring again to Figure 2, if
the average travel time between an upstream detector and
the stop line is equivalent to M steps, then only those vehicles
detected between T — MAT and T will produce advance
information for decision making at 7. In other words, the
amount of advance information available at T is MAT sec.

The second type of data needed for decision making is the
expected queue length in each traffic lane at time T. Such
queue lengths are determined from a traffic model, which is
an integral part of SAST logic, and are defined as the differ-
ences between expected cumulative arrivals and departures
as measured at the stop line for a specified point in time.

Level I Decision Making

If competing demands for the right-of-way do not exist, there
is no reason to terminate the current green phase. At a given
time T, competing demands are considered to be nonexistent
if all the phases waiting for the right-of-way have the following
expected flow conditions:

1. There are no queuing vehicles in any lane at T, and
2. There are no vehicles expected to arrive at the stop line
in n steps following T.

A reasonable value of n is one such that nAT is about 6
sec. If a competing demand after a period of nAT results in
a decision to terminate the green, nAT shorter than 6 sec may
unnecessarily force an approaching vehicle to a complete stop
before it is given the right-of-way.

Level II Decision Making

This level of decision making is based on the maximum expected
queue length (L),.., of the current green phase at T + AT.
If this queue length exceeds a specified threshold value L,
the current green is automatically extended beyond T + AT,
subject to a maximum green constraint. This feature is impor-
tant: if adaptive control relies exclusively on signal optimi-
zation, a phase with a relatively low demand is likely to lose

the right-of-way before most of its queuing vehicles enter the
intersection. The result is poor signal operation. This problem
can be eliminated when a threshold queue length is used to
bypass signal optimization.

For example, if the threshold queue length is set at four
vehicles, the queue lengths of the current phase can be reduced
to about four vehicles before other phases are allowed to
compete for the right-of-way through signal optimization. This
ensures that the queue lengths of every phase will not grow
at excessive rates due to the existence of short green intervals.
A previous study (5) reveals that the best threshold queue
length to use appears to be about four vehicles. This implies
that it is best to allow the queue lengths of the current green
phase to be reduced to approximately four vehicles before
other phases are allowed to compete for the green.

To prevent exceedingly long green durations, SAST logic
also allows the imposition of a maximum allowable green G,
on the current phase. This G, however, is imposed only
when the maximum queue length of all completing phases
exceeds a specified threshold value. '

Level II1 Decision Making

This level of decision making takes into consideration the
queue lengths of the current green phase and those of all
competing phases. The current green in extended beyond T
+ AT if the following two conditions are satisfied:

1. The maximum queue length (L;).. of the current green
phase i is longer than the maximum queue length (L), of
all competing phases, and

2. The total number of queuing vehicles TL, of the current
green phase is larger than the total number of queuing vehicles
TL. of all competing phases.

Level IV Decision Making

This level of decision making involves signal optimization.
SAST logic allows minimization of the total delay either of
all vehicles or of the vehicles in certain critical lanes. The
subject vehicles include the queuing vehicles at T and those
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vehicles which are expected to reach the stop line between T
and T + MAT. The critical lanes to be included for signal
optimization can vary from one step to another. They are
determined according to the following criteria for each phase:

1. A lane that has a long queue length at time T is more
critical than a lane that has a short queue.

2. If two lanes have equal queue lengths at time T, the
lane that has a larger number of expected arrivals between 7'
and T + 2AT is more critical.

3. If two lanes have equal queue lengths at T and equal
numbers of expected arrivals between T and T + 2AT, the
lane which is ahead in the data processing order is more
critical.

Optimization Process

The signal optimization process is illustrated in Figure 3. The
first task in this process is to examine the option of terminating
the green at T + AT. This option leads to several alternative
signal switching sequences. These sequences are generated
and evaluated in order to estimate the minimum delay D,
associated with this option. The next task is to determine
whether D,;, can be reduced by extending the green beyond
T + AT. This task is carried out by first considering the option
of terminating the green at the end of the second step, i.e.,
at T + 2AT. The signal switching sequences associated with

I option 1

!

this option are generated and evaluated one at a time. If the
delay D, resulting from such a switching sequence is less than
or equal to D, it is more desirable to extend the green
beyond T + AT. In such a case, the current green is allowed
to continue unless the maximum green constraint prohibits
further extension of the green. If D, is greater than D...
instead, another signal switching sequence is generated and
evaluated in the same manner until all alternative sequences
associated with terminating the green at T + 2AT are exhausted.
Following that, the option of terminating the green at T +
nAT for n = 3, 4, . . . may be evaluated.

SAST logic uses a decision variable N,,,, to limit the max-
imum number of options that are to be evaluated. For exam-
ple, if N, = 3 is specified, only those signal switching
sequences involving the termination of the green at T + AT,
T + 2AT, and T + 3AT are considered for evaluation. With
M steps of advance information, the value of N,,, can vary
from 2 to M.

Generation of Switching Sequences

Given that the current green is to be terminated at T + nAT
(n=1,2,..., M), SAST logic does not attempt to generate
all feasible signal switching sequences for evaluation. Instead,
it generates a small number of switching sequences that are
likely among the best few of all feasible sequences.

The process of generating signal switching sequence can be

L consider terminating green at T+aT 1

generate alternative signal
switching sequences for option 1

!

determine minimum delay O

min

!

next option n=2

J

consider terminating green at T+naT

!

Lgenerate a switching sequence

L determine delay Dn J

extend green
beyond T+aT
if G is

not violated

alternatives
exhausted

next option e

terminate green at T+aT

FIGURE 3 Signal optimization process.
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better described with the example shown in Figure 4. This
figure should be interpreted as follows:

1. The total number of signal phases is three.

2. Phase 1 has the green at time T.

3. The signal change interval following each green equals
two steps.

4. A bold ascending line indicates that a phase has the
green, and a bold horizontal line signifies a signal change
interval.

5. Advance information is available for M = 5 steps beyond
T.

6. Switching sequences marked as (a), (b), (c), (d), (),
and (f), respectively, are arranged according to the order in
which they are generated.

In Figure 4a, the current green is terminated at 7 + AT.
Subsequently, a signal change interval is timed out at T +
3AT. The green is then given to the néxt phase, i.e., phase
2, if that phase has a demand for the right-of-way. If phase
2 has no demand, the green is given to phase 3 by skipping
phase 2, provided that phase 3 has a demand for the right-
of-way. If neither phase 2 nor phase 3 has a demand for
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the right-of-way, the green is given to phase 2 which follows
the current green phase. The resulting signal switching sequence
is likely to be inefficient, and this will be reflected in the
timing decision.

A demand is recognized in SAST logic if any lane of the
phase in question satisfies either of the following conditions:

1. Expected queue length at the time the last change inter-
val is terminated (e.g., T + 3AT) is greater than zero.

2. Expected number of arrivals within 4 sec after the ter-
mination of the change interval is greater than zero.

If phase 2 receives the green at T + 3AT, this green can
be extended by one step (Fig. 4a), or by two steps (Fig. 4b).
Once the generated portion of a switching sequence reaches
the end of the last step, i.e., T + 5AT, one of the following
actions is taken in generating the portion of the switching
sequences beyond T + 5AT:

1. If a signal change interval is in effect at the end of the
last step, i.e., at T + 5AT, that interval is allowed to be timed
out at or beyond T + 5AT (Fig. 4a, 4d, and 4e). Afterwards,
the green is given to the next phase that still has vehicles
waiting to enter the intersection. This green is allowed to
continue until all the vehicles in that phase are discharged.

2. If a green interval is in effect at T + SAT (Fig. 4b, 4c,
and 4f), this green interval is extended beyond T + SAT until
all the vehicles are discharged.

3. The generation of a signal switching sequence is com-
pleted when all the vehicles included in the analysis are pre-
sumably discharged. This point in time is denoted as P in
Figure 4.

Estimation of Delays

The delay experienced by a vehicle is measured as the expected
departure time minus the expected arrival time at the stop
line in the absence of interferences by signal operations. SAST
logic estimates only the delays of those vehicles which are
expected to reach the stop line by T + MAT. Therefore, it
is assumed that there are no additional vehicle arrivals beyond
T + MAT.

Delays are estimated simultaneously with the generation of
each signal switching sequence. When the front portions of
several signal switching sequences are identical, the delays
related to such portions are only estimated once in order to
reduce the CPU time. For example, the first two signal switch-
ing sequences depicted in Figure 4 have the same switching
pattern between T and T + 3AT. Therefore, the delays incurred
in this period and estimated for the first switching sequence
are used directly for the second sequence.

The total delay associated with a signal switching sequence
is the sum of the delays incurred in each step. The delays in
each step can be estimated from the cumulative arrivals and
departures both at the beginning and at the end of that step.
To estimate such delays for each lane, the following two quan-
tities are defined first:

CA, = Que(T) (1)
CD, =0 2)
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where
CA, = cumulative number of expected arrivals at T,
Que(T) = queue length at 7, and
CD, = cumulative number of expected departures at

T.

Next, the cumulative number of arrivals CA, at the end of
Stepi (i = 1,2,3,...)can be determined as

CA, = CA, — 1 + NA, 3

where NA, = number of expected arrivals in step i.

Fori =1,2,. .., M, NA,is derived from the detector data.
For i > M, NA, is set equal to zero because SAST logic does
not consider the delays of those vehicles not yet detected by
T.

The cumulative number of departures CD, at the end of
step i is determined as

CD;, = CD; — 1 + ND, = CA, 4

where ND; = number of expected departures in step i.

In the original SAST logic, vehicle departures from the stop
line were treated as discrete events. In this study, the depar-
tures of queuing vehicles are treated as a continuous variable
in accordance with a nonlinear function of saturation flow.
After a queue is completely discharged from the stop line,
the number of expected departures in a step is set equal to
the number of expected arrivals in the same step, i.e.,
ND, = NA,.

Equations 3 and 4 are applied in a stepwise manner, begin-
ning with the first step (i = 1) that starts at T. The combined
delay of the vehicles in a lane in step i is estimated as

DELAY; = (CA,_, + CA, = CD,_, — CD)AT2 5)
Choice of N yax

Npay is used in SAST logic to limit the maximum number of
options to be evaluated in the signal optimization process
(Fig. 3). If N, = 4 is chosen, the signal optimization is
limited to the evaluation of the options of terminating the
current green at T + AT, T +, 2AT, and T + 4AT, respec-
tively. For the example depicted in Figure 4, this means the
optimization process will be forced to terminate after the first
five switching sequences are generated and evaluated. Of
course, the optimization process may end as soon as the third
switching sequence is generated and evaluated.

Given that M steps of advance information are available,
SAST logic allows the evaluation of up to M options of ter-
minating the current green. It is not necessary, however, to
consider all the options. Simulation analyses (5) reveal that the
efficiencies of SAST-based signal operations are not very sen-
sitive to the choice of N,,,,. With detectors installed at a distance
of 400 ft upstream of the intersection, N,,, = 2 is sufficient to
achieve a high level of control efficiencies. With a longer detec-
tor setback of 600 ft, a larger N,,,, may be desirable. Never-
theless, N, of 3 or 4 is sufficient in such a case.

A QUEUE-BASED CONTROL LOGIC

The queue-based logic analyzed in this study is depicted in
Figure 5. This logic retains the same decision-making structure

1

as the SAST logic. The only difference is that the optimization
process of the SAST logic (level IV) is replaced by a simple
decision rule based on queue length. It should be noted that
the level II decision making of this queue-based logic can be
eliminated without affecting the resulting control efficiencies.
This level of decision making, however, was not removed in
this study when the relative merits of the SAST logic and the
queue-based logic were evaluated.

The queue-based decision rule that replaces the optimiza-
tion process of SAST logic involves a comparison of the fol-
lowing two values:

L. (L)max = expected maximum queue length of the cur-
rent green phase at T + AT, and
2. L, = predetermined threshold queue length.

If the maximum queue length (L)), is less than or equal
to the threshold value I,, the current green phase is termi-
nated at T + AT. Otherwise, the green phase is allowed to
extend beyond T + AT, subject to a maximum green
constraint.

In appearance, the queue-based control logic is as simple
as the gap seeking logic of traffic-actuated control. They dif-
fer, however, in significant ways. Traffic-actuated control
attempts to terminate the current green when the arriving
vehicles can no longer utilize the green efficiently. Unfortu-
nately, the gap-seeking logic of this mode of control can easily
misjudge the actual flow conditions. The queue-based logic
also attempts to terminate the current green when the arriving
vehicles can no longer utilize the green efficiently. However,
it requires the synthesis of detected vehicle arrivals to form
a reasonably accurate picture of the conditions for decision
making. Consequently, this decision-making process is more
intelligent than the gap-seeking logic of traffic-actuated con-
trol. For general application, the queue-based logic also needs
a more sophisticated vehicle detection system, because accu-
rate estimation of queue lengths is not necessarily a simple
problem.

The idea of using queue length as a control criterion is not
new (9, 10). A conventional wisdom of queue-based control
is to extend the current green until the vehicles in the gov-
erning queue are completely discharged into the intersection.
In analyzing SAST logic, it was found that allowing queuing
vehicles to dissipate completely before calling for optimization
can be detrimental to the control efficiency (5). Therefore, it
is necessary to choose a proper threshold queue length for
implementing the queue-based logic.

ASSESSMENT OF CONTROL LOGICS

A microscopic, event-oriented simulation model was used to
compare the performances of SAST logic and the queue-based
logic. A major component of this model is a flow processor,
which generates vehicle arrivals and processes vehicles down-
stream according to prevailing signal indications. Another
major component is a signal processor, which allows various
signal logics to be implemented for evaluation. Delays esti-
mated from the model agree very well with the estimates
obtained from Webster’s formula (11) for pretimed operations
(5). Simulated delays under traffic-actuated operations have
also been compared with delays measured on six intersection
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FIGURE 5 Queue-based control logic.

approaches. (5). They differ by less than 3% when actual
vehicle arrival sequences are used as inputs into the simulation
model. The differences between the simulated and the mea-
sured delays can be greater if vehicle arrivals are generated
from specified flow rates.

To provide an insight into the desirability of replacing traffic-
actuated cuntrol with adaptive control, SAST logic was com-
pared with - ~onventional loop occupancy control logic. This
comparison'  based on various hourly flow patterns which
were subjected to either two- to four-phase control. The num-
ber of lanes associated with a phase was varied from two to
four. The lane flows ranged from 100 to 750 vph per lane.
The total flows approaching the intersection were in the range
of 600 to 5,600 vph. No conflicting movements were present.
The four-phase control had two protected left-turn phases to
accommodate vehicles in continuous left-turn lanes. The sim-
ulated vehicle had an average approach speed of 40 ft/sec.

For the loop occupancy control, the maximum allowable
green was set at 60 sec. When two-phase operations were
encountered, 50-ft detectors were used if a phase was asso-
ciated with four lanes, and 70-ft detectors were used if a phase
was associated with two lanes. For four-phase operations, 50-
ft detectors were used in left-turn lanes, while 70-detectors
were used in others. The extension interval was set at zero
seconds for all the cases examined. These timing settings and
detector configurations yield near optimal operations under
heavy flow conditions.

For SAST-based operations, 5-ft detectors were placed 400

ft upstream of the intersection to detect vehicle arrivals. The
step size AT was set at 2 sec and N,,,, was limited to 2. The
maximum green was set at 60 sec. This constraint, however,
took effect only when a queuing vehicle was stopped by a red
light. In addition, the current green was extended automat-
ically if the maximum queue length of the current green phase
exceeds four vehicles. _

Referring to Figure 6, it can be seen that the advantages
of the SAST based control over the loop occupancy control
can vary from one hourly flow pattern to another. When the
flow rates are low, and the delays under the loop occupancy
control are less than 10 sec/veh for two-phase operations, the
SAST-based control can be only as efficient as the loop occu-
pancy control. For four-phase operations, the SAST-based
control cannot be expected to deliver significant improve-
ments when the delay under the loop occupancy control is
less than 20 sec/veh. Under moderate to heavy flow condi-
tions, however, the SAST-based control can improve the con-
trol efficiency in some cases by more than 20%; the most
likely level of improvement appears to be in the range of 8%
to 15%. Since traffic-actuated signals are not necessarily uti-
lized to their best ability, the actual improvement through
adaptive control can be greater than what is implied in
Figure 6.

Traffic-actuated control based on loop occupancy or vol-
ume density logic can be very efficient under light flow con-
ditions. Under heavier flow conditions, two problems may
emerge. One problem is the failure of the control to allow
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FIGURE 6 Delays of SAST control versus delays of loop
occupancy control. .

most queuing vehicles to enter the intersection due to pre-
mature termination of the green. This problem can arise when
short detector lengths, short vehicle intervals, or short max-
imum greens are employed. On the other hand, excessively
long greens may result because of the actuation of detectors
by vehicles not in a queue. Such vehicles cannot utilize the
intersection capacity as efficiently as queuing vehicles. This
problem can become rather acute when many lanes are asso-
ciated with a signal phase.

Adaptive control can alleviate these weaknesses of traffic-
actuated control through real-time optimization. Similarly,
the queue-based logic, as shown in Figure 5, can also prohibit
vehicles that cannot efficiently utilize the intersection capacity
from extending the green. To facilitate a comparative analysis
of SAST logic and the queue-based logic, the same simulation
model was used to determine the best threshold queue length
L, that should be used for the level IV decision-making of
the queue-based logic. The best threshold queue length was
found to be in the range of 0.5 to 1.5 vehicles.

Based on a threshold value of L, = 1.5 vehicles, the delays
produced respectively by SAST logic and the queue-based
logic for a number of hourly flow patterns were estimated
through simulation. The results are shown in Figure 7, where
it can be seen that, for hourly flow patterns that have delays
under 20 sec per vehicle, the SAST-based control is slightly
better than the queue-based control. Under heavier flow con-
ditions, however, the queue-based control can sometimes per-
form better than the SAST-based control.

The ability of the queue-based logic to deliver reasonably
high control efficiencies is not without a logical basis. Never-
theless, one reason that the queue-based control can some-
times deliver better signal operations than the SAST-based
control can be found in the use of N,,,, = 2 and a threshold
queue length of L = 4 vehicles for the SAST-based control.
This combination of N,,,, and L is not necessarily the best
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FIGURE 7 Delays of queue-based control versus delays of
SAST control (detector sethack = 400 ft).

for all the hourly patterns tested in this study. At the present
time, however, it is unknown which combination of N, and
L will resuit in the best overall operation for an intersection
with a wide range of flow conditions. Despite this limitation,
it should be noted that, with the exception of a few tested -
flow patterns that have low flow rates, the queue-based con-
trol consistently performs better than the loop occupancy con-
trol. This characteristic can be exploited for adaptive control
of intersections where short auxiliary lanes, opposed left turns,
or frequent right-turn-on-red maneuvers exist. At such inter-
sections, reliable advance information cannot be obtained for
all approach lanes. In these cases, real-time information on
queuing flows may be obtained and used to complement advance
information in order to produce efficient signal operations.

CONCLUSIONS

Adaptive control has the potential to improve the existing
level of signal control efficiencies at isolated intersections.
Generally, adaptive control requires a logic to identify flow
conditions and to use the identified conditions for making
intelligent timing decisions. This process of control usually
results in the use of estimated flow conditions for making
signal timing decisions. Estimated flow conditions always deviate
from actual conditions. The detrimental effects of flawed
information on signal timing decisions cannot be compensated
for by the use of a strenuous process of searching for better
signal operations. Therefore, it is pertinent to examine whether
simple decision rules can be effectively used to replace a more
strenuous decision-making process for adaptive control.

In comparison with conventional loop occupancy control
under simulated conditions, the SAST logic, which uses advance
information in a vigorous process for making signal timing
decisions, can provide significantly better signal operations.
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The level of improvement varies with a number of factors,
but it tends to be higher when heavier flows are encountered.
Under the same simulated conditions, the simpler queue-based
logic can produce comparable results. This implies that real-
time information on queuing flow can be used to produce
improved signal operations. This understanding is important
in the development of a versatile adaptive control logic.

With the possible exception of the modernized optimized
vehicle actuated strategy (I), none of the adaptive control
strategies mentioned above can be effectively utilized for the
control of intersections where short turning bays, opposed left
turns, or right-turn-on-red maneuvers exist. At such inter-
sections, reliable advance information cannot be obtained for
all traffic movements. Under the circumstances, it would be
logical to use real time information on queuing flow, as well
as other advance information, for decision making. A major
challenge to facilitate such a use of information is to develop
a vehicle detector system that can provide reliable real-time
and advance information at all or most intersections con-
trolled currently with traffic-actuated signals.
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New Algorithm for Solving the Maximum

Progression Bandwidth

HuEeL-SHENG TsAy AND LiaNG-Tay LIN

Two popular computer programs, MAXBAND and PASSER
IL, are widely used in obtaining the maximal bandwidth. How-
ever, these bandwidths may not be realized or only be partly
realized if the resultant signal timings are actually applied on
the arterial. This phenomenon can be observed from field tests

. . : )
or from 2 time-space diagram. In this paper two examples

demonstrate the problem. A new algorithm is proposed for
solving the bandwidth problem and provides the user with a
more realistic maximum progression bandwidth. The algo-
rithm uses a general mixed-integer programming formulation,
and a program BANDTOP based on this formulation has been
developed to obtain the real progression bandwidth. It has
been tested on street networks in Taiwan, where it has proved
very effective. The major variation from traditional methods
is that the bandwidth has a saw-toothed pattern in both direc-
tions instead of parallel and uniform. Any vehicle in the seg-
ment is allowed to travel through the entire section of an arte-
rial with at most one stop.

The coordination of traffic signals on the arterial is an effective
way of reducing stops, delay, and excessive fuel consumption.
Previously, signal settings were determined from the time-
space relation of signal timing and traffic flow by manual
methods. As researchers begin to use computers to increase
analysis flexibility and reduce computational effort, it becomes
possible to develop new approaches that take into account
more variables and complex equations involved in reflecting
the real situation. The United States and many other nations
use Maximal Bandwidth (MAXBAND) and Progression
Analysis and Signal System Evaluation Routine (PASSER)
I¥, which are based on maximizing two-way traffic through
bandwidth. MAXBAND and PASSER II can automatically
take traffic demands to determine two-way progression band-
widths and to provide users with other information, such as
cycle length, phase sequence, offsets, phase lengths, and a
time-space diagram for practical use. Here, the bandwidth is
defined as the vehicles within a time interval, present at a
given traffic signal or point, that can travel through down-
stream signals of an arterial without stopping.

The progression bandwidth of MAXBAND was mainly
calculated from Little’s general mixed-integer linear pro-
gramming formulation (I-5). It obtains a global optimum
of bandwidth, cycle length, offsets, and phase sequence with

no starting solution. MAXBAND also has the capability to

allow small deviations from the arterialwide progression
speed on individual links (6). PASSER II is a macroscopic,
deterministic program that obtains the optimal timing set-

Graduate School of Transportation and Communication Management
Science, National Cheng Kung University, Taiwan, Republic of China.

tings from maximizing progression bandwidth in both direc-
tions. It was developed by Messer through Little’s half-
integer synchronization and expansion of Brook’s algorithm
by selecting the offsets that minimize the total interference
to the progression band (2, 7-10). The newest version of
PASSER II-84 can analyze the phase sequence of any NEMA
style from two to eight phases and find minimum delay
through fine-tuning of the offsets while allowing the max-
imization of bandwidth to dominate (Z1). The heuristic
optimization technique used in PASSER II does not pro-
duce the widest possible green bands, unlike MAXBAND,
which guarantees a global optimum (12).

Since both approaches have impressive bandwidths through
time-space diagrams, a substantial number of practicing traffic
engineers may use the output as the arterial signal timing
settings. Unfortunately, these bandwidths actually will not be
realized or only be realized in fraction. The phenomena can
be observed from the field or time-space diagrams. One could
argue that many fairly restrictive hypotheses related to these
bandwidth approaches exist. The assumptions include a uni-
form platoon, no platoon dispersion, low volumes, and no or
few vehicles entering the arterial from side streets; but situ-
ations corresponding to these assumptions are rare and
unreasonable.

Many traffic engineers prefer a maximization of synchro-
nized green phases using time-space diagrams to satisfy the
public’s demand. Since the assumptions made in the two pro-
grams are unrealistic, the use of MAXBAND and PASSER
IT output on an arterial may result in unexpected stops, delay,
and even more fuel consumption to the entire system. It is
necessary therefore to develop a new algorithm for solving
the maximum progression bandwidth that allows the driver
to travel at the design speed without any stop. In this paper,
as the first step, two examples define the existing problem of
bandwidths obtained from MAXBAND and PASSER II. Then,
a new algorithm is developed to provide users a real maximal
bandwidth without interference. A complete mixed-integer
programming formulation of the new algorithm is proposed
and discussed in detail. Finally, the new algorithm is tested
on street networks and proved effective.

THE EXISTING PROBLEM

When the lights are red, queues build up as a result of turning
movements into the arterial at the previous intersection before
the appearance of green. The queue includes not only turning
vehicles from the previous intersection but also the vehicles
that do not pass through the arterial at the end of the last
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green time. The phenomena are quite obvious and should not
be neglected at any intersection during the entire day.
Although the assumptions of no or very few flow left on

the arterial and entering the arterial from side streets were-

made by MAXBAND and PASSER II, the two programs still
allow the user to specify a queue clearance time at any inter-
section in either direction. A queue clearance time can either
be a fraction of the cycle length or actual time units to deal
with queues (I, 10). The program then adjusts the through
vehicles to arrive at the intersections after the queue has
cleared and leave the intersections with the queue as a part
of the band. This puts a jog into the through band, advancing
it upon leaving the intersection by an amount equal to the
queue clearance time (7). In other words, MAXBAND and
PASSER programs admit the existence of queue at each inter-
section and try to use the queue clearance time to handle this
unavoidable situation. If a queue clearance time is being con-
sidered at each intersection of the arterial, however, its max-
imal bandwidth will be severely affected and sometimes reduced
to a very small value. In addition, since queue clearance time
is an arbitrary number specified by the user, it is difficult to
provide the user with guidelines for setting a reasonable value
at a particular intersection.

Figures 1 and 2 show the time-space diagrams of PASSER
I1-84 and MAXBAND for Zin-Wha Arterial with four inter-
sections in Tainan City, Taiwan. Both programs were run on
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the same information of arterial configuration and traffic flows
as input. The major difference between the two figures lies
in the dot points in PASSER II that represent signal green
time but indicate red time in MAXBAND and vice versa.
From Figures 1 and 2, it can be seen that, in the outbound
direction, as the light of intersection 2 (MING-CHEN) turns
green, the queueing vehicles at this intersection will move
toward the adjacent downstream intersection [i.e., intersec-
tion 3 (MING-SEN)] and have to wait at the red light at this
intersection. The newly arriving vehicles then join the existing
queue to form a new composite queue at intersection 3.

Based on the first-come first-served principle, the vehicles
involved in the composite queue have to use the front portion
of the next green time. It equals the time needed to depart
the total queue at saturation flow rates as the signal turns
green. Hence, the incoming through-band vehicles cannot
cross intersection 3 unless all queues have cleared. Under
such a circumstance, most of the vehicles in the through band
are hindered and have to stop. This phenomenon can also be
observed from the trajectories of several leading vehicles at
intersection 3 in Figures 1 and 2. Here, any intersection that
has the bandwidth located in the very front of green time but
with a different band location of green time at an adjacent
upstream intersection is the critical intersection. The band-
width of MAXBAND and PASSER II will be affected or
decreased at each critical intersection. ‘
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FIGURE 1 PASSER I1-84 time-space diagrams of Zin-Wha arterial in Tainan, Taiwan.
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FIGURE 2 MAXBAND time-space diagrams of Zin-Wha arterial in Tainan, Taiwan.

One may consider using queue clearance time to avoid the
problem encountered at the critical intersection. However,
because queue clearance time set in MAXBAND and PAS-
SER II attempts to clear the queue due to turning movements,
it cannot handle the composite queue involving the existing
queue and incoming upstream vehicles. In addition, the user
has to specify queue clearance time at any intersection. It is
impossible to know which intersection needs queue clearance
time and what value should be used. Even if the value is
assumed, the crifical intersection will soon be changed to
another intersection based on the output of MAXBAND and
PASSER II. The existing problem still remains unsolved.

At this point, several questions arise concerning the critical
intersection, for example, intersection 3 in Figures 1 and 2.
How much time is needed to clear the composite queue? Can
we prespecify the queue clearance time to prevent this phe-
nomenon? How many seconds of the maximum bandwidth
from the two programs will not be used due to the composite
queue? Will this value just be equal to the time required to
relieve the queue? As a result, how many seconds of band-

widths that vehicles can travel from the critical intersection
till the last intersection of the designated arterial without stop-
ping will be realized?

Three outputs of MAXBAND and PASSER II have been
tested on three arterials in two cities in Taiwan, Tainan and
Taipei, under various flow conditions. The results showed that
these bandwidths could not be realized and their signal timing
plans gave more stops and delay than the original one. Traffic
engineers in both cities could not explain the reason. One
claimed it was probably due to different driver behavior and
cultural background as programs developed in the United
States may not be suitable in other countries. In fact, the
problems mainly come from inaccurate progression theory
because of unrealistic assumptions involved in the two
programs.

According to several tests in the field which utilized the
bandwidths obtained from PASSER II and MAXBAND, at
least double the time needed to clear the composite queue
will not be available at the critical intersection. That is to say,
if the width of green band minus double the composite queue
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clearance time is less than zero, the progression band will not
be available under given conditions. For example, in Figure
1, the outbound bandwidth (38 sec) will not be realized if the
composite queue requires more than 19 sec to clear at inter-
section 3. This is the serious drawback of current MAXBAND
and PASSER in practical applications; therefore, it becomes
necessary to develop an algorithm that can obtain the real
maximum bandwidth. One way to perform this study is to
discuss the progression theory used in MAXBAND as the
first step. The following section serves this purpose.

MAXBAND FORMULATION

The time-space diagram of MAXBAND showing green bands
was presented by Little et al. () and is shown in Figure 3.
Inbound and outbound green bands pass through signals S,
and S,. Quantities with bars refer to inbound reds, are drawn
solid, and above inbound reds need not coincide (I). The
definitions of variables shown in Figure 3 are as follows:

b = outbound bandwidth,

S, = ithsignal i = 1,...,n),
r = outbound red time at S,
W, = time from right side of red at S, to left edge of
outbound green band,
i(h, j) = outbound travel time from S, to S,
&(h, i) = time from center of an inbound red at S, to the
center of a particular outbound red at S,
A. — time from center of r, to nearest center of r;, and

7, = queue clearance time.

A general mathematical programming formulation of
MAXBAND given by Little et al. () is presented in the
following. All variables and symbols are based on Figure 3
except that signal & is replaced by symbol i and signal i is
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substituted by i + 1. It is défined as x = x(i, { + 1), for
x=ttmod,ob '
Max b + kb
ST (1-k)b = (1-k)kd
VT, < Z < 1T,
W.+b=1-r i=1,...
W,+b=s1l-r, i=1,...

(W, + Wz) - (Wir + Wiﬂ) +(t + 1) + 8 — 54,

— Sy + Sl —my = (r, — 1)
+ (7 + Tiia)s i=1,...,n-1
(d./f) Z = t, = (d/e)Z, i=1,...,n-1
(@if)Z=i=(@le)z, i=1,...,n-1
(d,/h)Z < (d;/d;, )tis1
-t = (d/g)Z, i=1,...,n-2
([AIRNZ < @fdy. ) Toon
-t = (d/g)Z, i=1,...,n-2

b) Ba Z: Wia Wi’ tia Zi = 0
m; = integer

5,8, =01

where

K = target ratio of inbound to outbound bandwidth;
T = cycle length;
Z = 1T = signal frequency;

Distance
Inbound Outbound
\\ \ ﬁi 5 W, 1
L A 4——L_
S T - ‘,:— ‘—' —_——E= =
\ \ -
\ \ T
A I _
\\ \ ri /
[ )
Outbound \ \ gh,i) = =—  4(n,i) v—/—/
——-— Ibbound ' / T
/
/s
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Ap W,
Sh - ‘—‘ - === =
™ t(h,1)
A D [ B D
Time

FIGURE 3 Time-space diagrams of MAXBAND showing green bands (1).
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T,,T, = lower and upper limits on cycle length (i.e.,
I,=T=T)
d(h,i) = distance between S, and S, outbound;
d; = d(i,i+1) = distance between outbound inter-
sections i and {+1;
e;,f; = lower and upper limits on outbound speed;
1/h;,1/g; = lower and upper limits on change in outbound
reciprocal speed; and
t; = travel time from outbound intersection i to
intersection i+1 = (d,/V)Z, V, = travel speed.

This formulation has the following deficiencies:

1. The progression band cannot be fully realized or can
only be partly realized.

2. Queue clearance time is prespecified by the user. In fact,
it cannot be a fixed value and will be varied with the queue
length of each intersection. This value should be determined
internally through ihe compuiation of traffic flow movements.

3. The traffic flow model is oversimplified. No account is
taken of secondary flows turning from side streets and platoon
dispersion (6).

4. The time lag between the remaining portion of green
time after the band and start of red time and the time dif-
ference between the beginning of green time and of bandwidth
in either direction are not clearly distinguished. Only a vari-
able W;is used to represent this time difference and may cause
confusion.

5. A symbol error exists in the inbound speed change of
the above MAXBAND formulation. For consistency, the
equation should be changed to the following form:

(d—i+l/ﬁi+1)Z = (in+]/d‘i)t—i - fi+l = (ai+1/g-i+l)Z

MATHEMATICAL FORMULATION OF NEW
ALGORITHM

Based on the above discussion, a new algorithm for obtaining
the real maximal bandwidth will be developed in this section.
To explain the new algorithm more easily, similar notations
and definitions considered in the MAXBAND formulation
are used. The following described variables refer to the above
section unless otherwise specified. Major features of this new
algorithm compared to the MAXBAND formulation are:

1. Divide the time between the start of green time and of
the bandwidth into two parts: queue clearance time (Q,) and
incoming flow clearance time (H,) at each intersection. Here,
the queue clearance time is used to clear queues due to turning
vehicles during red time and through vehicles that do not go
through the arterial at the end of the last green time. Incoming
flow clearance time represents the time needed by the incom-
ing vehicles that come from the adjacent upstream intersec-
tion but excludes vehicles in the through band, to depart the
upstream intersection.

2. Specify the time lag from the right side of the bandwidth
to the left edge of outbound red as W, at intersection i. It is
noted that this new definition of W, is different from the one
used in the MAXBAND.

3. Add a composite queue clearance time constraint.

4. Add a constraint that guarantees the progression band-
width to be fully used by vehicles without stopping.
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5. Add the minimum green time of side streets.

6. Provide the selection of eight left-turn phase patterns.

7. Find the minimum cycle time by making minor changes
of the objective function and constraints under given band-
widths in both directions.

A time-space diagram of the new algorithm concerning green
bands is given in Figure 4. All variables involved and equa-
tions derived later are based on the relationships shown in
this figure. Any variable with a bar represents the inbound
flow. Otherwise, it indicates the outbound flow. Since Little
et al. have provided detailed information to derive some equa-
tions (1), similar derivations of these equations are omitted
and only the final equations with the newly added variables
will be shown.

Max b + b (1)

Constraints

Geometric Relationship
L+ 5+ (12) (r: + 1) — (U2) (ry + Fier) + (@i — Qivd)
+ (H; — Hi,) + (Wx - Wi+1) + A=A =1 (2

where [, is an integer.

Offsets
OFF; = ¢, + (Q: - Qi+1) + (Hi - Hi+1) (3)
ﬁi = t-x + (§i+1 - Q) + (ﬁi+1 - H;) (4)

Commeon Cycle

In the coordinated signal intersections of an arterial, every
intersection within the segment has the same cycle length.
Therefore,

QO +H +b+W, +r=1 %)
Q+H +b+W +75 =1 (6)
Bandwidth

To guarantee a real bandwidth, the following equations have
to be added as bandwidth constraints:
H.. = H; + Q, (7)

Hi = Hi+l + §i+1 (8)

From equations (7) and (8), the final shape of the progression
bandwidth will be a saw-toothed pattern.

Queue Clearance Time

Before discussing the queue length, it is necessary to explain
the arrival types of incoming vehicles from the adjacent
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FIGURE 4 Time-space diagrams of new algorithm.

upstream intersection. The vehicle arrival type depends on
through traffic volume, turning vehicles, and timing plan at
the upstream intersection. Two types of arriving vehicles exist.
Vehicles departing from the upstream intersection during green
belong to type 1. Similarly, vehicles leaving the upstream
intersection during red are referred to as type 2.

For outbound flow, the arrival rate of type 1 from upstream
intersection i to intersection i+1 is

MNrra = Vir/[(g/C) % 3600 X Nl )
where
Ni+ . = arrival rate of type 1 at intersection,
V.r = through traffic volume at intersection i,
g = green time of intersection i,

N,,, = number of lanes at intersection i+ 1, and
C = cycle time.

The arrival rate of type 2 at the intersection i+1 is
Nz = (Vir + Vo) H(r/C) X 3600 X N, (10)
where

.1, = arrival rate of type 2 at intersection i+ 1,
V. r = right turn volume at intersection i,
V. = left turn volume in the opposite approach at inter-
section i, and

r. = red time interval at intersection i.

i

Because the model has to satisfy the bandwidth constraint
given in equations (7) and (8), two cases can be drawn to
show the relationships of any two neighboring intersections.

Case 1: W,., = W,. The time lag from the right side of the
bandwidth to the left edge of outbound red at an intersection
is greater than or equal to that of the adjacent upstream
intersection. This can be displayed in Figure 5(a). The queuing

vehicles QV,, , , of intersection i+ 1 in the outbound direction
can be obtained from the following equation:

OVietg = N1z X [ri = W1 — W)l
x C ifW,.,=W, (11)

Case 2: W,,, = W, This case is shown in Figure 5(b).
Queuing vehicles at intersection i+1 are

QVi+1,2 = [)\i+1,1 X (WI - Wi+1) + )\i+l.2 X ri]
x C  ifW., <W (12)

where QV,. ., is queuing vehicles at intersection i+1 under
case 2.

After obtaining queuing vehicles and assuming saturation
flow rates, the queue clearance time of outbound flow becomes

Qi1 = SHipy X Nivra X [ = (Wi — W)
fW,, =W, (13)
or
Qi1 = SH 1 X [Ny X (W, — W)
+ Nar2 X 1 if W, <W, (14)

where SH,,, is saturation flow headway for outbound time
flow at intersection i+ 1. Similarly, the queue clearance time
of inbound flow is

ai = SH, X )\,-,2 X [7:,-+1 - (_W_, - WHI)]

fW,.,, =W, (15
or
Zj.zi SH, X [Ny X (Wi, W) + Xil X Tin]
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() Casel: Wi,y 2 W,

i+1

(b) Case 2: Wisp < W;

FIGURE 5 Two cases of queueing vehicles.

Because most of the green time of downstream intersection
i+1 will be used by the queue clearance time and incoming
flow clearance time, it is recommended equations (14) and
(16) be used as the queue clzarance time of the outbound
flow and inbound flow, respectively.

Bandwidth of Each Intersection

The bandwidth constraint shown by equations (7) and (8)
gives a real bandwidth for vehicles to travel through all down-
stream intersections of an arterial without interference. This
new algorithm also provides additional progression oppor-
tunities at intersections in both directions except the through
bandwidth. For example, vehicles move before the left edge
of through band during green time and can arrive at the last
intersection without stopping for the outbound direction. This
is defined as the bandwidth of each intersection; the band-
width is saw-toothed. The bandwidths of intersection i in either
direction are represented in the following two equations:

b;=b+ Q, + H, (17)
b;=b+ O, + H, (18)

From equations (17) and (18), it can be determined that

vehicles outside the through band need to stop at most once
to pass through the entire arterial.

Directional Bandwidth Weight

We can set up weights for different directions:

b=Kb (19)

where K is a relative weight ratio between inbound and out-
bound bandwidths.

If K is greater than 1, the inbound bandwidth is wider than
the outbound one.

Minimum Green Time

This constraint guarantees that each side street has a minimum
green time to prevent overdelay of vehicles from the side

street and give pedestrians enough time to cross the arterial
safely.

Hr + F) — A, = MIG,
r; = MIG,;
7, = MIG, (20)
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where MIG, is minimum green on side street at intersec-
tion i.

Cycle Limit
1C, =Z = 1/C, (21)

Speed Limit

For outbound flow:
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For inbound flow:
(s )Z < (oAt — Tiy = (diifPi)Z (25)

where 1/h;, 1/n; are lower and upper limits on change in out-
bound reciprocal speed.

Left-Turn Phase

Eight possible patterns of left-turn green phases exist in this
new algorithm. The eight left-turn phase patterns are shown
in Figure 6. Let

d,/f)Z =t = (d/m)Z (22) g; = outbound green time for through traffic,
. I, = time allocated for outbound left-turn green at inter-
For inbound flow: L
section I, and
(d,1F)Z < t, = (dIm)Z (23) R = common red time in both directions to provide for
o side street movements.
where m, , f; are lower and upper limits of outbound speed.
This gives
r,=R + Z,.
Speed Change Limit -
peed Chang r,=R +
For outbound flow: r+g=1
(d/h)Z = (dildi)lin — 6= (d/n)Z (24) r+g=1 . (26)
1. Outbound left leads 2, Inbound left lags
-— inbound -— . i nbound
— outbound - - outbound
X g R, g; R;
; R T g, 7, R
3. Outbound left leads, 4, Outbound left lags
inbound left lags
- |9 inbound s inbound
= outbound :J— outbound
; g R & ¢ R
g, z, R g; R
5. Imbound left leads 6. Outbound left lags,
inbound left leads
o I inbound | = inbound
— outbound — | = outbound
g, R g, 4 R
?, g, R T g g; R
7. Outbound left leads, 8. Outbound left lags,
inbound left leads inbound left lags
— | #— | =— | inbound - | ¥ |+ | inbound
— outbound — outbound
¢, g R g Y R
Z‘ g; R g; Z—, R
green red

FIGUKE 6 Eight possible patterns of left-turn phases.
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TABLE 1 EIGHT POSSIBLE PATTERNS OF LEFT-TURN PHASE IN
TERMS OF [, I;,, AND 0-1 VARIABLES
Left~-turn phase pattern Aq Bj B3 aj a
1 -ty 0 1 1 0
2 -1, 0 1 0 1
3 - '2" ( 2i+ El) 0 1 1 1
4 ta; 1 0 1 0
5 12 1 0 0 1
6 3 (2;+8;) 1 0 1 1
7 -+ (25-1) 0 0 1 1
8 1 (2-15) 1 1 1 1
These eight phases A, (time from center of inbound red to bi=b+Q, +H, i=1,...,n
nearest center of outbound red at intersection i) can be .
expressed by /; and [;. The relationships of eight left-turn (dif)2 = 1, = (d/m)Z i=1L...,n-1
phases related to /; and /; are given in Table 1. Furthermore, (jl_/fi) Z=<t =< (d/m)Z i=1,...,n—-1
each left-turn phase can be represented by the following gen- .
eral equation: (d/h)Z = (dJd; Ytisy — ;= (d/m)Z  i=1,...,n-2
A = (UD[2B, — Dok — 2B - D] @) Gedhi)Z= (@ Jdt =ty
where a,, B, &, B; are 0-1 variables. < (/)2 i=1,...,n-2
The values of «;, B,, &, B; corresponding to each left-turn AR)(r + 1) — A, = MIG, P=1 n
phase are also given in Table 1. L ' ' R
Based on the previous discussion, a complete mathematical r, = MIG, i=1,...,n
programming formulation of this new algorithm is given as 7 = MIG P=1 "
follows: e ! o )
MAX b + b A, = (12)[(28; — Dodi— (2B, — 1)&l] i=1,...,n
STh=Kb

1C, = Z = 1/C,
G b+ (U2)(r + 7)) = (12) (s + Fiuy)
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1t should be noted that one may consider only part of this
complete mathematical formulation to obtain the band,
depending upon the user’s requirements. If fewer constraints
are included for analysis, the user obviously will have a wider
progression bandwidth. To solve this mixed-integer program-
ming problem, a variety of solution methods can be consid-
ered. If solving the new algorithm optimally through the above
formulation is needed, the major consideration lies in the
effectiveness of the mixed-integer programming packages. The
Linear, INteractive and Discrete Optimizer (LINDO) (13) is
considered here to solve this formulation. Although the free
input form to run LINDO is easy to prepare, this new algo-
rithm still requires substantial effort in learning how to for-
mulate and create an input file to run LINDO. As far as
sensitivity analysis and future applications are concerned, it
is better to write a computer program that obtains the real
progression bandwidth automatically based on the proposed
formulation. A FORTRAN-based program named the
BANDwidth of Timing Optimization Program (BANDTOP)
has been developed to find the maximum progression band-
width in both directions. It is a user-friendly program that
improves the computational efficiency and ease of use by
traffic engineers. BANDTOP provides much flexibility and
convenience in responding to the changes of formulation or
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arterial configuration. It is noted that this new bandwidth
program gives the optimal solution. BANDTOP can be run
on PCs, VAX, IBM, or CDC and has been considered to
generate progression signal timing plans for real-time traffic
control systems in the cities of Keelung and Taichung, Taiwan.

AN EXAMPLE

The new bandwidth algorithm has been tested on the Zin-
Wha Arterial in Tainan City, south of Taiwan. Four inter-
sections exist in this arterial. Figure 7 gives the network geom-
etry and traffic flows on these four intersections. The inputs
for this new algorithm consist of the order and distances of
signals between intersections, traffic flows and capacities, range
of speed, left-turn phase pattern, acceptable range of cycles,
and the target ratio of bandwidths on different directions. The
user can either specify the green splits at each intersection as
a fraction of the overall cycle or calculate them through Web-
ster’s formula (I). The upper and lower limits of speed in this
example are assumed to be 50 km/hr and 30 km/hr, respec-
tively. The saturation flow headway equals 2.07 sec based on
a recent study (I4).
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Through given information, BANDTOP finds the optimal
signal timing plan for four intersections and its time-space
diagram is shown in Figure 8. From Figure 8, this new band-
width approach clearly produces offsets and other signal tim-
ing parameters. The maximum bandwidths in both directions
are 14.2 sec. Any vehicle within this band, unlike MAX-
BAND and PASSER II, can travel through all downstream
intersections without stopping. As far as intersection 2 (Ming-
Chen) is concerned, 20.6 sec outbound and 28.7 sec inbound
bandwidths exist. Similarly, at intersection 3 (Min-Sen), out-
bound and inbound bandwidths have 33.7 sec and 14.3 sec,
respectively. The new algorithm also recognizes partial pro-
gression opportunities over the shorter sections of the arterial.
The partial progression bandwidth becomes wider as a vehicle
moves toward downstream intersections. This is important
because through this partial progression bandwidth one can
conclude that vehicles outside the through band will need to
stop at most once to pass the entire section of an arterial. In
other words, vehicles will not stop or stop only once to travel
through the arterial if the timing plan generated from BAND-
TOP is to be implemented.

To make a consistent comparison, the same network infor-
mation and traffic flows were used to prepare the inputs for
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FIGURE 7 Geometrics and traffic volumes of Zin-Wha arterial in

Tainan, Taiwan.
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<<« TIMING FLAN »
_______________ CYCLE G1 Y1 ARl G2 Y2 AR2  OFFSET
INTERSECTION i 55-__—55___-ik_k_i__~~15-~h_§—-_:Z::::::=5::
INTERSECTION 3 80 39 3 2 31 3 2 10
INTERSECTION 2 80 55 3 2 15 3 2 9
INTERSECTION 1 80 34 3 2 386 3 2 11
<KTIME-SPACE D1AGERAM >
H—Axis:lTIME = SZSEC/CHAR V-Axis: DISTANCE = 41 M/LINE
3 4 5 <]
NODE 123456789012345678901234567890123456789012345678901234567890 DISTANCE
4 | ESSSSSEARS —— 0 M
. - I= + BI4=7.1sec !
) - B03=33.7sece f e :'
3 O AR was| 233 M
* . :‘ . ¢ BI3=14.3sec :
. *  B02=20.6sec Il M M I‘
2 AR 5
2 ARSI AR | 424 M
.‘.' f . * BI2=28.7sec
-+ B01=7.1sec ; . . !
1 [ = == =R [ = ms 586 M
NODE 1234567890123456789012345678901234567890123456789012345678390 DISTANCE
Green Phase : Red Phase : Blank
Progressive Speed (KMJNGUR) : UP :50.0 DOWN :50.0
FIGURE 8 Output of BANDTOP for Zin-Wha arterial in Tainan, Taiwan.
TABLE 2 COMPARISON OF BANDTOP, MAXBAND, AND PASSER II
SYSTEM PERFORMANCE THROUGH TRANSYT AND NETSIM
5 Intersections 4 Intersections
System Performance
BANDTOP| MAXBAND {PASSERI I| BANDTOP| MAXBAND{ PASSERI I
PI 52.9 58.55 | 56.15 32.8 34.83 | 34.04
TRANSYT|Average Delay (sec/veh)| 13.81 | 15.19 | 14.17 12.42 | 12.78 | 12.38
Stop (%) 49 54 54 48 53 52
Average Delay (sec/veh){ 28.27 | 30.9 29.03 25.0 23.48 | 24.46
NETSIM
Stop (stops/veh) 0.94 | 1.12 1.04 0.83 0.82 0.9

MAXBAND and PASSERII. Figures 1 and 2 give time-space
diagrams of two programs. By comparing Figure 8 with Fig-
ures 1 and 2, the new algorithm obviously produces a more
reliable and acceptable progression bandwidth than MAX-
BAND and PASSER Il in practical applications. Signal timing
plans obtained from BANDTOP, MAXBAND, and PASSER
IT for four and five intersections are also analyzed by running
TRANSYT-7F and NETSIM to evaluate their system per-
formance. Results are given in Table 2. From this table, it
can be seen that stops and average vehicle delay of BAND-
TOP are almost all less than those of MAXBAND and PAS-
SER II. Figure 9 shows the computer output of BANDTOP
for five intersections. The computer time of running BAND-
TOP on a PC/AT for three cases is available in Table 3. It
takes only 36 sec and 72 sec to obtain the optimal solutions

for four and six intersections with a math coprocessor 80287-
10 on a PC/AT. BANDTOP uses far less computing time than
MAXBAND.

Because the input file of BANDTOP is similar to that of
MAXBAND, users only need to make a slight modification
of MAXBAND input to run BANDTOP. Details of conver-
sion described in the BANDTOP user’s manual will be released
in the near future. It should be emphasized that this general
mixed-integer mathematical programming formulation does
not always guarantee the achievement of a feasible solution
under given arterial configuration and traffic flows. If no fea-
sible solution is available, it means that no real progression
bandwidth can be realized through given conditions. Under
such circumstances, the user may need to change arterial
information, target ratia of bandwidths, or the number of
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<< TIMING PLAN
CYCLE Gl Y1 AR1 G2 Y2 AR2 OFFSET

INTERSECTION 5 90 60 3 2 20 3 2 2
INTERSECTION 4 90 57 3 2 23 3 2 0
INTERSECTION 3 90 62 3 2 18 3 2 11
INTERSECTION 2 90 62 3 2 18 3 2 7
INTERSECTION 1 90 43 3 2 37 3 2 6

<« TIME-SPACE DIAGRAM>
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FIGURE 9 Output of BANDTOP for five intersections.

TABLE 3 COMPARISON OF BANDTOP RUNNING TIME ON PC/AT

FOR THREE CASES
Number of PC/AT Without PC/AT With
Intersections Math Coprocessor Math Coprocessor 80287-10

4 134 sec 36 sec
5 175 sec 46 sec
6 283 sec 72 sec

intersections considered in that segment to obtain the pro-
gression bandwidth in two directions.

CONCLUSIONS

From the research conducted in this work, it can be calculated
that this new algorithm to find the maximal bandwidth in
developing an arterial signal timing plan has many advantages
over MAXBAND and PASSER 1L

1. Unlike the current bandwidth approach, this approach
guarantees that any vehicle in the progression band can travel
through all downstream signals without stopping. Vehicles

outside the bandwidth will need to stop at most once to pass
the entire section of the arterial.

2. Tt provides several features in practical applications. The
program calculates queue clearance time and incoming flow
clearance time automatically, provides eight left-turn phase
patterns for selection, sets the minimum green time on side
streets, and gives the target ratio of direction flow.

3. BANDTOP shows a better system performance than
MAXBAND and PASSER II according to the stops and aver-
age vehicle delay of two real examples tested on NETSIM
and TRANSYT-7F. The real progression bandwidth should
have a saw-toothed shape. In addition, the partial progression
bandwidth becomes wider as a vehicle moves toward down-
stream intersections.
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4. If no feasible solution can be obtained from the new
algorithm, it means that under given conditions no real pro-
gression bandwidth is available on the arterial. The user may
change the number of intersections considered in the segment
or run other kinds of signal timing packages for the designated
arterial.

5. The new algorithm can consider leading and lagging phase
patterns at each intersection. The use of a leading or lagging
phase will result in a wider bandwidth for the arterial but
increase the delay of vehicles from side streets.

6. Based on the proposed formulation, BANDTOP pro-
vides the optimal solution of bandwidth and requires less
computer time to obtain the arterial signal timing plan and
its time-space diagram. BANDTOP has been used success-
fully as a part of generating timing plan software at two real-
time traffic control systems in the cities of Keelung and Tai-
chung in Taiwan.

Through field tests, the new approach can give better and
more reliable progression bands than MAXBAND and PAS-
SER II. Therefore, it is recommended that this new algorithm
be used to obtain the maximum bandwidth if the resultant
signal timing plan is to be implemented.
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PASSER II and MAXBAND are two computerized signal
timing programs currently available and popularly used for
optimizing signal timing plans based on the maximum pro-
gression bandwidth concept. The maximum bandwidth
approach can simultaneously optimize signal timing settings
to provide the maximum weighted sum of arterial progression
bands in both directions of an arterial street. This paper
describes a modification of the constraints on the determi-
nation of the locations of the progression band with respect
to the start of the arterial green times. This study examines
the resultant reformulation being implemented in the original
MAXBAND program and investigates the run-time efficiency
after replacing the existing mixed-integer programming tech-
nique through microcomputer applications. The major dif-
ference between this enhanced algorithm and the original
MAXBAND progression solution is that the enhanced algo-
rithm provides wider progression bandwidths travelling far-
ther toward the downstream intersections. It claims that the
saw-toothed progression bandwidth generated by this for-
mulation can allow some vehicles to travel through the arterial
with at most one stop.

This study has raised several interesting points. First, the
perception of the progression concept and definition of the
maximum progression bandwidth may sometimes be misin-
terpreted. Second, it should be pointed out that this algorithm
should only be considered an enhancement to the original
MAXBAND algorithm, as the formulation and the computer
program remain almost the same. The only new term being
introduced by the authors is the modified “W,” variable, which
is used to provide the preset maximum queue clearance set-
tings. Third, since no simulation or field control validation of
the new algorithm has been performed, other than the com-
puter run-time evaluation, serious reservations exist concern-
ing the effectiveness and validity of the enhanced algorithm.
Fourth, it should be clearly stated that the significant improve-
ments on the run-time efficiency from the test case exami-
nation were due primarily to the commercially available LINDO
code in the program. This replaces the inefficient execution
of the 1973 version of the Mixed-Integer Linear Programming
Code (MILP) for solving this complex optimization problem.
Fifth, due to the feasible number of intersections in the solu-
tions and the mathematical characteristic of the algorithm for
not being able to find a feasible solution, sincere reservations
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exist about the intended use of this algorithm, as reported,
for the real-time signal control applications.

The maximum progression, or the maximum bandwidth
concept, is designed to provide the specific time intervals in
which vehicles have the opportunity to travel through the
downstream signalized intersections without having to stop.
The existence of this arterial “Progression Bandwidth,” or
“Progression Opportunity,” is an optimum time period whose
existence is conditioned upon the interactions of cycle length,
phase sequence, coordinated offsets, phase length, and, most
important, intended target progression speeds. It should be
noted that the progression bandwidth may be totally inde-
pendent of the physical vehicle trajectories. “Vehicular Tra-
jectories” represent the locations of vehicles arriving at a
certain time. They can be used to examine whether vehicles
following certain trajectories can travel through arterial streets.
The existence of the progression band, however, does not
guarantee that there will be certain vehicles lined up in the
progression band. This simply means that the opportunities
do exist in that time period for those vehicles that wish to
follow the average target progression speed, and they may
take advantage of the progression band to travel through
without having to stop. However, the realization of the pro-
gression opportunities still depends on whether and how the
designed progression bands can be utilized by the platooned
and random vehicular arrivals in the field.

Progression may not work very well in those cases where
target progression speeds were not set according to realistic
operating speeds. Also, it may not function properly under
those instances in which the progression phenomenon simply
cannot exist because of heavy vehicular queue spillback or
intersection blockage during arterial green times due to the
overcongested operating conditions. However, most progres-
sion-based signal timing programs, such as PASSER II and
MAXBAND, do allow users to adjust progression bands to
some extent through the queue clearance features to tailor
the progression time-space diagram to the potential queues
observed in the field. On the other hand, multiple solutions
may also exist to the same progression problems for given
combinations of progression design speeds and coordinated
background cycle lengths. This phenomenon is particularly
noticeable in the coordinated two-phase operations. There-
fore, the realization of the arterial progression bandwidth
design approach depends heavily on whether the predicted
progression can be achieved or fine-tuned according to actual
vehicular performance during coordinated arterial traffic sig-
nal system operations.

It should be clearly stated that this algorithm can only be
considered an extension to the original MAXBAND program
because most of the MAXBAND formulation and all the
program features remain exactly the same. Phase sequence,
cycle length, green time, and offset optimization already existed
in the original MAXBAND and PASSER II model. In addi-
tion, the benefits of using combinations of different traffic
signal phase sequences to achieve a wider arterial progression
bandwidth calculation were demonstrated in several earlier
studies. Realistically, the new definition introduced by the
authors only serves to modify the existing “W,” variable to
provide a crude estimation of the maximum queue clearance
settings without having to add a detailed traffic flow prediction
model. The basic question that still remains is whether the
saw-toothed type of progression bandwidth can provide a bet-
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ter scheme than either the constrained MAXBAND-TRAN-
SYT-7F progression approaches or the system delay offset
fine-tuning optimization used in the PASSER II-84 approach.

Nevertheless, ‘this paper did illustrate the significant run-
time reduction that can be achieved by replacing the existing
optimization code in the MAXBAND program to solve com-
plicated optimization problems. This study examined the
effectiveness obtained by replacing the relatively inefficient
1973 version of the MIL with the commercially available LINDO
code. The inefficiency of the optimization algorithm and the
commercial availability of Mixed-Integer Linear Program-
ming Optimization codes have been commonly recognized.
In parallel to this investigation, the maximum bandwidth pro-
gram, MAXBAND 86, was enhanced by the Texas Trans-
portation Institute in 1986 to simultaneously maximize the
weighted sum of progression bandwidths on all the arteries
of a signalized network. During its development, the same
recommendations were made on the program run-time effi-
ciency. It was decided to emphasize the network formulation
and traffic engineering interpretation of the optimization results
for developing the generalized arterial network optimization
program. The results of an in-house study made by the Federal
Highway Administration indicate that approximately 90 per-
cent to 95 percent of the computer CPU time was spent on
several subroutines of the MILP code of the MAXBAND 86
program during several test case runs. Therefore, the differ-
ences in run-time efficiency are contributed primarily to the
replacement of the optimization code in MAXBAND, as all
the other algorithms remain practically the same.

As indicated in this paper, this algorithm does suffer, as
expected, from the inherent limitations of the number of inter-
sections that can be feasibly analyzed to reach practical solu-
tions efficiently. For the algorithm to provide feasible solu-
tions, three important elements must exist. First, the arterial
street directions must be given much larger amounts of green
time than the cross street direction to provide the chance of
generating a wider progression bandwidth farther toward
downstream intersections. Second, to fully take advantage of
the early start strategy for advancing the green times provided
by the program, the saw-toothed type of progression approach
will tend to favor those signal systems having short-spaced
intersections, a large operating speed differential, and heavy
turning traffic from side streets. This also implies that the
algorithm tends to encourage the arterial vehicles travelling
much faster than traffic turning from cross streets or slower
vehicles. Third, full realization of this saw-toothed type of
progression bandwidth relies heavily on the existence of
equal amounts of green times to achieve maximum arterial
progression.

As summarized from the above observations, the most suc-
cessful operations of this enhanced algorithm are best suited
for arterial signal systems having short spacing, small numbers
of signals, large amounts of arterial green times, and almost
optimum zero-offset coordination traffic operating condi-
tions. In these cases, an alternative computerized signal oper-
ation can also be implemented through a series of two-phase
signals with real-time green split adjustments without having
to use the sophisticated Mixed-Integer Linear Optimization
Problem for optimizing the one-line operation. At the same
time, because of inherent limitations on the mathematical
formulation due to the introduction of more constraints to
the original optimization problem, the system does sometimes
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suffer from not being able to reach a feasible solution. There-
fore, serious reservations exist concerning the intended use
of this enhanced MAXBAND algorithm for real-time traffic
signal system control. Consequently, it is highly recom-
mended that implementation of this enhanced algorithm be
reserved until realistic validation studies, through either sim-
ulation studies or field controlled experiments, can be made
available for further evaluation. Simulation studies, through
either the TRANSYT-7F or NETSIM program evaluations,
for examining the potential effectiveness of the enhanced
algorithm versus the conventional constant progression band-
width approach will be beneficial.

AUTHORS’ CLOSURE

Chang’s discussion mainly concerns the concept and appli-
cation of the new algorithm. From his discussion, several
points are raised due to the misunderstanding of this algo-
rithm. Each of these points will be discussed here.

Chang, in his second paragraph, states that the new algo-
rithm introduces only a modified “W;” variable that is used
to provide the preset maximum queue clearance settings.
Actually, in our paper, seven major characteristics of the new
algorithm compared to the MAXBAND are clearly discussed
in the beginning of the section “Mathematical Formulation
of New Algorithm.” The new algorithm uses three new var-
iables: queue clearance time (Q,), incoming flow clearance
time (H,), and time lag (W,) for each intersection to take into
consideration the clearing of queued vehicles before the arrival
of platoons in the progression band. Thus, any vehicle within
the band can travel through downstream intersection without
stopping. All these variables need not be preset but are inter-
nally calculated based on the requirements of different arriv-
ing flow volumes. On the other hand, to assure vehicles in
the through band cross the critical intersection without stop-
ping, PASSER II and MAXBAND try to use the concept of
preset queue clearance time. Nevertheless, it is impossible to
know which intersection needs the queue clearance time and
what value it should take. Even with an assumed or preset
queue clearance time, the critical intersection will soon be
shifted to another intersection according to the progression
theory used in PASSER II and MAXBAND. The existing
problem still remains unsolved. The new algorithm, however,
can overcome this problem by introducing those three new
variables at each intersection.

The discussant, in the second and fifth paragraphs, has
emphasized that the new algorithm should only be considered
as an enhancement to the original MAXBAND algorithm
because most of the MAXBAND formulation and all the
program features remain exactly the same. In our paper, we
list complete formulations of the MAXBAND and the new
algorithm separately in the context for comparison. Even part
of the output of the MAXBAND and BANDTOP are also

shown in Figures 2 and 8. The proposed algorithm uses a new .

progression concept and theory to handle the existing problem
encountered by MAXBAND and PASSER II. A new math-
ematical programming formulation has been developed and
enhanced LINDO is applied to obtain a saw-toothed pattern
of the bandwidth instead of a parallel and uniform one.
Obviously, it is different from the original MAXBAND and
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PASSER II. The discussant, however, strongly objects to the
term of a “new” algorithm.

The discussant mentions the importance of performing sim-
ulation study through either TRANSYT-7F or NETSIM and
field tests to the new algorithm and its program BANDTOP.
We certainly agree; some of simulation results and compar-
isons among BANDTOP, PASSER II, and MAXBAND on
two arterials with four and five intersections have been shown
in Table 2. At present, BANDTOP is used as a part of com-
puting software for timing plan generation on a new real-time
traffic control system, named the Traffic Responsive and Uni-
form Surveillance Timing System (TRUSTS), located in the
cities of Keelung and Taichung in Taiwan. Many results can
be obtained from the field and considerations have been given
to perform further evaluation and to improve the TRUSTS
performance and current BANDTOP version.

The discussant tries to reinterpret the concept of bandwidth
in the third and fourth paragraphs. In the paper, we have

the third and fourth paragraphs. In the paper, we have
pointed out the existing progression problem if the output of
PASSER II and MAXBAND is implemented directly. The
vehicles in the front portion of the through band will be hind-
ered and have to stop at the critical intersection. This problem
mainly comes from inaccurate progression theory with unreal-
istic assumptions made in the PASSER II and MAXBAND.
The phenomenon can be easily observed from the field and
time-space diagrams. Although the discussant, in his fourth
paragraph, tries to use a preset queue clearance time to tailor
the progression time-space diagram to the potential queues
observed in the field, the existing problem still cannot be
solved. This is simply because queues are varying from time
to time and the estimated or observed queues are only suited
for a particular time and day. It is uneconomical for the users
to check the potential queue of each intersection in the field
every time. In other words, if the current output of the MAX-
BAND and PASSER II with an impressive bandwidth oper-
ates through time-space diagrams without additional manual
adjustments, it will provide practicing traffic engineers with
false information in determining whether to choose to imple-
ment the signal timing plan.

The discussant mentions in the seventh paragraph that for
the new algorithm to provide a feasible solution, three impor-
tant elements must exist. In fact, none of these three points
are accurate. First, he states that ¢, . . the arterial street
direction rnust be given much larger amounts of green time
than the cross street direction. . . .”” From Figure 8 of the
paper, it can be seen that the arterial has 34 sec green versus
36 sec green of the cross street at intersection 1 and 39 sec
green of the arterial versus 31 sec of the minor street at inter-
section 3. Second, he states that . . . the approach will tend
to favor those signal systems that have short-spaced intersec-
tions, a large operating speed differential, and heavy turning
traffic from side streets.” The new algorithm, in fact, can
handle long-space intersections even over one cycle travel
time of one block distance based on the integer value of I, in
Equation 2. That is the reason why we claim the new algorithm
has the general mixed-integer formulation. Since the new
algorithm considers the general case, it will be able to deal
with various kinds of street types and flow patterns. Fur-
thermore, the optimal travel speed in Figures 8 and 9 remains
50 km/hr (31 mph) for both directions. We do not understand
why the discussant concludes that the new algorithm tends to
favor a large operating speed differential, heavy turning traffic,
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and the arterial vehicles travelling much faster than traffic
turning from cross streets or slow vehicles. Third, he mentions
that “. . . bandwidth relies heavily on the existence of equal
amounts of green time to achieve maximum arterial progres-
sion.” Here we are not sure whether the green time refers to
the bandwidth or the green time interval of that intersection.
In either case, it is not true, as Figures 8 and 9 demonstrate.

In the last paragraph, the discussant summarizes his obser-
vations and states, . . . the most successful operations of this
enhanced algorithm are best suited for arterial signal systems
having short spacings, small numbers of signals, large amounts
of arterial green times, and almost optimum zero-offset coor-
dination traffic operating conditions.” Some of the points
have been explained above. Similarly, the offsets shown in
Figures 8 and 9 ranging from 2 to 11 sec reveal that the new
algorithm is not only suited for almost zero-offset coordina-
tion. Besides, the new algorithm can handle various types of
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intersections and traffic flow. In our paper, we mention that
if no feasible solution can be obtained from the new algorithm,
it means that no real progression bandwidth is available on
the arterial under given conditions. This is due to the proposed
optimization model that assures any vehicle in the band can
travel through all downstream intersections without stopping
and outside the band with at most one stop. The bandwidth
should be the saw-toothed shape. Therefore, we agree to the
point that the new algorithm is suited for small numbers of
signals, but not exclusively, because the optimal solution relies
mainly upon the traffic flow movement and block distances
of intersections under consideration in the segment.

Publication of this paper sponsored by Committee on Traffic Flow
Theory and Characteristics.
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Examination of Shared Lane Operations

J. A. BonnEsoN, C. J. MEsseRr, AND D. B. FAMBRO

The shared use of a single traffic lane by through and left-turn
movements is one of the more complex operations that can
occur at signalized intersections. A clesed-form solution for
evaluating the effect of shared lane use is described in the
Highway Capacity Manual (HCM). This paper investigates the
methodology of the HCM shared lane analysis. It also extends
that methodology to recognize the operational interdependence
of saturation flow rate and lane use on opposing approaches.
‘This extension is in the form of an iterative modification wherein
the saturation flow rate and lane use on opposing approaches
are incrementally updated. Using the modified methodology,
several investigations were undertaken to determine the behav-
ior of shared lane operations. These investigations included
comparing the modified methodology with the original HCM
methodology; studying convergence trends; evaluating the effects
of various timing and volume conditions; isolating a maximum
volume threshold; and identifying the shared versus de facto
left-turn lane regime. As a result of this examination, it was
found that the HCM methodology consistently estimated slightly
lower saturation flow rates than the final flow rate converged
upon. A major outcome of the sensitivity analysis and evalu-
ation study was a graphical technique for estimating the oper-
ational nature of a shared traffic lane.

The operation of traffic in a lane shared by left-turning and
through vehicles is difficult to describe both in general and
mathematical terminology. Other authors (I, 2, 3, 4) have
described the complex combination of events that occur in
shared lanes. However, the sensitivity of shared lane opera-
tions to various timing and volume conditions has yet to be
adequately described or understood. This paper offers another
look at opposed, shared lane operations at traffic signals.

The recent publication of the Highway Capacity Manual
(HCM) (5) has heightened the need for a better understanding
of shared lane operations. Chapter 9 of this manual presents
a methodology for estimating the saturation flow rate of an
intersection approach having a shared lane. Although this
methodology has been well documented in the HCM, a basic
understanding of the effects of each of the input variables
{e.g., volume and signal timing) is still greatly needed. In
essence, without understanding the trends and tendencies of
the methodology, the analyst cannot be confident of the results
or their implication.

One goal of this paper is to examine the theoretical sen-
sitivity of shared lane operations (as modeled by the HCM
methodology) to changes in several control variables. Another
goal is to examine the interdependent relationships among
operations on opposing approaches. Finally, the realm of de
facto left-turn lane operation (i.e., a shared lane operating as
exclusive left-turn lane) will be quantified and described in
terms of the conditions that induce its occurrence.

Texas Transportation Institute, Texas A&M University System, Col-
lege Station, Tex. 77843.

APPROACH

An intersection having two opposing, two-lane, shared lane
approaches was considered to be the typical shared lane sit-
uation. This intersection, shown in figure 1, has two lanes on
each approach; the inside lane could be shared by through
and left-turn vehicles, while the outside, or curb, lane would
be used exclusively by through vehicles. The intersection is
served by a two phase signal, that is, one phase for each street.
For the sake of simplicity, neither cross street nor right-turn
traffic volumes were considered.

The variables considered for their effect on shared lane
operation are shown in table 1. They include the approach
volume (V,), the opposing approach volume (V,), the pro-
portion of approach traffic that turns left (P, ;), the proportion
of opposing traffic that turns left (P, 1), the cycle length (C),
and the total green plus yellow time (G). These variables were
selected because they were felt to have the greatest influence
on shared lane operation.

Each variable was independently varied over a range of
typical values to determine its effect on the overall operation
of a shared lane. The measures used to monitor these vari-
ational effects were the lane group saturation flow rate (S,)
and the proportion of left-turns on the inside lane (P,). For
each of the variables studied, a pair of figures was generated
to illustrate the trends and sensitivities of S, and P,. These
figures are included below in the discussion of sensitivity
analysis.

It should be noted that one variable affecting shared lane
operation, the saturation flow rate for through traffic (S;),
was not varied in this study. Although it is recognized that
this variable could have a significant effect on shared lane
operations, it was reasoned that investigation of the other
variables would be more pertinent and relevant to the goals
of this paper. The saturation flow rate used for this study was
less than the ideal rate of 1,800 vehicles per hour of green
time per lane (vphgp!). This was deliberately done to illustrate
the effects of a less-than-ideal saturation flow rate on shared
lane operations.

SHARED LANE MODELS

As noted above, several models have been offered for the
analysis of shared lane operations. All of these models are
based on a probabilistic approach wherein the opportunities
for left-turn or through movement departures are quantified
in terms of expected or average rates. This type of model has
the advantage of providing both a logical and tractable solu-
tion, but the disadvantages of being both complex and iter-
ative, by nature of its dependency on opposing lane opera-
tions. Of these models, the shared lane methodology identified
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FIGURE 1 Typical shared lane configuration.

in chapter 9 of the HCM was selected for this evaluation for
two reasons: its publication in the HCM makes it the more
popular methodology, and its simplicity with respect to other
probabilistic models provides a reasonable balance between
theory and practicality.

HCM Model

The HCM methodology should theoretically provide a good
estimate of shared lane operations.. As shown in figure 2, the

TABLE1 STUDY VARIABLES

- C Vo, V! S
Py G/C (sec) (vph) PrrPrro” (vphgp!)
0.01 0.20 50 200 0.01 1650
0.10 0.30 60 600 0.10
0.15 0.40 79 800 015 .0
0.20 0.50 80 : 0.20
0.30 0.60 .. 90 0.30
0.80 100"
o 110
120

NoTE: Underlined values represent the base condition. These values -
were fixed during the sensitivity analysis of a patticular variable. °
2All volume elements were set equal unless otherwise noted.
5Proportion of left-turns on the subject and.opposing approaches .
were set equal. For each volume level, P, and P, o were varied
through their entire range. )
<Saturation flow rate was not varied.

process has been reduced to a series of intermediate calcu-
lations. The final result is a factor that can be used to calculate
the approach saturation flow rate.

The HCM model evaluates shared lane operation in terms
of three components. These components as they occur from
the commencement of green, are

e Period 1—an initial portion, wherein some through vehi-
cles can proceed before the first, blocking left-turn vehicle
arrives at the head of the queue,

e Period 2—an interval subsequent to the clearance of the
opposing queue wherein both through and left turn vehlcles
can depart, and
. ® Period 3—a final penod wherein left-turn vehlcles clear
the intersection before the initiation of the cross street phase

Several authors have proposed the existence of o_thcr capac-
ity components (I, 2). The contribution of these components,
however, is generally small. As a result, the increased com-
plexity of calculation of these components does not appear
to be justified, given the overall accuracy of the process.

The HCM method should prov1de agood estimate of shared
lane operations. However, the calculated saturation flow rate
can only be taken as an estimate, due to several assumptions
and simplifications embedded in the methodology. In partic-
ular, assumptions are embedded in the equations for calcu-
lating the opposing saturation flow rate (S,,) and the pro-
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SUPPLEMENTAL WORKSHEET FOR LEFT-TURN ADJUSTMENT FACTOR, f, ,
INPUT VARIABLES EB WB NB SB
Cycle Length, C (sec) 70 70 70 70
Effective Green, g (sec) 27 27 37 37
Number of Lanes, N 2 2 1 1
Total Approach Flow Rate, v, (vph) 800 833 466 667
Mainline Flow Rote, v,, (vph) 800 833 433 623
Left-Turn Flow Rate, VL;(Vph) 72 33 33 44
Proportion of LT, P, 0.09 0.04 0.07 0.07
Opposing Lanes, N, 2 2 1 1
Opposing Flow Rate, v, (vph) 833 800 823 433
Prop. of LTin Opp. Vol Pyzo 0.04 0.09 0.07 0.07
COMPUTATIONS EB wB NB SB
Sop = 1208, 3333 3012 1698 1648
1+ P ﬂ%‘é"?"v‘;ﬁ]
Y., =v./5, 0.250 0.266 0.367 0.263
8. =@—CY)/(~Y,) 12.67 11.42 17.87 25.24
f,=(875—0.625v,) / 1000 0.354 0.375 — —
P =P .[‘ +f(:—u;%-§-:l 0.360 0.163 0.070 0.070
8,8 8. 14.33 15.58 19.13 11.76
P,=1-P, 0.640 0.837 0.930 0.930
g=2 21 [1-p,058] 3.41 7.70 13.29 9.22
L

E, = 1800 /(1400 — v,) 3.17 3.00 2.32 1.86
£, =§i+§:[—_’ __".]+_2_(1 +P,)

g glI+P (E-D]| g 0.490 0.690 0.859 0.950
fa=(,+N-1)/N 0.75 0.85 0.86 0.95

FIGURE 2 Shared lane analysis worksheet (5).

portion of left-turn vehicles in the left lane (P,). In both of
these equations, estimates must be made regarding shared
lane operations on the opposing and subject lane groups before
the evaluation can be completed.

Other assumptions inherent in the formulation are the use
of ideal saturation flow rates (i.e., 1,800 vphgpl) in the equa-
tions for the initial portion of green time (g,), left-turn equiv-
alency (E,), opposed saturation flow rate (S,,), and the left-
turn factor (f,,). It will be shown later that the use of ideal
saturation flow rates tends to yield conservative estimates of
shared lane capacity. This was an intentional adjustment in

recognition of the closed-form computational approach rec-
ommended by the HCM.

Iterative Model

Recognizing the limitations of the aforementioned assump-
tions in the HCM formulation, a modification was proposed
and investigated for its effect on the calculated saturation flow
rate. This modification was directed towards an iterative
approach wherein the values of S,» and P, were recalculated
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based on previous results, or iterations. This procedure has
the advantage of being able to incorporate better estimates
of S,, and P, during each iteration, which is particularly
important in those instances where the opposing approach
also has shared lane operations. The proposed model is
described below as a sequence of caiculation steps.

eStepl. Y, =V,/8,(i-1)

®Step2.g,=(g-C*Y,)/(1~Y7,)

e Step3. P, =P +[1+ (N -1/f.(i-1D]

e Step4d. g, = (g — 8.)

®StepS5. g, =20=+[(1~P)/PJ*[1—-(1—-P,)
* (g, * S73600)]

e Step 6. E;, = S,/ (1400 — V)

o Step 7. frny = g + 8./ (1 + P.* (E. — 1)) + 3600
*(1+P)/S]/g

o Step 8. frr = (fuy T N—1)/N

o Step 9. S,y = ST+ fr* N

where

C = cycle length, sec.
E, = through-vehicle equivalent for opposed left-turns.
fmy = left-turn factor for the shared lane (Note:
Fu<1.0).
g = effective green time, sec.
g = duration of initial portion of green phase, sec.
8, = portion of green phase blocked to left-turning
vehicles by the clearing of an opposing queue of
vehicles (= g — g,),sec.

g. = portion of green not blocked by the clearing of

an opposing queue, sec.
i = current calculation sequence.
N = number of lanes on approach.

P, = proportion of left-turn vehicles in shared lane.
P, ; = proportion of left-turn vehicles on the approach.
S, = saturation flow rate for subject lane group, vphg.

S,pi—1) = saturation flow rate on opposing approach taken
from the previous calculation, vphg.

S = through-vehicle saturation flow rate on subject

approach (= 1800 * f,, * fuy * f, * f.), vphgpl.
= opposing flow rate, vph.
flow ratio on the opposing approach.

0’.< 0<

As shown in the preceding steps, the proposed model adopts
the same format and sequence of calculation as that of the
HCM methodology. The only deviations are the use of infor-
mation from preceding calculations and the use of a less-than-
ideal saturation flow rate where ideal values had previously
been assumed.

In recognition of the iterative nature of the proposed pro-
cedure, the methodology was programmed in BASIC to auto-
mate the analysis process. The function of this program was
to make an initial calculation using the originat HCM meth-
odology and to use the modified methodology for second and
subsequent iterations.

For this study, a fairly strict convergence criterion was selected
such that the nature of the solution process could be fully
explored. In fact, a solution was said to have “converged”
when the difference between approach saturation flows for
two successive iterations was less than 0.5 vphg. While the
allowable deviation for the final calculations was quite small,
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experience with the procedure indicates that the likelihood
of arriving at a convergence solution is almost certain.

Using this criterion, the number of iterations was found to
range from one to thirty iterations. Convergence was com-
monly achieved, however, in less than ten iterations for the
conditions of this study. In general, two iterations beyond the
initial HCM solution would typically yield a saturation flow
rate that was very near the convergence flow rate.

Two conclusions were drawn from this study of conver-
gence. First, it appeared that the HCM methodology would
generally yield a conservative estimate of the saturation flow
rate for a shared lane. This tendency is consistent with the
intent of its formulation. However, it should also be noted
that for some near-capacity conditions the HCM solution was
found to overestimate the shared lane saturation flow rate.
Second, the saturation flow rate from the first (HCM) iter-
ation was almost always found to be within 5% of the final
solution.

SENSITIVITY ANALYSIS

This section examines the sensitivity of shared lane operations
to variations in volume and signal timing. For each of the
variable combinations identified in table 1, an iterative anal-
ysis was performed which included an initial calculation of
saturation flow using the original HCM methodology. All
subsequent calculations used the modified methodology wherein
information from the last iteration was used as a better esti-
mate of actual conditions. The iterations were stopped when
the approach saturation flow rate (S,) between two successive
calculations did not change by more than 0.5 vphg. It should
be noted that the results reported in this paper reflect under-
capacity conditions for all approaches.

Left-Turn Percentage

The sensitivity of the shared-lane methodology to variation
in left-turn percentage was investigated for this analysis. As
shown in figure 3, the effect of an increase in left-turn per-
centage caused a reduction in saturation flow rate for the
subject approach. In particular, the flow rate varied between
3,300 vphg and 2,400 vphg for a left-turn percentage in the
range of 1% and 30%, respectively. It should also be noted
that when the percentage of left-turns was increased, lane use
on the interior, shared lane approached that of an exclusive
left-turn lane (i.e.,P, = 1.0). This result is reasonable and
consistent with general expectation.

Concerning the first (HCM) solution versus the final (con-
vergence) solution, the trends in convergence—noted above
in the discussion of the modified methodology—were well
illustrated. Not only did the HCM and final solution “track”
one another, but it appeared that the HCM solution would
yield a conservative, or lower, estimate of saturation. flow
rate.

Cycle Length

For this investigation, a range of typical of cycle lengths was
considered to determine the effect of cycle length on shared-
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FIGURE 3 Effects of left-turn percentage.

lane operations. As shown in figure 4, the convergence trends
appear to be consistent with those found in the investigation
of left-turn percentage. In particular, the HCM solution again
yielded a slightly lower value of saturation flow rate than the
convergence solution. In addition, a positive relationship was
again found to exist between the two solutions regarding their
general agreement with trends in the changes in cycle length.

One of the more interesting results of this sensitivity anal-
ysis was the lack of any significant change in flow rate with
cycle length. This result implies that the duration of the cycle
length has a minimal effect on the operation of shared lanes.
This can be explained as the result of two secondary effects.
One is the increase in capacity per cycle during period 2 with
anincrease in cycle length. Vehicular capacity per cycle during
this period is a direct function of the amount of unsaturated
green time (g,) available. This green time increases almost
linearly with cycle length when the green-to-cycle-length
(G/C) ratio is held constant.

The other secondary effect is the lower number of cycles
and hence, clearance opportunities that can occur each hour
when cycle length is increased. These two effects tend to
cancel one another and thereby minimize the influence of
cycle length on saturation flow. It should be noted that the

capacity of period 1 was not found to vary significantly with
cycle length.

Green-to-Cycle-Length Ratio

For this analysis, the effects of a change in the green time for
a given cycle length were investigated. As shown in figure 5,
changes in the G/C ratio were found to have an effect on the
operation of the shared lane approach. This was evidenced
by the wide variation in saturation flow rates for G/C ratios
of less than about 0.40. In addition to this wide variation,
there also appeared to be a deviation from the expected con-
servative nature of the HCM methodology.

Further investigation of the conditions that created the
observed anomalies revealed that as G/C varies from larger
to smaller ratios, the volume-to-capacity ratio (v/c) of the
approach neared 1.0. In fact, for G/C ratios less than 0.35,
both approaches were found to be over capacity. Hence, it
appeared that, for some near-capacity conditions, the satu-
ration flow rate found using the HCM methodology could be
greater than the iterated solution (i.e., not conservative). It
was also noted that, for G/C ratios greater than 0.40, the
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FIGURE 4 Effects of cycle length.

effect on saturation flow rate did not appear to be as
significant.

Entering Volume and Left-Turn Percentage

The investigation of entering volume presented many possible
combinations of opposing and subject approach volumes.
Moreover, it was resolved that a thorough examination should
consider effects of changes in both through and left-turn vol-
umes. In recognition of the need for variation in these vol-
umes, it was felt that a balanced volume condition would be
the most reasonable compromise. Hence, for all volume con-
ditions reported in this section, the volumes and left-turn
proportions on each approach were held equal throughout all
analyses.

As a result of equalizing the volumes and left-turn pro-
portions, the investigation was reduced to an analysis of sym-
metric supply and demand conditions. In other words, the
operation of the shared lane on either side of the intersection
was identical given the same geometry, volume, and timing
conditions. For each value of entering volume, five values of

left-turn proportion were examined for their effect on approach
saturation flow rate. This approach was taken to ensure a
consistency with the preceding analyses.

Figure 6 illustrates the results from this analysis. Based on
these results, it was concluded that combinations of high left-
turn and entering volumes would have a definite adverse effect
on the saturation flow rates of two opposing shared lane
approaches. This conclusion is intuitively reasonable, since
the demand on a shared lane approach indirectly affects the
capacity of the approach opposing it. ‘

One trend observed in this analysis was that the HCM
methodology did give conservative results under a wide range
of volume conditions. In the few situations where the HCM
solution was not conservative, it was found that the v/c ratio
of the left-turn or through movement was near 1.0. This trend
was consistent with that observed during the sensitivity anal-
ysis of the G/C ratio.

An explanation of the HCM solution’s conservative results
lies primarily in its formulation. Several major effects interact
within the HCM methodology and result in a lower estimation
of saturation flow rate for the shared lane. The first effect is
embedded in the equations for S,, and P, (see Figure 2). The
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FIGURE 5 Effects of green/cycle ratio.

equation used to estimate S, will almost always yield a higher
value than that found in the final iteration. This implies an
expectation of higher estimates of unsaturated green time (g,,)
and hence, a greater shared lane capacity during period 2.
However, this is not generally found because of the effect of
another factor, P, . The equation used to estimate P, typically
overestimates the proportion of left-turn vehicles in the inside,
or shared, lane. The implication of this approximate proce-
dure can be found in a lower estimate of through vehicle
capacity during period 1.

~ The effect of overestimating P, explains some of the con-
servative nature of the HCM’s saturation flow rate estimate.
In contrast, the effect of overestimating S,, (and thereby g,)
suggests a more liberal flow rate estimate. However, the com-
bination of P, and g, in the equation used to calculate the
left-turn adjustment factor (f,,) tends to offset the effects of
S,p- As a result, period 2 capacity is also conservatively esti-
mated in most instances.

Another effect worthy of consideration is the calculation
of capacity during period 3. As noted above, the HCM meth-
odology generally overestimates the magnitude of P, and results
in an overestimate of capacity during the clearance interval

(i.e., period 3). However, the ultimate indirect factoring of
this capacity component by the other saturation flow rate
adjustment factors tends to overcompensate for the effect of
an overestimated P, and typically results in a net conservative
estimate of period 3 capacity. It should be noted that the
capacity of this period has traditionally been calculated as the
number of vehicles clearing at the end of the cycle which is
totally independent of the saturation flow rate experienced
during the green phase.

SHARED LANE RELATIONSHIPS

Based on the preceding sensitivity analysis, it appeared that
the four dominant variables (with respect to shared lane oper-
ations) were proportion of left-turns (P, ), opposing propor-
tion of left-turns (P, 1), approach volume (V,), and opposing
volume (V). Green time and cycle length were found to have
a limited effect on shared lane operations.

In an attempt to understand better the interaction of the
dominant variables, figure 7 was generated using the modified
methodology. In this figure, each axis represents an inde-



pendent variable, while the dependent variable is represented
as a shaded region. In general, these variables were chosen
to illustrate their interrelated effect on capacity and lane use.
As might be expected, opposing and approach volumes were
found to have a significant impact on intersection capacity.
Similarly, opposing volume and approach left-turn percentage
were found to have the greatest influence on approach lane in figure 7a. For the

Results of Specific Analyses

As suggested by figure 7a, a range of maximum approach
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FIGURE 6 Effects of left-turn percentage and entering volume.

1650 vphgpl

and opposing volume combinations was found such that one
of the opposed approaches operated at its capacity. Obviously,
any combination of approach volumes that had the same pro-
portion of left-turns and intersected below this threshold should
experience a v/c ratio less than 1.0.

Two capacity thresholds (P, = 0.01 and 0.30) are shown

case where P, equaled 0.30, it was

found that the combinations of V, and V, that produced a
vic equal to 1.0 were less than those found when P, r equaled
0.01. This trend is intuitively reasonable considering the
degrading effect that left-turn vehicles have on the capacity

of an approach.

Using the modified HCM methodology, the volume-to-capac- Figure 7b illustrates
ity (v/c) and shared-exclusive lane relationships shown in fig- and opposing volume
ure 7 were developed. The sloping lines shown on each figure
represent the unique combination of independent variables
such that either the v/c ratio or the proportion of left-turns
in the left-lane (P,) would equal 1.0. These threshold values
were selected because they describe a boundary between
operational states (i.e., over-under capacity or shared-exclu-
sive lane use).

the effect of left-turn proportion (P.7)
(V,) on lane usage. The line A’-A-B

identifies the threshold combinations of P, »and V, that would
cause the inner lane to operate an exclusive, or de facto, left-
turn lane for an approach volume of 800 vph. Likewise, the
line A'-B identifies the exclusive lane threshold for an approach
volume of 200 vph. This threshold can be described as an
equilibrium condition wherein the volume-to-capacity ratios

of the through and left-turn movements are equal and the

proportion of left-turn vehicles on the interior lane is 1.0.
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It is reasonable to assume that the equilibrium condition
describes the threshold where lane selection becomes move-
ment specific on a shared-lane approach. The essence of this
assumption is predicated on the inherent nature of motorists
to base their lane selection on minimum travel time. This
capacity equilibrium concept is embedded within the for-
mulation of the shared lane analysis methodology.

As shown in Figure 7b, there was a left-turn proportion
below which the approach always operated as a shared lane,
regardless of opposing volume. For left-turn proportions above
this minimum value, operation of the approach was found to
be primarily a function of opposing volume. However, approach
volume (V,) and opposing left-turn proportion (P, ;,) were
also found to affect the location of the equilibrium threshold
{(i.e., line A’-A-B vs. A’-B). In fact, the secondary effects of

V, and P, ;, explain the triangular region A’-A-B wherein
the threshold condition was found to vary.

Formulation of General Case

Based on concepts introduced in the preceding section and
supplemented with additional analyses, figure 8 was generated
to illustrate the basic shared lane relationships. This figure is
presented in a general form with only unique points and
boundaries described. The intent of the general format was
primarily to identify the sensitivity of shared lane use to changes
in certain variables. However, it was assumed that the iden-
tification of all unique points or boundaries on each figure
would aid others in applying these results to different timing
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and geometric conditions. Each of these points and bound-
aries is defined below.

V,..axx— This is the capacity of two through lanes of traffic
having no left-turn vehicles.

Vmax2=(N*ST*[G—I])/C (1)
where
N = number of lanes on the approach.

S = through saturation flow rate, vphgpl.
G = total green plus yellow time, sec.

! = lost time, assumed = 3.0 sec.

C = cycle length, sec.

Using the values from figure 7a (i.e., G = 35 sec., S; =
1650 vphgpl, C = 70 sec., N = 2),

Viae = (2 * 1650 * [35 — 3]) /70 = 1509 veh/hour.
Vmaxi— Lhis represents the capacity of one lane of through

traffic plus the number of left-turn vehicles clearing the inter-
section during the clearance interval (i.e., sneakers).

Vmaxl = [Vmaxl * (N - l) / N] + [Sn * 3600 / C] (2)
where

Vmaxe = maximum through lane capacity for N lanes, vph.

N = number of lanes on the approach.

S, = maximum number of left-turns during the change
interval, assumed equal to two under maximum
volume conditions.

C = cycle length, sec.

For this example, V,,,,, can be calculated as
Vet = [1509 * (2 — 1) /2] + [2 * 3600 /70]
= 857 veh/hour.

P, rmax—This value represents the threshold proportion of
left-turn vehicles. Any proportion of left-turn vehicles less
than this value would theoretically guarantee shared lane
operation. ’

PLTmax = (Sn * 3600 / C) / Vmaxl (3)

where

Vmaxi = Maximum capacity of one lane plus sneakers, vph.
S, = number of left-turns during the change interval.
C = cycle length, sec.

For this example,

PLT,., = (2.0 * 3600/ 70) / 857 = 0.12.

V, = 1400 vph—This constant is identified in figure 8
because it represents the opposing volume that would theo-
retically have insufficient gap size to permit the filtering of
left-turn vehicles. Thus, when the opposing volume exceeds
1,400 vph, the only left-turn capacity available would be as
sneakers during the clearance interval. '

P, = 0.50—This proportion represents the upper bound-
ary value for shared-lane operation. Theoretically, any left-
turn proportion exceeding 0.50 would have exclusive use of
the inside lane.

In figure 8a, three separate capacity threshold lines are
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shown. These lines represent three different combinations of
left-turn proportion: 0.0, P, ..., and 0.50. Of these, 0.0 and
0.50 represent lower and upper boundaries, respectively, on
the region of shared lane use. The P, 1., line is also shown
because it is related to the shared-exclusive lane threshold
and because it can be located using V..

The left-turn proportions described in figure 8a are equal
for both the subject and opposing approaches. This “sym-
metric” situation was chosen for two reasons. The first reason
was that it more nearly represented the typical intersection
where both approaches have roughly the same left-turn pro-
portions. The other reason was based on the results of several
analyses, from which it appeared that the symmetric case
represented a worst-case combination. Thus, with respect to
figure 8a, any volume combination that intersects below the
capacity threshold (i.e., v/c < 1.0) for a given symmetric left-
turn proportion should also be under capacity when one
approach has a lesser left-turn proportion. For example, if
the proportion of left turns on one approach was 0.05 while
the proportion of left-turns on the opposing approach was
0.15 and their volume combination intersected below the P, ,
= P70 = 0.15 threshold, then it could be concluded that
both approaches will operate at a v/c of less than 1.0. In
summary, the symmetric left-turn proportion threshold should
conservatively predict the under-capacity situation.

When considering figure 8a, it must be remembered that
only one left-turn proportion line can describe the capacity
threshold. The line chosen should equal or exceed the larger
left-turn proportion of either the subject approach or its
opposing approach. One of the three threshold lines shown
in figure 8a could be used as the capacity threshold or another
threshold could be located by interpolation. In recognition of
the limitation of the shared lane methodology, the P, =
P, 7o = 0.50 threshold probably represents a practical bound-
ary for conservatively estimating the volume-to-capacity con-
dition of two, two-lane, opposing approaches.

Figure 8b represents the general relation between the
approach left-turn percentage (P, ;) and the volume opposing
it (V,). In particular, the line A’-A-B represents the boundary
between shared and exclusive lane operation on the subject
approach. If the approach left-turn proportion and opposing
volume combination intersect below the line A’-A-B, then
the subject approach should operate as a shared lane. If the
intersection is beyond line A’-B, then the approach should
operate as an exclusive lane.

The triangular region A’-A-B bounds the combinations of
P,; and V, that may or may not cause an exclusive lane
operation. The location of the exact threshold boundary
between point B and a point on line A’-A is a function of
approach volume (V,) and opposing left-turn proportion (P, ro)-
The reason for this secondary influence is somewhat complex,
but is based primarily on the capacity of period 2. In those
situations where either the approach volume (V,) or the
opposing left-turn proportion (P, ;) is light, there is a max-
imum likelihood of unused green time (g,). This usually results
in a maximum left turn capacity. Conversely, if both V, and
P, are large, then it is probable that g, is small. Obviously
if g, equals zero, then period 2 capacity is also zero.

Based on the results of the preceding examination, it was
possible to make the following generalization: If the left-turn
proportion (P,;) and volume (V,) of an approach are less
than P, .. and V.., respectively, then that approach will
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operate below its capacity and its inner lane will be shared
by left and through traffic.

In those cases where P, and V, are greater than P, ...
and V.., but less than 0.50 and V., respectively, the oper-
ation of the approach must be determined using figures 8a
and 8b or by analysis using the HCM methodology (i.e., sup-
plemental worksheet).

Comparison With HCM De Facto Lane Procedure

HCM equation 9-6 (5, p. 9-9) describes a simple procedure
for determining the operation of a shared lane approach.
When the appropriate volume conditions are satisfied, the
inside lane can be considered a de facto left-turn lane, and
the HCM recommends it be analyzed as such.

The equation 9-6 procedure is compared, in figure 8b, with
the threshold curves previously described. As indicated by
the dashed curve, there is a general agreement in both shape
and orientation. This agreement is particularly good for those
situations having low to moderate approach volumes or low
opposing left-turn proportions. However, it is also apparent
from figure 8 that there are some combinations of opposing
volume and left-turn proportion where the simplified proce-
dure could incorrectly predict exclusive or shared lane
operation.

CONCLUSIONS

Based on a comparison of the original (HCM) approach and
the modified, iterative approach, it was concluded that the
saturation flow rate calculated using the HCM methodology
would almost always be less than the final, convergence flow
rate. In general, the HCM solution was found to be within
5% of the final saturation flow rate.

As a result of the examination of the shared lane sensitivity,
several tendencies were noted. One of the more obvious trends
observed was the dramatic reduction in saturation flow rate
with small increases in the proportion of left-turns. Con-
versely, the sensitivity of shared lane operations to the mag-
nitude of cycle length or G/C ratio was slight.

The combined effects of the study findings were incorpo-
rated into figure 8. Using this figure, it is possible to describe,
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or predict, the nature of any shared lane operation. By inspec-
tion of figure 8, the following generalities were formulated:

1. Only when left-turn percentage is very small does approach
capacity near that of two through lanes.

2. When there is a moderate number of left-turn vehicles,
the effective number of lanes are reduced from four to roughly
two. In other words, the combined maximum volume of two
opposing, two-lane approaches, both having a moderate amount
of left-turn vehicles, can be conservatively estimated as equal
to about 90% of the capacity of two through lanes.

3. If the left-turn percentage and volume of an approach
are less than P, 1., and V..., respectively, then that approach
will operate below its capacity, and its inner lane will be shared
by left and through vehicles.

The results of this research were based entirely on the
assumption of reasonableness of the HCM methadology. Fur-
thermore, these results are limited by the assumptions imbed-
ded in the formulation of the HCM methodology. In recog-
nition of these limitations, it is recommended that field studies
be conducted to verify the reasonableness of the HCM meth-
odology and, thereby, the results of this paper.
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Estimation of Independence of Vehicle
Arrivals at Signalized Intersections: A
Modelling Methodology

GANG-LEN CHANG AND JaMEes C. WILLIAMS

The assumption of independent vehicle arrivals at traffic sig-
nals, such as that in the Poisson distribution, has been widely
used for modelling delay at urban intersections. The degree of
correlation among vehicles determines whether this convenient
assumption of independence is realistic. Collection of vehicle
headways seems to be the only well-known method by which
an estimate of their autocorrelation can be found. This, how-
ever, is a tedious and time-consuming task. To cope with this
problem, an effective methodology using a discrete model for
estimating the degree of interaction among vehicles under given
traffic and geometric conditions is proposed in the present
study. As an example of this technique’s usefulness, a model
is proposed and estimated, using information collected from
40 locations. Preliminary results appear to confirm the strength
and applicability of the proposed method even though the
developed model is constrained by the limited available data.

One of the prerequisites for the effective design and evalu-
ation of the operation of traffic signals is to accurately estimate
the delay incurred by traffic passing through the signalized
intersection. The use of delay in determining intersection level
of service in the 1985 Highway Capacity Manual (I) highlights
the need to accurately estimate delay. Clayton was one of the
first to make an attempt in this respect (2); he proposed a
model to calculate the delay at fixed-time signals, where vehi-
cle arrivals at and departures from a signalized intersection
were presumed to be at strictly regular intervals. Winsten (3)
revised this model, using a more realistic distribution (bino-
mial) to simulate the pattern of arrivals. Webster (4) and
Newell (5) have contributed delay formulas using a similar
methodology but a different distribution (Poisson) for the
arrival of vehicles. Subsequent models by Miller (6, 7) and
Newell (8) have incorporated the variance-to-mean ratio of
the vehicle arrivals to accommodate arrival distributions other
than the Poisson, and in Hutchinson’s numerical comparisons
of various delay equations this term was added to Webster’s
model (9). Because little significant progress has occurred in
this fundamental aspect over the past two decades, the delay
formulas developed by Webster, Miller, and Newell still pre-
dominate in practice (particularly Webster’s delay equation),
and are incorporated in many popular traffic computer pack-
ages, such as SOAP (10) and PASSER-II (II).

A common feature of the above-mentioned delay formulas
is that the arrival pattern of vehicles at intersections is pre-

Civil Engineering Department, University of Texas at Arlington,
Arlington, Tex. 76019.

sumed to be an independent Markov process. The average
delay and queue length are then estimated based on the given
flow rate and distribution, such as the Poisson or binomial.
The explicit assumption of independence among arrivals of
vehicles, as embedded in the basic properties of the Poisson
distribution, is convenient for deriving the desired perfor-
mance indicators such as the average delay, maximum delay,
and average queue, and indeed provides a reasonable approx-
imation of reality as long as the traffic is light. It is, however,
obviously inconsistent with what can be observed at highly
congested intersections where vehicles significantly interact
with others in the arriving flows. ‘

As is well recognized, to characterize the complex traffic
patterns at the desired level of accuracy is a difficult yet essen-
tial task that enables the model to possess realistic features.
The uniform distribution, as used in these well-accepted delay
models, generally provides a good representation of departure
distributions, since queued vehicles at the beginning of green
time are usually discharged at a more or less constant rate.
The Poisson or binomial distributions, however, cannot cap-
ture the possible interaction between arriving vehicles that
may vary with the degree of congestion, driver behavior, phys-
ical features between adjacent intersections, speed limit, and
so on. In very light traffic, it seems reasonable to expect that
vehicles will arrive independently and follow a Poisson process
at intersections. The degree of independence decreases as the
degree of interference among consecutively arriving vehicles,
resulting from congestion and other factors, increases. A well-
known phenomenon is the car-following relationship (12) that
describes the action-response effect between the leading and
following vehicles. As long as such interrelationships are
developed in the traffic flows, the assumption of indepen-
dence among arrivals is obviously no longer realistic, and will
inevitably lead to a biased estimate of the degree of delay
and the other performance measures, such as queue length.

The determination of the distribution of vehicle arrivals,
however, is a tedious and time-consuming process, necessi-
tating the collection of vehicle headways or, at the very least,
vehicle arrivals in consecutive time periods (of 30 sec or less).
Hutchinson’s numerical work (9) shows that the commonly
used delay equations show little difference when vehicle arrivals
are Poisson distributed; otherwise, significant differences exist
among models. In addition, preliminary results of a data col-
lection effort by the authors indicate significant differences
between estimated delay from independent and nonindepen-
dent arrivals (13).
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While independent observations are not necessarily Poisson
distributed, this distribution is typically assumed in most traffic-
related studies if vehicle arrivals are independent. Therefore,
it would be useful to have a simple test by which the inde-
pendence of vehicle arrivals for specific traffic and geometric
conditions could be determined without collecting vehicle
headways. Of course, if the test indicates nonindependent
arrivals, assumption of the Poisson distribution would not be
valid, and further field studies and statistical tests would be
necessary to select an appropriate distribution for the proper
application of existing delay models.

A general model is presented in the next section that can
be used to estimate the probability of independent vehicle
arrivals to determine whether the commonly used Poisson
assumption is applicable. Geometric features and traffic fac-
tors likely to affect the degree of interaction are included in
this conceptual model. Techniques used to determine an
appropriate specific model are also briefly discussed. An
example of an application of this model is given in the third
section; it is based on data collected from 40 intersections. In
the final section, some conclusions and directions for further
research are presented.

MODELLING CONCEPT AND ESTIMATION
METHODOLOGY

A conceptual modelling system is presented in this section.
The system relates the key features of a traffic system to
its service load from which the degree of interaction among
vehicles in the system can be estimated. This problem con-
siders a traffic system consisting of an urban road section
with N traffic lanes connecting two signalized intersections
that are not interconnected, shown in Figure 1. Intercon-
nected and actuated signals are not taken into account in
this model, as each would require additional factors than
those considered here. The goal, given the geometric factors
and traffic conditions of such a road section, is to estimate
the probability that vehicle arrivals at the downstream loca-
tion are independent.

A single direction of a traffic system, such as that in Figure
1, can be analogized with a one-way channel with a unique
entrance and exit at each end. Every vehicle entering the
system, from the microscopic perspective, can then be viewed
as a particle following a predetermined path (the available
lanes) to pass through the channel. As such, whether the
interference among particles in the channel is significant or
not apparently depends on the channel’s key physical features
(e.g., length, number of paths), the number of particles (or
the flow of particles), and their characteristics. Similarly,
interaction among vehicles in the sort of traffic system shown
in Figure 1 may vary with factors associated with the road
section’s physical features and the traffic flow characteristics.

More specifically, the system’s key features primarily deter-
mine the available space for the flows. This space can be
represented by

SA, = fi(L, N, G, 0) + {; (1)
where
SA; = the amount of space available for traffic flows;

L, = the road section length, a major factor in the degree
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FIGURE 1 Graphical representation of two non-
interconnected traffic signals.

of platoon dispersion from the
intersection;

upstream

N; = the number of available lanes;

G; = the road section grade;

O; = other associated factors; and

{; = arandom variable used to capture the effect of unob-

served factors.

" The subscript i identifies a particular direction of a road

section.

On the other hand, volume, average speed, concentration,
and driver behavior can characterize the roadway space needed
to provide the independent-arrival environment. This can be
stated as

CS, = f, (S, O, K, DB, OF) + s, @)
where

CS; = the critical amount of space needed for independent
arrivals at the downstream intersection;

S; = average vehicle speed;
Q. = the flow (or volume);
K, = the average concentration;
DB, = driver behavior, often characterized by various

indicators;
OF, = other associaied factors; and
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g; = random variable used to capture unobserved asso-
ciated factors.

As before, the subscript i identifies a particular direction of
a road section.

As such, it can be expected that the interaction among
arriving vehicles in road section i may occur if CS, is greater
than SA;. Considering the uncertainties arising from unob-
servable factors, this statement can further be elaborated as
a probabilistic formulation. If X; and Y, denote the vectors
of the observable explanatory variables for SA; and CS,,
respectively, as shown in Equations 1 and 2, and if A, and B,
represent vectors of parameters associated with the variables
in X, and Y;, respectively, this probabilistic formulation is as
follows:

Prob [having independent vehicle arrivals in road section
ll)(u Yx]

= Prob [SA, > CS]] = Prob [f,(4,, X))
+ > 6B,Y) + ¢]
= Prob [fi(4, X)) — fu(B, Y)) > & — (] 3)

Accordingly, given adequate observations (varying with the
number of unknown parameters) and presumed properties of
the error terms, estimation of parameters can be carried out
by using the maximum likelihood method. Note that the spec-
ifications for SA; and CS; (equations 1 and 2) vary with the
available information, measurable key factors, and their inter-
relationships. Many formal statistical procedures, such as the
likelihood ratio test, the Lagrangian multiplier test, and tests
of non-nested hypotheses are available for specification test-
ing (14-16).

Prediction of the Probability of Vehicle Interaction
Leading to Independent Arrivals

As is well recognized, the methodology for estimating param-
eters of a specified model varies with the presumed properties
of the error terms. A description follows of two commonly
used econometric approaches (binary logit and probit models)
that can be applied for the estimation of equation 3. A detailed
discussion of their statistical features is, however, not within
the scope of this paper and is available elsewhere (17).

Binary Probit Model

Assume ¢; and {; follow normal distributions with zero means,
a covariance of g, and variances of o2, and 02, respectively.
Accordingly, &; — {; is also normally distributed with zero
mean, but with a variance 02 (= 0% + ¢%, — 20y,). The
probability of independent vehicle arrivals can then be solved
as follows:

Prob [independent vehicle arrivals)
= Prob[fi(4;, X)) — fo(B; , Y) <(; — &]
= @[fi(A;, X)) — f(B:, Y)/o] o>0 (4)

where @ denotes the the standardized cumulative normal
distribution.
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Binary Logit Model

Another commonly used technique is to assume that &*; (=
{; — &;)is logistically distributed (is Gumbel distributed), with
a cumulative distribution: '

Fe*) = V(1 + exp (—u- &%) )
u>0, —o<eg¥ <o

where u is a positive scale parameter. This distribution
approximates the normal distribution (as used in the probit
model) quite well, but is much more convenient in terms of
analytical computation. Under this assumption, the proba-
bility of independent vehicle arrivals is given by the following
expression:

Prob [independent vehicle arrivals]
= exp (u-fi(A;, X)u
+ [exp (u - fi(A;, X)) + exp (u - fo(B;, Y))  (6)

Note that for convenience, but without loss of accuracy, the
scale parameter, u, is generally assumed to equal 1.

Estimation of Model Parameters

Let each road section i, with associated key attributes as
described previously, be viewed as one observation, then,
given N observations, the likelihood function of the param-
eters in vectors A and B (Equation 3) can be constructed as
follows (18):

N
L*(A, B) = H I:P,-(a)a" (1 - Pi(a))l_ai:l @)
i=1
where
P{a) = Prob [independent vehicle arrivals in road sec-
tion i]
8; = 1 if the independent vehicle arrivals were observed

in road section i
8, = 0 otherwise

To facilitate computation, Equation 7 is often rewritten in
the following logarithmic form, denoted as L:

LB, ... Bo)

= ZNI [:In P(a) + (1 - 8)In (1 — P(a))]  (8)

By differentiating L with respect to each of the Bs (parameters
in vectors A; and B;) and setting the partial derivatives equal
to zero, parameters satisfying max L (B,, B,, . . . , By) can
be obtained. In many cases of practical interest it has been
proven that the likelihood function (Equation 7) is globally
concave and is, therefore, unique if a solution to the first-
order conditions exists.

ILLUSTRATIVE EXAMPLE

This section presents an example that illustrates the modelling
procedures and methods used for specification testing. The
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data set for parameter estimation consists of 40 nonintercon-
nected signalized intersections, all located in the Salt Lake
City metropolitan area in Utah. Due to limited resources, our
data collection focused on those variables relatively inexpen-
sive to collect, yet are critical to the model development. The
available data and proposed formulation for a model that will
evaluate the degree of correlation, or interaction, among
arriving vehicles are stated below. Each variable corresponds
to a particular road section i and the traffic approaching the
particular intersection in question. The available key variables
are as follows:

1. Length of road section i (L;), measured from the stop
line of the selected intersection back to the nearest signalized
intersection upstream;

2. Number of lanes, omitting exclusive turn lanes (N,);

3. Average vehicle speed (S);

4. Flow rate to the selected intersection (Q,); and

5. Vehicle headways, taken separately for each lane (if NV,
> 1), between each successive vehicle.

The vehicle arrivals at the downstream intersection are assumed
to be independent if the vehicle headways are not significantly
correlated. Estimation of the correlation was carried out by
analyzing the vehicle headway time series collected over a 30-
min interval in the selected road section with a general ARIMA
model (19).

Model Specification

Given the available information above, several plausible spec-
ifications for Equation 1 and 2 were proposed and examined
based on the estimated results. Primary criteria used to carry
out the comparisons are the ¢-statistic, likelihood ratio index,
and physical implications of the estimated parameters. Of the
specifications tested, the one providing the best fit (highest
likelihood ratio index) and having a reasonable physical mean-
ing reflected by the proper parameter signs is

Amount of space available = SA; = N, - L, )

Critical amount of space needed = v
CS: = a, (@)™ + as(S)™ + & (10)

where a,, a,, a;, and g, are model parameters. The notion
embedded in this formulation is that under the given envi-
ronment (as characterized by SA;) the flow rate and speed
are critical factors that contribute to the formation and the
degree of interaction among vehicles. More specifically, the
vehicle arrivals along road section / may be significantly cor-
related if SA, is less than CS;. The probability of existing
dependent arrivals of vehicles is as follows:

Prob[SA; < CS}]
= Prob[N;- L, <a,(Q) + as(5)* + &]
= Prob[(N;- L) — a:(Q.)™ — ax(S)* <&} (11)

This proposed formulation cannot be considered the standard
model for predicting the independence among vehicle arrivals
because of limitations of the collected data; it simply serves
as an illustrative example. For instance, the value of SA4;, in
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practice, depends on the number of lanes and the length of
the road section and varies with the system’s other geometric
characteristics, such as grade. In addition, information regard-
ing drivers’ behavior or risk attitude that could be one of the
critical factors was not collected due to the prohibitive cost
of data acquisition and classification. Also, the arrival pattern
depends, to some extent, on the departure pattern from the
upstream signalized intersection; and for the same flow rate,
many possible departure patterns exist. Although this is not
directly modelled, the degree of variation of the arrival flow
patterns is constrained by the distance between the signalized
intersections, which has been incorporated in the model.

Parameter Estimation and Implications

Because the variable CS;is not directly observable, the param-
eters in Equations 9 and 10 should be estimated using discrete
methods, such as either the logit or probit modeli, as presented
in the second section. Justification of a proper specification
for a discrete model, as for regression, is often carried out by
examination of (1) the exhibited sign of estimated parameters,
(2) the asymptotic standard error (or t-statistic), and (3) a
goodness-of-fit index such as p?, the likelihood ratio index.
This index measures the fraction of an initial log likelihood
value explained by the presented model and is defined as [1
— L(B)/L(0)], where L(0) and L(B) denote the initial value
(when all the parameters are zero) and the maximum value
(at convergence) of the log likelihood function, respectively.
The p? is analogous to R? used in the regression models, and
must lie between zero and one for a binary discrete model.
It is particularly useful in comparing alternative specifications
developed on the same data set. A more in-depth discussion
regarding the statistical properties of the likelihood ratio index
is available elsewhere (18).

Table 1 summarizes the results of the parameter estimation
for the illustrative model, as presented in Equations 9 and 10
using the discrete logit model. As expected, all parameters
exhibit positive signs, except a;. The implications are that,
within a given road section, as partly characterized by SA,,
an increase in the flow will significantly increase dependent
vehicle arrivals. On the other hand, a facility with better
geometrics generally allows a higher speed under a given traffic
volume, and thus results in less interaction among vehicles as
reflected by the negative sign of parameter a.

Turning to the f-statistics as shown in Table 1, it can be
noted, using a 0.95 statistical confidence interval, that both
parameters a, and a, are not significantly different from one.
As such, the model represented by Equations 9 and 10 was
re-estimated with a simple linear specification presuming that
parameters a, and a, are known to equal one. Estimated
results of the simplified specification present similar infor-
mation and are reported in Table 2.

In addition to the commonly used ¢-statistics, Tables 1 and
2 present the resuit of the log likelihood ratio test, defined
as — 2 [L(0) — L(B)], a statistic used to test the null hypoth-
esis that all parameters are zero. This statistic is asymptotically
distributed with an x2 distribution with K degrees of freedom,
where K is the number of parameters. In this example the
value of the log likelihood ratio is 37.74 (see Table 2), which
indicates the null hypothesis can be rejected (the x? value at
the 0.05 level of significance is 9.49).
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t

Parameter Associated Variable Estimated Value Standard Error Statistic

a, Total approach 0.00865 0.0027 3.20
volume: Q;

a, Total approach 0.96377 0.0357 1.014
volume: Q;

a, Average speed: S; —0.17642 0.0618 2.85

a, Average speed: S; 0.91425 0.0733 1.17°

Note: Number of observations = 40; L(0) = —27.726; L(B) = —8.114; —2(L(0) — L(B)) =

31.224; 02 = 1 — L(B)/L(0) = 0.707.

“Not significant at 95 percent confidence level (a; = 1 tested).

TABLE 2 REESTIMATED RESULTS OF THE ILLUSTRATIVE MODEL

t

Parameter Associated Variable Estimated Value Standard Error Statistic

a, Total approach 0.00911 0.0038 2.372
volume: Q;

as Average speed: §; —0.17518 0.0649 2.698

Number of observations = 40; L(0) = —27.726; L(B) = —8.856; —2(L(0) — L(B)) = 37.74;

p* = 1 — L(BY/L(0) = 0.681.

With respect to the goodness of fit, the likelihood ratio
index, p?, generally serves as a good indicator for discrete
models, as described above, although other rigorous, yet com-
plex, statistical tests are available (14—16). Owing to the inev-
itable involvement of various behavioral or unobservable fac-
tors, the likelihood ratio index in most discrete models, which
may be considered to be well specified, often cannot achieve
as high a value as R? in successful regressions. In fact, the
illustrative example with p? near 0.7, as shown in Tables 1
and 2, will generally have a reasonably good specification.

Model Application

Instead of spending time and money in collecting vehicle
headways, a traffic engineer could use a model such as this
(Equations 9 and 10) to predict the probability of dependent
vehicle arrivals under the given traffic conditions and geo-
metric characteristics. The following example illustrates the
procedure for estimating this probability. If L, = 400 ft =
0.0758 mi, S; = 15 mi per hour, Q; = 150 vehicles per hr per
lane, and N, = 3 lanes, then

SA; = N, - L, = (3) (0.0758) = 0.2273

a (@) + a5 (S)

(0.00911) (150) (3) — (0.17518) (15)
1.4718

CS,

Il

Accordingly, the probability of incurring correlated arriving
vehicles under the above traffic conditions is

Prob [nonindependent vehicle arrivals | L;, S,, N;, Q)]
exp (CS))/[exp (CS;) + exp (SA4))]
43571/ (4.3571 + 1.4718) = 0.77

In other words, one can conclude that the traffic flows in this

road section are highly correlated about 77 percent of the
time; thus, the commonly used Poisson distribution is not valid
under this scenario. This result should not be unexpected,
given the volume and the close signal spacing used for this
example. Other distributions that can provide for dependent
and independent arrivals should be considered.

CONCLUSION

The present study has introduced an effective yet economic
approach to estimate the degree of correlation among arriving
vehicles under given conditions and geometric characteristics.
With the proposed technique, traffic professionals can easily
determine if the existing delay formulas and other traffic models
based on the Poisson distribution are applicable. In particular,
the results of this test can indicate when the Poisson assump-
tion may be used.

As the primary focus of the paper is to introduce the model-
ling methodology and its application, only the simplest case
comprising two noninterconnected intersections is consid-
ered. This model can be extended to more complex traffic
systems if appropriate model variables are included in the
specification, e.g., a variable indicating whether a platoon
arrives during the red or green time would be necessary when
formulating a similar model for a progressive signal system.

The formulation proposed in the example serves only as an
illustration. More complete information, as described in pre-
vious sections, must be collected, and rigorous statistical pro-
cedures applied for the testing of the model specification to
determine the most appropriate formulation.
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WEAVSIM: A Microscopic Simulation
Model of Freeway Weaving Sections

M. ZAREAN AND Z. A. NEMETH

Intense lane-changing maneuvers at weaving sections create
turbulences that often lead to congestion. The study of the
dynamics of traffic flow at weaving sections thus has the poten-
tial to generate benefits. This paper describes a microscopic
simulation model, WEAVSIM, developed for such studies.
Freeway Data Collection for Studying Vehicle Interaction, a
project of the FHWA, produced data sets at weaving sections
and other problem areas to facilitate the study of freeway
operations and the enhancement of freeway simulation models.
Some of these data sets have been used in testing WEAVSIM.
The application of the model was demonstrated by a small-
scale simulation study of weaving sections.

Weaving sections are those areas of a highway where two or
more traffic streams, temporarily traveling in the same general
direction, cross each other. Weaving sections are most fre-
quently found at freeway interchanges. The lane-changing
maneuvers performed by the weaving traffic introduce fric-
tions and turbulence into the traffic flow that are not.usually
experienced on basic freeway sections. Therefore, weaving
sections are often the cause of recurring congestion problems.
In addition, weaving represents a traffic flow situation that is
especially difficult to simulate.

An FHWA research study, entitled Freeway Data Collec-
tion for Studying Vehicle Interaction, was undertaken to
develop a series of data sets on microscopic vehicular traffic
flow for several types of potentially problematic geometric
configurations (). Several sets of data were collected at weav-
ing sections. The development of the data sets involved dig-
itizing vehicle positions from time-lapse aerial photographs.
The data consists of a record of lateral and longitudinal posi-
tions of vehicles each second over a one-hour period. The
data sets are being made available to researchers who are
interested in studying a particular aspect of traffic flow. The
data on microscopic vehicle movements were expected to be
especially useful in enhancing freeway simulation models.

A comprehensive review of the literature on current free-
way simulation models (2) reveals that although some general-
purpose freeway corridor simulation models, such as INTRAS
(3), could be utilized to some extent for the study of traffic
operations in weaving sections, no specific purpose simulation
model has been designed for a detailed study of weaving
sections. This paper describes a microscopic simulation model,
WEAVSIM, developed specifically for the study of the dynamics

M. Zarean, Baskerville-Donovan Engineers, Inc., 316 South Baylen
Street, Suite 300, Pensacola, Fla. 32501. Z. A. Nemeth, Department
of Civil Engineering, The Ohio State University, Columbus, Ohio
43210.

of traffic flow at weaving sections. The data sets provided by
FHWA were utilized in testing the model.

THE SIMULATION MODEL

WEAVSIM is written in SIMSCRIPT I1.5 simulation pro-
gramming language. SIMSCRIPT I1.5 is a free-format, Eng-
lish-like programming language which is readable and under-
standable even by a nonprogrammer who is primarily interested
in the system under study and not necessarily in the computer
programming. WEAVSIM is thoroughly commented for easy
understanding of the logic. The execution time and computer
memory requirements of the WEAVSIM program vary con-
siderably with the input volumes. When implemented on
AMDAHL/VS, the average real-time/CPU time ratio was
approximately 30:1.

In WEAVSIM, vehicles are generated randomly at the sys-
tem entry points. Each vehicle behaves as an individual entity
having a set of attributes which control its progress through
the system. These attributes are assigned either stochastically
or deterministically. The model is based on a rational descrip-
tion of the behavior of vehicles as they proceed through weav-
ing sections. At each one second of real time, all vehicles are
processed through the system using a car-following algorithm,
which governs longitudinal movements, and a lane-changing
algorithm, which controls lateral movements. Results from
various human factor studies have been utilized in the devel-
opment of the logic. All vehicles are advanced through the
system in accordance with their desired speed and destination,
influenced by the immediate environment.

The car-following algorithm is a modified version of the so-
called ““failsafe” approach developed for INTRAS (2). This
approach is based on a combination of the following three
concepts:

1. A following vehicle always seeks a desired safe headway
behind a lead vehicle, which is a function of vehicle speed,
relative speed, and vehicle and driver type.

2. A following vehicle is able to avoid collision even when
a lead vehicle undergoes the most extreme deceleration. This
constraint is, however, relaxed during lane-changing maneu-
vers. Vehicles may accept potentially unsafe positions for a
short period of time when engaged in the weaving maneuvers.

3. The desired safe headway is inversely proportional to
the driver’s maximum speed. This means that a fast driver
will maintain a smaller lead-headway than a slow driver,
assuming both are traveling at the same speed.
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The lane-changing algorithm moves vehicles from one lane
to another by first establishing a desire or need for such a
move and then searching for and accepting a suitable gap in
the adjacent lane. The mode! assumes that as the ratio of the
lane-weaving volume (weaving volume entering each lane) to
the total weaving volume increases and, as the weaving vehi-
cles move closer to the exit gore, vehicles become more willing
to accept higher risk (i.e., shorter gaps) when engaged in lane-
changing maneuvers. The lane changing logic also allows vehi-
cles to look ahead of or behind the adjacent vehicle for appro-
priate gaps and, if needed, to adjust their speed to improve
their position with respect to the available gap. The model
performs two types of lane-changing: essential and non-essen-
tial. An essential lane-changing is performed by all weaving
vehicles as they must change lanes to reach their desired des-
tinations. A non-essential lane-changing is performed if the
vehicle wishes to pass a slower vehicle.

In WEAVUCIM tha cuctam gfarte amnty and idl N

A WEA VSN IS SYSiC sStaris emply anG iud. Lhus, it
contends with an initiation bias prior to the steady-state con-
ditions. Based on the observation of average delay and travel
time, as a function of simulation time, a “warm-up” period
of two hundred seconds was selected for the system to reach
the steady-state condition. Buffer lengths are also provided
at each end of the weaving section to dissipate the transient
at the geometric boundaries. At the upstream end, four hundred
feet of the simulated section are treated as the “warm-up”
zone. At the downstream end, five hundred feet are used as
the “cool-off” zone.

The input modeling of WEAVISM includes the following:

1. Interarrival headways of vehicles are generated using
the inverse transformation method of the random deviate
generation for a shifted negative exponential distribution with
a minimum headway of one second. Interarrival headways
are a function of lane volume.

2. Free-flow speeds are sampled randomly from a trun-
cated normal distribution with mean and standard deviations
of 60 and 10 mph, respectively. '

3. Brake reaction times are generated stochastically from
a gamma distribution with mean and standard deviations of
0.745 and 0.073 seconds, respectively.

4. Maximum deceleration/acceleration rates are assigned
deterministically based on the vehicle type and speed.

5. Roadway parameters representing the geometry of the
simulated section are directly specified.

The standard output of the model includes an echo of the
input parameters and statistics on measures of performance
describing the operational conditions of the weaving section.
Vehicle trajectories, status listing, and a set of statistics on
measures of performance are collected at user-specified time
intervals. A graphical presentation of these statistics is an
optional output of the model.

TESTING

Testing of WEAVSIM involved comparison of the simulated
observations with field data provided by FHWA. Data used
for this comparison were collected at the Baltimore-Wash-
ington Parkway northbound at I-95 in the Washington, D.C.,
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area and at the Harbor Freeway northbound between the
Santa Monica Freeway (I-10) and Sixth Street in Los Angeles,
California.

Intervals of five minutes were selected from the data sets
for comparison. A SIMSCRIPT program was written to read
the field data as if they were created by WEAVSIM. To
manipulate and analyze the data, this program was properly
linked to a statistical analysis system package. This enabled
creation of outputs from field data with the same format as
those produced by WEAVSIM. This facilitated an easy com-
parison of the two outputs. The input volume and traffic
compositions were also obtained from the data for each time
interval and used as input parameters for the simulation model.
The geometrics of the model were also adjusted to represent
that of the site at which the field data were collected. Although
five-minute intervals of data were used, to eliminate possible
randomness effect, simulation runs were made for a period
of thirty minutes plus a two-hundred-second warm-up time.
The outputs were then compared with those obtained from
the field data.

The following traffic descriptive parameters were targeted
for comparison:

o headway distributions,

¢ distributions of accepted gaps,

e merging point distributions,

® weaving and non-weaving speed distributions, and
® vehicle trajectories.

The Kolmogrov-Smirnov distribution free test was applied
to compare the observed and simulated distributions. The
paired ttest was conducted to compare mean values of the
observed and simulated speeds and headways. Finally, the F-
distribution was applied for the comparison of variances. A
complete description of the simulation model, including its
testing, is given elsewhere (3). Some examples of the com-
parison of the observed versus simulated data are shown in
Tables 1, 2, 3, and 4. A sensitivity analysis of the output to
variation in the input variables was also performed with sat-
isfactory results.

In addition, model behavior was tested at extreme traffic
conditions by introducing a severe speed disturbance to the
leader of a platoon and observing the behavior of the follow-
ing vehicles. Figures 1 and 2 show the introduction of the
speed disturbance and the recovery behavior of the platoon.

The testing results indicate overall that the model repro-
duces behavior of the real-life system reasonably well.

IMPLEMENTATION

Model implementation is illustrated with a simulation study.
The objective of this study is to demonstrate the impact of
upstream traffic conditions on some measures of performance
(i.e., speed, delay) which describe the operational conditions
of the weaving sections.

In one way or another, available analysis and design tech-
niques developed for weaving sections consider the effect of
the weaving section length and weaving and non-weaving flow
on the operational conditions at these sites. Speeds of vehicles
entering the weaving section directly affect the operational con-
ditions within the weaving sections. At the same time, traffic



TABLE 1 COMPARISON OF SIMULATED VS. OBSERVED
HEADWAY DISTRIBUTIONS AT THE HARBOR SITE

lane 1 lane 2 lane 3
HEADWAY
0BS. SIM. | OBS. SIM. | OBS. SIM.
<= 1.0 0.13 0.07 | 0.17 0.10 | 0.21 0.13
<= 2.0 0.57 0.67 | 0.54 0.60 | 0.57 0.59
<= 3.0 0.81 0.83 | 0.78 0.82 | 0.77 0.81
= 4.0 0.90 0.87 | 0.88 0.91 | 0.87 0.87
<= 5.0 0.94 0.90 | 0.93 0.9¢ | 0.92 0.90
<= 6.0 0.96 0.92 | 0.95 0.96 | 0.95 0.93
= 7.0 0.97 0.94 | 0.96 0.97 {0.97 0.94
<= 8.0 0.98 0.95 | 0.97 0.98 [0.98 0.96
<= 9.0 0.98 0.96 | 0.97 0.98 | 0.99 0.96
<=10.0 0.98 0.97 | 0.97 0.99 | 0.99 0.97
<=11.0 0.98 0.98 | 0.98 0.99 | 0.99 0.98
<=12.0 0.99 0.99 | 0.99 0.99 {1.00 0.98
=13.0 1.00 1.00 | 1.00 1.00 | 1.00 0.99
=14.0 1.00 1.00 | 1.00 1.00 |1.00 0.99
<=15.0 1.00 1.00 | 1.00 1.00 | 1.00 1.00
no. of obs.|302 877 | 204 950 | 265 804
MEAN 2.27 2.50 | 2.39 2.32 |2.33 2.68
STD. DEV. |2.44 2.62 | 2.30 2.19 |2.91 2.95
g 0.060 0.070 0.080
J(ert) 0.091 0.088 0.096
t -1.34 +0.4%7 -1.68
t(ert) ~1.96  +1.96 |-1.96 +1.96 |-1.96 +1.96
DIFF(Appr.SE) -.23(.17) 0.07(.15) -.35(.21)
F 0.933 1.050 0.989
F(ert) 0.827 1.198 |0.827 1.188 {0.817 1.211

TABLE 2 COMPARISON OF SIMULATED VS. OBSERVED
HEADWAY DISTRIBUTIONS AT THE BALTIMORE SITE

F
F(ert)

0.768 1.280

0.786 1.254

lane 1 lane 2 lane 3
HEADWAY
OBS. SIM.| OBS. - SIM. | OBS. SI¥.
«= 1.0 0.32 0.26} 0.16 0.12] 0.28 0.16
«= 2.0 0.74 0.71] 0.76 0.71] 0.68 0.49
«= 3.0 0.90 0.82] 0.88 0.87] 0.86 0.66
«= 4.0 0.95 0.90} 0.93 0.93} 0.93 0.74
«= 5.0 0.97 0.94| 0.95 0.96| 0.96 0.80
«= 6.0 0.99 0.96| 0.97 0.98] 0.98 0.84
= 7.0 0.99 0.97{ 0.98 0.981 0.99 0.88
«= 8.0 0.99 0.994 D.9¢ 0.99]| 0.99 0.90
<= 9.0 1.00 0.99( 0.99 0.99|1.00 0.93
«=10.0 1.00 1.00] 1.00 1.0011.00 0.94
«=11.0 1.00 1.00} 1.00 1.0011.00 0.96
«=12.0 1.00 1.00{ 1.00 1.00}1.00 0.97
«=13.0 1.00 1.00| 1.00 1.00| 1.00 0.e9
«=14.0 1.00 1.00( 1.00 1.0011.00 1.00
«=15.0 1.00 1.00]1.00 1.00]1.00 1.00
« of obs. 158 480 192 544 85 286
MEAN 1.86 2.03|1.74 1.93 | 1.84 3.46
STD. DEV. 1.29 1.59]1.44 1.26 | 1.47 3.42
J 0.080 0.050 0.200
J(ert) 0.125 0.114 0.168
t -1.22 -1.73 -4.40
t(ert) -1.86 +1.96 | -1.96 +1.96 | -1.96 +1.96
DIFF(Appr.SE) -.17(.14) -.19(.11) - -1.62(.37)
0.805 1.147 0.433

0.697 1.388
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TABLE 3 COMPARISON OF SIMULATED VS.
OBSERVED SPEED DISTRIBUTIONS AT THE
HARBOR SITE

WEAVING NONWEAVING

SPEED mph.

OBS. SIM. OBS. SIM.
<= 15.0 0.00 0.00 | 0.00 0.00
<= 20.0 0.09 0.16 | 0.12 0.07
<= 25.0 0.42 0.56 | 0.26 0.35
<= 30.0 0.81 0.91 | o.87 0.61
<= 35.0 0.98 1.00 | 1.00 0.92
<= 40.0 1.00 1.00 { 1.00 0.99
<= 45.0 1.00 1.00 | 1.00 1.00
<= 50.0 1.00 1.00 | 1.00 1.00
$ of obs. 112 339 113 361
MEAN 26.07  24.29 | 25.44 27.88
STD. DEV. 4.59 4.06 | 4.61 5.52
DIFF(Appr.SE) 1.78(.46) -2.44(.57)
J 0.140 0.260
J(ert) 0.148 0.147
F 0.990 1.289
F(ert) 0.724 1.347 |0.719 1.358

TABLE 4 COMPARISON OF SIMULATED VS.
OBSERVED SPEED DISTRIBUTIONS AT THE
BALTIMORE SITE

WEAVING NONVEAVING

SPEED mph.

OBS. SINM. OBS. SIM.
«= 15.0 0.00 0.00 0.00 0.00
<= 20.0 0.00 0.01 0.00 0.01
<= 25.0 0.01 0.08 0.04 0.06
«= 30.0 0.23 0.27 0.12 0.1%
«= 35.0 0.55 0.56 0.38 0.42
<= 40.0 0.73 0.84 0.76 0.87
<= 45.0 0.88 0.97 0.88 0.99
«= 50.0 0.96 1.00 0.98 1.00
<= 85.0 0.97 1.00 0.99 1.00
<= 60.0 1.00 1.00 1.00 1.00
<= 65.0 1.00 1.00 1.00 1.00
# of obs. K44 239 170 496
MEAN 35.92 33.87 | 43.70 39.90
STD. DEV. 7.20 6.05 7.03 5.36
DIFF(Appr.SE) 2.05(.83) 3.80(.51)
J 0.090 0.110
J(ert) 0.178 0.121
F 1.013 1.310
F(ert) 0.682 1.416 [ 0.775 1.271

disturbances in the weaving section have an impact on arrival
speeds of vehicles entering the weaving sections. These impacts,
although generally recognized, have not been addressed by any
of the current analysis and design procedures.

WEAYVSIM is used here to demonstrate the impact of
upstream traffic conditions, represented by speed, on oper-
ating conditions within the weaving section.

When two traffic streams merge, the arrival speeds of the
two streams are not always compatible. This is the case when
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the weaving section is formed by an on-ramp which is followed
by an off-ramp with a continuous auxiliary lane between the
ramps. The arrival speed of the ramp vehicles is influenced
by the restrictions of the ramp geometrics and is usually lower
than the speed of the freeway vehicles. This difference in
arrival speeds directly influences the operational conditions
of weaving sections. This study investigates the effect of the
difference in arrival speeds of the two merging traffic streams
on the speed and delay in the weaving section.

A set of four dependent variables which are indicators of
the operational conditions and five independent variables which
control the operation through weaving sections has been selected
for this study. The dependent variables are weaving and non-
weaving speeds and delays. Delay is computed as the differ-
ence between the ideal travel time at free-flow speed and the
actual travel time for each vehicle. The independent variables
are weaving section length, freeway volume, ramp volume,
proportion of weaving vehicles to total volume, and difference
in arrival speeds (SPDDIF). Three levels of each variable
were selected. Using various combinations of the independent
variables, a total of 243 experiments were performed. Each
simulation experiment was run for a period of forty-five min-
utes plus a warm-up period of two hundred seconds. Using
batch means, with batches of size fifteen minutes, three inde-
pendent sets of output were obtained from each experiment.
These outputs were then subjected to the following multiple
regression analysis involving first and second order parame-
ters, as well as one-way interactions:

5

M0P=Bo+gls,-xi+2 EIBifXJffJFEOLfX?

i<1 j<i+ i<1

MOP = Predicted measure of performance,
Bo, B;» B; = Estimates of the constants, and
» X; = Input parameters.

Finally, a stepwise regression approach was employed to
derive the best fitting model for each individual measure of
performance. The effect of the difference in arrival speeds
was illustrated by computing the weaving and non-weaving
speeds and delays for various values of this parameter using
the regression models. The results are summarized in Table
5. The direct impact of difference in arrival speeds on weaving
speeds and delays within the section is demonstrated, with
more pronounced effect on weaving traffic than on non-weav-
ing traffic. Values of the weaving and non-weaving speeds
computed using the new Highway Capacity Manual (HCM)
procedures (4) are also shown in this table. Although no
statistical test was performed, the values predicted by the
model seem to be compatible with those produced using the
HCM procedures.

SUMMARY

WEAVSIM, a microscopic simulation model of freeway
weaving sections was developed, using SIMSCRIPT I1.5 sim-
ulation programming language. It allows the simulation of
traffic flow through a three-lane weaving section of any length
and under varying traffic volume conditions. Operational con-
ditions are represented by speed and delay. The intent of this
study was neither the development of new freeway weaving
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TABLE 5 SPEEDS AND DELAYS FOR VARIOUS VALUES OF SPEED

DIFFERENCE
SPEED (MPH) DELAY (SEC./VEH./MILE)
SPDDIF WEAVING NON-WEAVING WEAVING NON-WEAVING
0 37.07 40.86 24,89 17.89
10 32.78 38.49 29.19 20.08
20 28.11 36.12 34.18 22.35
HCM 34,50 42.00 N/A N/A
CONDITION:
Weaving Section Length = 1000 FT.
Ramp (Minor Entrance) volume = 794 VPH
Mainline (Major Entrance) Volume = 2483 VPH
Proportion of Weaving Vehicles = 0.55

Mainline arrival speeds were sampled from 2 truncated normal distribution with

mean and standard deviations of 60 mph and 10 mph, respectively.

Ramp arrival speeds were sampled from a truncated normal distribution with

mean and standard deviations of (60 mph - SPODIF) and 10 mph, respectively.

section design procedures nor the modification of current pro-
cedures, but to develop a tool which might provide the means
for such endeavor.

The availability of microscopic data sets from the FHWA
permitted the testing of the model. The results of the test
indicate that the model is capable of producing realistic results.
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Effect of Weather on the Relationship
Between Flow and Occupancy on Freeways

FreEp L. HALL AND DEANNA BARROW

The relationship between flow rates and roadway occupancies
on freeways has been investigated in several recent papers.
However, all the data in those investigations have come from
ideal conditions. The purpose of this paper is to investigate the
same relationship under adverse weather conditions. An ear-
lier study found that rain reduced freeway capacity, bui it did
not address the effects of rain on the nature of the function
relating the two variables. Three possible effects on the func-
tion are investigated, and it is found that, in essence, the slope
of the line relating flow to occupancy (in the uncongested regime)
decreases as weather conditions deteriorate. In other words,
different parameters are needed for the function to describe
the relationship under different weather conditions. This find-
ing has some important implications for efforts to develop a
new incident detection algorithm for freeways, based on the
nature of the flow-occupancy relationship. This paper addresses
the effect of bad weather on freeway traffic operations. In
particular, does rainy weather change the nature of the rela-
tionships among speed, flow, and roadway occupancy? Although
it might be objected that the existence of such an effect is
obvious and hardly merits detailed attention, it turns out to
be important to develop a quantitative description of the effect
for use with an automatic incident detection logic. This paper
begins by briefly describing the background for the incident
detection logic, in order to explain the rationale for developing
a solid quantitative treatment of the effect of bad weather, The
second section describes the data that were used for the anal-
ysis, with particular reference to weather conditions. The third
section, dealing with the analysis, includes both a discussion
of the methods used and a presentation of the results. The
fourth section presents the conclusions that have been drawn
from the investigation.

Recently, Navin (1) and Hall (2) proposed models of freeway
operations based on catastrophe theory. One practical con-
sequence of this proposed model is that it provides the pos-
sibility for a new logical basis for incident detection, described
by Persaud and Hall (3), and suggested earlier by Athol (4).
However, for that logic to function effectively, it is first nec-
essary to ensure that the theoretical picture encompasses the
full range of operating conditions that are likely to be encoun-
tered. Jones et al. (5) suggested that capacity is reduced during
rain, although their functions appeared to fit rather poorly at
capacity. If their functions are correct, however, this finding
could arise in several ways, each of which implies a different
consequence for the theoretical picture of traffic operations
as represented by catastrophe theory. Athol (4) sketched one
of these ways, but it appears to be only an impression, not
fully analyzed.

Department of Geography, McMaster University, 1280 Main Street
West, Hamilton, Ontario L.8S 4K1, Canada.

The catastrophe theory model portrays freeway operations
data as falling on a partially folded surface. Figure 1 portrays
the general shape of this surface, the location of freeway data
on it, and the two-dimensional projections from that surface,
in the form of speed-flow, speed-occupancy, and flow-occu- -
pancy graphs. This model offers a number of improvements
over the more conventional model, including the ability to
account for the sudden jump in speeds that takes place during
transitions to and from congested operations. In addition, the
model makes clear that operations do not have to pass through
capacity flows in moving to or from congested conditions.

One important empirical finding in the context of the catas-
trophe theory model is that uncongested operations occur
fairly close to the “edge” on the upper fold; that is, small
increases in occupancy for constant volume cause operations
to “drop over the edge” into congestion. Although this obser-
vation needs additional confirmation, it appears to hold true
for two different sets of Ontario data and holds the key to
the automatic incident detection logic proposed by Persaud
and Hall (3). That logic depends on being able to specify the
functional form for uncongested operation and then identi-
fying departures from the general pattern that would indicate
movement to congestion. The advantage of this logic is that
comparison with other locations would not be needed and
detection of incidents could thereby be speeded up.

However, for such a logic to be practical, it has to cover
more than just good weather days. Before this paper, all the
analyses of traffic data in the context of catastrophe theory
were intentionally limited to data collected under ideal con-
ditions. From the results of Jones et al. (5), it is clear that
capacity is affected. It is not clear whether the underlying
relationships among the three variables are also affected, or
whether data simply arise over only part of the normal range.
In terms of the flow-occupancy curve (which earlier studies
using the catastrophe theory model found to have an inverted
V shape), three plausible situations could give rise to the
results of Jones et al. First, the slope of the lines making up
the inverted V may decrease, so that flow is lower at any
occupancy. This situation would be a natural result of lower
speeds and is the picture sketched by Athol (4). Second, it
may be that the location of the function is unchanged at low
flows but that for higher flows the slope is decreased. And
third, it may be that the location of the line is unchanged but
that operations simply do not achieve the higher flow rates
during rainy weather. In this case, the data might tend to
show an inverted U shape rather than the sharper point of
the inverted V. '

The proposed incident detection logic would be simplest to
implement if the possibility holds, but whether it holds can
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projections onto the two-dimensional planes from catastrophe theory, and transformed
versions of those projections into traffic operations relationships (2).

be ascertained only by rejecting the other possibilities.
Regardless of which one is the case, it is obviously necessary
to resolve this question before attempting to implement an
automatic incident detection system based on this logic. Sim-
ilar questions arise for geometric issues, one of which (the
effect of grade) was examined by Persaud and Hall (6).

DATA

The traffic data were obtained from the Burlington Skyway
Freeway Traffic Management System (FTMS), which encom-
passes approximately 10 km on the Queen Elizabeth Way
(QEW) near Hamilton, Ontario. Three aspects of the data
acquisition are described: first, the selection of appropriate
locations in the FTMS; second, the weather data and selection
of appropriate days from the record for analysis; and third,
the choice of variables to be used.

Locations

The Burlington Skyway FTMS currently includes 12 data col-
lection stations, 6 northbound and 6 southbound, in addition

to closed circuit television and changeable message signs. Sev-
eral of the 12 stations are located on significant grades, either
on the structure over the ship canal connecting Hamilton
Harbour to Lake Ontario or in the vicinity of overpasses for
city streets. Because it seemed likely that grades would have
their own effect on the underlying relationships at issue in
this study (see Persaud and Hall (6)), it was necessary to select
only locations on relatively level sections of the roadway. Two
stations, northbound 7 and northbound 12, met these con-
ditions. Station 7 was selected as the location for the extrac-
tion of data from the FTMS records.

Weather Data

The Monthly Meterological Summary (7) for the Hamilton
Airport weather station, produced by Environment Canada,
provided a good basis for determining weather statistics.: The:
monthly reports contained hourly data, including measures of
temperature, wind direction, wind speed, and precipitation.
August 1986 and November 1986 were chosen for analysis.
Two types of days were selected. Days having prolonged periods
of rain, snow, or freezing rain were used to identify the efféct
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of adverse weather conditions on traffic. Days having no pre-
cipitation occurrences were used for comparison.

Because the FTMS site is located about 20 km (12 miles)
from the Hamilton Airport weather station, there was some
question whether the summary of weather conditions recorded
at the airport accurately reflected the weather conditions at
the Burlington Skyway. The Ontario Ministry of Transpor-
tation and Communications (MTC) kept detailed road con-
dition reports for the winter months, mid-November to mid-
April. However, for the remainder of the year, the only weather
information available at FTMS was a handwritten log kept
when the weather had a direct effect on traffic. We did not
wish to rely on the FTMS log because there might well have
been times when the weather had not affected the traffic, with
the result that relying on the log would give a biased picture
of the effect. Hence the Monthly Meterological Summary (7)
was the primary source for determining weather conditions
at the Burlington Skyway.

Of the 31 days in August, 4 days had consistent reports of
rain throughout the day. The 4 days (August 1, 6, 7, and 23)
had 8 or more hours of rainfall each. Limiting the analysis to
these days was intended to minimize the chance that the rain-
fall at Hamilton Airport was the result of a localized summer
thunderstorm that may not have affected the skyway. (Extended
periods of rainfall almost certainly indicate widespread rain.)

To assist in determining the road conditions for the month
of November 1986, a comparison was made between MTC’s
independent data on road conditions and Environment Can-
ada’s monthly weather summary. In November 1986, 14 days
were recorded by Environment Canada as having some form
of precipitation at the airport. Comparison with MTC’s rec-
ords showed only 2 days with wet or slippery road conditions
on the skyway: November 20 had continuous snowfall, poor
visibility, and slippery road conditions; and November 26 had
continuous rainfall and wet road conditions but above-freez-
ing temperatures. Unfortunately, when the November 26 data
were retrieved, no usable data were found, apparently because
of detector malfunctions. Consequently, all the rainy weather
data for the analysis were obtained from August.

It was essential to analyze several days when weather
conditions were ideal. For consistency, the clear weather
data were also extracted from August. Three days were
chosen (August 4, 20, and 22), all of which had reports of no
precipitation in Environment Canada’s monthly weather
summary.

Variables

After the locations and the days for analysis were selected,
it was necessary next to select the variables. At each station,
there are pairs of speed measuring detectors in each lane.
The FTMS records upstream and downstream flow rates,
upstream and downstream occupancies, mean speed, and mean
vehicle length for 30-second intervals, 24 hours a day, 7 days
a week for each detector pair. Flow rates and occupancies
were selected as the variables to work with. The decision to
use occupancies rather than to calculate densities was made
in earlier work and was discussed in Hall et al. (8). The two
main advantages for the present work were that occupancies
is the variable provided by most freeway management systems
(and therefore most familiar to those managing such systems),

57

and that it provides a tighter fit against flow than does density.
The flow-occupancy relationship was selected for analysis over
the other two relationships because the sharply peaked nature
of the flow-occupancy relationship makes it easier to separate
congested and uncongested operations.

ANALYSIS

Several steps were followed in the analysis. The first was a
simple visual inspection of scatterplots of the data, to see
whether they conformed generally to the picture developed
earlier using 5-minute data (8, 9). Because the data did con-
form, the second step was to remove the congested data from
the file, in order to concentrate on the relationship for uncong-
ested operations. The third step was to fit functions to those
data, for each day separately and then for combinations
of days. Several procedures were used in this step. A fourth
step was to look for differences only in the high flow
ranges, by fitting functions to a restricted range of occupancy
values. In these ways, all three possibilities raised earlier were
investigated.

Inspection of data plots for flow versus occupancy indicated
general similarities between the rainy weather (fig. 2) and
clear weather data (fig. 3), as well as with plots based on 5-
minute averages (fig. 4). The left-hand, or uncongested, side
of the curve is represented by a tight cluster of points, whereas
the right-hand side is represented by a large scatter of points.
This correspondence in the general pattern allowed for a more
detailed, statistical comparison. Had the overall patterns been
dissimilar, there would have been no need to proceed.

Maximum flow rates are higher in figures 2 and 3 than in
figure 4 because in all cases the flow rates are calculations of
hourly values, based on short interval observations. Figures
2 and 3 represent 30-second observations, whereas figure 4 is
based on 5-minute counts. In fact, the maximum flows observed
in figures 2 and 3 are not sustainable for more than 30 seconds.
Detailed inspection of the data shows that no two consecutive
observations have such high flow rates. Despite the volatility
of the 30-second data, we have chosen to analyze the data at
that level of detail, in order for this analysis to contribute to
an efficient incident detection logic.

For two reasons it was decided to limit the analysis to the
uncongested portion of the data. First, the rationale for this
investigation arises from the need to identify the limits on
uncongested operation, to detect incidents that represent
departures. Hence the uncongested data are of primary inter-
est. Second, the scatterplots suggest that this portion of the
data can be depicted sensibly by a line. The congested data,
on the other hand, are so widely scattered as to suggest that
it would be misleading to represent them by a single line.
Further, if the underlying relationship between these two vari-
ables is an inverted V, as has been suggested (8, 9), then the
two arms can be fitted separately. Indeed, to include the
congested data may well distort the relationship identified for
the uncongested portion of the curve

To ensure that only uncongested data were included in the
analysis, the following procedures were used. First, periods
of congestion were identified on the basis of speeds. The
definition of congestion was based on a speed change of more
than 18 km/h over a 30-second interval. The period of conges-
tion begins with a sudden drop in speeds and ends with a
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FIGURE 2 Flow rates versus occupancy, based on 30-second data, for rainy conditions, August 7,
median lane, station 7, Skyway FTMS.
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FIGURE 3 Flow rates versus occupancy, based on 30-second data, for clear weather, August 4,

median lane, station 7, Skyway FTMS.

jump of this magnitude back from low to high speeds. At the
stations of interest on the skyway, there are no physical bot-
tlenecks that would cause recurrent congestion. Instead,
congestion occurs as a result of an incident. In order to be
sure to remove all data that might represent transitions between
congested and uncongested operations, we also deleted from
consideration 5 minutes of data before the drop in speed and
5 minutes of data after the speed jump. Any interval con-
taining missing data for one or more variables was also deleted
on the assumption that the variables that were reported for
the interval also may have been affected by the temporary
malfunction in the detector. This screening of the data began
at 6 A.M. on each day and continued until roughly 500 data
points were obtained for each day, or until 6 P.M.

Functions were fitted to the uncongested data in order to
test the first possibility raised earlier, namely, that the slope
of the relationship is reduced by bad weather. The approach
taken for the curve fitting was as follows. First, a functional
form had to be selected. Then equations were fitted to each
day’s data separately, using all of the available uncongested
data. Tests were run with dummy variable regressions to see
if the observable differences in coefficients were significant.
On the basis of these results, it was recognized that it was
necessary to draw a sample from each day’s data, in order to
meet one of the assumptions of regression analysis more closely,
namely that of a uniform distribution of observations across
the independent variable. On the basis of this sample, all of
the equations were reestimated.
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FIGURE 4 Flow rates versus occupancy, based on 5-minute data, for clear

weather, 45 days, late 1979, median lane,

10 (8).

In the process of extracting the uncongested data from the
larger set, it became obvious that the critical occupancy (i.e.,
that at which maximum flows are achieved) is lower for the
rainy weather (about 28%) than for the clear weather (about
30%). This was not tested mathematically, but it is worth
noting. For the regression analyses, both sets are restricted
to values less than or equal to 28% for comparability. Several
tests were run to ensure that this limitation did not change
the nature of the function for the clear weather days. (Although
critical occupancy is an important parameter in some incident
detection approaches, it appears to be a more conservative
indicator than is necessary and is therefore not pursued in
this analysis.)

From the visual inspection, two functional forms seemed
plausible: a power function and a linear one. The linear model
was rejected because it would not necessarily go through the
origin, which is mandatory for an equation representing flow
and occupancy. Consequently, the function used was

flow = b, = occupancy b,

and the model actually estimated was
In(flow) = a + b, * In(occupancy)

where a = In(b,).

The results in table 1 based on the full set of data show
that all of the equations are quite similar, and there is indeed
a fair amount of overlap among the b, coefficients for the two
weather categories. These results also show that in each weather
category there is one outlier from the general clusfer of b,
values.

station 4, QEW FTMS at Highway

The obvious next step is to test whether the difference in
equations within one weather condition is significant. If it is,
then there is little point in looking for significant differences
between weather conditions. Initial investigation of this issue
showed that before it could be properly resolved, the data
needed some further treatment. The observations are clearly
not uniformly distributed across the range of densities (see
figs. 5 and 6). This distribution is contrary to one of the
assumptions of regression analysis and might well cause mis-
leading results when statistical inference is important. To
overcome this possible problem, it was necessary to sample
from within the available data. .

A random sampling procedure was carried out on the full
data set for each day. From the full set, 10 flows were ran-
domly selected, without replacement, at each occupancy for
each day. When there were fewer than 10 flows at any occu-
pancy, as is the case with the extreme occupancies, all were
retained to ensure as close to a uniform distribution as possible
without drawing too small a sample.

The equations for each day were then reestimated on the
basis of the sampled data (table 2). The most noticeable point
is that the equation for what had been the outlying day has
been changed and is no longer the farthest from the group
average.

To test whether there are significant differences among the
days in one condition, a dummy (i.e., 0, 1) variable was intro-
duced in table 3, and an expanded equation analyzed:

In(flow) = a + b, * In(occ) + b, * D, + by * D, = In(occ)

where D, is 1 for the extreme day (August 23 for rainy weather;
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TABLE 1 REGRESSION ANALYSIS ON UNCONGESTED DATA

SETS
COEFFICIENTS
DAY (T-RATIO) R"2 # OF DATA
A Bl POINTS
RAINY WEATHER
1 AUG. 1986 5.411 0.7768 0.942 342
(204.6) (74.60)
6 AUG. 1986 5.342 0.8064 0.928 498
(217.5) (79.78)
7 AUG. 1986 5;325 0.8124 0.964 500
(317.3)  (115.8) ‘
23 AUG. 1986 5.341 0.7969 0.972 550
(445.6) (137.8)
CLEAR WEATHER
4 AUG. 1986 5.386 0.8000 0.978 : 456
(464.1) (142.6)
20 AUG. 1986 5.349 0.8308 0.954 547
(276.5) (105.9)
22 AUG. 1986 5.364 0.8271 0.971 495
(346.5) (128.1)
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FIGURE 5 Uncongested flow-occupancy data, for all four rainy days, showing areas of heavier

concentration of data.

August 22 for good weather), and 0 otherwise. In such an
equation, the coefficients for the condition represented by the
dummy variable can be found by summing the relevant coef-
ficients. For example, in the equation for the rainy days, the
pooled estimate for the three days is

In(flow) = 5.37 + 0.789 = In(occ)

and the estimate for the extreme day, August 23 can be found,
setting the dummy variable equal to 1, as

In(flow) = (5.372 — 0.049) + (0.7891 + 0.0198) » In(occ)

which is exactly the equation for August 23 given in table 2.

If the extreme day requires a separate equation, either
b, or b; or both will be significant. Because these coeffi-
cients have been estimated on the basis of the full sample
size for that day (207 points in the case of August 23), the
sample is large enough that the Student’s ¢ distribution can
be approximated by the normal distribution. Hence the crit-
ical value for a 5% confidence level is 1.96. The results
(table 3) show that neither of the extreme -days requires an
equation that is significantly different from the mean of the
others in the group.

The final step was to run a regression using three dummy
variables, one for each of the extreme days as just identified
and one for the weather condition itself. This approach would
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TABLE 2 REGRESSION ANALYSIS ON SAMPLED DATA SETS

COEFFICIENTS
DAY (T-RATIO) R"2 # OF DATA
Bl
RAINY WEATHER
1 AUG. 1986 5.397 0.7813 0.963 197
(195.69)  (71.25)
6 AUG. 1986 5.370 0.7884 0.939 211
(156.0) (56.92)
7 AUG. 1986 5.354 0.7953 0.947 210
(165.1) (61.03)
23 AUG. 1986 5.323 0.8089 0.962 207
(206.8) (72.22)
CLEAR WEATHER
4 AUG. 1986 5.381 0.8024 0.984 210
(326.3) (112.19)
20 AUG. 1986 5.369 0.8256 0.977 219
(249.5) (95.43)
22 AUG. 1986 5.411 0.8087 0.983 213
(307.2) (109.7)

show clearly whether the difference between weather con-
ditions is more important than the difference within one con-
dition. The ¢ statistics for the resulting equation show that
only one of the coefficients involving a dummy variable is
significant—the coefficient on the logarithm of occupancy for
rainy days. Thus this segment of the analysis supports the
hypothesis that different functions are needed for the two
weather conditions and that there is no significant variation
within one weather condition. Because separate equations are
needed, they were estimated individually, without any dummy
variables for separate days. The resulting functions and data
are shown in figure 7. The equations found were, for clear
weather days,

In(flow) = 5.385 + 0.81371 * In(occ)

and for rainy weather days,

In(flow) = 5.352 + 0.7969 * In(occ)

The possibility remains that the functions are different not
because of an overall shift in the data but because of a shift
in only one part of the range. There appears to be some visual
support for this for the rainy-days data in figure 7, in that for
occupancies above 20% the data may not be evenly distributed
about the line but instead lie predominantly below it. Data
for the clear days, however, seem uniformly distributed about
the line. : :
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TABLE 3 REGRESSION ANALYSIS ON SAMPLED DATA SET USING
DUMMY VARIABLES

RAINY WEATHER EXTREME DAY 23 AUG. 1986

D1 1 extreme day

0 remaining rainy weather days

In(Flow) = 5.372 + 0.7891"in{occ) - 0.0497D1 + 0.0198*D1%in{occ)
(t-statistic) (279.17) (102.36) (-1.63) (1.56)

CLEAR WEATHER EXTREME DAY 22 AUG. 1986

D2 = | extreme day
= 0 remaining clear weather days

(t-statistic) [4c8.47) (148.98) (1.74)

COMBINED RAINY AND CLEAR WEATHER DATA

all clear weather days

Dl = | extreme rainy weather day

D2 = | extreme clear weather day

D3 = | all rainy weather days
=0

‘n(flow) = 5.37 + 0.789 *In(occ) - 0.0491*D1 - 0.0001°03 + 0.0395*0D2

(t-statistic)(315.13)(115.54) (~1.84) {-0.00) (1.40)

+ 0.0198*D1*1n(occ) + 0.0272*D3*1In(occ) - 0.0076*D2%in(occ)

(1.76) (2.82) (-0.64)
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FIGURE 7 Overlaid sampled flow-occupancy data
for both clear and rainy conditions, with regression
lines.

To test whether the differences occur only at high flows;
additional dummy variable regressions were run (using only
the one dummy variable related to weather). These were done
sequentially, eliminating all data for occupancies above a given
value, starting with 27% and decreasing the threshold 1%
each time, until there remained no significant difference due
to weather. Only for occupancies below 8% did the difference
between the two equations disappear entirely. Because that
result meant that the difference in function is found over two-
thirds of the data range, we deemed it more appropriate to
use two separate equations for the full range rather than attempt
to differentiate them only above 8%.

1t is clear from the comparison of figure 2 with figures 3
and 4 that the third possibility, that of a U-shaped function
for rainy days, is not supported. Consequently, it appears

from the analysis of the rainy-days data that there is a clear
shift downward during adverse weather conditions, in the
function representing uncongested flow-occupancy data.

To test this result when carried to an extreme, we also
investigated the one November day (the 20th) with severe
weather conditions (snow, poor visibility, and slippery roads),
attempting to analyze it the same way. The most difficult task
proved to be separating the congested and uncongested data.
Speed drops of the magnitude used for the earlier data were
not found here, undoubtedly because uncongested speeds were
so much lower. The difficulties can be seen in the flow-occu-
pancy plot of these data (figure 8). Consider the left-hand
side data—i.e., the cluster around the diagonal from (0, 0)
to (20, 2000). It seems likely that some of the data on the
lower part of this cluster represent operations in the early
stages of congestion. Including speed as a decision variable
did not make the distinction any more obvious. After trying
a number of decision criteria, we decided to use the simple
one that speeds greater than or equal to 70 km/h represented
uncongested flow, simply for comparison purposes. The best

fit line to those data is

In(flow) = 4.9868 + 0.8883 In(occ)

with an R? of 0.946, based on 367 observations. Because of
the arbitrariness of this decision criterion, the difference
between this equation and those for clear or rainy days was
not tested statistically. However, a visual inspection (fig. 9)
shows that the estimated flow-occupancy line for the snowy
conditions falls below the other two, as might be expected.
Note also that to the extent that the 70 km/h criterion has
excluded points which in fact represent uncongested opera-
tions, the line for snowy conditions is closer to the other two
than it really should be.
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CONCLUSIONS

‘The immediate conclusions from this analysis seem clear:
adverse weather affects the flow-occupancy funct n by reduc-
ing the slope of the curve that describes uncongested oper-
ation; as a result, maximum flows are also re ?iuced during
such conditions. Neither of these results comes as any great
surprise. Indeed, Athol (4) suggested this kind of picture more
than 20 years ago. Nevertheless, these results have helped to
clarify the nature of the changes.

The implications of these results for the mcxdent detection
logic described by Persaud and Hall (3) appear to require a
more complicated logic than might have been needed other-
wise. Because bad weather will cause a dovynward shift in the
flow-occupancy line, the incident detection/trigger cannot rely
on these two variables alone but must simultaneously include
speed. Yet as conditions worsen (e.g., the November 20 snow-
storm), speeds naturally decline until it is difficult to identify
speed drops.

One possibility is that the proposed incident detection logic

will be of most benefit for climates that are more temperate
than Ontario’s, or for fair weather only. An alternate possi-
bility is that an adaptive logic could be developed that builds
the “expected” picture of operations anew every few hours
or on demand. These, however, are the consequences of the
results. The conclusion itself seems clear enough: bad weather
affects the flow-occupancy relationship by pushing down the
tip of the inverted V and making it flatter.
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Analysis of Platoon Dispersion with
Respect to Traffic Volume

KARSTEN G. BAASS AND SERGE LEFEBVRE

Platoon dispersion depends on friction. The authors hypoth-
esize that this friction can be external and internal and that
the internal friction depends on traffic density and volume.
Platoon dispersion should consequently be influenced by traffic
density and volume. This hypothetical relationship was con-
firmed by limited field observations and simulations. Platoon
dispersion increases with increasing volume up to a maximum
value, which is observed at lower volumes than capacity. Dis-
persion decreases with further increasing volume and becomes
nearly zero at volumes near capacity. If further studies confirm
the observed relationship, platoon dispersion could be calcu-
lated directly from densities or volumes and travel times, applied
to Robertson’s model on a link by link basis, thus improving
the results of traffic signal coordination models.

Traffic signals have the effect of grouping vehicles into pla-
toons that leave the intersection under saturated flow con-
ditions. As the platoon moves down the arterial it tends to
spread out over time and space. This phenomenon of platoon
dispersion is an important factor in traffic signal coordination:
Robertson’s model allows one to calculate the histogram of
aplatoon at different points downstream from an intersection.
The basic equation that determines the degree of dispersion
is

1 1

Feiram 17 K

The value of dispersion K (a capital letter is used here to
avoid confusion with the density k) in this equation depends
on the type of road under study and on the degree of friction.
McCoy et al. (I) described platoon dispersion in lower friction
environments, and the TRANSYT 7F manual allows one to
choose a K value depending on several degrees of friction
ranging from low to high as in figure 1.

Figure 1 shows that platoon dispersion increases with fric-
tion. It would be useful to have a more quantitative measure
of friction that could take explicitly into account an inde-
pendent variable like service volume or volume divided by
saturation flow. Service volumes or saturation flows would
be established considering the many independent variables
such as corridor width, percentage of heavy vehicles, and so
on, and would be particular to a given arterial type. If friction
could then be explained by service volumes, the basic dis-
persion equation would become a function of service volumes
and travel times. Platoon dispersion could then be integrated
on a link basis into the traffic signal coordination model.

The aim of this paper is to describe the concepts of such a

Départment d’Ingénierie civil, Ecole Polytechnique de Montréal, P.O.
Box 6079, Station A, Montreal, Canada H3C 3A7.
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FIGURE 1 Platoon dispersion as a
function of friction (TRANSYT 7F).

relationship based on field observations, microscopic simu-
lations, and theoretical considerations.

CONCEPT AND THEORETICAL CONSIDERATIONS

One can easily observe that platoon dispersion is a function
of the physical features of the highway facility and of the
interaction between vehicles in the traffic stream. The friction
concept introduced by May (2) in 1959 is very useful in the
analysis and explanation of platoon dispersion. Friction results
from two phenomena: internal friction between moving vehi-
cles and external friction related to roadway features. Exter-
nal and internal friction are implicitly considered in the con-
cept of level of service, which takes into account such variables
as number of lanes and their widths, vertical and horizontal
alignment, and the location of the arterial in the city. |

The internal friction reflects the individual driver’s comfort,
safety, and freedom to maneuver; the greater the traffic vol-
umes, the more adverse the effects of friction. Conceptually,
when volume and density are zero, friction also is zero and
increases with increasing volume and density up to a certain
maximal value, which occurs at less than the maximal volume
(level of service E). As volume increases, friction diminishes
and approaches zero at capacity, when every vehicle is moving
at nearly the same speed. Thereafter, friction again increases
with increasing density and should be maximal (at least the-
oretically) at jam density. Figure 2 illustrates this conceptual
relationship.

The purpose of the following paragraphs is to show whether
there is a rational explanation of this interrelationship to be
found in the different phases of driver behavior as volume
and density increase. May (3) and Leutzbach (4) distinguished
three zones of different driver behavior. May identified the
three zones on the volume-density curve: constant speed, con-
stant volumes, and constant rate of change- of volumes with
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FIGURE 3 Volume-spacing relationship (linear model).

density. In the following section, an explanation for this divi-
sion into three zones is attempted and at the same time a
rational explanation for friction and corresponding platoon
dispersion is given.

In order to analyze driver behavior with respect to volume
changes, let us study the volume-spacing relationship (fig. 3).

For the purpose of example, this figure represents the linear
macroscopic traffic model with a free speed of v, = 28 (m/s)
and a jam density of k; = 0.08 (veh/m). Attentive analysis of
this figure reveals that there is a point of inflection in the
curve at a certain spacing; that is, the driver changes behavior
at this point. The situation becomes much clearer when one
analyzes the rate of change of spacing with respect to a uni-
form increase of volume. This relation is shown in figure 4.

Starting from a point A on the free-flow side of the curve,
the rate of change of spacing decreases faster and faster with
increasing volume up to a point, whereas the rate of change
remains nearly constant (at the point of inflection I). For more
clarity and in order to better understand the changing behav-
ior of the driver, let us consider figures 5 and 6, which rep-
resent the rate of change of speed and headway with respect
to volume.

Near the point I, the rate of change of spacings is constant
while the rate of change of speeds is increasing, and the rate
of change of headways is nearly constant. Because headways
remain nearly constant at volumes near the capacity, spacings
and speeds will change rapidly when volumes increase beyond
the point of inflection. At volumes higher than those observed

at the point of inflection (g;) drivers behave differently with
respect to the car they follow than at lower volumes. In figure
4 one can distinguish three zones: free flow, impeded flow,
and forced flow. This change in driver behavior influences
platoon dispersion. Dispersion increases with increasing vol-
umes up to or near the point of inflection and then decreases
to near zero value at capacity. The notion of platoon disper-
sion at densities higher than those observed at capacity seems
to be meaningless.

MATHEMATICAL INVESTIGATION

The location of the point of inflection on the volume-density
curve was studied in more detail for the macroscopic traffic
stream models defined by Drew (5). In his notation, n = —1
represents the exponential model, n = 0 the parabolic model,
and n = 1 the linear model.

The formulae relating spacing s to volume g for these models
are as follows. Forn = —1, |

1
qg = 5 u,',1 [In(sk;)]
d 1
gq =2 U, [1 — In(sk;)]
d 1
7L = S, [2In(sk) - 3]
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FIGURE 4 Rate of change of spacing versus volume.
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Table 1 gives a comparison between the spacings sI at the
point of inflection and the spacing sQ at maximal volume as
a function of the jam spacing sj. Spacings at the point of
inflection or of changing driver behavior are 1.5 times longer

_than the spacings at capacity, and the volume is 10% less than
the maximum volume.

It is interesting that the point of inflection is very near or
at the same point as the maximum kinetic energy described
by Drew (6). Rewriting the energy equation as a function of
spacing we have, forn = ~1,

E = (uT,,,)Z [In(sk,)?

(kj)—(n-f-l)lz S—(n+7)/2]

Forn = -1,

_ Gy

s

E [1-2 (skj)—(n+1)/2 + (Skj)(n+1)]

The curve relating spacing to kinetic energy is given, as an
example, for the linear model in figure 7.

A comparison of spacings at the point of maximum kinetic
energy and at the point of inflection is given in table 2.

Drew et al. (6) stated that the kinetic energy of a traffic
stream is equal to the sum of energies of its constituent par-
ticles and will be a maximum when internal friction caused
by vehicular interaction is a minimum. In the case of the linear
model, the point of inflection and maximum energy or the-
oretical minimum of internal friction fall together. One can
conclude that there is a point where driver behavior changes

with respect to spacing, and this point occurs at lower densities
and at lower volumes than the capacity. When the volume
approaches a certain value, drivers reduce their spacings less
and less in reaction to a unit increase of volume. At the point
of inflection this tendency is sharply reversed. The actual
location of this point of change of driver behavior depends
on the type of facility under study and on the model chosen.
One might compare this point of inflection to the transition
between laminar and turbulent flow in hydraulics.

OTHER CRITERIA FOR REPRESENTING INTERNAL
FRICTION

Lee et al. (7) developed a criterion for internal energy or
friction based on observations. They found that acceleration
noise, as proposed by Drew, does not accurately represent
internal friction or the internal energy of the traffic stream.
Acceleration noise, at least in their observations, did not show
a clear relationship to increasing density. They proposed as
a good measure for internal friction the coefficient of variation
of speed a/v, also called the constant of diffusion. As spacings
decrease, this measure increases up to a point (the point of
maximum energy or the point of inflection); then it decreases
to nearly zero at capacity. Figure 8 shows this indicator for
the values found by Lee et al. as a function of density.

Although there was no indication in their paper about the
volume-density relationship, one can see that the relationship
follows the one postulated in the preceding paragraphs for
the relation between dispersion and volume.

The measure of friction developed by Helly et al. (8) is the
mean velocity gradient, which represents the acceleration noise
divided by the average velocity. The measure seems to have
some merits, but there are not enough observations available
to confirm them.

In the light of what was said, one can hypothesize that
dispersion depends on service volumes, or, stated more sim-
ply, on volumes divided by the saturation flow. In order to
confirm the hypothesis stated in the preceding paragraphs, a
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TABLE 1 FLOW AND SPACING AT POINT OF INFLECTION AND AT CAPACITY

Spacing at point of I Volume at point of
I Model n inflection] max. q |s;/sq inflection! max. q q;/9g
i 1 1 1 1 L
[exporenciat [ o=t | adgs; [2.720; | 165 | 055y | 0570ty | 091
paraeiie | oo | Saae, | aiey | | 0y | 0y | 0
linear l n=1 l 3Sj | ZSj 1.5 | O-ZZUfkj O-ZSUfkj 0.9
10 LINEAR MODEL
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FIGURE 7 Spacing versus kinetic energy for the linear model.

TABLE 2 COMPARISON OF SPACING AT POINT
OF INFLECTION AND AT POINT OF MAXIMUM

KINETIC ENERGY

| ] | Spacing at point of |

l Model ] n |inflection| max. E |SI/SE I
'exponential i n=-1 i 4.48sj I 7.39sj i 0.61

';;};;;i%;"I";,;El"éﬁéé;}"l"i;; """ |'éﬁé£s'
| tinear | net | 3s; | 3 |1 |

field study was carried out on two straight and level three-
lane urban arterials located in an intermediate-type area in
the city of Montreal.

FIELD STUDY

The arterials were chosen so as to minimize interferences and
marginal and intersectional friction. The distance to the down-
stream intersection was about 800 meters so that the traffic
flow was unaffected by the downstream traffic control devices.
The observations were made at the intersection (stop line plus
the width of the cross street) and at 100 meters and 200 meters
from that point. Both arterials had high volumes during peak
hours, with platoons ranging from 16 to 90 vehicles. The small
platoons were observed at the beginning and at the end of

the peak hours. Approximately 150 platoons were observed
at each arterial.

These observations were carried out with three hand-held
microcomputers (Tandy 200) with external disk drive and
synchronized internal clocks. A program written in BASIC
allowed the identification of buses, trucks, and passenger cars.
The five keys that were activated on the keyboard were iden-
tified by stickers as B (bus), T (truck), P (passenger), CB
(beginning of the cycle), and CE (end of the cycle). The data
on vehicle types, passage times, and beginning and end of the
cycle were stored on the portable disk drive. This procedure
was extremely efficient. Only 2% of all platoons had to be
eliminated in the validation phase, mostly because of data-
saving problems. The commercially available hand-held com-
puters with standard keyboard can be programmed for any
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TABLE 3 NUMBER OF OBSERVATIONS AT TWO STUDY LOCATIONS

no of platoons

Papineau Ave

platoon size

no of platoons

Laurentian Bld

platoon size | no of platoons

16
19
27
36
43
50
54
61
65
68
74
76

22
54
33
60
13
13
26
53
20
27
10

7

46 7
55 12
60 17
67 19
73 27
75 12
78 18
81 18

data-acquisition problem by means of simple BASIC pro-
grams (see Baass (9) and Bonsall (10)). Even with the Tandy
200’s small memory of 32K, this new technology provides an
efficient way of acquiring traffic data.

The data were then transferred easily into an IBM PC-AT,
where they were treated directly through a spreadsheet (Sym-
phony). Table 3 shows how the validated platoons were clas-
sified into groups of similar sizes and average platoons were
derived for each platoon size. Figure 9 shows such a platoon
at 100 meters and at 200 meters from the stop line.

A special procedure designed on the spreadsheet was then
used to simulate the platoon dispersion based on the Rob-
ertson model for different trial values of K. The parameter
3 was considered as a constant value of 0.8 in all calibrations
because of the complexity of a dual calibration of « and 8 at
the same time (see Axhausen et al. (11)). The best fitting K

was obtained for each average platoon using an indicator
similar to the x> by comparing observed and simulated platoon
histograms. Therefore the best X values remained nearly con-
stant for all stations.

The best K values that were obtained in this way are given
in table 4, and the relations between K and the platoon size
are given in figure 10. Lefebvre (12) described the experiment
and the calibration procedure.

Calculating the saturation flow or level of service E at the
study sites and using the cycle lengths observed permitted the
drawing of figure 11, which gives the best K with relation to
the volume/capacity ratio.

In both the observed cases, the observations and calibrated
K values came close to the hypothesized relationship. Further
analysis of the data is necessary to explain the relation between
cycle duration, platoon-size, and platoon dispersion K.
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TABLE 4 RESULTS OF CALIBRATION OF K IN MODEL OF

ROBERTSON
Papineau Ave Laurentian Bld

platoon size best K platoon size best K
16 0.7
19 0.325
27 0.35
36 0.405
43 0.39 46 0.13
50 0.33 55 0.18
54 0.325 60 0.16
61 0.315 67 0.17
65 0.3 73 0.13
68 0.32 75 0.13
74 0.26 78 0.1
76 0.255 81 0.13

0.5

PARAMETER K
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FIGURE 10 Parameter K for the two study sites in relation to platoon size.

MICROSCOPIC SIMULATION

Microscopic simulations were carried out on a hypothetical
three-lane arterial in order to further verify the postulated
relationship. This arterial was chosen because it differed from
the arterial streets on which the field study was conducted.
Manar (13) developed a microscopic traffic simulation model
based on the car-following model described by Fox et al. (14).
Manar introduced into the existing program multilane simu-
lation with lane-changing behavior (see Seddon (I5)) and
increased the platoon sizes to up to 110 vehicles on three
lanes.

Different sizes of average platoons were obtained with the
simulation model. The histograms describing the platoons were

calculated for the average platoons at the stop line and at 100
meters and 200 meters from the stop line. Platoon sizes in
different runs are slightly different because this is also a ran-
dom variable in the model. The 13 different platoons were
then treated in the same way as the observed platoons; the
best K values obtained in this way are presented in table 5.

These values are represented in figure 12 as a function of
platoon size. The shape of the curve is similar to the one
obtained in the field study (fig. 11); the different character-
istics chosen in the simulation account for the different max-
imum values of K.

The simulation program produces several useful outputs.
One of these is the macroscopic relationship derived from the
car-following model. Figure 13 gives an example for this out-
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TABLE 5 BEST K-VALUES
OBTAINED BY SIMULATING
DIFFERENT PLATOON SIZES

Simulation
platoon size best K
22 0.23
28 0.14
33 0.20
38 0.17
43 0.26
48 0.31
53 0.27
62 0.48
70 0.63
75 0.70
84 0.74
87 0.48
90 0.42

put, which could be used for further analysis of the platoon
dispersion.

Other important outputs are several statistics that were
calculated to help in the interpretation of the simulated pla-
toons. One of these is the number of lane changes (from left
to right and from right to left). Figure 14 illustrates this vari-
able for the simulated platoons.

As volumes increase, drivers lose the ability to maintain
their desired speeds. Drivers have to reduce their speed to
match the slower vehicles or, if possible, change lanes. The
lane-changing possibility diminishes after a maximum value
if volumes are further increased. The maximum value may

be interpreted as the point at which drivers become influenced
by the presence of vehicles ahead of them. The number of
overtaking and passing opportunities can be viewed as an
index for friction. Even if the 1950 Highway Capacity Manual
(16) gives only an example for two-lane highways, the form
of the relationship in figure 15, which is reproduced here from
the manual, may also be valid in multilane arterial analysis. :

Two other variables produced by the simulation model are
of interest—the velocity gradient defined by Helly (8) and
the acceleration noise. The values of these variables are illus-
trated in figures 16 and 17.

The simulated platoons behaved in a way that corresponds
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FIGURE 13 Macroscopic relationship derived from car-following model.

fairly well to the proposed relationship between platoon dis-
persion and traffic volume; these variables show an increase
as volume increases, followed by a decrease to a minimum
value near capacity.

CONCLUSION

The degree of platoon dispersion depends on internal and exter-
nal friction. The external friction is contained in the saturation
flow concept. Because the internal friction depends on traffic
volumes, the platoon dispersion also has to depend on service
volumes. Observed and simulated platoons showed low disper-
sion at low traffic volumes. External friction being the same,
dispersion increases as volumes increase, whereby the actual
value of K depends on the kind of arterial studied. Dispersion
increases further up to a maximum value as traffic volumes

increase. This point of maximum dispersion is observed at vol-
umes of 0.6 to 0.8 of the capacity and is near the point of
maximum energy. The diminishing dispersion after further vol-
ume increases can be explained by changing driver behavior at
or near the point of inflection in the volume-spacing curve.

Further study should be devoted to more platoon obser-
vations at different locations and for different lane numbers
and cycle lengths in order to define (if possible) a typical
curve relating service volumes to dispersion. This relation-
ship could have the following form, where g represents the
volumes:

1

F=1+(a+bq—cq2)t

We would thus be able to consider platoon dispersion link
by link and the results of the traffic signal coordination models
would be improved.
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Analysis of Traffic Flow at Complex

Congested Arterials

PaNos G. MICHALOPOULOS

A dynamic macroscopic methodology for analyzing traffic flow
at congested intersections and arterial streets is presented in
this paper. This includes complexities frequently encountered
in practice such as furning and optional lanes, sinks and sources,
and spillback effects. The dynamics of interrupted flow under
both sign and signal control are treated in an integrated fashion
by considering the coupling effects of the main and side street
flows. Compressibility is inherently included in the state equa-
tions employed; therefore, dispersion and compression char-
acteristics are built into the analysis. The proposed method-
ology is particularly applicable to severely congested networks
where spillbacks must be taken into account. Implementation
of the state equations is performed numerically; this allows
inclusion of stochastic and heuristic aspects for treating phe-
nomena difficult to deal with macroscopically. The modelling
and numerical treatment employed is easily implementable to
microcomputers.

Modelling of interrupted traffic flow at signalized intersec-
tions and arterial streets is frequently needed in traffic engi-
neering practice for simulation and control or simply for ana-
lyzing a situation during the planning and design stages. More
often than not this is accomplished in a macroscopic fashion
to minimize the computations and obtain a better understand-
ing of the overall behavior of the process being analyzed; this
is particularly the case as the size of the network increases.
However, despite the attractiveness of macroscopic models,
rigorous and comprehensive dynamic treatment of complex-
ities most frequently encountered in practice is still lacking.
Such complexities include turning or optional lanes, spillback
effects, unsignalized side streets merging to or diverging from
the main stream flow, macroscopic treatment of actuated sig-
nals, and friction effects. The problem is more acute at high
volume streets where two-dimensional modelling is needed
for describing the formation and dissipation of queues and
spillbacks in time and space and for taking into account the
effects of downstream disturbances on upstream flow.

In view of the need for improved dynamic macroscopic
modelling of congested interrupted flow, a new approach is
presented in this paper. The modelling employed is two
dimensional (time and space), takes compressibility into account
(dispersion and compression), and is particularly recom-
mended for medium to heavy flow situations. Moreover, it
considers the interactions of side streets and turning lanes and
the effects of compression and spillbacks caused by down-
stream congestion. Finally, it applies to sign and signal control
and to isolated intersections and arterials. The proposed

Department of Civil and Mineral Engineering, University of Min-
nesota, Minneapolis, Minn. 55455.

.methodology is numerical, i.e., it proceeds by discretizing the

time-space domain in small increments and should be more
intensive computationally than existing one-dimensional models
used in practice. However, it is perfectly suitable for micro-
computer implementation because it requires substantially
less memory and computational effort than microscopic
modelling.

The proposed methodology could be called “mesoscopic”
as it allows inclusion of statistical and heuristic aspects for
treating certain phenomena in a manner similar to a micro-
scopic approach.

In what follows, a brief theoretical background on the state
equations employed is presented with a general numerical
solution method for their implementation. This is followed
by the treatment of simple isolated signalized intersections.
Due to space limitations, only a summary of details such as
treatment of sinks and sources, exclusive turning lanes, and
traffic actuated control is presented here. Extension to coor-
dinated intersections and implementation to exemplary situ-
ations are included to demonstrate the applicability of the
proposed modelling.

BACKGROUND

Macroscopic analysis of traffic stream flow requires estimation
of the three basic variables, i.e., density (k), speed (u), and
flow rate (g), on every point of the roadway at all times during
the analysis period. From these variables the measures of
effectiveness (delays, stops, total travel, and total travel time)
can be derived. The most rigorous approach for calculating
g, k, and u in both time and space is by employing the law
of conservation with an equilibrium speed-density or flow-
density relationship to take compressibility (compression and
dispersion) into account (I). An even more sophisticated
treatment is to also consider acceleration and inertia of a
traffic mass (2, 3), but although this approach is plausible, it
has not shown significant advantages at congested flows, add-
ing only complexity to the analysis. The methodology described
here, however, can easily be generalized to include these
effects (5).

Analytical implementation of the law of conservation to
isolated and coordinated intersections by taking time, space,
and compressibility into account has been developed recently
(5-7). The advantage of these analytical results is that they
visually depict the effects of downstream disturbances on
upstream flow. Thus, they provide a good insight on the for-
mation and dissipation of queues and congestion in time and
space; they also demonstrate (7) that platoon dispersion and
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compression is inherent in this modelling, i.e., it does not
have to be induced externally. The dynamics of platoons and
their behavior can in addition be studied analytically (7) for
better understanding of arterial flow behavior. A disadvan-
tage of the analytical solution lies in the oversimplifications
needed in the derivation. These include simple initial flow
conditions, arrival and departure patterns, absence of sinks
or sources, and uncomplicated flow-concentration relation-
ships. Most important, complexities frequently encountered
in real situations such as turning lanes and side streets cannot
be treated analytically. As in similar problems of compressible
flow, these difficulties can be resolved by developing numer-
ical solutions for the state equations.

The methodology proposed here is computational rather than
analytical. This eliminates the disadvantages mentioned above
by allowing inclusion of complexities one is likely to encounter
in practice (turning lanes, sinks and sources, and spillbacks) and
employment of realistic arrival and departure patterns, u-k models
as well as empirical considerations. Numerical computation of
k, u, and g proceeds by discretizing the roadway under consid-
eration into small increments Ax (in the order of 30 to 150 ft)
and updating the values of these traffic flow variables on each
node of the discretized network at consecutive time increments
At (in the order of 1 sec or so0).

Space discretization of a simple signalized traffic link with-
out side streets is presented in Figure 1 in which the dashed
segments represent dummy links necessary in the modelling
of subsequent sections. It should be stressed that this discre-
tization is only made for computational purposes, i.e., it is
not physical. Referring to the solid segments, density on any
node j except the boundary ones (i.e., 1 and j) at the next
time step n + 1 is computed from density in the immediately
adjacent links (both upstream and downstream j — 1 and
j + 1, respectively) at the current time step n according to
the relationship

1 At :
krt =g + Ko+ ko) - o= @ —g) (D)

in which
k*;, g% = density and flow rate, respectively, on node j at
t =1, + nAt;
t, = initial time; and
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At, Ax = time and space increments, respectively, such that
Ax/At > free flow speed.

Once density is determined, speed at ¢ + At (i.e., atn + 1)
is obtained from the equilibrium speed density relationship
u, (k), i.e.,

wrt = u, (ki) )

For instance, if Greenshields’ (8) linear model is adopted,
then

n+l — k;'+1
wt =y 1 - T (2a)

jam

where u; is the free flow speed and k;,,, the jam density. It
should be stressed that Equation 2 is applicable for any speed
density model including discontinuous ones; if an analytical
expression is not available, then u can easily be obtained
numerically from the u — k curve. Finally, flow at ¢ + Aris
obtained from the fundamental relationship

q7+1 = 'k]'-”'l u}.+1 (3)

in which the values of k and u are first obtained from Equa-
tions 1 and 2. As later sections suggest, the measures of effec-
tiveness can be derived from k, u, and q.

The above solution requires definition of the initial state
of the system, i.e., the values of k, u, and g at ¢t = ¢, as
well as boundary conditions, i.e., k and ¢ at j = 1 and
j = J (upstream end of the link and stopline, respectively).
However, this is essential for analyzing flow regardless of
the modelling and solution method, i.e., arrivals and depar-
tures at the boundaries and initial flows must always be
specified. For practical implementation of Equations 1, 2,
and 3 one only needs to specify arrival and departure flow
rates; density at j = 1 and j = J is obtained from the
equilibrium g-k model. It should be noted that Equation 1
does not take into account generation or dissipation of cars;
this detail is discussed later. Finally, the discretization of
Figure 1 and numerical solution of this section assume all
space increments Ax are equal. The case of variable space
discretization is presented later; however, regardless of the
discretization scheme the relationship Ax/At ) u; must be
maintained at all times for convergence.

Traffic
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ISOLATED INTERSECTIONS

The basic methodology of the previous section (Equations 1-
3) is directly applicable to simple isolated signalized inter-
sections without turning lanes or sinks and sources (Fig-
ure 1). Proper definition of the initial and boundary conditions
is crucial for accuracy and emulating the particular situation
at hand. Initial conditions depend on the state of the signal
indication on the approach under consideration, and unless
an actual measurement is available, a simplified assumption
can be made. For instance, one could initially assume that
the approach is empty at ¢ = 0 (i.e., kY = 0 at all nodes) and
following an initialization interval use the flow conditions at
the end of this interval as initial conditions. Another simple
alternative is to assume that at + = 0 the signal turns green
on the approach under consideration on which an initial queue
exists; if flow within the queue is uniform, then on the nodes
within the queue ¢? = 0O and kY = k., while behind the queue
uniform arrival flow conditions, i.e., ¢? = ¢¢ and k? = k9,
can be hypothesized. In the testing presented in later sections
initial conditions are variable.

Upstream and downstream boundary conditions in case of
real time applications of the proposed methodology can be
obtained on-line from loop detectors, i.e., by measuring actual
arrivals and departure flow rates on nodes 1 and J, respec-
tively. In simulation, these rates can be obtained from the
probability distribution one is willing to accept. In some appli-
cations, however, it is desirable to reduce the computations
related to the generation of stochastic boundary conditions.
This is most easily accomplished at the downstream boundary
where the variability of departures is less pronounced for the
majority of the cycle due to the presence of the traffic signal.
For instance, the simplest modelling alternative is the one
frequently used in practice, according to which flow atj = J
during the effective green time equals saturation flow as long
as there is a queue (i.e., g7 ™! = g,,., = saturation flow) and
to arrival flow when the queue dissipates (i.e., gr+! =
q7-1). During the effective red interval flow equals zero (right
turns on red can also be considered as will be seen later).
Only one state variable (flow, density, or speed) need be speci-
fied at each boundary; the remaining are obtained from the
g-k or u-k model and the fundamental relationship g = ku.

The above and other simple common options for defining
boundary conditions were tested extensively using a data base
generated by the most recent version of NETSIM (9) (1986
version). Based on this experimentation, effective simplified
modelling of the boundary conditions was developed and is
described next.

With respect to downstream boundary conditions (stop line),
during the green interval, one dummy segment of variable
length is introduced immediately downstream of the stop line.
This segment is shown with dashed lines in Figure 1. The
introduction of this dummy segment smooths out the dis-
charge pattern at the stop line during green, so the actual
boundary during green is not the stop line but the line B'B
(dummy node J + 1) in Figure 1. At the start of green,
free flow conditions are assumed at the dummy node, i.e.,
k?., = 0 and uf,, = u, while at the stop line k¢ = k,,,, and
u§ = 0. The length of the dummy segment AX;, at the start
of green equals Ax, where Ax is the common discretization
length used for the entire link. At every time step during
green, the downstream boundary J + 1 is determined from
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the dynamics of flow propagation, i.e., the dummy link length
is computed from the speed at which the traffic is moving at
the stop line during the previous time step; thus,

M= up Tt A 4)
The flow at the pseudo boundary J + 1 (dummy node)
equals the arrival flow, i.e., g77] = q7 and k77{ = k7, while
in all the remaining nodes, including the stop line, flow is
determined from Equations 1-3. Here the variable dummy
link requires generalization of Equation 1 for calculating flow

at the stop line. This equation, including generation terms
(not needed for the stop line), becomes

fn+l = Ky Bx + k7 Axy AHgf — g7-1)
! ij + Axi+1 ij + ij+1

+ Ad(gh 1 Ax; + g7, Ax;.q) )
Ax; + Ax;yy
where g7 represents the generation rate in segment j at the
nth time step. When there is no generation from side streets,
then g7 is zero and the last term of Equation 5 vanishes.
The above modelling implies no congestion downstream of
the intersection; this event can be taken into account as in
congested coordinated intersections described later. During
amber time, the dummy segment is not needed, i.e., the stop
line becomes the downstream boundary. Flow at this bound-
ary reduces rapidly with time; it was found experimentally
that linear reduction of flow at the stop line during amber is
sufficient. Thus during yellow, flow at j = J is

t— ¢,
t,— 1,

q](t) = q!(tg) * [1 - :| tg <t= ty (6)

where

t, = end of green,
t, = end of yellow, and
q,(t) = flow at the stop line at ¢.

From Equation 6, density during yellow is computed from
kyt) = k. [q,(9)]

where k,(q) is the equilibrium k-k relationship. This relation-
ship, however, yields in general two values for k correspond-
ing to a single g value; care should be exercised to select the
one corresponding to the congested flow because at the start
of yellow congestion begins to emanate from the stop line.
Finally, during red, zero flow conditions prevail at the stop
line, i.e., k}*! = k;,,, and g}*! = Q. If right turns on red are
allowed, then g7*! # 0, and this rate can either be specified
or determined as in the side street flow case described in the
following sections.

As mentioned earlier, at isolated approaches (or external
network links) flows at the upstream boundary are more dif-
ficult to define due to the absence of signals. If no actual
measurements are available (possibly on-line) for defining the
upstream arrival flow pattern (¢7*") in some detail, then at
every time step flow must be determined from a statistical
distribution when high accuracy is required. The literature on
selecting the appropriate distribution is quite extensive and
one can select the most appropriate based on personal expe-
rience. In the testing performed here the guidelines of Ger-
lough et al. (10) were followed, with very satisfactory results,
at least when compared with NETSIM (9). Once g7 t1is spec-

L,<t=t, )
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ified, k7*! and uf*! are determined from the equilibrium
relationships employed, i.e., for Greenshields’ model (8),

kprt = 0.5 [Kam — (Kam = 4 Kjam 477 )] ®)
uptt = up (1 = k" ko) )

The above definition of the upstream boundary conditions
assumes that downstream congestion at the previous time step
n does not reach the upstream boundary, i.e., it assumes
uncongested upstream flow conditions. When congestion
reaches the upstream boundary, the link should be extended
artificially by adding dummy segments D,, D,, D5, . . ., D;
as shown with dashed lines in Figure 1. Extension of the
upstream boundary at the next time step n + 1 can be deter-
mined by checking density on the node immediately down-
stream (i.e., node 2 initially) at #; if this density falls in the
congested region of the u-k or g-k curve, then one dummy
segment should be added upstream at n + 1. The threshold
value for determining congestion is k,, = density at capacity;
if k"p;_, = k,,, a new dummy link is added. Boundary con-
ditions at the first upstream dummy node are determined as
before, i.e., from Equations 8 and 9. In some instances an
upper limit may exist beyond which no dummy segments can
be added; this could be the case when an upstream intersec-
tion is reached. In such cases the approach in question can
no longer be considered isolated, i.e., the two intersections
are coupled and should be treated as a system following the
guidelines of later sections.

GENERALIZATIONS AND EXTENSIONS

The basic modelling and analysis methodology presented to
this point needs further generalizations and extensions for
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practical implementation to real situations. These include
treatment of sinks and sources, turning lanes, spillback effects,
multiple lanes, shared lanes, and coordinated intersections.
Due to space limitations the methodology for treating these
problems is. only briefly presented in this section. A detailed
presentation can be found elsewhere (17).

Sources and Sinks

When sources and sinks exist, the coupling effects of the main
and side streets must be considered. This is accomplished by
taking the state equations (conservation) of all system com-
ponents and solving them simultaneously.

In Figure 2, segment S represents the case of a side street
source. The state equations of the two components (main and
side street) have the general form of Equation 5, but they
differ in the generation term; this term is zero on the entire
side street and all segments of the main street except the
merging segment (node M) where g # 0. Since the main
street has priority, it must be realized that the stop line of the
side street is really an internal boundary. The boundary flow
condition on node J, is restricted by the conflicting flow g%,
at the merging node M; to be sure, g%, determines the merging
capacity at J,. This capacity under uncongested main flow
conditions was derived experimentally in the form of a curve
showing the merging capacity for different main flow condi-
tions. Similar curves can also be found in Tanner’s article
(12), obtained from the Highway Capacity Manual (13), or
derived experimentally. For congested conditions, the max-
imum merging flow remains constant until nearly jam density,
where it decreases gradually to zero. The boundary conditions
at node J, depend on the state of the queue on the side street.
Generally, flow at J, equals merging capacity, if a queue exists
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on the side street, and equals arrival flow otherwise. Knowing
the boundary conditions, Equations 13 are applied to deter-
mine flow conditions at all nodes of the side street while the
generation rate needed for using Equation 5 on the main street
is computed from gj,.

In sinks, as in sources, the problem involves determining
the flow at the internal boundary O (Figure 2). Furthermore,
when the side street becomes congested a spillback may occur
on the main street; this requires additional modelling. The
former problem is resolved by adopting the usual assumption
that flow at O, q3%!, is a known fraction p = p(f) of the
main flow at D; however, g3%! is restricted by the capacity
flow rate q,,,, at node O. Generally, the capacity flow at Og
is lower than the capacity of the remaining nodes of the side
street due to possible pedestrian movements and the slower
speed of vehicles while turning right. This capacity can be
derived from the turning speed, which is the speed at capacity
at node Of. The maximum flow at O at every time step is
restricted by the maximum speed that can be achieved at O
by the turning flow. The speed at node O, + 1 influences
this speed; therefore, it can be assumed that the free flow
speed at O is time varying and equals to the speed at O +
1. The corresponding capacity flow at O can be estimated
by continuously adjusting the u-k relationship according to
this free flow speed. However, due to the earlier maximum
turning speed restriction (about 13 ft per sec), gt} cannot
exceed this capacity value. Thus, whenever the capacity resulting
from the speed at O + 1 exceeds this value, the latter is
imposed. Following determination of g7} at Og, not only the
u-k but also the g-k relationship at this node is adjusted
accordingly. When congestion is encountered on the side street,
the diverging node D becomes an internal boundary in addi-
tion to the boundary Oy. Therefore, the flow at D, q3*?, is
restricted by the through-portion flow (1 — p)q%, which is
allowed to proceed on node D. If congestion exists on the
side street, the flow at D will decrease, and density will be
increasing accordingly because the dissipation rate will decrease.
As a result, congestion will begin to build up behind node D
and a spillback will occur.

The simultaneous presence of a source and a sink (Figure
2) necessitates consideration of all three flows, namely the
through, merging (from node J; to M), and diverging (from
node D to Op), as well as their interaction. As Figure 2 illus-
trates, for increased generality, the network under consid-
eration is equally discretized in space except at nodes D and
M where Ax # Axp # Ax,. This necessitates a slight mod-
ification in the calculations presented to this point for the
interrupted flow region. The changes required are

Atj = D (diverging area):

wdxp + kb Axy _ Adqs, — gb_1) _
Axp, + Axyy, Ax, + Ax,,

1=
kptt =

ghit (10)

where the dissipation term is g5 = g%z/Axp.

Atj = M (merging area):

k3 1Bxy + KpAx _ Alghy1 — gB)
Axy + Ax Ax, + Ax

+1 —
kit =

+ grAr (1)

where the generation term is g3, = g}/Ax,,.
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Atj = D — 1 (the node immediately upstream of D):

1Ax + k% _,Ax Aqy — qb..5)
nt+1 D D-28Xp D D2
ks Ax + Axp Ax + Ax, 12
Atj = M + 1 (the node immediately downstream of M):

Kby + k3Ax AHqY.. — 45
1 = SMx20¥y MAX (92 — G0 13)

Ax,, + Ax Ax, + Ax

At all the remaining internal nodes, the densities are obtained
from Equation 1. Finally, all the corresponding speeds and
flows for the above cases are obtained in the usual manner,
i.e., from Equations 2 and 3.

All the needed boundary conditions, i.e., the arrival pat-
terns at nodes O and O, and the departure patterns at nodes
J and Jg, are determined or specified as before. Further,
spillback effects at node D are treated as sinks, while flow at
the internal boundaries Jg and Oy is determined dynamically
as described previously. Finally, it should be repeated that to
keep the numerical solutions within reasonable bounds, it is
necessary to maintain the relationship Ax/At ) u; this restric-
tion also applies to Ax,, and Ax,,.

Turning Lanes

Turning lanes frequently encountered in practice present
additional modelling difficulties. In this section, treatment of
exclusive lanes is summarized. This involves modelling of
diverging dynamics and appropriate definition of boundary
conditions. Because traffic in turning lanes is diverted from
the main stream, it is logical to treat the lanes as simple sinks.
However, due to the length of these lanes and possible con-
flicts at their downstream end, they should be treated differ-
ently. As before, the state equations of the main flow and
turning lanes must be solved simultaneously and their inter-
actions (exchange of flow and momenta) considered. The
conservation equation as described here takes into account
the exchange of flow. Exchange of momenta must be consid-
ered only with the high order continuum models and is incor-
porated in the momentum equation as described in earlier
publications (4, 14).

When turning lanes exist, exchange of flow between the
turning and through lanes is included in the generation rates
g(x, 1) of the conservation equation. In the previous section
a similar procedure was introduced for traffic sinks. However,
the effective diverging area, and hence the computation of
dissipation rate, was limited to only one segment Ax.

Figure 2 presents the space discretization of an intersection
approach with a right turning lane R. In general, diversion of
flow occurs in section r =< R of the main stream and the turning
lane. Dynamic description of flow in the main lane and the
turning lane begins by considering the three streams involved,
i.e., the total flow g in the through lanes, its diverging com-
ponent g,, and the turning lane flow g,. Simultaneous solution
of the state equations governing these streams requires knowl-
edge of the generation and dissipation rate g(x, £), which is
a function of both g and ¢,. From the physics of the problem
the generation rate of any segment j in section r at ¢ = nAt,
i.e., g7, should be a function of the diverging flow component
g7, of segment j — 1 at ¢t = (n — 1)Ar. The following
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relationship can be derived for dynamic determination of the
generation rate at turning lanes (11):

gta S7°
i Jr
Ax Z sn-1
i
i=j
-1 — -1
— an— 1,d (kjam kzr

Jr
A0S m ~ ki
isj

(14)

where

Sr-1 = storage space available in segment jin r at ¢ =
(n — DA

density of node jinratt = (n — 1)At; and
diverging flow component.

kit
i

From the above expression and Equation 5, a computa-
tional algorithm for dynamic calculation of flow on the through
and turning lanes has been developed and described in detail
(11). This takes into account both the interactions between
the main and turning flows and the proper definition of bound-
ary conditions at the stop line. For the through flow this is
accomplished as in “Isolated Intersections.” For the right
turning flow, however, node J (Figure 2) should be treated
in a manner similar to that of node Oy (described earlier) as
the cross street flow affects right turning capacity.

As mentioned earlier, the modelling presented to this point
also applies to left turning lanes. The only difference lies in
defining the boundary conditions at the stop line of the turning
lane, during the green interval. If traffic flow on this lane
moves during an exclusive phase, then flow at the stop line
is defined as in the through case described in “Isolated Inter-
sections.” Naturally, due to the lower turning speed, satu-
ration flow and therefore capacity of the turning lane is lower
than the through lanes; estimation of this capacity can easily
be obtained from the Highway Capacity Manual (13). If flow
on the exclusive lane moves concurrently with opposing flow,
then left turning saturation flow is lower and at each time
increment can be determined from the opposing flow. Esti-
mation of left turning saturation flow with opposing traffic
can also be obtained from the Highway Capacity Manual (13,
Figure 10-3) or related literature (12, 15). Thus, at each time
step, if a queue exists, flow at the stop line of the turning
lane will equal the opposed left turning saturation flow. Fol-
lowing queue dissipation, arrival flow at the immediately
upstream node must be compared to saturation flow at that
instant, and the lowest of the two will prevail.

Spillback Effects

When the flow rate on node J; drops during green or the.

turning volumes are high, spillback from the turning lanes to
the main stream is possible. In this case congestion propagates
upstream of the stop line (node J;), and as density in the
right lane increases, the generation rate decreases. Therefore,
density in the through lanes will increase as flow on the right
lane becomes congested. As an extreme example, assume that
due to congestion in the cross street, flow at the stop line of
the turning lane is very low, resulting in compact queueing
(k = k;,) in this lane. As a result, the generation rate will
be very low (g = 0), and the total flow at node J5 will prop-
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agate to the downstream node J, almost unchanged, provided
flow at J, is not disrupted by downstream congestion. This
implies that at congested turning flows, the spillback mech-
anism provided by the main turning lane algorithm is weak
and should be improved. For this reason, an improved spill-
back algorithm was developed (/I). Briefly, the algorithm
ensures that at each time step the total through volume at J,
and the remaining through volume in Section C does not
exceed the through volume passing node O,.

Multilane and Shared Lanes Treatment

Treatment of flow on a lane-specific basis may not be needed,
especially if turning lanes have already been taken into account,
for if we exclude turning movements (considered earlier),
little additional lane changing should be expected at the inter-
section. Thus, aggregate analysis of all through lanes should
suffice in most practical situations. Lane-by-lane analysis can
also be performed, if desired, using the general methodology
presented earlier; such treatment could be justified in seg-
ments between intersections.

Analysis of multilane dynamics requires consideration of
the state equations of all lanes; in the simplest case this implies
one conservation equation per lane. The exchange of flow
between neighboring lanes can be included in the generation
term of the conservation equation. This exchange can be
obtained from the observation that it is related to the den-
sity differences among lanes and other location-specific pa-
rameters. A complete modelling of multilane dynamics with
its numerical implementation is presented in an earlier
publication (14).

When no exclusive turning lanes exist, optional or shared
lanes serving more than one movement are often employed.
This situation is depicted on the westbound approach of the
first intersection in Figure 2. Modelling during the red and
yellow phases does not present any difficulty as the stop line
represents a boundary on which flow is defined as in “Isolated
Intersections.” During green, this line is no longer a boundary
and is either extended by a dummy segment (isolated case)
or replaced by the upstream node of the downstream link. In
either case the flow in the segment immediately after the stop
line includes two dissipation terms, one for each movement.
The dissipation term corresponding to the right turning move-
ment is defined as in sinks (“Sources and Sinks). For the
left turns, the dissipation term at each instant is determined
from the lowest of two values: (a) the left turning demand,
which is a fraction of the total flow at the stop line, and (b)
the left turning saturation flow, which is time varying when
moving concurrently with opposing traffic and is determined
as in left turning lanes. ’

When congestion builds up at the cross street, the right or
left turning generation terms will reduce. To ensure spillback
effects are considered, flow at the node downstream of the
stop line should not be allowed to exceed the through demand,
i.e., this node may become an internal boundary during green.
In this case the spillback mechanism described earlier applies.

COORDINATED INTERSECTIONS

The modelling presented to this point can easily be extended
to coordinated intersections. This requires modifications to
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the boundary conditions at the upstream end of the coordi-
nated links. Referring to Figure 2, it can easily be realized
that the upstream boundary of a signalized link is no longer
an external boundary. For instance, consider node O 4. During
the EB green phase at intersection 1, O, is treated as any
ordinary node, i.e., flow on O, is obtained from Equations
1-3 by adding one or more segments connecting O, to the
stop line upstream as shown in Figure 2b. If exclusive lanes
exist on the upstream approach, flow on the nodes falling
within the intersection is also computed from Equations 1-
3; otherwise, if shared lanes exist, the dissipation terms of
the turning movements must be considered (‘“‘Multilane and
Shared Lanes Treatment’). If right turns on red are allowed
from the NB approach, they can be treated as described in
“Sources and Sinks” (i.e., as in sources); in such a case the
generation term should be added to node O, — 1.

Following the EB green phase at intersection 1, several
phasing possibilities exist with varying effects on O,. Consid-
ering the possibility of an exclusive left turning phase from
the SB approach, Figure 2c applies, i.e., flow is again com-
puted by connecting O, to the stop line of the left turning
movements and employing Equations 1-3. During the NB-
SB green phase the right turning flows from the NB approach
can be treated as in “Turning Lanes” (sinks); in such case
node O, is an internal boundary analogous to O of section
E in Figure 2a. Stated otherwise, the sink treatment applies
in this case where the main flow is in the NB direction. The
only complexity is introduced when left turns from the SB
flow are also allowed simultaneously with the right turns and
through movement NB. This situation requires further
modelling. Referring to Figure 2d, one sees the total flow at
O, consists of the right turning component of the NB stream
and the left turning component of the SB stream. In this case
flow at O, and the right turns have priority and are treated
as before, i.e., nodes O ,; and O, are treated as nodes D and
Oy in Figure 2a, respectively. Flow at O}, is restricted by the
total flow at O, and is determined as in the optional left
turning case. Thus, at each time step total flow at O,, will be
the sum of the turning flows at O, and O.,. Because capacity
at O, is restricted by the flow at O, + 1 (see “Sources and
Sinks” for smks) capacity at O, restricts flow at O, first and
then at O.,. When these restrictions are in force, nodes O
and O become internal boundaries to allow propagation of
spillbacks.

TEST RESULTS

Testing of all the modelling details presented here requires
substantial data collection at many locations over a reasonably
long time. Due to the limited resources available, extensive
model testing could not be performed. As an alternative to
field data collection, microscopic simulation was employed to
generate the data base necessary to judge the realism and
estimate the expected accuracy of the proposed methodology.
More specifically, the most recent version of the NETSIM (9)
program was employed for this purpose. This program is rea-
sonably well established and documented and has been exten-
sively tested over the many years of its development. In addi-
tion to the comparisons against the simulated data, limited
testing with field data was also performed and is presented
in an earlier publication (16). In these earlier tests, nonlinear
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equilibrium u-k models were also employed including discon-
tinuous ones, and it was concluded that although proper u-k
selection can improve model performance, the linear alter-
native leads to acceptable accuracy levels. Prior to the com-
parisons with the data base, model performance was initially
determined by inspection of the results, including visual
checking of g, k, and u plots versus time and distance. This
was very effective for screening many modelling alternatives
that led to unreasonable results.

The measures of effectiveness employed to determine the
overall model accuracy and the method of their computation
are as follows:

Total Travel (in vehicle-miles):

N

J
T=> 2 q7 At Ax
j=1n=

where J is the total number of nodes (excluding the dummy
seomen ) and N is the simulation time/At.

segm the simulation tim
Total Travel Time under Interrupted Conditions (in vehicle-
minutes):

N J
TTTi = 2 }‘, n Ax At

Total Travel Time under Uninterrupted Flow Conditions (in
vehicle-minutes):

TTTu = 2 2 « Bx At

n=1j=

where k7, is the density that would have been realized at node
j under ideal conditions, i.e., if the signal were not present.
This is obtained by assuming continuous green at the stop
line of the approach being considered.

Delay (in vehicle-minutes):
Delay = TTTi — TTTu
Average Speed (in mph):
u=TTITTTi

Total Arriving Volume (in vehicles):
N
A=2 qii
n=1
Total Departing Volume (in vehicles):
N
D=3 qh
n=1

The deviations of the above measures of effectiveness from
the NETSIM estimates were computed and the percentage
difference (PD) between them determined. In the results pre-
sented next, a positive PD indicates that the modelling pro-
posed here overestimates the corresponding MOE compared
to NETSIM; conversely, a negative PD indicates underesti-
mation. Finally, it should be noted that the space increment
necessary for obtaining reasonable accuracy was found to be
in the range of 30 to 150 ft.

Space limitations do not allow presentation of all test results.
For this reason; only the comparisons from two representative
situations are presented. The first situation represents a straight
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through link without turning movements under light, medium,
and heavy flow conditions. The second one represents a coor-
dinated link without turning movements, under varying off-
sets. In the second situation, for easy intuitive inspection, it
is assumed no turning movements enter the link from the
cross street at the upstream ‘intersection.

Isolated Case

In this case, all through lanes are treated in an aggregate
fashion; thus, the results presented and the demand pattern
are per lane estimates. The link length is 2,600 ft. The arrival
flow changes from 630 vehicles per hour/lane to 900, 1,170,
and 360 vehicles per hour/lane every 15 min. These changes
replicate a realistic peak hour demand pattern. Assuming a
two-phase operation, a cycle of 60 sec, and a yellow interval
of 3 sec, the green time of the approach under consideration
is varied three times from 39 sec to 27 sec, generating light,
medium, and heavy congestion. The average degree of sat-
uration X corresponding to these timing plans and demand
pattern is 0.66, 0.85, and 0.94, respectively. Initial conditions
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in each case were determined from the NETSIM (9) program
following an initialization interval.

In earlier experimentation (4) the optimal step size was
Ax = 50 ft and At = 1 sec; this step size was adopted here.
Further, although nonlinear equilibrium u-k models can result
in higher accuracy (4), the linear model was employed here
to demonstrate the robustness of the proposed treatment. The
model parameters, i.e., the free flow speed u, and jam density
Kjam, Were assumed to be 34 mph and 212 vehicles per mile/
lane, respectively.

Table 1 presents the results obtained from the comparisons
between the model and NETSIM estimates following 1 hr of
analysis. The right half of the table (columns 6—10) presents
results obtained by. generating the arrivals according to the
stochastic process described in “Isolated Intersections” using
the 15-min averages previously mentioned. The left half (col-
umns 1-5) of the table corresponds to the NETSIM-generated
arrivals that were averaged every 3 min and used for obtaining
the model results. In both cases the NETSIM estimates are
the same because only the boundary conditions were changed
for testing the modelling proposed earlier. As expected, the

TABLE 1 COMPARISONS OF MODEL- AND NETSIM-GENERATED RESULTS

. NETSIN generated arrivals Model generated arrivals
CASE X=0.66 X=0.85 X=0.9%% X=0.66 X=0.85 X=0.9%%
Cap=1800 |Cap~=1800 | Cap=1636 Cap=1800 | Cap=1800 | Cap=1636
Uf=s34 Uf=32 Uf=34 Uf=34 uf=32 uf=34
NOE ) (2) 3 ) 5) 6) (¥4} (8) 9 (10)

v NETSIN 377.44 377.235 377.39 343.19 376.98 377.44 | 377.25 3717.39 343.19 376.98
(veh-mi.) | Nodet 399.30 401.09 401.46 372.19 383.76 400.87 393.86 | 416.19 366.78 417.96
PO (X) # (5.8) (6.5) (6.4) (8.4) A.8) 6.2) (4.4) (10.3) 6.9 (10.9)
VIt NETSIN 895.61 | 1726.22 | 1715.51 | 1543.74 | 2715.47 895.61 | 1726.22 | 1715.51 | 1543.74 | 2715.47
(veh-min) | Model 1026.23 | 1822.75 | 1784.84 | 1620.41 | 2083.83 | 1034.98 | 1787.05 | 1920.89 | 1695.85 | 3126.95
PO (X) (14.6) (5.6) (4.0) (5.0) (6.2) 15.6) (3.5) (12.0) (9.8) (15.2)

My
(veh-min) | Modet 806.84 806.78 848.00 746.64 760.91% 811.33 1.3 882.15 740.11 939.94
Delay NETSIN 223.70 | 1063.03 | 1009.47 954.84 | 2073.89 223.70 | 1063.03 | 1009.47 954.84 | 2073.89
(veh-min) | Model 219.39 | 1015.97 936.85 873.77 | 2122.92 223.66 995.73 | 1038.74 955.73 | 2187.01
PO (X) -1.9 (-4.4) (-7.2) (-8.5) (2.4) (0.0) -6.3) 2.9) (0.1) (5.4)
Average | NETSIN 25.30 13.14 13.23 13.39 8.38 25.30 13.14 13.23 13.39 8.38
Speed Model 23.35 13.23 13.50 13.78 7.98 23.24 13.22 13.00 12.96 8.02
(mph) PO (X) 7.7 (0.7) (2.0) 2.9) (-4.8) (-8.1) (0.6) .0 (-3.1) (-4.3)
Total NETSIM 763.50 763.10 763.20 694.30 763.00 763.50 763.10 763.10 694.30 763.20
Arrivals | Modet 763.70 763.80 753.80 703.60 T46.70 767.00 746.20 782.20 699.50 894.60
(veh) PO (X) (0.0) (0.0) -1.2) (1.3) (~2.?) (0.4) (-2.2) (2.5) 0.7) (17.2)
Jotal NETSIN 769.50 769.40 770.20 700.30 763.40 769.50 769.40 770.20 700.30 763.40
Departures | Nodel 843.00 780.50 T782.60 718.90 735.10 | 844.30 T73.40 | 803.40 710.10 754.90
(veh) PO (X) (9.6) (1.4) (1.6) 2.7 3.0 9.7 (0.5) (4.3) (1.4) (-1.1)

* Results above correspond to one hour simulation.
# PD (X) = percentage of difference from data = (Model-NETSIN)/METSIN * 1001.
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results of the left half of the table are closer to the NETSIM
data, although both are equally satisfactory.

Columns 2—4 and 7-9 corresponding to X = 0.85 include
two additional values of u, and capacity affecting the equilib-
rium u-k relationship to demonstrate the model sensitivity to
this relationship. As the tablé suggests, although model per-
formance deteriorates, the results are still acceptable. To be
sure, all the estimates obtained by the model are satisfactory
as they deviate mostly well below 10 percent from the NET-
SIM data. When the degree of saturation increases, model
performance improves; this suggests that the proposed
modelling is more appropriate for congested flows.

Before concluding, it should be noted that with respect to
uninterrupted total travel time TTTu, the differences between
the model results and NETSIM were more pronounced. This
is because of the difference in the method of calculating TTTu.
According to NETSIM, TTTu or “ideal travel time” is esti-
mated according to a ‘“target speed” for the link; however,
no further information on this speed is included in the pro-

gram documentation, and. nothing is mentioned about the

existence of the signal and how it is taken into account in the
calculations.

Signalized Links

During the testing of oversaturated coordinated links, it was
quickly realized that for the reasons mentioned later in this
section, NETSIM in its present form is not suitable for gen-
erating a reliable data base, i.e., it does not treat oversatu-
rated signalized links effectively. Therefore, the effectiveness
of the model can only be judged by intuitive inspection of the
results. Two test cases are presented here: one demonstrating
a spillback to the upstream link and another without spillback.
As in the isolated case, all through lanes are treated in an
aggregate fashion. As such, the results presented here pertain
to per lane estimates. A two-phase operation of a one-way
signalized link is assumed with a base cycle length of 150 sec
and a yellow interval of 3 sec. The layout is as in the EB
direction of Figure 2a; however, no side streets and turning
lanes are taken into account in these test cases. The arrival
flow begins at 864 vph/lane (capacity is 1,800 vph/lane) for
15 min and drops to 576 vph/lane for another 15 min. The
green times are 90 sec and 60 sec at the first and second
intersections, respectively. The average degree of saturation
corresponding to this time plan and demand pattern is 0.80
for the upstream link and 1.20 for the downstream link. A
two-cycle initialization period, with a flow of 720 vehicles per
hour/lane, was used to define initial conditions. A free flow
speed of 40 mph and a jam density of 180 vehicles per mile/
lane were assumed. The step size for both cases is Ax = 60
ft and Af = 1 sec. As noted previously, no turning movements
are assumed in this example; this implies no input to the
upstream end of the signalized link during red, for easy intu-
itive inspection of the formation and dissipation of congestion.

In the first case, the signalized link length is assumed to be
2,000 £t; this represents the case in which no spillback occurs.
Spiltback results when the queue from the downstream link
extends into the upstream link. In the second case, the sig-
nalized link length is 1,500 ft; this represents spillback of
congestion during the test period. In both cases, the offsets
are increased in steps from zero with a step size approximately
one quarter of a cycle. The test runs are for a period of half
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an hour. The results indicated that in the second case, the
queue from the downstream signal backs up into the upstream
link in the fourth cycle. The spillback recedes after five cycles
(i.e., in the ninth cycle) due to the lower arrivals into the
system after the first 15-min. interval.

The test runs also indicated that the offsets do not signif-
icantly affect the model results (MOEs) such as total travel,
total travel time, and average speed, while total arrivals and
departures are the same. When an aftempt was made to verify
this result by NETSIM, it was realized that this program pres-
ently cannot effectively treat oversaturated signalized links.
This is because the NETSIM results demonstrated great var-
iability with change in offsets. This latter result does not agree
with experience and intuition according to which at high sat-
uration levels, such as those presented, offsets should not
produce such large differences, i.e., they should not signifi-
cantly affect the MOEs. Part of the problem lies with the
NETSIM program, which presently does not deal with severe
congestion. For instance, when the upstream end of the link
is reached, NETSIM begins to store cars vertically ignoring
space and spillback effects.-Improvements to the NETSIM
program are being made to take spillback effects and severe
congestion into account. ‘

A visual depiction of the model’s performance is seen in
Figure 3, which shows the density plots versus space and time
for both cases. The plot includes the cycles at which conges-
tion is maximum. In the first case congestion barely reaches
the upstream intersection, while in the second case it spreads
to the upstream link. The blank spaces in Figure 3 are gen-
erated because, as explained earlier, no input occurs during
the red phase to the signalized link to allow some dissipation
of congestion. In this manner the trajectory of the queues
becomes clearer and their evolution easier to track. Finally,
compression and dispersion characteristics are manifested.

CONCLUDING REMARKS

In this paper an attempt was made to treat traffic flow at
congested intersections and arterials in a unified and consist-
ent macroscopic fashion. This was done without ignoring
important components and characteristics of urban streets and
making the oversimplifications usually encountered in prac-
tical and theoretical models. Major advantages of the approach
taken here are the explicit inclusion of both time and space
and compressibility characteristics. Unlike empirical models,
these characteristics are not induced artificially, but are inher-
ent in the modelling.

Another consideration concerning the usefulness of the
modelling presented here is that it can be implemented in
microcomputers. This is because of the simplicity of the
numerical schemes employed and the macroscopic nature of
the models, which allow efficient computations and minimal
memory requirements. The test results were in fact obtained
by implementing the proposed methodology in IBM-PC-based
software. Similar modelling was employed in an earlier
interactive microcomputer-based simulation program for
freeways (17).

- The testing presented here and testing against actual field
data presented in an earlier publication (16) are limited.
Although this earlier testing included more complex equilib-
rium models (nonlinear and discontinuous ones), more testing
is needed for model refinement and verification. This could
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FIGURE 3 Density plots demonstrating propagation of congestion.

lead to simplifications that are probably necessary for more
widespread practical implementation of the methodology pre-
sented here. Although the computational requirements of the
proposed modelling are substantially lower than those of
microscopic models, they are probably higher than empirical
models. A sacrifice in computational effort, however, should
be expected for more detail, accuracy, and realism.
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Traffic Distribution Fitting: A Systematic

Methodology

RusseLL THOMPSON AND WILLIAM YOUNG

Traffic distributions are an integral part of many traffic anal-
yses. The correct determination of these distributions is there-
fore essential. This paper presents a methodology for the deter-
mination of the appropriate distribution. The methodology
incorporates the data investigation, model selection, parameter
estimation, and goodness-of-fit stages in distributions fitting.
Many traffic analysts pay scant attention to the first two steps.
The methodology is formulated within a microcomputer pro-
gram, TRANSTAT, that has been developed to determine
appropriate traffic distributions. TRANSTAT incorporates many
recent developments in exploratory data analyses, expert sys-
tems, and outlier analyses. The paper describes the program
and illustrates its application to the determination of parking
duration curves.

Traffic engineering data analysis often requires the investi-
gation of statistical distributions (I). For instance, distribu-
tions are needed for traffic simulation, checking of distribu-
tional assumptions in statistical analysis, and the determination
of outliers (non-typical observations, inconsistent with
the other values in the sample). This paper emphasizes a
methodological approach for determining appropriate
distributions.

The probability distribution fitting process can be thought
of as a set of interconnected steps. The steps in the process
are:

e Data collection,

e Data investigation,

® Model selection,

e Parameter estimation,

e Goodness-of-fit determination, and
e Application.

It should be noted that curve fitting is an iterative process.
It is a search of possible alternatives for an appropriate expla-
nation of the data. The backward link between goodness-of-
fit testing and data investigation should continue until a “rep-
resentative” model has been found. The data investigation
and model selection stages of this process are often given scant
attention, with analysts moving straight from data collection
to parameter estimation. This paper emphasizes the need to
consider these steps fully.

The overlooking of the data investigation and model selec-
tion stage often results from the time needed to prepare graphs
and plots of the data.- The formalization of the methodology,
therefore, owes much to recent developments in microcom-
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puters and computer graphics. These developments have cre-
ated the rapid interactive environment that allows the data
investigation and model selection stages to become an impor-
tant part of the distribution fitting methodology. The discus-
sion of the methodology is therefore couched in terms of a
microcomputer package (TRANSTAT). TRANSTAT has been
developed to fit common univariate distributions to traffic
data. The need for such a package was identified largely from
the inadequacy of the existing commercial statistical packages
(2). Most packages did not include any facilities to fit distri-
butions to data. Some microcomputer statistical packages do
allow probability densities to be fitted (e.g., STATGRAPH-
ICS, SPSS/PC+). However, the treatment is usually very
limited. TRANSTAT contains unique modules relating to
outlier analysis, model guidance and diagnostic plots. Also,
critical regions as well as test statistics are presented for all
tests. These features render TRANSTAT superior compared
with conventional analysis packages. TRANSTAT provides
a comprehensive and user-friendly package to aid the inves-
tigation and modeling of statistical distributions.

This paper describes TRANSTAT, emphasizing the need
to take a good look at the data before attempting model
fitting, then illustrates its application to the determination of
the distribution of parking duration times.

TRANSTAT OVERVIEW

TRANSTAT is written in the Microsoft’s QuickBASIC com-
puter-programming language and is designed to run on IBM
PC-XT/AT microcomputers. Data input is via an ASCII file,
and individual data values must be separated by at least one
space. There is a data limitation of 2000 observations. The
file input data facility allows data to be directly interfaced
with automatic data collection devices enabling the transfer
of data without manual intervention. This can speed up anal-
ysis considerably and allow observations to be measured with
a high degree of accuracy. TRANSTAT is available from the
Department of Civil Engineering, Monash University, Aus-
tralia, for $100 (Aust.).

A conscious effort has been made to make TRANSTAT
as efficient as possible. Calculation speed has been given high
priority. For instance, when sorting data, the Quicksort rou-
tine has been used (3). This is accepted as being the fastest
general sorting procedure available for computers.

Color graphics have been used extensively throughout
TRANSTAT to enhance the modeling process. The package
allows either the Enhanced Graphics Adapter (EGA) or the
standard Color Graphics Adapter (CGA) to be used. EGA
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TRANSTAT

FILENAME: SPEED. DAT
MAIN MENU
1... EXPLORATORY DATA ANALYSIS
SUMMARY STATISTICS
. OUTLIER ANALYSIS
. MODEL GUIDANCE
DISTRIBUTION FITTING

D o e W N

. EXIT PROGRAM
ENTER OPTION?

FIGURE 1 TRANSTAT’s main menu.

graphics offer a higher resolution output with many more
colors.

Interactive enus are used throughout the package in an
attempt to make distribution modeling simple. The main menu
(Figure 1), allows any one of five modules to be chosen. After
selecting an option, another menu or prompt will be presented
requesting information. The structure of the main menu is
deliberately designed to encourage the distribution-fitting
methodology introduced above, and hence good modeling
practice, by the ordering of the options.

The following sections of the paper describe the options
offered in the main menu. They discuss the application of
exploratory data analysis, summary statistics, outlier analysis,
model guidance, and distribution fitting (the Chi-squared test
and the Kolmogorov-Smirnov test). The first two steps pro-
vide a strong indication of the type of distribution. The dis-
tribution fitting stage provides statistical measures of the degree
of fit between the observed and the expected distributions.

Exploratory Data Analysis

Exploratory Data Analysis (EDA) techniques (2) are becom-
ing very popular. These techniques seek to guide the analyst

into the appropriate analysis procedure through the visual

examination of data. Numerous plots of data can be used to
illuminate its structure and subtleties. Tukey (4) states that
EDA is “numerical detective work” and notes that its strength
lies in forcing “us to notice what we never expected to see.”

EDA should precede statistical inference and stochastic
model-building. Its role is to enhance the analyst’s knowledge
of the data before any inference is attempted. It is recom-
mended that several plots of the data be produced before any
models are fitted. The EDA module appears first on TRAN-
STAT’S main menu to encourage its early use in the modeling
process. :

Although there are many standard types of EDA plots,
EDA itself is not a set of well defined procedures. It consists

of any plot or data analysis technique which attempts to illus-
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trate the structure or subtleties of the data. The plots included
in TRANSTAT are commonly used for investigating one
dimensional data. The box, quantile, and jitter plots are avail-
able in TRANSTAT and provide a valuable tool for model
identification. To illustrate the variety of plots the histogram,
jitter, and box plots will be discussed.

The frequency histogram (Figure 2) provides an effective
method of displaying frequency data. However, since it sum-
marizes the data, it can produce a deceiving picture and care
should be taken in its interpretation. This distortion can be
caused by the length and number of the class intervals.
TRANSTAT offers the user the option of specifying the class
size and the start of the first interval to alleviate this problem.
1t is good practice to vary the class size in order to gain a
varied picture of the data’s distribution. In-practice, about
twenty classes over the data’s range usually provide a rea-
sonable picture of the distribution. . ‘

Chambers et al. (5) introduced an alternative to the fre-
quency histogram, a one-dimensional scatter plot. This plot
is called a jitter plot. Dots are used to represent observations.
The dots are placed in the appropriate position on the major
axes. This often results in loss of data due to point overlap.
The overlap is reduced by spreading the points randomly on
the vertical axis. The latter plot can be used to complement
a frequency histogram by providing an undistorted picture of
the data’s local density. The data’s range, density and sym-
metry can be easily seen from this plot. An example of the
combined frequency and jitter plots for different TRANSTAT
distributions is presented in Figure 2.

Another useful EDA plot is the box plot. Initially intro-
duced by Tukey (4), this plot summarizes the data by plotting
the upper and lower quartiles as well as the median. These
quartiles are represented by the top and bottom horizontal
lines of the rectangle with the median being portrayed by the
line within the rectangle. Generally, vertical lines extend from
the box to the minimum and maximum values. However, if
a very large or small value falls outside the upper quartile
plus or minus 1.5 times the inter-quartile range, it is high-
lighted by being plotted individually. The vertical lines then
extend to the next highest or lowest value falling inside this
range. This provides a simple method of identifying possible
outliers, singling them out for further examination. This plot
conveniently summarizes many distributional properties,
including symmetry, spread, and range. Figure 3 presents box
plots for the distributions available in TRANSTAT. Distri-
bution types can be rejected on the basis of symmetry, range,
etc., narrowing the possible model types to be considered.

Box plots can also be used to study numerous ‘‘batches”
of data. Multiple box plots can also be used to partition sets
of data into homogeneous classes. Figure 4 provides an exam-
ple of the application of this type of plot to the presentation
of parking duration data over time. Here, the skewness
of the data suggests that the exponential or Erlang may be
appropriate.

Summary Statistics

Summary statistics calculated from the sample are important
in determining the type of distribution. Most distributions
have a constrained range and other properties based on sam-
ple statistics.
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FIGURE 2 Histograms of various distributions.

Certain statistics measure the central tendency of data. The
mean, median, and mode are included in TRANSTAT. The
mean can often be distorted when outliers are present. It is
called a non-robust estimator as a result. A possible remedy,
the trimmed mean, for making the mean less sensitive to
outliers is present in TRANSTAT. The trimmed mean is where
a small proportion of data from each end of the sample is
trimmed, and the remaining observations are used to calculate
the average (6). The median is less sensitive to outliers and,
for nonsymmetric distributions, provides a more robust mea-
sure of location. The mode presents a poor measure of loca-
tion. Measures of dispersion indicate the spread or variability
of the data and include the range, standard deviation, and
coefficient of variation. The standard deviation provides a
suitable statistic to judge the reliability of the mean as a mea-
sure of location. The standard deviation is a measure of abso-
lute dispersion, and its units are the same as the data’s. The
coefficient of variation is a measure of relative dispersion. It
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allows populations to be compared. The peakness of the dis-
tribution is called the kurtosis. The symmetry of a distribution
is measured by the coefficient of skewness. A zero value
indicates a completely symmetric distribution. A distribution
can be skewed to the right (positive) or left (negative). Figure
5 illustrates the summary statistics output produced from
TRANSTAT. The use of four decimal places enables the
analyst to get an indication of the need for rounding; smaller
numbers of decimal places can be used.

Outlier Analysis

An important aspect of the distribution fitting methodology
is the determination of outliers. Outliers can be due to coding
or input errors. Further, with the increasing prevalence of
electronic equipment in data collection, protocol errors and
instrument errors are becoming common. Outliers can also
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FIGURE 4 Multiple box plots of half-hourly
parking duration data.

be due to' measurement or copying errors, both of which can
easily occur, if the data set is large. Since these values can
significantly affect sample estimates, they should be identified
and investigated for their validity.

The criteria used to detect potential outliers in the sample

data are those of Tukey (4) and Barnett and Lewis (7). The
first method is based on the test used for highlighting obser-
vations outside the fences in the box plot. Any value exceed-
ing the distance 1.5 times the interquartile range from the
median is selected. This method is distribution-free, which is
most favorable since at this stage in the modeling process no
distributional assumptions can be inferred. It provides a con-
venient and simple rule of thumb for identifying possible sus-
pect observations. However, since it assumes symmetry, it is
only relevant for samples which are approximately symmetric.

Barnett and Lewis (7), in their comprehensive summary of
outlier tests, give little attention or hope of any non-para-
metric methods being used to detect outliers. This is colorfully
expressed by their statement, “To deliberately abandon the
model, by seeking non-parametric (or distribution free) meth-
ods in some broad aim of robustness, smacks of throwing out
the bath water before the baby has even been immersed.”

" Therefore, it is not surprising that nearly all Barnett and

Lewis’s (7) “discordancy” tests are based on knowledge of
the underlying distribution. TRANSTAT also uses a “dis-

~ cordancy” test to identify any possible outliers for skewed
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TRANSTAT

DURATIONS INTERVAL 2

NO. OF OBSERVATIONS = 90

MINIMUM OBSERVATION = 1.0000
MAXIMUM OBSERVATION = 285

SAMPLE MEAN = 52.8778
SAMPLE MEDIAN = 28.0000
STANDARD DEVIATION = 71.1630
SKEWNESS COEFF. = 1.7924
KURTOSIS COEFF. = 4.9763
COEFF. OF VARIATION = 1.3458
MODE 3.0000

FIGURE 5 Summary statistics produced by
TRANSTAT.

distributions. It is based on the assumption that the sample
comes from an exponential distribution. This can be justified
by the fact that many known distributions have the exponen-
tial distribution as their limit, and many natural phenomena
are distributed this way. Furthermore, while being careful to
assume not all distributions are exponential, if data is signif-
icantly skewed this test is useful and performs quite well.

The system provides information relating to the observa-
tions which may be outliers based on the above criteria. It
gives the user the option of including these values in subse-
quent analysis. This relieves TRANSTAT of any decision
regarding the inclusion of these values in the analysis but
indicates that, if these values are to remain, their influence
will be significant (Figure 6). This information should encour-
age the user to investigate these observations for their validity.
Individual values can be deleted from the analysis using this
option if an outlier is confirmed.

91
Model Guidance

A small “expert system” has been included in TRANSTAT
to help users identify potential representative models. This
can eliminate many unlikely models from detailed examina-
tion. An “expert system” is described by Marksjo (8) as being
“a piece of computer software giving the illusion of being a
human expert within a restricted field of competence.” There
has been considerable interest in expert software applications
in statistics, with emphasis being given to systems where con-
sultant (expert) and client (user) interactions are imitated
(5,9). This new type of software can suggest actions which
will achieve the goals of the analysis and provide explanations
of output and of recommendations.

TRANSTAT provides a list of suggestea distributions
which should receive closer attention. The selection criteria
are based on inferences obtained from distributional prop-
erties (10). These potentially should provide a reasonable
fit, but formal and informal tests should be used to confirm
or reject this preliminary advice. Numerous tests are per-
formed based on the data’s symmetry, kurtosis, and range
to provide this initial selection of distributions. Confidence
limits are generated for the skewness and kurtosis coeffi-
cients as well as for the mean and standard deviations. These
are then compared with the properties of the theoretical
models and recommendations given as to their similarities.
The user can accept or reject the system’s advice concerning
suggestions. The system provides a list of most suitable
distributions and ranks these by their apparent suitability.
Reasons, in the form of explanations, are also given for the
rejected and suggested models. This will help educate ana-
lysts. The advice provided must be interpreted as preliminary
guidance, and the suggested models should be subjected to
the appropriate statistical tests before any conclusions can be
made. A sample of the model guidance produced by TRAN-
STAT is provided in Figure 7.

THE EFFECT OF THESE

STATISTICS WITH
MEAN 30.1548
STDVN 7.1155
MIN 14. 0000
MAX 58. 0000

TRANSTAT

FRELIMINARY SCANNING OF THE DATA HAS TDENTIFIED 1
UNREFRESENTATIVE ODBSERVATION(S) WHICH MAY FOSSIELY BE OUTLIERS

OQESERVATION (S)

ORSERVATION(S) ON  SAMPLE STATISTICS CAN
SEEN BY THE FOLLOWING COMPARISONS:

WITHOUT UNREFRESENTATIVE VALUES

E0.0840

6.9840
14, Q000
S50. 0000

DO YOU WISH TO DELETE THE AROVE OBSERVATIONS (Y/N)7

FIGURE 6 Outlier detection from TRANSTAT.



oo}

92

TRANSPORTATION RESEARCH RECORD 1194

EXPONENTIAL
ERLANG
LOGNORMAL

ARE MADE

TRANSTAT

MODEL GUIDANCE

AFTER PRELIMINARY INVESTIGATION OF THE CHARACTERISTICS
OF THE DATA THE FOLLOWING INFERENCES CAN BE MADE :

THE RANGE DOES NOT INCLUDE NEGATIVE VALUES
THE DATA IS NOT APPROXIMATELY SYMMETRICAL
THE KURTOSIS COEFFICiIEN"I' IS APPROXIMATELY 9
THE SKEWNESS COEFFICIENT IS APPROXIMATELY 2

BASED ON THE ABOVE INFORMATION THE MODELS THAT MAY. REPRESENT
THE DATA IN ORDER OF PREFERENCE ARE:

THIS IS PRELIMINARY ADVICE PLEASE ENSURE THAT THE ABOVE MODELS
ARE SUBJECTED TO THE APPROPRIATE TESTS BEFORE ANY CONCLUSIONS

FIGURE 7 Model guidance output from TRANSTAT.

Chi-Square Test

The previous discussion illustrated the general application of
a number of techniques to the investigation of the data and
the determination of the distributions likely to fit the data.
These are important steps in the distribution-fitting meth-
odology, and it is only after this investigation that data fitting
should be attempted.

The statistical fit of the data to the theoretical distribution
is tested in two ways. The first is a chi-square test. To test an
hypothesis that enumerative data falls into & classes with prob-
abilities p;, p, - . - , P, the chi-square test compares the actual
counts 04, 05, . . . , 0, with the number expected in each class
of k classes, npy, np, . . . , Apy. .

The comparison is made using the test statistic,

x2 =% (0, — E)*/ E, all
where

O, = observed frequency in class i
E; = model expected frequency in class i.

The null hypothesis is that the two distributions are the
same; and if this is true, the test statistic has a chi-square
distribution for large samples (n > 40).

Large value of x? indicates that it is unlikely the hypoth-
esized probabilities p;, py, . .., Py, are correct and the
hypothesized distribution is incorrect. The number of degrees
of freedom is the number of classes, k less 1, for each linear
restriction placed on the cell counts (11).

This test was originally designed for categorical data but
can be applied to continuous data models. It involves sub-
jectively choosing class lengths and the beginning of the first
cell. Different class sizes can be used, which can affect the
significance of the test (Z2). The subjective choice of class
intervals may be a limitation with this approach. An additional
problem with this test is that low cell expectancies can seri-
ously affect the test statistic. Even with these serious prob-

lems, the chi-square test remains the most popular test used
in distribution fitting. Its popularity seems to be due to its
ease in calculating the test statistic.

The size of the classes can be specified in TRANSTAT.
There seems to be little indication of what is an optimal class
size; in practice, many should be tried. Cochran (13) reports
that expected frequencies should be equal. This produces une-
qual class lengths. Mann and Wald (14) suggest the following
optimum number of classes: (k), based on a sample size (n):

n 200 400 600 800 1000 1500 2000
k 31 41 48 54 59 70 78

The chi-square statistic is usually only calculated for classes
where the expected frequencies are greater than 5. However,
there seems to be little agreement among statisticians as to
the minimum expected number for each class. Cochran (13)
suggests that, “since the discrepancy between observed and
a postulated distribution is often most apparent at the tails,
the sensitivity of the chi-square test is likely to be decreased
by an overdose of pooling at the tails.”” In this light, he con-
siders that the inflexible use of a minimum expectation of 5
may be harmful. A sample of the output produced from this
module of TRANSTAT is given in Figure 8.

Kolmogorov-Smirnov Test

The second test of goodness-of-fit is the Kolmogorov-Smirnov
test. It is for continuous data and can be used for samples of
any size (15). The test statistic is based on the measurement
of the maximum absolute vertical difference between the two
cumulative distributions (Figure 9).

The test compares F(x), the hypothesized (cumulative) dis-
tribution function, with S(x), the empirical distribution func-
tion. If the data follow the hypothesized distribution, then
| F(x) — S(x) | should be small.
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TRANSTAT

FOR ALPHA=.01 CR >
FOR ALPHA=.05 CR >

CHI SQUARE SUMMARY INFORMATION
THE CHI SQUARED GOF STATISTIC IS = 3.792273 WITH 5 DF

FOR ALPHA=.1 CR > 9.200409

15.07516
11.01793

FIGURE 8 Chi-square output produced from TRANSTAT.

Cumulative Probability

Data Values

FIGURE 9 Calculation of the
Kolmogorov-Smirnov test statistic.

The Kolmogorov-Smirnov test statistic for samples of size
nis D = Supremum | F(x) — S(x) | over all x.

The advantages of this test are that it uses all the data points,
it involves no subjective grouping, and it can be used on small
data sets. It therefore eliminates many of the weaknesses of
the chi-square test. If the parameters of the hypothesized
distribution are previously known, the critical regions are dis-
tribution-free and, for n > 30 are equal to 1.36/n at the 5%
significance level.

However, if the parameters of the hypothesized distribution
are estimated from the sample data, the common tabulated
values are not valid; and if used, they result in a conservative
test. Recognizing this major weakness, Lilliefors (16, 17)
developed new tables of critical values for when the param-
eters are estimated from the sample. Adjusted critical regions
were derived using Monte-Carlo techniques for the Expo-
nential and Normal distributions. The Monte-Carlo critical
values presented are approximately two-thirds that of the
common tables. Monte-Carlo techniques have also been used
to generate adjusted critical values for the Log-Normal dis-
tribution (2). Over 2000 distributions were generated for odd
sample sizes up to 30, and linear interpolation was used to
produce the even sample numbers. The results seem consist-
ent with those of Lilliefors (16).

Durbin (18) showed that critical regions can only be gen-
erated exactly if the estimated parameters of the distribution
are measures of location- and spread. This indicates the lim-
itation of Lilliefors’s (6) method to the Normal, Log Normal,
and Exponential distributions. However, Durbin described a
half sample device where the parameters are estimated using

a random sample of half the data. This procedure is asymp-
totically equivalent to the original test, and hence the common
critical regions can be used. The only drawback with this
method is that large samples (100 or more data points) are
required. TRANSTAT allows the user to specify whether or
not to use the half-sampling technique. If the half sample
technique is chosen, critical regions are displayed for the 1%,
5%, and 10% levels of significance for all models.

Another use of D is in comparative studies. Since D is a
measure of the model’s goodness-of-fit, it can be used as a
comparative statistic for evaluating various models. For exam-
ple, a result of model fit may produce a D equal to 0.11,
which can be interpreted as meaning that the two cumulative
distributions differ by at most 11% and should be preferred
to a model with a D value of 0.16.

The computation of the Kolmogorov-Smirnov test statistic
appears to be quite lengthy and complex, but close exami-
nation indicates both of these problems can be reduced.
D’Agostino and Nothier (19) state that this maximum distance
does not necessarily occur at an observation point, and there-
fore only using these points in the calculation of D generally
results in a conservative test. However, using mathematical
analysis it can be shown that the maximum difference will
occur either at an observation point of the empirical distri-
bution or a very small distance before one of these points
(10). Figure 10 presents some possible comparisons between
the theoretical cumulative distribution (F(x)) and the observed
one (S(x)). It can be seen that the maximum D value will be
found at, or just before, an observation. Using this result,
the computational effort is reduced to arrive at maximum:
twice the number of different observation points. This is sig-
nificantly more efficient than comparing these two functions
at numerous small increments. The accuracy of the test is
dependent upon how close to the data points the D value
chosen is. This in practice should be in the order a one tenth
of the measured significance.

Numerous plots can aid the interpretation of D. First, the
plot of both the model and the empirical data illustrates the
differences between them (Figure 11a). A second plot shows
the difference between the theoretical model and the observed
data points over the data’s range (Figure 11b). More specif-
ically, Figure 11b presents the D value in terms of the inde-
pendent variable and provides the 5% confidence intervals.
The plot provides an immediate view of the quality of the fit
on the distribution to the data.
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FIGURE 11 Kolmogorov-Smirnov analysis plots
produced from TRANSTAT: (a) plot of empirical and
theoretical cuamulative distributions and (b) difference
between observed and theoretical distributions.
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PARKING DURATION ANALYSIS USING
TRANSTAT

To illustrate the distribution-fitting methodology, TRAN-
STAT is applied to the investigation of parking durations. A
parking study was performed on a Saturday morning in July
1986 at the Mountain Gate Shopping Center lower carpark,
Ferntree Gully Road, Ferntree Guily, Australia. An input/
output technique was used to collect the data. Observers
recorded the time in minutes and the registration number of
vehicles entering or leaving the facility. This carpark has three
entrances and exits, a good number for such a survey. The
carpark has approximately 300 stalls with a variety of shops
adjacent to it, including a supermarket, newsagents, and a
restaurant. The data collected was summarized into half-hourly
intervals of durations by arrival times. This enabled the tem-
poral variation in parking duration curves to be investigated.
The first period was for the half-hour from 8:00 a.m. to 8:30
a.m., with the last period being from 1:00 p.m. to 1:30 p.m.
Short-term parkers mainly consisted of short shopping trips
(e.g., out-of-hours banking at the Commonwealth Handy Bank
Automatic Teller and staff being dropped off). High durations
were mainly from the staff of the shops and from the super-
market patrons.

After the collection of the data, the first step in the dis-
tribution fitting methodology is to begin to build knowledge
about the data. This can start by looking at the summary
statistics. The summary statistics (Table 1) of the duration
data by half-hour intervals provides valuable insight into
the data’s structure. The durations are presented visually
in the multiple box plot in Figure 4. It can be seen that
there is a general decrease in the average duration as the
study progresses, and that there are many large durations
in the first few periods. The large durations were vehicles
of the staff of the businesses in the shopping center. They
were therefore deleted from analysis as they were consid-
ered to be outliers. The criterion used for identifying long-
term parkers was durations longer than 180 minutes. The
mean duration time of vehicles, corrected for outliers,
decreased steadily by the interval of arrival (Figure 12). A
simple linear regression equation was fitted to this data with
the following relationship established:

Mean Duration = 46.6601 —3.4481*(Interval no.)

The fit was reasonable with an R-squared value of 78.44%.
This result is very useful, as the model type that is chosen to
represent durations by intervals has the mean as a parameter.
The estimation of this parameter can be made with associated
confidence intervals using this relationship.

The standard deviation of the durations also decreased in
proportion to the mean with a constant linear relationship
evident. A linear regression model was fitted providing a very
good relationship (R squared of 93.74%). The following rela-
tionship was established using Least Squares Regression:

Mean = —9.8457 + 1.4784*(Standard deviation)

Data for all the intervals were positively skewed ranging from
1.2741 to 2.5641. These high values of skewness indicate that
the normal, logistic, and rectangular distributions would not be
suitable for modeling this data. The kurtosis coefficients were
between 3.9 and 9.00, with those around 9 indicating the suit-
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TABLE 1 SUMMARY STATISTICS FOR PARKING DURATION DATA BY

INTERVAL
INTERVAL STANDARD SKEW. KURTOS. COEFF
NO. N MAX MIN MEAN MEDIAN DEV. COEFF. COEFF. VAR.
1 48 200 1 35.19 30 40.00 2.21 8.82 1.14
1/A 47 160 1 31.68 29 32.13 1.73 6.98 1.01
2 90 285 1 52.88 28 71.16 1.79 4.98 1.35
2/A 79 149 1 28.92 20 30.71 1.84 6.74 1.06
3 153 262 1 37.05 17 53.94 2.56 8.00 1.46
3/A 143 165 1 24.90 186 27.92 2.67 11.94 1.12
4 160 155 1 25.14 17 24.01 1.94 8.58 0.96
5 181 155 1 26.35 15 30.14 2.21 8.56 1.14
6 219 102 1 25.31 19 21.52 1.27 4.31 0.85
7 193 116 1 27.35 20 24.17 1.28 4.41 0.88
8 171 81 1 21.98 16 19.01 1.29 3.94 0.87
9 104 75 1 18.08 14 16.42 1.44 4.78 0.91
10 63 47 1 11.48 8 10.28 1.47 4.74 0.90
11 38 15 1 4.90 4 3.40 1.54 4.96 0.70
ALL 1420 285 1 26.96 186 34.19 3.46 18.98 1.27
ALL/A 1398 165 1 23.96 15 24.42 2.10 9.19 1.02
NotE: /A = data with extreme low values removed.
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FIGURE 12 Plot of mean duration by arrival interval.

ability of the exponential distribution. A histogram and jitter
plot of the data for half-hour interval number 5 is presented in
Figure 13. The data for the whole morning can be conveniently
summarized in a multiple box plot (Figure 4). The positive
skewness of the data by intervals is evident from the smalil
distance from the median and the minimum value compared to
the maximum value. The steady decay of duration times by
interval is obvious from the reducing medians and maximum
values. The high number of outliers, particularly in the early
intervals, highlights the long-term (staff) parkers. The general
decrease in frequency with increasing duration is consistent with
an exponential or Erlang distribution.

From the exploratory data investigation, it was considered
that only the Exponential, Erlang, and Log Normal models
could possibly represent the data to an acceptable level.

Observations over 180 minutes were deleted from the anal-
ysis, as their properties were of little interest. The Kolmo-
gorov-Smirnov test was used for analyzing the goodness-of-
fit of the distributions and the half-sample parameters were
used when the sample size was over 150. This enabled critical
regions to be established for these data sets. For the intervals
where there was a small number of observations, the Monte-
Carlo generated values were used.

The results of each of the models performance are pre-
sented in Thompson (10). Overall, only one data set (half-
hour interval no. 11) failed to be satisfactorily represented by
any of the models. To summarize the model fit, a ranking
procedure was adopted. A score of 3 points was given for a
model fit with no significant difference between the model
and the data at the 10% level. A score of 2 was assigned to
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HALF HOUR INTERVAL 106.008-10.30
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FIGURE 13 Histogram of parking durations half-
hour interval no. 5.

a fit where a significant difference was detected at the 10%
level. A score of 1 was assigned to a fit where a significant
difference was detected at the 5% level. A zero score was
assigned if a significant difference was detected at the 1%
level. Using these rankings, the results are summarized in
Table 2.

The best overall model was the Exponential, with the Log-
normal distribution also performing well. The Erlang model
rarely fitted the data well. Figure 14 illustrates the fit of both
the Exponential and the Log Normal models to the duration
data observed in half-hour interval number 8. An alterna-
tive ranking procedure based on the smallest D value for
each model produced similar results. They are presented in
Table 3.

The closeness in performance of the Exponential and Log
Normal models is highlighted in Tables 2 and 3. Overall, the
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Exponential distribution appears to accurately represent the
parking durations of shoppers by half-hourly intervals. The
associated parameters are a function of the mean of the data.
This provides a convenient method for the generation of dif-
ferent distributions with varying means, since the mean/half-
hourly interval relationship allows for the temporal variation
to be included.

The more common method of looking at the distribution
of parking durations is to group the data for the entire study
period. The distribution of parking durations for all the data
is therefore presented in the box plot in Figure 15. It illustrates
the high degree of skewness and large number of outliers that
are present.

The summary statistics of the durations for all the data
(Table 1) exhibit many of the same characteristics as the indi-
vidual half-hour interval data: high skewness and kurtosis
coefficients. This general trend is further highlighted in the
frequency and jitter plots presented in Figure 16. A very high
coefficient of kurtosis of 18.7883 was calculated.

The distribution of the parking duration for the entire study
period was also investigated. It showed no distribution could
be accepted at the 10% significance level. However, after
excluding the outliers from the data, the Log Normal model
just failed to be accepted at the 10% level, with a D value of
0.0477. Poorer fits were found when every distribution was
applied to the data sets with the long-term parkers included.

CONCLUSIONS

This paper has outlined a methodology for traffic distribution
fitting. The methodology incorporates the steps of data inves-
tigation, model selection, parameter estimation, and good-
ness-of-fit testing. The methodology has been formulated in

TABLE 2 RANKING OF SIGNIFICANCE OF ERLANG, EXPONENTIAL, AND LOG NORMAL

DISTRIBUTIONS TO DATA

Half-Hour Interval Number

Rank
Model 1 2 3 4 5 6 7 8 9 10 11 Sum
Exponential 2 1 3 3 2 0 3 3 3 3 0 23
Erlang 3 0 3 3 0 0 0 0 0 0 0 9
Log normal 0 0 3 2 3 3 2 3 1 3 0 20
INTERVAL NO. 8 INTERVAL 8
LOG NORMAL EXPONENTIAL
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FIGURE 14 Exponential and Log Nermal models of interval 8.



Thompson and Young

97

TABLE 3 RANKINGS OF DISTRIBUTION FITS BASED ON D

Half-Hour Interval Number

Rank
Model 1 2 3 4 5 6 7 8 9 10 11 ‘Sum
Exponential 2 2 3 2 2 3 3 2 3 2 1 25
Erlang 3 1 2 3 1 1 1 1 1 1 2 17
Log normal 1 3 1 1 3 2 2 3 2 3 3 24

NoOTE: 3 = smallest D, 2 = 2nd smallest D, 1 = largest D.
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FIGURE 16 Histogram of all durations.

terms of a statistical package (TRANSTAT). The package
has incorporated recent developments in exploratory data
analysis, outlier determination, and expert systems. It is a
comprehensive probability distribution-fitting package which
enables probability density functions to be easily fitted to
sample data. Full statistical details are provided enabling sub-
sequent probability analysis. The package offers the traffic
analyst an interactive, fast, and accurate package to aid in
distributional analysis. TRANSTAT has been used for check-
ing distributional assumptions in classical statistical analysis,

preparing input to simulation models, and performing prob-
ability and analysis.

The distribution fitting methodology was applied to the
investigation of the distribution of parking times. The distri-
bution of parking times was shown to be an exponential dis-
tribution. However, more importantly, the study demon-
strated that the distribution of parking times varied throughout

i fivna wmrng Frnsend ¢n Annmnnom

to decrease by‘
approximately 3.5 minutes/half hour, from a maximum of 46
minutes in the first half-hour to a minimum of 9 minutes.
Other applications of TRANSTAT look at the speed of vehi-
cles in parking lots and headway distributions (10).

o '~
the day. The mean parking linic was iouna
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CARSIM: Car-Following Model for
Simulation of Traffic in Normal and
Stop-and-Go Conditions

R. F. BENEKOHAL AND JOSEPH TREITERER

A CAR-following SIMulation model, CARSIM, with more
realistic features to simulate not only normal traffic flow but
also stop-and-go conditions on freeways, has been developed.
The features of CARSIM are: (1) marginally safe spacings are
provided for all vehicles, (2) start-up delays of vehicles are
taken into account, (3) reaction times of drivers are randomly
generated, (4) shorter reaction times are assigned at higher
densities, and (5) dual behavior of traffic in congested and non-
congested conditions is taken into consideration in developing
the car-following logic of this model. The validation of CAR-
SIM has been performed at microscopic and macroscopic lev-
els. At the microscopic level, the speed change patterns and
trajectories from CARSIM were compared with those from
field data; whereas at the macroscopic level, average speed,
density, and volume computed in CARSIM were compared
with the values from real world traffic conditions. The regres-
sion analysis of simulation results versus field data yielded R®
values of 0.98 and higher, indicating that the results from
CARSIM are very close to the values obtained from field data.
One example of the application of CARSIM fo study traffic-
wave propagation is presented.

Since the beginning of traffic simulation in the mid-1950s,
more realistic features have been added to newly developed
models. In the more recent models, the emphasis has shifted
from machine-processing efficiency to human efficiency in
using the models (2, 3). A comprehensive review of car-fol-
lowing studies is provided (I), as are a comparison of car
following models (4, 5, 9) and a review of traffic simulation
models (6, 7, 8). The feasibility of developing an integrated
simulation system to improve the human and computational
efficiency has been investigated by Federal Highway Admin-
istration since 1975. As a result, an integrated traffic simu-
lation model, called TRAF, has been developed and can be
used for the evaluation and development of traffic control
and traffic management policies (2). The creation of TRAF
was not involved with new model development, but with the
enhancement of the best existing traffic simulation models.
The most complete and updated microscopic freeway sim-
ulation model is INTRAS (9), which was included in phase 1
of TRAF. INTRAS is a highly complex stochastic model and
is capable of simulating a variety of traffic/flow conditions.
However, the INTRAS model is not capable of realistically

R. F. Benekohal, Department of Civil Engineering, University of
Illinois at Urbana-Champaign, 208 North Romine Street, Urbana,
I1l. 61801. J. Treiterer, Civil Engineering Department, Ohio State
University, Columbus, Ohio 43210.

simulating the behavior of traffic in stop-and-go situations on
freeways. This is mainly due to the following assumptions
made in developing iis car-following algorithin:

(1) INTRAS uses a constant value of 0.3 seconds to rep-
resent the reaction time of drivers (a lag).

(2) INTRAS does not take into account the start-up delay
of the stopped vehicles.

(3) In INTRAS, the dual behavior of traffic in congested and
non-congested conditions has not been taken into consideration.

Therefore, a new car-following model or a substantial
improvement in the car-following algorithm of INTRAS is
needed, if the model to be is used for simulation of stop-and-
go conditions on freeways.

The CAR-following SIMulation model, CARSIM, was
developed to take into consideration the aforementioned
shortcomings of the INTRAS car-following algorithm and to
offer additional realistic features and capabilities for simu-
lation of stop-and-go conditions on freeways. In its present
form, CARSIM simulates only the car-following behavior of
freeway traffic. CARSIM has been validated at microscopic
and macroscopic levels using field data. At the microscopic
level, the speed change patterns and the trajectories of vehi-
cles obtained from CARSIM were compared with those from
field data. At the macroscopic level, however, the average
speed, density, and volume computed in CARSIM were com-
pared with the values calculated from the field data. The
development and validation of CARSIM as well as its features
and capabilities are briefly discussed in the following sections.

FEATURES OF CARSIM

The following features were included in the development of
car-following logic of CARSIM:

1. The vehicles’ acceleration and deceleration rates were
kept within the reasonable values observed in actual traffic
conditions, and yet marginally safe spacings were provided
for all vehicles.

2. The delay in response of the following driver to the lead
car’s deceleration was taken into consideration. The delay is
equal to the reaction time of the driver.

3. The start-up delay of a stopped vehicle was taken into
consideration. The start-up delay is, on the average, less than
2 seconds.
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4. The dual behavior of traffic in congested and non-con-
gested conditions was taken into consideration. For non-con-
gested flow condition (density less than 60 vpm), the following
and lead vehicle both have the same maximum deceleration
rate. However, a maximum deceleration rate of 13 ft/sec/sec
is used for the following vehicle when density exceeds 60 vpm,
while the maximum deceleration rate for the lead car is 16
ft/sec/sec. The use of different maximum deceleration rates
for congested flow condition is merely for computational
purposes.

5. CARSIM uses varying reaction times for an individual
driver and different reaction times for different drivers. The
reaction time of a driver in congested flow conditions is less
than his reaction time in free flow conditions. A driver’s reac-
tion time is randomly selected from a category of twelve dif-
ferent reaction times.

6. CARSIM has the capability to simulate stop-and-go con-
ditions, a feature that is extremely important in studying the
effects of kinematic disturbances on traffic.

DESCRIPTION OF CARSIM

The car-following and the acceleration algorithms are the two
most critical routines in CARSIM. A detailed discussion of
these algorithms will be given in the following sections. A
brief discussion of the inter-arrival time of vehicles, vehicle
generation, reaction time of drivers, and speed distribution
will be also presented. For programming of CARSIM, SIM-
SCRIPT II.5, a simulation language, is used (10).

Car-Following Algorithm

The car-following algorithm is basically a vehicle-advancing
mechanism that facilitates the movement of vehicles from one
point to another along the road. In conjunction with the accel-
eration routine, it determines the proper acceleration or dece-
leration rate a vehicle should maintain in a given time interval.
Once the acceleration or deceleration rate is determined, it
is used to compute the speed and the location of the vehicle
at the end of that time interval. In CARSIM, the following
vehicle will be advanced to a position that provides it enough
space headway to decelerate to a safe speed or a complete
stop when the lead car reduces its speed.

The very important parameter in advancing a vehicle
throughout the system is finding the proper acceleration or
deceleration rate (AXL). AXL is determined in the accel-
eration routine. Once this rate is known, the speed and the
location of the vehicle, at the end of updating time interval,
is calculated using the following equations:

Ve = Vi + (AXL)(DT) 1)
Xp = X; + V5 (DT) + 0.5 (AXL)(DT)? 2)
where:

AXL = proper acceleration or deceleration rate for that
time interval;

scanning time interval (1 second);

velocity of the following vehicle at the beginning
or end of the scanning time interval;

DT
Vr

i

1
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Xr = position of the following vehicle at the beginning
or the end of the scanning time interval.

The car-following algorithm checks whether or not the vehi-
cle is the first unit in the system (leader). If the vehicle is the
first unit in the system and is traveling at its desired speed or
at the speed limit, an acceleration rate of zero is used to update
the speed and location of this vehicle. However, for a vehicle
traveling slower than the desired speed or the speed limit,
the rate (AXL) is computed from the acceleration routine.
When the first vehicle in the system is traveling faster than
the desired speed or speed limit, either an acceleration of zero
or a comfortable deceleration rate is used to update the speed
and location of this vehicle.

For the following vehicles in the system, the acceleration
routine is called to determine the acceleration or deceleration
rate. The following section describes how the acceleration or
deceleration rates are determined in the acceleration routine.

Acceleration Algorithm

The acceleration routine determines the acceleration or decel-
eration rate a following vehicle should have while satisfying
all safety and operational constraints. Several acceleration or
deceleration rates are computed for different situations, and
the most suitable one is selected for each vehicle in every
time interval.

The acceleration or deceleration rates are computed for
every vehicle in 1-second time intervals for the following
situations:

1. The following vehicle is moving but has not reached its
speed limit or desired speed: Al.

2. The following vehicle has reached its speed limit or desired
speed: A2.

3. The following car was stopped and has to start from a
standing still position: A3. ‘

4. The following vehicle’s performance is governed by the
car-following algorithm while space headway constraint is sat-
isfied: A4.

5. The following vehicle is advanced according to the car-
following algorithm with non-collision constraint: AS.

In addition to these, comfortable deceleration rates and
maximum allowable deceleration rates of the following and
the lead vehicles are taken into consideration in order to limit
the computed values within a reasonable boundary.

The discussion of the procedures for the computation of
the acceleration or deceleration rates are given in the follow-
ing sections.

Computation of Al

Al is acceleration rate of a moving vehicle or a vehicle ready
to move, constrained only by the mechanical ability of the
vehicle. A1 is taken from Table 1 for a given vehicle type and
speed. This table is constructed based on maximum acceler-
ation-rate information given in the Transportation and Traffic
Engineering Handbook (T&TEH) (11).

The normal acceleration and deceleration rates for a pas-
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TABLE 1 TYPICAL ACCELERATION RATES (ft/sec/sec) FROM STANDING
START TO 15 mph AND 30 mph, AND AT VARIOUS RUNNING SPEEDS

THEREAFTER, ON A LEVEL ROAD

vehicle speed (mph)
type
0-15 15-30 30-40 40-50 50-60 >60
passenger
car
8.80 5.50 5.17 4.17 3.08 2.09
tractor
semi-
trailer
2.20 1.10 0.88 0.44 0.44 0.44

TABLE 2 NORMAL ACCELERATION AND DECELERATION RATES (ft/sec/sec)
FOR PASSENGER CARS WHEN THE DRIVERS ARE NOT INFLUENCED TO

REACT RAPIDLY

speed change (mph) acceleration deceleration

from 0-15 4,84 7.77
15-30 4,84 6.74
30-40 4.84 4.84
40-50 3.81 4.84
50-60 2.93 4.84
60-70 1.91 4.84

senger car are given in Table 2 (17). These values were observed
where the drivers were not influenced to react rapidly. For
trucks, 75% of the values in Table 2 are used.

Computation of A2

A2 is the acceleration or deceleration rate a vehicle needs to
reach the desired speed (DS' V) or the speed limit. A driver
will try to reach his desired speed or the speed limit as fast as
possible while satisfying all safety and operational constraints.

The desired speed will be equal to the speed limit when a
driver does not want to drive above the speed limit. In CAR-
SIM, a courtesy factor which shows what percentages of the
drivers will obey the speed limit or the suggested speed is
assigned by the user.

Computation of A3

A3 is the acceleration rate of a stopped vehicle when it starts
moving after a start-up delay. When a platoon of vehicles is
subjected to a kinematic disturbance, the speed of the vehicles
will decrease gradually and finally they may come to a com-
plete stop. After the lead car moves, the follower will move
after a few seconds of delay: “start-up delay.” The investi-
gation of Ohio State University trajectory data (12) revealed
that the start-up delay for the cars in a platoon is about 1 to
3 seconds.

It is assumed that the drivers with shorter reaction times
will wait less than the drivers with longer reaction times. In
CARSIM, less than 20% of the drivers have a reaction time
of 0.68 seconds in a surprise situation. These drivers will wait
1 second, but the rest of the drivers will wait a maximum of
2 seconds, before moving again. Comparison of the trajectory
plots generated by CARSIM for four stop-and-go conditions
indicated that the assumed start-up delays are very reasona-
ble. Less satisfactory results were obtained when a 2-second
start-up delay was used for all drivers. The propagation speed
of the starting wave would be about 14 ft/sec when the assumed
start-up delays are used.

A vehicle will not be allowed to move, regardiess of how
long it has been stopped, as long as the non-collision con-
straint is not satisfied. For a vehicle starting from a stand-still
position, the acceleration rate is 2 ft/sec/sec for passenger cars
and 1 ft/sec/sec for trucks for the first second of the movement.
Thereafter, the acceleration is determined according to the
car-following algorithm.

Computation of A4

A4 is the acceleration computed from the following equation
(using equality):

X, - (Xr + Vo (DT)

+05(A9) (DT =L, +K (3
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where:

X, = position of the lead vehicle;
L, = length of the lead vehicle;
K = buffer space between vehicles; K = 10 ft when den-
sity is not very high.

The other terms have been defined previously.

A4 is the acceleration rate when a space headway of greater
than or equal to the sum of the length of the lead car and a
buffer space of K feet is provided. A buffer space of 10 feet,
as suggested by the INTRAS model, provided satisfactory
trajectory plots when density was not very high. However,
study of the Ohio State University trajectory data (12) indi-
cated that the use of a 10-foot buffer space cannot be justified
at high densities. For example, for platoon 123 with fifteen
cars, minimum space headway which occurred near jam den-
sity was in the range of 18.41 to 30.99 feet, and the average
of the minimum distances was 22.44 feet. The minimum spac-
ing would be different depending on the density of traffic: for
near-jam density conditions, a 5- to 7-foot buffer space was
used.

Computation of A5

AS is the acceleration or deceleration rate of a vehicle when
the non-collision constraint is satisfied. The following equa-
tion is used to assure that enough spacing is provided:

X, — (Xp + V. (DT) + 05 (AS) (DT)>) - L, — K =
[Ve + (A5) (DT)] (BRT), or
[Vr + (A5) (DT)] (BRT)
Ve + (45 OT)P V.2 )
2(MX.F) 2(MX.L) @)

maximum of

where:

BRT = brake-reaction time of a driver;
V, = velocity of the lead car at the end of time interval;
MX.F = maximum deceleration rate of the following car;
MX.L = maximum deceleration rate of the lead car.

Il

It can be seen that the non-collision constraint built in the
logic of CARSIM is:

[Vr + (A5) (DT)P
2(MX.F)
Ve
T 2AMX.L) 0 ©®

[Ve + (A5) (DT)] (BRT) +

The value of A5 is determined such that after moving a
following vehicle to its new position there will be enough space
headway for this vehicle to react to a decelerating lead vehicle,
and stop or reach a safe driving speed. Assuming the non-
collision constraint is satisfied, solve equation 4 for A5 and
simplify it to obtain equation 6:

(DT)? (A5 + B(AS) + C< =10 6)
where
B =2 (Vo)(DT) + 2 (MX.F)(DT)(BRT)

+ (MX.F)(DT)?
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C = -2 (MX.F)X, - X; = Vo (DT)
- L, — K — V) (BRT)

Vi

*amxry T VF

Solve equation 6 for AS.
AS =[~B + (B> — 4(DT)* (O / [2(DT)?] ™

A5 computed from equation 7 may be for acceleration or
deceleration depending on the values of B and C.

Since A5 is computed using the non-collision constraint,
equation 4 is evaluated using A5. By substituting A5 in equa-
tion 4, determine whether or not the left-hand side of equation
4 is greater than or equal to the maximum of the two expres-
sions on the right-hand side. If this condition is not satisfied,
use the first expression on the right-hand side of equation 4
to compute AS5.

To use CARSIM as a dual-regime model, computations are
performed with different MX.F and MX.L values. When the
density is greater than 60 vpm, an MX.F of 13 ft/sec/sec,
instead of 16 ft/sec/sec, is used in computations of A5. When
the density is less than 60 vpm, a maximum deceleration rate
of 16 ft/sec/sec is used for both the following and the lead
vehicles.

Proper Acceleration or Deceleration Rate

Once Al, A2, A3, A4, and A5 have been computed, a com-
fortable deceleration rate (AC) is also determined for each
speed group from Table 2. The comfortable deceleration rate
will be used when a driver slows down just to reach the posted
speed limit. Using a comfortable deceleration rate would pre-
vent a sudden decrease of speed which might cause another
kinematic disturbance.

To choose the proper acceleration value, the program finds
the minimum of A1, A2, A3, A4, and A5 and uses this positive
number as the acceleration rate. The proper deceleration value
is either comfortable deceleration (AC), or A2, or AS. It is
always less than the maximum deceleration rate of 16 ft/sec/
sec. If A2 < AC and AC < minimum of (A44,A45), then AC
is used. If AC < A2 and A2 < minimum of (44,A5), then
A2 should be used; otherwise, A5 is used.

After determining the proper acceleration or deceleration
rate, the speed and the position of a vehicle are computed
using equations 1 and 2. This vehicle is advanced to a new
position and the rest of the vehicles are moved in a similar
fashion. This process is repeated in 1-second time intervals
for all vehicles in the system. For each driver-vehicle unit in
CARSIM, a set of attributes is assigned before it is allowed
to enter the model. These attributes are discussed in the fol-
lowing section.

Driver-Vehicle Characteristics

Vehicles are generated one at a time, and a set of attributes
is assigned to each vehicle upon generation. The driver-vehi-
cle characteristics such as type and length of vehicle, emer-
gency deceleration, complying index, location, identification
number, desired speed, brake reaction time, and arrival time
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are assigned to every unit. The traffic mix is a user-specified
input variable.

In developing the model, several decisions are made with
regard to the inter-arrival time, brake reaction time, and speed
distribution of the vehicles. These topics will be discussed in
the following sections.

For light traffic, where there is less vehicle interaction, the
inter-arrival time constitutes an exponential function. As traffic
volume increases, the interaction between vehicles becomes
more frequent. Considering the behavior of drivers in the car-
following situations, one may expect the headway distribution
to have an exponential tail. Therefore, the headways can be
generated from functions such as log normal, truncated nor-
mal, or shifted exponential. For this model, the time headway
between successive vehicles is generated from a negative shifted
exponential distribution.

~Amnother characteristic assigned to each vehicle is the desired
speed. One important factor influencing the shape of the speed
distribution plot is the density of traffic. In high density traffic
the variation in speed is not as much as in free-flow traffic
conditions, thus more uniformity is expected. Duncan (14),
Breiman et al. (I3), and Pahl (I5) suggested normal distri-
bution, while Ashworth (16) proposed an Erlang distribution
instead of a normal distribution for speed. In CARSIM, the
desired speed of vehicles is generated from a truncated normal
distribution with a mean of 55 mph and a standard deviation
of 5 mph.

A full description of the other attributes used in CARSIM
is described elsewhere (7). In the following section, the dis-
cussion about brake reaction time is presented.

Brake Reaction Time

The response of a driver jointly varies with that driver’s stim-
ulus and sensitivity. Thus, the brake-reaction time not only
varies among the drivers but also changes for a given driver
under different conditions. Johansson and Rumer (I7) reported
that the median brake-reaction time was 0.66 seconds and the
range was between 0.3 to 2.0 seconds in alerted situations. A
recent study by Olson et al. (I8) used two groups of drivers:
a younger group, age 40 or younger; and an older group, 60
or more years old.
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For surprise conditions, the 5th and 95th percentile range
was 0.85 to 1.6 seconds for young drivers and very close to
these values for older drivers. For young drivers, the 5th and
95th percentiles for alerted conditions were 0.57 and 1.37.
For older drivers, the values were a little longer.

The reaction times used in CARSIM were obtained from
a cumulative distribution plot based on Johansson and Rumer’s
data. The reaction time varies from 0.4 to 1.5 seconds for
alerted (congested) conditions, in increments of 0.1 seconds.
There are twelve different reaction times, and one of them
is assigned randomly to each driver. The probability of assign-
ing each one of the twelve values is not the same. The per-
centage of drivers having reaction times of less than or equal
to the specified value are given in Table 3 for alerted and
surprise situations. The reaction times used in CARSIM are
very close to the young drivers’ reaction times in Olson’s
study.

The use of varying reaction times is more realistic than using
a constant value for all densities and more reasonable than
using a constant value for all drivers. When a driver is in a
platoon or in unexpected traffic congestion on the freeway,
he would be driving with more attention to the situation than
when he sees only a few cars on the freeway. Due to this fact,
CARSIM uses shorter reaction times when density is greater
than 60 vpm.

However, adjustments are made for trucks such that no
truck with a reaction time of less than 1 second is allowed to
enter the system.

DATA BASE

The data used for validation of CARSIM are the Ohio State
University trajectories data collected by Treiterer (I2) using
aerial photogrammetric techniques. The photographs were
taken in 1-second time intervals. The location of a vehicle is
estimated to be accurate within = 0.50 feet and the speed is
determined with an error of + 1.0 mph. The data was col-
lected from I-70 in Columbus, Ohio, a 3.5-mile-long section
with three on- and three off-ramps. The data provides spac-
ings, headways, longitudinal positions, and speeds for all
vehicles.

From the data, the following four platoons which experi-

TABLE 3 REACTION TIME OF DRIVERS (IN SECONDS) IN LIMITED
ANTICIPATION (ALERTED) AND SURPRISE CONDITIONS

% of alerted surprised

drivers situation situation
100 1.50 2.03
98 1.40 1.89
96 1.30 1.76
94 1.20 1.62
90 1.10 1.49
88 1.00 1.35
81 0.90 1.22
72 0.80 1.08
64 0.70 0.95
48 0.60 0.81
20 0.50 0.68
4 0.40 0.54
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enced a stop-and-go condition are used in the validation of
CARSIM:

(1) Platoon 123: A group of fifteen vehicles which has no
vehicles entering or leaving the platoon.

(2) Platoon 126: The platoon started with fifteen vehicles,
and after several seconds two cars left the platoon and one
car joined to it. This group of fourteen vehicles went through
a kinematic disturbance and lost another car before recovering
and one more car after recovering from the disturbance.

(3) Platoon 127: This platoon reached a very high density.
It started with ten vehicles and remained a ten-vehicle
platoon.

(4) Platoon L123X: A group of five vehicles following each
other for 202 seconds. The vehicles in this platoon are also
in Platoon 123.

speed(ft/sec)
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80

70
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S0

30

20
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VALIDATION OF CARSIM

Validation of CARSIM was performed at microscopic and
macroscopic levels. At the microscopic level, the location and
the speed of each vehicle from the field data were compared
with those computed from CARSIM; whereas at the mac-
roscopic level, the average speed, density, and volume from
the field data were compared with the values calculated by
CARSIM. The discussion of different aspects of the proce--
dures used for validation of this simulation model are provided
elsewhere (19-26).

Four different platoons of vehicles covering a wide range
of traffic operations were used for the comparison of field
data with CARSIM’s results. Here, only the results for pla-
toon 126 are presented. (The other platoons’ results were very
similar.)

simulation
field data

time(sec)
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FIGURE 1 Speed change patterns generated by CARSIM and field data for a stop-and-go condition (platoon

126).
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Five independent replications of CARSIM were made for
each real-world condition. In the replications, the character-
istics of vehicles and drivers were generated randomly and
assigned to them. However, the speed and location of the
first vehicles in CARSIM and the real-world platoon were the
same.

Validation at Microscopic Level

The average speed and location of each vehicle were com-
puted at time intervals of 1 second and were compared to the
values obtained from the field data for that vehicle. For pla-
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toon 126, the plot of the average speeds computed by CAR-
SIM versus the values obtained from the field data are shown
in Figure 1. As can be seen, the speed change patterns gen-
erated by CARSIM were very close to those from the field
data. It should be noted that the last three vehicles of the
real-world platoon were not closely following the other cars
in the platoon, while the last cars in the simulated platoon
were keeping up with the lead cars.

For the trajectory comparison, the average location of each
vehicle computed from the replications was compared with
the location determined from the field data, as shown in Fig-
ure 2. This figure shows that all of the vehicles in platoon 126
were forced to stop for awhile and then move. CARSIM is

position(ft)
]
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------- 167 ------- 168 ------- 189 ceee-m- 171
------- 453 --=---- 457 . - 1Y)
------- 470

FIGURE 2 Trajectories generated by CARSIM and field data for a stop-and-go condition (platoon 126).
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FIGURE 3 INTRAS trajectory validation graph, showing every fifth car

in the platoon (9).

capable of simulating such stop-and-go operations in a realistic
manner. No statistical tests were run; only visual comparisons
were made at the microscopic level.

When the traffic flow is not in a steady state condition, it
is quite challenging to generate trajectory plots from simu-
lation models that would replicate the actual trajectory plots.
It is not clear how the existing car-following models would
perform when subjected to this challenge. For example, the
INTRAS model (9) used only one phase of going through a
kinematic disturbance, namely the deceleration phase, and
did not use the second phase (Figure 3). For comparison of
the trajectories generated by INTRAS and CARSIM, see
Figures 2 and 3. The results from CARSIM show the decel-
eration and the acceleration phase (stop-and-go), but the results
from INTRAS show only the deceleration phase.

Validation at Macroscopic Level
At the macroscopic level, the overall performance of a platoon

of vehicles, rather than the performance of an individual vehi-
cle, was evaluated.

For each platoon, the following comparisons were made
between CARSIM'’s results and field data:

1. Comparison of flow parameters over time,
2. Comparison of fundamental relations of traffic flow, and
3. Regression of similar results versus the field data.

Comparison of Flow Parameters

The flow parameters used for comparisons are: speed, den-
sity, and volume. These parameters are computed from CAR-
SIM and the field data at 1-second time intervals for every
platoon. For platoon 126, the plot of the average speeds from
CARSIM versus the speeds from the field data is shown in
Figure 4. As can be seen, the speed computed by CARSIM
was very close to the actual speed of the platoon. It is impor-
tant to note that platoon 126, from its initial speed of about
80 fps, reached a speed of near zero in less than 1 minute;
and that CARSIM simulated such a rapid speed reduction.
The simulation curve shows less fluctuation than the curve
for the field data, as expected.
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FIGURE 4 A platoon speeds computed from CARSIM and field for a stop-and-go condition (platoon 126).

The plot of densities computed from CARSIM and the field
data are shown in Figure 5. This graph shows very similar
density fluctuation curves for the simulated platoon and for
the actual platoon. It should be noted that the time in which
the simulated platoon reached the jam density was very close
to that of the actual platoon. One should be very careful in
using the density of platoon when comparing simulation results
with field data, because the density of a platoon is computed
from the position difference of the first and the last car in the
platoon and is very dependent on the spacing between these
vehicles.

Comparison of Speed-Density Plots

The relationship between speed, density, and volume com-
puted from the field data and CARSIM was compared for all

platoons (). For platoon 126, the speed-density curves from
CARSIM and field data are shown in Figure 6. A nonlinear
relationship and a loop between the values obtained before
and after the disturbance is produced by the field data and
by CARSIM. The loop was more distinct when the results
from each replication of CARSIM were plotted against the
field data. The loop is an indication of the dual behavior of
traffic before and after a disturbance.

In addition to the graphical presentation of the results,
regression analysis of the simulation results versus the field
data was also carried out. The results will be discussed in the
following section.

Regression of Simulation Results vs. Field Data

Regression of the speed, density, and volume computed from
CARSIM versus the values obtained from the field data were
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FIGURE 5 A platoon densities computed from CARSIM and field data in a stop-and-go condition (platoon

126).

carried out for all platoons. The average values of speed,
density, and volume were computed from the replications in
1-second time intervals for all platoons and used for com-
parison. Table 4 gives the summary of the regression analysis.
It can be seen that the slopes of the regression lines (b1) are
very close to 1, and the y-intercepts (b0) are almost zero.
This combination of slope and y intercept indicates that the
plot of CARSIM’s results versus the field data are scattered
around a line going through the origin with a 45-degree angle.
This means CARSIM’s results are very close to the value from
the field data.

The regression analysis indicates that there is a strong
agreement between the simulation and the real-world results.
The R-squared values for the regression of speed and density
from CARSIM versus the values from the field data are 0.98
or higher. Such high R-squared values and low variability on

the slopes of the regression lines indicate that the results
obtained from CARSIM are very close to the values computed
from the field data.

The graphical comparison and the regression analysis of the
results from CARSIM and the field data indicate that CAR-
SIM realistically reproduces normal and stop-and-go traffic
flow conditions on freeways. From this comparison, the result
seems reliable. For further validation, more field data from
stop-and-go conditions on freeways is needed. In the following
section, one application of CARSIM is demonstrated.

APPLICATION

This example is to demonstrate how CARSIM handles a road
blockage and how the traffic waves propagate and dissipate.
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FIGURE 6 A speed-density relationship computed from CARSIM and field data for a stop-and-go
condition (platoon 126).

TABLE 4 RESULTS OF REGRESSION OF CARSIM’S VALUES VS. FIELD DATA

type platoon

of data number b0 bl R*%*2 s(b0) s(bl)
123 1.70554 0.94705 0.98383 0.49177 0.01220

Speed 126 3.26491 0.93782 0.98621 0.63354 0.01386
127 -1.14070 1.02664 0.98708 0.52923 0.01105
123 1.43827 0.98432  0.98922 0.88620 0.01033

Density 126 -5.12594 1.08229 0.98183 1.65879 0.01841
127 2.46060 0.93949 0.97765 1.22708 0.01336
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FIGURE 7 Simulation of effect of a 3 minute road blockage on propagation and
dissipation of traffic waves (volume is 1,200 VPH).

Due to an incident, a roadway is blocked for 3 minutes and
the arriving vehicles form a very long queue. The closed sec-
tion is a single-lane road with no exit, such as a long bridge
or a construction zone. The vehicles are allowed to accelerate
to a desired speed of 55 mph when the incident is removed.
While the cars in the front of the queue accelerate to reach
the desired speed, the arriving cars join the rear of the queue.
Through this process, the location of the bottleneck moves
to upstream traffic. The traffic volume is 1200 vph and the
desired speed is 55 mph (80.67 fps). The incident happens
180 seconds after the lead car enters the system and forces
the cars to decelerate to a complete stop. There are enough
cars in the system (about 240 cars) that the effect of 3 minutes’

road blockage does not reach the last vehicle in the system.
After 3 minutes, the lead car is allowed to move and accelerate
to the desired speed. The time a vehicle slows down, stops,
starts moving again, and reaches the desired speed is deter-
mined by CARSIM for all vehicles affected by the road
blockage.

Four different kinematic traffic waves are identified as: (1)
slow-down wave, (2) stopping wave, (3) starting wave, and
(4) recovering wave. The waves are evidenced by the effect
imposed on the following car due to the road blockage. Figure
7 shows the time each wave is reached by a given vehicle.

At the point a starting wave reaches a stopping wave, the
queue of stopped cars is eliminated. Similarly, at the point
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the recovering wave reaches the last affected vehicle, the
effect of road blockage is completely eliminated. The rela-
tionships between these waves can easily be used to study
characteristics of traffic congestions. As it can be seen in
Figure 7, the slope of the starting wave is less than the slope
of stopping wave. This indicates that more vehicles will move,
rather than stop, in a certain period of time. When the slope
of the moving wave is equal to or greater than that of the
slope of the stopping wave, there will always be a queue of
stopped vehicles. Application of CARSIM for traffic wave
studies is discussed elsewhere (I).

CONCLUSIONS

A car-following model, CARSIM, is developed to simulate
not only normal but also stop-and-go traffic flow conditions
on freeways. More realistic features to reflect the behavior
of traffic in stop-and-go conditions are included in the car-
following algorithm of this model. For validation of CARSIM,
graphical and statistical techniques were used and the results
from CARSIM were compared to the field data. The com-
parison of the trajectory and the speed-change plots yielded
satisfactory results. The regression analysis of speeds and den-
sities computed from CARSIM versus those from the field
data resulted in R-squared values of 0.98 or higher, indicating
a strong agreement between the simulation results and real-
world traffic data.
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Work Zone Analysis Model for the

Signalized Arterial

C. Taomas JoserH, EssaMm RabpwaN, AND NAGul M. RourHAIL

The purpose of this paper is to illustrate new theoretical con-
cepts used to represent traffic flow in work zones. The paper
presents the development and applications of a microcomputer
program— Work Zone Analysis Tool for the Arterial
(WZATA)—for the analysis and evaluation of a system con-
sisting of a lane closure between two signalized intersections.
The program consists of two parts: a semi-simulation model
to represent and analyze flow between the intersections, and
a macroscopic model to represent traffic characteristics at the
downstream intersection. New techniques were developed to
represent percentage merges and vehicle merge characteristics
before the lane closure. The user was provided direct control
over the merging of every vehicle. A modified version of the
continuum-flow theory was utilized to represent and analyze
traffic flow at the downstream intersection. Flow was consid-
ered to be composed of two parts: the platoon flow and the
non-platoon flow. The techniques of analysis used also consid-
ered acceleration, deceleration, and start/stop losses. The pro-
gram is written in Microsoft BASIC for the IBM-PC/XT/AT
and is structured to facilitate easy modification of data as well
as analysis of various hypothetical situations. Attempts are
being made to include graphical display facilities in the model.

Work zone management constitutes the most common man-
agement and maintenance task of any transportation system.
Many streets require regular repair or upgrading. Construc-
tion and maintenance activities performed often require the
closure of at least one lane to traffic. The decrease in the
number of lanes usually manifests itself in an increase in traffic
congestion and consequent reduction of the level of service.
An effort should therefore be made to schedule work zone
activities and modify signal characteristics to reduce delay and
congestion to the minimum.

A considerable number of analytical and computer tech-
niques and models are available to maintenance personnel to
aid in decision making and scheduling of work zone lane
closures on the arterial. The drawback to almost all these
techniques is that, in the final analysis, an arterial is divided
into several segments and each is analyzed individually—with
no relation to the other. For example, in a typical analysis of
a work zone in an arterial, the arterial is divided into three
sections:

1. The intersection;

2. The strip between the intersections, but not including
the lane closure; and

3. The work zone, including the lane closure.

C. Joseph and E. Radwan, Center for Advanced Research in Trans-
portation, Arizona State University, Tempe, Ariz. 85287. N. Rou-
phail, University of Illinois, Chicago, Ill. 60680.

Each section was analyzed individually for the different
scenarios, and the final decision was based on a logical com-
bination of the results of all three analyses. To date, while
several comprehensive computer programs (such as QUEWZ(7)
and FREECON(2)) have been developed to analyze work
zones on freeways, no model has been developed to analyze
the arterial system with the work zone as an overall compre-
hensive unit.

This paper culminates the development of a macroscopic
semi-simulation model to analyze the work zone in an arterial
system as an overall comprehensive unit.

MODEL DEVELOPMENT

A review of the literature on work zones revealed that a
completely macroscopic model would be too approximate to
represent conditions of traffic flow in an arterial with a work
zone, since the phenomena of merging and diverging before
and after lane closure is complex and involves several inter-
related parameters. It was therefore decided to develop the
model in two parts: a semi-simulation model to represent flow
between the intersections and through the lane closure zone,
and a macroscopic model to represent traffic characteristics
at the downstream intersection. Illustration of a few funda-
mental theoretical aspects of the developed model follow. A
detailed explanation of all aspects of the model can be found
elsewhere(3).

SEMI-SIMULATION MODEL
A technique utilizing a concept of ‘“‘real” and “imaginary”

vehicles was used to simplify the simulation model to a con-
siderable extent.

Real Vehicles

These vehicles represent actual vehicles in the open lane that
follow each other according to the car-following rules. All
parameters like delay, travel time, and bandwidth are esti-
mated for these vehicles alone.

Imaginary Vehicles

These vehicles, on the other hand, are not actual vehicles but
pseudo vehicles introduced to simulate merging and diverging
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behavior before and after the lane closure. They could be
considered as vehicles originally traveling in the lane about
to be closed. Outside the proximity of the lane closure, they
have the same characteristics as their real counterparts in the
open lane. Within the proximity of the lane closure, however,
their characteristics are manipulated to represent the addi-
tional headway required by the real vehicles to accommodate
the merging of vehicles from the closed lane. Delay and other
parameters of interest are not estimated for these vehicles.

The basic assumptions made in the semi-simulation model
are as follows:

1. Initial headway of vehicles is assumed to be directly
proportional to initial velocity. All vehicles beginning from
the upstream intersection have the same initial velocity and
therefore the same headway.

2. Vehicles are distributed equally and have similar char-
acteristics in all lanes.

3. Passenger cars constitute 100% of the traffic.

4. When vehicles merge from the closed lane, they merge
at equal intervals in such a way that the traffic volume and
characteristics upstream from the lane closure are similar in
both lanes at all times.

5. All vehicles merging from the closed lanes distribute
themselves equally to all open lanes.

6. Only vehicles in the platoon are assumed to experience
any sort of delay in travel between the intersections. Non-
platoon vehicles are assumed to be able to travel at their
desirable speed and hence experience no travel delay.

All the above assumptions were made in an attempt to
reduce the complexity of the simulation model without intro-
ducing major errors in the estimation of traffic flow charac-
teristics and calculated parameters. Assumption 1 is realistic
in an arterial setting that is part of a network, since signals
tend to group vehicles together and attribute similar char-
acteristics to them. Assumption 3 is also appropriate in an
arterial, since it is well known that traffic in an arterial, in
general, constitutes a very low percentage of trucks. Assump-
tions 4 and 5 are directly related to the default values assumed
by the model during execution. Options are provided to alter
conditions to analyze situations when some of the assumptions
are not valid.

CAR-FOLLOWING RULES USED IN SEMI-
SIMULATION MODEL

The basic philosophy adopted for the car-following rules is to
provide the following driver enough gap between vehicles so
that the status of his vehicle can be brought to that of his
leader, without ever reducing the gap between the vehicles
to less than a minimum.

Two conditions, those of steady and varying flow, were
considered in the development of this model. During steady
flow (no acceleration or deceleration of vehicles), vehicles
travel behind each other at a distance equal to the product
of the reaction time times the velocity plus a minimum head-
way (headway at zero velocity) between vehicles.

Mathematically:
HW = v+C + HW_,,
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where:

HW = the distance headway between vehicles,
V = velocity of the vehicle of interest,
C = car-following constant, and
HW,_;, = minimum acceptable headway between vehicles

Under varying flow conditions (acceleration/deceleration of
vehicles), different cases are considered based on the rela-
tionship between the velocities of the leading and the follow-
ing vehicles. A more detailed explanation of the car-following
rules is provided elsewhere (3).

MODEL REPRESENTATION OF TRAFFIC
CHARACTERISTICS IN CLOSED AND OPEN
LANES

To make the simulation of vehicles less complex, the arterial
system (including the work zone) was simplified in a two-
stage process.

In stage 1, all arterial segments, with both the total number
of lanes and the number of lanes closed having a common
divisor, are divided until further “irreducible”. For ex-
ample, a 4—2 configuration would be reduced to a 2—1
configuration. -

In stage 2, vehicles from the open and closed lanes are
combined in one lane and configured to represent a sym-
metrical and uniform merge situation (default) of vehicles in
a single lane at the lane closure.

The two-stage process is illustrated in Table 1. As men-
tioned earlier, the concept of “real”” and “imaginary” vehicles
is used to represent vehicles that were initially (before the
work zone) in the open or closed lane, respectively. After the
default configuration is estimated by the model, the user is
provided an option to modify it if necessary.

The entire length of roadway between the intersections is
divided into five zones, each representing sites of different
flow characteristics.

Zone 1 represents the length of roadway before the work
zone where there is no modification of flow characteristics
directly due to the existence of a lane closure ahead. Char-
acteristics of the imaginary vehicles are exactly the same as
those of their counterpart real vehicles in the open lane.

Zone 2 represents that part of the roadway where the driver
is directly influenced by the work zone ahead, but not yet
alongside, the actual lane closure. A logical beginning of this
zone could be either the distance at which the warning sign
is visible, the distance at which the lane closure itself is visible,
or the distance at which the drivers are expected to react to
the effect of the work zone ahead. Characteristics of the imag-
inary vehicles in this zone begin to differ from their counter-
part real vehicles in the open lane. This is to slowly introduce
additional headway between the real vehicles to accommodate
prospective mergers.

Zone 3 is the zone actually constituting the lane closure
alone. The configuration referred to in the previous section
and displayed in column 3 (model default) of Table 1 rep-
resents actual vehicle positions of merged (imaginary) and
real vehicles in this zone, as depicted by this model. Imaginary
vehicles begin to follow real vehicles in the open lane accord-
ing to the normal car-following rules. This is the only zone
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TABLE 1 ILLUSTRATION OF THE TWO STAGE
SIMPLIFICATION PROCESS OF A ROAD SEGMENT WITH

THE WORK ZONE

WORK ZONE CONFIGURATION

MODIFIED MODEL DEFAULT

RIRIRIRIRIRIR

RIHNRITHIRIT

in which the imaginary vehicles behave exactly like the real
vehicles in terms of following vehicles in front of them.

Zone 4 is the zone beginning at the end of the lane closure
and extending to a location where all the merged vehicles are
assumed to have diverged back into their original respective
lanes. This location is user-defined; and if selected judiciously
with the “diverge constant” (explained later), it could rep-
resent any “diverge” behavior after the lane closure. Behavior
of imaginary vehicles in this zone is similar to that in zone 2.

Zone 5 is the “normal” zone where vehicles are no longer
influenced by the work zone behind them. Behavior of imag-
inary vehicles in this zone is similar to that in zone 1.

TRAFFIC CHARACTERISTICS AT THE FIVE
ZONES

The configurations discussed previously in their unmodified
form (column 3, Table 1) are a representation of all merged
(imaginary) and already existing (real) vehicles in the open
lane of the lane closure (zone 3). All vehicles follow the one
in front, whether real or imaginary, according to the normal
car-following rules in this zone. Differences in characteristics
of traffic flow as existing in each of the other four zones are
illustrated below.

Zones 1 and 5 represent locations with no direct effect of

the conditions in the work zone. Hence, no merging opera-
tions should take place; and the configuration would represent
just the real vehicles following each other, and not an imag-
inary vehicle that may exist between them. This modification
is accomplished by assigning to all the imaginary vehicles that
follow the real vehicle in this zone the same velocity and
distance as that of the closest real vehicle ahead. A config-
uration like RIRIRIRIRIRI, as represented in Table 1, would
therefore be equivalent to an RRRRRR configuration in zones
1 and 5 (Figure 1a).

Zones 2 and 4 represent zones where the effect of the work
zone is being sensed, resulting in a general reaction reflected
in terms of the merging or diverging of vehicles. To represent
this behavior, a two-step manipulation of the parameters of
the original configuration is undertaken, as follows:

Step 1: The imaginary vehicles are first attributed velocities
equal to the real vehicle ahead and closest to them. Headway
is then calculated using steady flow analysis.

Step 2: The ratio of the distance traveled by the real vehicle
involved, from the beginning of the concerned zone to the
total zone length, is then estimated. The headway as calcu-
lated in step 1 is then multiplied by this term, raised to some
power (user-defined). The resulting term is again multiplied
by the total number of vehicles between the imaginary vehicle
concerned (including itself) and the closest real vehicle ahead
of it.
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FIGURE 1 [Iilustration of traffic characteristics in the different zones.

Mathematically, the resulting term for Zone 2 is
HW oginary = (Viea*C + HW,, )¥rm*n
For Zone 4,
HW aginary = (Viea*C + HWyip)*(1 = rl)*n

where
r = the ratio as explained above,
n = number of vehicles between itself and the real
vehicle closest and ahead of it (including itself),
m and [ = coefficients > 0 and < « that represent merging

and diverging behavior of vehicles.

Physically, r varies from 0 (when the real vehicle is at the
beginning of the concerned zone) to 1 (when at the end of
it).

To illustrate the principle, let a real vehicle be at a distance
x from the beginning of the zone 2, which has a total length
L. The ratio r, using the above definition, is x/L. The first
imaginary vehicle behind the real vehicle will be placed at a
distance:

HwW,

imaginary

= (Viea*C + HW_;, )*(x/LYy™*1
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Assuming m = 1, (input by the user), the final expression is:

HWimaginary = (Vreal*c + HWrnin)*X/L (Figure lb)

REPRESENTATION OF DIFFERENT ‘“MERGE
LOCATION CONFIGURATIONS”

In the above illustration, m is considered to be equal to 1.
The resulting term increases linearly with increase in x. There-
fore, it could be perceived that, for example, at a location
midway in zone 2 (between the work zone warning and the
lane closure), only “half a vehicle” has merged into the open
lane. ‘This is the case for all the vehicles in the closed lane.
Another way of perceiving the situation is to assume only half
the total number of vehicles have managed to merge com-
pletely, while the other half are still in the closed lane at that
location. Thus, the merging phenomena can be assumed to
be occurring uniformly all along the zone, between the lane
closure warning and the lane closure. Different merging char-
acteristics, including early and late merging, can be repre-
sented by manipulating the value of m (Figure 2).

Cummulative percentage merge (diverge)

| ;
0 ] i

.2

Ratio "r"

FIGURE 2 Relationship between ratio r, and the cumulative percentage of
vehicles that have merged (or diverged) from the closed (open) lane.
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FIGURE 3 Modified continuum model to intreduce two
flow rates.

INTERSECTION DELAY MACROSCOPIC MODEL

The conventional continuum model was modified and a new
model was developed to more realistically represent the char-
acteristics of platoon flow. The fundamental concept of this
model was borrowed from an idea originally developed by
Rouphail (4). Instead of assuming a single average flow rate
(as in uniform flow), two different flow rates were considered,
one representing the average platoon flow rate and the other
representing the secondary flow rate.
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ESTIMATION OF INTERSECTION DELAY AND
RELATED PARAMETERS

The macroscopic model uses a continuum model as depicted
in Figure 3. Configurations like the one depicted in the figure
can be defined by relationships between three attributes: sig-
nal (green time and cycle time), bandwidth, and offsets. It is
not possible to establish a general formula to calculate the
delay and other related parameters. The model is therefore
split into several sub-models, and distinct formulas are derived
for each of these sub-models. All parameters obtained from
the semi-simulation model either serve as direct input or are
used to estimate parameters required for input to the mac-
roscopic model at the intersection. Formulas are also derived
to actually introduce losses due to the reaction time and accel-
eration of vehicles after the start of the green. Detailed illus-
tration of the formulas and method of estimation of param-
eters can be found elsewhere (2, 3).

INPUT REQUIREMENTS AND MODEL
APPLICATIONS

The input requirements for execution of the program are
divided into five sections. They are listed below with respect

to a typical arterial system with a work zone (Figure 4).

1. Traffic Characteristics:

a. Initial velocity = 20 mph.

b. Desired velocity = 45.

c¢. Desired velocity in the work zone = 45.

d. Maximum allowable acceleration = 7 ft/sec?. This
parameter is only used with respect to the first vehi-
cle, to develop its velocity profile.

€. Maximum allowable deceleration = 21. This param-

JIL

Real vehicles

Default configuration as
assumed by the model

Imaginary vehicles

™

@4@.@0@.@.@0

e
Flow direction

0060060

L1

Upstream intersection

i 400 ft | 1000 ft

| 1000 #t

Downstream intersection

| 200ft| 200ﬂ|

[ I

warn begin

FIGURE 4 Typical arterial with a work zone.

lane closure begin lane closure end merge back
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eter is used with respect to all vehicles and is related
to basic vehicle characteristics.

. Minimum headway = 16 ft. This parameter repre-

sents an allowable distance between the front or back
end of two average vehicles, when stationary.

2. Intersection/Work Zone Characteristics:

a.

o oo

Lane closure warning location = 400 ft. This param-
eter defines a location with respect to the upstream
intersection, from which point the vehicles are directly
aware of the lane closure ahead. It should be selected
with caution. The program considers this location as
the beginning point of zone 2, where all merges
originate.

. Lane closure “begin” location = 1400. This param-

eter represents the location, with respect to the up-
stream intersection, of the beginning of the lane clo-
sure (zone 3).

. Lane closure “end” location = 2400. This parameter

represents the location of the end of the lane closure
with respect to the upstream intersection (beginning
of zone 4).

. Post-lane closure merge-back completion location =

2600. This parameter represents the location, down-
stream of the lane closure, at the end of which all
vehicles that had merged are assumed to have merged
back into their respective lanes. This parameter
can be manipulated to represent different merging
behavior.

. Total number of lanes = 2.

Number of closed lanes = 1.

. Downstream intersection location = 2800.
. Average grade = 0.

3. Signal Characteristics:

a.
b.

Cycle time = 60 sec.
Green time = 30.

4. Platoon Characteristics:

a.

b.

Saturation flow rate = 2000 veh/hr/lane (at the down-
stream intersection).

Secondary flow rate = 200 (non-platoon flow rate at
the downstream intersection).

. Number of vehicles per lane = 6 (in the platoon).
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5. Options:

a. C value outside the work zone = 1.45. This param-
eter represents a constant for car following [discussed
in detail elsewhere (3)].

b. Cvalue in the work zone = 1.45. This parameter is
used instead of the above only in the work zone.
Caution should be used when selecting this param-
eter, since it would differ from the value used outside
the work zone only for specific situations [discussed
in detail elsewhere (3)].

c. Constant for merging behavior = 1. This parameter
is responsible for the merging behavior before the
lane closure. All positive values are acceptable. (See
Figure 2.)

d. Constant for diverging behavior = 1. This parameter
represents diverging or merging back of the “imag-
inary” vehicles into the original lanes, and operates

1l +n th ramatar dic A ahAava
siifiaar o ine parameier GisCussea acove.

Time step for simulation = 1 sec.
Listing of simulation process = N.
Optimize offsets = Y

. Listing of the optimization process = N.
. Direct run = N.

- @ h o

The program has an option of directly estimating intersec-
tion delay without going through the simulation process.

The results of a run with the above data are tabulated in
column 1 of Table 2.

SPECIAL APPLICATIONS

Analysis of Flow Without Work Zone

Analysis of flow without the presence of a lane closure between
the intersections can be conducted by placing alt four param-
eters that define the work zone before the upstream inter-
section or after the downstream intersection. Since the upstream
intersection is located at the reference point for all other
distances (zero distance), attributing negative values to all the
parameters that define the work zone would place it before
this intersection.

TABLE 2 ILLUSTRATION OF MODEL OUTPUT FROM THE ANALYSIS OF
DIFFERENT SCENARIOS AT THE SAME WORK ZONE

Delay Between Intersections (secs) 5.87

Configuration . RIRIRIRIRIRI
Work zone present Y
Platoon Flow Rate {(veh/hr) 1731

Delay at Intersection (sec) 5.64
Total Delay (sec) ) 11.51
Travel Time of Bandwidth(sec) 44,12
Bandwidth length (sec) 16.15
Optimized Offset Range (sec) 34.8 40.1
Total Length of Queue (cars) o’
Longest Time in Queue (sec) ] '
Queue Dissipation Time (sec) 7.78

" Only with respect to the platoons (zero because offset considered is optimized)

RRRRRR ~ RRRRIIRRII [HIRRRIRRR
N Y Y
2886 1990 1667
1.64 3.33 8.40
596 580 5.50
7.59 9.13 13.90
4412 4412 44.12
7.60 12.77 17.91

261401 315 401  36.1 40.1
o’ 0 0"
0" o ° o’
7.78 7.78 7.78
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Four input parameters were modified in the above example
to analyze conditions without the lane closure:

1. Lane closure warning location (ft) —2400,

2. Lane closure “begin” location — 1400,

3. Lane closure “end” location —400, and

4. Post-lane closure merge completion location —200.

The results obtained' after running the program are tabu-
lated in column 2 of Table 2.

Analysis of Asymmetrical Flow

The model can be used to analyze a situation with asym-
metrical or non-uniform merging, or that of traffic flow that
displays distinct differences in characteristics in both lanes.
To illustrate the procedure, consider the work zone described
in the previous section. (See Figure 4.) For the sake of sim-
plicity, assume that the number of vehicles in both lanes is
equal and that only the merge configuration is asymmetrical.
The first two cases illustrate flow when the vehicles are merg-
ing uniformly in such a way that flow characteristics upstream
of the intersection are always symmetrical in both lanes, i.e.,
if R represents vehicles in the open lane and I represents
vehicles in the closed lane, then the configuration of vehicles
in the open lane at the lane closure appears as follows:

RIRIRIRIRIRI
« (traffic direction)

This is the default condition assumed by the model. How-
ever, if this is not the case, the user can alter the configuration.
Assume that the configuration at the lane closure after the
merge is as follows:

RRRRIIIRRIII

(traffic conditions not conducive to uniform merging of closed
vehicles)

The results obtained when the program is run for this con-
figuration are listed in column 3 of Table 2.

It is obvious that, for the above configuration, there would
be asymmetrical flow characteristics just upstream of the
intersection. The vehicles merging from the closed lane would
certainly experience a greater delay than the vehicles that
were already in the open lane. Since the model is only capable
of representing the average delay of all the vehicles in the
open lane (R), the aforementioned delay is only with respect
to the vehicles in the open lane (the ‘“real” vehicles). To
estimate the average delay for the vehicles in the closed lane,
the model is ““tricked” by running it again—this time, with
all the designations of the vehicles interchanged (easily done
using the mirror command on the original configuration of
the same data set). The new configuration is as follows:

ITIIRRRIIRRR

The results obtained after the run with this configuration are
tabulated in column 4 of Table 2 and represent the average
delay of vehicles in the closed lane.

In some cases, it may not be possible for vehicles both to
be merged according to the configuration specified and, at
the same time, to satisfy the car-following rules. Such a sit-
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uation is flagged as a “crash” between vehicles, and the pro-
gram is terminated. The user should then adjust the config-
uration to one that is more likely under the circumstances.

SUMMARY AND CONCLUSIONS

The model developed was found to be a very flexible tool;
and when calibrated accurately, it can be used as an effective
tool to analyze almost any situation of a work zone in an
arterial. Analysis of work zones with asymmetrical flows in
lanes or with no work zone at all can also be conducted using
simple manipulative procedures in running the program. Work
is at present being conducted to implement graphical facilities
into the model. Preliminary validation of the model indicated
general agreement with the commonly witnessed traffic behavior
in work zones.

Model Advantages

Several advantages of the model developed are apparent from
the initial runs and validation, as follows:

1. Since vehicle travel is actually simulated between the
two intersections, direct effects of various parameters—like
distance of the warning to the lane closure, location of
the lane closure in between the intersections, length of the
lane closure, initial speed of vehicles, flow rate at the lane
closure, characteristics of the merging phenomena, and off-
sets between intersections on delay, among others—can be
studied.

2. The user has complete control of vehicle merging. He
or she actually inputs the likely configuration of vehicles at
the single open lane of the lane closure.

3. Unlike conventional simulation models, where merges
are based on the philosophy of gap acceptance, this model
actually “forces” gaps between vehicles in the open lane for
vehicles in the closed lane to complete their merge proce-
dures. This is based on the generally observed fact that, in
arterials, where the speeds are not as high as on freeways,
merges commonly occur for two reasons: (a) Vehicles from
the closed lane “force” themselves into the open lane, assum-
ing that the following driver would automatically reduce his/
her speed and adjust the headway to accommodate the merg-
ing vehicle; and (b) drivers in the open lane reduce their speed
prior to the actual merge phenomena, thereby providing
acceptable gaps for drivers from the closed lane to complete
their merge.

4. The user has complete control over the merging loca-
tions of the vehicles. By altering a single parameter in the
input data, a whole new vehicle merge location configuration
can be represented.

5. The macroscopic model is accurate in principle since it
is developed along the lines of contintum models, which are
based directly on first principles. Additional accuracy is obtained
by representing flow at the intersection as a composite of two
flows and rather than, as in conventional continuum models,
one.

6. The model provides an option to analyze the system for
an unlimited set of offsets. Since there is no relation between
the offset and the travel time delay between the intersections,
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only the macroscopic section of the program is to be executed
to test for different offsets. The analysis of different offsets
is therefore rapid and simple. The model also provides an
option to estimate the offset range wherein the delay at the
intersection is the least {(optimized offset).

7. Special techniques are used to include the deceleration,
acceleration, and start losses in the overall estimation of delay
at the intersection. Thus, a major disadvantage of conven-
tional continuum models is removed.

8. The model is completely menu-driven and the user has
total control over the manipulation of parameters and the
execution of the program at all times. Further, there are
the advantages associated with microcomputer programs over
the main-frame counterparts.

Model Shortcomings

The shortcomings associated with the model in general are
listed below.

1. All vehicles are initiated at a constant uniform velocity
and a constant headway. No initial distributions of either
headway or velocities can be analyzed.

2. No merging phenomena are allowed to occur anywhere
outside either the lane closure warning distance or the post-
lane closure merge distance.

3. The whole phenomenon of merge initiation is user-
dependent and not model-generated. Thus, the user should
obtain some prior information on the flow characteristics in
the system. When more information and data are available
in this respect, it could be possible to perceive patterns and
form regression equations; these regression equations might
then be directly implemented in the model.
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4. Delay between the intersection is not estimated for non-
platoon flows. All vehicles constituting the “non-platoon” are
considered to travel through the work zone without any delay.
Delay at the intersection is, however, estimated for both pla-
toon and non-platoon flow.

5. The macroscopic model is only capable of analyzing pre-
timed signal control systems.

6. The macroscopic model is only capable of analyzing sym-
metrical flows at intersections. If flow as estimated by the
simulation of vehicles before the intersection is asymmetrical,
then an average flow is estimated and considered for further
analysis.

7. The macroscopic model is not capable of analyzing over-
saturated conditions, because the delays associated with over-
saturated conditions are never constant and increase with the
cycle length.
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Application of the Image Analysis
Technique to Detect Left-Turning Vehicles

at Intersections

YEAN-JYE Lu, YUEN-HuNG Hsu, anp Guan C. TaN

This study applies the image analysis technique to detect left-
turning vehicles at intersections. The problems existing in the
current method of left-turn data collection are discussed. An
optical image device system including a CCD video camera,
an interface board, an image monitor, and an IBM PC/AT
was used. An algorithm with linear time complexity was devel-
oped for detecting left-turning movements at intersections.
Microcomputer software was derived for the algorithm. This
computer system is a real time system. The accuracy of the
algorithm is about 80% for detecting the left-turning vehicles
whose signal lights are on. This study so far has had only
limited success. The difficulties of attaining greater accuracy
as well as the possibilities of improving the developed image
analysis system are also discussed.

The goal of a traffic system is to provide rapid, economical,
and safe movement of vehicles and pedestrians in a city or in
an urban area. Since a traffic system works as a circulation
system, its operating efficiency will significantly affect the
city’s growth and economic development. However, inter-
sections probably represent the most critical elements of the
traffic system. Since two or more streets share the space at
an intersection, the capacity of the intersection is generally
limited. One of the main factors which affects the capacity of
such an intersection is the presence of left-turning vehicles.
Thus, traffic problems such as traffic congestion, fuel con-
sumption, air pollution, and noise pollution have usually
occurred at these intersections, particularly when heavy left-
turn traffic was present.

Left-turning vehicles cause fewer problems at an intersec-
tion under low-volume conditions. As the traffic volume of
an intersection approaches capacity, however, fewer oppor-
tunities for left-turning maneuvers exist. Both the left-turning
vehicles and the non-turning vehicles which queue frequently
behind the turning vehicles suffer long delays before clearing
the intersection. Thus, drivers sometimes become impatient
and make hazardous maneuvers after experiencing long delays
at an intersection.

Before making improvements to the traffic system, traffic
engineers must have adequate and accurate traffic data. Traffic
data can be divided into three types: traffic volumes, vehicle
speeds, and intersection delays. These traffic data are impor-

Y. J. Lu, Department of Civil Engineering, Concordia University,
1455 DeMaisonneuve Boulevard West, Montreal, Quebec, H3G 1MS8,
Canada. Y. H. Hsu, Department of Computer Science, McGill Uni-
versity, Montreal, Canada. G. C. Tan, CAE System Division, Tek-
tronix, Sunnyvale, Calif.

tant in practice because they may indicate locations where
improvements are needed. In addition, these data are used
in before-and-after studies to determine the effectiveness of
changes in parking prohibitions, signal timing, one-way streets,
or turning prohibitions. Furthermore, the left-turn volume
during different hours of the day is one of the major criteria
for determining these changes. This is because the left-turn
volume significantly affects vehicle speeds and intersection
delays.

NEED FOR RESEARCH

Basically, there are two methods for gathering traffic data:
manual and automatic. The manual method is labor-intensive.
This method requires high labor costs for data collection and
data processing, particularly when massive quantities of traffic
data are required. In addition, the data collected by an observer
is sometimes inaccurate because it is difficult for an observer
to keep an eye on a street scene for hours. However, the
manual method allows data to be collected on the basis of
turning movements and vehicle classifications. On the other
hand, the automatic method uses automatic recording devices
for gathering field data and further processes these data by
using microcomputers. The automatic recording devices include
pressure-type road tubes, electrical contact tapes, photo-elec-
tric detectors and inductive loop detectors (1). The automatic
method is able to continuously record and process traffic data
for long periods of time. This method is generally more eco-
nomical and accurate than the manual method.

Today, there is a real need among traffic engineers, not
only for more data, but also for data of a more complex
nature. Although the automatic method for gathering traffic
data has been widely used in major cities, this method has
problems in providing left-turn traffic data. These problems
are discussed below.

1. No Turning Movement Data: The automatic recording
devices are incapable of determining turning movements except
for the intersections equipped with exclusive turning lanes.
However, the turning movement data are especially signifi-
cant in design, channelization, lane marking, signal timing,
and the application of control devices.

2. Wheel-Oriented Data: The automatic recording devices
can only detect the number of wheels passing over the detec-
tion devices. Thus, the automatic method provides the num-
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ber of wheels for the traffic volume data, and the number
of wheel-seconds for the traffic delay data. This type of
traffic data may not be suitable for traffic network systems
analysis.

This study has reviewed some published literature related
to the topics on traffic data collection and the application of
image analysis to traffic engineering. The results of the lit-
erature review indicate that in the last decade a variety of
systems have been developed specifically for traffic data col-
lection and/or monitoring. Dickinson and Waterfall (2) pro-
vided an excellent review of these systems. They covered the
general subject of image processing and the analysis of traffic
scenes. They concluded that the hardware and software of
the video image system have to be improved in order to pro-
vide a general-purpose.traffic data collection system.

Branston (3) used a time-lapse photography method to col-

lect traffic data on speeds and headways. Garner and Uren:

(4) used a coordinate reader and an electronic computer to
reduce the time of data collection and analysis for the aerial
photographic method. Mountain and Graner (5) provided a
review of the types of photography and traffic data that may
be collected by.using the aerial photographic method. In addi-
tion, Ashworth (6) and Polus, et al. (7) described a video
recording system for measuring traffic data such’ as speeds,
occupancies, and volumes. Wootton and Potter (8) used video
cameras to record traffic movements and the recording was
linked to a TV monitor and a microcomputer. -‘Ashworth and
Kentros (9) used an ultrasonic detector to measure vehicle
occupancy.

Since the mid-1970s, the U.S. Department of Transpor-
tation has been funding research on image processing applied
to freeway surveillance at the Jet Propulsion Laboratory
(JPL) in Pasadena. Hilbert, et al. (10) in 1978 described
the conceptual design for the wide-area detection system
(WADS). The major objective of this system is to track
individual vehicles within the scene. In order to track the
vehicle, they used the cross-correlation method to produce
‘““best-fit” locations for the vehicle in each frame. Thus,
traffic data such as speed, acceleration, and lane changing
can be estimated. Schlutsmeyer, et al. (1) in 1982 described
several practical problems with the cross-correlation method
for vehicle tracking. These problems include the high com-
putational cost, the difficulties of tracking a vehicle if its
gray values changed, and the low accuracy for distant vehi-
cles. Thus, JPL engineers reverted to a simpler approach
using a single lane across the traffic lanes and monitoring
it to detect any vehicle entering the detection area close to
the camera. Then the leading and trailing edge of the vehicle
image are located in two frames and the vehicle velocity is
calculated subsequently.

Dickinson and Waterfall (I2) described the development
of a multi-microprocessor system for preprocessing video images
of traffic scenes. Moreover, Houghton, et al. (I3) showed
that, with suitable reduction of image data and with appro-
priate feature extraction, several vehicles can be tracked con-
currently on a highway network.

In conclusion, the results of the literature review indicate
that a variety of systems have been developed for measuring
traffic data such as volumes, speeds, headways, lane occu-
pancies, and junction turning counts. However, the detection
of left-turning vehicles at intersections is needed.
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OBJECTIVES AND SCOPE

Image analysis is one of the subjects in the area of computer
vision. An image is a two-dimensional array of pixels, obtained
by a sensing device which records the value of an image fea-
ture at all points. The goal of image analysis is the construction
of scene descriptions on the basis of information extracted
from images or image sequences (I4). Over the past two
decades, many techniques for analyzing images have been
developed, and this subject has gradually begun to develop
on a scientific basis. The main applications of image analysis
include document processing, microscopy, radiology, indus-
trial automation, remote sensing, and reconnaissance.

This study intends to determine the feasibility of applying
the image analysis technique to solving the problem of detect-
ing left-turning movements. This study also intends to provide
engineers with a better understanding of increasing traffic
complexity. The specific objectives of this study are:

1. To identify problems and needs associated with the
development of automatic traffic data collection and analysis,

2. To determine the suitability of applying the image anal-
ysis technique in the area of traffic engineering,

3. To develop an algorithm and a computer program for
detecting left-turning vehicles, and

4. To investigate the real time possibility for continuously
analyzing images of left-turning movements.

This study does not intend to completely solve the two
problems listed previously. Rather, this is a preliminary study
to determine not only the suitability of applying the image
analysis technique but also the possibility of real time analysis
for solving traffic problems. Thus, this study emphasizes the
left-turning movements during the daytime only. The left-
turning movements at night, as well as the right-turning and
through movements, are not included in this study.

METHODOLOGY
Optical Image Device System

In order to conduct this research, an optical image device
system was chosen. Figure 1 depicts the structure of the four
major items which are included in this image system. These
four items are listed below:

1. CCD Video Camera: CCD stands for charge coupled
device. The purpose of a CCD video camera for this study is
to convert the light energy when taking pictures from the
street scene into analog signals.

2. Interface Board: As shown in Figure 1, the interface
board is not only an analog-to-digital converter but also a
digital-to-analog converter. The interface board converts the
analog signals taken from the CCD camera into digital signals
which are sent to a computer. In addition, the interface board
converts the digital signals stored in the display memory into
analog signals to be displayed on an image monitor. A True-
vision Advanced Raster Graphics Adapter 8 (TARGA 8)
board from AT&T (I15) was selected for this study.

3. Image Monitor: Through the interface board an image
monitor displays not only the live images taken from a CCD



122

TRANSPORTATION RESEARCH RECORD 1194

CCD analog Interface analog
Video ; Board : bl Monitor
Camera signal signal
digital
_ signal

A

IBMPC AT ———
e

FIGURE 1 The structure of an optical image device system.

video camera but also the images stored in the computer
memory. Thus, engineers can visualize the street traffic from
the image monitor and make any adjustment if necessary. A
black-and-white TV was chosen to be the image monitor for
this study.

4. IBM PC/AT Computer: The purpose of an IBM PC/AT
or equivalent is to store and/or analyze the digital data of
images sent through the interface board. The PC/AT can also
send the images stored in the computer memory through the
interface board to be displayed on the image monitor. The
reasons for selecting a PC/AT are its computing speed and
capacity of its hard disk as well as its compatibility to the
selected interface board.

Signal Lights of Left-Turning Vehicles

The driver’s manuals in Canada state that a driver “‘should
signal his intentions continuously and for a sufficient distance
before making a turn” (16). The ‘purpose of signaling before
making a turn, for drivers in Canada, is the same as in other
countries—safety. Thus, the left- -turning vehicles which do
not signal will be ignored in this study due to the limitations
of the proposed method discussed below.

When pictures are taken of left-turning vehicles at inter-
sections during the daytime, the signal lights of left-turning
vehicles will likely be the brightest spots on the pictures. This
study intends to search for these signal lights of left-turning
vehicles in order to detect the left-turning movements. In
other words, this study will utilize the image analysis tech-
nique to extract-the left-turning lights from the pictures. How-
ever, “white noise,” such as the reflection of vehicles from
the sun: makes the search for signal lights difff¢ult to obtain
accurately.

Images are built up from individual dots, called picture
elements or pixels. The display resolution is defined by the
number of the dots in.the picture, i.e., by the rows or scan
lines from top to bottom and the number of pixels from left
to right in each line. The number of rows and the number of
pixels in an image are determined by the computer capacity
and the interface board.

As stated previously, a TARGA 8 board from AT&T was
chosen for this study to, digitize and store images. The
TARGA 8 board supports an enhanced spatial resolution of
up to 512+482 pixels with 256 gray levels (8 bits per pixel),
and captures images in real time: 1/30 second per frame. The
256 gray levels range from 0 to 255. The gray value of 0
indicates the dimmest level in an image. When the gray value
increases, the brightness level of pixels increases. Thus, the

gray value of 255 represents the brightest level in the image.
Therefore, this study will extract the spots or clusters in which
these pixels have high values of gray levels. For instance, this
study may search for the cluster in which most of the pixels
have gray values of or above 240.

Figure 2 shows a black-and-white photo of left-turning
movements at an intersection. In this picture, there are three
left-turning cars whose signal lights are on. This example is
to demonstrate what the pixels in an image are and what the
gray values of the pixels are. Thus, this photo was digitized
by using an optical scanner. The outputs from the scanner
are gray levels of the pixels in the image. In order to obtain
a hard copy from the computer printer, there are only 16 gray
values from the scanner instead of 256 gray values from a
TARGA 8 board. These 16 gray values range from 0 to 9,
plus A to F. However, in order for human eyes to visualize
the objects in the image, the sequence of gray levels has to
be reversed. In other words, in this sample, the gray values
0 and F represent the brightest and the dimmest light levels,
respectively. It is noticed that, in the TARGA 8 board, the
gray values 0 and 255 represent the dimmest and the brightest
light levels.

Figure 3 illustrates part of the output from the scanner.
This figure includes the first two cars only. The boundaries
of the two cars, the background of the scene, and the left-
turn lights of both cars are delineated by a black pen. In this
figure, the gray values of the hood and side doors for the
white car are 0 and for the dark-blue car are D or E. On the
other hand, the gray values for the shadows underneath these
two cars are E and those for the pavement surface range from

FIGURE 2 An example of left-turmng movemnients at an
intersection.
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FIGURE 3 The gray values of two left-turning cars.

1 to B. Thus, it is feasible to group an image into several
regions which share some values of a feature. Moreover, the
gray values of the turning lights for both cars are 0. In addi-
tion, the neighborhood of the turning lights has gray values
ranging from 1 to 8 for the white car and from 4 to D for the
dark-blue car. Thus, the turning lights can be detected by
finding bright groups of pixels and the abrupt discontinuities
of such an image feature.

Algorithm

This study develops an algorithm to determine the number
of left-turning vehicles by detecting their turning signals at
intersections. Figure 4 depicts the flow chart of the algorithm.
This algorithm is divided into three stages, which are discussed
below.

Stage 1: Environment Setting

This stage of the algorithm fetches the relevant portion of
traffic images into the RAM (Random Access Memory) of
an IBM PC/AT. This stage also predetermines some factors
of the environment. The four steps in this stage are as follows:

Step 1: Fetch images from the camera to the TARGA 8
board. In this step, the TARGA 8 board is set in the live
mode in-order to continuously grab the images taken from a
CCD video camera into the display memory on the board.

Step 2: Fetch the relevant parts of the images into the RAM
of a PC/AT computer. Here, the relevant parts of the images
on the display memory are fetched into the RAM of the PC/

AT computer by discarding most of the images’ background.
The relevant part is the image portion containing the left
turning vehicles and their surrounding background. This step
significantly reduces the size of the traffic images.

Step 3: Determine the threshold of the bright pixels. In
order to extract the pixels with high gray value, traffic engi-
neers have to determine the threshold of the bright pixels, so
that the pixels with a low gray value can be masked out in
the next stage. From the results of this study, a gray value
greater than or equal to 240 should be chosen as the threshold
of the bright pixels.

Step 4: Determine the acceptable length of the bright seg-
ments. A bright segment is a group of consecutive pixels
located in a line. In order to filter out white noise (i.e., tiny
bright spots in the image), traffic engineers predetermine the
acceptable length of the bright segments. If the length of a
bright segment is less than acceptable, then the bright segment
is white noise and will be discarded. The acceptable length
of the bright segments is the minimum length of the signal
lights in the images. The acceptable length mainly depends
upon the resolution of the images and the distance from the
camera to the left-turning vehicles. Thus, engineers can out-
put the gray values of pixels for several images at the begin-
ning of the data collection. In this way, the length of the signal
lights can be estimated.

Stage 2: Image Processing

During this stage, the pixels of the images obtained in stage
1 are scanned in order to locate all bright segments. In the
meantime, any new segment will either create a new bright
cluster or update an existing cluster. This stage principally
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Stage 1. Environment Setting

1. Fetch an image from camera to display memory on TARGA 8 board;
2. Fetch a partial image from display memory to computer RAM;

3. Determine the threshold of bright pixels; and,

4. Determine the acceptable length of bright segments.
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Stage 3: Recognition of Left-Turning Vehicles

1. Determine the parameters of the signal lights;
2. Discard the clusters whose size, or height, or width are too small or too large; and
3. Compute the number of left turn signal lights.

FIGURE 4 The flow chart of the algorithm.

processes the images in order to search for bright clusters,
which are likely to include signal lights and other bright objects
such as the reflection of vehicles. Four major steps are included
in this stage and discussed below:

Step 1: If any bright segment is found at the current scanned
row of the image, proceed to step 2. Otherwise, continue to
scan pixel by pixel until the end of the row. A bright segment
is a group of bright pixels which are next horizontally adjacent
in a row of the image. When the present row is scanned pixel
by pixel, and if a bright pixel is found, this pixel is considered
as the left boundary point of a bright segment. Then, the
algorithm searches for the right boundary point of the bright
segment. A pixel is considered as a right boundary point if
the following two pixels are not bright.

Step 2: This is to be undertaken if the new segment is noise.
The length of a new bright segment is equivalent to its number
of pixels. Because the two boundary points of the segment
are known, the length of the segment can easily be computed.

In this step, if the length of the segment is less than acceptable,
the segment is considered to be white noise and will be dis-
carded; go back to step 1. Otherwise, proceed to the next
step.

Step 3: After a bright segment is confirmed in step 2, step
3 examines the possibility that the segment may belong to an
existing cluster. If so, the segment will be added to that exist-
ing cluster. Otherwise, a new cluster will be created for this
segment.

Figure 5 illustrates the algorithm for determining whether
the cluster belongs to any existing cluster. This algorithm does
not search every existing cluster for making such a determi-
nation. Instead, it ascertains whether the pixels corresponding
to this bright segment belong to any existing cluster. In Figure
3, the solid curved line is the boundary for the existing cluster
1. The boundary is a curved line connecting all boundary
points of bright segments. The dashed line is the current scan
line, and pixels a and b are the two boundary points of this
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FIGURE 5 The algorithm for checking an existing cluster.

new segment. In addition, pixels a’ and b’ correspond to a
and b, respectively. Pixels ' — 1 and a' + 1 are the two
pixels adjacent to pixel a', as are pixels b’ — 1 and b’ + 1
adjacent to pixel b'.

Since the images obtained by the TARGA 8 board are high
resolution, with about 20K pixels per image, any bright object
in the image will have a smooth boundary line. Therefore,
this algorithm checks if any of pixelsa’ — 1,a’,and a’ + 1,
or any of pixels b' — 1, b’ and b’ + 1 belong to an existing
cluster. If so, the new segment belongs to the same cluster.
If not, a new cluster will be created for the new segment. For
instance, in Figure 3, pixelsa’, a’+ 1, b’ — 1, and b’ belong
to cluster 1. Thus, the new cluster, with the two boundary
pixels a and b, belongs to cluster I.

Step 4: This step checks if the current scanned line is the
last row of the image. If so, proceed to stage 3: this means
that the current image has been completely processed. Other-
wise, scan the next row of the image and go back to step 1
of this stage.

Stage 3: Recognition of Left-Turning Vehicles

This stage sets up three parameters in order to search the
obtained clusters for recognition of the left-turn signal lights
of vehicles. This stage includes three steps, as follows:

Step 1: Determine the parameters of the signal lights. The
bright clusters obtained from stage 2 include left-turn lights
and other bright objects such as the reflection of vehicles from
the sun. This step sets up three sensitive parameters for every
cluster in order to distinguish left-turn lights from the other
bright objects. These three parameters are size, width, and
height of a cluster. The size of a cluster is the number of pixels
contained in that cluster; the width of a cluster is the number
of pixels for the longest row in that cluster; and the height of
a cluster is the number of pixels of the longest column in that
cluster. However, the results of this study indicate that the
parameter of size is the most sensitive among the three
parameters.

Step 2: Discard the clusters whose values of parameters are
not within the acceptable range. Traffic engineers have to
predetermine the acceptable range for each parameter, which
depends on the resolution of the images and the distance from
the camera to left-turning vehicles. In order to predetermine
the acceptable range, engineers can output the gray values of
several images of traffic scenes. The size, width, and height
of all signal lights are counted. Thus, the acceptable range
for each parameter is between the lower bound and upper
bound of each parameter. This step checks the parameters of
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each cluster to determine if the values of the three parameters
fall into the three acceptable ranges, respectively. Since the
size parameter is the most sensitive, the sequence for checking
is (a) size, (b) width, and (c) height. So, if the size of a cluster
is out of the acceptable range, the cluster will be discarded
immediately, and it will not be necessary to check the other
two parameters.

Step 3: Compute the number of left-turn lights. After Step
2is completed, the clusters remaining are left-turn lights. This
step counts the number of clusters for estimating the number
of left-turning vehicles.

Time Complexity of the Algorithm

Intuitively, the time complexity of an algorithm is the required
running time of the algorithm when solving a problem. When
an algorithm manipulates data, the manipulation can be bro-
ken into many elementary operations or groups of elementary
operations, such as comparisons, additions, and multiplica-
tions. Thus, the time complexity of the algorithm is defined
as the total number of operations for processing input data
and producing output information when solving the problem.

Let T'(n) denote the time complexity of an algorithm where
n is the size of the input data of a problem. This is because
T(n) is usually a function of n. The big-O notation is also
used to describe the relationship between T(n) and n. This
relationship is a good indicator in evaluating the effectiveness
and the power of an algorithm. For instance, if an algorithm
with T(n) = O(n?), this indicates that the upper bound of
the computer time increases as a square when the size of the
problem increases. If an algorithm with T(n) = O(n?), it
means that the upper bound of the computer time increases
cubically when the value of n increases. Obviously, the algo-
rithm with T(n) — O(n?) is superior to the algorithm with
T(n) ~ O(n®). This is because the former algorithm requires
less computer time than the latter when # is sufficiently large.
Furthermore, the latter algorithm becomes extremely expen-
sive, even computationally unfeasible, (compared to the for-
mer algorithm) when solving a huge problem.

The purpose of this section is to prove that the

Time Complexity of the Proposed Algorithm = O(n)

where # is the size of an image. The size of an image is
represented by the number of pixels in this study. The time
complexity of the algorithm is analyzed according to the three
stages discussed below.

Stage 1: Environment Setting. In this stage, the algorithm
digitizes the image from the camera, stores the digitized image
in the display memory of the TARGA 8 board, and then grabs
the relevant part of the image from the display memory to
the computer RAM. The required computer running time in
this stage is linear (Note: This statement has been verbally
confirmed by AT&T.). Thus, the time complexity of stage 1
of the algorithm is O(n), when n is the number of pixels of
the image.

Stage 2: Image Processing. This stage horizontally scans
each row of the image pixel by pixel to locate all the bright
segments on the current row. If a bright segment is found,
the algorithm makes one comparison to determine if the seg-
ment is white noise. If the segment is not white noise, the
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algorithm makes at most six comparisons to determine if the
segment belongs to any existing cluster. Therefore, the time
complexity of this stage is O(n).

Stage 3: Recognition of Left-Turning Vehicles. Let m denote
the number of bright clusters. In this stage, the algorithm
needs at most three comparisons for each cluster to determine
if the cluster is a left-turn light. These three comparison are
the three parameters (i.e., size, width, and height of the clus-
ter). Thus, the time complexity of this stage is O(m). How-
ever, m < n is true. Therefore, the time complexity of this
stage is also O(n).

In conclusion, the time complexity of the proposed algo-
rithm is O(n) where n is the number of pixels per image. This
indicates that the upper bound of the computer time increases
proportionally to » when the size of the images increases. This
also indicates that the algorithm is efficient and powerful.

EXPERIMENTAL DESIGN AND ANALYSIS
““Left-Turn Detection’® Software

Using the derived algorithm, this study has developed micro-
computer software, named “Left-Turn Detection.” The main
objective of this software is to detect left-turning vehicles at
intersections. This software uses a DOS 3.1 operating system
for IBM PC/AT computers. This software was written in the
C computer language. The C language is suitable for this study
because it can manipulate bits and is compatible with the
TARGA supporting software (I7) provided by AT&T.

Left-Turn Detection software utilizes a C86 compiler from
Computer Innovations Inc. Because an image file can take
up to 256K-byte memory space, the default value for stack
and heap is changed to 320K-bytes. In order to speed up the
program, this study takes advantage of the 80286 micropro-
cessor by switching the compiler option to 80286 (the program
will only run on 80286 microprocessors). Furthermore, the
running time of this software is linear, i.e., the running time
is proportional to the size of the input image file. This is the
best feature of the program, that it conforms to a real time
computer system.

Real-Time Analysis

The application requires a real time system. This means the
response time of the computer system has to be tied to the
time scale of events occurring outside the computer. The com-
puter must be able to accumulate, process, and output data
within a critical, specified time period. In order to accomplish
the real time analysis, this system requires guaranteed response
from each part of the computer system—peripherals, pro-
cessor, operating system, and the users’ program—since the
time headway of left-turn vehicles approaching an intersection
is about 2 seconds per left-turn lane during peak hours. Thus,
if the computer system can capture, process, and output the
result within one second, the system is a true real time system
for this study.

The TARGA 8 board takes up to just 1/30 second to cap-
ture an image from a video camera to the display memory of
the board. The required computer time is small because of
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the memory arrangement known as Row Addressable RAM
(RARAM): a scheme that enables a row of 4000 bits to be
moved into the memory at once, instead of 1 bit or 1 byte at
a time. By using the same memory management, the image
is transferred from the display memory of the TARGA 8
board to the memory of the IBM AT.

The image in RAM is processed by the algorithm. As dis-
cussed previously, the complexity of the algorithm is linear,
i.e., if the image has n bytes, then the running time is O(n).
The second stage of the algorithm has to go through the
memory location byte by byte to process the image. This
processing takes longer than the transferring. For example,
if the algorithm processes 20K bytes, then for every byte the
memory access time would be around 5 x 1077 seconds and
the total computer time would be about 1 second.

In order to investigate the possibility of real time analysis,
left-turning movements were tape-recorded by using a CCD
video camera at the intersection of Sherbrooke and St. Mathieu
Streets in downtown Montreal, Quebec. Thirty images of left-
turn movements from different cycles of traffic signal timing
were selected randomly for conducting this experiment.

The conditions of the experiment were as follows:

1. The images are black-and-white, and the gray level of
each pixel ranges from 0 to 2235;

2. After the preprocessing procedure in stage 1 of the algo-
rithm, each image has 80 rows and every row has 256 pixels
(i.e., each image has about 20K pixels);

3. The microprocessor used is Intel 80286; and

4. The threshold of gray level to distinguish bright pixels
from the images is 240.

These thirty images were input into the Left-Turn Detection
Software for detecting left-turning movements. The average
running time for these thirty samples was 0.85 seconds. The
standard deviation for this average value is 0.09 seconds. Thus,
the algorithm is able to complete the analysis of an image
within 1 second. Furthermore, the time for capturing an image
and sending it to the RAM of the IBM PC/AT is about 0.05
seconds per image. This computer time is controlled by the
TARGA 8 board. Hence, the total average computer time
for each image is about 0.90 seconds. It is still less than 1
second. Therefore, the computer system developed is a real
time system.

One second of computer time is a desirable amount of time
to analyze an image on the basis of real time study for the
intersection with one left-turn lane at each approach. Thus,
a fraction of 1 second may be the time limit for the intersec-
tions with two exclusive or mixed left-turn lanes at each
approach. Since the Intel 80386 processor is about two to
three times faster than the Intel 80286 processor, by using the
80386 processor a real time computer system for this study
can still be achieved.

Accuracy of the Algorithm

The same thirty images of left-turning movement were also
chosen to determine the accuracy of the algorithm in detecting
left-turning vehicles at intersections. The set of samples was
taken from a mixed left-turn and through lane at a busy inter-
section during peak hours on sunny weekdays. These thirty
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images showed the different combination of cases in vehicle
types, vehicle makers, number of vehicles in the queue, and
percentage of left-turning vehicles in the queue. These images
were input to the Left-Turn Detection software. The results
of the computer output were compared with the results of
human observation on an image monitor. The comparison
indicates that the accuracy of the algorithm for these thirty
images was about 80% for detecting the left-turning vehicles
whose signal lights were on. Since not every driver uses turn-
ing signal lights, the reliability of the algorithm is further
reduced.

The 80% accuracy indicates that the developed image anal-
ysis system has not reached the implementable stage yet.
Improvements in both hardware and software are needed for
the developed system. However, the difficulties of attaining
greater accuracy are discussed below:

1. Reflection of Small Obiects: The first stao

x. LI L Sl LU0

The first stage of the algo-
rithm has discarded most of the background, such as buildings
and sidewalks, as well as the through vehicles in the adjacent
lanes from the image. Thus, there are about 20K pixels
remaining in each image in the second stage of the algorithm.
These partial images still contain many objects. On sunny
days, objects such as headlights, bumpers, windshields, win-
dows, roofs, frames, wheel covers, and door handles on the
vehicles all reflect sunlight into the camera. Thus, the bright
clusters in the second stage of the algorithm include signal
lights of vehicles plus all kinds of reflection. The third stage
of the algorithm intends to distinguish the reflections from
the signal lights by examining the size, width, and height of
the cluster. However, it is extremely difficult for the algorithm
to delete the reflections with sizes and shapes similar to those
of the signal lights.

2. Variation of the Size of Signal Lights: There are two
factors affecting the variation of the size of the vehicle signal
lights. They are the size of the vehicle itself and the distance
of the vehicle light from the camera. The size of the signal
lights varies according to vehicle size and manufacturer. In
general, large cars have larger signal lights than small cars,
and European cars have slightly larger lights than Japanese
and domestic cars. In addition, trucks, buses, and trailers have
different sizes of signal lights among themselves and in con-
trast to other passenger cars. Furthermore, the longer the
distance of a vehicle from the camera, the smaller the size of
the lights present in the image. In other words, the queue
position of the vehicles significantly affects the size of the
signal lights shown in the image. Due to the wide variation
in sizes, it is difficult for the algorithm to recognize the signal
lights accurately.

3. Blinking of the Lights When Turned On: From obser-
vation, signal lights of vehicles blink from fifteen to twenty
times every 10 seconds when the lights are on. The blinking
of lights affects not only the size of the lights but also the
gray values of pixels of the lights. The effect of blinking has
made it even more difficult to detect the left-turn movements.

The possibilities for improving the developed image anal-
ysis system are as follows:

1. Hardware Aspect: A color interface board such as
TARGA 16 will be recommended. TARGA 16 requires 2
bytes to present every pixel. For every pixel in TARGA 16,
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5 bits are assigned to each of the primary colors (i.e., red,
green, and blue). Thus, TARGA 16 can display about 32,000
different colors. Since the color of signal lights of vehicles is
yellow, it would be a great incentive in solving the problems
listed above to examine the color of bright clusters. However,
the disadvantage of using TARGA 16 is that the size of the
images stored in the computer is larger than that in the
TARGA 8, and thus more computer time is required.

2. Software Aspect: The third stage of the algorithm has
to be modified. To solve the problem of the blinking lights,
two or three consecutive images will be compared to deter-
mine the number of left-turning vehicles. Furthermore, a new
parameter in the shape of the cluster might also help distin-
guish the lights from the reflection of small objects. The
parameter, or shape of the cluster, is the combination of the
two parameters, width and height of the cluster.

CONCLUSIONS

Image analysis is one of the subjects in the area of computer
vision. The image analysis technique includes two main pro-
cedures: image processing and pattern recognition. This tech-
nique has been successfully applied to several areas, such as
document processing, microscopy, radiology, industrial auto-
mation, remote sensing, and reconnaissance. This study intends
to detect the left-turning movements at intersections using the
image technique. An optical image analysis system—includ-
ing a CCD video camera, interface board, image monitor,
and an IBM PC/AT—was used to conduct this research. The
conclusions drawn from this study are as follows:

1. The problems in the current method of left-turn data
collection are that there is no turning movement data and no
wheel-oriented data.

2. An efficient and powerful computer algorithm was
developed for this study. The algorithm includes three stages:
environment setting, image processing, and recognition of
left-turning vehicles.

3. The developed algorithm has been proven as linear. In
other words, the time complexity of the algorithm T'(n) equals
O(n) where n is the size of the image.

4. Software called “Left-Turn Detection” was developed
for IBM PC/AT’s. This software was written in the C com-
puter language.

5. The computer system developed for detecting left-turn-
ing movements is a real time system. The average computer
time for the Left-Turn Detection software to analyze an image
is 0.85 seconds. The computer time to grab an image from
the camera to the computer RAM is 0.05 sec. Thus, the total
average computer time for each image is about 0.90 sec. Hence,
this computer system is capable of detecting left-turning
movements on a real time basis.

6. The accuracy of the algorithm is about 80% for detecting
left-turning vehicles whose signal lights are on. Some improve-
ments in both hardware and software are needed in order to
reach the implementable stage in the near future.
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Some Properties of Macroscopic

Traffic Models

PauL Ross

Three ‘‘equations of state’’ are required to describe the traffic
fluid. The first is volume = speed - density, and the second is
the continuity of vehicles. There are at least four options for
the third equation: (1) the deterministic speed-density model,
(2) the equilibrium speed-density model, (3) the Payne model,
and (4) the Ross model. Two restrictions on the space step DX
and time step DT apply to numerical integrations of all four
models. There is an additional restriction on DT that applies
to the last three models and a special restriction on the ‘‘antic-
ipation”’ term in the Payne model. The time required to per-
form numerical integrations of all four models is shown to be
inversely proportional to the square of the length of the smallest
feature represented. A general form for the ‘‘relaxation time’’
in the three non-deterministic models is derived. It is argued,
on the basis of experience with the Ross model, that although
a dependence upon speed is ‘“correct,”’ setting the relaxation
time constant is adequate for most traffic purposes. The rela-
tionship between relaxation time and lost time at signals in the
Ross model is shown to be linear.

This paper deals with five topics related to the macroscopic
(speed, volume, density) representation of traffic. The topics
are: (1) categorization of traffic formulations into four classes,
(2) permissible step sizes when numerically integrating the
traffic formulations, (3) execution time for numerical inte-
grations, (4) form of dependence of the “relaxation time,” a
parameter in three of the formulations, upon average traffic
speed, and (5) relationship between “lost time” and the relax-
ation time parameter in one of the models.

TYPES OF MACROSCOPIC TRAFFIC MODELS

In this paper, the term “‘traffic dynamics model” or “traffic
formulation” means a complete set of relationships between
traffic volume, average traffic speed, and traffic density. Such
relationships may be looked upon as the “equations of state”
of the traffic fluid.

Three relationships are required. The first relationship is
inherent in the definitions of traffic volume, speed, and
density:

Q= kv 1)
where

Q = Q(x,t) = traffic volume (veh/hr) at location x and
time £,

Traffic Systems Division HSR-10, Federal Highway Administration,
6300 Georgetown Pike, McLean, Va. 22101.

k = k(x,f) = vehicular density (veh/mi) at location x and
time ¢, and

v = v{(x,t) = space-mean speed (mi/hr) at location x and
time ¢. (Proof that this is the harmonic mearn of the
“spoi_'” sneeds i¢ nrovided elsewhere (1))

SpPetias 15 pROVILCL CCWIIRIC (&)

A second relationship, the continuity of vehicles, was pointed
out by Lighthill and Whitham (2):

oklot + 0Q/ox = S(x,p) (2)
where

d/ot and 3/dx indicate partial differentiation with respect to
time ¢ and with respect to location along the road x, respec-
tively, and S(x,f) = source strength of vehicles from ramps,
parking lots, etc., which may be negative (veh/mi-hr).

Equations 1 and 2 are fundamental. All traffic models that
deal with volume, speed, and density must incorporate them
or equivalent relationships.

At least four possibilities for the third relationship have
been proposed, as follows:

Deterministic Speed-Density Hypothesis

The deterministic speed-density traffic formulation states that
the average traffic speed is a function of traffic density.
[Greenshields (3) was the first to hypothesize that average
traffic speed is a deterministic function of density, but innu-
merable investigators have followed his lead. A summary is
provided elsewhere (4). The most recent authoritative work
to adopt this approach is the Highway Capacity Manual (5),
in its treatment of freeways.]

v = v(k) ®3)

The traffic-free speed is v(0); v(kj..) = 0, where k;,, is the
so-called “jam density” of vehicles; and max[k-v(k)] is the
roadway capacity. The precise dependence of v upon & is not
important to the arguments in this paper. v(k) need not be
single-valued except at k = k;,, and k = 0.

Equilibrium Speed-Density Hypothesis

The equilibrium speed-density formulation states that there
is an equilibrium speed, which is a function of density, to
which actual speeds relax. [The author’s experience is that
the equilibrium speed-density hypothesis is accepted by traffic
researchers but has never been specifically proposed in the
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literature. It is a logical implication of the work of Prigogine
and Herman (6), who postulated that there is an equilibrium
distribution of traffic speeds to which traffic relaxes.]

ovlot + v aviex = [F(k) — v]/T €))

The terms on the left of the equal sign give the acceleration
of traffic with respect to the moving traffic stream; F(k) is
the equilibrium speed, and T is the so-called relaxation time
(the parameter which controls how quickly traffic returns to
its equilibrium speed). Actual free speed, maximum flow, and
density at v = 0 are variable depending upon the boundary
conditions.

Payne’s Hypothesis

To overcome the tendency to spontaneously lock up in the
deterministic and equilibrium speed-density hypotheses, Payne
added an anticipation term (7, 8):

avigt + v avlox = [F(k) — v]/T — (g/T)dklox 6)]

The anticipation constant is g. The net effect of Payne’s
addition is to cause traffic to accelerate when 0k/ét is nega-
tive—i.e., when the traffic anticipates lower density ahead.
Otherwise, Payne’s formulation is quite similar to the equi-
librium speed-density hypothesis.

Ross’s Hypothesis

In a recent paper (9), Ross claims that the three traffic for-
mulations listed above are all grossly unrealistic. He proposes
that the third defining equation is

aviet + v avlox = [F — v|/T (6)

where Fis the free speed on the roadway and is explicitly not
dependent on k. Roadway capacity and jam density are
accounted for by separate constraints; jam density flow is
constrained to be incompressible.

INTEGRATION STEP SIZE

No matter which of the four traffic formulations is used, inte-
gration is frequently necessary. The simplest integration method
is to step along the roadway using the chosen model to eval-
vate the volume, density, and speed at points a distance DX
apart and to repeat that process every DT hours. The speed
of the integration process is inversely proportional to the size
of DX and DT; it is therefore important to make DX and
DT as large as possible without compromising the accuracy
of the integration. We investigate what restrictions there should
be on DX and DT to ensure accurate integration.

Continuity of vehicles (equation 2) imposes some funda-
mental constraints on the integration of all four traffic for-
mulations. Equation 2 can be rewritten in terms of finite
differences:

Dk; = S, DT — (Q; - 0,.,) (DTIDX) (M

where Dk; is the change in density at location i between times
DT apart, S, is the traffic source strength at location i, and
Q; is the volume at location i.
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The integration error will usually be small compared to k;
if Dk, is small compared to &,. Divide both sides of equation
7 by k;:

Dk/k; = (S/k) DT — (v; — v,_)(DT/IDX) (8)

where v, is the volume at location i.

If both terms on the right are individually small, Dk,/k; will
automatically be small. (Dk,/k; will also be small if the two
right-side terms nearly cancel one another, but an integration
scheme that relies on two large terms nearly cancelling one
another would be impossible to implement.) Specifically:

DT << k,/S; )
DX/DT >> F (10)

where F is the free speed on the roadway.
Since the source/sink volume is S;-DX, not S;, restriction 9
can be rewritten:

DX/DT >> Source volume/k; (11)

Inequalities 10 and 11 must both be satisfied if the inte-
gration is to give relatively accurate results. Inequality 10
means that the time step, DT, must be small enough and the
space step, DX, large enough so that vehicles cannot cross
an appreciable fraction the space step in one time step. In-
equality 11 means that the time step must be small enough
and the space step large enough that source/sink flows do not
appreciably alter the number of vehicles in any space step
during a time step. These conclusions are based entirely on
equation 2 and, therefore, apply to all traffic formulations.

Since the third equation of the deterministic traffic for-
mulation does not involve differentiation, it has no effect on
the size of DX or DT in the deterministic model. Restrictions
10 and 11 are the only restrictions on DX and DT in the
deterministic formulation.

In the equilibrium, Payne, and Ross formulations, the third
equation of state does involve partial differentiation and,
therefore, has an effect on the allowable sizes of DX and DT.
The third equations in these formulations are similar enough
to one another for the convergence properties under numer-
ical integration of all three formulations to be analyzed at the
same time. Consider the third equation of state from Payne’s
formulation converted to finite difference form:

Dv, = [F(k) - v)(DTIT) = v{v, ~ v,_,) (DTIDX)
- (g/T)(k; — k;_,(DT/DX)

There are no fixed values of DX and DT which guarantee
that Dy, will be small compared to v;; we must settle for the
weaker condition that Dv; be small compared to the free
speed, F. Again, each term individually must be small (com-

(12)

pared to F).
The condition on the first term is
| [Fk) — vDTIT) | << F (13)

which is always satisfied if
DT<<T (14)

Since a term with similar convergence properties occurs in

the equilibrium and Ross formulations, restriction 14 applies

equally to the equilibrium, Payne, and Ross formulations.
The second term in equation 12 is automatically small com-
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TABLE 1 CONDITIONS ON INTEGRATION STEP SIZES DX AND DT FOR THREE TRAFFIC

SIMULATION PROGRAMS
Restriction KRONOS (Deterministic) FREFLO (Payne) RFLO (Ross)
10. DX/IDT >> F 68 mi/hr ?? 63 mi/hr 630 mi/hr >> 63 mi/hr 200 mi/hr 7> 63 mi/hr
11. DX/DT >> 68/mi/hr 2> 20 mi/hr 630 mi/hr >> 20 mi/hr 200 mi/hr >> 20 mi/hr
source/k

4. DT << T Not applicable 0.000167 hr << 0.001875 hr 0.0005 hr << 0.0060 hr
16. DX/DT >> Not applicable 630 mi/hr >> 68 mi/hr Not applicable

gk TF

NOTE: Restriction number refers to inequality number in the text. “??” means the restriction is not satisfied; “?>"

means the restriction is marginally satisfied.

pared to F if restriction 10 is satisfied; no new restriction is
needed.

The third term, the anticipation term, appears in Payne’s
formulation only.

| 72/
iz }\

— I /NTIN |
| { D << F (15)

k — k_ (DT
Condition (15) is guaranteed if
DX/DT >> g kyu/ T F (16)

Restriction (16) applies to the Payne formulation only.

How well are these restrictions on DX and DT obeyed in
practice? KRONOS (10) is the only recent simulation pro-
gram to use the deterministic speed-density formulation.
FREFLO (11) is the only simulation program to use the Payne
formulation. RFLO, now under development at the Federal
Highway Administration, uses the Ross formulation. (No
example of a simulation using the equilibrium speed-density
formulation could be found.)

It is assumed that the maximum average speed, F, is about
63 mi/hr. It is further assumed that typical source/sink flows
~ 100 veh/hr and worst case (smallest) traffic densities ~ 5
veh/mi, implying source flow/k ~ 20 mi/hr.

In the KRONOS program, the space step, DX, defaults to
100 feet and the time step, DT, defaults to 1 second, yielding
DX/DT = 68 mi/hr. Table 1 shows how these values relate
to restrictions 10, 11, 14, and 16.

In the FREFLO program, the space step, DX, is the link
length; DX = 0.1 mi can be postulated. DT is one-tenth of
the travel time on the shortest link (0.00017 hours, with our
assumptions), automatically making DX/DT ten times F. The
relaxation time, T, is proportional to DX and inversely pro-
portional to the roadway capacity; for capacity = 2000 veh/
lane-mi, T = 0.001875 hr. The anticipation constant, g, is
proportional to DX and the roadway capacity; in these con-
ditions, g = 0.028 mi%*hr. Jam density is 143 veh/lane-mi—
say, 286 veh/mi on a two-lane roadway. The term g k../TF
evaluates to 68 mi/hr. (The similarity to DX/DT in the
KRONOS program is coincidental.) Table 1 shows how these
values relate to the applicable restrictions.

In the RFLO program, DX = 0.1 mi; DT = 0.0005 hr =
1.8 sec; (DX/DT = 200 mi/hr); T = 0.0060 hr. Table 1 relates
these values to the applicable restrictions.

It is obvious from inspecting Table 1 that the KRONOS
program does not satisfy restriction 10. This implies poor
representation of density where it is changing rapidly. KRONOS
is marginal with respect to restriction 11, implying that its
representation of low-density traffic with comparatively large
source/sink volumes is theoretically unsound. (Note, how-
ever, that the author’s experience is that, although one wants

the one-step change in any computed quantity to be less than
10% or so, integration steps that can, in theory, allow changes
of 20 or 30% to work very well in practice. This is due to the
fact that 20 or 30% changes only appear at such abrupt dis-
continuities that they rarely occur in real traffic.)

RFLO, with DX/DT less than four times the free traific
speed, is marginal with respect to restriction 10. Problems in
the representation of density have not been detected in prac-
tice, but the possibility should be noted.

FREFLO satisfies all conditions well. In fact, the time step,
DT, could probably be doubled or tripled in FREFLO without
noticeable loss in accuracy.

MINIMUM EXECUTION TIME

Although the accuracy of the numerical integrations increases
as DX becomes larger, precision increases as DX becomes
smaller. If one wishes to simulate the effects of very small
geometric features (such as an intersection wherein opposite
streets are misaligned by, for example, 20 ft), one must make
DX small (for example, 5 ft). Restrictions 10 and 11 both
require that DT be made small proportionately as DX is made
small. Since the number of space steps simulated is inversely
proportional to DX and the number of time steps is inversely
proportional to DT, the total computation time must be
inversely proportional to the square of DX.

This conclusion— that minimum computation time is inversely
proportional to the square of the length of the smallest feature
simulated—applies to all four traffic formulations.

RELAXATION TIME: T

The three non-deterministic traffic formulations all use a
quantity called the relaxation time, which has been symbol-
ized by T here. The original formulation of the equilibrium
speed-density hypothesis (equation 4) allows that T is prob-
ably a function of average traffic speed (v), but determining
that functional dependence was beyond the scope of the orig-
inal paper, which opted for the simplifying assumption that
T is independent of v. The question now is, What is a good
functional form for relaxation time, T(v)?

A small value for T means that the average traffic speed,
v, relaxes to its equilibrium value quickly—that is, traffic
acceleration is inversely proportional to 7. Since a good deal
is known about the acceleration of traffic as a function of
speed, a functional form for T(v) can be deduced.

The average power used to accelerate vehicles is

P = m-v-acceleration an
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where m is the average mass of vehicles. T is inversely pro-
portional to the acceleration:

T =c(mv + b)/P (18)

where cis a constant to be determined, and where b is a small
number added to account for the fact that accelerations at
v = 0 are not infinite (i.e., T # 0) but rather are limited by
pavement friction and driver discomfort.

P is not the engine power used, but rather the power used
to accelerate the vehicle after rolling and wind resistance have
been overcome. The wind and rolling resistance are approx-
imated by constant forces, so that the power used is linear in
v. The dependence of T on v is therefore approximated by

T(Wv) = (¢, + V(1 — ¢3v) (19)

The three ¢’s can be roughly estimated. We note that, when
traffic is traveling at its maximum possible speed, it cannot
accelerate further—i.e., T —> o as v — v__ . Estimates are
that the average maximum speed of the North American traffic
stream is in the range 95 to 100 mi/hr and the average speed
on level freeways is 63 mi/hr. A rough estimate of ¢, is there-
fore 0.67/F, where F is the free, desired speed on the road.

The remaining two parameters, ¢, and ¢,, can be chosen
by noting that—in simulations with T held constant—T =
0.030 hr produces realistic traffic performance at speeds
approaching the free speed (F), and T = 0.0053 hr produces
signal discharge flows that represent about 2.1 seconds of lost
time per green.

We conclude that the relaxation time, T(v), can be approx-
imately represented by

T = (0.0053 + 0.0047 v/F) hr/(1 — 0.67 v/F) (20)

At least three assumptions have been made in the above
derivation:

1. The effects of traffic mix, roadway grade, and driving
conditions on T(v) are represented by making the constants
which multiply v inversely proportional to F.

2. Deceleration behaves essentially the same as
acceleration.

3. Traffic speed will never approach F/0.67.

These assumptions are mathematically convenient and not
obviously wrong. The argument applies equally to the equi-
librium, Payne, and Ross traffic formulations.

Extensive simulations with the Ross formulation indicate
that there are no startling differences between the 7(v) vari-
able as described above and T = constant—only subtle dif-
ferences in the acceleration of traffic back to its desired speed
upon leaving a bottleneck. The details of such accelerations
have never been an important traffic issue. It is the author’s
conclusion that setting the relaxation time T = constant is
adequate for most traffic purposes using the Ross formulation.
This conclusion has not been tested for the equilibrium or
Payne formulations.

“LOST TIME” AT SIGNALS

The relaxation time, T, affects all aspects of traffic behavior
in the three formulations where it is used. Its most obvious
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effect is on “lost time” at signals. Because signal lost time is
well known (12), this dependence can be used to estimate an
appropriate value for T.

Consider a traffic signal with, for example, 0.01 hours of
red alternating with 0.01 hours of green (cycle length
0.02 hr = 72 sec). It is straightforward to use any of the traffic
formulations to simulate such a traffic condition. The results
of one such simulation with the Ross model are shown in
Figure 1.

When the simulation of Figure 1 is extended for a long
time, a standing queue forms at the signal and the downstream
flow stabilizes at 933 veh/hr. This implies an effective green
time of 933/2000 = 0.466 hrs/hr or 33.6 sec/cycle. Lost time
is: (36 sec of actual green per cycle) — (33.6 sec of effective
green per cycle) = 2.4 sec/cycle.

Similar simulations can be repeated using different values
of relaxation time and noting the resulting lost times. The
relationship between relaxation time and lost time in the Ross
formulation is shown in Figure 2. Figure 2 applies to the Ross
formulation only.

SUMMARY

This paper has discussed five related topics. The conclusions
are:

1. Three equations of state are required to describe the
traffic fluid. The first is volume = speed - density, and the
second is the continuity of vehicles. There are at least four
options for the third equation: the deterministic speed-density
model, the equilibrium speed-density model, the Payne model,
and the Ross model.

2. Two restrictions on the space step DX and time step DT
apply to numerical integrations of all four models. There is
an additional restriction on DT that applies to the last three
models and a special restriction on the anticipation term in
the Payne model.

3. The time required to perform numerical integrations of
all four models is inversely proportional to the square of the
length of the smallest feature represented.

4. A general form for the relaxation time in the three non-
deterministic models is derived. It appears, on the basis of
experience with the Ross model, that although a dependence
upon speed is ‘“‘correct,” setting the relaxation time constant
is adequate for most traffic purposes.

5. The relationship between relaxation time and lost time
at signals in the Ross model is linear.
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FIGURE 1 Density, speed, and volume as represented by the Ross traffic
formulation at a traffic signal with actual green = 36 sec/cycle, actual red = 36
sec/cycle. Demand volume rises from 800 to 950 veh/hr. Traffic flows from right to
left. Distance is in units of 0.1 mi (13 mi total). Time runs from 0.00 to 0.10 hr
(five cycles), back to front. Jam density of vehicles is 143 veh/lane-mi. Free speed is

63 mi/hr.
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FIGURE 2 Signal lost time as a function of relaxation time,
T, in the Ross model. Free speed = 63 mi/hr. Cycle length =
0.02 hr with 50% actual green. Lost times less than the
integration step size (1.8 sec) are not observed.
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Generating Partial Origin-Destination
Tables for Streamlined Application of

Corridor Models

SAM YAGAR

A method is described for generating origin-destination (OD)
matrices for the subset of drivers who are likely to divert in
response to any changes to the traffic network, such as ramp
metering for freeways. These ODs are generated automatically
from responses to survey questionnaires handed out at strategic
points in the network. The responses are factored up to rep-
resent 100% of the observed flow on critical links. The pro-
cedure also preloads onto the network any link volumes that
are not represented by factored survey responses, and are
presumably insensitive to any control schemes that might be
considered. Preloading of the less sensitive flows, rather than
the existing procedure of creating and assigning pseudo-ODs,
should reduce the work required of the analyst and lead to
improved predictions of flows and queues.

Assignment-based traffic models require origin-destination
(OD) information in the form of OD tables or matrices. Fur-
ther, dynamic assignment models such as CORQ (I) require
the input of set OD matrices to represent the trip demands
in each of a series of contiguous time slices (2).

Field data are obtained by surveying drivers and must include
at least the trip path and trip OD for each surveyed driver.
Usually, only information from drivers whose trip paths are
sensitive to the effects of any proposed traffic controls are
required. However, most assignment models require that this
information be presented to them in the form of OD matrices.

One of the most time-consuming tasks in traffic studies is
the conversion of raw field data into these OD matrices. This
is complicated by the fact that full OD matrices must generally
contain some pseudo-ODs in order to represent all of the
flows on the network. These pseudo-ODs represent trips which
are generally not sensitive to any control strategies that might
be tested and therefore need not really be represented by the
user survey that is conducted to obtain the OD information.

This paper describes the structure of a preprocessor for
producing OD matrices for use by corridor assignment models
such as CORQ2 (3).

RATIONALE

Kuwahara and Sullivan (4) have identified two primary prob-
lems which are encountered when one attempts to convert
roadside survey data into OD matrices:

Department of Civil Engineering, University of Waterloo, Waterloo,
Ontario, N2L 3G1, Canada.

1. Double-counting: Trips which pass through more than
one survey location may lead to errors when scaling the survey
responses to represent the total flow.

2. Leaky screenlines: It is often physically impractical to
set up a survey location at every possible crossing point of a
screenline.

In their paper, Kuwahara and Sullivan proposed five meth-
ods for overcoming these problems. All of their solutions,
however, involve estimating the probability that a trip between
one origin and one destination will take a specified path.
These probabilities will generally be difficult to generate accu-
rately in real situations. Since the outputs of their procedure
depend so heavily on these uncertain probabilities, so will the
final assignment. This paper outlines a different approach.

Historically, the ODs obtained directly from survey responses
have been factored up to match the flows and queues observed
on the network, as all trips on the network could not be
sampled. Inevitably, there are flows remaining on the network
which are not explained by the factored survey responses, yet
the models require full ODs. The traditional approach to this
discrepancy has been to create pseudo-ODs traveling between
fictitious or irrelevant origins and destinations to compensate
for any such flows. By doing this, the analysis program will
always be able to perform the assignment to a network which
is initially empty.

The CORQ2 program does not require that the network
be initially empty before assigning any ODs to it. Instead, it
uses a set of “deterministic preloads” (DPs) in addition to
the OD matrices. DPs are fixed “deterministic” flows loaded
onto the network before the OD demands are assigned. The
use of DPs allows the analyst to use OD matrices containing
only the network sensitive demands that are of interest, while
still representing the effect of the remaining flows on the
network.

The procedure of producing ODs and DPs by the prepro-
cessor outlined herein, followed by assigning them by CORQ2,
obviates the leaky-screenline problem. The creation of pseudo-
ODs added no more relevant information to the analysis.
Rather, it merely created additional work, both at the pre-
processor stage and at the assignment/analysis stage. Indeed,
creating and assigning pseudo-ODs actually confounds the
analysis, as the pseudo-ODs are given equal weight with the
survey ODs in an automated assignment procedure. The use of
DPs allows the more sensitive drivers to be assigned last, as the
network assignment approaches its equilibrium. This improves
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the modeling realism. If the survey locations have been chosen
so that the people surveyed are the ones who will be sensitive
to any traffic management strategies, then the proper infor-
mation required for an analysis has been obtained. In reality,
the drivers who create the rational equilibrium are those who
are most sensitive to link costs. Therefore, they should be the
last ones assigned. This is accomplished by preloading the
insensitive drivers.

The concept of using DPs rather than pseudo-ODs was
proposed in an earlier paper (5). The rationale behind DPs
is to permanently load onto the network first those flows
which will not change their routes as a result of control strat-
egies. These “permanent” flows are preloaded onto the net-
work. Then, assignment is performed for those trips which
are sensitive to any network changes. In this way the assign-
ment procedure is most sensitive to the most sensitive trips.

Through the use of DPs, the preprocessor and CORQ2
reduce the number of steps and the amount of computational
effort required to simulate the operation of a network. Rather
than expending the effort of removing the additional flows,
creating pseudo-ODs for them, and then reassigning them to
the network, CORQ?2 simply preloads them onto the network
before any ODs are assigned. Thus the effects of these flows
on the network will be present regardless of the control strat-
egies tested.

The preprocessor also deals with the problem of double-
counting. The rest of this paper is devoted to the description
of the preprocessor and the method that it uses to scale up
the survey responses to create OD matrices that represent all
of the assignable trips once and only once. As discussed above,
the DPs will always be present on the links and need not be

assigned.

PROCEDURE

The preprocessor attempts to factor up the survey responses
at each survey location in order to represent all of the counted
trips passing through that location. If the drivers passing through
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a survey location are likely to have to respond to a traffic
management strategy that will be tested using the ODs, such
as the potential metering or closure of an on-ramp to a free-
way, then it is necessary to have the sensitive flows at that
location represented by ODs. Since all of the vehicles on a
link would have to change paths if the link were closed, it is
customary to factor survey responses for a link up to 100%
of the link’s flow. When the factoring is completed, these
flows are removed from the network and placed into the OD
matrices. Any flows remaining on the network, and not rep-
resented by the assignable OD matrices, are considered to be
deterministic preloads.
The preprocessor requires the following input data:

¢ network topology (how links connect)

¢ link cost vs. flow relationships

e list of origin nodes and destination nodes

® observed flows and queues on links

¢ placement of survey handout locations

e first and last survey numbers handed out at each location

e total flow passing through each surveyed link

® traces of paths followed by representative samples of the
drivers using the survey links

A returned survey questionnaire provides a trip trace from
which can be gleaned the origin, trip path (nodes or links),
destination, time of departure, and a list of all survey locations
passed. The map from a typical questionnaire for this purpose
is shown in Figure 1.

Given the above data, the preprocessor examines each
questionnaire response. It determines the survey location and
the handout time based on a coded number assigned to each
individual handout. Starting at this location, it traces back-
ward and forward along the stated path and generates a list
of the links traveled. It also searches for the appropriate origin
and destination nodes. A coded sequence of nodes/links for
the trip traced in Figure 1 is illustrated in Figure 2. The latter
represents the form in which the driver-traced trip of Figure
1is fed to the preprocessor.
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FIGURE 1 Driver’s trace as shown on the survey questionnaire.
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FIGURE 2 Driver’s trace on link-node diagram.

Generally, the analyst will have coded the path as starting
at one of the prescribed origin nodes and ending at one of
the prescribed destination nodes. Since the path specified by
the motorist may not exactly coincide with the network as
defined, the analyst may have to make some decisions regard-
ing what origin, destination, and intermediate trajectory should
be chosen. If the start or end of the trip is not well enough
defined that it automatically occurs near a terminal node, then
the analyst will have to be careful as to which one is selected.

As an example, if the motorist’s returned questionnaire in
Figure 1 had only indicated that the start of the trip was at
the Pinecrest interchange, the analyst would have to decide
whether to assign that trip to origin node 9 or origin node 6.
These are the origin nodes closest to the location at which
the trip specified by the driver started. The node sequence
from origin node 9 would be 9,45,57,37,58,38, . . . , rather
than the sequence 6,46,59,38, . . . , from origin node 6 that
was illustrated in Figure 2.

The choice of the origin node will clearly be an issue here
in terms of the analyses to be performed, especially since this
questionnaire will generally be factored up to represent sev-
eral vehicles in the OD matrix. For example, if the inter-
change at Pinecrest were to be removed, then motorists from
origin node 9 would likely divert along Carling Avenue, while
motorists from origin node 6 would likely divert either to
Baseline Road or to the Woodroffe on-ramp to the Queens-
way. The CORQ2 preprocessor has several routines for esti-
mating appropriate origin/destination nodes when the driver
has not specified trip-end at origin and destination nodes.
These are based on the network connectivity and topology.
It is noted that not all network nodes are origin and/or des-
tination nodes.

After the entire path for a trip has been defined, from the
origin node through a series of links to the destination node,
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the time of arrival at each node is calculated so that the
preprocessor knows in which timeslice the trip traveled on
each link. The timeslice in which the trip originates is also
calculated. The preprocessor lists the survey locations through
which this trip passed and the timeslices in which the respec-
tive survey locations were passed, and stores these on a tem-
porary file for later use as described below. It also updates
the number of returned questionnaires from each survey
location.

After all of the questionnaires have been processed, there
is enough information available to calculate the scaling factors
for each response. At this point, the responses are read back
in from the temporary file, factored up, removed from the
observed flows and queues on the appropriate links (in the
appropriate timeslices), and added to the OD matrices. The OD
matrices and the remaining deterministic link preloads are then
written out to files for use by CORQ2.

SCALING FACTORS

If each surveyed motorist were to pass through only one sur-
vey location, then the factoring procedure would be simple.
Simply dividing the total flow at each location by the number
of responses attributed to location would give the correct
scaling factor.

For an idealized situation in which there is no interaction
between survey locations, the simple relationship F = V/R
holds, where:

F = the factor for a survey location,

V = the total volume at the survey location, and

R = the number of respondees (returned questionnaires)
from the survey location.
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For example, if there is a flow of 300 vehicles on the surveyed
link in a timeslice, and 50 questionnaires are returned, then
every respondee is assumed to represent F = 300/50 = 6
vehicles. As usual, it is assumed that the returned question-
naires form a representative sample of the trips of all of the
motorists using the surveyed link.

In practice, there may well be trips which pass through more
than one survey location. This is where the scaling becomes
difficult. If a vehicle passes through one survey location with
a simple scaling factor of 4, for example, and another location
with a scaling factor of 6, then how many vehicles does this
respondee really represent on each of the traveled links? This
is the basic problem encountered when attempting to factor
up the survey responses to the total OD matrix. It cannot be
solved exactly in mathematical terms, because it cannot be
fully resolved theoretically.

When some trips pass through two or more survey locations,
we are not guaranteed an exact solution to the problem. The
procedure used in the CORQ?2 preprocessor is summarized
below. A full description of the procedure is beyond the scope
of this short paper. Each trip passing through N survey loca-
tions increments counters so that 1/Nth of the effect of the
response is assigned to each survey location. This has roughly
the same effect as setting the factor for that trip equal to the
average of the factors of the N locations. While this procedure
is quite robust, it can still be aided by the user through proper
selection of survey locations to minimize the number of trips
passing through more than one survey location. It also helps
if drivers’ response rates at the various survey locations are
about the same.

DISCUSSION OF RESULTS

Using the preprocessor output as input data to a dynamic
corridor assignment model such as CORQ2 should serve to
reproduce the flows and queues observed in the field. How-
ever, the simulated results will vary somewhat from those
observed for the following reasons:
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1. The survey responses returned represent only a strate-
gically chosen sample of the users of the network.

2. Flows which pass through more than one survey location
may not be factored up precisely as discussed above in the
description of the scaling algorithm. Approximation is
necessary.

3. Different people have different sets of values and mea-
surements, and they will not necessarily choose the same path
between a given origin and destination at a given time, i.e.,
they will not necessarily utilize the path selected by CORQ2,
for example. This is a problem encountered by all assignment
techniques. However, the use of a shortest path algorithm in
producing the OD matrices for assignment by a shortest path
algorithm is a form of pre-calibration, and should help to
reduce the error caused by individual driver preferences.
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Modeling the Effect of Traffic Signal

Progression on Delay

KeENNETH G. COURAGE, CHARLES E. WALLACE, AND RAFIQ ALQASEM

The Highway Capacity Manual (HCM) offers a new model for
assessing the effect of signal progression on delay at a signalized
intersection. This paper discusses a comparison between the
HCM progression model and the progression model used in
TRANSYT, a signal design and evaluation program which has
been in use for several years. The TRANSYT-7F program is
used to compare the delays estimated for various qualities of
progression with the delays estimated for random arrivals.
Comparisons are made on a single pair of links under con-
trolled conditions and on a network of 85 links under simulated
field conditions. It was demonstrated that the two techniques
agree quite closely. It was also observed that the platoon ratio,
R, as defined in the HCM, provides a better predictor of pro-
gression quality with heavy traffic volumes. The TRANSYT
results suggest that a wider range of progression adjustment
factors exist than the HCM recognizes, and that some extrap-
olation of the HCM values may be warranted to cover excep-
tionally good and exceptionally poor progression. An inde-
pendent indicator of progression quality was also developed
and tested. It is derived from the ratios of bandwidth measured
on the time-space diagram and is therefore termed the ‘‘band
ratio.”” The advantage of the band ratio is that, unlike the
platoon ratio, it may be computed without field studies. From
the studies reported in this paper, it appears that the band
ratio may be used as a cost-effective substitute for the platoon
ratio for most purposes.

The need to coordinate the operation of two or more traffic
signals which operate in close proximity is self evident. A
wealth of literature exists on the subject of coordinated signal
systems. A variety of techniques, ranging from simple graphic
approaches to microscopic computer simulation programs, is
available to the analyst. Each technique deals with some aspect
of the system performance, expressed in terms of delay, stops,
bandwidth efficiency, or other measures of effectiveness.
The most recent entry in the field of traffic analysis models
is the 1985 Highway Capacity Manual (HCM) technique for
determining delay at signalized intersections (I). This tech-
nique recognizes the axiom that delay at any given signal is
influenced by the quality of traffic progression from its neigh-
bors. A progression adjustment factor, PF, is given in table
9-13 of the HCM. The PFis a scalar multiplier which increases
or decreases the delay as a function of the progression quality,
the degree of saturation, and the type of control equipment
(pretimed, traffic actuated, etc.). The values contained in
HCM table 9-13 range from 0.40 to 1.85, indicating that the
quality of progression, as viewed by the HCM, exerts a sub-
stantial effect on the delay at a signalized intersection.

Transportation Reseach Center, University of Florida, Gainesville,
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Other traffic control system models which have been in use
for several years also recognize the effect of the quality of
progression on delay. One such model, the Traffic Network
Study Tool (TRANSYT) (2), has been used widely in several
countries. This paper will compare the TRANSYT and HCM
progression modes.

In the following discussion, the computational aspects of
the two models will be compared. The results will then be
examined on a single pair of links with controlled conditions
and on a network with approximately 85 links with varying
quality of progression.

The scope of this paper is limited to the effects of pro-
gression. No comparisons of the absolute values of delay are
appropriate to the methods used in this study. This is simply
a comparison of the relative degree of improvement attrib-
utable to progression as seen by two different analysis models.

BACKGROUND

The TRANSYT model was developed initially by Dennis I.
Robertson in 1968. Subsequently it has been improved pri-
marily by the Transport and Road Research Laboratory and
others in several nations. It has been extensively tested and
used throughout the world for design and evaluation of traffic
signal timing.

The program has evolved substantially since its original
development and several versions have been released. The
specific version of TRANSYT used in the study was TRAN-
SYT-7F (3). The HCM has also evolved since its first release
in 1950. The 1985 version incorporates significant enhance-
ments over its predecessors, especially in the analysis of traffic
signal operations.

COMPUTATION OF DELAY

There are some important similarities and differences between
the TRANSYT and HCM delay models. They are similar in
the sense that they both use variations of the general two-
component delay model originally proposed by Webster (4).
In this model, delay is expressed as the sum of two separate
functions:

D=d +d, 1)
where

D = the delay per vehicle (seconds);
d, = the delay which would result if the traffic volumes
were uniform from cycle to cycle; and
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TABLE 1 COMPARISON OF TRANSYT AND HCM DELAY MODELS

Delay element TRANSYT

HCM

Uniform Delay

Arrivals are projected on
(dq) each step of the cycle

(may 60 steps per cycle)
from the previous inter-
section. Queues are stored
on the red and released on
the green to be projected
to the next signal on a
step by step basis.

The average delay per
vehicle is computed based
on the assumption of uni-
form arrivals. No con-
sideration is green to
adjacenet signals.

Random and
saturation delay

An emperically derived formula is applied. The formula-
tion differs somewhat between the two models. The degree

d2 of saturation exerts the strongest influence in both
cases.
Quantification Progression quality is
of progression grouped into one of five
quality categories. Assessment
may be subjective or based
There is no progression on the observed proportion
adjustment in TRANSYT. of vehicles arriving on
The detailed treatment of the green.
arrivals in the uniform
delay computation accounts
Progression for the effect of pro- An adjustment factor is
adjustment gression. determined by table Took
(PF) up based on the arrival

category and the degree of
saturation.

d, = the additional delay which results from variability of
volumes throughout the analysis period. This is gen-
erally referred to as the “random and saturation”
delay.

On the other hand, the two models differ in the way that
both terms are derived and applied. A detailed comparison
of the computational aspects of the two models is given in
table 1. The main difference evident from this comparison is
that TRANSYT accounts for the effect of progression by
dividing the cycle into as many as 60 equal time steps and
performing a discrete analysis of traffic flow for each time
step. The HCM, on the other hand, makes the original com-
putations with no consideration of progression, then performs
a final progression adjustment based primarily on arrival type
and degree of saturation.

The determination of the arrival type requires some further
consideration. The arrival type is the sole’ measure of pro-
gression quality. It must be assigned a value between 1 and
5. Higher values indicate better progression. The middle of
the range (i.e., Type 3) indicates the neutral condition result-
ing from random (or uniform) arrivals.

Progression quality is difficult to assess subjectively. The
HCM provides some guidance here in the form of a *“‘platoon
ratio,” R, which reflects the proportion of vehicles arriving
on the green relative to the proportion of green time given
to the approach.

Table 9-2 in the HCM suggests a relationship between pla-
toon ratio and the arrival type. The platoon ratio is defined
in the HCM as:

R, = PVGIPTG )

where PVG is percentage of vehicles arriving during the
(effective) green; and PTG is percentage of the cycle that is
green for this movement.

Since the comparisons between these two models must be
made on a quantitative basis, the platoon ratio will be used
as an indication of arrival type for purposes of this paper.

ANALYSIS PROCEDURE

Both the platoon ratio and the progression adjustment factor
must be obtained from TRANSYT before any comparisons
may be made with the HCM procedure. Neither of these items
are direct outputs of the TRANSYT program. The derivation
of both quantities required some innovative applications of
TRANSYT combined with some external programming for
data reduction purposes. In neither case was the TRANSYT
model modified in any way. Instead, maximum use was made
of the graphics data file (GDF) produced by TRANSYT-7F
for analysis purposes. The graphics data file is described in
Appendix D of the TRANSYT-7F User’s Manual (3).

The complete analysis procedure is illustrated in figure 1,
which shows the data flow through the various computational
steps. To compare the effectof progression in TRANSYT, it
is necessary to have two TRANSYT runs which are identical
in all respects, except that one of the runs must have the
progression linkages established and the other must have them
removed. This is accomplished by a “delinking”” process which
will be described later.

TRANSYT outputs, in the form of GDFs, were obtained
for both conditions of progression (linked and delinked). At
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FIGURE 1 Data reduction and analysis procedure.

this point, a separate data reduction program [a modified
version of the Platoon Progression Diagram (PPD) program,
which is described in Appendix I of the TRANSYT-7F User’s
Manual (3)] was run to determine the platoon ratios by simply
accumulating the arrivals on the red and green phases on a
step-by-step basis. This information was obtained from the
stopline flow profile data contained in the GDF.

Since the GDF also contains delay information for each
link, the progression adjustment factor was easily determined
by dividing the computed delay for the linked operation by
the computed delay for the delinked operation. Similarly, the
other independent variables, degree of saturation, was obtained
directly from the GDF. All of the data items generated by
the data reduction program were placed in a data base for
analysis by Statistical Analysis System (SAS) (5) to produce
the results which will be presented later.

THE BAND RATIO

The platoon ratio, R,, is essentially a field measurement. This
places some limits on its value as an element of capacity

analysis because it is possible to measure only for existing
conditions. The platoon ratio is also costly and time consum-
ing to measure. An alternative measure which could be applied
without specialized field studies would be a definite asset.

The time-space diagram (TSD) provides a good starting
point for the derivation of a progression quality measure because
the TSD represents progression quality graphically in terms
of the relative widths of progression bands.

Assume for the moment that traffic approaches a signal
with one of two platoon densities which are represented by
the relative proportion of vehicles entering at the upstream
signal on the artery and on the cross street. Then:

P, = the proportion of traffic entering upstream from the
artery, and

1 — P, = the proportion of traffic entering upstream from
the cross street.

With this simplifying assumption, the TSD for a single link
would appear as shown in figure 2. The arrivals on the green
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FIGURE 2 Time-space diagram of a single link with progression.

phase at the downstream intersection would be at relative
density P, within the band and at relative density 1 — P,
outside of the band. Now, let: ‘

C = the cycle length,
B = the band width,
G, = the green time at the origin signal and

G, = the green time at the destination signal.

Then the proportion of vehicles arriving on the green at the
downstream signal within the band will be:
B
P, =P, =
1 a Go (3)
The proportion of vehicles arriving on the green at the down-
stream signal outside of the band will be:

G, - B

P,= (1= P) g @

So the total proportion of vehicles arriving on the green at
the downstream signal will be the sum of the two proportions
just computed.

Now, the platoon ratio is defined by the HCM as the pro-
portion of arrivals on the green relative to the proportion of
green time available. So, an estimator of the platoon ratio
would be given as:.

_PVG P, + P,

R =p16 = "Gic
_C[rB_(1-P)G, - B
—Gd[G,,+ C-0G, ©)

R, will be called the band ratio for the remainder of this
discussion.

One of the objectives of this paper will be to determine
how well the band ratio serves as a quantitative indication of
the quality of progression. In other words, is it possible to
make a realistic assessment of arrival types given only the
traffic volumes and the time-space diagram?

THE DELINKING PROCESS

TRANSYT’s traffic simulation model has gained a well-
deserved reputation for the realism with which it macroscop-
ically models traffic flow in a coordinated system. The
macroscopic model, although not as ultimately realistic as a
stochastic microscopic simulation model, is necessary to
TRANSYT because it is used identically in the optimization
process.

The value of the model is primarily due to the propagation
of traffic from multiple upstream sources (links) to down-
stream movements (also links) and the dispersion of traffic
from link to link. The user establishes the link-to-link rela-
tionships through data inputs. Specifically, for each interior
link, at least one, and up to four, upstream links are identified
as source, or feeder links to the current link. Indeed, it is this
link-to-link relationship, which “coordinates” adjacent sig-
nalized intersections.

Coordinated link flows propagate along the assigned “paths”
passing through the platoon dispersion model. The relative
position of the green phase at the downstream intersection
affects the number of vehicles queued, and thus delayed.

A way of approximating uncoordinated operation is to
“delink” the link-to-link relationships. This is easily accom-
plished by simply deleting the upstream input link number(s)
and volume(s) from the link data cards in the TRANSYT
input file. The length and primary link speed are retained to
enable measures of effectiveness (MOEs) such as total travel,
total travel time, and fuel consumption to be comparable.

The delinking process was accomplished in this study using
the DELINK program. DELINK is quite simple to use. The
network is coded normally with the link-to-link connections
in place. DELINK locates all links at each intersection to be
delinked as well as the inputs of that intersection to its neigh-
bors and removes the data from the fields which represent
the input links. For those familiar with the TRANSYT-7F
coding scheme, the values in fields 7, 8, and 10-15 of the link
data card (type 28) are deleted. The speed in field 9 is retained.

The DELINK program was used in this study to transform
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many “coordinated” links, with platooned arrivals random-
ized by link, to completely randomized arrivals on all links.
This is analogous to many links having arrival types varying
randomly from 1 to 5, to a fixed index of 3 on all links.
The DELINK program has been incorporated, along with
a number of other useful programs, into a “Signal Utility
Package” (SIGUTIL) available from the McTrans Center.

STUDY RESULTS
This study addresses two specific questions:

1. How does the progression adjustment factor (PF) com-
puted by TRANSYT compare with the PF computed by the
HCM based on platoon ratios and volume/capacity ratios esti-
mated by TRANSYT; and

2. How well does the band ratio, R,, proposed earlier in
this paper, serve as an estimator of the platoon ratio, R,?

The first question will be addressed using a single link pair
with controlled volumes and offsets to produce the full range
of simulated conditions. The second question will use a more
extensive network which was analyzed by TRANSYT using
input data from the field.

The Single Link Pair Study

A pair of links was created hypothetically using two inter-
connected signals. The TRANSYT runs were made for three
traffic volume levels representing 50, 70, and 90 percent sat-
uration. There were no turning movements. These represent
mid-range values for each of the three degrees of saturation
represented in the progression adjustment factor table in the
HCM. The signal timing was based on a 60-second cycle with
50 percent green time. The controller offset was varied by 5-
second intervals throughout the cycle. The forward and reverse
direction links were given unequal lengths for added varia-
bility in the data.

By this method, 72 observations (12 X 2 X 3) were created
for platoon ratio, band ratio, coordinated delay, and uncoor-
dinated delay. The progression adjustment factor, PF, was
determined for each observation by dividing the coordinated
delay by the uncoordinated delay.

The results of this study are shown in figure 3. The obser-
vations of progression factor are plotted against platoon ratio
separately for each of the three saturation levels. The pro-
gression factors computed from the HCM are shown on each
plot. The HCM progression factors were obtained from HCM
table 9-13 as a function of arrival type estimated from the
platoon ratios using HCM table 9-2. Since TRANSYT models
pretimed control explicitly, the pretimed control section of
HCM table 9-13 was used to determine the HCM progression
factors.

There are three observations which stand out clearly on
figure 3. The first is that there is excellent general agreement
between the progression factors computed by the HCM and
by TRANSYT for each of the three saturation levels. The
“staircase” function of the HCM method provides a very close
visual fit to the data points which were obtained from the
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FIGURE 3 Platoon ratio versus progression adjustment
factor for pretimed control.

TRANSYT runs. This finding lends credibility to both meth-
ods, since the two were developed independently.

A second look at figure 3 suggests that the saturation level
affects the predictability of the progression adjustment factor.
At high levels of saturation, as indicated by the plot for
X = .9, the data points adhere very closely to the line which
represents the HCM results. At low saturation levels, rep-
resented by the plot for X = .5, the data points still follow
the HCM function, but with much more dispersion. At the
saturation level represented by X = .7 the dispersion is clearly
between the two extremes. This suggests that the platoon ratio
is a better predictor of the quality of progression at higher
levels of saturation.

The third observation apparent from figure 3 is that the
range of progression adjustment factors computed by TRAN-
SYT exceeds the range specified in the HCM at both ends of
the scale. This suggests that, from TRANSYT’s point of view,
extremely good progression will reduce delay by a greater
amount than indicated by the HCM. It also suggests that
extremely bad progression will cause more delay than the
HCM would predict.

The implications of this observation are most important in
the area of good progression. The minimum value of the
progression factor in HCM table 9-13 for pretimed control is
0.53. TRANSYT, on the other hand, estimated values much
lower than this when progression was “perfect.” Because of
this study’s controlled conditions, it was possible to achieve
better progression in the computer than would normally be
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FIGURE 4 TRANSYT-7F network configuration for progression delay
study.

observed in the field. However, it is reasonable to conclude
from these results that when truly “ideal” progression exists
in the field, for example at intersections with extremely short
spacing and no significant entry from cross-street turning
movements, then the delay is probably being overestimated
by the current HCM method.

Network Study Description

While highly controlled conditions were appropriate for the
previous analysis, an actual network with field data can better
assess the value of the quantitative relationships between the
variables. The network chosen for this study contains 49 inter-
sections and 85 links as figure 4 illustrates. The information
was obtained from an available TRANSYT data set coded
for Port Huron, Michigan. The network configuration and
signal phasing reflect actual field conditions. The traffic vol-
umes were, however, increased selectively to create a wider
variety of saturation levels. The controller offsets were manip-
ulated artificially also to ensure a wide range of progression
quality. Twenty-four TRANSYT runs were performed on this
network with the controller offsets established randomly. By
this process, 2,040 separate observations were generated. The
degree of saturation (v/c ratio) ranged from .06 to .93, with

a mean value of .63. The progression quality, as indicated by
the PF, ranged from .22 to 2.81, with a mean value of 1.06.
This suggests that the randomized controller offsets have pro-
duced neutral progression on the average.

Platoon Ratio vs. Band Ratio

Each of the 2,040 observations included a platoon ratio, R,
and a band ratio, R,. To assess the value of R, as an estimator
of R,, these two quantities were plotted and a regression
analysis was performed.

The results are presented in figure 5. The relationship between

. the two progression quality indicators is plotted to illustrate

both the central tendency and the dispersion inherent in this
relationship. It is quite apparent from figure 5 that a strong
relationship exists. A visual inspection suggests a linear rela-
tionship with a 1:1 slope and zero intercept. The equation
obtained by linear regression is:

R, = 0.99R, + 0.012 (6)

The correlation coefficient, 72, for this model is 0.55, indi-
cating that approximately 55 percent of the variation may be
explained by the model. This is not exactly a deterministic
relationship; however, considering the relative ease with which
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FIGURE 5 Platoon ratio versus band ratio as
computed by TRANSYT.

the band ratio may be determined compared to the platoon
ratio (which requires field studies), it is reasonable to conclude
that the band ratio could be used as a cost-effective substitute
for the platoon ratio for most purposes.

Progression Factor Comparison

The progression factor for each observation was computed in
two ways. The ratio of linked delay to delinked delay gave
the progression factor as computed by TRANSYT. The HCM
progression factor was determined from HCM table 9-13,
based on the value of the platoon ratio (also & TRANSYT
computation). The error between the two values was defined
by

PF, — PF,
= e X
E PF, + PFy, 200
where

E = percent error referenced to the average value of
the two estimates,
PF, = progression factor computed by TRANSYT, and
PF,, = progression factor computed by HCM.

Figure 6 illustrates the distribution of the error. The mean
error for the entire sample was 2.36 percent, which indicates
a very small average discrepancy between the two methods.
The standard deviation, on the other hand, was 29 percent,
indicating that individual errors were sometimes substantial.

Neither the degree of saturation nor the progression quality
showed a significant effect on the magnitude of the error.
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FIGURE 6 Distribution of error in progression
factor computations.

Progression Factor vs. Platoon Ratio

The comparison of the platoon ratio and the progression fac-
tor was originally carried out for a single link pair and illus-
trated in figure 3. A more quantitative study of this relation-
ship was performed on the network data. The results are
shown in figure 7, which shows the mean and standard devia-
tion of the progression factor computed by TRANSYT as a
function of the platoon ratio. The regression equation was

PF =219 — 1.14R,

The correlation coefficient, r?, was .51. These results suggest
that the platoon ratio is indeed an indicator of the quality of
progression in a coordinated signal system, as suggested by
the HCM.
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FIGURE 7 Progression factor versus piatoon
ratio as computed by TRANSYT.
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as computed by TRANSYT.

Progression Factor vs. Band Ratio

It has already been established that the platoon ratio and the
band ratio are strongly correlated. Therefore, it is a reason-
able hypothesis that the band ratio could function as a prac-
tical surrogate for the platoon ratio in quantifying the arrival
type. The relationship between progression factor and band
ratio is shown in figure 8, which has the same format as the
progression factor-platoon ratio relationship shown in figure
7. On the surface, the two relationships appear to be very
similar. The regression equation for the band ratio is

PF =226 — 1.20R,

which agrees very closely with the platoon ratio equation. The
correlation coefficient was .32 compared to a value of .51 for
the platoon ratio equation. This suggests that, while field
measurement of platoon ratio provides a more reliable indi-
cator of progression quality, the band ratio should offer an
acceptable substitute when field data are not available.

A further test of the validity of the band ratio was per-
formed by comparing the progression factor estimated from
HCM table 9-13 using the computed values of the platoon
ratio and the band ratio. The band ratio produced the same
estimated progression factor as the platoon ratio in 69 percent
of the cases. Of the remaining 31 percent, the band ratio
produced closer agreement with the TRANSYT progression

TRANSPORTATION RESEARCH RECORD 1194

factor in 19 percent of the cases, and the platoon ratio pro-
duced better agreement in the final 12 percent. This offers
farther support for the band ratio as an estimator of pro-
gression quality.

CONCLUSIONS

Within the limitations of this study, the following conclusions
are offered.

There appears to be excellent general agreement between
the HCM method and the TRANSYT model on the effect of
the arrival type (as measured by the platoon ratio) on the
progression adjustment factor. The average discrepancy
between the two models was extremely small, although larger
differences were observed on individual data points. The pla-
toon ratio is a better predictor of the arrival type when the
saturation level is high. The TRANSYT model suggested that
some extrapolation of the current values in HCM table 9-13
may be desirable to account for extremely good and bad
progression.

The band ratio, R,, developed in this paper is considerably
easier to measure than the platoon ratio, R,, defined in the
HCM. The platoon ratio is based on field measurements,
whereas the band ratio is based on simple bandwidth ratios
taken from the time-space diagram. A comparison of these
two measures suggests that the band ratio is an adequate
predictor of the platoon ratio for most purposes. It is highly
cost effective and provides estimates of the quality of pro-
gression for hypothetical situations where the platoon ratio
cannot be measured.

It is important to remember that the data presented in this
paper are the result of a modeling application and do not
represent actual field observations of the relationships which
are reported. They are, however, based on a model which
has been extensively used and accepted throughout the world.
The agreement between TRANSYT and the HCM reported
herein should be considered as a “plus” for both techniques.
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Validation of Saturation Flows and
Progression Factors for Traffic-Actuated

Signals

Pano D. PREVEDOUROS AND PAUL P. JovaNis

A need for empirical validation of the 1985 Highway Capacity
Manual (HCM) arises from its development with limited field
data and iis adoption of radicaily new procedures. Chiapler $
of the Manual, Signalized Intersections, contains some of the
more extensive changes and is the subject of field validation.
Empbhasis is placed on comparisons of field saturation flows,
delays, and progression factors with those estimated by the
manual. Data are obtained from ten intersection approaches
for twenty-five 15-minute analysis periods. Saturation flows in
the field are significantly higher than those in the manual. A
value of nearly 2,000 vehicles per hour of green per lane (vphgpl)
is consistently observed at field sites where the HCM estimates
values of 1,800 passenger cars per hour of green per lane. The
difference in saturation flows significantly affects delay esti-
mates: the delays predicted using the value of 2,000 more
closely match field delays than do the estimates using 1,800.
Our conclusion is that an ideal saturation flow equal to 2,000
(rather than the HCM value of 1,800) is recommended for the
analysis of high-design intersections similar with those ana-
lyzed in this project. The progression factors estimated from
our data are statistically significant and differ significantly
from HCM values. Our platoon factors are lower than the
HCM, indicating that greater reductions in delay are necessary
than are currently provided in the progression factor adjust-
ments. In addition to being lower than current HCM values,
our progression factors are much less sensitive to the platoon
ratio (a relative measure of the percent arrivals on green). It
appears that our field data for actuated controllers is almost
totally inconsistent with the current HCM.

In August 1985, the Transportation Research Board pub-
lished a revised Highway Capacity Manual (HCM) (I). This
third edition of the manual contains significant revisions to
the previous manual (2) and several entirely new procedures.
Many of the most significant changes can be found in Chapter
9, “Signalized Intersections.”

Signalized intersections are among the most complex ele-
ments in a traffic system. This complexity has, in turn, neces-
sitated a complex methodology to conduct a proper analysis
of signalized intersections. This methodology can be used to
assess level of service relationships for both existing intersec-
tions and proposed designs.

HCM Chapter 9 defines capacity as a function of the sat-
uration flow(s) and the green split (g/C). The level of service
is a function of the average stopped delay per vehicle. The
methodology employs a series of worksheets and tables to

The Transportation Center, Northwestern University, Evanston, Illi-
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arrive at delays and the corresponding levels of service. One
of the key variables in this process is the percentage of all

vehicles in the movement arriving during the green phase;

this determines the so-called progression factor. The pro-
gression factor, as well as the degree of saturation, has the
largest effect on level of service.

A detailed literature review was conducted of research related
to traffic signal delay estimation and progression (3). While
there are many simulation-based approaches to delay esti-
mation—including TRANSYT-7F, PASSER II-84, and
others—there are virtually no other procedures available to
estimate delay in the variety of conditions actually observed
in the field. Previous research in Kentucky (4) and a more
recent study by a consultant (5) are the only published attempts
to measure saturation flows in the field, other than the mea-
surements at some 40 intersections that were undertaken as
part of the formative research on the 1985 HCM. With the
exception of ongoing research at the Texas Transportation
Institate (6), no attempt has been made to validate the pro-
gression factors in the 1985 HCM.

There is a clear need for empirical validation of the 1985
HCM, particularly the chapter on signalized intersections and
most particularly on delay estimation. This research attempts
to respond to that need.

STUDY OBJECTIVES

The overall goal of the research which forms the basis of this
paper is the evaluation of the fit of the 1985 Highway Capacity
Manual to the analysis of signalized intersections in Illinois
(3). The following specific objectives are undertaken to achieve
this goal.

The first objective is the investigation of the difference
between the field-measured and the HCM-estimated satura-
tion flows. The saturation flow is an important component of
the volume to capacity ratio, which strongly influences pre-
dicted delays. The implications of differences in saturation
flows are explored by comparing delays obtained with the
field-measured and HCM-estimated saturation flows.

The second objective is the identification of changes, if
necessary, in the progression factor, to better reflect the effect
on delay of actuated signal system progression. The progres-
sion adjustment is one of the most important factors in Chap-
ter 9 of the HCM because it can reduce. the estimated delay
by 50 percent or can increase it by 100 percent.
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STUDY DESIGN

The design sought to explicitly control for factors that were
exogenous to the main study objectives. Rather than conduct
a very broad study of saturation flow adjustments, an early
decision was made to narrow the study scope to a limited but
frequently occurring condition. To compare field measured
and model estimates of saturation flows, we chose intersection
approaches with 12-foot lane widths, left turn lane, no local
buses, no parking, right turn channelization, and flat grades.
These criteria controlled for all adjustments to saturation flow,
except the percentage of heavy vehicles. Thus our observa-
tions of saturation flow are clustered around a narrow range
of conditions but ones that occur frequently in practice.

The study of progression adjustment factors is limited to
through lanes at these high-design intersections. These inter-
sections are frequently controlled by traffic-actuated equip-
ment, therefore, we believed that identification of sites for
data collection would be comparatively easy. By examining
through lanes only, a much more precise analysis could be
conducted of the effect of progression.

In sum, the authors adopted the approach of studying a
limited set of problems at great depth rather than a broader
but less detailed assessment of many factors. The joint objec-
tive of studying the progression adjustment factors and accu-
racy of lane saturation flow estimates led to a study design
that emphasized high-design, suburban-type intersection
approaches. The approaches are excellent test sites for pro-
gression adjustment studies and also offer the availability of
measured saturation flow data. This judicious selection of
project scope allows us to gain the most information from
each site visit.
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DATA COLLECTION
Required Data

The data required to meet the analysis objectives of the research
are summarized in Table 1. The first seven data items are
needed as input to the signalized intersection procedure in
the 1985 HCM. We have chosen to count arrivals by cycle
according to the method proposed by Berry (unpublished
data). Once the cycle-by-cycle counts are obtained, they can
easily be aggregated to 15-minute flows.

Data on geometrics, activity pattern, and traffic composi-
tion are needed to develop adjustments to saturation flow.
By using a careful study design and site selection, all of these
adjustment factors equal 1.0 except for the heavy vehicle
adjustment factor, which is typically very close to 1.0 for the
study’s sites.

The duration of green and cycle length are required signal
timing parameters. Because the study sites have actuated sig-
nal control, these data must also be collected each cycle. It
is expected that both green times and cycle lengths will vary
significantly at each site because of the control equipment’s
response to traffic fluctuations.

The last two sets of data are needed to evaluate the HCM
procedure. Elapsed discharge times are used to measure sat-
uration flow in the field. These measured values are compared
to HCM estimates for each site. Stopped vehicle counts are
needed to provide field delay data for comparison with HCM
estimates of delay. A 20-second sampling rate seemed rea-
sonable for the cycle lengths that were observed at the sites
(typically 120 seconds).

A potential problem in the counting of arrivals is the left

TABLE 1 DATA COLLECTED DURING SITE VISITS

DATA

PURPOSE

1. VOLUME COUNTS: the number of
arrivals per cycle,

2. GEOMETRICS: lane widths, grades.

3. ACTIVITY PATTERN : CBD or non
CBD location, parking activi-
ties, bus stops.

4, TRAFFIC COMPOSITION: number of
heavy vehicles in the total of

arrivals.

5. DURATION OF GREEN

6. CYCLE LENGTH

7. ARRIVALS DURING GREEN

8. ELAPSED TIMES of discharge
the 4th and 10th vehicle
in the queue

9. STOPPED-VEHICLE counts every
20 seconds.

Obtain the peak hour, the peak 15
minutes and the peak hour factor
(PHF) for the analysis of the
intersection and the determination

of its performance (LOS).

Obtain the f  and £ coefficient
w 0
for the saturation %low.

Obtain the f,, f, and f coef-

ficient for the saturation flow.

Obtain fHV coefficient for the
saturation flow.

Obtain the g/C ratio to calculate
capacity.

Obtain the g/C ratio to calculate
capacity and delay.

obtain the platoon ratio (Rp) to
determine the progression factor.

Obtain the field measured satur-

ation flow.

Obtain the field measured delay
per vehicle,
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turning vehicles. Vehicles which arrive at the end of a queue
that extends beyond a left turn lane may have the intention
to turn left. Because of the lack of space to enter the lane,
they cannot have immediate access to the turn lane. These
vehicles have to be counted as vehicles demanding through
movement service because, as long as they are in the through
movement lane, they contribute to the queue length and the
amount of delay in the through lane. After the queue starts
dissipating during the green, these vehicles may shift to the
left turn lane. This movement is captured in the field by direct
measurement both of the delay and of the saturation flow
after the shift occurs. This is an approximate procedure because
the vehicles that shift cause only partial delays to through
vehicles; they are not discharged by the through lane. Within
the queue, they also result in gaps that can reduce the mea-
sured saturation flows. For the approaches considered in this
study, the left turn lanes were typically six to ten vehicles
long, so the effect of the left turn “traps” is considered minor
for both saturation flow and delay.

Another potential problem, which also arose during a ses-
sion of the 66th TRB Annual Meeting (1987), is the definition
and use of the term, “‘vehicle arrivals during green.” Although
the definition seems clear, the problem is how to successfully
apply it to the variety of conditions observed in the field. We
chose to define a vehicle arriving during green as any vehicle
that joined the queue during green or passed across the stop-
line unimpeded during green.

Data Collection Sites

To fulfill the needs of the study design, a certain type of
intersection needed to be chosen. The desirable characteris-
tics of the intersection are:

1. Existence of exclusive lane for right turns, so that the
right turn movement does not interfere with the through
movement;

2. Existence of left turn bay so that the left turn movement
will not interfere with the through movement;

3. Existence of significant rush hour volume so that a mean-
ingful peak period can be identified;

4. Existence of actuated signal operation;

5. A non-central business district (CBD) location so that
the analysis will not need to be included in the analysis; and

6. Low pedestrian volume in order to have minimum inter-
ference both with the traffic and with the field crew.

The field data collection session should be held under mild
and dry conditions during normal weekdays. A summary of
the ten intersection approaches used for collection is con-
tained in the detailed project report (3).

Data Collection Methods

There are two feasible methods to collect the field data; first,
by filming the chosen approach; and second, by collecting
data manually using a team of individuals. There are advan-
tages and disadvantages associated with each method.

The filming alternative requires a camera and film, as well
as some experience in its appropriate location and use. This
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approach requires the least number of persons in the field;
two persons are sufficient. On the other hand, to obtain a
sufficient field of view to estimate delays, an elevated vantage
point has to be available. After the films have been developed,
significant manpower is required to translate pictures (frames)
into data.

The second alternative is the collection of data manually
in the field by a team with specific assignments. One member
of the team counts the arrivals and the arrivals during the
green and also records the heavy vehicles in the traffic. One
or two other members count the stopped vehicles in specific
time intervals. One member takes the appropriate measures
with respect to the saturation flow and the last member counts
the cycle lengths and indicates the beginning and end of the
green to the volume counter. There could be an additional
member assigned to call out the time intervals but this member
can be substituted by a tape player. Therefore, the total size
of the crew, for data collection from one approach, is four to
six persons. Detailed crew assignments are described in
reference (3).

The advantages of this method are the flexibility, speed,
and convenience which it offers with respect to the positioning
in the field and the starting of the data collection session.
Additionally, the data obtained are readily available for
analysis.

The shortcomings of this method lie in the human factor
and the associated potential for errors, especially if the field
crew members are inexperienced and/or ill trained. These
shortcomings can be largely alleviated with careful training
and direct supervision in the field. This alternative was finally
chosen as most appropriate, especially considering the tight
schedule of the project.

Summary

While the data collection methods did not use sophisticated
technology, they are carefully managed to reduce errors and
assure accuracy. The procedures meet the needs of the vali-
dation requirements for the existing procedures in the HCM.

DATA ANALYSIS
Structure of the Analysis

The structure of the analysis follows generally the statement
of objectives from this paper’s first section. The accuracy of
saturation flow estimates is first assessed along with their
implications for delay estimation. The last phase of the anal-
ysis is the study of the progression factor and its validity for
the conditions observed in the field.

Before presenting specific results, it is useful to discuss
several important aspects of actuated signal operation that
have affected the analysis. Actuated signalization results in
cycle lengths with considerable variation. One must be careful
in determining the peak, 15-minute volume because the inter-
val of volume measurement should end at the same time as
a signal cycle. This is because all the field measurements of
flow and delay are made per cycle. This results in analysis
periods that are close to, but not exactly equal to, 15 minutes
(e.g., analysis periods of 13.6 to 16.4 minutes). This use of
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approximate 15-minute analysis intervals must be made to
obtain the most precise comparisons with field observations.
Of course, the appropriate adjustments are made to flow data
to convert to hourly rates. For the rest of this paper, the term
15-minute analysis periods refers to the approximate 15-min-
ute analysis period. The actual length of the analysis period
is explicitly stated only when necessary.

Saturation Flow Accuracy and Its Implications for
Delay Estimation

The estimation of the saturation flow(s), from field-measured
headways indicates that the true saturation flow is consider-
ably higher than the saturation flow suggested in the HCM.
The HCM suggests a saturation flow of 1,800 passenger cars
per hour of green per lane (pcphgpl) while the average sat-
uration flow across all sites results in a value of 1,995 vehicles
per hour of green per lane (vphgpl) (Figure 1). Because the
sites have been selected to control for major geometric and
surrounding characteristics, it is possible to obtain this average
saturation flow value for all six approaches where measure-
ments were taken. We were able to collect discharge rates
only at six of the ten sites we visited, because of lack of data
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collectors. The confidence interval for this estimate at the 99-
percent level of significance is + 98 vphgpl, which indicates
that the estimate is reliable and most certainly higher than
the value suggested in the HCM. Because of the significant
differences in the saturation flows, we conduct several sub-
sequent analyses comparing results for s, = 1,800 and s, =
2,000. We have taken the liberty of converting 1,995 vphgpl
to 2,000 pcphgpl because nearly all adjustments of saturation
flow equal 1.0.

An efficient way to check the implications of alternative
values of the saturation flow is to plot field-measured delays
and delay estimates using each of the two values. This plot is
presented in Figure 2. The diagonal of the graph indicates
the ideal line which corresponds to the location of points, had
the estimated delays been identical to the field-measured delays.
The legend in the middle of the graph explains the points
obtained for the two levels of saturation flow (s = 1,800 and
s = 2,000). The regression lines corresponding to the alter-
native levels of saturation flow indicate that estimates obtained
with s = 1,800 are consistently higher than the field-measured
delays. This nearly constant bias of 5 seconds or more exists
over the entire range of delay values.

The estimated delays with s = 2,000 are closer to the field-
measured ones, especially for delays less than 30 seconds per

200
Y e
< 2000
. \/
W
iy
14
2
0
i 10 |
r FED
o
n
4
Q
5 180 HM
> —&/\
17(]) T 14 T T T
1 2 3 4 5 §
DATA COLLECTION STES

FIGURE 1 Average saturation flow for six sites.
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vehicle, where most of the data are clustered. There is a slight
tendency to underestimate the delays at high delay levels. The
goodness of fit {R?) of the line corresponding to the estimates
with s = 2,000 is much better than for s = 1,800. The param-
eter for the constant term in the regression model is insig-
nificant, indicating a failure to reject the null hypothesis that
the line starts from the intersection of the axes.

Further insight into the estimation accuracy can be achieved
by investigating the effect of the degree of saturation on the
estimated delays, particularly on the error in estimation. The
degree of saturation is a major determinant of delay and an
indicator of utilization. It is important that the delay model
accurately predicts delays at high degrees of saturation, as
these are likely to reflect peak period conditions. The level
of service assessment under these conditions is very impor-
tant, as these sites are likely to be candidates for design
improvement.

The saturation flow has a direct effect on the degree of
saturation; the higher the saturation flow, the lower the result-
ing degree of saturation. For example, when studying the
same approach, the degree of saturation resulting from a sat-
uration flow equal to 2,000 vphgpl will be equal to nine-tenths
of the degree of saturation resulting from a saturation flow
equal to 1,800 vphgpl.

Let us examine the graphs where the percent estimation
error is plotted against the degree of saturation for these two
levels of saturation (Figures 3 and 4). The “% ERROR” in
estimation is defined as:

([Estimated delay] — [Field delay])

% Error = 100 [Field delay]

When the saturation flow is equal to 1,800 a large range of
errors results (—55 percent to + 105 percent). The distribu-
tion of errors is rather biased: for low levels of saturation the
delays are underestimated while for high levels of saturation
the delays are overestimated.

When the saturation flow is equal to 2,000, a much smaller
range of errors results (—55 percent to +35 percent). The
distribution of errors is unbiased because across the range of
the degree of saturation the underestimated delays balance
the overestimated ones.

Similar conclusions are reached if one plots the magnitude
of the error against the degree of saturation. Errors as large
as two levels of service are observed in these figures.

There is conclusive evidence to support the use of a satu-
ration flow value of 2,000 in place of the HCM value of 1,800
for high-design intersections. Because of the significance of
this finding, subsequent studies of the progression factor with
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FIGURE 3 Estimation error and saturation (s = 1,800).

the more accurate saturation flow value, s = 2,000 vphgpl,
were conducted.

Progression Factor

The progression factor (PF) is a factor adjusting the delay to
incorporate the benefits of a good progression (i.e., many
arrivals during green) and the losses of poor progression (i.e.,
many arrivals during red). The progression factor has a poten-
tially large effect on delay estimates because it is an adjust-
ment that is applied directly to the delay. Its magnitude can
result in halving or nearly doubling the delay for random
arrivals. It is the only adjustment factor in HCM: Chapter 9
that is applied to delay directly; all other adjustments are
inputs to the delay equation, not a final adjustment to it.
To obtain a qualitative comparison of our field data with
HCM values, Figures 5 and 6 are constructed. The figure
illustrates the delays that result from a given percent of arrivals
during green for each 15-minute period. The slope of the lines
reflect the effect of platooned arrivals on observed delay (Fig-
ure 5) or estimated delay (Figure 6). The authors’ interpre-

tation of these data is that the HCM model illustrates a much’

more direct relation between platooned arrivals, as expressed
by the percent of arrivals during green, and delay than does
our field data. Estimates of the progression factor from the
study data are expected to differ from those in the HCM.
(And they do.)

The authors’ approach to the analysis is to create models
in which the progression factor is the dependent variable while
the degree of saturation, the percent of green, the platoon
ratio and the percent of arrivals during green are all candidate
independent variables. The estimation equations for the pro-
gression factor are derived from HCM equations. The starting
point is the adjustment to random arrivals to reflect the effect
of platooning:

Field delay = (HCM delay) PF (¢8)
Solving for PF, the following is obtained:

_ Field delay

PF = 1em delay

@
Equation (2) expresses the progression factor as a function
of the field delay, which is known by measurement in the
field, and the estimated delay, which is calculated using the
HCM method. Equation (2) thus allows us to calculate an
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flow (s = 2,000).

“observed” progression factor for each 15-minute period. These
observed values can then be fit to a variety of models using
standard regression techniques.

From the mathematical standpoint, there are several forms
of models which can be used to analyze our data. The two
forms we select are the linear and multiplicative, which gen-
erally are expressed as:

linear:

PF=By + B, X; + B, X, + ... + B.X, 3)
multiplicative:

PF =0, Xp1 X32. .. Xom 4)

The advantage of the multiplicative form is that it cannot
result in negative estimates for the dependent variable; the
linear model can. A negative value for the progression factor
is counterintuitive because negative delays have no physical
meaning. We explore both models and determine a preferred
model based on the interpretability of parameter estimates
and the goodness of fit. We use SPSS on an IBM PC to
conduct the estimations. The multiplicative model is esti-

mated by taking the natural logarithm of both sides yielding
a linear in parameter specification:

mWPF=Ilnoy+a;,InX; + a,InX,

+...tao,InX,

©®)

Note that both model forms treat the independent variables
as continuous, rather than discrete, ranges (as in Table 9-13
in the HCM). This is advantageous because it allows us to
estimate one model using all our data. It is valid if we expect
the independent variables to have the same effect on the
progression factor over its entire range of values. If we do
not believe this, a piecewise model for the progression factor
can be constructed and model parameters compared to the
full model. Constraints on sample size require that we esti-
mate one model over the entire range of the progression
factor, leaving piecewise tests for future research.

Considering the theoretical validity of the parameters, let
us first discuss our expectation for the sign for the degree of
saturation. At low to moderate levels of the degree of satu-
ration, progression is expected to have a very strong effect.
If small to moderate platoons consistently arrive on red (or
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FIGURE 5 Arrivals during green and field delay.

green), significant increases (or decreases) in delay are expected,
compared to random arrivals. This effect is expected to be
the strongest for coordinated signals that have a fixed time
relationship between the beginning and end of green and the
time of platoon arrival. Over the span of 15 minutes, any
variation in signal offset is likely to weaken the effect of
progression.

For high levels of saturation (X > 0.9) it is difficult to sustain
good progression. Long existing queues might not dissipate
totally before arrivals from upstream reach the intersection.
In this case, the vehicles stop instead of moving smoothly
through the signal. At high levels of saturation, progression
is likely to have little or no effect. These considerations sug-
gest that a non-linear specification may be best for the degree
of saturation. Given the preliminary nature of our analysis,
we leave other specifications for future research.

For the available data set, a negative sign is expected as
representing the majority of the field conditions. The param-
eter may not be strongly significant if much of our field data
represent nearly saturated conditions or reflect large changes
in platoon size, shape, and timing.

Another potentially strong explanatory variable is the pla-
toon ratio. The platoon ratio, (Rp), is defined as the ratio of
the percent of vehicles arriving during green over the percent

of time that the signal indication for the analyzed approach
is green (I). For this variable, a fiegative sign was expected
because higher values indicate better progression and con-
ceivably lower average delay.

In addition to models using degree of saturation and platoon
ratio, a number of analyses were conducted using the percent
of arrivals during green and the percent of green time as
additional predictors. Several difficulties arose with the use
of these last two variables. The percent green is collinear with
both R, and the percent of arrivals during green; therefore,
its simultaneous incorporation in a linear model would be
erroneous. Models that seek to estimate the progression factor
as a function of the percent of arrivals during green and the
percent green time had poorer explanatory power than those
using the platoon ratio. Therefore, only results using the pla-
toon ratio are included here.

Before proceeding with the results of the validation, plots
of the individual major explanatory variables and the pro-
gression factor are presented. Figure 7 presents the relation
between the field delay and the HCM delay before it is mul-
tiplied by the progression factor. There is a clear overesti-
mation of the delays, therefore, the progression factor should
be consistently less than 1.0.

Figure 8 indicates that the progression factor is relatively
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indifferent to the level of saturation. This result is somewhat
counter to our expectations. The data contain significant scat-
ter, particularly at high degrees of saturation (X > 0.75),
which contain data with both high and low values for the
progression factor. We expect that the full regression models
may show, at best, a weak association between the platoon
factor and degree of saturation. It appears as though the
platoons from the actuated systems that we studied vary greatly
from cycle to cycle.

Figure 9 shows clearly that the progression factor decreases
as the platoon ratio increases. The effect is strongly significant
and is consistent with our hypothesis.

We tested more than 20 alternative model specifications
and conclude that the following two models offer not only
the best fit to our data but are also theoretically consistent.
This fit was achieved after the exclusion of an outlier resulting
from erroneous field measurement. The models are:

PF =086 — 017X — 0.24 R,
(R? = 0.41, F = 7.6) (6)
PF — e—0.895 X—0.474 RP—O.GSO

(R* = 0.40, F = 7.4) (7)

These models were estimated from twenty-five independent
approximately 15 minute intervals. Table 2 summarizes the
results of the bivariate models and equations 6 and 7, includ-
ing goodness of fit statistics and tests of significance for model
parameters and the regression model as a whole.

The results obtained from both models indicate that the
values of the progression factor in the HCM are substantially
different from the values which are reflected in our data.
Although our data set is quite small, the parameter estimates
are statistically significant as are the models as a whole. A
clearer perspective of the difference between our Model 2
and current HCM values is illustrated in Figure 10, which
plots both on the same scale, along with the 95 percent con-
fidence interval for the regression line. It is clear that the
model estimated from our data is very different from the HCM
values. For the Arrival Type 3, (0.86 < R, < 1.15) which is
the most common observation in our data set, our estimates
are roughly 60 percent less than the corresponding values in
the HCM. This means that the delays estimated from our
model are 60 percent less than the ones which are estimated
using the PF values in the HCM. We are surprised at the
magnitude of this difference but confident that the results
accurately and significantly reflect field data.
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Arrival Type 3 is the most common type of arrival that we
observed in our networks with actuated signals. Because the
signal settings and offsets vary cycle by cycle, all types of
arrivals are identified with each 15-minute analysis period.
Individual cycles with excellent progression (Type 1) are often
balanced by subsequent cycles with poor progression (Type
4 or 5). This is in direct contrast to coordinated pretimed
systems, which have fixed cycle lengths, splits, and offsets
throughout the analysis period. A greater uniformity in arrivals
and platooning with pretimed control is expected. This causes
us to question if one would ever consistently observe Type 1
or Type 5 (i.e., extreme) arrivals with actuated systems. In
fact, our study includes no data for Arrival Type1(0.0 < R,
< 0.50) and only two observations for Type 5 (1.51 < R;).

CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH
Conclusions

Saturation flows observed in the field are significantly higher
than those in the manual. A value of nearly 2,000 vphg! is

consistently observed at field sites where the HCM estimates
values of 1,800 vphgpl. The difference in saturation flows
significantly affects delay estimates: the delays predicted using
the value of 2,000 more closely match field delays than do
the estimates using 1,800. Our conclusion is that an ideal
saturation flow equal to 2,000 (rather than the HCM value
of 1,800) is recommended for the analysis of high design inter-
sections similar with those analyzed in our project.

The evaluation and calibration of the values for the pro-
gression factor consumed a significant amount of effort in all
the stages of the project. Despite collecting data over a 4-
week period at ten sites, data are restricted to random
(Type 3) or nearly random (Type 2 and 4) platoon types. Only
two observations of Type 1 or 5 platoons are contained in the
data. The progression factors estimated from our data are
statistically significant, however, and differ significantly from
HCM values. Our platoon factors are lower than the HCM,
indicating that greater reductions in delay are necessary than
are currently provided in the progression factor adjustments.
In addition to being lower than current HCM values, the
study’s progression factors are much less sensitive to the pla-
toon ratio (a relative measure of the percent arrivals on green).
It appears that this field data for actuated controllers is almost
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saturation.

totally inconsistent with the current HCM. The authors believe
that their values are more appropriate for high-design traffic
actuated intersections and that they should be used in place
of the current HCM values.

Recommendations for Future Research

The large differences in both saturation flows and the pro-
gression factor surprised even the current research team. This
experience indicates the importance of exploring the validity
of HCM procedures that are based on limited field data.
During the course of the research, there were a number of
instances in which additional studies seemed warranted. The
following is a summary of those additional topics.

The measurement of saturation flows (and their effect on
delay need to be extended) to a broader range of intersections
and lane types. Additional studies could include measurement
of saturation flows in smaller urbanized areas in similar geo-
metric conditions. This would allow testing of regional dif-
ferences in saturation flow rates. Given the importance of

saturation flow in delay estimation, this is a very useful
project.

During the course of the current research, observations at
left turn bays indicated that saturation flows for protected left
turns may be higher than for through lanes. This is based on
casual observation only; it would be instructive to conduct
more detailed measurements.

Much more can be done to validate other adjustments to
saturation flow. Nearly all of the saturation flow adjustments
are candidates for further study, including: the effect of left
turns, grades, lane width, parking, and local buses. Carefully
designed site selection should allow for a more precise esti-
mate of each of these effects.

Given the large differences that are observed between HCM
delays and field data, it appears that much more needs to be
done to better understand delays for systems of actuated con-
trollers. The data set for this study contained very few 15-
minute periods with Type 1 or Type 5 arrivals. Is this to be
expected? Is this generalizable to other locations? Further
study of actuated intersection delay is needed. Much more
should be done to improve the accuracy of our delay esti-
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TABLE 2 SUMMARY OF PROGRESSION FACTOR REGRESSION MODELS

Model 1 Model 2 Model 3° Model 4%
B (0 ) g (© g (0
Variable Name
Degree of Saturation -0.28 (0.5) - -0.17 (1.2) -0.47 (1.8)
Platoon Ratio - -0.26 (3.7) -0.24 (3.4) ~0.65 (3.2)
Constant ' 0.67 (3.7) 0.75 (9.2) 0.86 (6.9) -0.90 (9.8)
RrZ 0.10 0.37 0.41 0.40
. F Value for 1.1 13.6 7.6 7.4
) Significance
of Model

%Model 3 is a linear additive specification, model 4 is multiplicative.
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mates, as these have a direct relationship to the quality of
resource allocation decisions.
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Modeling of Shared Lane Use in

TRANSYT-7F

CHARLES E. WALLACE AND FRANK ]J. WHITE

The TRANSYT family of programs continues to be one of, if
not the most, widely used computer programs in the world for
traffic signal timing and traffic flow analysis. In the past this
program was excellent for modeling protected or unopposed
traffic movements from separate lanes; however, it did not
have the capability to model several different movements, for
example, unprotected left turns and through movements from
a shared lane. A project to incorporate a model to explicitly
deal with this condition in TRANSYT-7F is described. The
model is based on the 1985 Highway Capacity Manual. Its
implementation in TRANSYT-7F and the user interface are
reviewed.

The Traffic Network Study Tool (), Version 7, Federal
(TRANSYT-7F) (2) is one of the most useful tools available
to the traffic engineer for traffic operations analysis and traffic
signal timing optimization. The traffic model is a determin-
istic, macroscopic time scan simulation model, which is quite
realistic in modeling homogeneous flows unencumbered by
other traffic.

The applicability of the model was, in the past, somewhat
limited when one traffic movement had to yield to another,
for example, when permitted left turns were opposed by traffic
traveling in the opposite direction. If the permitted left turn
movement had its own lane or bay, this could be approximated
roughly by estimating a reduction in the saturation flow rate
to represent left turners yielding to opposing traffic and by
delaying the start of effective green to reflect the delay due
to the departure of the opposing through queue. However,
if the unprotected left turn movement was from a common
or shared lane with the through traffic; no reasonable way to
model this condition existed in TRANSYT.

To overcome the limitations, the Federal Highway Admin-
istration (FHWA) awarded a contract to the University of
Florida Transportation Research Center (TRC) to develop
and implement Enhancements to the TRANSYT-7F Pro-
gram. The specific objectives of the first phase of the project
are summarized as follows:

1. Develop a permitted movement algorithm that will ena-
ble TRANSYT-7F to model permissive and protected plus
permitted left-turn phasing, including “sneakers” that turn at
the end of the permitted phase.

2. Develop algorithms that will enable TRANSYT-7F to
explicitly model stop sign control and shared left and through
lanes. -

Transportation Research Center, University of Florida, Gainesville,
Fla. 32611.

The first objective was reported earlier (3). The stop control
model was handled in TRANSYT by simply estimating a min-
imum delay to sign controlled traffic, equal to the time
requirements to decelerate from the coded speed to a stop,
then accelerate to the speed when the permitted model indi-
cated available capacity.

This paper deals with the selection and implementation of
the shared lane model. It describes the development of the
model and its implementation in TRANSYT-7F.

EXISTING TRANSYT TREATMENT OF SHARED LANES

TRANSYT-7F, like its predecessors, is a deterministic mac-
roscopic time scan simulation model intended specifically for
unencumbered traffic flow. Traffic movements are modeled
according to a very simple rule of flow. Periodic flow patterns
are modeled in an upstream-to-downstream order. A flow
pattern representing the periodic departure as a function of
time during a typical cycle is

0, if the link’s signal is effectively red;

GO(1), if the signal is effectively green and

OUT(t) = a queues exists; and IN(¢) if the signal 1)
is effectively green and no queue exists.

where

OUT(r) = the “output” flow rate at time interval ¢, in vph;
GO(f) = the maximum flow, or “go” rate (vph), which

- is the saturation flow at time ¢; and
IN(f) = the arrival, or “input,” rate (vph) at the ref-
erence point of the link at time ¢, which is a
product of TRANSYT’s platoon dispersion
model, or a uniform rate for “external” links.

In TRANSYT’s simulation model the IN pattern is known.
It is predicted by the platoon dispersion model for “internal”
links or is a uniform distribution for “external” links. Thus,
the key to incorporating a shared lane model in TRANSYT
is to calculate the GO pattern.

The earlier versions of the model had no provision for
permitted movements, which must filter through opposing
flows. As mentioned previously, recent work (3) has been
undertaken to provide for permitted movements from exclu-
sive lanes. Models were developed empirically from the data
collected around the Washington, D.C., area and have been
installed. .

The shared lane analysis incorporates permissive turners
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and is therefore an extension of this work. Analytical pro-
cedures and simulation were used in lieu of field calibration
due to the great resource demand of the latter.

Prior to this work TRANSYT-7F was unable to treat shared
lane flow explicitly. The user’s manual (2) suggested using
the shared stopline feature in which vehicles depart from the
set of shared stopline links in the order in which they arrive,
regardless of the link on which they arrive. All vehicles depart
at the lesser of the rate at which they arrive or the saturation
flow rate coded for the primary link (saturation flows were
not coded for minor links).

Coded saturation flows could either be measured or esti-
mated. Measurements must be taken under “typical” con-
ditions. Because of the many factors which influence the sat-
uration flow in a shared lane, the results would not be as
reliable as saturation flow for exclusive through lanes, which
are generally only governed by geometrics and driver behav-
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ment” could be used, but only when measurements or cal-
culations were infeasible.

The saturation flow rate may also be calculated, for example
using the Highway Capacity Manual (HCM) (4) procedure.
This procedure is somewhat involved, but is possibly the most
realistic approach available to obtain a reliable result. If the
HCM procedure is used, however, signal timing parameters
must be known. In a simulation they are known but must be
estimated if an optimization is performed. Unless the initial
guess proves correct, this requires a recursive approach that
can be quite consuming in resources.

TRANSYT’s simulation routine, progressing link by link
in a downstream order, is not conducive to permitted flows,
especially shared lane flow with permitted elements. Shared
lane flow depends on a plethora of variables, the primary
elements being opposing flow and left turn volume. Due to
this dependence on opposing flow, shared lane saturation flow
will vary on a step-by-step basis as opposing flow varies.
Unopposed movements, such as exclusive through lanes, are
only constrained by intersection geometry and driver behav-
ior. Thus, the saturation flow for a given location is generally
constant over time.

If an intersection has shared lanes opposing each other,
calculation of saturation flows, particularly on a step-by-step
basis, would require simultaneous processing of both approaches
as current opposing flows are required to calculate up-to-date
saturation flows. Such a computing procedure would require
rewriting TRANSYT completely, which was beyond the scope
of the FHWA project.

Modeling Approach

Many analysis methods of traffic movements have attempted
to equate vehicles to a standard, typically equivalent through
passenger vehicles (ETVs), because they make up the dom-
inant proportion of all movements. Additionally, through
vehicles generally make maximum usage of the roadway when
compared to oversized vehicles and turning vehicles, partic-
ularly those that must filter through an opposing flow. Sat-
uration flows can be expressed in terms of ETVs and remain
constant, independent of the traffic mix. Shared lane analysis
uses the ETV concept.
Traffic in a shared lane takes two basic forms:
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1. Protected left turns (exclusive phase): Vehicles in the shared
lane may move freely without impedance from vehicles traveling
in the opposite direction. Saturation flows can be readily meas-
ured for protected movements, and suggested rates can be found
in the HCM (4). Protected shared lane saturation flow can be
determined using these suggested values.

2. Permissive left turners: ETVs for the left turners are
dependent on the opposing volume. Past research provides
various forms for the relationship between permissive turners
and opposing flow, ranging from a simple linear to a more
complex exponential form. The saturation flow of shared lanes
is also a function of the composition of traffic in the lane-and
the vehicles opposing them.

Many previous studies were investigated, including work
by Akcelik in Australia (5, 6); Peterson et al. (7) in Sweden;
City of Edmonton, Canada (8); Lin et al. (9); Lee et al. (10)

t th o i .
at the University of Texas; and Fambro, Messer, and Ander-

son (11, 12). Most of these methods use at least a variation
of the ETV concept and gap acceptance models developed
by the authors or others, such as Drew (13).

Because a permitted movement model was being added to
TRANSYT-7F at the time of this research, and the resources
to add the shared lane capability were limited, it was decided
to use an approach similar to the HCM.

Model Considerations

An analytical model was developed by first establishing upper
and lower bounds for shared lane saturation flow. A critical
lane procedure was used to pinpoint a unique flow rate, within
the previously developed bounds.

Bounds Solution

As a preliminary investigation of shared lane behavior, upper
and lower bounds for the shared lane saturation flow, S, were
addressed.

The saturation flow for a shared lane is primarily dependent
on the mix of traffic in the lane, through and left vehicles,
and the opposing volume, which interacts with the left turners.
The obvious upper bound use of the lane occurs when it is
used exclusively by through vehicles, resulting in a saturation
flow of S,, the base saturation flow for through vehicles.
Conversely, the lower bound occurs when the lane operates
as an exclusive left turn lane with a saturation flow of §,, the
permissive left turn saturation flow rate. In both cases, how-
ever, the lane is not operating as a shared lane.

To investigate shared lanes they will be viewed from the
perspective of left turners, as Lin viewed them (9). Given a
through volume of V,,, occupying the shared lane, what will
be the left turn saturation flow, S,? The shared lane saturation
flow can be determined by simply adding S, the left turn
saturation flow from a shared lane and the through volume
added to saturate the shared lane, which is equal to S, the
through saturation flow from a shared lane.

An upper bound solution occurs when the through vehicles
sharing the lane do not utilize time when gaps occur in the
opposing traffic, which otherwise would be available to the
permissive left turners. In fact, it is assumed that the left turns
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are distributed such that they arrive ideally to use all available
gaps. It is assumed that all the opposing vehicles arrive together
at their saturation flow rate, and move simultaneously with
the through vehicles in the shared lane, which are also depart-
ing at their maximum flow rate. This allows the maximum
number of left turners to use the shared lane. S, is therefore
the minimum of

Sls = S!o - Vm or Sto - Vts (2)
where

S, = left turn saturation flow from a shared lane, vphg;
S, = base through saturation flow from a shared lane, vphg;
V, = opposing volume, vph; and

Vs = through volume in the shared lane, vphg.

The shared lane saturation flow rate is the lesser of

Ss = Sxo - Vo + VL:: or Slo (3)

Il

where §; is shared lane saturation flow, vphg; and S, V,,
and V, are as defined before.

If every through vehicle in the shared lane used an other-
wise available opportunity for a left vehicle to turn, a lower
bound solution would occur. The respective saturation flows
are

Sy =8 -V, (4)
and
Ss = Sl (5)

where S, is permissive left turn saturation flow, vphg; and S,,,
S;, and V,, are as defined before.

Critical Lane Analysis

Critical lane analysis was used for signalized intersections in
the 1985 HCM. Earlier work by Messer (12) formed the foun-
dation for the resultant procedures. Unfortunately, no doc-
umentation describing the development of the HCM proce-
dures exists, other than the brief description in the manual
itself. With this and the complexity of the shared lane pro-
cedures in mind, it was decided not to insert the copious HCM
equations into TRANSYT directly, but to use the critical lane
procedure to produce a more simplified approach.

Critical lane analysis assigns vehicles equally among avail-
able lanes on the basis of their ETV volume. This is predicated
on the assumption that drivers strive to minimize delay in
their travel.

When permissive turners are converted to ETVs, their num-
bers increase above their actual on-road volume. In effect, it
is assumed that all drivers have “perfect knowledge” about
existing traffic conditions and future events. That is, through
vehicles arriving at an intersection on a multilane approach,
which includes a shared lane, with vehicles already queued
in each of the N available lanes, have N possible lane choices.
The choice process can be reduced to two basic steps. First
there is a choice between the (N — 1) identical through lanes.
This is a rather trivial process; obviously the lane with the
shortest queue will be chosen. Next the result of the first step
is compared to the shared lane.

Choosing between the shared lane and the preferred through
lane is not quite as straightforward. At this stage the concept
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of ETV becomes important. Assuming that only passenger
cars use the roadway, permissive turners must be converted
to ETV on the basis of their opposing traffic. The actual
shared lane queue on the roadway serves as an indicator to
approaching drivers of the desirability of the lane. If it is
longer than the favored through lane, for example, one would
expect the drivers to reject the shared lane.

Problems arise when the shared lane queue is equal to or
less than the best through-only alternative. The driver must
make a subjective judgment on lane use. Intuitively one would
expect the through lane to be favored when the actual queues
are the same length, but the risk of joining the marginally
shorter shared lane queue and being delayed by a left turner
is high. As the actual queue length of the through lane increases,
a point of equilibrium is reached when the driver is equally
likely to select either lane. In theory this occurs when the
ETYV queue lengths are identical. Beyond this point the driver
would be expected to join the shorter queue in the shared
lane.

Of course drivers do not explicitly think in terms of ETV
when making lane choices; this is a procedure developed to
simulate lane choice. This concept, however, has intuitive appeal,
aside from the fact that it is assumed arriving drivers know about
the future opposing traffic while at the intersection.

The above interpretation of driver behavior forms the basis
of the shared lane model developed below.

Model Derivation

The calculation of shared lane flow involves two steps:

Step 1. Calculation of V,

It is assumed that vehicles are distributed evenly among the
available lanes on the basis of their ETV. Therefore,

V. (ETV) = (V, + EL = V))IN (6)
where
V., (ETV) = volume in the shared lane, ETV/hr;
v, = through volume in 21l approach lanes;
EL = through vehicle equivalent for opposed left

turns;

V, = left turn volume, vph; and

N = number of lanes on the shared lane approach
being analyzed.

A check should be performed to see if the shared lane is
acting as a de facto left turn lane. The check is as follows:

IfV,(ETV) < EL *V, 7
then treat as an exclusive left turn lane.

In this case the lane saturation flow is equal to the per-
missive left turn saturation flow, S,. Otherwise the following
analysis procedure is used to determine shared lane saturation
flow rates:

V, = V,(ETV) — EL * V, (8)

where V is through volume in the shared lane, vph; and the
rest were defined previously.



Wallace and White

Substituting V, (ETV) from Equation 6 into Equation 8
gives

V, = [(V, + EL * V)/N] — (EL * V)
= [V, + EL*V,* (1- N)JN ©)

Step 2. Use V,, to Determine Saturation Flows

The available capacity of the shared lane, from S,,, is distrib-
uted among the several movements using the lane according
to their respective volumes, in ETVs. The left turn saturation
flow from a shared lane is as follows:

S (ETV) = S, * (V, * EL)/V, (ETV) (10)

where S, is left turn saturation flow from a shared lane,
ETVphg; S,, is base saturation flow for through vehicles, vphg;
and. the rest as previously defined.

Equation 10 gives the left turn saturation rate in terms of
effective through vehicles. If Equation 10 is divided by the
equivalent left turn factor, EL, as follows, the saturation flow
can be expressed in the more familiar units of vphg:

S, = S, (ETV)/EL
= (S, * V)/V. (ETV) : (1)

where S, is left turn saturation flow from a shared lane, vphg;
and the rest were defined previously.

The through saturation flow rate from a shared lane is as
follows:

Ss = S, * VIV, (ETV) (12)

where S, is through saturation flow from a shared lane, vphg;
and the rest were defined previously.

The sum of the shared lane saturation flows, in units of
ETVphg, is equal to the base through saturation flow rate,
S,0, OF

S, *EL) + S, = S, (13)

Using a volume division of the available capacity is only an
approximation, increasing in accuracy as the shared lane
approaches its limit, saturation.

Through Volume Equivalency and Effective Opposing
Volume

Through volume equivalency used for opposed turns was
determined using the HCM procedure:

EL = S,/(S.) (14)

where V, < §,, and S|, is base protected left turn saturation
flow rate, vphg.

The HCM uses S, = 1,400 vphg. In the calculation of this
factor 1,800 vphg is used for S,,. A departure from the manual
was made, however, in calculating the opposing volume, V.

The HCM does not differentiate between opposing flow as
a function of the number of lanes, n, available. It is assumed
that the opposing flow faced by permissive turners is the same,
regardless of n. Figure 1 illustrates upper and lower bound
solutions of the effect of the number of lanes available for
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2 X X X
1 X X X
—
Distance

Worst Case: V, Effective Opposing Volume

—>

Distance
Best Case: (V, /n) Effective Opposing Volume

Notes: 1. Vehicles are represented by the symbol X.
In both cases these vehicles represent
the total opposing flow, V4, vph.

2.0nly three of n possible lanes are shown
for clarity.

FIGURE 1 Effect opposing volume bounds; X = total
opposing flow (V,) in vph; only three of » possible lanes
are shown.

opposing traffic. At worst the opposing volume, V,, could be
distributed entirely uniformly, in such a way that the oppor-
tunity for left turners to filter through is the same as if only
one lane were available. Conversely, V, may be distributed
in echelon fashion, such that the effective opposing volume
is reduced to V,/n. In the absence of specific theory or data,
it was decided to use a simple average of these two extremes
in calculating the opposing volume corrected for multiple
opposing lanes, V. That is:

V, = [V, + (V./n))2
= (Vox(n +1))/2=n) (15)

where V/, is opposing volume corrected for multiple opposing
lanes, vph; and n is number of opposing lanes.

No adjustment is necessary if the opposing approach itself
includes a shared lane. Clearly the number of opposing lanes
is less than n. This question is left to future research.

Second, the HCM only uses EL when permissive turners
are filtering through opposing flow, g,, which by this time is
assumed to have returned to the random arrival rate, because
opposing vehicles that queued during the preceding red period
have cleared during g,. Figure 2 illustrates the calculation of
the unsaturated portion of the permissive green phase. This
behavior is reasonable for an isolated intersection where vehi-
cles will in fact arrive in a random manner. However, when
signalized intersections are closely spaced and coordinated,
random arrivals cannot be assumed, because platooning will
tend to occur.

The platoon may arrive at any time during the cycle, assum-
ing the traffic is, in fact, grouped; however, the step-by-step
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FIGURE 2 Calculation of unsaturated portion of
permissive green phase.

calculations would require a recursive model which, as stated
before, is beyond the scope of this work. The modél thus
assumes a ‘“‘uniform” saturation rate, but the opposing flow
rate is adjusted as described below.

The opposing flow used is the coded hourly volume V,,
multiplied by the C/g ratio, where C is the cycle length and
g is the effective green time during which traffic in the shared
lane may move. In effect, the opposing flow faced by the
permissive turners has been evenly distributed over the avail-
able turning time, recognizing that this is an approximation.

Finalizing the Model

Calculations of the shared lane saturation flows were also
modified for both multiple opposing lanes and signal timing
parameters. The latter is necessary because - the adjusted
opposing flow (V, above) moves only during its effective
green; thus, the effective flow rate is found by multiplying
V. by the Clg ratio, or

Voeff = V; * (C/g) (16)
where V. is effective opposing volume, corrected for both

multiple opposing lanes and signal timing.
The modified form of EL is thus

EL' = Sto/(Slo - Voeff) (17)

EL' is substituted for EL in Equations 6 through 11 to give
the resultant saturation flows from a shared lane incorporated
into TRANSYT.

The final models are expressed as follows:

Sis = S, * VIV, (ETVY - (18)
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and
Sis = S0 * VIV, (ETVY (19)
where
§7 = modified left turn saturation flow from a shared
lane, vphg;
S, = modified through saturation flow from a shared
lane, vphg;
V.(ETV)' = modified volume in the shared lane, ETV/hr;
, and
Vs = modified through volume in the shared lane,
vph; or
VAETV) = (V, + EL' * V)IN (20)
and
Vi = V.(ETV) — EL' * V, : (21)

V,and S,, are as defined previously. Here §,, is the user coded
saturation flow rate for the shared lane group, adjusted as
appropriate for the number of lanes.

IMPLEMENTATION INTO TRANSYT

A major aim of the shared lane enhancement was to ensure
that minimal additional coding would be required by the user,
and if possible all changes could be incorporated into the
existing input data file. Additionally, the shared lane capa-
bility was only one component of a variety of changes being
undertaken, so it had to be compatible with the other mod-
ifications, namely, permissible turners, stop-control, and
sneakers. Through the implementation of a simplified ana-
lytical procedure, these aims were met, in addition to mod-
eling the shared lane behavior somewhat realistically.

User Interface

In regard to user input data, no new data are required to use
the shared lane facility per se. All user interface either existed
previously, or resulted from the addition of the permitted
movement model. In short, the following three items sum-
marize how the user informs TRANSYT-7F of a shared lane
condition:

1. The shared stopline facility (card type 7) is used for the
shared lane group, just as before. The through, unopposed
movement must be the primary link and the permitted, opposed
link (only one allowed) is one of perhaps several other sec-
ondary links.

2. The permitted opposed link is identified on the phase
data card (card type 2X) with a negative number, as required
for the permitted movement model. A secondary maximum
flow rate to override the permitted movement model is optional
(card type 29).

3. Sneakers and the opposing link numbers, with an optional
percentage, are coded on the link data continuation card (card
type. 29).
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Model Implementation

The foregoing model was incorporated directly into TRAN-
SYT’s traffic simulation routine, in close coordination with
the permitted movement model referred to previously (3).

To clarify how the permitted model is used, a typical sim-
ulation run of TRANSYT-7F will now have three iterations,
or passes, through the simulation model (for “normal,” non-
shared lanes):

1. In Pass 1 all links are simulated, but permitted links are
modeled with a uniform maximum flow rate based on the
HCM.

2. In Pass 2 only permitted links are simulated, using the
permitted movement model reported by Wallace (3). This
provides a more realistic estimate of traffic performance as a
function of opposing traffic.

3. Finally, in Pass 3 all nonpermitted links are resimulated
to correct their flow patterns for any changes which occurred
as a result of Pass 2.

In the case of a shared lane the above is slightly different.
In Passes 2 and 3, the through link saturation flow rate is
calculated as in Equation 19, and the left turn link’s saturation
flow rate is calculated according to Equation 18. During Pass
2, the latter’s maximum flow rate is the lesser of the value
calculated by Equation 18 or the rate calculated step by step
by the permitted movement model.

During any simulation, a check is first made to see if the
shared lane is acting as an exclusive left turn lane. If this is
the case, the lane is treated as a permissive left and the approach
through maximum flow rate, TMFR, reverts to

TMFR = LSATF, * (N — 1)/N (20)

where LSATF, is link saturation flow (total for all lanes),
vphg; and N is number of approach lanes as defined previ-
ously.

If, however, the lane is shared, the respective saturation
flows are as follows:

Se = (LSATF,/N) * (V/V(ETV)') eay)
and

S, = (LSATF,/N) * (V,/V(ETV)") (22)
where

S.. = modified through saturation flow from a shaded

lane, vphg;

S, = modified left turn saturation flow from a shared
lane, vphg;

V., = modified through volume in the shared lane,
vphg;

V.(ETV)' = modified volume in the shared lane, ET 'V/hr;
V, = left turn volume, vph; and LSATF, and N are
as previously defined.

Both saturation flows are assumed to be constant over their
effective greens. In reality both flows vary over time as oppos-
ing flow varies; however, to model this would require a recur-
sive approach, which was beyond the scope of this enhance-
ment. The adopted procedure emulates traffic on a cycle-by-
cycle rather than a step-by-step basis.
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CONCLUSIONS AND RECOMMENDATIONS

The procedure divided the available shared lane capacity among
its tenants on the basis of ETVs. This is an approximation
approaching the actual saturation flows as the lane nears
capacity. In fact, capacity represents the limit when the ana-
lytical and actual saturation flows meet.

Shared lanes can now be modeled explicitly by using the
existing or only slightly modified inputs. Inclusion of an explicit
treatment into TRANSYT represents a significant enhance-
ment, filling a previous void in the package. This procedure
may be considered for adoption in other traffic analysis models
as well.

Field validation of the adopted shared lane saturation flow
models should, however, be undertaken. Only through such
testing can it be assured that they are reproducing “real world”
results.

An iterative procedure for shared lane analysis should be
investigated if the current model proves inadequate, but such
a procedure would require a major revision of TRANSYT,
possibly a rewrite of the entire program. Such an undertaking
would be resource consuming; therefore, the benefits would
need to be weighed against this cost.

The enhanced version of TRANSYT-7F is referred to as
Release 5, made available in the fall, 1987. The mainframe
version is available from FHWA , HTO-23, 400 Seventh Street,
S.W., Washington, D.C. 20590. The microcomputer version
is available from the McTrans Center, 512 Weil Hall, Gaines-
ville, Florida 32611.
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Critical Movement Analysis for Shared

Left Turn Lanes

HERBERT S. LEVINSON

This paper analyzes critical movements for left turn lanes that
are shared by through traffic. It shows that the critical conflict
volume along a given approach is the sum of the left turns,
the opposing traffic, and the blocked proportion of the through
traffic in the shared lane. A set of impedance or blockage
factors is derived as a function of ihe ieft turns per cycie. When
two left turns per cycle occur, 60 percent of the through vehi-
cles in the lane are blocked. When five left turns per cycle
exist, 80 percent of the through vehicles in the shared lane are
blocked. Thus, for all practical purposes, five or more left
turns per cycle will pre-empt the shared lane. From this it
follows that short signal cycles are desirable where shared left
turn lanes predominate. The paper addresses shared lanes in
both single and multilane approaches. It contains guidelines
for computation of critical movement volumes in practice.

The left turn problem at signalized intersections has been a
persistent and pervasive one for more than three decades (/,
2). A consensus exists that adjustments are needed to com-
pensate for the longer headways (time spacings) by left turns
and to reflect the additional delays or time requirements
resulting from conflicts with through traffic. In addition, the
impeditive effect (blockage) of through vehicles in shared left
turn lanes is increasingly recognized.

This paper shows how left turns, through vehicles, and
opposing traffic interact. It analyzes critical movements for a
single *‘shared lane” approach and extends the result to the
multiple lane approach case. It derives adjustment factors for
use in critical lane analysis and contains illustrative examples
of how the proposed procedures can be applied. In many
respects it represents an extension of the planning analyses
set forth in NCHRP Report 212 and the 1985 Highway Capac-
ity Manual (3, 4).

GENERAL CONCEPT

The critical lane volumes across a conflict point represent the
sum of the conflicting movements along the artery and cross
street. The critical lane (or conflict) volumes along the artery
represent the sum of the left turn movement, the opposing
through movement, and the through movements that share
the lane with left turns and are blocked by them. The pro-
portion of through movement that follows left turns is sus-
ceptible to delay by them and depends on the number of left
turns in the shared lane.

This basic model assumes that the opposing through traffic

Transportation Training and Research Center, Polytechnic Univer-
sity, Brooklyn, N.Y. 11201.

moves first and the left turns and blocked through traffic then
move.

Basic Relationships

These interrelationships best can be understood by consid-
ering only the artery volumes along a two-lane road with left
turns in one direction only. Accordingly, Figure 1 shows con-
flict volumes for such a two-lane shared artery. The conflict
volumes for a two-lane road with separate left turn lanes are
shown for comparative purposes. All volumes are shown in
passenger car units. The through volumes are assumed to
include right turns, even though under special cases (i.e., wide
cross street or right turn island) they could be deducted from
the through traffic.

The critical conflict volumes along a shared two-lane, with
left turns in one direction, represent the greater of the two
volumes obtained from the following formulas:

Critical lane volume = L, + V, + K, (1a)
Critical lane volume = L, + (1b)
where

1l

t, = through volume in lane shared by left turns;
V, = opposing volume; and

K = impedance factor that reflects the proportion of
through vehicles that follow, and are blocked by the
left turns.

These definitions assume that the right-turning traffic is
included in the through traffic and in the opposing traffic flow.
They apply throughout the paper.

The limiting case is a three-phase operation in which the
critical lane volume equals L, + #, + V,. Here the impedance
factor, K, equals one. Conversely, if a left turn lane is pro-
vided, K = 0.

Thus, the left turn impedance or blockage factor, K, is
important in computing critical lane volumes. It varies from
0, where no through vehicles are delayed, to 1.0 where all
through vehicles follow left turns and are delayed. Figure 2
illustrates the positions of through and left turns in a shared
lane for the cases where K = 0.0, 0.5, and 1.0.

Estimating K

For formulas 1, 2, and others like them to have meaning in
practice, it is necessary to determine how the impedance fac-
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FIGURE 1 Critical movements—single lane.
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tor K varies as a function of the left turns, L,. Accordingly,
values for K were obtained by two methods: (a) simulation
by random numbers tables; and (b) computations based on
positional probabilities assuming sampling with replacement.

Simulation

Random number tables were used to generate the positions
of left turns and through vehicles in 10-car platoons. Fifty
platoons were analyzed for each of the four cases where left
turns represented 10, 20, 30, and 40 percent of the total traffic

in the platoon, respectively. The average number of through

vehicles and the proportion of through vehicles delayed were
then computed.

Positional Probabilities

Probability theory was used to estimate the likelihood of the
first, second, third, and ith vehicles in line being left turns.
Conditional probabilities were computed, assuming that the
first left turn is the ith car in line based on sampling with
replacement. The probability that the first { — 1 cars are
through vehicles and the ith vehicle is a left turn, p,, is given
by the formula:

i—1
t L,
= . 2
p: {Ll + tl} {Ll + tl} )

where

L/(L, + t;) = left turns as proportion of total traffic;
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TABLE 1 COMPUTED VALUES FOR K

LEFT TURNS AS

PERCENT OF LENGTH OF PLATOON (Veh/Cycle)

TOTAL TRAFFIC

[N SHARED LANE 5 10 15 20
1 029 053 076 094
10 247 [.322] .388 495 576
20 390 [.607] .584 690 757
30 527 [.647] .694 783 834
40 608 [.747] .761 834 874
50 670 806 866 900
60 720 838 889 916
70 770 .860° 905 929
80 800 880 917 938
90 900 9292 945
95 950

[SIMULATION]

2COMPUTED VALUE ADJUSTED SLIGHTLY.

t/(L, + t;) = through vehicles as proportion of total
traffic; v

left turns; and

through vehicles.

L,
h

Computed values of K are shown in Table 1 and Figure 3
for 5-, 10-, 15-, and 20-car platoons. These exhibits show how
K varies as a function of platoon length and left turns as a
proportion of the total approach traffic. They indicate that
simulation and random sampling with replacement give sim-
ilar results. Salient findings are as follows:

1. The K-values increase with increasing proportions of left
turns (p) in traffic, but they never reach 1.00. For 5-vehicle
groups, the maximum is 0.80 when p = 0.80; for 10-vehicle
groups, 0.90; and for 20-vehicle groups, 0.95.

2. The values of K increase faster than the proportions of

1.04

K

PROPORTION OF
THROUGH
VEHICLES
DELAYED BY
LEFT TURNS

left turns in the shared lane. For example, when the left turns
account for half of the vehicles in the shared lane, then from
67 percent to 90 percent of the through vehicles in that lane
would be delayed, depending on the platoon (queue) length.

3. The values of K increase with queue length for any given
proportion of left turns in the lane. This suggests that a shorter
traffic signal cycle length would reduce delays whenever left
turns share a lane with through vehicles. For example, a lane
that carries 480 through vehicles and 120 left turns in an hour
(p = 20 percent) would result in a K-value of .584 for a 60-
second cycle (10 vehicles per cycle) and .690 for a 120-second
cycle (20 vehicles per cycle). The number of through vehicles
that would be delayed would be 280 and 331, respectively.

4. The curves follow a formula of the form K = [A(p)];
pilot analysis suggests that K = p¢5-0929 where = esti-
mated vehicles/lane/cycle in the queue and p = proportion
of left turns in the shared lane.

——=15 20
"
_

//r
_a~" 5 CAR PLATOON

] 10 20 30

FIGURE 3 K as a function of p.

P=LEFT TURNS AS A PERCENT OF TOTAL
VEHICLES IN SHARED LANE

40 g 60 70 8 9 100
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TABLE 2 SUGGESTED K-VALUES FOR

APPLICATIONS
Left Turns Suggested
Per Cycle Computed Value Rounded
0.5 0.25 0.25
1 0.39 0.40
2 0.58 0.60
3 0.69 0.70
4 0.76 0.75
5 0.81 0.80
6 0.84 0.84
7 0.86 0.86
8 0.88 0.88
9 0.89 0.89
10 0.90 0.90

Source: Computed

K-Values for Application

Table 1 shows that the K-values can be represented by a single
set of numbers that are a function of the number of left turns
per signal cycle or platoon. The suggested K-values are shown
in Table 2 and Figure 4. They provide a reasonable approx-
imation of left turn blocking for most practical conditions,
and they significantly simplify the computational procedures,
especially for multilane approaches.

The curve shown in Figure 4 can be approximated by the
formula: K = 1 — ¢~-7 VI, It also is interesting to note that
K = L /L, + 1). In both formulas, L represents the left
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turns per cycle. The values of K increase rapidly at first and
then begin to taper off in the following situations:

e When one left turn per cycle occurs, approximately 40
percent of the through vehicles in the shared left turn lane
would be blocked.

o When three left turns per cycle occur, approximately 70
percent of the through vehicles in the shared left turn lane
would be blocked.

e When five left turns per cycle occur, approximately 80
percent of the through vebicles in the shared left turn would
be blocked.

The K-values should be applied directly to the through
traffic in the shared lane, and the product should be added
to the opposing through volume and left turn volume to obtain
the critical lane volumes for the artery. They also should be
used for the cross street; the total critical lane movements at
an intersection would represent the sum of the critical artery
and cross street movements.

The application of these K-values is straightforward. If there
are 12 through vehicles per lane per cycle, three left turns,
and eight opposing vehicles, the critical movement would be
estimated as follows:

Critical movement = 3 (left)
+ 8 (opposing) + 12 (through) - (K)

Since K = .70, the critical movement would be 11 + 8.4 or
19.4 vehicles per cycle.

This analysis does not take into account the added time
required by each left turn. Thus, if the computed critical lane
flows (for the artery) are L + V,, + K,,, L should be increased
by a factor of F to account for the increased headway.

1 2 3

1
4

T
5 6 7 8 9

LEFT TURNS PER CYCLE IN SHARED LANE

FIGURE 4 Left-turn impedance factor (K).
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APPLICATIONS

The application of the impedance factor will vary depending
on the specific geometric configuration of the intersection.

e On two-lane roads with left turns in each direction, the
intersection of opposing left turns will reduce the blockage
that otherwise would occur.

e On multilane approaches, through traffic will distribute
among the lanes to minimize delays and queue lengths. This
is a reasonable assumption consistent with current critical lane
computational procedures.

The following sections show how critical lane volumes can
be computed for the following cases:

1. Single-lane approach
e Left turns in one direction only
e Left turns in both directions

2. Two-lane approach
o Left turns in one direction only
e Left turns in both directions

3. Multilane approach
e Left turns in one direction only

Single-Lane Approach—Left Turns in One Direction Only

The analysis for a single-lane approach with left turns in one
direction only along a two-lane artery is straightforward. It
involves the following steps:

1. Develop flow rates.

2. Obtain the vehicles per cycle on each approach.

3. Determine and apply K-values and obtain critical lane
volumes per cycle.

4. Translate results into vehicles per hour.

Another way to estimate critical lane volumes is to work
directly in vehicles per hour. In this case, the K factors are
obtained by estimating the left turns per cycle on each approach.
These then can be applied directly to the hourly flow rates.

Figure 5 shows how the critical lane movements can be
obtained for a shared two-lane artery, with left turns in one
direction only (Example 1).

Single-Lane Approach—Left Turns in Both Directions

Computations of critical conflict volumes must take into account
the nullifying effect of the opposing left turns. This leads to
considering only the opposing through movement in the crit-
ical lane analysis. Figure 6 gives the various formulas that
should be tested—three for each approach. Illustrative exam-
ples are shown in Figure 7 (Example 2).

Two-Lane Approaches—Left Turns in Both Directions
Critical lane computations based on the K factor are more

complex for two-lane and multilane approaches. They call for
assumptions regarding the distribution of through traffic to
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GIVEN 2 N

/' h 120

150 120= PEAK 15-MIN VOLUMES

1. DEVELOP FLOW RATE (vph)
120

480
600 / » 480

2. OBTAIN VEHICLES PER CYCLE (ASSUME 60 SEC. CYCLE)

2=1,

/ 8=V
» 8-t

3. OBTAIN AND APPLY K VALUE

FOR Ly=2 K =60
CRITICAL LANE MOVEMENT = 8 + 2 + K(8)
= 8+ 2 + 6(8) = 14.80

(NOTE: UPPER LIMIT WITH THREE PHASE OPERATION = 1800)

4. OBTAIN CRITICAL VOLUMES PER HOUR

60 CYCLES / HOUR X 14.80 = 888 vph

FIGURE 5 Example 1—single-lane approach.

each lane on any given approach. This can be done by judg-
ment or by formula (Figure 8).

It is reasonable to assume that traffic approaching an inter-
section will equalize, that is, each lane on any given approach
would have a queue of approximately the same length. Using
this criteria, manual simulation analyses were performed for

/ 2 -% / T2=Vo
T >t

CRITICAL LANE VOLUMES - EASTBOUND

m L+ 4y Vo is very light or zero
(2 Ly + Kty + tz2 Ly > L
(3) La + Kity + t2 s L, > L

CRITICAL LANE VOLUMES - WESTBOUND

4 L+t Ty is very light or zero
(5) L2 + Ktz | ST L2 > I
6 L+ Kta 4 L > 1,

UPPER LIMIT - ‘3 PHASE OPERATION"

(7) L1+t1+L2+t2=T1+T2

FIGURE 6 Critical lane volumes—shared lanes with left turns in
both directions, two-lane roads.
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2
(G >3 /
1
EASTBOUND
M Lo+t =10
—» @ Li+ Kb+ t=2+68+6-128 |a— (L > LyCRITICAL

It
—
+

(3) Ly + K1t1 + 1

WESTBOUND

@ L+ th=7
(5) Lz + thg + t1 = 1
(6) L1 + Kztz + t1 = 2

+

+

UPPER LIMIT

A46) + 8
46) + 8 = 124 @— Li> L,

(7) Ly + 4 + L, + ta = 17

O) 1

1 / —

B(8) + 6 = 118

= 114

10
4

EASTBOUND

() L+t =1

(2 Li+ Kity + t, = 1 + 410) + 6=11 Lo<L

(B L+ Kity + t; = 4 + 4(10) + 6= 14 1 2
WESTBOUND

) L +t=10

(@ L:+ Kty +t, =4 + 756) + 10 = 185 L > L

@ L+t + Ktz =1+ 10 + 75(6) - 155

UPPER LIMIT - 3 PHASE OPERATION

+ 10 = 21

FIGURE 7 Example 2—single shared lanes, left turns on both approaches.

various distributions of through and turning vehicles for each 3. Select appropriate critical lane volumes based on the

approach on a four-lane arterial with left turns in both direc-
tions. The results of this simulation, shown in Table 3, provide
a basis for the guidelines that follow.

In practice, the following steps will prove useful in dealing
with two-lane approaches when left turns occur from each
approach:

1. Divide the volumes on each approach equally by lane.

2. Compute the critical lane volumes on each approach
based on the assumed lane distribution. The computations
are as follows: Left turns + opposing through traffic in the
shared lane (or + the opposing outside lane volume) + K
(same direction through traffic in the shared lane). This will
yield a critical conflict volume for each of the two approaches.

following criteria:

Case 1: Equal volumes on
both approaches (including
equal left turns)

Case 2: Unequal through
volumes but equal left turns
on both approaches

Case 3: Heavy total volumes
and heavy left turns on one
approach

Case 4: Equal total volumes
on both approaches with
unequal left turns

Case 5: Light total volumes
with heavy left turns on both
approaches

Use critical lane volume
for either approach

Use heavier critical lane
volume

Use average critical lane
volume = for . both
approaches
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oy
p—r—
v

K. = IMPEDANCE FACTOR FOR L,
K: = IMPEDANCE FACTOR FOR L.,

‘EQILIBRIUM SOLUTION’

(LEFT TURN); + OPPOSING + DELAYED THROUGH

m

L1 + VO - X2- L2

SOLVING FOR X

2(L-Lo) + (VorTr) + X1 + Ky)

X, =
: 1+K,

CONSTRAINT -

K1X4 =lp + (- X4- Ly} + KX

IFT, = T, [T CAN BE SHOWN EXPERIMENTALLY

THAT X = To o,
2

THIS MAKES IT POSSIBLE TO SOLVE FOR X..

FIGURE 8 General formula—two-lane approach with left turns.

Figure 9 illustrates critical lane computations for two-lane
approaches with shared left turn lanes (Example 3). Critical
movements are also computed based on a signal operation
that has each direction move on a separate phase; this rep-
resents the worst case or upper limit of the critical lane
movement.

This example represents a Case 3 condition. The critical
lane volume of 990 vph compares with a worst case condition
of 1,080 vph.

Multilane Approaches—Left Turns from
One Direction Only

These cases can be solved directly by formula assuming equal
queues in each lane on the multiple lane approach (Figure
10). Formulas are given in Table 4 for estimating the through
vehicles in the shared lane. The through vehicles in the other
lanes can be computed; these flows will equal the critical lane
volume. Figure 11 illustrates this procedure (Example 4).

CONCLUSIONS AND EXTENSION

This paper analyzes the impact of left turns on through traffic
where they share a common lane. It applies an impedance or
blockage factor to estimate the proportion of through vehicles

that would be delayed and, therefore, must be considered in
the critical lane computations. In this respect it represents a
logical extension of earlier capacity analysis, and it is con-
sistent with ongoing approaches.

The left turn blockage factor (K factor) eliminates the need
for left turn equivalent factors. In other respects, the pro-
cedures are generally similar to the critical lane computational
procedures set forth in the 1985 Highway Capacity Manual.
Right turns, for example, might be excluded from critical
movement analyses under certain geometric conditions.

Several findings are significant: (a) Left turns in a shared
lane block through vehicles in that lane; (b) When there are
more than five or six left turns per cycle, for all practical
purposes, they pre-empt the shared lane; and (e) Short traffic
signal cycles are desirable where shared left turn lanes
predominate.

The left turn impedance or blockage factor, K, provides an
important input into deriving an intersection capacity formula
that directly reflects the capacity losses due to blocked vehi-
cles. Such a formula has been developed including an approx-
imation for practical application.

The impedance factors are based on probability and sim-
ulation analysis. They can be modified based on local expe-
rience or field tests without invalidating the methods. Addi-
tional field studies are desirable to verify the analyses and to
adjust them as needed. Further refinements for right turns
and for advance or trailing greens also are desirable.



TABLE 3 GUIDELINES FOR ALLOCATING THROUGH TRAFFIC TO SHARED LEFT-
TURN LANE—TWO-LANE APPROACH

V N
CASE 1 N ° 4 DIVIDE APPROACH VOLUMES
EQUAL VOLUMES 2 4—7—;— EQUALLY BY LANE
EQUAL T Ly 1 ; 2. COMPUTE CRITICAL VOLUME ON
LEFT TURNS & ! EACH APPROACH
CASE 2 UNEQUAL VOLUMES t, Vo 1. DIVIDE APPROACH VOLUMES
N - e EQUALLY BY LANE
ESFUTA#URNS T A Ly 2. COMPUTE CRITICAL VOLUMES
1 . ON EACH APPROACH
1
3. USE HEAVIER VALUE (1-5%
<ty OVERSTATEMENT)
CASE 3 HEAVY VOLUMES t2 Vo 4 DIVIDE APROACH VOLUMES
HEAVY LEFT TURNS Lt L,# EQUALLY BY LANE
S » 2. COMPUTE CRITICAL VOLUMES
T t; ON EACH APPROACH
Li> L2 3 USE HEAVIER VALUE (1-3%
T, > Vo OVERSTATEMENT)
CASE 4  EQUAL VOLUMES t, Vo 1. DIVIDE APPROACH VOLUMES
L 2,_2 EQUALLY BY LANE
1
UNEQUAL D . 2. COMPUTE CRITICAL VOLUME
T t . S
LEFT TURNS T ! ON EACH APPROACH
T - Vo 3. USE AVERAGE VALUE (1-2%
L <L, UNDERSTATEMENT)
CASE 5 1. DIVIDE APPROACH VOLUMES

Vo
Lo

LIGHT VOLUMES t2 .7_—
____4215_’
HEAVY LEFT 4

TURNS
Ty > Vo
Ly <L,

EQUALLY BY LANE

2. COMPUTE CRITICAL VOLUME ON
EACH APPROACH

3. USE AVERAGE VALUE (2-5%
UNDERSTATEMENT)

NOTE: IN SOME CASES HEAVY
LT WILL PRE-EMPT 1 LANE




1. HOURLY FLOW RATES

240
@ 1200 }960 340{ 960 B
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2. VEHICLES PER CYCLE: 60-SEC CYCLE
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3. CRITICAL LANE VOLUMES - EQUAL LANE USE

®
Y
A
o«
@

&
@ 4+8+.75(6) = 165

(B, 2 +10+ 60(6) = 156

4. SELECT CRITICAL LANE VALUE TO BE USED: SINCE BOTH LEFT TURNS AND
TOTAL TRAFFIC IS HEAVIEST ON APPROACH &}, THIS IS CASE 3
THEREFORE USE HEAVIEST VOLUMES , 16.5

5. COMPUTE HOURLY VOLUME

165 ~ 60 = 990 vph

6. CHECK ‘‘WORST CASE”

THIS ASSUMES THAT EACH DIRECTION OPERATES ON A SEPARATE PHASE:

20 . % - g0/CYCLE
2 2

180 x 60 = 1080/ HOUR

FIGURE 9 Example 3—two-lane approach.



LET:
T; = TOTAL TRAFFIC (ON APPROACH A )

Ly = LEFT TURNS (ON 'APPROACH(@)

X; = THROUGH VEHICLES IN SHARED LANE (APPROACH A )

Vo = OPPOSING VOLUME (APPROACHB )
Ky = LEFT TURN IMPEDANCE FACTOR

CONSIDERING THE TWO LANE CASE:

THE CRITICAL LANE VOLUME IS EITHER

Ty-be-Xs

—

)
OR

Li+v Vo + KXo (2)
2

FOR THE ASSUPTION OF EQUAL QUEUES,
THESE VALUES ARE SET EQUAL

L8 TileXy = Ly + Vo + KXy
2

SOLVING FOR X;, THIS YIELDS

T1-2L4-Vg
Xy = 2

1+ Ky

PROVIDED THAT X, = 0

IN THE THREE LANE CASE:

Ti-Le-X; 1S SET EQUAL TO
2

Li+ Vo + KX,
3

WHERE THERE ARE n; LANES ON APPROACH

A, AND n, LANES ON APPROACH B,

Tila-Xs 18 SET EQUAL TO Ly + Vo + KiXa

n-1

FIGURE 10 Derivation of formulas for shared left-turn
lanes on multilane approach with left turns in only one

direction.
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TABLE 4 FORMULAS FOR MULTILANE ROADS (APPROACHES) WITH LEFT
TURNS FROM ONE APPROACH ONLY—LANE DISTRIBUTION

2 LANE APPROACH

Vo \ T-2L4Vo/2
/ ? )
= X,
T
1 { ® Ti-L4-X4 X, >= 0]
3 LANE APPROACH
Vo
- T;-8Ls-2Vo/3
‘.—_g X«| . — e
/ ) s ®
» X1
. X3 z 0
K T Lk
Ti-nsLy- LR Vo
MULTI-LANE APPROACH X, - Nz o
GENERAL FORMULA 1+ (M-1)K,
7 X, >0
R
—>
ni= NO. OF LANES ON APPROACH 1

na= NO. OF LANES ON APPROACH 2

K, = LEFT TURN IMPEDANCE FACTOR
(DIRECTION 1)
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TWO LANE APPROACH
LEFT TURNS FROM ONE DIRECTION ONLY
1. FLOW RATE / 200
800 - } 600 - 600
2. VEHICLES PER CYCLE - 80" CYCLE (40 CYCLES / HOUR)
5
/ %
20 X i } 15 - 15
3. COMPUTE X,
T— 2L— Vg
X: - 2
1+K
K = 0.80
20-2(5)-15
Xy = 2 _ 256 _
' 1 080 18 -
X, = 160- 14 =136
136 x 40 = 544
544 1S CRITICAL LANE VOLUME
NOTE: (CHECK) ¢ +§ + 80(1.4) =136
136 * 40 = 544 = CRITICAL LANE VOLUME
FIGURE 11 Example 4—two-lane approach, left turns from one
direction only.
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Computation of Signalized Intersection
Service Volumes Using the 1985 Highway

Capacity Manual

KeNNETH G. COURAGE AND JOHN ZEN-YOUNG LUH

The 1985 Highway Capacity Manual (HCM) signalized inter-
section analysis method has provided a powerful technique for
determining how well an intersection will operate given the
traffic volumes, intersection configuration, and signal timing.
It has been less successful in producing a practical technique
for determining the service volume for a specified level of
service. The main problem is the irreversibility of the delay
equation upon which the level of service is based. This paper
explores a number of numerical analysis techniques for solving
the delay equation in reverse. Specific computational proce-
dures are demonstrated for determining the traffic volume
which will produce a given delay. Both manual methods, using
a worksheet, and computerized solutions are presented. The
main problem with determining service volumes results from
the interactions among the independent variables of the delay
equation, not from the need for a mathematical solution to the
equation itself. Because of the complexities of the HCM tech-
nique, there are discontinuities in the volume-delay relation-
ship. There are situations which require the simultaneous solu-
tion of two equations, and there are situations in which a
unique solution does not exist. Several simple computational
modules were developed to deal with specific situations covered
in this paper. These are demonstrated using several sample
calculations from Chapter 9 of the HCM.

The 1985 Highway Capacity Manual (HCM) () has intro-
duced a completely new analysis technique for signalized
intersections. There are two major differences between the
1985 method and its predecessors. The first is a substantially
more complex analysis procedure, especially for dealing with
opposed left turns. The second is a redefinition of the level-
of-service (LOS) criterion from a demand/capacity base to a
vehicular delay base.

For most purposes, this has been a step forward. It has
defined the quality of traffic movement in the same way that
the motorist perceives it (i.e., delay). Previous definitions
were essentially mathematical indexes from the motorist’s point
of view. It has also improved the accuracy and reliability of
the analysis model. The overall methodology has become widely
accepted throughout the United States.

Since 1965, the HCM has suggested that the method may
be used to assess the level of service of a facility with known
design parameters and traffic volumes or to determine the
design parameters or traffic volumes which would produce a
given level of service. The concept of ““service volume” was

Transportation Research Center, University of Florida, Gainesville,
Florida 32601.

introduced in the 1965 HCM (2) as a more flexible alternative
to the simple notion of “‘capacity.” The service volume of a
particular facility reflects the volume of traific which can be
accommodated at a specified level of service. It clearly and
concisely expresses the adverse effect of introducing addi-
tional traffic onto the facility.

Service volume has been recognized as a useful concept
and, as such, has found its way into the official analysis pro-
cedures of governmental agencies. For example, in Florida,
the criterion of 10 percent of the service volume for LOS D
is applied to determine the status of a proposed traffic gen-
erator with respect to the assessment of impact fees (3). The
difficulty of computing service volume by the 1985 HCM has
led many agencies in Florida to resort to a curious blend of
1985 and pre-1985 analysis techniques. The need for proce-
dures which use the 1985 methodology for computing service
volume is well recognized in Florida and throughout the coun-
try. That is the subject of this paper.

In the following discussion, the problem will be identified
and explored. A basic method will be suggested for dealing
with the simple case. The complexities which surround the
simple case will be explained. Finally, specific computational
procedures will be proposed, both for worksheet and com-
puterized solutions.

THE PROBLEM

The computational model used in the 1985 HCM is illustrated
in Figure 1. The essential ingredients of this model are four
inputs:

Cycle length, C;

Green time, g;

Capacity, ¢; and

Volume to capacity ratio, X;

and one output, delay. The delay is an explicit but formidable
function of the four input variables which appears in the HCM
as equation 9-18.

The complexity of the function poses no problem for com-
puting delay from known values of the four inputs. The equa-
tion, while time consuming in manual applications, lends itself
well to computerization, and an ample choice of software is
available for this purpose.

Determining the service volume (i.e., the traffic volume
required to produce a specified delay) is not an easy task. To
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1985 HCM DELAY MODEL
@ Green
Time
g

Capacity Delay
¢ d

FIGURE 1 1985 Highway Capacity Manual equation for
computation of delay at signalized intersections.

begin with, volume itself is not a specific input to the delay
equation. It may, however, be derived directly from two of
the inputs, capacity and volume to capacity (v/c) ratio. So the
problem is to find, using the delay equation, a v/c ratio which
will produce a specific delay given values for cycle length,
green time, and capacity.

Analytical Solution

The most desirable solution would be an analytical one in
which the terms of the delay equation were algebraically
manipulated to yield the value of X as an explicit function of
the other terms. There is no record in the literature of this
feat having been accomplished, and the complexity of the
equation suggests that the analytical solution be left as a chal-
lenge to the academic world.

The Exhaustive Search Solution

The exhaustive search, or “brute force” technique, is illus-
trated in HCM sample calculation 6, in which a complete table
of values is developed for all levels of service and all arrival
types for a single lane group involving only through move-
ments. The HCM points out that the example is presented
for purposes of illustration only, and does not actually rec-
ommend the technique for addressing complex situations
involving more than one lane group. The method of pres-
entation of this example in the HCM demonstrates very clearly
the concept of solving the delay equation implicitly for one
of the input variables.

The Trial-and-Error Solution

The trial-and-error solution is always a legitimate one for
working a problem in reverse. With sufficient time and effort,
a satisfactory combination of inputs should be found which
will produce a specified delay. It is certainly possible to use
one of several microcomputer programs which perform high-
way capacity calculations in a trial-and-error mode. This would,
however, be very time consuming, especially when several
approaches must be treated simultaneously. In this paper, a
more efficient and productive method will be sought.
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The Nomographic Solution

A nomographic procedure has been implemented for the 1965
method (4) and updated for the 1985 method (5). The 1965
procedure was widely used for determining service volumes
for a single approach. The 1985 HCM method deals concur-
rently with all approaches to an intersection. This is a major
departure from the 1965 method, which treated each approach
independently.

The nomographs provide an excellent graphic method which
is reversible for the “simple case” (which will be treated later
in this discussion). However, it will also be demonstrated that
there are several practical complexities for which more auto-
mated computational techniques provide a more feasible
method of solution.

The Numerical Solution

A solution using numerical methods offers a more scientific
approach to the problem. Numerical methods involve an iter-
ative procedure in which a solution is sought by multiple trials
according to a well-defined set of rules. In this paper, three
numerical solutions will be introduced. The first is a primitive
method which is suited to manual implementation using a
worksheet. The second two offer more elegant techniques
which are too complex for manual implementation but which
are well-suited to the microcomputer.

A BASIC PROCEDURE FOR A SIMPLE CASE

The discussion to this point has centered on the complexities
of the delay equation itself. It will become apparent, however,
as the solution develops that the real complexities are found
in the interdependence among what appear to be the inde-
pendent variables of the delay equation. Before addressing
these practical complications, let’s deal with the simple case.
The “‘simple case” is defined as one in which the four “inde-
pendent” variables are truly independent. By this definition,
we must restrict the analysis to single lane groups with Type
3 arrivals and no permitted left turn movements.

Data Requirements

The following data are required for the basic numerical solu-
tion:

Cycle length, C;

Effective green time, g;
Adjusted saturation flow rate, s;
Capacity, c; and

Target delay, D.

The cycle length and effective green time are input data
and must be determined prior to the analysis. The adjusted
saturation flow rate may be determined either from the work-
sheet given in the HCM for this purpose or by one of several
available software choices which performs HCM computa-
tions. The lane group capacity is computed as:

g
— X -
Cc N C
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The target delay would normally be the upper threshold for
the desired level of service. Before specifying a particular
value of delay, it is necessary to verify that the value is a
feasible solution to the delay equation for the 0—100 percent
range saturation. This is accomplished by evaluating the equa-
tion separately for X = 0 and X = 1, from which the lowest
feasible delay is computed as:

d = 0.38/C (1 —g/C)?

and the highest feasible delay becomes:

d=038C(1 - g/C) + 173 \/1;6

This raises an important point: A service volume does not
always exist for all levels of service.

Service Volume Computation

The first step in the service volume computation is to find the
value of X which will produce the target delay. This requires
a choice of numerical analysis techniques. The Bolzano, or
bisection, method (6) will be used initially to illustrate the
process. This method uses the following steps, which are illus-
trated in Figure 2:

1. Determine the upper and lower limits of X for the solu-
tion (initially 0 and 1). The delays at these end points are
shown in Figure 2 as D, for X = 0 and D, for X = 1 (i.e.,
saturated operation).

2. Evaluate the delay at a point halfway between the upper
and lower limits. This point is shown on Figure 2 as X, for
the first iteration and X, for the second.

Delay
Ds
D, ]
D
(4] l X
0 .25 .50 .75 1.0
v/c Ratio
The Bisection Method for Worksheet Solutions
Delay

0 .25 .50 .75 1.
V/c Ratio
The Modified Linear Interpolation Method for Computer Solutions

FIGURE 2 Numerical methods for solving the delay equation
to obtain the v/c ratio which will produce a specified delay.
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3. If the delay at the midpoint is lower than the target delay
D, then the midpoint becomes the new lower limit. If not,
then the midpoint becomes the new upper limit.

4. Repeat steps 1 to 3 until the delay of the midpoint is
within the required degree of accuracy with respect to the
target delay.

When a suitable value of X has been found, the next step
is to compute the service volume (i.e., multiply X by the lane
group capacity).

Computational Considerations

The maximum number of iterations to achieve a solution will
depend on the required accuracy of the results. The maximum
error as a percentage of the desired delay will be:

100

2N

where N is the number of iterations. So, for example, to
ensure a maximum error of one percent as many as seven
iterations could be required.

A worksheet for the bisection method is shown in Figure
3. This is a relatively primitive method, and its main advantage
is conceptual simplicity. Another numerical analysis tech-
nique, known as the modified linear interpolation method (7),
offers faster convergence (i.e., fewer iterations) but is too
involved for manual worksheet computations. The modified
linear interpolation method is also illustrated in Figure 2,
which shows the similarities and differences with respect to
the bisection method. The main advantage of the modified
linear interpolation method is that the X-value chosen for a

Service Volume Worksheet : | (1) Target Delay
Bisection Method @ Error
Iteration @ @ @ @ @ @
Number Lower Limit {Upper Limit | Mid Point |Error
X Delay | X Delay | X | Delay
1
2
3
4
5
6
7
@OFinal X ........... -
@Capacity .......... -
Service .. .......... —_—— X
@Flow Rate ( @)
PHF ..... ..ot -
Lane Utilization .. ... JR—
Factor @x@
@Service Volume ..... ____(—-—)

FIGURE 3 Worksheet for computation of service
volume by the bisection method.
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in N or fewer 5 method
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Note: The delay equation was solved 10,000 times

by each method

FIGURE 4 Number of iterations required to solve the delay equation by
two different numerical analysis methods.

particular iteration depends on the relative distance of the
target delay from the two end points in the previous iteration.
In the bisection method, the X-value is always chosen halfway
between these two end points, regardless of their relative
distance from the target delay. In the modified linear inter-
polation method, the X-value for the second iteration is placed
at a distance from the end point, which is computed by:

D_T—DT>< 1- X
2 Dg

- D
TT_(Dl_DT)

X, =1 -

where D, and D, are delays for upper limit 1.0 and lower
limit X, respectively.

Values for subsequent iterations are computed in the same
manner. While the manual implementation of this method
would be very tedious, the rapid convergence makes it ideally
suited to computerized solutions. A comparison of the con-
vergence characteristics of these two methods is shown in
Figure 4.

To produce this comparison, the delay equation was solved
10,000 times by both methods to determine the v/c ratio which
would produce a randomly generated value of the target delay.
Figure 4 shows the distribution of the number of iterations
required to reach a solution. It is clear from this figure that
the modified linear interpolation method is the more efficient
of the two.

PRACTICAL COMPLICATIONS

The methodology discussed to this point assumes that the four
inputs are independent of each other and of the traffic volume
on the lane group. These simplifying assumptions are not valid
in situations with permitted left turns or platoon arrival char-
acteristics which are affected by progression. Further com-
plications arise when two lane groups with opposing left turns
must be considered at the same time.

There are four areas of interaction between the independ-
ent variables in the delay equation and the traffic volume on
a particular lane group:

o Interaction within a lane group,

e Interaction between two lane groups on one approach,
® Interaction between two opposing approaches, and

¢ Interaction among all approaches to an intersection.

There is no interaction within a lane group except when
the arrivals are affected by progression. This is evident in
table 9-13 of the HCM, which illustrates that the progression
adjustment factor, PF, is a function of the v/c ratio for all
arrival types other than Type 3. The result is a discontinuous
delay function which requires a piecewise solution.

The main interaction between two lane groups on one
approach occurs when one lane is shared by left turns and
through movements. When heavy left turn movements
monopolize a shared lane to the point where it becomes a de
facto left turn lane, it is necessary to break the approach into
two separate lane groups. If all other factors remain constant,
the break point will occur at a specific value of X. This intro-
duces another discontinuity into the delay equation.

The interaction between two opposing approaches is more
complicated. In addition to the de facto left turn lane problem,
there are two elements in the HCM methodology which com-
bine to make the saturation flow adjustment factor for one
left turn a function of the traffic volume in the opposing
direction. First, the left turn equivalency is a function of the
volume of the opposing through movement. This means that
a given left turning volume will place a higher demand on its
own approach as the volume increases on the opposing
approach. Second, the green time available for the left turn
movement will be reduced as the opposing volume increases,
because more time will be required to service the queue of
opposing vehicles which have arrived on the red signal. This
will have the same effect on the left turn demand.

One final interaction occurs among all approaches as traffic
volumes vary. That, of course, is the signal timing itself. Vari-
ations in traffic volume will result in variations in the appro-
priate cycie lengths, green times, and even offsets. Signal
timing changes will have a significant effect on all of the inputs
to the delay equation.

Because of all of the interdependencies of the supposediy
independent variables in the delay equation, and because of
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the dependency of all of them on traffic volume, it is very
difficult to prescribe a straightforward mathematical process
by which service volume may be computed “in reverse” as a
function of delay. There are, however, some practical tech-
niques which may be used to illustrate some of the complex-
ities and to simplify others. The balance of this discussion will
explore those techniques.

Before proceeding with the discussion, it is necessary to
define precisely what is meant by the 1985 HCM technique.
The technique is considered in this paper to consist of three
elements. The first is the narrative description given in the
body of Chapter 9 of the HCM. The second is the interpre-
tation of that narrative description contained in the six sample
calculations presented at the end of the chapter. The third is
the Highway Capacity Software (HCS) developed by the Fed-
eral Highway Administration as a faithful implementation of
the HCM method. The HCS will serve as a reference for
verifying the accuracy of computational techniques to be

CITIyid acLiliialy

introduced in this paper.

DEALING WITH SIGNAL PROGRESSION

Uncoordinated signals exhibit random arrivals which are defined
by the HCM as “Type 3.” Coordinated signals usually produce
a more favorable distribution of arrivals throughout the cycle
(Type 4 or 5) on links which are given a high design priority
and a less favorable distribution (Type 1 or 2) if the design
priority is low. The HCM assigns a progression adjustment
factor, which modifies the delay computed by the delay equa-
tion. The PF depends on the arrival type, the type of signal
control equipment, and the v/c ratio. The dependency on the
vic ratio is of greatest interest to this discussion because it
introduces a relationship between v/c and delay which is not
treated by the delay equation. Therefore, even the most
sophisticated method of solving the delay equation backwards
will not produce a service volume, except for Type 3 arrivals,
in which the progression adjustment factor is independent of
the v/c ratio.

When arrivals are affected by progression, the relationship
between v/c and delay will be discontinuous as illustrated in
Figure 5. This figure shows an example of the delay as a
function of v/c for each of the five arrival types. The example
assumed the following values of the input data:

Cycle length, C = 90 sec,

Green time, g = 45 sec,
Saturation flow, s = 3,200 vphg, and
Capacity, ¢ = 1,600 vph.

Notice that there are two types of discontinuities; those with
no solution and those with multiple solutions. Arrival Types
1 and 2 produce gaps with multiple solutions while arrival
Types 4 and 5 produce gaps with no solution. This is evident
from the structure of HCM table 9-13 and holds true for all
cases.

The discontinuities shown in Figure 5 are based on the
assumption that the progression factors are determined as
threshold values from HCM table 9-13. The discontinuities
could be eliminated by interpolation, however, interpolation
is discouraged by the HCM in the presentation of sample
calculation number 1, and the HCS method is based strictly
on thresholds.
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So, before applying the numerical techniques described ear-
lier to arrivals affected by progression, it is necessary to deter-
mine the v/c range in which the solution will be found. If the
desired value of delay falls in only one v/c range, then the
appropriate numerical method may be applied using the end
points of the v/c range as the initial upper and lower limits.
If the desired value of delay falls into a gap between v/c ranges,
then it may be argued that the v/c transition point (either .6
or .8) is, in itself, the solution. Finally, if two v/c ranges
contain the desired delay, then there is no unique service
volume which can be defended as the solution, which results
from a strict application of the 1985 HCM, especially as it is
implemented in the HCS.

DEALING WITH PERMITTED LEFT TURNS

Permitted left turns, according to the HCM definition, are

given a green signal simultaneously with the opposing through

traffic. When the signal turns green, the queue of opposing
through vehicles must be serviced before the left turns may
proceed. When the queue of opposing through vehicles has
dissipated, the remainder of the green interval is available to
service the opposing through vehicles, at their arrival rate,
and the left turns at a rate which depends on the volume of
opposing through traffic. A mathematical model of this proc-
ess is incorporated in the HCM as a combination of table
9-12 plus a supplemental worksheet. The result is a left turn
adjustment factor, f, 7, which is used in the computation of
saturation flow rate for the lane group. In cases where a heavy
left turn is opposed by a heavy through volume, the left turn
adjustment factor will have a substantial impact on the sat-
uration flow rate.

The problem, then, is that the saturation flow rate, which
is one of the inputs to the delay equation, is influenced by
the v/c ratio, which is for our purposes, the output. If each
approach is examined separately (i.e., the conditions on all
other approaches are held constant), the complication is not
as severe as the more practical case in which the opposing
approaches are treated simultaneously. The problem with
treating the approaches separately is that the service volumes
computed for any one approach would only be valid for one
set of volumes on the opposing approach. If the objective is
to find the service volumes for both approaches, then a simul-
taneous solution of two equations must be pursued.

The solution to this problem for any pair of opposing
approaches (say northbound and southbound) will be of the
form:

Dy = fl (XNv Xs)
Ds = fz (XN! Xs)

for given values of all of the other inputs to the delay equation
where X, and X are the v/c ratios for the northbound and
southbound approaches; D, and D; are the delay values for
the northbound and southbound approaches. This yields a set
of two equations in two unknowns, more commonly written
in the form:

fl (XNa Xs) -Dy=0
fz (XN’ Xs) —~ Dsg=0

These two equations may be solved using Newton’s method



184

DELAY (sec/veh)

TRANSPORTATION RESEARCH RECORD 1194

DELAY (sec/veh)

45 45 7
35 - 35 -
25 - / 25 .
15 —/ 15 ’____//
0 U v i T o x o T 1 1 1 1 X
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
ARRIVAL TYPE 1 ARRIVAL TYPE 2
DELAY (sec/veh)

45 =

35 -

25 -

15 —

0 1 ' i 1 ] X
0.2 0.4 0.6 0.8 1.0
ARRIVAL TYPE 3
DELAY (sec/veh) DELAY (sec/veh)
45 ' 45 7
35 -] 35 o
25 - / 25 - /
15 - 15 -
— —
‘_————-———’-— e————
0 T T ; T - X 0 - - - r y X
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

ARRIVAL TYPE 4

ARRIVAL TYPE 5

FIGURE 5 Discontinuities in the relationship between delay and v/c ratio (X) produced by different arrival

types.

for the simultaneous solution of two equations (7). This
numerical technique is easily programmed on a microcom-
puter, but, because of its complexity, the textbook description
will not be repeated here. An example of the solution will be
presented later.

DEALING WITH PROTECTED PLUS PERMITTED LEFT
TURNS

Left turns which proceed on a protected phase (green arrow)
and a permitted phase (solid green) present the most com-
plicated analysis of all because of the need to apportion the

volume between the two phases based on judgment. There
are three cases to consider. The first, in which all left turns
are assigned to the protected phase, is really no more com-
plicated than the protected-only treatment from a computa-
tional point of view. The only real problem is that, as pointed
out by Bonneson and McCoy (8), the HCM method handles
the green split computations for this situation in a question-
able manner. The second case, in which the volume appor-
tionment is constant between the two phases, poses no real
computational difficulty except that it requires separate com-
putations for each phase. The third case, in which the volume
apportionment between the two phases is a function of the
total approach volume, cannot be handled by the numerical
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techniques described in this paper. In this case, trial and error
methods must be applied as a last resort.

COMBINATIONS OF LEFT TURN TREATMENTS

It is quite possible that two opposing approaches which must
be treated simultaneously will have different configurations
with respect to left turn treatment and lane group formation.
In many cases, the computations may be performed inde-
pendently, solving a single equation. The simultaneous solu-
tion of two equations is required only when the volumes on
two different lane groups exert a mutual effect on each other’s
saturation flow rates. The most common example of this
requirement is a shared lane (through vehicles plus left turns)
in two opposing directions. If one of the directions has an
exclusive left turn lane and the other has a shared lane, then
the computations will be independent as long as the left turns
from the exclusive left turn lane are not considered to be in
conflict with the left turns from the shared lane in the opposite
direction.

SAMPLE CALCULATIONS

The numerical analysis techniques described in this paper
have been programmed into a number of specialized com-
putational modules, each of which can determine the traffic
volume which will produce a specified delay on one approach
or a pair of conflicting approaches. A comprehensive software
package, which will solve the general case, does not exist at
this time. Such a package would be substantially more difficult
to develop than the existing packages which determine delay
and level of service. It would also require that some liberties
be taken with the HCM methods to produce approximate
solutions where strict applications of the methods do not pro-
duce unique answers.

The sample calculations shown at the end of Chapter 9 of
the HCM were mentioned earlier. These calculations illus-
trate the application of the techniques described in the body
of the chapter. Selected examples have been chosen to dem-
onstrate the “reverse” solutions described in this paper. A
maximum error of 1 percent between the calculated delay and
the target delay has been used in the analysis.

The Simple Case

Let’s begin with the simple case, defined previously as a single
lane group with Type 3 arrivals and no permitted left turn
movements. The northbound approach for sample calculation
2 is a perfect choice for this purpose. It is a two-lane approach
on a one way street with Type 3 arrivals.

The results of the computations are shown in Figure 6. The
relationship between delay and service volume is illustrated,
and the service volume for each level of service is indicated.
Note that there is no service volume for LOS A because the
delay, even at X = 0, is beyond the 5-second upper limit for
LOS A. Similarly, there is no service volume for LOS D
because the capacity of the approach is reached prior to the
threshold for LOS D.
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Permitted Left Turns

Sample calculation 1 presented in the HCM provides an excel-
lent example of permitted left turns with shared lanes. The
configuration is illustrated in Figure 7. The northbound and
southbound movements take place from single lane approaches
shared by through movements, left turns, and right turns. The
eastbound and westbound movements both have two-lane
approaches with the left lane shared by the through move-
ments and left turns.

Figure 7 shows the computed volumes on the four approaches
which would produce the delays which are shown in the HCM
as the solutions to the problem. Note that these values agree
within the specified 1 percent of the volumes originally given
in the sample calculation. The error could, of course, be reduced
by increasing the number of iterations. This demonstrates that

the “reverse” solution to the equation was satisfactory. Figure
7 also shows the computed service volumes for each level of

&x30 SACWS 10 COMIPUICE SCIVILT VOIRINLs 2D Lall °%

service.

Note that, for the same reason as the previous computation
shown in Figure 6, there are no service volumes for LOS A
or LOS E. There was also no solution to the equation for
LOS B on the eastbound approach. This was not because a
service volume didn’t exist, but because of the discontinuity
in the delay equation caused by the progression factor. This
problem could have been solved either by trial and error or
by interpolation of the progression factor.

The service volumes shown on Figure 7 are valid only when
the same level of service applies to all approaches of the
intersection. The method described in this paper could be
extended to create a matrix of solutions with different levels
of service on each approach.

CONCLUSIONS AND RECOMMENDATIONS

The study described in this paper has demonstrated that
it is feasible to solve the 1985 HCM delay equation in
reverse, using numerical analysis methods, to determine
the traffic volume which will produce a specified delay
for each approach to a signalized intersection. In some
cases, it is necessary to solve two simultaneous equations.
A worksheet is presented for dealing manually with sim-
ple cases, but computer methods should be considered
for all service volume computations.

The mathematical solution to the equation is not difficult,
but major problems are presented by interaction between
the traffic volumes and the other inputs to the delay equa-
tion. These interactions produce discontinuities which require
some trial and error to arrive at a solution. Furthermore,
a unique solution which can be defended as the result of a
strict application of the HCM method does not always exist.
Finally, the areas requiring judgment in the determination
of level of service (e.g., allocation of left turn volume between
a permitted and protected phase) destroy the reversibility
of the computational process. These complications all sup-
port the conclusion that the development of software to
solve the general case would be a formidable task which
would, as a minimum, require some official clarifications
on the HCM procedures. Ideally, some minor modifications
to the procedures would improve the reversibility of the
computations.

Probably the best example of a clarification or modification
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FIGURE 6 Computational example for through volumes and unopposed left turns (HCM sample

calculation 2).

is found in the progression adjustment factor. The disconti-
nuity in the present tabular function makes the computational
process hard to reverse. There is no reason to believe that
the effect of progression on delay is discontinuous. A stronger
emphasis on interpolation in the manual should provide a
mandate for modification of the HCS to include an interpo-
lation feature.

The subject of the progression adjustment factor is cur-
rently under review in connection with an NCHRP research
project. The research team should be encouraged to consider
continuity and reversibility of the model in developing rec-
ommendations for revisions to this section of the manual.

Some consideration should also be given to the develop-

ment of stronger guidelines for apportionment of left turning
volumes between the protected and permitted phases. The
judgment required at this point makes the delay computations
irreversible.

The HCM signalized intersection analysis method has pro-
vided a powerful technique for determining how well an inter-
section will operate given the traffic volumes, intersection
configuration, and signal operation. It has been less successful
in producing a practical method of determining the service
volume for a specified level of service. The computational
techniques presented in this paper may be used to solve spe-
cific cases but, at this point, a comprehensive software pack-
age for computing service volumes does not exist.



Courage and Luh

187

2 phase operation

~

Third Ave.
N/S STREET | .20

e = ]

3 WB TOTAL

50 second cycle
PHF = .90

11 ft.
T AR

Arrival type: EB 4

Marn ot /W STREET
3720

WB 2 _} g2 30 20
o —
NB 3 T 420
SB 3 ol ) _35 A NB TOTAL
)
Intersection Configuration and Operating Parameters
( )
Comparison of computed volume vs. given volume
Target Given Computed Percent
Delay Volume Volume Error
Eastbound 27.84 720 716 .55
Westbound 25.58 750 748 .27
Northbound 10.96 420 420 0
Southbound 18.59 600 600 0
\
4 N
COMPUTED SERVICE VOLUMES for LOS A-D
LOS A LOS B LOS C LOS D
Eastbound — No Solution 698 715
Westbound —_ 202 751 821
Northbound — 527 581 612
Southbound — 527 581 612
\. J

FIGURE 7 Computational example for permitted left turns (HCM sample calculation 1).

DISCUSSION

EDMOND C.-P. CHANG

Texas Transportation Institute, Texas A&M University System,
College Station, Texas 77843-3135.

The signalized intersection analysis method in the 1985 High-
way Capacity Manual has provided very powerful techniques
for evaluating the intersection operations under given con-
ditions. Essentially, computing the predicted signal delay-based
evaluation model in the 1985 HCM involves the calculations
of four input variables, i.e., the cycle length, green time, signal
capacity, and volume-to-signal capacity ratio. The delay equa-
tion was formulated from theoretical considerations as well
as from results of empirical experiments. However, since the
1985 HCM does not explicitly allow for system evaluations

for planning analyses, it has not been successful in providing
easy methods to determine the minimum required service
volumes for a specific level-of-service in the transportation
planning process. This paper explores the possibilities of
applying different numerical techniques for calculating the
needed traffic volume levels from the 1985 HCM delay equa-
tion under a given level-of-service. The study was performed
by solving the delay equation in reverse order from the sample
problems in the 1985 HCM. The techniques being discussed
in this paper include the analytical solution, exhaustive search
solution, trial-and-error solution, nomograph approximation
solution, and iterative numerical solution. Both manual meth-
ods, worksheet calculations, and computerized solutions were
performed and presented. In addition, specific study proce-
dures were applied for determining the traffic volumes to
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generate a certain delay value as defined by delay-level-of-
service criteria.

The study indicated that it is very feasible to estimate the
proper traffic volumes for producing the specified delay and
providing the precise estimation of the level of service of an
approach to a signalized intersection. The results from this
investigation can later serve as the “Threshold Values” or the
“Design Criteria” for use in the planning analysis through
quick response-type hand calculations. However, the study
found that the major difficulties in determining the proper
service volumes are not due to the mathematical character-
istics of different components in the HCM delay equation,
but rather result from the interdependency among the study
variables and discontinuities in the arterial volume-density
relationships. It should be noted that the four basic elements
in the 1985 HCM analysis are not totally independent, rather,
they are influenced by their corresponding values. Besides
the interactions among each of the independent variables in
the delay estimation equation, the traffic volume on a par-
ticular lane group may also be affected by the interactions
within, between two lane groups, between two opposing
approaches, and among all the approaches to the intersection.
These potential interactions may result from the arterial pro-
gression, shared-lane operations, de facto left turn lane, per-
mitted signal operations, and the random traffic volume var-
iations. However, some of the unsatisfactory research from
this investigation may have resulted from three operational
problems:

1. Since there are heavy interdependencies among the major
study variables, the interactions are causing barriers to solving
the precise computation and determining the minimum traffic
volume requirements for the given intersection level of service
values.

2. Discontinuities do exist within the existing numerical
values for estimating the progression adjustment factor, per-
mitted left turn adjustment factor, and the level of service
definitions.

3. There are needs for improving the interpretation of the
current 1985 HCM and providing better interpolation of cal-
culated values in the numerical calculations for implementing
different HCS software.

Therefore, other possible approaches can be considered by
limiting the solution ranges or providing a different repre-
sentation to improve the research techniques under a given
intersection level of service. The “Localized Solution” may
be obtained by limiting the ranges of the study variables need-
ing to be solved. The “Variable Specific Solution” may be
made by confining the solutions of the traffic volumes in cer-
tain operating ranges to obtain the feasible numerical solu-
tions from simultaneous equations. In addition, the improve-
ments on the values of the existing adjustment factors in the
1985 HCM, such as the progression adjustment factors, left
turn adjustment factors, and saturation flow rates, into the
continuous equation can resolve most of the operational prob-
lems. The continuous relationships can improve the imple-
mentation of highway capacity methodologies for specific
planning objectives and provide the needed estimation for the
particular levels of service analysis.

In addition to the numerical approaches being investigated,
the Artificial Intelligence techniques (AI/ES), being intro-
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duced successfully in many disciplinary areas, may also offer
an alternative to solve this problem. Al languages have the
advantages to allow the heuristic human knowledge to be
considered in the problem-solving process. Representing the
knowledge in the Al programs means choosing a set of rep-
resentative conventions and suitable structures for describing
the objects, relations, and analysis processes. The design can
begin by choosing a conceptual framework to represent the
problem, either symbolically or numerically. Then, the con-
ventions can be chosen through the given languages for imple-
menting the design. Often, defining the conceptual analysis
framework is more difficult than implementing the system
with specific programming languages. Nevertheless, the proper
definitions and translations of the system operational char-
acteristics into the production rules offer another opportunity
for allowing the users to reexamine the analysis from different
search directions.

In particular, an alternative “Semantic Network™ or “Frame-
Based” representation technique, as proposed in 1987 by
Hendrickson et al., can also be used to represent the capacity
performance analysis through the applications of semantic
network representation techniques as developed in the Arti-
ficial Intelligence research area. Essentially, the fundamental
relationships, as defined in the 1985 HCM delay equation,
can be summarized into four major components, i.e., service
flow rates, geometric design characteristics, signalization con-
ditions, and resultant intersection level of service analysis. As
indicated in Figure 8, the analytical interactions in the 1985
HCM delay model can be represented through a series of
elements in the Semantic Network. The elements include the
“Nodes (Variables),” “Links (Relationships),” and “Frames
(Combinations of Nodes and Links).”” All the interactive rela-
tionships can then be quantified into one of the five basic
relations as shown in Figure 9. For example, the calculation
of the saturation flow rate can be considered as one of the
four basic ‘“Frames” which are constructed from the relations
of each adjustment factor in the HCM. Once the basic rela-
tionships have been defined within the submodel, each sub-
model will inherit those characteristics and transfer the needed
relations upward without having to requantify the interactions
individually.

Figure 8, as described, illustrates two semantic network
examples of this specific problem. Figure 8(a) presents the
relationships among the different variables and corresponding
semantic networks being used to represent the lane group
analysis in the 1985 HCM delay equation. In this figure, the
boundaries are used to indicate the different variables at dif-
ferent aggregation levels or the relative interactions among
those variables. Figure 8(b) illustrates the basic relations and
the design elements in the capacity equation. As indicated,
four basic relations are used to represent the relative influ-
ences and functional cause and effects among each of the
elements in the model. For example, the Signal Capacity (C)
and the Saturation Flow (S) are both at the lane group level,
while the fraction of the green time (g/C) is at the alternative
phase of aggregation. On the other hand, the determination
of the Saturation Flow rate (s) involves the interactions among
the different adjustment factors. Again, in turn, the Satura-
tion Flow (s) will become the element that may affect the
calculation of the estimated signalized intersection delay. The
Saturation Flow (s) therefore becomes one of the factors that
will change the estimation of the volume levels under the given
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FIGURE 8 Functional relationships in the 1985 HCM lane group analysis through the semantic network

representation scheme.

level of service. On the other hand, it has also inherited the
basic characteristics of the individual factors without having

NODE TO NODE RELATION TYPE OF RELATION to define them again in this semantic network scheme.
Vi INCREASE, V2 INCREASE By representing this particular capacity problem and relat-
ing the interrelated variables symbolically, the semantic net-
V2 CALCULATE AFTER Vi work representation scheme can provide a more flexible def-

inition to the whole analysis problem. Regardiess of the

DECREASE . . . .
V1 INCREASE, V2 R terminologies and variables being used, the network repre-

V2 CALCULATE AFTER Vi sentation scheme can be uged to represent the relationships

and delay equations analytically. The representation of this

ey SUM — Vz = SUM OF Vi analysis procedure based on the “Semantic Networks” and
‘» ——— u “Frames” concept can offer better illustrations to the relative

Vz HIGHER THAN Vi impacts among different variables. It will also allow the easier

' R _ Vi IS GREATER THAN OR %mplementgtion of compuferized search, faci'litate the analysis
n z EQUAL TO 100. 1nterPretat10n, and provide a comPrehensw'e check of the

: d : solution scheme. These representation techniques may later
be adapted to the Expert Systems solution framework for
FIGURE 9 Basic relations used in the semantic network allowing object-oriented problem solving. By localizing the
representation. analysis knowledge in each frame or submodel, the network
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representation can further support the parallel processing of
the different approaches needed for various highway capacity
analyses.

AUTHORS’ CLOSURE

The reviewer’s comments reinforce the original conclusions
of this paper. The 1985 Highway Capacity Manual analyzed
intersection methodology is not amenable to “reverse” solu-
tions. Substantial additional research would be required to
develop an explicit technique for determining service vol-
umes, and further clarification would be required on the inter-
pretation of the current Highway Capacity Manual procedure.
The reviewer has suggested two possible approaches.
Undoubtedly there are several others.
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Some New Data That Challenge Some Old
Ideas About Speed-Flow Relationships

B. N. Persaup AND V. F. HURDLE

Several issues related to the upper branch of the speed-flow
curve are addressed using data gathered at a freeway bottle-
neck in Toronto. Some important findings evolve, some of
which challenge conventional beliefs. At low to moderate flows,
speed on the upper branch is found to be insensitive to flow,
a notion that is becoming increasingly accepied; at higher flows,
the data suggest that speed decreases with increasing flow, but
the fall-off is not nearly so precipitous as is commonly thought.
The data further suggest that the presence or absence of an
upstream queue is a more important variable than flow for
predicting freeway speeds. Perhaps the most important finding
is that belief in a precipitous speed drop may very well have
resulted from a misinterpretation of data that arises because
the speed of vehicles discharged from a queue varies with
location in the bottleneck.

In this paper, questions relating to the upper, high-speed
branch of speed-flow diagrams will be examined in some depth
through the use of data collected on a freeway in Toronto,
Canada. To an informed reader, it might be puzzling that
such fundamental questions should still be of interest after so
many years of research, but the authors believe they are not
only deserving of study, but qualify as truly neglected areas.
Furthermore, that neglect may very well lead to unjustified
decisions regarding freeway construction or control, hence
have serious implications for transport policy.

Most of the literature seems to take it for granted that there
is a functional relationship between flow and speed and that
this relationship can be represented by a curve with a well
known and clearly defined shape. This paper also assumes
that the relationship exists and can provide useful information
for at least some purposes, but raises questions about whether
the curve’s shape is what most books would lead one to believe.
The current state of the art in North America, as reflected in
the speed-flow curves for freeways in the Transportation
Research Board’s 1985 Highway Capacity Manual (1), has
evolved from numerous empirical studies, so one might sup-
pose that little is to be gained by yet more empirical studies.
However, the fact that these curves have gone through an
evolutionary process and are quite different from previously
used curves—those in earlier editions of the Highway Capac-
ity Manual, for example—does not necessarily imply that they
are correct, but should, instead, be taken as justification for
further research that explores whether or not this process of
evolution is complete. Further, in this research area, what
constitutes current lore is often based on consensus of empir-
ical research findings, so any contribution toward the for-

Department of Civil Engineering, University of Toronto, Toronto,
Ontario M5S 1A4, Canada.

mation of a consensus can be seen as worthwhile. Thus, even
if the result of this type of research is merely a confirmation
of current beliefs, a contribution will have been made in that
one can have increased confidence in current beliefs. In the
case of this paper, the results will tend to confirm some current
beliefs, but give cause for doubting that others are correci.
Once one makes the basic assumption that it makes sense
to talk about speed-flow curves at all, the questions about the
upper branch that appear to be unresolved fall into two areas
and can be illustrated using the curves from the Highway
Capacity Manual (I) shown in figure 1. The first question
concerns the part of the curve at low to moderate flows.
Recent literature— Roess, McShane, and Pignataro (2), Hur-
dle and Datta (3), and Allen, Hall, and Gunter (4), for exam-
ple—suggests that the upper branch is quite flat at these
flows, at least for North American conditions where speed
limits are set and enforced in such a way that rather few
vehicles travel a great deal faster than the average speed.
Indeed, the new Highway Capacity Manual states that “There
is a substantial range of flow over which speed is relatively
insensitive to flow; this range extends to fairly high flow rates.”
(1, page 3-5). However, despite this trend in current thinking,
the bulk of the available literature suggests that speed drops
even at quite low flows, so it seems likely that there are still
some nonbelievers who need to be further convinced.
Furthermore, there is a real question as to just how insen-
sitive to flow speeds are within the range of zero to perhaps
1,500 vehicles per hour per lane. Figure 1 shows a drop of 6
to 8 mph over this range, but the authors can see no evidence
of such a drop in the data presented in the three works men-
tioned above (2, 3, 4). A comparison of the data points in
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FIGURE 1 Speed-flow curves from the Highway
Capacity Manual (1).
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FIGURE 2 Speed-flow data and curves proposed by Roess et
al. (2).

figure 2, taken from Roess, McShane, and Pignataro (2), and
figure 3, taken from Hurdle and Datta (3) is particularly inter-
esting in this regard. This is because the two figures also
appear in the Highway Capacity Manual (1) and because there
was a 55 mph speed limit on the New York area parkways
where the figure 2 data were gathered, but a limit of 100 km/h
(62 mph) at the Canadian location of the figure 3 study. This
difference is clearly reflected in the two figures, but the authors
can see no evidence in either of them that the average speed
dropped as the flow increased from zero to 1500 vehicles per
hour per lane. Certainly, it did not drop anything like the 6
to 8 mph indicated in figure 1.

The second major question area concerns the high-flow
portion of the upper branch. The question here has three
parts: At high flows, is speed no longer insensitive to flow?
If it is not, where is the “break” point in flow, and what is
the shape of the diagram at higher flows? Figure 1 suggests
that the answer to this set of questions is that there is no real
break, but that the slope of the curve changes very gradually
at first, then increasingly rapidly. In the case of the 70 mph
design speed, this slope change continues until the curve
becomes vertical; in the words of a Highway Capacity Manual
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summary prepared for personnel of the Federal Highway
Administration (5), ““. . . speed precipitously declines as flow
approaches capacity.” While this answer appears to reflect
common belief, some doubt lingers. Hurdle and Datta (3),
for example, suggest that speeds on the entire upper branch
are not a function of flows at all, but of whether or not vehicles
have been in an upstream queue. The results of the current
study do not support quite such an extreme view, but neither
do they support the idea that there is a precipitous drop in
speed as the roadway’s capacity is approached. Furthermore,
they indicate that the presence or absence of an upstream
queue is a more important variable than flow if one wants to
predict freeway speeds and that when there is a queue upstream,
the speed is primarily a function of the distance from the
observation point to the head of the queue.

Before presenting those results, however, it is instructive
to review some of the existing literature in hopes of discov-
ering the foundations of current thinking about the upper
branch. This examination will provide a basis for judging
current thinking and a backdrop against which results from
this study can be presented. In reviewing previous empirical
work, two bundles of issues—categorized according to whether
they are conceptual or analytical—appear to be of primary
interest. Along the way, some possible pitfalls will be dis-
covered; it seems quite possible that some current beliefs
about the upper branch may have come into being because
of improper handling of these issues. In the current study,
great care was taken to avoid these pitfalls, but the extent to
which earlier studies avoided them is not clear from the pub-
lished literature,

CONCEPTUAL AND ANALYTICAL ISSUES

The first issue to be examined arises from the authors’ belief
that the way one draws the upper branch is dictated by how
one conceptualizes the entire speed-flow diagram. Probably
the most common concept is that the upper branch represents
free-flow conditions, the lower branch represents unsteady
operation characteristic of conditions in a queue, and capacity
occurs where the two branches meet. The authors have no
quarrel with this concept, but believe that a problem arises
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because there has been little convincing evidence to indicate
how the two branches meet, or if they meet at all.

It is very common to assume that the two branches form a
single, smooth, continuously differentiable curve, but we can
see no logical reason why this should be true necessarily. It
is easy to see, however, that the shape of the upper branch
one draws is very dependent on whether one assumes that
the entire speed-flow curve is continuous, continuously dif-
ferentiable, or neither. In particular, if one assumes contin-
uous differentiability, then the curve must be vertical at the
right end, as is the 70-mph curve-in figure 1. Such curves are
very common, but the authors suspect that most of them
become vertical, not because of anything in the data on which
they are supposedly based, but because some researcher had
an a priori notion that the speed-flow curve—or, more likely,
the speed-density curve—must be continuously differentia-
ble. Probably the best-known empirical study addressing these
issues is that of Drake, Schofer, and May (6), who fitted
several of the well-known hypotheses— Greenburg, Under-
wood, Edie, Greenshields, and so on, to find out which one
best fit their data. Some of these hypotheses imply a contin-
uous speed-flow curve, some a continuously differentiable
one, while some suggest a discontinuous curve of two or three
regimes. After applying sophisticated statistical tests, the authors
concluded that “the various hypotheses endured these tests
with little differentiation.” Unfortunately,this conclusion is
probably primarily a result of the fact that statistical testing
is a very blunt tool for the purpose. As discussed later in this
section, Duncan (7), who relied more on subjective, visual
methods and less on statistical procedures, instead concluded
that some possible curves—in particular, those that are con-
tinuously differentiable—were not compatible with his data.

This paper’s description of statistical testing as a blunt tool
can be appreciated if one considers the problem of deciding
which of the five speed flow curves in figure 3 best fits the
data. There are two problems with using statistical testing
procedures to solve this problem. The first is that the vertical
scatter of the data points is so great that one would need a
very large data set to show that the fit of one curve was
significantly better than another, even when the curves differ
as radically as those in figure 3. This difficulty is aggravated
by the fact that data for high flow, uncongested conditions
are difficult to obtain because such conditions ordinarily last
for such a short time that only a few data points can be
obtained from each day of observation. The second difficulty
is one of definition: how does one statistically compare curves
A and B, which become vertical at about 2,000 passenger car
units per hour per lane, with curves D and E, which extend
to the highest flows observed, but not to low speeds?

A third, closely related analytical issue has to do with curve
fitting. If one wants to fit a curve to data by statistical methods,
one must first specify an algebraic form for the curve, a par-
abola, for example, or some sort of logarithmic equation. The
choice of algebraic form, however, can be more important in
determining the shape of the curve than the data. Suppose,
for example, that two researchers try to fit a curve to data
similar to that in figure 2 by least squares procedures. Both
decide to fit a curve of form

y=a+bx*+bx>+ ...,

but researcher A treats speed as the dependent variable (y)
and excludes the observations at less than 30 mph as obviously
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not upper branch data, while researcher B treats flow as the
dependent variable (y) and uses all of the data. Neither pro-
cedure can be criticized as obviously unreasonable, but for
any data even vaguely resembling that in figure 2, researcher
B will obtain a curve that becomes vertical at the right end:
a result that researcher A cannot possibly obtain.

In presenting their data, the authors shall try to avoid this
problem by not doing any numeric curve fitting, yet discussing
the data as though a curve were being fitted. In essence, each
reader is asked to think of fitting a curve to the data either
by eye or by some marvelous, as yet uninvented, analytical
method that can yield a curve which truly fits the data without
the researcher having to specify a form for the equation. In
doing so, any ability to produce numeric results in favor of a
greater freedom to discuss the shapes of curves that exist only
in the readers’ minds is sacrificed. Naturally, the authors hope
these curves will resemble those in their minds, but they have
deliberately refrained from drawing any curves, preferring to
rely on gentle persuasion rather than visual suggestion.

A second decision the authors made is not to show data
points obtained when the study section was congested (i.e.,
lower branch data). In part, this simply reflects the fact that
their study section—described later in this paper—is a bot-
tleneck, so normally causes congestion upstream rather than
becoming congested itself. However, it does occasionally
become congested, so there is a very limited amount of lower
branch data. That it is not shown reflects the authors’ doubts
that the two branches of the speed-flow relationship form a
single, smooth curve, but readers are asked to keep an open
mind on this issue. This paper will also, initially, omit obser-
vations made while a queue existed upstream from the study
section. That these observations do not constitute legitimate
upper branch data is one of the paper’s main points, but
readers will eventually be shown the data and asked to judge
for themselves.

The final issue in this bundle relates to the question of
whether one examines the speed-flow relationship directly or
indirectly. In tracing the evolution of speed-flow diagrams,
one has to suspect that popular ideas about their shape arose
from the work of investigators who first explored the speed
density relationship, then inferred a speed-flow relationship
from the expression flow = speed X density. Such an approach
may well have seemed appropriate because speed and density
were “natural” variables in car-following theory and because
speed-density data has considerably less scatter than speed-
flow data. Duncan (7), however, struck a telling blow against
this philosophy in a landmark paper that, unfortunately, seems
not to be as well known as it deserves to be. He first fitted
two plausible relationships to some speed-density data, one
continuous and one with a discontinuity, then calculated and
plotted the corresponding speed-flow relationship for each.
Next, he transformed the data to speed-flow form and,using
some sound intuitive arguments, fitted new curves to this
transformed data. Again, what was produced was a variety
of shapes for the upper branch, but with the interesting feature
that the shape of the curves based on the transformed data
was radically different at the high flow end than the shape
inferred from the fitted speed-density curves.

This issue can be further illustrated by examining it in the
context of a data set and some curves presented by Leutzbach
(8). Figure 4, prepared from figures in Leutzbach’s paper,
shows 1-minute speed-density data gathered at four locations
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the curves in Figure 4.

300 meters apart at the beginning of a one-lane bottleneck
while there was a queue at the entrance. Leutzbach fit curve
A by eye, and it appears to fit the data quite well; it translates
into the speed flow relationship indicated by curve A of figure
5. Curve B of figure 4, also taken from a diagram in Leutz-
bach’s paper, is a fitted speed-density relationship of the form
speed = constant/density, implying, as orie might expect of
vehicles being discharged from a queue, that flow is reason-
ably constant in the bottleneck: the speed-flow relationship
is merely a vertical line in figure 5. Thus, even though there
is very little difference between the two speed-density curves
in the region where data was available, the implied speed-
flow relationships are radically different. From this illustra-
tion, there is once again a clear message: one must be cautious
when transforming relationships from speed-density form to
speed-flow form or vice versa. Specifically, one must be very
cautious about using this type of transformation to form ideas
about the shape of the speed-flow diagram.

EMPIRICAL RESULTS

The study (9) on which this paper is based was carried out in
the vicinity of a bottleneck on the Gardiner Expressway in
Toronto, Canada. As shown in figure 6, the Spadina Avenue
entrance ramp joins the freeway and forms a fourth lane which
is dropped within a 700 m radius curve after about 1.2 km to

Spadina Avenue
On-ramp

134 m

1Mm Bathurst Street~l

FIGURE 6 Plan view of study area (not to scale).

form a three-lane bottleneck. The speed limit is 90 km/h (56
mph) and the freeway has many restrictive design features,
but speeds in excess of 100 km/h are common in the study
area. Trucks are prohibited in the median lane, so flows
expressed in vehicles per hour in this lane are, in effect, equiv-
alent to flows in passenger car units per hour. Since this elim-
inates the complication of determining and applying passenger
car equivalency conversions, most of the results presented in
this paper will be for the median lane only.

Traffic leaving the downtown area during the afternoon
rush period was observed by taking pictures with a 16 mm
time-lapse camera mounted approximately 360 m above the
ground on a tower located just off the left edge of the figure.
The low to moderate flows in the opposite (inbound) direction
were also captured on the film. For the outbound, high-flow
direction, there were about 36 minutes of data over three days
that showed free-flow conditions just before the queue formed
upstream of the bottleneck and substantially more data after
the queue had formed. These three days yielded about three
hours of low to moderate inbound flow data as well. The
outbound freeway segment was divided into sections as indi-
cated in figure 6 and a 2-minute averaging interval was used
for speed-flow measurements. With the data reduction method
used (9, 10), average flows and densities were, in effect,
obtained directly, while average speeds were computed from
the expression flow = speed X density. A discussion of the
accuracy of the method of computation and a comparison of
calculated speeds with values obtained by direct measurement
of individual cars’ travel times is included in the authors’
reference (10).
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FIGURE 7 Speed-flow plot for inbound and outbound off-peak flows.

‘SHAPE OF THE UPPER BRANCH AT LOW
TO MODERATE FLOWS

As indicated above, low to moderate flows prevailed in the
inbound direction, so it was decided to examine the shape
indicated by the inbound speed-flow data. The entire freeway
bends in the area of the outbound lane drop and the inbound
median lane segment for which data was extracted is just
downstream of that curve. In figure 7, the speed-flow obser-
vations for this segment are indicated by open circles. To
check whether the two directions have similar characteristics
and to supplement the inbound data, some outbound median
lane data were gathered during an off-peak period. These
observations, which are denoted on figure 7 by the solid cir-
cles, indicate that speeds at moderate flows are about the
same in both directions. The most striking aspect of figure 7,
however, is that, for the flows of interest in this part of the
paper—those up to about 1,800 vehicles per hour—speed
in both directions fluctuates around an average of about
95 km/h at all flow levels, with no indication of a decrease in
speed as the flow increases.

The final thing to note about figure 7 is that there are eleven
inbound data points at flows larger than 1,800 vehicles per
hour, all at speeds greater than 90 knmv/h, apparently indicating
that the insensitivity of speed to flow applies to all flows.
However, since these data points are few and scattered, they
can be more properly discussed in the context of the relatively

large number of high-flow outbound observations. This is
done in the next two sections of this paper.

SHAPE OF THE UPPER BRANCH AT HIGH FLOWS

This section will explore the shape of the high-flow portion
of the upper branch of the speed-flow curve. To do so, it is
useful to first look at the outbound data on those days when
there were observations without a queue present. As indicated
earlier, three days of filming captured short periods of time
when the outbound flows in the median lane were in excess
of 1,500 vehicles per hour, and there was no noticeable queue.
The three days’ speed flow observations in the median lane
during this period are plotted as x’s in figure 8 and the out-
bound off-peak data points introduced in figure 7 as solid
circles.

On each day, a queue formed upstream, so one can be sure
that the capacity of the lane was reached. The x’s include all
2-minute observations made before this happened, but none
made after it occurred. Thus, whether they include conditions
at capacity is perhaps questionable, but they certainly include
conditions approaching capacity. (Readers are cautioned not
to infer from figure 8 that the capacity of this lane is more
than 2,400 vehicles per hour. The flows shown are based on
counts only 2 minutes long, so the amount of random fluc-
tuation is considerable. The highest flows observed would
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undoubtedly be exceeded if one were to watch for a larger
number of days, but they are never sustained for long periods
of time. It would be unreasonable to say that just because
they happened to occur, the capacity must be still higher.)

Visual inspection of figure 8 strongly suggests that, for flows
exceeding 1,800 vehicles per hour, speeds do fall off gradually
with increasing flows-—quite a contrast to the pattern for
lower flows. It is also apparent that the fall-off is not nearly
so precipitous as the curves in figure 1 suggest. In fact, if a
curve were to be fit by eye to the data for flows greater than
1800 vehicles per hour, a straight line would seem to appear.
Even a curve with a small, but positive, second derivative
seems compatible with the data, but the authors do not wish
to suggest anything so radical. What they do want to suggest,
however, is that a curve with a large negative second deriv-
ative such as the 70 mph curves in figure 1 seems incompatible
with the data: if the curve had the shape shown in figure 1,
at least some of the points at the right end of figure 8 would
be expected to have lower speeds.

It would be tempting to try to estimate the shape of the
speed drop and perhaps learn some more from the data by
curve fitting or parameter estimation. As discussed earlier,
however, the nature of the data provides a major stumbling
block: the scatter in speeds is too large compared to the appar-
ent change in the mean speed for these traditional techniques
to be very useful without an extremely large data set. In
addition, since data for many sections are combined, every
vehicle is likely to be included in several observations; there-
fore, the data points are not all independent and statistical
tests and the estimation of confidence limits on the parameters
would be difficult, if not impossible, to carry out.

Figure 8 also suggests that the lowest speeds occurring at
flows similar to, or in excess of, the flows normally quoted
as capacity are of the order of 65-70 km/h (40-43 mph)—
substantially higher than the “capacity” speed of 30 mph (48
km/h) indicated in figure 1. However, since figure 1 is based
on average speed and flow per lane, the question arises: Do
this and other findings based on median lane data apply to
data averaged over all lanes? Because of the difficulty in
accurately aiming the time-lapse camera, less data was avail-
able for the other lanes than for the median lane, but what
is available (figure 9) clearly supports all of the conclusions
so far about the shape of the speed flow curve. All that appears
to be different is that average speeds and flows per lane are
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somewhat lower than in the median lane. The highest flow is
now about 2,075 vehicles per hour per lane at speeds, as
before, of 65-75 km/h (40 — 47 mph).

The finding that the fall-off in speed might not be so sharp
as is commonly believed has some important implications.
The first is that level-of-service criteria may need to be revised.
Page 3-5 of the Highway Capacity Manual (1) states on the
basis of the 70 mph curve in figure 1 that, “As capacity is
approached, small changes in volume or rate of flow will
produce extremely large changes in operating conditions, i.e.,
speed and density. Level-of-service criteria for freeways reflect
this, with the poorer levels defined for reasonably large ranges
in speed and density, while the corresponding range in flow
rates is rather small.” If the fall-off in speed is neither as large
nor as sudden as that shown in figure 1, then it is easy to see
that predictions of the level of service to be expected at some
given flow are likely to be overly pessimistic. The second
implication is, in a sense, related to the first. Many believe
that it is sound economic policy to prevent flows from reaching
the levels at which the precipitous drop in speed occurs. Nat-
urally, if the drop is not precipitous, such a policy would
require rethinking.

Before concluding this section, it is worthwhile to give some
special consideration to the interesting nature of the inbound
flows in figures 7 and 9. Figure 10, which is a merger of the
inbound and outbound observations from figures 7 and 8,
clearly shows that, while for flows less than 1,800 vehicles per
hour the two directions are visually indistinguishable, at larger
flows there is little overlap. It is, therefore, tempting to sug-
gest that the two directions behave differently at high flows,
but with only eleven high-flow inbound data points, such a
suggestion would require further support. However, one could
speculate that under stable operating conditions a bunch of
“brave” drivers can produce a high flow at high speeds in the
median lane, but—as evidenced by the absence of high-flow,
inbound data in figure 9—it is unlikely that such drivers would
be found in all lanes during the same time interval.

POSSIBLE EXPLANATION FOR THE BELIEF
IN A PRECIPITOUS SPEED DROP

Because the finding that there might not be a precipitous
speed drop is so contrary to conventional wisdom and because
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of the implications, it is natural to question whether such a
finding from one empirical study can have wide applicability.
If so, this would imply that studies on which current beliefs
are based have erred in their conclusions. This is a difficult
issue to address since it is not clear to what extent previous
studies have sought to avoid the pitfalls hinted at earlier. It
is possible, however, to point to at least one way in which
one can erroneously arrive at a conclusion that there is a
precipitous drop in speed at high flows.

The data points in figure 11, which is plotted with a different
speed scale than the previous figures, are one day’s speed-
flow data observations averaged over all three lanes of the
bottleneck while a queue was present upstream. Different
symbols have been used to identify speed-flow data obtained
in 110-meters long sections of the bottleneck; section 1 is
located just past the lane drop in figure 6 and section 8 begins
768 m (not quite half a mile) farther downstream. For each
section, the points appear to form a small cluster indicating
reasonably steady speeds and flows. Average speed increases
while average flow remains constant as one progresses into
the bottleneck. The reason for this is that the vehicles upstream
from the bottleneck are waiting in queue at either very low
speeds or in the familiar stop and go fashion, so cannot be
moving very fast in section 1 at the very upstream end of the
bottleneck: simply because instantaneous speed change is not
physically possible. Within the bottleneck, however, the vehi-
cles do accelerate, so the speed gradually increases as one
moves downstream. The only surprising thing about this is
that the acceleration is so small and continues over such a
long distance.

Speed-flow plot showing data from Figures 7 and

While the speed change data is of considerable interest in
itself, the main reason for presenting it here is to point out
that if one did not recognize the data points as “queue dis-
charge” observations, they might easily be construed as sup-
porting belief in a precipitous drop in speeds at high flows.
It is easy to see this by combining the legitimate upper branch
data in figure 10 with the “false” upper branch data in figure
11. The resulting plot, figure 12, clearly indicates how one
can be led astray. This situation is not at all far-fetched; it is
quite possible for upper branch speed-flow observations to
“accidentally” become polluted by data such as that in figure
11, since data is usually gathered in such a way that it is
difficult to tell if and when there is a queue upstream. In fact,
very few published studies even say anything about whether
there was a queue upstream. If data from more than one
location are mixed together, as the authors suspect is often
the case, the likelihood of misinterpretation becomes even
greater since the different clusters of points, if all plotted with
the same symbol, are likely to look exactly like the data one
would expect to see if speeds dropped precipitously as the
flow approached capacity.

SUMMARY

In this paper, several issues related to the upper branch of
the speed-flow curve have been addressed using data gathered
in the vicinity of a freeway bottleneck. Some important find-
ings have resulted. There was confirmation of current belief
that at low to moderate flows speed is insensitive to flow,
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Speed-flow observations (3-lane average) at different

locations in the bottleneck with a queue upstream.
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though these results are in closer agreement with speed-flow
curves in several of the references (2, 3, 4) than with the one
in the Highway Capacity Manual (figure 1). At higher flows
the study’s data suggest that speed does decrease with increas-
ing flow, but that the fall-off may not be nearly so precipitous
as is commonly believed. Perhaps the most striking finding is
that belief in a precipitous drop in speed at high flow may
very well have resulted from misinterpretations of data that
arose because the speed of vehicles discharged from a queue
varies with location in the bottleneck, but the flow does not.
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Capacity Analysis of Two-Lane Highways

Davip L. GUELL AND MARK R. VIRKLER

The general terrain procedure for two-lane highways in the
Highway Capacity Manual contains two flaws which could be

significantly improved by changing the definition for when a
vehicle is delaved, The first nroblem is that  even under the
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best roadway and traffic conditions, any two-way flow rate
greater than 43 percent of capacity falls in levels of service D
or E. Furthermore, levels of service D and E are too broad to
provide definitive information about the flows within these
levels. By changing the definition for when a vehicle is being
delayed from a headway of 5 seconds, as given by the Manual,
to a headway of 3.5 to 4.0 seconds, more useful level-of-service
categories result. The second problem is that the general ter-
rain procedure does not yield results compatible with the spe-
cific grade procedure. Given otherwise identical traffic and
roadway conditions, a two-lane highway will often be cate-
gorized as having a better level of service on a specific grade
than on a level or rolling terrain segment. This is opposite of
what one would expect. By reducing the delay definition to 3.5
or 4.0 seconds, this inconsistency is not completely eliminated
but is greatly reduced. Cases could be made for defining the
delayed headway as any value from 2.0 to 6.0 seconds. For
the purposes of the Highway Capacity Manual, a value between
3.5 and 4.0 seconds would provide more reasonable and con-
sistent results.

The 1985 edition of the Highway Capacity Manual (I) has
introduced a major revision to the procedures for analyzing
uninterrupted flow on two-lane highways. New criteria are
given for establishing the levels of service, and separate cri-
teria are used for general terrain segments and specific grades.

For general terrain segments, any two-way flow rate greater
than 43 percent of capacity is in level of service D or E, even
under the very best roadway and traffic conditions. By com-
parison, for similar best conditions on a freeway it takes 77
percent of one-way capacity to be in level of service D; on
other multilane highways it takes 71 percent.

Because different procedures are used for defining the lev-
els of service for general terrain segments and specific grades,
a serious inconsistency in the level of service can arise between
a general terrain segment and a specific grade. Under identical
traffic conditions, the level of service on a specific grade can
often be better than the level of service on flat terrain.

The purpose of this paper is to examine the level-of-service
criteria for general terrain segments and to offer possible
alternatives. These alternative criteria would increase the
boundary between levels of service C and D from the current
43 percent of capacity to between 53 and 60 percent under
the best conditions. It will also be shown that the proposed
alternatives reduce the inconsistency in the level of service
between a general terrain segment and a specific grade.

GENERAL TERRAIN SEGMENTS

The Highway Capacity Manual (1) uses “percent time delay”

ac the nrimarv measure of level of cervice for seneral terrain
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segments on two-lane highways. Average travel speed and
capacity utilization are secondary measures. Percent time delay
is defined as the average percent of time that all vehicles are
delayed while traveling in platoons due to the inability to pass.
Motorists are defined to be delayed when traveling behind a
platoon leader at speeds less than their desired speed and at
headways less than 5 seconds. As a surrogate for percent time
delay, the percent of véhicles traveling at headways less than
5 seconds can be used. This surrogate is more easily measured
in a field study than the percent of the time that all vehicles
are delayed. The cut-off values for levels of service A, B, C,
and D are respectively defined by the values 30, 45, 60, and
75 for percent time delay. Table 1 [table 8-1 from the Manual
(I)] shows that for level terrain and 0 percent no passing zones
the volume to capacity (v/c) ratio associated with level of
service C is 0.43. As terrain becomes more severe and the
restrictions on passing become greater, the v/c ratio for each
level of service decreases.

Neither the Manual () nor the research document (2) which
formed the basis for the chapter on two-lane highways offer
an explanation as to why the cut-off values between the levels
of service were selected as 30, 45, 60, and 75 percent time
delay. Also, strong reasons are not given as to why 5 seconds
was selected as the definition for being delayed. Reference is
made in the research document (2) to another study (3) in
which 6 seconds was suggested as the definition for being
delayed. However, in a recent paper covering a study in the
Netherlands, Botma (4) found that a preliminiary analysis of
the data determined that no preference could be deduced from
using 4, 5, or 6 seconds. Because 5 seconds appears to have
been arbitrarily selected, it may be that a smaller value could
be selected as long as it leads to reasonable v/c ratios for the
various levels of service and as long as safety is not sacrificed.

It is the purpose here to offer two alternatives to the v/c
ratio values given in table 1 for the level-of-service criteria
for general terrain segments. The alternatives are based on
the same percent time delay values used in the Manual (1)
and on two different definitions for being delayed: 4 and 3.5
seconds.

First an argument will be offered as to why the 5-second
headway may be too conservative a value by which to define
a vehicle as being delayed and why 4 or 3.5 seconds might be
more practical. It should be noted that at 60 mph the head-
to-head spacing between two vehicles traveling at 5-seconds
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TABLE 1 LEVEL-OF-SERVICE CRITERIA FOR GENERAL TWO-LANE HIGHWAY SEGMENTS (I, Table 8-1)

v/c¢ RATIO?
LEVEL TERRAIN ROLLING TERRAIN MOUNTAINOUS TERRAIN
PERCENT b PERCENT NO PASSING ZONES b PERCENT NO PASSING ZONES b PERCENT NO PASSING ZONES
TIME AVG AVG AVG
LOS DELAY SPEED 0 20 40 60 80 100 | sPEED 0 20 40 60 80 100 | SPEED 0 20 40 60 80 100
A < 30 > 58 | 0.15 0.12 009 0.07 0.05 0.04 > 57 | 015 0.10 0.07 0.05 0.04 0.03 > 56 | 0.14 009 007 004 0.02 001
B < 45 > 55 | 027 024 021 019 0.17 0.16 >54 | 026 023 0.19 0.17 0.15 0.13 > 54 ] 025 020 016 0.13 012 0.10
C < 60 >52 | 043 039 036 0.34 033 0.32 > 51 | 042 039 035 032 0.30 028 >49 | 039 033 028 0.23 020 0.16
D <75 > 350 | 064 062 060 059 0.58 0.57 >49 | 062 057 052 048 046 043 >45 | 0.58 0.50 045 0.40 037 033
E > 75 > 45 1.00 1.00 1.00 1.00 1.00 1.00 >40 | 097 094 092 091 090 090 >35 | 091 087 084 0.82 0.80 0.78
F 100 < 45 —_ = = = - = < 40 e — < 35 —_- = - = = =

2 Ratio of flow rate to an ideal capacity of 2,800 pcph in both directions.

b Average travel speed of all vehicles (in mph) for highways with design speed > 60 mph; for highways with lower design speeds, reduce speed by 4 mph for each 10-
mph reduction in design speed below 60 mph; assumes that speed is not restricted to lower values by regulation.

headway is 440 feet. This represents a per lane density of 12
vehicles per mile, the value associated with level of service
A on freeways. At 4 and 3.5 seconds, the spacings are 352
and 308 feet, and the per lane densities are 15 and 17 vehicles
per mile. Both of these conditions are associated with level
of service B on a freeway.

From an operational standpoint, a vehicle being delayed
by another slower moving vehicle follows at some distance
until an opportunity to pass becomes available. A typical
following headway just before the beginning of a pass could
not be verified from the literature, but the research document
(2) states that some headways as small as three-quarters of a
second were observed during a two-lane highway study in
Canada. An analysis of following in which the reaction time
for the following driver is 1 second, the braking rates of the
leader and follower are equal, and the “safety gap” after
stopping is 5 feet, leads to a required following headway of
less than 1.5 seconds for all initial speeds over 40 mph if both
vehicles are cars. If the lead vehicle is a WB-50 truck, the
required following headway is less than 2.2 seconds.

For purposes of this argument, a more conservative follow-
ing headway of 2.5 seconds will be used to establish a defi-
nition for being delayed. It is assumed that the following
vehicle has a desired speed of 60 mph and that it will always
have a headway greater than 2.5 seconds behind the slower
leading vehicle. It is further assumed that the following vehicle
does not use the brakes to maintain this headway but that
braking is achieved only by removing the driver’s foot from
the gas pedal. The definition for being delayed is, therefore,
established to be the action of removing the foot from the
gas pedal to maintain a headway of at least 2.5 seconds. Table

2 gives the headways associated with having to remove the
foot from the gas pedal for various speeds of the leading
vehicle and for various rates of deceleration in order that the
following vehicle always trails by at least 2.5 seconds.

Consider as an example the case of the lead vehicle traveling
at 45 mph, the following vehicle at 60 mph, and a deceleration
rate of 1.5 ft/sec/sec. Based on the 45 mph speed and the
minimum headway of 2.5 seconds, the following vehicle should
have a head-to-head spacing of 165 feet. To achieve the speed
change from 60 to 45 mph at a braking rate of 1.5 ft/sec/sec,
the following vehicle decelerates for 14.67 seconds during
which time the spacing between the two vehicles decreases
by 61 feet. Therefore, the original spacing when the foot must
be removed from the gas pedal must be 326 feet. This spacing
is associated with a headway of 3.7 seconds based on the speed
of 60 mph.

Table 2 shows that for the range of speeds and braking rates
given the worst condition occurs when the lead vehicle has a
speed of 45 mph and the deceleration rate is 1.5 ft/sec/sec.
At speeds in the 40 to 60 mph range, the deceleration due to
removing the foot from the gas is generally higher and in the
2.5 to 3.0 ft/sec/sec range (5, p. 24). Therefore, it appears
that 3.5 seconds or a more conservative 4 seconds may be
reasonable definitions for being delayed as alternatives to the
5 seconds used in the Manual (7).

To obtain v/c ratios for the 4- and 3.5-second definitions
for being delayed, the procedures used to develop the ratios
given in table 1 for the 5-second definition were examined.
The research document (2) describes how a simulation model
was used to establish the flow rates and, hence, the v/c ratios.
The distribution of vehicle headways used as input to the

TABLE 2 HEADWAY TO CONSTITUTE DELAY

SPEED OF HEADWAY AT WHICH DECELERATION MUST START

LEADING

VEHICLE (sec) at DECELERATION RATE

(mph) (ft/sec/sec)

1.5 1.8 2.0 2.5 3.0

55 2.5 5 2.5 2.5 2.5
50 2.9 8 2.7 2.6 2.5
45 3.7 3.4 3.3 3.0 2.8

Desired speed of following vehicle = 60 (mph)
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FIGURE 1 Delay-flow relationship for 5-second definition of delay.

simulation model is presented in the research document (2).
For the 5-second definition for being delayed, the input to
the simulation model, given as the probability of being delayed,
is shown as the dashed lines in figure 1. The solid lines are
the flow rates for 0 percent and 100 percent no passing on
level, rolling, and mountainous terrain. These lines were
obtained from the v/c ratios given in table 1 using an assumed
one-way capacity of 1,400 vehicles per hour. This value is the
one-way capacity associated with a 50-50 directional distri-
bution on level terrain. Note that the three lines for 0 percent
no passing fall between the two dashed lines and that the lines
for 100 percent no passing fall to the left of the left dashed
line.

The development of v/c ratios for other definitions for being
delayed was based on an equation calibrated with the v/c ratios
for the 5-second definition. The form of the equation was
taken as:

P (h<f) =1 — A exp(—B-t/T) 1

This is the probability of a headway (/) less than ¢ seconds.
The average headway is T seconds. A and B are constants to
be determined based on the S-second definition for being
delayed. The probability of being delayed was taken to be
the percent time delay associated with each level of service.

A curve fitting program was used to determine a separate
set of constants A and B for each value of percent no passing
for each type of terrain. The calibrated equations were then
used to determine the values of T, and, hence, the v/c ratios,
for ¢ equal to 4 and 3.5 seconds. The resulting v/c ratios are
shown in tables 3 through 5. These tables also include the
ratios for the 5-second definition for being delayed so a com-
parison can be made.

Because the research document (2) describes the equations
used to produce the input ot the simulation model, the input
for 4 and 3.5 seconds was obtained and is shown as the dashed
lines on figures 2 and 3. The solid lines on these figures again
show the one-way flows for 0 and 100 percent no passing as
obtained from the v/c ratios for the 4- and 3.5-second defi-

TABLE 3 LEVEL-OF-SERVICE CRITERIA FOR GENERAL TWO-
LANE HIGHWAY SEGMENTS—LEVEL TERRAIN

v/c RATIO
DEFINITION
OF Percent No Passing Zones
Los DELAY

(sec) 0 20 40 60 80 100
A 5 0.15 0.12 0.09 0.07 0.05 0.04
4 0.19 0.15 0.12 0.09 0.06 0.05
3.5 0.22 0.18 0.13 0.10 0.07 0.06
B 5 0.27 0.24 0.21 0.19 0.17 0.16
4 0.34 0.30 0.27 0.24 0.22 0.21
3.5 0.39 0.34 0.30 0.27 0.25 0.24
o] 5 0.43 0.39 0.36 0.34 0.33 0.32
4 0.53 0.49 0.46 0.44 0.42 0.41
3.5 0.60 0.56 0.53 0.50 0.48 0.47
D 5 0.64 0.62 0.60 0.59 0.58 0.57
4 0.81 0.78 0.76 0.74 0.73 0.72
3.5 0.92 0.89 0.86 0.84 0.83 0.82
E ALL 1.00 1.00 1.00 1.00 1.00 1.00
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TABLE 4 LEVEL-OF-SERVICE CRITERIA FOR GENERAL TWO-LANE
HIGHWAY SEGMENTS—ROLLING TERRAIN

v/c RATIO
DEFINITION
OF Percent No Passing Zones
LOS DELAY
(sec) 0 20 40 60 80 100
A 5 0.15 0.10 0.07 0.05 0.04 0.03
4 0.19 0.14 0.10 0.08 0.06 0.05
3.5 0.22 0.16 0.12 0.09 0.07 0.06
B 5 0.26 0.23 0.19 0.17 0.15 0.13
4 0.33 0.28 0.24 0220 0.18 0.17
3.5 0.38 0.32 0.27 0.23 0:21 0.19
C 5 0.42 0.39 0.35 0.32 0.30 0.28
4 0.51 0.46 0.41 0.37 0.35 0.33
3.5 0.59 0.53 0.47 0.43 0.40 0.37
D 5 0.62 0.57 0.52 0.48 0.46 0.43
4 0.79 0.73 0.67 0.62 0.59 0.56
3.5 0.90 0.83 0.77 0.71 0.67 0.64
E ALL 0.97 0.94 0.92 0.91 0.90 0.90
TABLE 5 LEVEL-OF-SERVICE CRITERIA FOR GENERAL TWO-
LANE HIGHWAY SEGMENTS—MOUNTAINOUS TERRAIN
v/c RATIO
DEFINITION
OF Percent No Passing Zones
LOS DELAY
(sec) 0 20 40 60 80 100
A 5 0.14 0.09 0.07 0.04 0.02 0.01
4 0.18 0.13 0.09 0.05 0.03 0.01
3.5 0.20 0.15 0.10 0.06 0.03 0.02
B 5 0.25 0.20 0.16 0.13 0.12 0.10
4 0.31 0.25 0.20 0.16 0.13 0.11
3.5 0.35 0.28 0.23 0.18 0.15 0.12
(o] 5 0.39 0.33 0.28 0.23 0.20 0.16
4 0.48 0.41 0.35 0.30 0.26 0.23
3.5 0.54 0.46 0.40 0.34 0.30 0.26
D 5 0.58 0.50 0.45 0.40 0.37 0.33
4 0.73 0.64 0.57 0.50 0.45 0.41
3.5 0.83 0.73 0.65 0.57 0.52 0.47
E ALL 0.91 0.87 0.84 0.82 0.80 0.78

nitions for being delayed. Note that on both figures the lines
for 0 percent no passing fall between the two dashed lines
and that the 100 percent no passing lines fall to the left of the
left dashed line. This relationship repeats that noted on figure
1 associated with the 5-second definition for being delayed.
The v/c ratios (tables 3 through 5) associated with the 4-
and 3.5-second definitions for being delayed are approximate
alternatives for the alues given in the Highway Capacity Man-
ual () for the 5-second definition. They should be considered
approximate because they were not obtained using the sim-
ulation model. The comparison between figure 1 and figures
2 and 3 indicates that these v/c ratios are reasonable. The
results indicated that for level terrain and 0 percent no passing
zones (table 3), the v/c ratios for level of service C are 0.53
and 0.60 respectively for the 4- and the 3.5-second definitions

compared to 0.43 for the 5 seconds. A more complete com-
parison will be discussed later in relation to an example.

SPECIFIC GRADES

The level-of-service criteria for specific grades on two-lane
highways is not based on percent time delay but on the average
speed of all the vehicles in the upgrade direction. Table 6
[table 8-2 of the Manual (1)] gives the speeds associated with
each level of service. Based on this, the v/c ratios for grades
from 3 to 7 percent are given in table 8-7 of the Manual (1)
and repeated here for 3 and 7 percent grades in table 7.

As a result of having two different level-of-service criteria,
one for general terrain segments and one for specific grades,
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it is possible for an inconsistency to occur in the level of service
between level or rolling terrain segments and a moderate
grade. This will be demonstrated by an example.

COMPARATIVE EXAMPLE

Consider a high-design, two-lane highway with design speed
of 60 mph, 12 foot lanes, and usable shoulders at least 6 feet
wide. The percent of no passing zones is taken as zero for
level terrain, 10 percent for rolling terrain, and 20 percent for
the 1-mile-long specific grades of 4 or 6 percent. The only no
passing zone on the specific grades is near the top. The direc-
tional distribution of the traffic stream is 60-40 (for the spe-

cific grade, 60 percent is in the upgrade direction) and the
only heavy vehicles are 12 percent trucks. The two-way service
flows as computed by the procedures described in the Manual
(I) and associated with each level of service are given in table
8 for the three definitions of being delayed.

The first four columns on figure 4 show the results obtained
using the Manual’s 5-second definition for being delayed for
the general terrain segments and for the two specific grades.
For the general terrain segments, levels of service A through
C cover service flows up to about 990 and 720 vehicles per
hour (vph), respectively, for level and rolling terrain. How-
ever, for the two specific grades, these first three levels of
service cover service flows to about 1,630 and 1,100 vph for
4 and 6 percent grades, respectively. Notice that a service



TABLE 6 LEVEL-OF-SERVICE CRITERIA FOR SPECIFIC GRADES (I, Table 8-2)

LEVEL OF
SERVICE

AVERAGE UPGRADE
SPEED (MPH)

A
B
o]
D

E

>

>

>

>

>

55

50

45

40

25 = 40 *

* The exact speed at which capacity occurs varies with the
percentage and length of grade, traffic compositions, and volume.

TABLE 7 VALUES OF v/c RATIOS FOR SPECIFIC GRADES (I, Table

8-7)
v/c RATIO
PERCENT Percent No Passing Zones

LOoS GRADE
0 20 40 60 80 100
A 3 0.27 0.23 0.19 0.17 0.14 0.12
7 0.00 0.00 0.00 0.00 0.00 0.00
B 3 0.64 0.59 0.55 0.52 0.49 0.47
7 0.34 0.27 0.22 0.18 0.15 0.12
C 3 1.00 0.95 0.91 0.88 0.86 0.84
7 0.77 0.65 0.55 0.46 0.40 0.35
D 3 1.00 1.00 1.00 1.00 1.00 1.00
7 0.93 0.82 0.75 0.69 0.64 0.59

TABLE 8 EXAMPLE: TWO-LANE HIGHWAY SERVICE FLOWS

GENERAL TERRAIN

SPECIFIC GRADE

LEVEL ROLLING 4%-1ml 63%-1mi
% NO PASS. = 0% 10% 20% 20%
L
O DEFINITION
S OF DELAY (sec)
A 5 350 240 200 50
4 450 320
3.5 520 370
B 5 620 440 850 440
4 780 540
3.5 200 620
C 5 990 720 1630 1100
4. 1220 860
3.5 1380 1000
D 5 1500 1060 1890 1460
4 1900 1350
3.5 2160 1540
E ALL 2350 1700 1950 1600

NOTE: 12 Percent trucks
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FIGURE 4 Example comparison—
5.0- and 3.5-second definitions of
delay.

flow in the range 1,500 to 1,630 vph is in level of service E
for the level terrain segment, but in level C for the 4 percent
grade. Even the 6-percent grade has a higher service flow for
level C than the level terrain segment. From an examination
of figure 4, one might conclude that a two-lane highway built
as a series of 1-mile grades in the range of 4 to 6 percent
would provide a better level of service than a level road with
no passing restriction. This conclusion is not in keeping with
traditional thinking about two-lane highway grades.

The last two columns on figure 4 give the service flows for
the 3.5-second definition for being delayed. It can be seen
that this definition expands the range of service flows for levels
of service A through D and reduces the range in level E
compared to the 5-second definition. Service flows up to 1,380
vph on level tererain and 1,000 vph on rolling terrain are now
in level of service C instead of near the limits of level D for
the 5-second definition. In addition to expanding the range
of service flows within the acceptable levels of service, the
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3.5-second definition is also less inconsistent with the 4 per-
cent specific grade than the 5-second definition. There is still
an inconsistency at the boundary between levels of service C
and D, but it is less severe than that associated with the 5-
second definition.

CONCLUSIONS

The selection of 5 seconds as the definition for being delayed
is not strongly supported in the 1985 edition of the Highway
Capacity Manual (I), and any value between 2 and 6 seconds
may be reasonable. Using 5 seconds as the definition for being
delayed also produces an inconsistency in the level of service
between certain general terrain segments and specific grades.
The selection of 4 or 3.5 seconds as the definition for being
delayed would ameliorate these problems.

A field study should be carefully designed and conducted
to determine at what headway drivers begin to feel delayed
by a leading vehicle. The study should determine if a driver’s
perception of being delayed is dependent on roadway param-.
eters, such as design speed or posted speed, and the traffic
volume conditions.
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