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Capacity Study of Signalized

Diamond Interchanges

DONALD G. CAPELLE, Research Assistant, and CHARLES PINNELL, Assistant
Research Engineer, Texas Transportation Institute, A and M College of Texas, College
Station

This paper presents a portion of the results from a research
project on freeway ramps and interchanges which is present-
ly being conducted by the Texas Transportation Institute in
cooperation with the Texas Highway Department. This study
was designed to obtain traffic performance data which would
have useful application in evaluating the capacity of signal-
ized diamond interchanges. Library research and evalua-
tion of existing design requirements indicated a great de-
mand and need for this type of data.

The field data were gathered through the use of time-
motion pictures which furnished a complete and simultaneous
record of the traffic operations occurring in the intersections
that were studied. The operational characteristics of over
4, 000 vehicles were recorded on 16-mm film at two conven-
tional-type diamond interchanges on the Gulf Freeway in
Houston, Texas. These data were collected during the peak
periods on approaches that were fully loaded.

This research was conducted to investigate the factors
which could be used in developing criteria for evaluating the
capacity of the various movements encountered in diamond
interchange operation. Data on vehicle starting delays and
time-headways at both interchanges were accurately mea-
sured to develop a basic approach to the determination of
lane capacity. Special emphasis was placed on determining
the capacity of a single-lane turning movement and a two-lane,
or two-abreast-type turning movement.

The analysis of the study produced some significant results
and provides the designer with current operational characteris-
tics of vehicles at signalized diamond interchanges. Design
procedures for diamond interchanges, based on lane capacity
and signalization requirements, were developed and are pre-
sented in this report.

@IN URBAN AREAS traffic interchange between major arterials and freeways is fre-
quently accomplished by the use of conventional-type diamond interchanges (Figs. 1 and
2). The simplicity of design, minimum right-of-way requirements, and economy of
this type of interchange have greatly encouraged the use of diamond interchanges.

In contrast to simplicity of design the operation of a diamond interchange often be-
comes very complex, High volumes of cross-town major street traffic in combination
with traffic interchanging to and from the freeway creates the need for a multiphase
signal system to separate conflicting traffic streams. The signalization is further com-
plicated by the proximity of the two at-grade intersections. These signalized inter-
sections exert a capacity limitation which often results in the diamond interchange being
incapable of handling the traffic demand.

Although the diamond interchange has many efficient applications, the operational

1
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Figure 1. Diemond interchenge conventional arrangement.

problems and capacity limitations of such an interchange must be recognized. The
diamond interchange has been in existence for several years, but very little factual
data on the operational characteristics and capacity of this type of interchange are
available. The purpose of this study was to record data on the operational aspects

of the diamond and to develop criteria for determining capacity, design, and signaliza-
ton.

PROCEDURE
Sites

The Wayside Drive and Cullen Boulevard interchanges on the Gulf Freeway in
Houston were selected for study sites. Both of these interchanges were conventional -
type diamond interchanges and were known to carry large volumes of traffic (Fig. 3).

The Wayside interchange and the Cullen interchange (Figs. 4 and 5) had similar
geometrics (Fig. 6). The major street approaches to both interchanges provided for
two lanes of through traffic and a free right-turn lane. Each interchange was served
by parallel, continuous one-wayfrontage roads which were 32 ft in width and operated
with 3-lane flow during peak periods.

The traffic movements at each interchange were controlled by a fixed-time, multi-
phase signal system. The signal system used a three-dial operation with a separate
dial provided to control the morning, the off-peak, and the evening peak periods of
traffic flow.

At both interchanges, traffic operations at the two closely spaced intersections (300
ft center-to-center) were controlled by separate controllers which were interconnected
for coordinated movement. Due to the lack of vehicle storage space between the inter-
sections, the signal phasing (Fig. 7), as designed by engineers of the Department of
Traffic and Transportation of the City of Houston, permitted vehicles-to_move through
both intersections on receiving a green indication. With this phasing the only vehicles
required to store between the intersections were a small percent of U-turning vehicles.
The signal phasing also provided time separation for conflicting movements.




Figure 2. Gulf Freeway— Houston.

Collection of Field Data

Several methods of collecting data were evaluated to determine the best approach
to the problem of obtaining a complete and simultaneous record of the traffic events
occurring in the interchange area. The use of a 20-pen graphic recorder and manual
counting methods were given consideration. However, in the final evaluation, the
motion picture method was chosen as the best approach. This method required a
minimum of field personnel and allowed the flexibility of enabling one to view and re-
create all traffic events.

All of the traffic operational data were collected by filming traffic operations at each
of the study intersections with a 16-mm motion picture camera. The filming was per-
formed from a vantage point provided by a hydraulic platform truck similar to the one
shown in Figure 8. The platform on this truck extended to a height of 35 ft and addi-
tional elevation was gained by taking advantage of the terrain. The truck was located
in an inconspicious area and it is felt that the presence of the truck and photographer
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had little or no effect on the behavior of traffic in the intersection being filmed.

The movies at each study site were taken at a camera speed of ten frames per second
which permitted accurate determination of vehicle time-headways and delay. Because
it was desired to obtain data on possible capacity, the studies were conducted during
both the morning and evening periods of peak flow on an average weekday.

As an aid to the determination of vehicle delays and time-headways from the motion
pictures, reference lines were placed perpendicular to traffic lanes at each intersection
approach. The purpose of these lines was twofold: (a) to regulate and fix the region
where approaching vehicles would stop when waiting for a green indication; and () to
aid in determining when each vehicle entered the intersection area.

Data Tabulation

Data on traffic operations were extracted from the film through the use of a specially
constructed projector (Fig. 9). A special control attached to the projector permitted
the film to be advanced or reversed in single-frame increments and an interconnected
frame counter allowed the operator to determine the number of frames between specific
events on the film. By using the constant camera speed, elapsed time between events
could be determined.

(a) \

- / -
- \ >
AVERAGE DAILY AND PEAK HOUR TRAFFIC
~
(b)
/ P 72
4 o

PEAK HOUR TRAFFIC

Figure 3. (a) I.H.-45 at Wayside Drive, Houston; (b) I.H.-45 at Cullen Blvd., Houston.



Figure L. Wayside Drive interchange— Houston.

The traffic data were obtained on an individual lane basis and consisted of the follow-
ing operational characteristics: (a) traffic volumes by composition and direction of
movement; (b) starting delays after signal change to green by composition and direction
of movement; and (c) time-headways between successive vehicles entering the inter-
section area by composition and direction of movement.

These data were recorded for each signal phase and notation was made to.indicate
if the approach lane was "loaded." An approach lane was considered loaded when the
traffic demand was so great that vehicles were continuously entering the intersection
throughout the green interval. The data on loaded intervals were then extracted and
combined to provide information on peak flow conditions.

VEHICLE OPERATIONAL CHARACTERICTICS

In determining the number of vehicles that could clear a signalized diamond inter-
change in a given time period, a criterion was established by which vehicle operational




Figure 5. Cullen Blvd. interchange— Houston.

characteristics could be evaluated. This criterion involved a series of time measure-
ments with special emphasis placed on the starting delays and time-headways of ve-
hicles entering the interchange area. These measurements were defined as follows:

Time-Headway. —The time-headway between vehicles as they start from a stopped
position one behind the other decreases progressively until they reach an average mini-
mum (Fig. 10). Data from this study indicated that an average time-headway could
best be obtained by averaging the time-headway values of the third through the last en-
tering vehicle. It is true that this average value would be in error if an infinite number
of vehicles were permitted to continue through an intersection without having to stop.
However, the maximum number of vehicles that can every be expected to clear a signal-
ized diamond interchange during one signal phase is approximately 10 to 12 vehicles
per lane. This can be attributed to the fact that the signal cycle has to be proportioned
to include other movements at the interchange.
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Starting Delay. —=When a traffic signal interrupts a flow of traffic, the vehicles stop-
ped by a signal are delayed during the time the signal is red plus the time required for
the vehicles to get started and underway again. This latter delay is commonly called
starting delay. A generally accepted definition of starting delay is the time required
for the first vehicle in a queue to commence motion and enter an intersection after
the traffic signal displays a green indication. Ths time does represent a large portion

(a)
i
it ‘ —~~13546
] /_7§/—
APPROACH TRAFFIC VOLUMES

WAYSIDE_DRIVE

EERNY;

60’

WAYSIDE DRIVE -
!

s
10,380 ° Tes3z
][R
APPROACH TRAFFIC VOLUMES
7AM—7PN

Q- —QULLEN BwD

CULLEN BLVD

30 | 30

Figure 6. (a) Schematic layout—Gulf Freeway and Wayside Drive interchange Houston;
(v) Schematic layout— Gulf Freeway and Cullen Blvd. interchange Houston.
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Figure 7. Phasing of traffic movements at a signalized diamond interchange.

of the starting delay experienced during each signal phase, but the operational studies
showed that it does not represent the total time required for a line of vehicles to attain
a reasonable degree of momentum. This is best illustrated by plotting the average
time-headway values of a line of vehicles starting from a stopped position (Fig. 10).
The time-headway values decrease rapidly for the first two vehicles in line with a
lesser decrease for each succeeding vehicle. This indicates that the starting delay

of a line of stopped vehicles can best be attributed to the reaction time and starting
performance of the first two vehicles in line. In the evaluation of lane capacities for
this report, the time required for the first two vehicles in a lane to enter the intersec-
tion was considered as the starting delay experienced at the beginning of each green
phase.

Wayside Interchange

Starting delay and average time-headway measurements were determined for each
lane approaching this interchange. The traffic on Wayside Drive consisted of two lanes
of through movement with a free right-turn lane to accommodate the turning traffic.
The frontage road traffic was considerably different with the predominant movements
being both right and left turns onto Wayside Drive. Each of these movements was
analyzed separately and are discussed as follows:

Wayside Drive Approaches. —The data gathered on each lane for the Wayside Drive




approaches were combined because the traffic in each lane was similar and had no
major differences in its operational characteristics. Figure 10 is a representation of
the starting delay and time-headway measurements between successive passenger
vehicles on these approaches. These observations yielded an average starting delay
of 5.9 sec and an average time-headway of 2.2 sec.

North Frontage Road Approach. —Data were gathered on three different types of
movements at this approach. These movements and their respective time-headways
are shown in Figure 1la. The inside lane experienced a heavy left-turn movement,
whereas the middle lane consisted of straight through movements. The outside lane
had a combination of movements with 82 percent of the approach traffic turning right.
The left turning movements from the inside lane and the right turning movements from
the outside lane had identical operating characteristics with a 5. 8-sec starting delay
and a 2. 1-sec average time-headway. The center lane, with a predominant straight
through movement, was somewhat faster than the adjacent turning lanes with an average

Figure 8. Hydraulic platform truck.
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Figure 9. Richardson film projector.

time-headway value of 1.9 sec. There was no significant difference in the starting de-
lay for each lane.

South Frontage Road Approach. —The most significant data obtained at this approach
involved the double left, or two-abreast-type turning movement. The lane signing re-
quired the inside lane traffic to turn left and gave the center lane an option of turning
left or proceeding straight. At this approach, 65 percent of the center lane traffic

turned left in conjunction with 100 percent of the inside lane traffic. The performance

NUMBER OF OBSERVATIONS
120 124 126 108 120 94 84 66
T I I |

TIME REQUIRED FOR FIRST VEHICLE TO ENTER

/ INTERSECTION AFTER SIGNAL CHANGE

AVERAGE HEADWAY=2.2 SECONDS

HEADWAYS BETWEEN VEHICLES ENTERING INTERSECTION
(SECONDS)

o ! ! | ] I ] ] |
0-1 -2 2-3 3-4 4-5 5-6 6-7 7-8
VEHICLES

Figure 10. Time-headways between successive passenger vehicles on Wayside Drive at the
Gulf Freeway and Wayside Drive interchange, Houston.
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data of the traffic in these two lanesare shown in Figure 11b. From these data, it is
obvious that the two-abreast turning movement had a detrimental effect on the capacity
of the inside lane. The studies yielded a 6.5-sec starting delay and a 2. 4-sec average
time-headway for the inside lane traffic of the two-abreast turning movement as com-
pared to a 5.8-sec starting delay and a 2. 1-sec average time-headway for the traffic
making a single left-turn movement on the North Frontage Road. Studies of the filmed
traffic operations indicated that drivers in both lanes staggered the position of their
vehicles in making the double left~turn movement. This hesitancy accounted for the
inefficiency of this type of movement.

Cullen Interchange

As with the Wayside interchange, starting delay and average time-headway measure-
ments were determined for each lane approaching the Cullen interchange. With the
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Houston.
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exception of the two-abreast-type turning movement, the movements at Cullen were
gimilar to those observed at Wayside. The movements at Cullen were individually
analyzed as follows:

Cullen Boulevard Approaches. —The traffic movement on these approaches consisted
mainly of through movements with a free right-turn lane for the right turning traffic.

The operational characteristics of the through traffic lanes were the only movements
evaluated and their analysis showed that the through movement had a starting delay of
5.6 sec and an average time-headway of 2.1 sec. Figure 12 is a representation of the
observed operations on these approaches.

North Frontage Road Approach. —This approach had three lanes of traffic. The center
lane handled straight through movements, whereas the left- and right-hand lanes handled
a combination of turning and through movements. The traffic in the inside lane and the
center lane had similar operational characteristics with a 5. 4-sec starting delay and a
2.0-sec average time-headway. The traffic in the outside lane was considerably slower
with a 5. 8-sec starting delay and an average time-headway of 2.1 sec. The operational
characteristics of the vehicles in each lane are shown in Figure 13a.

South Frontage Road Approach. —The traffic movements on this approach were similar
to those on the north frontage road. The traffic in the center lane was somewhat faster
than the traffic in the adjacent lanes with a 5. 4-sec starting delay and a 2. 0-sec average
time-headway. Traffic in the other two lanes had a large percentage of turning move-
ments and experienced a 5.6-sec starting delay and a 2, 0-sec average time-headway.
These three movements with their respective time headways are shown in Figure 13b.

DATA SUMMARY

A total of seven studies was made at the study sites during which the operational
characteristics of over 4, 000 vehicles were recorded. Table 1A is a general summary
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Figure 12. Time-headways between successive passenger vehicles on Cullen Blvd. at the
Gulf Freeway and Cullen Blvd. interchange, Houston.
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Houston.

of the data gathered at both the Wayside and Cullen interchanges. The operational data
given in Table 1B indicated little difference in the operating characteristi¢s of (a)
straight through movements, (b) left turn movements, and (c) right turn movements.

In view of this characteristlc, the data on each type of movement at both the Wayside
Drive and Cullen Boulevard interchange were averaged for comparison. This analogy
showed that there was no significant difference in the starting delay and time-headway
measurements of the straight, single left turning, and single right turning movements.
However, there was a significant difference in the double left or two-abreast-type
turning movement which necessitated separate consideration of these types of move-
ments. A summary of the averaged data which are used in the capacity computations
is given in Table 1B.

APPLICATION TO CAPACITY DETERMINATIONS
Capacity Formula

The problem of determining the capacity of signalized diamond intechanges is basical
ly one of evaluating the capacity of two closely-spaced intersections. With proper
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TABLE 1A
OPERATIONAL DATA

Starting Delay Average Time-
(sec) Headway (sec)

Wayside Interchange

Wayside Drive:
Through movement 5.9 ) 2.2

North frontage road:
Lane 1 - 85% left
Lane 2 - 99% straight
Lane 3 - 82% right

South frontage road:
Lane 1 - 57% right
Lane 2 - 65% left
Lane 3 - 100% left

Cullen Interchange

Cullen Boulevard:
Through movement

North frontage road:
Lane 1 - 68% left
Lane 2 - 100% straight
Lane 3 - 56% right

South frontage road:
Lane 1 - 53% right 5.
Lane 2 - 100% straight 5.
Lane 3 - 79% left 5.6

Interchange Studies
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signalization, traffic may flow through both intersections on receiving the green
on any approach and thus the capacity can be determined on a per-approach
basis.

The signalized intersections of a diamond interchange fit into the classification of a
"high-type" intersection as defined by the "Highway Capacity Manual' because the
. following conditions exist: (a) minimum pedestrian interference; (b) separate lanes for
eacli traffic movement; (c) time separation of conflicting flows; (d) high standard of
geometric design; and (e) no curb parking. On the basis of this classification, it was
felt that the capacity of a diamond interchange should be determined on a per-lane basis
for each approach with individual attention being given to the various types of move-
ments.

The statistics on vehicle starting delay and time-headways provided the basic data
for determining the number of vehicles per lane that can clear the intersections from
an approach during each green interval. Hourly capacity values for all approaches can
then be computed from this information.

\
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TABLE 1B
Starting Delay Average Time-Headway

Type Movement (sec) . I (sec)
Through 5.8 ' | 2.1
Single left turn 5.8 : | 2.1
Single right turn 5.8 | . 2.1
Two-abreast-type turning: ! |

Inside lane 6.5 ! ! 2.4

Outside lane 6.5 : 2.2

[
i
In terms of starting delay, D, and average time-headway, H,i the number of vehicles

per lane, N'y, that can be expected to clear the interchange from an approach during
one green phase, G, is

+2 ' {1)
34

To determine the number of vehicles, N1, that can clear per'hour per lane, Eq. g
can be multiplied by the number of cycles per hour (3,600/C), where, C, is cycle
length in seconds, to give i

NL, = (Gﬁ D, 2) (3,600/C) . (2)

To simplify design and evaluation procedures, capacity. charts were developed from
the operational data given in Table 1B and Egs. 1 and 2. Figure 14 shows a chart with
lane capacity (vehicles per hour) plotted against length of green phase for various cycle
lengths (40 to 80 sec). This chart furnishes lane capacity readings for left, straight
or right movements and can be used to evaluate the per-lane capacity of an approach
or to determine the amount of green time required to move a specific lane volume.

Figures 15 and 16 are charts of lane capacity versus green time for the inside and
outside lane, respectively, of a two-abreast left tirn movement. This chart would
be used for approaches signed for a double left turn. ;

DIAMOND INTERCHANGE CAPACITY |

After studying the problem of evaluating the capacity of diamclmd interchanges, it
was determined that it would be necessary to consider the two signalized intersections
as a single unit. This is due primarily to the requirements of si ization which should
perform two basic functions. These functions are as follows: (zfx all high-volume con-
flicting movements at both intersections must be separated, and (b) storing of vehicles
between the two intersections must be kept to a minimum due to limited distance between
the intersections.

In considering various phasing possibilities, it was recognized that the movement
sequence is dependent on existing volume conditions. However, if peak flow conditions
are encountered on all approaches the movement sequence, shown in Figure 7, offers
the best phasing to meet the two previously listed requirements. In addition, this
sequence permits some phase overlap for maximum use of green time. This sequence
was thus chosen as a basic phasing on which to base capacity considerations.

With a basic signal phasing established, the next step was to evaluate the capacity
of the interchange system. For each approach to a diamond interchange, there exists
a critical lane volume that must be accommodated. If the critical lane volume can be
accommodated, then the adjacent lane or lanes on the same approach can accommodate
less or equal volumes during the same green period. Thus it is necessary to consider
only one lane (critical lane) per approach when determining the design and signalization
of the interchange.
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Figure 1lli. Design capacity of through movements and single lane turning movement.

Using this critical lane concept, an approach to the design and capacity of diamond
interchanges was developed. A thorough study of conventional-type diamonds operating
with a signal phasing as shown in Figure 7, indicated that the critical number of ve-
hicles which must be accommodated is a summation of the critical lane capacities for
four approaches. These critical approaches are shown in Figure 17. The interior ap-
proaches (those over or under the structure) are not critical since they receive a much
greater percentage of green time than the critical approaches; for example, if the criti-
cal approach volumes can be accommodated, the interior volumes can be accommoda-
ted. This will be demonstrated in an example problem.

The critical interchange volume was determined by developing a formula for this
purpose. This formula represented a summation of the single lane capacities for the
four critical approaches. The formula was developed as follows:

The number of vehicles which can be accommodated from a single lane during each
of the six movements (Fig. 7) is
(G-5)-D_,

_5 8-D
MovementF-na—ﬁ+ ' +2

Movement A - ng = Q’H'—a

Movement B - ng =£G—3;§)——2 +2
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Figure 15. Design capacity of inside lane on two-abreast turning movement.

5 8-D

MovementC-ns=-IT+ i +2 |
Movement D - ng = Ga-8 ,

H

(Note - An 8-sec overlap of the frontage road
and major street traffic is permitted by the |
signalization and ambers of 3 sec were as- |
sumed. ) i

Total critical capacity per cycle, N¢' is equal to a summation of the vehicles accom-
modated during movements one through 6

_G-4D
=TH

The total cycle length, C, is equal to the following:
C=G+6-10=G-40orG=C +14

(Note - There are 6 sec of wasted amber time
and 10 sec of phase overlap. )

If C + 4 is substituted for G in Eq. 3

N&:C'*#D+8 (4)

is obtained. If Eq. 4 is multiplied by 3,600/C or the number of cycles per hour, an

Ne +8(G=G1+Gz2+Gs +Gs) (3)
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Figure 16. Design capacity of outside lane on two-abreast turning movement.

equation for the critical capacity per hour, Nj, is obtained, as follows

_[(C+4-4D 3,600
NH"( H +8) o] (5)

This critical capacity is a function of cycle length, C, starting delay, D, and time-
headway, H. Eq. 5 gives the number of vehicles per hour that can be accommodated
by the critical lanes on the four critical approaches. This number, Ny, has been
termed "critical capacity” and represents the maximum summation of the four critical
approach volumes.

If cycle lengths of 40, 50, 60, 70, 80, 100 and 180 sec and values of D = 5.8 and
H = 2.1 are substituted into Eq. 5, the following values are obtained-

Cycle Length Critical Capacity
(sec) (veh/hr)
40 1,611
50 1,635
60 1,650
70 1,660
80 1,668
100 1,674

180 1,602
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From these values it is indicated
that any cycle length from 40-80 sec will yield basically the same capacity and that no
significant gain in capacity is obtained by increasing the cycle length past 80 sec.

If, for example, a 60-sec cycle is assumed for design, the critical capacity is
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1,650 vehicles per hour. This indicates to the designer that a summation of critical
lane volumes (for the four critical approaches) exceeding 1,650 veh/hr cannot be ac-
commodated. Any combination of critical volumes with a summation less than 1,650
veh/hr can be accommodated with a 60-sec cycle or less.

Another point must be clarified at this time. The critical capacity expressed by
Eq. 5 represents the total number of vehicles per hour that can be handled on the four
approaches assuming that the total number is evenly distributed over the entire design
hour (for example, the exact number of vehicles which can be handled per cycle is
always available). Inasmuch as it is reasonable that this will not happen and that act-
ually a great deal of fluctuation in the hourly volume will occur, special attention must
be given to this factor.

Figure 19 shows a typical fluctuation of 5-min arrival volumes on an approach during
the peak hour. K a design is based on the total hourly volume, it is evident that it will
be inadequate to accommodate the short peaks within the hour. The question of just
what volume the design should be based on warrants serious study and is presently being
given detailed investigation by the Texas Transportation Institute.

' On the basis of several studies, it was decided that peak hourly volumes should be
iincreased by 20 percent to obtain a design volume which would be compatible with the
indicated design procedure. This increase of 20 percent was obtained by expanding
peak 30-min demands to an equivalent hourly flow and comparing this value to the total
hourly demand (Fig. 19). In general, a 20 percent difference between expanded hourly
demand and actual hourly demand was observed. Additional confidence in this figure
was obtained from the "Highway Capacity Manual"" which stipulates a 20 percent dif-
ference between Practical (or Design Capacity) and Possible Capacity. Therefore, it
was determined that expected peak hourly volumes should be increased by 20 percent
to obtain peak flow conditions for which Eq. 5 would be applicable.

ILLUSTRATIVE PROBLEM FOR DIAMOND INTERCHANGE
The application of the capacity formula to the design and signalization of a diamond
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Figure 19. Hourly demand fluctuations.
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interchange can best be illustrated by an example. For this illustrative problem, traf-
fic volumes were selected which might be representative of any large metropolitan
area. These volumes are shown in Figure 20. The traffic selected is related to the
intersection of a freeway and a major city arterial at which a diamond interchange is
to be provided. As with all geometric design problems, both the a.m. and p. m. peaks
should be considered in the design. However, for simplification, only one peak period
is considered in this illustrative problem. The step-by-step design procedure is as
follows:

Step I. —On the basis of the traffic movements shown in Figure 20, a reasonable
geometric design is established and critical lane volumes as shown in Figure 21 are
determined.

Step II. —The critical lane volumes are now examined to determine if they can be
accommodated and if so, what cycle length is required.

3 critical lane volumes = 725 + 225 + 475 + 450
3 critical lane volumes = 1, 875 veh/hr

Figure 21. Critical lane volumes.
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Figure 22, Critical lane volumes.

From Figure 18, it was found that this volume of vehicles cannot be accommodated with
a reasonable cycle length. Therefore, the original assumed design is re-evaluated to
determine what is needed to reduce the sum of the critical lane volumes. With refer-
ence to the assumed design in Figure 21, the most critical approach appears to be the
west frontage road. If one additional lane is added to this approach, its critical lane
volume can be reduced from 725 veh/hr to 500 veh/hr. This now gives a new design
problem with critical lane volumes as shown in Figure 22.

Step IOI. —Considering the revised design and the new critical lane volumes, another
check is made to determine if the revised volumes can be accommodated.
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Figure 23. Phasing of traffic movements.
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Zcritical lane volumes = 500 + 450 + 475 + 225
Zcritical lane volumes = 1,650 veh/hr

Figure 18 indicates that this volume can be accommodated with a 60-sec signal cycle.

Step IV. —With the newly established lane volumes, Figure 14 is used to determine
the amount of green and amber time required for each approach. The time required
for each of the approaches is

Green Amber Total
Approach (sec) (sec) (sec)
A 19 3 22
B 10 3 13
C 18 3 21
D 17 3 20

Once the signal cycle and the length of each green plus amber phase is established,
a phase arrangement for the movements is determined. A phase arrangement as
shown in Figure 23 is used in this illustrative problem. With this phasing arrangement,
each movement is timed so as to give each approach the required green and amber time
as previously established. The timing of each movement is shown in Figure 23.

Step V. —Now that the capacity of the critical approaches has been determined, a
capacity check of the interior approaches 1s made to insure that they are capable of
accommodating their assigned volumes. The volumes to be accommodated on approach
E is 350 veh/hr turning left and 750 veh/hr proceeding straight. The amount of green
time allotted the straight through movement 1s 38 sec and will handle 980 veh/hr per
lane which is greater than the 750 veh/hr demand. The time allotted the left turning
movement is 23 sec and this time will accommodate 600 veh/hr per lane which is
greater than the 350 veh/hr demand. Therefore, the traffic on approach E can be
handled efficiently with the time which is allotted.

The traffic demand on approach F is 115 veh/hr turning left and 290 veh/hr pro-
ceeding straight. The green time allotted the straight through movement is 35 sec
and will accommodate 900 veh/hr per lane, The left turning movement on this ap-
proach is allotted 16 sec which is capable of accommodating 410 veh/hr per lane.
Consequently, this approach is also not critical in view of the amount of green time
which is available.

It should be clarified that although the two lanes in each direction under the structure
are adequate for this illustrative problem, their adequacy 1s dependent on the signal
phasing used. If, for example, a signal phasing was used that required storage be-
tween the closely spaced intersections, then more than two lanes would probably be
required.

This illustrative design problem has shown how the capacity-design procedure may
be used 1n designing and signalizing a conventional-type diamond interchange. With
modifications, this design procedure may be adapted to various intersection and inter-
change design problems.

DIAMOND INTERCHANGE SIGNALIZATION

The signalization of diamond interchanges is dependent on the volume conditions
which may be encountered. However, of the various volume conditions which may exist,
the most critical condition occurs when heavy traffic movements are experienced simul-
taneously on the four critical approaches (Fig. 17). This volume condition requires a
signal sequence which will eliminate excessive storing of vehicles between the two
closely spaced intersections. The signal sequence shown in Figure 7 provides the best
phasing for this volume condition.

The recommended signal sequence shown in Figure 7 can be obtained by either



24

fixed-time or vehicle-actuated equipment. However, because large fluctuations in
traffic volumes are usually encountered on each approach of a diamond interchange,
traffic-actuated equipment of the volume-density type could adjust to these fluctuations
and provide more efficient operation.

SUMMARY AND CONCLUSIONS

The initial phage of this report represents the results of a study of vehicle operation-
al characteristics at signalized intersections. This study was aimed at developing a
method of determining capacity for intersection approaches on a single lane basis.
The results of the study are as follows:

1, Starting delay for a queue of stopped vehicles at an intersection can best be
determined by considering the time required for the first two vehicles in line to enter
the intersection.

2. A time-headway value for vehicles entering an intersection can be accurately
represented by an average of the time-headway values of the third through the last
entering vehicle,

3. Capacity charts can be developed on the basis of starting delay and time-head-
ways which will indicate lane capacities of an intersection approach for a given amount
of green time.

4. The studies conducted on operational characteristics of vehicles at high-type
signalized intersections indicated that there was no significant difference in the capacity
of a straight through movement as compared to a single-lane turning movement.,

5. Double left turns or two-abreast~type turning movements have a reduced capacity
per lane as compared to a single left-turn movement. Capacity charts for two-abreast
left turns are presented in the report.

6. A limited amount of commercial traffic was observed in the study. On the basis
of the data obtained, it was found that heavy commercial vehicles had the equivalent
effect (time-headway and starting delay) of approximately 1.6 passenger cars.

The second phase of the report was devoted to developing a method for determining
the capacity and design of a conventional-type diamond interchange. This method and
procedure is presented in the report.

1t is realized that the method presented is related to a conventional-type diamond
and to a basic fixed-time arrangement. It is felt that the basic method presented could
be modified, adapted and used in the design of other forms of diamond interchanges or
on individual high-type intersections. Any design problem requires extensive engineer-
ing judgment and the method presented is intended only as a design tool, It is further
felt that the design method presented represents a good approach to the design of con-
ventional diamonds regardless of the type of signalization which may eventually be
used.
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Freeway Traffic Accident Analysis and
Safety Study

B.F.K. MULLINS and C.J. KEESE, Research Engineers, Texas Transportation In-
stitute, A. and M. College of Texas, College Station

In 1958, the Texas Transportation Institute initiated a research
project under the sponsorship of the Automotive Safety Founda-
tion to determine the possible correlation between freeway acci-
dents and specific geometric design features on urban freeways
and to investigate methods of improving accident reporting. A
report on the phase concerned with improving accident reporting
procedures was published in the December 1960 issue of Traffic
Engineering.

This study considered some 10, 000 accident reports on 54 miles
of freeways in the five largest Texas cities, covering from 2 to 5
years of data. The reports, obtained from the files of the various
cities, were recorded on microfilm to facilitate handling. The
collision diagrams were plotted on continuous strip maps of each
freeway showing the geometric and profile features to scale.

A study of the continuous collision diagrams for various free-
ways indicated that certain locations experienced higher accident
frequency than other locations. Because certain locations ex-
perienced high accident frequency and others having the same ap-
parent physical characteristics experienced low accident fre-
quency, even with due consideration of the respective volumes,
it was probable that some physical factor contributed to the high
accident frequency. If this relationship could be determined, a
reduction in the number of accidents might be realized by improve-
ments in design.

Concentrations of accidents generally involved the following de-
sign features: (a) major changes in vertical alignment (crests and
sags), (b) freeway ramps, (c) freeway interchange elements (in-
terchange intersections and frontage roads), and (d) fixed objects.
This report covers studies of accident concentrations in relation to
each of these design characteristics.

Concentration of accidents at crests and sags indicated that the
requirement for visibility or sight distance is particularly important.
Freeway traffic, regardless of volume, tends to travel in more or
less compact groups or platoons. The headway between the vehicles
is often very short. For safe operation, the trailing driver must
have a view of the traffic, or vehicles, for some distance ahead of
him in both his and/or the adjacent lane or lanes. This visibility
distance is greater than the distance required by the criteria for
stopping sight distance on 2-lane roadways.

Entrance or on-ramps on the 10 freeways experienced much higher
accident frequency than the exit or off-ramps. There was indication
that the sight relationship afforded both the on-ramp drivers and the
freeway through-lane drivers was especially critical. All high acci-
dent frequency on-ramp locations involved poor sight relationships.

Off-ramps with large angles of divergence and especially those
affording poor visibility experienced higher frequency among off-
ramps. 06
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Diamond interchange intersections contributed three-fourths
of the 21 percent of all freeway accidents which occurred on the
frontage road system.

Most of the frontage roads were continuous and two-thirds
were one-way. The frontage road at the points where the ramps
joined the frontage roads and the section between the two ramps
(included because the frontage roads were continuous) contributed
only 2 percent of all freeway accidents. Practically all of the
two-way frontage roads were at extremely low volume locations
and afforded no accurate comparison with the one~way sections.

Much improvement is needed in the operational control of dia-
mond interchanges. Their complexity coupled with inadequate
operational controls probably contributed to the accident frequency
at these points.

Twelve percent of the freeway accidents involved fixed objects.
Such accidents caused 38 percentof all injuries and 65 percent of
all fatalities. A large percentage of fixed-object accidents oc-
curred on the through-lanes and mostly at exit ramps. Medians
(curbs and median barrier) were involved in one-third of the
fixed-object accidents.

Early in the study it was discovered that the techniques used by
enforcement officials in many cities in the investigation and report-
ing of freeway traffic accidents did not supply information adequate
for proper engineering analysis. This inadequacy of reporting
techniques seriously affected the progress and accuracy of corre-
lations of accidents with design features.

The procedure developed in the early phases of the project to
provide special freeway accident diagrams and the establishment
of reference points along the freeway proved to be beneficial in
improving the accuracy of reporting. The police departments
reported greater ease in accurately locating and reporting freeway
accidents.

Although few conclusive relationships were found between acci-
dent experience and specific design elements, inadequate sight
relationship appeared to be a factor in all high accident frequency
locations.

This study has emphasized the necessity of completely planning
the study ahead of time, arranging for proper accident reporting,
and obtaining necessary volume data during the study period for a
most complete and accurate picture. The procedure of "looking
back' followed in this study leads to a great deal of frustration
brought about by inadequacy and inaccuracy 1n accident reporting.

@THE FUNCTION of freeways is the safe and efficient movement of large volumes of
traffic. The vast expenditures for their construction and the traffic volume which they
accommodate demand that the highest possible degree of safety be embodied in their
design. Recent research by the Texas Transportation Institute involving the correlation
of design and operational characteristics of freeways in Texas (1) emphasized the value
of accident analysis and the need for much improvement in securing information on
accidents.

The traffic accident rate (accidents per 100 million vehicle-miles) is generally lower
on freeways than on lesser types of traffic facilities. However, the fact that some
locations on the freeways experience relatively high accident frequency indicates that
there may be some geometric design features contributing to these concentrations ‘
of accidents. |

Numerous studies have been made on two-lane rural highways and on city streets, |
but only a few recent studies have dealt with the analysis of freeway accidents. These
freeway accident studies have attempted to correlate accident occurrence with general
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design features such as interchanges, ramps, and curves, and other factors such as
weather and light. Some studies have dealt with specific design treatments of com-
ponents such as medians.

Established knowledge indicates that many accidents may be attributed to driver
factors such as lack of skill, inattention, carelessness, or flagrant disregard of re-
strictions and suggests that the highway engineer should work diligently for the most
easily understood design elements, especially on the express traffic facilities designed
for the most consistent coordination of safety, speed, and volume. Because loss of
life, personal injury, and property damage can be lessened by better design and opera-
tion of traffic facilities, research regarding these complex problems is deemed neces-
sary.

To study freeway accidents properly, it is necessary to have precise information
concerning the location and manner of occurrence. The techniques used by the enforce-
ment officials of many cities in the investigation and reporting of freeway traffic acci-
dents do not supply such information consistently and adequately for proper engineering
analysis. Therefore a need for study of reporting procedures exists rather generally.

If an analysis should show consistently high accident occurrence, particularly of
the same type, at locations where the same or similar design features exist, then
these features must present some inherent characteristics which adversely affect the
psychological or physical behavior of a considerable number of drivers. Similarly,
these design features might be related to some of the operational limitations of a
significant proportion of vehicles. Where a few locations are experiencing high aceci-
dent frequency and others having the same apparent physical characteristics are ex-
periencing low accident frequency, even with due consideration for their respective
traffic volume, it is probable that some physical factor contributes to the high fre-
quency. Thus, a reduction in the number of accidents might be realized by improve-
ments in design.

RESEARCH OBJECTIVES

In January 1958 the Texas Transportation Institute began a research project, spon-
sored by the Automotive Safety Foundation, with the primary objective of determining
the correlation between accident frequency and specific geometric design features on
the urban freeways in Texas.

A secondary but important objective was-that of improving accident reporting methods
in order to make the investigating officer's job easier and to make the accident reports
of more value to the engineer.

SOURCES OF DATA

The research involved examination of microfilmed copies of some 10, 000 accident
reports on 54 miles of freeways in the five largest Texas cities (Figs. 1~ 7). These
were supplied by the police departments of the cities and covered from 2 to 5 years,
according to data available, 1954-58. Continuous collision diagrams were prepared
by plotting accidents on strip maps of these freeways (Fig. 8). The geometric fea-
tures of design, profile data, etc., were supplied by the Texas Highway Department
and the traffic engineering departments of the various cities. Table 1 gives the mile-
age, through-lane volume data, accident rates and fatality rates for the various free-
ways, for the years 1957-1958. Volume data consisted of the average daily traffic
at the location of permanent count stations on each of the freeways. Other volume data
included ramp volumes and corresponding through-lane volumes taken immediately
back of the ramp. Such data were not available for all possible study locations, nor for
all years for which accident records were available.

A project advisory committee, composed of key administrative personnel of the
five largest Texas cities, the Texas Highway Department, the Department of Public
Safety, Bureau of Public Roads and Automotive Safety Foundation coniributed valuable
advice and assistance throughout these studies.



Figure 1. North-South Expressway, Austin.




Figure 2.

Central Expressway, Dallas, Texas.



Figure 3.

East-West Freeway, Fort Worth.
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Figure k.

North-South Freeway, Fort Worth.



Figure 5.

Eastex Freeway, Houston.
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Figure T.

Figure 6. Gulf Freeway, Houston.

South, East and North Expressways,

San Antonio.
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Figure 8. Section of strip map showing collision disgram.

DIAGRAMS AND NOMENCLATURE FOR FREEWAY ACCIDENT REPORTING

The need for development of improved methods of reporting accidents became evi-
dent early in the study. A study of accident reports revealed the fact that police per-
sonnel were not familiar with the complicated engineering terminology related to the
design features. Accident diagrams plotted on the report forms were often so inade-
quate and terminology so confused that it was impossible to determine on what portion

of the freeway the accident occurred. Examples of inadequate reports are shown in
Figure 9.
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TABLE 1
MILEAGE, ADT VOLUMES, ACCIDENT RATES, AND FATALITY RATES OF FREEWAYS

Accid. in 1957-58

Miles of ADT Including Through Accident Rate Fatality Rates
Freeway Freeway (through lanes Lanes, Ramps, and per Million Fatalities per 100 Million
Freeway Code No Studied only) Frontage Roads Vehicle-Miles in 1857-58 Vehicle-Miles
Dallas -
North 1 89 59, 000 971 2 533 2 0 522
Dallas -
South 2 33 29,000 282 4 037 0 0 000
Houston -
Eastex 3 7.0 28, 400 478 3 294 4 2 756
Houston -
Gulf 4 92 81,800 1,548 2 818 9 1.638
Fort Worth - .
East-West 5 517 34,000 746 5.273 3 2,121
Fort Worth -
North-South (] 6.6 29,000 637 4 559 7 5.010
Austin 7 85 22,000 244 1 787 0 0 000
San Antonio -
North 8 22 35,000 180 3 202 2 3 558
San Antonio -
South 9 15 23, 000 138 5.479 2 7 941
San Antonto -
North-East 10 12 17,500 50 3 262 2 13 046
Total - Miles,
accidents,
fatalities 54.1 5,274 31

Note Rates are based on maximum through-lanes ADT volumes only, as frontage road volumes were not generally available

Effort was made, however, to spot the locations of accidents accurately enough both
longitudinally and laterally, to provide correlation of accident location and type as re-
lated to specific geometric roadway features such as entrance and exit ramps, speed-
change lanes, frontage roads, overpass structures, sight distances, grades, and
guardrails.

In an attempt to eliminate at least some of the confusion incurred by accident in-
vestigators having to draw complicated diagrams to describe locations of accidents,
standard diagrams of several typical freeway sections were developed complete with
simple nomenclature. These standard diagrams are shown in Figures 10and11. They
were furnished to the police departments of each of the participating cities for trial
use,

LOCATION OF ACCIDENTS BY REFERENCE POINTS

The general practice of most city police departments to use block numbers to
reference accident locations to street intersections is not well suited for freeway acci-
dents. Study of the assembled accident records indicated that the system of referencing
freeway accidents did not furnish location information with sufficient accuracy for the
engineer to relate the accident occurrence to the design features. The proportion of
accidents which could not be accurately plotted, mainly because of inexact location
information, ranged from 5 percent for one freeway to 60 percent for another.

A suggested system of establishing reference points along the freeways from
which accidents can be accurately referenced was recommended to the participating
cities for trial use. Typical serial numbers established by two of the cities are shown
in Figure 12. The system involved the use of a serial number for each reference point
and incorporated the block number where applicable, along with the serial number.

STUDY METHOD

A number of participating cities made trial use of the special freeway accident dia-
grams and the Texas Highway Department Districts established reference points along
the freeways. The combined use of special diagrams and reference points resulted in
marked improvement in the ability to locate accidents. It is regrettably noted that few
cities continued to use the special diagrams after the trial period. A more detailed
report of this phase of the project was published in December 1960 (g),



ANALYSIS OF ACCIDENTS DATA

An attempt was made to code all accident information, traffic data and roadway de-
sign factors for punched card analysis. This proved to be impractical because of the
number and complexity of the variables and the difficulty in locating many accidents
accurately enough for this type of analysis. It was found that the loss of 'personality"
of the individual accident made proper analysis more difficult. Too often it was neces-
sary to estimate certain data to facilitate coding and there was a tendency for these
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estimated values to then become "fact"
when coded and considered only as numbers.

Several comparisons and analyses were
made in connection with studies of specific
locations on a number of the freeways.
Most of these were in cooperation with
other studies of traffic operation, ramp
design, etc. The results of these special
studies have been used in developing the
reports of the other studies (1, 2, 4).

After a number of preliminary tabula-
tions and analyses, it was decided, with
the help of the advisory committee, to
study each design element by determining
the accident experience of this element in
relation to its design. It was also de-
termined that the study of high accident
frequency locations probably would reveal
the combinations of elements contributing
to high accident experience.

Because of the custom of designing ac-
cidents by block numbers, graphs of ac-
cident frequency by blocks were prepared
to determine the distribution of accidents
along the freeway (Fig. 13).

The next step in such an approach neces-
sitated a summary of accidents on all the
freeways to indicate the geometric design
features of the freeway systems where the
greater proportions of accidents occurred.
Such a summary, along with the figures
for each freeway, is shown in Figure 14 and
Table 1. In addition to the percent of all
accidents which occurred on the through

lanes, ramps, frontage roads and cross
. Reference number of me- 2 2 3 2
gii\anualid fézc):e; :fxel (b)e reference num- Str‘?ets’ the average dall_y traffic, total
ber on luminaire standard. accidents and freeway mileage for each
freeway are shown. Volume of traffic
and number of accidents are shown for the
years 1957-58. Table 1 gives the accident
and fatality rates for all freeways. Only two years of accident data could be obtained
for one of the largest volume and longest freeways, therefore only the two years 1957
and 1958 were used for this summary.

Grouping the frontage roads, the cross streets and the ramps together as inter-
change elements, the analysis in Figure 14 showed the following distribution: (a) free-
way through lanes—53 percent of total accidents; and interchange elements—47 percent
of total accidents.

ACCIDENTS ON INTERCHANGE ELEMENTS

Practically all of the interchanges on all 10 freeways included in the study were of
the diamond type. Most were regular diamond, with a few reversed diamond or X type.
Some were a combination of these two types of ramp arrangement. The one cloverleaf
and one fully directional interchange within the study area did not provide enough
samples for comparative analysis.

Frontage Roads

Because the Texas freeways included in this study were built on rights-of-way
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Figure 13. (a) Acci@ent frequency, 1957, North-South Freeway, Austin; and (b) Acci-
dent frequency, 1957, North Central Expressway, Dallas.

furnished by local governments, they were constructed with continuous or nearly con-
tinuous frontage roads. The interchange elements were considered as the ramps,
frontage roads, interchange intersections and cross streets between the two intersec-
tions of the diamond interchange.

Accidents on the frontage roads and interchange intersections were 21 percent of all
freeway accidents. The interchange intersections accounted for 75 percent of these
accidents or 16 percent of all freeway accidents. The frequency of accidents on two-way
and one-way frontage roads was closely proportional to their respective mileage and
the location of accidents on frontage roads was about the same for both.

Table 2 gives the percentages of accidents at the various locations along the frontage
roads.

Volume data were not available for the various locations along the frontage roads;
therefore, only summary data are presented. The accident experience on two-way
frontage roads could be expected to be higher than on one-way, but because most of
the two-way frontage roads were at low volume locations, the data presented are some-
what misleading.
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Figure 1k. Comparison of accidents by freeways and by freeway features.

One fact worthy of note is the low accident frequency at locations B, C, and D, inas-
much as these would be the only locations not involved if the frontage roads were not
continuous. The locations A and E and the intersections, I, would be required for
diamond interchanges without continuous frontage roads. Locations B, C, and D con-
tributed only 11 percent of the frontage road accidents. This amounts to only about
2 percent of all freeway accidents.

FREEWAY THROUGH LANES

A study of the through-lane accidents indicated that they were concentrated in the
areas of change in vertical profile (crests and sags) and in the vicinity of ramps: crests
and sags-—35 percent; vicinity of ramps—18 percent; total on through lanes—53 percent
of all accidents.

. Through-lane accidents were of three basic types—rear end, side swipe, and fixed
object, with a scattering of all types of accidents as expected.

Crest-Sag Accidents

In plotting accidents on the freeway strip maps, difficulty was encountered in ac-
curately locating many of the accidents as indicated in the earlier discussion concerning
the procedure of developing the accident data. Many accidents occurring on the through
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TABLE 2
FRONTAGE ROAD ACCIDENTS (1957-1958)

% of

Total
F’g;‘;ge Accidents I A B o D E
Mileage? No. (%) No. (%) No. (%) No. (%) No. (%) No.(%)No. (%)
One-way 67 671 (60) 487 (73) 48 (7) 10 (1) 40 (6) 21 (3) 65 (10)
Two-way 33 455 (40) 368 (81) 16 (4) 7 (2) 28 (6) 16 (3) 20 (4)
Summary 1,126 (100) 855 (76) 64 (6) 17 (2) 68 (6) 37 (3) 85 (7)

I AandE BandD C
1,126 (100) 855 (76) 149 (13) 54 (5) 68 (6)
3 Total frontage road mileage: 93.6

lanes were not tied to any reference and therefore could not be accurately located along
the freeway. It was possible in most cases to assign these to the general area of oc-
currence such as the block number or section between interchanges. The long stretches
of through lanes between interchanges provided fewer convenient reference points from
which to accurately locate the accidents.

An analysis of the accidents on the through lanes on the Central Expressway in
Dallas where 94 percent of the accidents could be accurately located to within a few feet
of actual point of occurrence, showed that 69 percent of the through-lane accidents oc-
curred on crests and sags. A study of all accidents that could be accurately located on
all of the freeway through lanes indicated approximately the same percentage (Fig. 15).
Comparison of mileage shows crest and sag areas to be 54 percent of the through-lane
mileage (Fig. 16).

A study of the strip maps indicated that the points of grade reversals—that is, ac-
cending to descending (crest), or from descending to ascending (sag)—were important
in the study of the effect of the profile on accident frequency.

The algebraic difference in grades was used as a common basis for describing the
extent of the profile change. In addition, consideration was given to the length of verti-
cal curve, especially where a considerable algebraic difference occurred in combina-
tion with a short vertical curve.

Considering the length of roadway under each profile condition, the following rates in
terms of accidents per mile were determined for nine freeways: crests—10.7 accidents
per mile; sags—12.8 accidents per mile; and tangents—5. 1 accidents per mile. The
term "tangents' refers to profile sections other than crests and sags.

No steep grades or other unusual grade conditions existed on any of the freeways ex-
cept at the areas of crests and sags.



44

COMPARISON OF THROUGH-LANE ACCIDENTS TO CREST-SAG
ACCIDENTS ON FREEWAY SYSTEM FOR 1957-58"
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Figure 15. Comparison of through-lane accidents to crest-sag accidents on freeway sys-
tem.
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Figure 16. Camparative mileage of through lenes and crest-sag sections (one-way).
Note: Includes only sections for which profiles were available (75 percent of total
freeway systems).

Table 3 gives the number of crests and sags for all of the freeways studied. Each
direction of travel was considered separately. This table also gives the numbers and
percentages of accidents by type and the average number of accidents for each location.
Considering the accidents per location, there appeared to be no correlation between
the algebraic difference in grade and the frequency of accidents.

In considering the effect of sight distance, the numbers of accidents were adjusted
to give a rate per 100,000 ADT, This value was then plotted against algebraic differ-
ence in grades (Fig. 17a) and against the rate of change of gradient, K (Fig. 17b).
Neither of these plots showed any correlation between the number of accidents per
100, 000 ADT and the algebraic difference in grades or the rate of change of gradient.

In an attempt to more directly relate effect of sight distance, the accident frequency
was related to the algebraic difference, sight distance value, K, and the volume of
traffic using the facility. If the sight distance directly contributed to accident frequency,
then accident frequency would be directly proportional to algebraic difference and
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TABLE 3
TOTAL THROUGH-LANE CREST AND SAG ACCIDENTS BY TYPE AND DIFFERENTIAL GRADE (All Freeways)

Number of Each Type of Accident

Algeb, Diff. No. of Total Accid per
in Grade Locations R.E. F.0 8.8 0C H O. Pedestrian Accident Location

Crests, less
than 3%. 2 6 0 0 0 0 0 6 3 00
3-4 8 36 4 18 2 2 1] 60 7.50
4-5 8 47 11 8 4 2 1 3 9,13
5-86 16 419 12 24 10 3 1 99 6,19
6-17 22 65 23 28 12 4 3 135 6,14
7-8 16 30 10 21 2 0 (1] 63 3.94
8-9 28 94 . 24 16 8 1 1 142 5 07
g -10 4 17 5 7 2 1 0 32 5.33
10 - up 20 272 27 36 ] 1 3 345 17 25

Summary 124 626 116 155 43 14 9 955 7.70
% 65 12 18 5 1 1

Saﬁs, less than
3% 2 8 0 3 2 0 0 13 6.50
3-4 4 22 5 7 2 1 0 37 9.26
4-5 4 4 1 0 2 1 0 8 2 00
5-6 10 27 10 10 8 0 0 55 5.50
6-7 8 17 2 8 1 2 0 30 3.76
7-8 18 47 12 20 3 1 1 84 4.67
8-9 20 70 12 18 4 1 0 105 5.25
9-10 ] 18 10 4 [} 0 0 32 5.33
10 - up 4 31 4 6 0 0 0 41 10.25

Summary (] 244 56 % 22 (-] 1 405 5.33

o 80 14 19 5 2 0.2

Tangents 114 476 65 121 28 10 11 711 6 24

% 87 9 17 4 2 1

volume, and inversely proportional to the sight distance which is dependent on the length
of vertical curve for any value of algebraic differences.

__ADT (A)
(number of accidents) = 100,000 - T (Factor).

Assumed accident factor = No. of accidents (K/100) x (100, 000/ADT).

This value was then plotted against each of the variables in the expression (Fig. 17c).
No straight line or curvilinear relationships appeared to exist, which indicated that no
apparent relationship existed between the number of accidents and the sight distance as
an independent contributing factor. Data on these locations are given in Table 4.

Table 5 gives the occurrence of accidents by the position on the crests and sags.
Also shown are the accident rates per mile for the various elements of the crests and
sags. This table again does not indicate any direct correlation between the accident
occurrence and these profile features except that the accident rate in terms of accidents
per mile is greatest for the peak of crests and is least for the downgrade of crests.
The rate of accidents per mile on the tangent sections was less than one-half that on
crests and sags.

There were numerous possible interactions between contributing factors that would
affect the occurrence of accidents on the crests and sags. For example, a ramp in
close proximity would materially affect the accident occurrence on the crest or sag.

Lack of adequate visibility of the traffic stream ahead (sight distance) probably ac-
counted for the high percentage of rear-end and side-swipe accidents at these points of
differential grades. The rate of rear-end accidents per mile was 1% times as high on
crests and sags as on the other sections of the through lanes. Because most of the
ramps joined the freeway on sections outside the areas designated for crests and sags,
most of the ramp-influence accidents were counted on the tangent sections. This sub-
stantiates the assumption that the lack of proper sight relations ahead of and behind
each driver may well have been a strong contributing factor in accident occurrence.

High Accident Frequency Locations
A special study was made of 14 locations on four freeways where a crest or a sag
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Figure 17. Effect of sight distance on accidents at crest vertical curves.

had 10 or more accidents during 1957 and 1958. The conditions at these 14 locations
are given in Table 6. These data are shown in summary in Figure 18.

In addition to actual number and percentages of accidents, tabulation was made of
the mileage involved and the volume (ADT) for each of these 14 high accident fre-
quency locations. From these data an exposure factor in million vehicle-miles was
calculated for each location; also an accident rate computed by dividing the number of
accidents at each location by the corresponding exposure factor.

When based on exposure factor the accident rate for the crests, shows 2. 02 per
million vehicle-miles, less than the 2,96 rate for the sags. The accident rates by
position on grade were 2. 33 on upgrade of crest, 1.92 on downgrade of crest and 1.96
on the peak. On sags, 3.57 occurred on downgrade, 2.39 on upgrade, and 2.45 on
bottom of sag. The distribution of accidents by position on grade at these high fre-
quency locations was thus much the same as at all crest-sag locations—namely, most
on the inclines whether up or down. Especially should it be stressed that the differential
grade whether at crest or sag, was high in every high accident frequency case, none
less than 5 percent and ranging from 5 to 10 percent.

With respect to horizontal curvature, the respective accident rates were 2.79 for
2 deg or more, 3.48 for 1 deg * and 2. 04 for straight tangent locations. Thus the
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influence of horizontal curvature on accident frequency seemed to be negligible or
doubtful.

Six (43 percent) of the 14 crest-sag high accident frequency locations were at inter-
changes where the freeway passed under the cross street (sags). Seven (50 percent)
were at freeway overpasses (crests). One was a location at considerable distance from
any adjacent cross street. The average accident rate per million vehicle-miles for the
underpassing freeway sag locations was 2,96 as compared with only 1.73 for the over-
passing freeway crest situations., In either case, the prevailing sight conditions for
each particular location, such as determined by retaining walls, abutments and bridge
structures, added their influence to the effect of differential grade and other factors
on accident frequency.

The rear-end type comprised 70 percent of all accidents on the high frequency crest-
sag situations, pointing up the driver tendency to follow too closely, as well as un-
favorable sight conditions ahead on these locations with high differentials in grade.

Driver violation in following too closely was charged 1n 44 percent of the accidents
in the high accident frequency crest or sag locations, probably constituting a primary
or a contributing causative factor.

RAMPS

The accident strip maps of each freeway clearly indicated concentrations of accidents
at ramp locations. Accidents occurring on the ramp proper and on the acceleration
and deceleration lanes were classified as ramp accidents. There were a total of 416
ramps on the 10 freeways studied. Of 498 ramp accidents during the year 1957 (Table
7), a high percentage (82 percent) occurred on entrance ramps (Tables 8 and 9). Figure
19 illustrates concentration of accidents at relatively few ramps with about one-half
of the on-ramps and three-fourths of the off-ramps having no accidents during the
study period.

It was assumed that the concentration of accidents at an particular ramp was re-
lated to: (a) greater accident potential or exposure, or (bgthe geometric design of
the ramp and/or ramp area. "Accident rates based on 1mproper exposure values are
misleading and can delay the proper correction of accident hazards. There is also a
danger that highways of modern design with large traffic volume will be termed unsafe
merely because accident rates are not based on proper exposure data" (5).

To arrive at some common denominator or exposure index to facilitate comparison
between locations with different accident experience, the following relationships were
considered:

1. The chance for accidents 1s related to the number of conflicts between the through-
lane vehicles and the entering or exiting vehicles.

2. The chance for accidents involving only through-lane vehicles is greater in the
vicinity of ramps and is related to the number of merging and diverging maneuvers,

3. The chance for accidents involving only the ramp vehicles is related to the ramp
volume.

Ramp accident rates in Tables 7, 8, and 9 were calculated by dividing the number of
ramp vehicles by each of the following exposure factors; (a) ramp volume, (b) product
of ramp volume (ADT) and freeway volume (ADT), and (c) ratio of ramp volume (ADT)
divided by freeway volume (ADT). Reports of operational studies (1) showed that the
sight conditions and other design conditions probably contributed to the "false-start"
rear-end accidents. After considering these operational studies it was reasoned that
the chance for accidents was related to the volume of ramp traffic and to the relation-
ship between the ramp and through-lane volumes. The product of the two volumes
(ramp and through-lane) yields the same value for high through-lane volume with low
ramp volume as for the combination of high ramp volume and low through-lane volume.
It would seem reasonable that the exposure 1s in someway related more directly to the
ramp volume because these vehicles create the merging maneuvers. Therefore the
ratio of the two volumes was considered significant.

Kinds of Accidents. —Of 498 ramp accidents on the 10 Texas freeways in 1957,
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TABLI
SIGHT DISTANCE FACTORS FOR TEN HIGH !
High Rate
per 100,000 ADT Grades Number of
Location Frecway High Rate with Respect to _— Algebraic Length Accidents in
Code No Code No per 100,000 ADT Sight Distance + - Dfference K of VC ADT 2 Years
1 4 X X 50 50 100 85 850 81,800 64
2 4 X - 50 50 100 85 850 81,800 51
3 4 X - 50 50 100 85 850 81,800 66
4 5 X X 33 35 68 117 800 32,300 25
5 5 X X 21 15 42 107 450 32,300 26
6 3 X X 16 50 66 91 600 38,000 28
7 6 X X 50 40 90 133 1,200 26,900 18
8 6 - X 20 10 30 133 400 26,900 15
9 6 - X 25 35 60 167 1,000 26,900 11
10 9 - X 35 18 53 113 600 28,000 16

82 percent were of the rear-end type, 7 percent were side-swipe accidents, 6 percent
were fixed-object type of accidents, and the remaining were distributed between out-
of-control, angle, and pedestrian accidents (Fig. 20). Of 25 personal injuries, most
of them—9 and 11, respectively—occurred in the rear-end and fixed-object types of
accidents. Of 4 fatalities, 2 occurred in the out-of-control type of accident and 2 were
pedestrian accidents.

Comparison of Accident Rates for On-Ramps and Off-Ramps. —Eighty-two percent
of all ramp accidents occurred on on-ramps, whereas only 18 percent occurred on off-

ramps. The average number of accidents per on-ramp was 2. 03, whereas on off-ramps

the average was only 0.40. The average volume product accident rate per on-ramp was
66 per billion compared with 22 per billion per off-ramp. The average accident fre~
quency index per on-ramp was 26.2 as compared with 4. 10 for the off-ramps. All of
this was despite the fact that the average volume per on-ramp (ADT) was only about

8 percent greater than for the average off-ramp, 2,100 compared with 1950, The
accident rates computed on the basis of the number of ramp vehicles without regard

to the through-lane volume were much higher for on-ramps: 3.91 per million ramp
vehicles on on-ramps as compared to 0.72 for the off-ramps.

In view of the consistency of the results of all these methods of computing accident
rates (namely, in showing that the on-ramps have a much higher accident rate than the
off-ramps—a finding not in agreement with certain other studies of freeway ramps in
other sections of the country), evidently a closer study of the on-ramp design is in
order. A later portion of this report presents analysis of a large sample of on-ramps

TABLE 5
THROUGH-LANE CREST AND SAG ACCIDENTS BY POSITION ON GRADE (All Freeways®)

Number of Each Type of Accident

No of Total Accidents  Accid, per

Position Locations _ R.E F.0 S.S. 0.C. HO Pedestrian __ Accid Miles per Mile Location
Upgrade of

crest 124 69 11 16 5 3 1 105 11 4 92 0 85
Peak of crest 124 58 14 23 6 2 0 103 54 19 0 0.83
Downgrade of

crest 124 64 12 26 ki 2 0 111 130 85 0 90

Totals—crest 372 191 317 65 18 7 1 319 29 8 10 7 0.86
Downgrade of

sag 6 49 9 11 1 0 0 70 6 8 10.3 092
Bottom of sag 76 26 7 4 5 0 1] 42 34 12 4 0 55
Upgrade of sag 76 68 9 17 3 2 1 100 6.4 15 6 131

Totals—sag 228 143 25 32 9 2 1 212 16.6 12 8 0.93
Totals—crest and

sag 600 334 62 97 27 9 2 531 46 4 11 4 0 89

Tangents 180 35 0 5.1
Total through

lanes 711 81 4 87

#ncludes only sections for which profile was available (75 percent of total freeway length) and only accidents plottable on indicated
portons of profile
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“IDENT FREQUENCY CREST LOCATIONS

K _ 100,000 Distance in Distance in
Acec x 100X “ADT One Direction Other Direction
Accident Rate Distribution to Nearest to Nearest Horizontal
r 100,000 ADT of Accidents Ramps Ramps Curvature
78 2 66 5 At ends of bridge 1,300 900" o°
823 53 0 equal 850 700 o°
80 6 56 0 equal 600" 950 [
75 90 7 equal none 600’ o°
90 0 96 3 at peak and beginning 350" and 650" exit entrance1, 300' 1 5°1,000° tangent then 3°
710 64 6 on 5% grade 1, 100 900 o
670 89 1 equal 250" 250 1°
55 8 742 equal 700" 700" [
409 68 3 at ramp 0 none °
571 645 on long 1 8% downgrade 1,000’ 1,400 [

with high accident frequency and compares them with a similar number of on-ramps
with low accident frequency.

Of the 412 accidents on on-ramps, 376 (91.3 percent were of the rear-end type.
This is due in part to the dividing of the attention of the entering drivers between on-
coming through-lane traffic and vehicles preceding them on the ramp. Several “false-
start” accidents occurring on certain ramps have been by chance recorded in motion
pictures during the filming of many hours of freeway operation. The false-start ac-
cident occurs when a driver preparing to enter the through lanes of the freeway comes
to a stop, often quickly and at the very edge of the outside through lanes. At the last
minute he has decided to reject a particular gap in the freeway traffic stream. The
following driver on the ramp, probably watching in turn for his entering opportunity,
assumes the driver ahead is going on in and he takes his attention from the vehicle a-
head and a rear-end collision results. The driver of the leading vehicle on the ramp
has the sole decision to enter the freeway, to slow, or to stop. Because this decision
is possible right up to the time that the leading vehicle enters the outside through lane,
it is important that the trailing driver maintain a safe distance behind the leading
vehicle and keep the leading vehicle in his line of sight as long as the choice of slowing
or stopping is'possible. The design of many on-ramp approaches required the driver
to look back at a very acute angle in order to evaluate the gap into which he was to
move. This diversion of attention violates the principle of safe driving practices which
requires the driver to keep a sharp lookout in the direction his vehicle is moving.

Analysis of data and critical examination of on-ramps indicated that the problem is
"what the driver sees" as he approaches the freeway rather than simply a matter of
sight distance in its common usage. Relative elevations of a ramp and freeway through
lanes, grade profiles, horizontal curvature of ramp and through freeway, and the loca-
tion of structures and other sight restrictions may all be important considerations.

Study of the High Accident Frequency of On-Ramps

A special study (8) of the relationships between ramp accidents and specific geo-
metric design elements of on-ramps was conducted by selecting a group of the highest
accident frequency on-ramps and a group of the lowest frequency on-ramps for direct
comparison.

One factor considered in this analysis of selected ramps was the accident frequency
on the through lanes in the vicinity of the entrance ramp junctions. Twenty-three per-
cent of all through-lane accidents was found to be in these areas.

Inasmuch as many of the accidents could be plotted by block number only, the
through-lane sections considered with each ramp were made to coincide with block
lengths. The number of accidents in each of these through-lane sections was adjusted
to account for the variable length of the sections. A typical study location is shown
in Figure 21,

After considering several different exposure and frequency factors, the following
Accident Frequency Index was chosen as a basis for comparing one ramp with another:
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TABLE 6
PROXIMITY OF RAMPS TO CREST OR SAG HIGH ACCIDENT

FREQUENCY LOCATIONS

(10 or More Accidents on Crest or Sag in 2 Years: 1957- 1958)

ON gll OFF
-— ' -—r—
e 1 | B SN
-— : 1 -—B
A~ ]I —
~ =
OFF 11 F on

Algebraic  Length of

No. of Accidents,

Location Direc- Difference Crestor S Distance to Near- 2 Years,
No. tion (%) ft)_ (mi E estRamp (ft) 1957-1958
(a) Crests
1 A 8 2,500 0.47 1,500 off 1,200 off 11
B 1,850 on 1,500 on
2 A 8 1,200 0.23 700 off 550 on 24
B 560 off 720 on
3 A 7 1,200 0.23 500 off 500 off 18
B 500 on 500 on
4 A 5 800 0.15 90 on 550 off - 15
B 500 on 130 off
5 A 10 1,100 0.21 975 off 600 on 12
B 600 off 950 on
6 A 6 1,100 0.21 640 off 440 on 12
B 1,100 off 700 on
7 A 8 1,900 0.36 720 off 770 off 12
B 860 on 500 on
8 A 6.4 1,150 0.22 500 off 500 on 14
B 600 off 600 on
(b) Sags
9 A 6.7 1,400 0.26 530 on 700 on 22
B 680 off 580 off
10 A 8.4 1,200 0.23 600 off 600 on 27
B 580 off 550 on
11 A 8 1,050 0.20 850 off 560 on 16
B 570 off 580 on
12 A 7.5 1,150 0,22 620 off 730 off 25
B 670 on 620 on
13 A 8 1,100 0.21 650 on 625 off 15
B 675 on 625 off
14 A 5 900 0.17 500 off 575 on 14
B 525 off 575 on
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SUMMARY

NUMBER OF ACCIDENTS 237

PER CENT
o] 10 20 30 40 50 60 70 80 90 100
1 T ! ) [ 1 1 ) 1 1 1
7% AND MORE S5%—-6%
68% 32%
ACCID RATE PER MVM 2.6 ACCID RATE PER MVM :2.90

DIFFERENTIAL GRADE

BOTTOM
UPGRADE OF CREST PEAKOF CREST|DOWNGRADE OF CREST | DOWNGRADE OF SAG 5% UPGRADE OF SAG
19% % 19% 18% ACEID. 28%
ACCID RATE 233 AGCID RATE 196 acCID RATE 192 ACCID. RATE =357 ;‘;‘: ACCID RATE:239

POSITION ON GRADE

2° OR MORE [ STRAIGHT
22% 13% 65%

ACCID RATE =279 ACCID. RATE 348 ACCID. RATE PER MVM 204

HORIZONTAL CURVATURE

1iF
FOLLOWING TOO CLOSELY oo | seecons | oman é% g OTHER VIOLATIONS
449, % % % |4 j/c 29%
3%)]
DRIVER VIOLATIONS AS CAUSATIVE FACTOR
REAR-END SIDE-SWIPE |  FIXED-OBJECT |£
70% 12% 16% %)
PRIMARY TYPE OF ACCIDENTS
AVE. ACCIDENT RATE (PER MV.M.)
0| 0|5 ( I|5 2IO 2|5 h 3|5 4I0
CRESTS —I
202
482 ]
COMPARING CRESTS VS SAGS
UNDERPASS _I
2 96
OVERPASS
173
CROSS STREETS J
403

COMPARING RELATION TO CROSS STREET

Figure 18. Factors involved in high accident frequency (10 or more in two years , 1957-
58): 1k crest or sag locations on 4 freeways.

Ay, A1, Arx
: _ VPF+AEF 1 2
Accident Frequency Index = w55y (aEF) AR * Tttt T
(AFT)
VPF = Volume Product Factor—product of ramp and through-lane volumes.
AEF = Accident Exposure Factor—ratio of the two volumes.

Ar = Ramp Accidents
AL, and Ay, = Through-lane accidents within L1 and La, respectively (Fig.
16)

A1, = Accidents (which could be) located only by block number.
*Li, Ls, and L = See Figure 16.
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TABLE 7
FREEWAY RAMP ACCIDENTS FOR YEAR 1957
(a) Al Ramps
Freeway No of No of Ramp Percent of Average Number of Most Accld.
Code No 2 Ramps Accidents All Accidents Accident per Ramp of Any Ramp
1 8 113 26 1.45 18
2 26 13 10 0 50 3
3 47 24 10 0 51 7
4 84 154 21 2 41 19
5 51 80 26 1176 31
8 59 56 19 0.95 9
7 50 25 15 0 50 6
8 17 8 11 0.47 4
9 14 14 26 1 00 3
10 10 1 5 010 1
Summary 416 498 20 120 31
(b) Ramps for Which Ramp Volume and Through-Lane Volume Were Available
Freeway No of No of Ramp ADT Ave. Accid Vol Prod Ave, Volume Total Ramp Accid Rate
Code No 2 Ramps Accidents Volume Frequency Factor per Product Accid Vehicles per (M)
per Ramp Index Ramp (M) Rate/(M) (M) Ramp Veh
1 8 113 1,805 15 7 39 04 0,031 51.5 2,19
2 20 13 1,420 30 15,51 0,028 10.4 125
4 40 119 3,660 34.7 129 34 0.024 53.4 2.23
5 29 70 1,865 19 8 32,40 0 100 197 3.55
6 35 52 1,765 5.7 17,24 0 069 228 228
7 32 18 1,334 3.1 13.13 0.032 15 8 1.15
Summary 234 385 2,026 15 2 44 84 0,044 173 4 2,22
3See Table 1
TABLE 8
FREEWAY RAMP ACCIDENTS FOR YEAR 1957
(a) All On-Ramps
Freeway No of No. of Ramp Percent of all Average Number of Most Accid
Code No. Ramps Accidents Ramp Accidents Accid per Ramp on Any Ramp
1 39 108 96 217 18
2 12 7 54 0 58 3
3 22 16 67 073 7
4 34 130 84 353 19
5 25 81 90 3 24 31
6 30 33 59 1.10 9
7 21 20 80 0 95 6
8 8 5 63 0.63 4
9 ki 11 kel 1.57 3
10 5 1 100 0.20 1
Summary 203 412 -82 2 03 31
(b)_On-Ramps for Which Ramp Volume and Through-Lane Volume Were Available
ADT Ave Accid. Vol Prod _Ave, Volume Total Ramp  Accid Rate
Freeway No. of No. of Ramp Volume Frequency Factor per  Product Accid. Vehicles per (M)
Code No.  Ramps __ Accidents per Ramp Index Ramp (M) Rate/(M) (M) Ramp Veh.
1 39 108 1,820 29 6 38 41 0 058 259 4.17
2 10 7 1,790 2.8 21.00 0 019 8.6 106
4 22 104 3,640 65,2 119.44 0.039 29 2 3.56
5 15 65 1,933 33 6 33.46 0.171 10,6 6 13
6 19 31 1,694 5.3 16,09 0 059 17 2,65
7 12 15 1,311 50 11 38 0.062 5.8 2,59
Summary 117 330 2,100 26.2 45.13 0. 066 89 8 3.7

Complete ramp and corresponding freeway through-lane volume data were available
for 69 ramp locations varying from one to four years of data. This resulted in an aggre-
gate of 253 "ramp-year” samples for study. These 253 samples were then categorized
into two groups according to high and low accident frequency. From this listing a total
of 25 on-ramps having low frequency and 25 high frequency on-ramps were selected to
determine if there were any independent geometric features related to accident fre-
quency.

Simple plots were made for each geometric feature for both the high frequency and
low frequency ramps. These are shown in Figures 22 through34. The cumulative
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FREEWAY RAMP ACCIDENTS FOR YEAR 1957
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(a) All Off-Ramps

Freeway No of No of Ramp Percent of All Average Number of Most Accidents
Code No Ramps Accidents Ramp Accidents Accid per Ramp on Any Ramp

1 39 5 4 013 1

2 14 6 46 0.43 3

3 25 8 33 0 32 5

4 30 24 16 0.80 4

5 26 9 10 0 35 2

6 29 23 41 0 80 4

7 29 5 20 017 2

8 9 3 38 033 1

9 7 3 21 043 1

10 5 0 0 0 00 0
Summary 213 86 18 0.40 5

(b) Off-Ramps for Which Ramp Volume and Through-Lane Volume Were Available
ADT Ave Accud Vol. Prod Ave Volume Total Ramp  Accid Rate

Freeway No of No of Ramp Volume Frequency Factor per Product Accid Vehicles per (M)
Code No Ramps Accidents per Ramp Index Ramp (M) Rate/(M) (M) Ramp Veh.

1 39 5 1,790 17 39 67 0 005 256 0.20

2 10 6 1,050 31 10 00 0 036 38 158

4 18 15 3,680 95 141 44 0 006 24 2 0 62

5 14 5 1,790 51 31 27 0 025 91 0 55

6 16 21 1,848 63 18 60 0 081 11.1 1.89

7 20 3 1,347 19 14 17 0 014 98 0.31
Summary 117 55 1,950 41 44 55 0,022 83 6 0 67

frequency curves indicate the number of on-ramps in each of the two groups at or below
any particular value of the element being evaluated.

The geometric features evaluated were:

Ramp Spacing (Fig. 22). —The cumulative frequency curves which compare the spac-

ing to adjacent ramps indicate no effect of ramp spacing on the frequency of accidents
at any ramp.

In other research (Z), the accident frequency was related to average spacing between
ramps. This approach was applied to each of the 10 freeways in this study. Compari-

ON-RAMPS GROUPED BY NO OF ACCIDENTS
SUMMARY ALL FREEWAYS, YEAR 1957

NO OF RAMPS IN GROUPS PER CENT OF ALL ON-RAMPS
200 150 100 50 [+] [[+] 20 30 40 50 60 70 80 90 100
] 1 1 1 1 i l 1 ] 1 l 1 i 1 L}
3 [4
3. 1%, 2 -2 R )
20338 1 §Q ACCIDENTS WITHOUT ACCIDENT WITHOUT  ACCIDENT ACCIDENTS Se [fo
0 < 56 94 46 % 28% « - 0
x o e &
NO OF RAMPS IN GROUPS PER CENT OF ALL OFF-RAMPS
200 150 100 50 o 10 20 30 40 50 60 70 80 90 100
1 1 1 1 ] l 1 1 1 1 ] i 1 Ll 1
* |
2 4
g -2 -2 g
213 g ACCIDENTS WITHOUT ACCIDENT WITHOUT ACCIDENT ACCIDENTS g
g a7 157 74% 2% |2
0 °
L 0

Figure 19. On-ramps grouped by number of accidents.
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SUMMARY:YEAR 1957

PER CENT
[ 10 20 30 40 50 60 70 80 90 l?o
] 1 1 1 ) | ) ) [) [}
IDE | R §
REAR END s FIXED §
SWIPE OBJECI":
82 3
* . 7% | 6% L. lLg

NO OF RAMP ACCIDENTS 498
NO. OF PERSONAL INJURIES 25
NO. OF FATALITIES 4

Figure 20. Coamparison of ramp accidents by type and by severity.

son of the results of this investigation with the continuous collision diagrams showed
the results to be very misleading. A few very long or very short spacings between
successive ramps unduly influenced the correlations. The heavier concentrations of
accidents at certain ramps appeared to be unrelated to the spacing between successive
ramps except that some of the ramps with minimum spacing indicated an influence of
this factor.

Length of Ramp (Fig. 23). —The selected high and low frequency ramps showed no
correlation between accidents and the length of the ramp.

A grouping of all ramps, both on and off, according to length and the accident fre-
quencies (volume product accident rate) were compared (Fig. 24). There was no indi-
cation that ramp length alone was directly related to the frequency of accidents.

Type of Speed-Change Lane (Fig. 25). —On-ramps were classified according to the
design of their terminals with the through freeway lanes. Figure 21 shows the number
of high and low frequency ramps with each type of speed-change lane. Ramps with
long taper design and those with auxiliary lane design (continuous between on-ramp and
adjacent off-ramp) are indicated to be more prevalent in the low accident group. It
should be noted, however, that the samples of ramps with either long taper or long
acceleration lane were too small to be reliable for comparison.

To obtain a greater sample of ramps in each speed-change lane category, all ramps
for which volume data were available were compared. Ramps with acceleration lanes
and those with auxiliary lanes showed lower volume product accident rate as indicated
in Figures 26 and 27 and Table 10,

Junction of Ramp with Through Lanes Related to Vertical Alignment of Freeway (Fig.
28). —The location of the ramp junction for each of the 25 high-frequency and 25 low-
frequency on-ramps is shown in Figure 28 in relation to the vertical alignment of the
through freeway lanes. There was no strong correlation indicated by this plot.

Distance to Nearest Structure (Fig. 29). —In Figure 29 the distances ahead and back
to the nearest structure are evaluated. This cumulative frequency curve shows no
indication that this factor by itself was directly related to the accident frequency.

Difference in Elevation and Relative Gradient Between the Ramp and Freeway (Fig.
30). —The fifty selected on-ramps were plotted according to the difference in elevation
between the ramp and freeway 200 ft in back of the ramp junction. The relative gradient
between the ramp and freeway is also shown. These cumulative frequency curves
showed nothing significant about this single factor.

Ramp Width (Fig. 31). —Studies of on-ramp traffic operation (2) have shown that
ramps wide enough to permit two-lane operation experienced sluggish and inefficient
operation. The widths of the ramps at the ramp nose and 100 ft back from the nose are
compared in Figure 31 for the high and low accident frequency ramps. Effect of ramp
width is not indicated in these cumulative frequency curves.
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Horizontal Curvature of Ramp and Freeway (Fig. 32). —The horizontal curvature of
the ramp and of the freeway is shown in Figure 32. The curvature of the high fre-
quency group and of the low frequency group was quite comparable and provided no
indication that this factor alone contributed to accident frequency.

Angle Between Ramp and Freeway (Fig. 33). —Operation studies (1) indicated that
traffic on-ramps approaching the freeway at very low angles operated with fewer stops
and otherwise much smoother flow. The 50 selected ramps illustrated in Figure 33
failed to show any effect of this single factor. None of the ramps studied, however,
had what would be termed a "flat" angle of approach; they all aimed the ramp vehicle
along a path which encouraged direct entry into the freeway.
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Figure 21. Typical study location.
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Volume (Fig. 34). —The freeway vol-
umes at the ramp sites were greater for
the high accident on-ramps than for the
low frequency ramps as shown in Figure
34. The accident frequency index in-
corporated several volume and volume-
combination factors as well as accident
frequency, and served as the basis for
selecting the high and low accident fre-
quency categories. The low accident
frequency group had accident frequency
indices ranging from 0 to 4, while the
high frequency group had indices ranging
from 70 to 397.

There is no question that the relation-
ships between through-lane and ramp vol
umes are vital in analyzing the relative
safety of various design elements. The
accident frequency index (AFI) developed
and used in this study is probably not the
best for relating the volume and accident
characteristics. Additional studies are
needed and are recommended to develop
a reliable and easily applied index of
accident frequency.

Summary of On-Ramp Study

From these plots, no relationships
were felt to be strong enough to indicate

CUMULATIVE NUMBER OF RAMPS
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that a single design element by itself contributed greatly to the accident experience.
The complexity of the entering maneuver, coupled with the fact that few if any ramps
had identical combinations of geometric elements, invalidated any relationship of a
single element with accident experience. Several attempts to determine multiple
correlations showed that no particular combinations of design elements were consistent

in either the high or low frequency categories.

The closest combination of elements appeared to be these:
High Accident Frequency Ramps.—(a) freeway under structure back, (b) distance
back to structure less than about 750 ft, (c) freeway upgrade at the junction of ramp

with freeway, and (d) direct entry.

Low Accident Frequency Ramps. —(a) long acceleration or auxiliary lane, (b) dis-
tance back to structure greater than about 750 ft, and (c) freeway downgrade at the

junction of ramp with freeway.

The sight relationship afforded both ramp and freeway drivers is of primary impor-
tance. The highest accident frequency ramps studied incorporated a combination of
factors which reduced the effective sight condition afforded either the ramp driver,

freeway driver or both (Figs. 35-38).

Off-Ramp Study

Off-ramps had much lower accident frequencies than on-ramps. This was true re-
gardless of the accident frequency rate or index used for comparison.

Off-Ramp Speed-Change Lane Design. —Data for all off-ramps and for those with
available volume data are presented in the same manner as for on-ramps (Table 9 and
Figures 26 and 27). In examination of Figure 26 where each type of speed-change lane
is shown, the auxiliary lanes appear to be no better than the direct off-ramp design.
However, as in the case with on~-ramps, off-ramps with speed-change lane design
showed a lower volume product accident rate thanall ramps without speed-change lane
designas indicated in Figure 27. The accidentfrequency on off-rampswasverylow. For
thisreason, the reliability of the comparisonsbetween rampsof variousdesignsis ques-

tionable.
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1. long taper: distance from ramp nose to end of taper of right curb
curb line of ramp > 400 feet,

2. short taper- distance from ramp nose to end of taper of right curb
line of ramp 1s > 200 feet and < 400 feet,

3. Short acceleration lane: full width of lane; < 300 feet.

4. Long acceleration lane: full width of lane; > 300 feet.

5. Auxiliary lane: an additional lane ahead of ramp extending to the
next off-ramp ahead.

6. Direct entry: distance from ramp nose to end of taper of right curb
of ramp £ 200 feet,

Figure 25,

Comments already made on on-ramps regarding length and spacing between ramps
apply in general to off-ramps also. No special study was made of high accident fre-
quency off-ramps, except such as will be reported under "Fixed-Object Accidents. "

FIXED-OBJECT ACCIDENTS

Proportion and Severity of Fixed-Object Accidents

Fixed-object accidents accounted for 12 percent of the total freeway accidents and
were generally among the more severe accidents (Fig. 39). Therefore, a separate
study was made of all accidents involving fixed objects.

It is interesting to note that the fixed-object accident rate per million vehicle-miles
was lowest on the two freeways having highest volume and greatest length, averaging
0.250 for these compared to 0. 720 for the other eight freeways.

Distribution of Fixed-Object Accidents on General Features of Freeway

Fixed-object accidents were more frequent along the through lanes than on other
features of the freeway (Fig. 40). Two-thirds of all fixed-object accidents occurred
on the through lanes. Perhaps higher speeds attainable on through lanes were a factor,
because speeding was often charged as a violation by one or more drivers involved
in fixed-object accidents.
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TABLE 10

FREEWAY RAMP ACCIDENTS FOR YEAR 1957
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(a) On-Ramps with Acceleration or Auxihary Lane

Freeway No of Percent of No. of Ramp Percent of On-~ Average Number of
Code No Ramps All On-Ramps Accidents Ramp Accidents Accid per Ramp

1 4 10 3 3 0175

2 8 67 4 57 0.50

3 15 68 11 69 0.73

4 17 50 88 66 5 18

5 5 20 9 11 1 80

6 5 1 1 3 0.20

7 9 43 6 30 0.67

8 2 25 0 0 0.00

9 2 29 1 9 0.50

10 3 60 0 0 0.00

Summary 70 30 123 33 1.77

(b) On-Ramps with Acceleration or Auxiliary Lane for Which Ramp Volume and Through-Lane Volume Were Avaiiable

Ave, Volume

Freeway No. of No of Ramp Average Number of Ave. Accident Product Accident
Code No Ramps Accidents Accid per Ramp Frequency Index Rate/(M)
1 4 3 0.75 2,5 0.013
2 8 4 0.50 30 0 016
4 14 % 5 36 64 4 0.040
5 4 8 2 00 15.3 0,058
K 3 6 2,00 3.7 0. 090
Summary 33 96 2.91 30.5 0,038
DOWNGRADE| LONG  TANG. | DOWNGRADE UPGRADE LONG TANG.| UPGRADE
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A search was made along each strip map to determine if any specific fixed object,
specific type of fixed object or specific location showed high accident frequency. There
were 12 locations where the same fixed object had been strucktwo or more times in
the 2-yr period. Three-fourths of these were located at off-ramps.

Fixed-object accidents on all ramps accounted for 13 percent of all fixed-object
accidents. Most of these (70 percent) were on exit ramps (Fig. 41). A study of the
strip maps showed that about 56 percent occurred at the freeway end (or entrance) of
the off-ramp, 13 percent in the middle of the ramp, 22 percent at the exit end, and 9
percent at an unknown location on ramp. There appeared to be no correlation as to
the specific design of the ramp itself. However, the frequency of fixed-object accidents
was somewhat higher in those instances where the off-ramp was located beyond and
relatively near a freeway overpass.

There was no correlation for the fixed-object accidents on entrance ramps.

The fixed object was the primary contributing factor in all of the off-ramp fixed-
object accidents, whereas the fixed object was secondary in one-third of the entrance
or on-ramp accidents. The fixed object was considered secondary if the vehicle was
in collision with another vehicle prior to striking the fixed object on the ramp.

Types of Fixed Objects and Frequency of Collision

The types of fixed objects most frequently struck were median curbs and median
guardrails, other curbs, sign posts, and luminaire standards as indicated in Figure 42,

The Median and Fixed-Object Accidents

The median was involved in 34 percent of the 630 total fixed-object accidents. Of
the 214 median accidents, 22 percent struck a median guard fence. Where no guard
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fence was present, 40 percent crossed the median, nearly one-half of them striking

a car in the opposing lanes, resulting in 42 injuries and 3 fatalities. A "before'" and
"after" study of a median guard fence has been previously reported (4). Figure 43 and
Table 11 show the change in median design and the accident experience during the four
years of that study. The average daily traffic at one of the highest volume locations
on this freeway increased from 69, 000 to 81, 000 during the time. Although the total
accident rate per 100 million vehicle-miles increased (195.94 before to 232.93 after),
the rate of the severe accidents decreased slightly (personal injury 26. 33 before to
24,34 after and fatal 2. 63 before to 2.01 after).

The median accident rate was only slightly reduced from 13.56 before to 11. 71 after.
By contrast, the severity of the median accidents was materially reduced. There were
4 fatal median accidents before compared with none after, and 28 personal injury ac-
cidents involving the median before compared with 11 after.

Study of 172 fixed-object accidents involving the medians in the study of the 10 free-
ways revealed few placed along the medians where a concentration of fixed-object ac-
cidents was noted (Fig. 44).

Frequency of fixed-object median accidents seemed to have little, if any, relationship
to the variations in horizontal curvature or profile grade of the freeway, except possibly
where grades of 3 percent or more were concerned.

Lateral Curbs

Analysis of 148 fixed-object accidents involving lateral curbs showed no positive
inf)luence of horizontal curvature or profile grade of the freeway through lanes (Fig.
45),
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Figure 35. On-ramp outbound from Fitzhugh Avenue, North Central Expressway, Dallas:
Left— looking back fram end of ramp terminal opening, and right—driver's view of free-
way looking back from ramp.

Figure 36. On-ramp inbound from Metropolitan Drive, South Central Expressway, Dallas:
Ieft— view from auxiliary lane, and right--view from freeway.

Figure 37. On-ramp outbound from Horne Street, East-West Freeway, Fort Worth: Left—
view fraom auxiliary lane, and right-— driver's view of freeway looking back from remp.

&

Figure 38. On-ramp outbound from University Drive, East-West Freeway, Fort Worth:
left— driver's view of freeway looking back from ramp, and right— view from freeway.
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630 FIXED-OBJECT ACCIDENTS OUT OF 5274 TOTAL ACCIDENTS IN 1957-1958

PER CENT
[} 10 20 30 40 50 60 70 80 90 100
1 1 1 I 1 ] 1 1 ] 1 1
Fo ALL OTHER ACCIDENTS
ACCIDENTS
12% 88%
ACCIDENTS
282 INJURIES IN F O ACCIDENTS 462 INJURIES IN OTHER ACCIDENTS
38% 62%
INJURIES
20 FATALITIES IN F O ACCIDENTS Il FATALITIES
. IN OTHER ACCIDENTS
65% 35%
FATALITIES
Figure 39. Comparison of number and severity of fixed-object accidents to all ac-
cldents.
1957-1958

TOTAL FO ACCIDENTS . 630
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- FRONTAGE ROADS
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Figure 40. Comparison of fixed-object accidents by freeway features: all freeways.

Review of Diagrams

A review was made of accident diagrams at the 12 locations where the same fixed
object or the same design element of the freeway was struck two or more times in the
2-yr period. Four examples of such diagrams are given in Figures 46, 47, 48, 49.
The review of the 12 diagrams showed the following:

1. Most fixed-object accidents occurred where there was a significant change in
direction of the normal vehicular path. On four of the nine off-ramps included in the
12 special locations, the angle of ramp divergence from the through lanes was large—
21 to 33 deg.

The profile grade of each of these four ramps was downgrade about 4 percent, In
addigion, two off-ramps in this group of nine had rather steep upgrade slopes (4 per-
cent).

2. In four of the off-ramps involved, the profile of the outside freeway lane
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TOTALS ALL FREEWAYS
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Figure 41. Design features related to fixed-object ramp accidents.
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TABLE 11
ACCIDENT DATA, GULF FREEWAY, HOUSTON (1954 to 1958)
Type of Accident Property Personal Fatal Total
Damage Injury

Main-lane freeway
(no/100 mil veh-mi):

Before 166.98 26.33 2.63 195.94
After 206.58 24,34 2.01 232.93
Median (no. ):
Before 15 28 4 47
After 34 11 0 45
Median
(no. /100 mil veh-mi):
Before - - - 13.56
After - - - 11.71

approaching the ramp was downgrade followed by a steeper downgrade on the ramp.

The combination of continuing downgrades and of the change in direction of vehicular
path was thought to accentuate difficulty of sight distance, and of control and maneuver-
ability of the vehicle. Three combinations of consecutive upgrades on through lane

and ramp were also noted in these locations where the same fixed object was struck
repeatedly.

3. Seventy percent of the repeatedly-struck, fixed-object accidents occurred at
night, whereas only 26 percent of the average daily traffic occurred during this period
(Table 12). Figure 50, indicating the general fixed-object accident frequency related
to hours of the day and thus approximately to hours of daylight and darkness, confirms
this data.

(Although 82 percent of all fixed-object accidents occurring at night were under
streetlight conditions, the general conclusion may be drawn from the foregoing data

ST S N
LSSy

(b)

Figure 43. Median sections, Gulf Freeway, Houston: (a) section before construction of
barrier fence, and (b) section after construction of barrier fence.
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TOTALS ALL FREEWAYS

172 FO ACCIDENTS
{MEDIAN OR MEDIAN FENCE WAS PRIMARY OBJECT STRUCK)

2 YEARS 1957-1958

(ONLY 12% OF FREEWAY MEDIAN HAD FENCE}
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Figure 4li. Fixed-object accidents involving the median or median fence.
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TABLE 12

FIXED-OBJECT ACCIDENTS AT TWELVE HIGH FREQUENCY LOCATIONS
(Total: 54 Accidents)

Time
Item Day Night
TAM- 12N 12N-7TPM TPM-12M 12M-T7TAM

No. of accidents 6 (11%) 10 (19%) 21 (39%) 17 (31%)
No. by weather:

Clear and dry 6 10 19 16

Raining and wet 0 0 2 1
DWI 0 0 1 2
Fixed object,

secondary* 1 0 0 0
Percent of ADT 30 44 17 9

F 3
In studying all fixed-object accidents on all the freeways for the years 1957-1958, it

was noted that the fixed object determined the primary collision type in 90 percent of
the cases.

TOTALS :ALL FREEWAYS
YEARS:|957-1958

] DAYLIGHT
HE oarx

TOTAL FIXED-OBJECT ACCIDENTS 630

Pigure 50. Hour of day for fixed-object accidents.




73

YEARS:1957-1958 SUMMARY ALL FREEWAYS TOTAL FO ACCIDENTS 630
PER CENT
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Figure 51. Light conditions in fixed-object accidents.
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Figure 52. Driver condition (as determined from the report of the investigating of-
ficer) in fixed-object accidents.

that there is an over-all problem of night visibility. Figure 51, showing the light con-
ditions in all fixed-object accidents substantiates this conclusion. )

4. It is believed that driver condition enters into the picture much more significantly
than is indicated by Figure 52 based on data from the report forms of all fixed-object
accidents. Note from Table 12 that 31 percent of the fixed-object accidents in the 12
special locations occurred between midnight and 7 a. m., when drivers are prone to
be tired, sleepy, and in some cases experiencing the after-effects of the earlier social
hours.

5. There is no apparent influence from rainy weather or road surface conditions in-
dicated by fixed-object accidents at the 12 special locations nor by the data from all
fixed-object accidents as shown in Figure 53,

To strengthen the opinion previously expressed that driver condition and behavior
were often important contributing factors in fixed-object accidents, along with design
features or elements, Figures 54, 55, and 56 are presented. Speeding and drinking
were significantly specified in these data taken from the police officers' reports.
Saturday and Sunday may be noted as days of the week when fixed-object accident
frequency was somewhat higher. These are days when drinking and speeding or other
reckless driving are commonly known to be more prevalent. Resulting lack of control
of the vehicle is obviously a strong factor in fixed-object accidents.
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PER CENT
0 10 20 30 40 50 60 70 80 90 100
1 1 1 ¥ | 1 I ] | 1 1
]
H
CLEAR RAIN cLouDY |%
8
72% 14% 12%  |ex
WEATHER
DRY WET e
82% 16% =
ROAD SURFACE
Figure 53. Condition of weather and road surface in fixed-object accidents.
TOTALS - ALL FREEWAYS
1957-1958
PER CENT OF 730 VIOLATIONS
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Figure 54. Drivers' violations (as determined fram the report of the investigating of-

ficer) in fixed-object accidents.



75

TOTALS:ALL FREEWAYS
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Figure 55. Secondary causative factors in fixed-object accidents.
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Figure 56. Fixed-object accidents by day of week.

SUMMARY AND RECOMMENDATIONS

1. Further study of accidents as related to design and operation of freeways is
recommended.

2. There is a need for improving freeway traffic accident reporting in order to
evaluate the relative safety of the geometric design of the various freeway elements.
Typical freeway diagrams and established reference points proved in these studies to
be useful in improving the accuracy of reporting accidents. Preparations for having
adequate accident data must be made considerably in advance of analysis studies.

3. Sight distance or sight relationships are of great importance in the safety of
freeway facilities. The vertical alignment must provide adequate visibility for the
high-speed traffic traveling under high-density conditions on the freeway through lanes.
Good visibility must be provided at points of ingress and egress. This visibility re-
quirement applies to both through-lane traffic and ramp traffic. Standards of measure-
ment of sight distance that are especially applicable to freeways are needed for best
advantage in relating conditions and design features.

4. The designs of entrance and exit ramps should provide good sight relationships
to encourage smooth flow at proper operating speeds without stopping, for the merging
streams of on-ramp traffic with the through-lane traffic, and for the diverging streams
of off-ramp vehicles.

5. Night visibility and driver condition are significant factors in fixed-object acci-
dents,
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6. Further study to determine the most satisfactory accident exposure factor to
be used in calculating ramp accident rates is recommended.

These comprehensive studies of freeway accidents substantiate the evidence of previ-
ous studies that full control of access materially reduces accidents, injuries and fatali-
ties. It is felt that the relief of the existing network provided by the freeway results
in a reduction of accidents on that system and that the over-all safety afforded by the
freeway should include the improved safety of the existing facilities. Further compre-
hensive accident studies are needed in order to compare accident experience on existing
networks of streets and highways prior to the construction of a freeway with the acci-
dent experience on this system including the freeway.
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Development of An Automatic Traffic Flow
Monitor and Control System

ROBERT S. FOOTE, Supervisor of Tunnel and Bridge Research, Project and Planning
Division, Tunnels and Bridges Department, The Port of New York Authority

@®RIING TRAFFIC DEMANDS and roadway costs are confronting engineers and
roadway operators with problems that seem likely to continue and increase. As one
factor that might improve the productivity of existing roadways, traffic monitor and
control equipment is receiving increasing interest. This paper describes development
work on such equipment systems being undertaken by The Port of New York Authority.

The problems of rising traffic demands and roadway costs are especially clear for
the Port Authority, which is responsible for building and operating bridges and tunnels
connecting New Jersey and New York. The five existing two-lane tubes of the Holland
and Lincoln Tunnels total less than seven miles of roadway, but they are among the
most expensive roadways in the world. The present cost of constructing such tubes
is about $18, 000, 000 per lane per mile. Including approaches, the addition of two
under-river lanes at the Lincoln Tunnel 1n 1957 required an investment of nearly
$95, 000, 000.

These costs highlight the importance of assuring the best possible operation of tun-
nel roadways. Today, tunnel traffic operation 1s basically the same as it was more
than 30 years ago when the Holland Tunnel was first opened to traffic. But great
strides have been made, particularly in recent years, in electro-mechanical and elec-
tronic equipment. To determine whether such equipment can be used to improve tunnel
traffic operation, the Port Authority has been actively developing and testing new sys-
tems and equipment in the past few years.

There are two main areas in which it now seems possible to bring about significant
improvements through use of new equipment. One area deals with clearing disabled
vehicles from active roadways at less cost and more rapidly, thereby minimizing the
congestion and delay which usually is precipitated by them. The second area 1s con-
cerned with maintaining the higher traffic production and the lessened occurrence of
disabled vehicles which are characteristics of fluid traffic flow. Prototype automatic
equipment systems have been developed which will perform operating jobs in both of
these areas, and full-scale field tests are under way now,

Both of these areas involve 1installing vehicle detecting and other equipment on or
near the roadway. Also, both systems are aimed at eliminating or reducing the loss
in roadway productivity which occurs when the traffic stream breaks down, either due
to a disabled vehicle or to congestion. In view of these similarities, 1t 1s likely that
the two systems will be integrated eventually 1nto one comprehensive traffic flow moni-
tor and control system.

However, the immediate aim of the studies is to evaluate and improve the functional
and performance aspects of each system, and this work can be done best by treating the
two systems separately. Accordingly, each system 1s discussed separately in thus
report.

Although these two systems are designed for tunnel operation, they might be adapted
at least in part to benefit traffic operations on any congested roadway system. Tunnels
do differ greatly in many important respects from freeways, but so far as traffic con-
trol is concerned the difference is more in degree than in substance. Because tunnels
are so expensive to construct and operate, comprehensive traffic equipment systems
are likely to find their first application in them, possibly followed by more widespread
use on other congested roadways. This is true also because tunnels offer a more con-
trollable test situation in which the effect of equpment systems can be measured.

9
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TUNNEL POLICING

Disabled vehicles on active roadways are the most direct cause of congestion and
lost capacity, and their consequences are especially harmful in tunnels. A vehicle
which breaks down during rush hours causes traffic tie-ups which not only can be of
major proportions, but also occur at unpredictable times, The importance of rapidly
detecting and removing disabled vehicles in tunnels is underscored by the extent of the
police coverage provided now to do these jobs.

During peak traffic flow there are five police officers in each of the five tubes
stationed along the catwalks which run throughout the approximately 8,000 foot-long
tubes. At other times, the number of police is reduced to four men in certain tubes.
Late at night, tunnel roadways are patrolled by officers in vehicles. With allowances
for reliefs, regular days off, etc., it is necessary to have nearly six officers on the
payroll for each post manned full time.

However, events requiring policing action are fortunately not very frequent, and
these officers spend the greater portion of their time observing the flow of traffic.

A system which would save or reduce the cost of this observation time and direct it to
more effective tunnel policing would be a definite step forward.

The most important single measure of the effectiveness of any roadway policing
system is considered to be the amount of time required to handle any incident. The
incident might be, for example, a fire or serious accident, a disabled vehicle, or
just a slow moving driver. This time can be divided into three main components—the
time needed to detect the incident, the time needed to respond, and the time needed
to restore normal operations.

Reducing the man-hours that are now spent observing, can be accomplished most
directly by reducing the number of men who are observing. However, this would re-
sult in a less effective policing system—that is, more time would be needed to detect
and respond to incidents and restore normal operation—unless the policing effectiveness
of each remaining officer can be magnified by new equipment.

Therefore, the aim of the system the Port Authority is developing is to magnify
the ability of an individual officer to police roadways, by providing him with equipment
to detect, respond, and restore normal operations more rapidly. His ability to detect
incidents is now largely limited to the length of roadway in his direct view, and it is
expected that this range will be extended radically by means of an automatic alarm system
and closed circuit television. His ability to respond is now limited to a walking speed
of 3 mph, and this speed will be multiplied by a factor of ten through unique catwalk
transportation system. His ability to restore normal operations depends in large mea-
sure on his effectiveness in controlling tunnel traffic so as to expedite the tow truck
or emergency tractor on its way to the disabled vehicle. His control is limited now to
traffic in his immediate area, and it is planned to extend his effectiveness by providing
several sets of remotely operated signs, signals, barriers, loudspeakers, and other
devices which he can control from a central point equipped with television for surveillance
of the remote traffic control areas. To summarize this projected system, the present
and possible new systems are compared directly in Figures 1 and 2.

Figure 2 shows a possible system of policing tunnels with only one man rather than
the five men used in the present system. However, this minimum manpower has been
assumed only for study purposes, and is not at this time a serious proposal. The pur-
pose of this study is to develop equipment which will increase the policing effectiveness
of individual officers to a maximum, and therefore, it is desirable in the study to as-
sume that only a minimum of manpower is available. But the number of men that
would actually be used by the Port Authority to police tunnels under a system such as
this will depend on the judgment of operating management, which will be based in part
on the actual performance of the equipment described in the following paragraphs.

Extending the Officers' Ability to Detect

In view of the direct applicability of closed circuit television for this function, the
question may airse as to why any developmental work is considered necessary. There
are two general reasons why television alone is not considered likely to provide the
best solution.
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Figure 1. Present system.
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Figure 2. Possible system.
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The first reason is the tunnel environment which, because of low light levels, handi-
caps the performance of television. The 1 to 3 foot-candles of light present inside the
tunnel is the minimum level at which television can operate. Nevertheless, through
extended testing, it has been found that the performance of closed circuit television is
remarkably good. Although the low light level does result in a marginal picture, police
observing the picture screen have been able to determine the general condition of
traffic movement up to distances of 500 ft from the camera. It is not possible, however,
to gain detailed information on any vehicles which might become disabled within the
camera's view.

A more serious environmental limitation on television in tunnels arises from the
impossibility of placing the camera far enough away from the traffic stream to cover
a significant length of roadway. However, one relatively minor modification which
appears promising, is to place a mirror at the focal length of the lens so that the tele-
vision monitor displays on one-half the screen the view seen directly by the camera,
and on the other one-half of the screen the view reflected from the opposite direction
by the mirror. By a system such as this it is expected that a camera may be able to
provide traffic information through a section of roadway up to 1, 000 ft in length.

These environmental limits on television performance would not apply on freeways,
and it seems likely that television will be more effective in those applications. How-
ever, the second general reason the Port Authority has, at this early stage, tentatively
decided against using television as the front line component does apply on freeways.
Inasmuch as a man can effectively monitor only one picture at one time, television 1s
basically a means of transporting a man's vision rather than duplicating it. Thus, a
detection system which depended on many television cameras monitored by one man,
would still be relying basically on the attentiveness of one man rather than at present,
on five men. And the problem of assuring attentiveness over a period of hours seems
likely to be major.

Because of these limitations on television, the Port Authority is developing a system
which will automatically generate a signal when and where traffic flow is not normal.
The proposed automatic alarm system uses vehicle or axle detectors located along
each tunnel lane (Fig. 3). Each detector is connected to a "'stoppage computer' which

DETECT MEASURE COMPARE OBSERVE

> > 2 > _ *
= o\ A TIME SINCE WARN
VEHICLES LAST VEMICLE SCAN TAPE AcCT
PER - vs
MINUTE TIME FOR TV RECORDER BELLS
SIGNAL RADIO
|__manan |
ELECTR™ MATIC %

Figure 3., Monitor system.
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measures the rate of traffic flow past the detector and determines when, for that level
of flow, an excessive amount of time has elapsed without a vehicle passing the detector.
When that occurs, the stoppage computer starts a chain of alarms which continue either
until a vehicle does pass the detector, or a police officer acknowledges the alarm and
resets the system.

Vehicle detectors are available commercially in increasing variety, and there is
little question of the feasibility of accomplishing this part of the operation. Detectors
are likely to be the front line component in any automatic traffic system. Because of
their importance, it might be helpful to review the Port Authority's experience with
detectors.

For the past two years the Port Authority has been testing radar vehicle detectors,
ultra-sonic vehicle detectors, and induction loop detectors. The first two are especial-
ly suited for tunnel use because they can be installed in the ceiling with a minimum of
difficulty. The induction loop is also simple to install by cutting a slot in the form of
a loop in the roadway. Each of these three detectors 1s generally comparable in price.
In the Authority's experience the ultra-sonic detector has been the most accurate of
the three although the induction loop now appears to have been developed to a point of
comparable accuracy. Circuitry required for the induction loop appears to be the most
simple of the three.

Another vehicle detector which is currently being tested establishes a beam of ultra-
sonic energy. This detector cost only about one-third the amount of the three commer-
cial units described earlier, but is more difficult to install because two separate units,
a transmitter and a receiver, are required. Because of the geometrics of the tunnel
design, one unit has been installed under the roadway in the fresh air supply duct, and
the other unit on the tunnel ceiling. These units have not been tested long enough at
this time to state their accuracy and maintenance requirements. Another commercial
product, which is by far the least expensive detector being tested, is a tape treadle.
Although it is hoped that this unit will function satisfactorily, experience to date has
been too limited to permit any conclusions.

In addition to these detectors, the Port Authority is testing two other units. Photo-
cells offer a relatively inexpensive device, although maintenance costs will doubtless
be higher than with some of the other detectors mentioned. Because of the fresh air

Figure k4.
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which must continually be supplied to a tunnel, it is possible to mount the photocell
light source in such a way that it will remain cleaner than would be expected in the
usual roadside environment.

After studying several types of treadles, the Port Authority staff has devised a carbon
pile unit which consists of a steel plate resting on piles of carbon disks. This unit may
offer long life and low maintenance. Another prototype commercial vehicle detector
being tested also uses a metal plate in the roadway and a strain gage. Maintenance cost
of this unit is also expected to be low., However, both of these treadles are still un-
tested and their performance is not known yet.

The stoppage computer is the heart of the automatic alarm system. These units have
been developed entirely by the Port Authority staff, as a canvass of possible manufac-
turers failed to find commercial unit or system which could be easily adapted at a
reasonable cost for this purpose. The computer appears to offer a relatively simple
and low-cost method of automatically monitoring traffic flow for the occurrence of dis-
abled vehicles. An electro-mechanical version is shown in Figure 3, and 2 much
simpler prototype using vacuum tubes is shown in Figure 4. This unit might be transis-
torized and made even more compact.

In operation, the computer does two jobs simultaneously. First, by remembering
the number of pulses it has received in the past few minutes, the computer establishes
a flow rate. Secondly, the computer measures the time that has elapsed since the pre-
ceding vehicle has passed the detector with which it is associated. When flow is heavy
past the detector a large number of pulses will be received in the few minutes. Then
the computer will recognize that the passage of a relatively small amount of time (about
30 sec) without a vehicle passing the detector might be cause for an alarm. On the
other hand, when traffic flow is light and few pulses are received, the computer would
not generate an alarm until a much longer time (about 2 min) passes with no vehicle
passing the detector. One significant advantage of this system is that it fails safe.

That is, unless the system continues to operate and vehicles pass the detector, an
alarm is generated.

The alarm circuitry has various outputs to provide for alarms of increasing urgency
as time passes without a vehicle being detected. This gradation in alarm severity is
desirable to match the increasing certainty that the lack of flow is due to a disabled
vehicle. If the amount of time the computer waits after the passage of each vehicle
before generating an alarm is relatively small in relation to the average headway time
between vehicles, a relatively large proportion of false alarms will be generated. On
the other hand, if the computer were to wait in all cases until there was a strong proba-
bility that the failure of a vehicle to pass its detector indicated a disabled vehicle,
then there would be an excessive delay in detecting that stoppage. It is planned to
compromise this dilemma by generating alarms of limited scope when the ratio of
false alarms is high, but increasing the severity of alarms as time continues to pass
without a vehicle detection. The earliest alarm might consist of automatically turning
a television camera on to view that section of the roadway in which the alarm is genera-
ted. I an officer is observing the television and there is a stoppage, it would be de-
tected very quickly. If the officer is engaged in some other duty and not observing
television, then the next step in the alarm process might be to broadcast a prerecorded
voice signal. If still no action is taken to investigate the cause of the alarm, bells
might be sounded. At any point in this alarm process, when it has been conclusively
determined that there has been a stoppage and that response is on the way, or that the
alarm is false, the train of alarms can be interrupted.

As a complement to the automatic alarm system, it is planned to test closed circuit
television for several purposes in the new system of policing tunnels, including:

1. To verify alarms from the automatic alarm system and indicate the probable
types of emergency equipment that will be needed.

2. To assist a police officer outside the tunnel in manipulating the signs, signals
and other special devices that will be provided as part of the remotely operated traffic
control system.

3. To allow this same police officer to observe vehicles throughout the tunnel during
periods when there is a disabled vehicle and normal flow has been suspended.
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4. To periodically inspect the condition of roadways to detect large foreign objects
which might have been dropped by traffic.
5. To detect violations of traffic regulations.

Several alternate plans for using television are being considered. Decisions as to
the disposition of cameras, picture screens and the flexibility of interconnections be-
tween these components, will depend in part on the usefulness and performance of
television, and in part on the job done by other components of the proposed system.

As an adjunct to these alarm and visual communication systems, voice communica-
tion systems are also being studied. The usefulness of radio in traffic police work has
been well established, but there is no system presently in use which meets all the re-
quirements for a tunnel application. It is desirable that the officers on tunnel duty be
equipped with pocket-sized radio transmitters and receivers which would interfere as
little as possible with their freedom of action. A special antenna system is needed
and, although the necessary antenna systems and radios are commercially available,
they have not been used in environments with the high ambient noise present inside
tunnels.

The remote components of this system to extend the officer's range of detection are
located in a booth adjacent to the catwalk in which the officer will normally be stationed.
When an alarm is received and verified, the officer next needs a rapid means of reach-
ing the scene. Other monitor points will also be equipped outside the tunnel for backup.

Extending the Officers' Ability to Respond

In the two-lane tunnels, as in any roadway where there are no shoulders or other
spaces that can be used in an emergency, the problem of supplying police rapidly to
a scene requires a specialized solution. In the tunnel the most feasible way of accom-
plishing this is to use a vehicle on the narrow catwalk along which police officers are
Presently stationed. Because a man requires 18 in., the 22-in. wide catwalk allows
only 2 in. of space on each side of the man to accommodate the vehicle in which he is
traveling and the inevitable sway produced as the vehicle moves along the catwalk.

To provide for rapid response to any point in the tunnel, a vehicle was desired that
an officer would elect to drive at speeds up to 30 mph along the catwalk. To provide
this system, the Port Authority retained Battelle Memorial Institute of Columbus, Ohio.

The vehicle they have conceived is unique (Figs. 5 and 6). There are only three
points of contact and only one wheel in the conventional sense. The rubber-tired pneu-
matic wheel, located near the center of the vehicle, supports most of the vehicle
weight and provides the propelling and decelerating force. At each end of the vehicle
on the side next to the tunnel wall there is mounted a three-wheel trolley which is
firmly clamped to run along a special Z section guide rail. Lateral placement of the
vehicle on the catwalk is controlled by a V section welded to the underside of the Z
rail. A grooved wheel rides on this rail (Fig. 7). In addition, these wheels are affixed
to a member of the trolley assembly which is shaped to slide along the rail in the event
of any failure of the trolley wheels. Motive power is supplied by a 7.95 HP gasoline
engine, acting through a planetary transmission similar to those used on the Model T
Fords. There are duplicate controls at each end of the vehicle which permit travel
equally well in either direction.

The 20-in. wide, single-wheel vehicle has fully demonstrated its ability to operate
at speeds in excess of 30 mph along a special guide rail which has been attached to the
catwalk. Of critical importance is the fact that the vehicle feels both stable and safe
when it is operated on the 22-in. wide catwalk at these high speeds.

Extending the Officers' Ability to Restore Traffic

Restoring traffic for normal operation requires clearing one of the two lanes between
the disabled vehicle and the tunnel exit so that emergency equipment, which enters the
tunnel from the exit portal and proceeds against traffic, can reach the disabled vehicle.
Under the present system of tunnel policing, officers on the catwalk between the disabled
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vehicle and the tunnel exit, stop traffic in both lanes and then move all traffic in the
lane nearest to the catwalk over to the other lane. In a system which makes extensive
use of equipment it will be necessary to provide remotely operated traffic control
devices to accomplish this function.

A possible system to accomplish this would use signs, signals, barrier gates, and
other devices operated by an officer possibly located in a traffic control center outside
the tunnel (Fig. 8). That officer would be observing the effect of his actions over

T

Figure 5. Catwalk vehicle diagram.
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Figure 6.

television, and might also have a voice link to motorists in the affected area via loud-
speaker.

One of the problems in such a system is to provide a legible sign with good impact,
but not reduce ceiling clearance more than 3 in. To accomplish this, the Port Authority
designed a sign 8 ft x 10 ft x 3 in. for mounting on the ceiling, using the elongated let-
ters which are standard for pavement marking. This sign is shown in Figure 9 at a
distance of 100 ft. It has been found to provide ample legibility and impact, but
is not sufficient by itself to assure that traffic will stop. Other devices, including
retractable lane delineators, will be used.

When assembled as a system, these three types of equipment—detection, transport
and control—can provide considerable flexibility and backup. Monitoring will be per-
formed at several points, and spare catwalk vehicles will be stationed at tunnel portals
in the system presently conceived to increase reliability and effectiveness.

FLOW CONTROL

Although it is clear that more expeditious handling of disabled vehicles and other
interruptions in normal traffic operation will improve traffic service, it is not im-
mediately clear that controlling the character of traffic flow can also significantly
improve traffic operations.

Through study of traffic flow characteristics in the near lane of the Holland Tunnel
South Tube conducted in 1959, a pattern of shock waves was found to exist during peak
traffic flow. The shock waves are periodic reductions in the flow and speed of traffic.
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Figure T.

They are caused by the inability of that section in the tunnel which has the least capacity
(that is, the bottleneck), to handle all of the traffic being supplied to that section. Shock
waves start at the bottleneck and move back through the traffic stream to the tunnel
entrance. On the other end, between the bottleneck and the tunnel exit, gaps appear

in the traffic stream because the bottleneck cannot furnish enough traffic to saturate
that section.

Because of this behavior of shock waves and gaps, it is possible to locate the bottle-
neck by observing the progression of shock waves and gaps in the traffic stream flowing
through the tunnel lane. Measurements made in the Holland Tunnel South Tube near
lane showed that the bottleneck is located near the foot of the upgrade.

Further study showed that several improvements in the traffic flow through that
lane could be achieved if shock waves were prevented. This could be accomplished by
limiting traffic entering the tunnel to the maximum amount which could be handled at
the bottleneck. Experiments have confirmed this expectation.

To understand how these improvements are gained it is necessary to understand
two processes which occur in vehicular traffic flow. One process is the decrease in
speeds of successive vehicles in platoons. This decrease is caused by the fact that,
because the vehicles are in platoons (and hence driving relatively close to each other),
the fluctuation of speeds from one vehicle to the next will generally be such as to re-
sult in slower speeds. Fluctuations which would be on the side of having the successive
vehicles speed up are not likely because accidents would follow due to vehiclesbecoming
too closely spaced.



Figure 8. Diversion system..

Figure 9.
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The second process is that the flow (number of vehicles per unit of time) is highest
when speeds are in a particular range. That is, when speeds are too high (about 40
mph in Port Authority tunnels), the number of vehicles per hour is less; when speeds
are too low (for example, 5 to 10 mph in Port Authority tunnels), the flow again is less
than when speeds are in the optimal range (20 to 25 mph).

When these two processes are combined, it can be seen that as platoons become
longer (due to increasing traffic demand on the roadway) and accordingly speeds of
successive vehicles become slower, the flow will tend to drop below its highest rate
as speeds are forced below optimum. This result can be avoided by introducing gaps
to prevent long platoons from forming as traffic passes through the bottleneck, and
thereby maintain speeds in the 20 to 25 mph range.

Using a system of equipment especially assembled for the experiments, traffic
flow was controlled on weekdays at the Holland Tunnel South Tube during a six-week
period in the spring of 1960, During the periods when the special flow control was ap-
plied, speed and flow of traffic through the bottleneck were measured in detail. Based
on that information the proper rate for traffic entering the tunnel was set on another
system of equipment which automatically limited flow each minute to the desired amount.

The test program extended for a six-week period from May 4 to June 17, 1960 (Fig.
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10). During the first two weeks, from May 4 to May 20, the control procedure was
followed. From May 23 to June 6, the traffic flowed without control but with the major
indices of tunnel operation being measured. June 7, 8, 9 and the morning of June 10
were periods when the traffic was controlled. From June 10 until June 17 uncontrolled
traffic production was measured.

The average 3-hr peak period traffic demand comparison for the controlled and un-
controlled days during either the morning (7-10 a.m. ) or evening (4-7p.m. ) rush, in-
dicates that there is no significant difference in the demand, and hence no difference
in the volume handled (Fig. 11); nor was there any significant difference in the weather
conditions during the two periods. In other words, the tunnel had to do essentially
the same job under essentially the same conditions. The basic question is: how was
the traffic served when the control procedure was used, in comparison with when no
control was applied ?

Test Results

A detailed analysis of tunnel production in 15-min intervals clearly shows a con-
sistent difference in production (Figs. 12 and 13). During the evening peak period the
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average demand was less than tube capacity until 4:15 p.m., and there was no differ-
ence in the controlled versus uncontrolled flow. From 4:15 and 6:15 p. m. however,
the control procedure maintained a consistently higher average production level than
did the uncontrolled operation. During the critical hour the increase was 5 percent

in the total tunnel flow. From 6:15 to 6:45 p. m. the uncontrolled 15-min volumes
were higher than the controlled volumes. The apparent reason for this reversal at
6:15 p.m. in the production pattern is that the demand under the control procedure was
satisfied earlier.

A similar production analysis of the morning peak period also showed an increase
in production of 5 percent in the critical hour from 7:45 to 8:45 a.m. However, in the
15-min periods before and after this hour, there was no significant difference in con-
trolled and uncontrolled flow. It is believed this record reflects the high proportion
of trucks present in both lanes, except in the 7:45 to 8:45 a. m. period when passenger
cars are present. The flow control procedure did not appear to benefit truck traffic,
because these vehicles generally would not take advantage of gaps to maintain higher
speed.

Whereas the significance of this production increase lies more in its consistency
than in its magnitude, the relatively modest 5 percent increase in the production during
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a total of 60 vehicular breakdowns during the uncontrolled a. m. and p.m. peak periods,
compared with 44 disabled vehicles in the controlled periods (Fig. 15). The reduction
in stoppages occurred in the classification of motor trouble (which covers stalled ve-
hicles, vapor locked vehicles, and overheated vehicles), and was from 43 during un-
controlled flow to 16 in the controlled period. Other classifications (such as out of gas)
were not reduced by the flow control.

To determine whether an improvement in the speed and headway relationships
of traffic passing through the bottleneck had occurred, a random sample of near lane
speeds and volumes at the foot of the upgrade was plotted for both the controlled and
uncontrolled periods (Fig. 16). For each speed, the mean volume was computed.
The flow versus speed curve for the controlled flow depicts a clear relationship, with
maximum flow of approximately 1,290 vehicles per hour occurring in the optimal speed
range between 20 and 25 mph. For the uncontrolled flow, no single flow-speed relation-
ship is evident. However, the points do suggest two flow-speed curves, with one ex-
tending through the optimal speed range and having a maximum flow of 1, 235 vehicles
per hour.

Another result of these tests that is particularly important for tunnels, and may
have some importance in urban areas generally, was a significant reduction in tunnel
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ventilation required during controlled flow. Even though the power consumed in ventila-
ting the tube was decreased by 28 percent, the air in the tunnel at the same time was
20 percent cleaner (Fig. 17).

_. * Equipment

The system of flow control equipment tested in these experiments had two general
components. First, devices to limit traffic entering the tunnel were designed so that
entering flows could be set as low as 15 vehicles per minute through a range in 1 vehicle
per minute increments to a maximum of 24 vehicles per minute. The proper setting
for this first component was to be determined continually in peak periods by a man
observing the speeds and flows of vehicles approaching and through the bottleneck.
Equipment to provide the speed information formed the second component. The equip-
ment used in this system is shown in Figure 18,

The first main component of the system—devices to automatically limit the number
of vehicles entering the tunnel to any desired level—was installed at the entrance to
the South Tube, and consisted of:

1. Overhead signals, flashing stop signs and a bell, located where traffic starts
on the downgrade to enter the tunnel (Fig. 19).
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2. These entrance signals were actuated by a traffic spacing computer located
in the tolls sergeant's building (Fig. 20). This device consisted essentially of a timer
and a stepping switch. The computer turned on the entrance signals whenever more
vehicles than the preset amount entered the near lane in less than the proper time.

3. In this system the number of vehicles entering the near lane of the tunnel is
provided to the computer by vehicle detectors located at the point where traffic has
been merged into two lanes and starts its descent to the tunnel entrance portal.

4. Controls for the system were all installed at the New Jersey tolls sergeant's
desk at a point where the entire entrance plaza was in view.

The second component of this system—devices to measure the speed and flow of
traffic at critical points in the tunnel—consisted primarily of equipment loaned to the
Port Authority for this test by the Automatic Signal Division of Eastern Industries,
Inc., and was located inside this tunnel as follows:

5. A radar speed sensor was mounted over the near lane at the foot of the upgrade.
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6. A second radar speed sensor similar to the first was mounted 2,500 ft upstream
(back toward the entrance) from the bottleneck.

7. Two systems of ASD Monitor equipment were provided (Fig. 21) in the Traffic
Flow Monitor Center established for this test near the tunnel upgrade. This location
is where the controller responsible for determining the proper setting for the input
flow rate each minute was stationed. There, the staff member continuously "played"
tunnel traffic, seeking to adjust the rate of traffic entering the tunnel to a level which
would result in fluid, high rate flow through the bottleneck more than a mile inside
the tunnel from the entrance portal. When the entering level was set too high, tunnel
traffic became congested. When the entering level was set too low, the tunnel be-
came starved for traffic and again, traffic production through the bottleneck would drop.

8. A one-camera, one-monitor closed circuit television system was installed to
provide qualitative information on traffic flow conditions at the bottleneck.

Although this system did perform effectively during the test, it was evident to the
experimenters that their control could be more effective. Analysis of the causes of
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production loss (Fig. 22) shows that in 39 percent of the cases when flow at the bottle-
neck was below average, the reason was inadequate control.

It became evident that measuring the speed and flow of traffic at the bottleneck alone
was not enough to guarantee fully effective operation of the flow control system. Asa
general rule, the effectiveness of the flow control operation depended directly on the
amount of information available to the controller. The more known about the current
state of traffic flow through the tunnel, the more effective was the strategy followed by
the controller in maintaining optimal flow.

The need for more information first arose as the effect of the time lag built into
the initial system became clear. Observing flow and speed 6,000 ft downstream from
the entrance portal, the controller acted on a situation over which he had no control
until the traffic in the ""pipeline' between the entrance and the bottleneck at the time
of his decision passed through the bottleneck. This would require from 4 min to much
longer times, depending on the amount of traffic in the pipeline. I the controller had
observed traffic speeds below optimum at the bottleneck and decided that entering flow
should be reduced, his decision would be wrong if there turned out to be relatively
little traffic in the pipeline. In that case the bottleneck would soon lack traffic, and
speeds would rise above optimum.

Figure 20. Traffic spacing computer.
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Figure 21. Traffic flow monitoring center.

The principal conclusion drawn from this test was that the most effective system
would probably be completely automatic. With an automatic system a large number of
information points can be monitored continuously and consistent action strategies can
be followed with immediate feedback of information on the effect of the strategy.

The test was not long under way before it became apparent that the least accurate
piece of equipment in the system was the observer. Trying to exercise continuous con-
trol of stream flow for long periods of time was found to be extremely demanding on
the individual. It required intense and uninterrupted concentration. The controller
had to regularly evaluate information being received from several sources as well as
consider the probable effects of his decisions on the traffic stream.

In view of the frequency and rapidity with which the state of traffic flow changes in
the tunnel it was not possible for a man to provide the frequent and regular alterations

in the entering flow needed to maintain a fluid high volume stream of traffic through
the bottleneck.

Automatic Equipment

Based on these experiments, the Port Authority has now developed what might be
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described as a "first generation” prototype automatic system for controlling traffic
flow.
The prototype system consists of three main elements:

1. Two sets of photocells—each set bounding a 13-ft zone for continually measuring
the speed and flow of traffic through the zone. One set will be placed at the bottleneck
(foot of the upgrade), and the second set will be 1,500 ft upstream. These two sets of
photocells will be connected to the primary component of the new system, the flow
computer.

2. The flow computer (Fig. 23)—located at the entrance to the Holland Tunnel South
Tube. Each minute this computer will consider the number of vehicles which passed
through the bottleneck in the preceding minute and then, by next considering the speeds
of traffic approaching and at the bottleneck, establish a maximum number of vehicles
which should enter the tunnel in the next minute. The prototype computer will not
measure the speeds of vehicles exactly, but rather will determine when an excessive
number of vehicles are going too slow or too fast to achieve the highest flow. This
system has been entirely conceived, designed and built by Port Authority staff. Despite
the relative simplicity of its design, the computer contains more than 70 relays. One
of the most important features is the flexibility that has been built into the prototype
computer, which will make it simple to change the action of the computer to improve
its effectiveness as test operating experience is gained. After deciding each minute
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Figure 23. Prototype automatic flow computer.

the number of vehicles which should enter the tunnel in the next minute, the computer
automatically adjusts a traffic spacer.

3. The traffic spacer—also located at the entrance to the Holland Tunnel South Tube.
This element will perform essentially the same functions as the equipment shown in
Figures 22 and 23, but will be compatible with the new flow computer. From an ultra-
sonic or induction vehicle detector placed at the tunnel near lane entrance, this traffic
spacer will count the number of vehicles entering the tunnel. When the amount which
has entered in less than a minute is equal to the amount predetermined by the flow
computer, the traffic spacer will automatically turn the entrance signals red in both
lanes for the remainder of that minute.

In testing this total system the Port Authority will use several recording devices to
analyze the system operation. The main analytical tool is new Monitor equipment pur-
chased from Automatic Signal Division.

It is most likely that this relatively straightforward flow control system will require
a considerable amount of improvement both in functional design and in hardware. This
system is the first prototype for accomplishing a job which is new in the field of traffic
control, and one of the main values of this test will come in gaining new knowledge about
traffic flow as the system is developed further.

Some of the specific points which will be considered are:

1. What is the effect on various types of traffic flow of various settings for the flow
computer ? What settings are best? What periodic or seasonal adjustments are de-
sirable ?

2. Are the very general speed divisions in this first prototype sensitive enough, or
is it desirable to measure speeds in greater detail ?

3. Should additional speed measurement points be added, and if so, where ?

4. Are speed and flow the best traffic characteristics to measure, or should the
system measure density, speed variance, or other characteristics ? If density should
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be measured, can this be done best by measuring flow at the entrance for a 3-, 4- or
5-min period ?

5. Should the flow computer also consider the amount of traffic which actually
entered the tunnel, and adjust its traffic spacing decisions up or down depending on the
discrepancy between planned and actual traffic input?

6. How well does the far lane operate under this proposed system where input de-
cisions are based entirely on the near lane? Should this near lane system be augmented
with speed, flow or other sensors at critical locations in the far lane? Would a separate
flow computer system for the far lane be desirable ?

These questions show the extent of the study that will be needed to evaluate functional
aspects of the flow control system. The answers will determine the design of a system
likely to be most effective, and hence will strongly influence further development of
the hardware aspects of this system. Here, the questions that may have to be con-
sidered are equipment reliability, whether relays are the best counting and timing de-
vices for this type of circuitry (they probably are not, but at this stage they are easiest
to work with), whether the Port Authority should construct a more advanced prototype,
and when consultants and/or commercial manufacturers should be used to build more
units.

Based on studies conducted to date, it seems likely that flow control systems of this
type can be a significant help to engineers and roadway operators in gaining more ef-
fective traffic service from congested roadways. As these tests and developments are
carried forward, the Port Authority will be pleased to make its findings available.
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in developing essential components for the tunnel policing system. The Port Authority's
Traffic Engineer, Louis E. Bender, and his staff are participating in development
of the traffic diversion system.
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Operational Study—Schuylkill Expressway

ROBERT H. PEARSON and MICHAEL G. FERRERI, Traffic Engineers, Simpson and
Curtin, Philadelphia, Pennsylvania

In February and March of 1960, a study was made of traf-
fic operations on the Schuylkill Expressway in Philadelphia
to determine design deficiencies and the necessary remedies.
Studies included mechanical and manual volume counts, lane
distribution, vehicle classification, radar speed distribution,
travel time, delays to ramp vehicles, gap acceptance and
rejection at ramps, a review of accident experience, and a
motion picture analysis of peak-hour Expressway conditions.
Ramp capacity studies were made at several on-ramps which
have little or no acceleration lanes (0 -150 ft) and are con-
trolled by stop signs.

The data were recorded in sufficient detail to yield: (a)
frequency and time length of gaps in the Expressway shoulder
lane, (b) the time length of each accepted and rejected gap,
(c) the time length of gaps accepted by a queue of vehicles,

(d) the speed of each shoulder lane vehicle, (e) total delay to
each ramp vehicle, and (f) the delay to each ramp vehicle
while waiting as the first vehicle in line. Data were recorded
in peak hours with ramps under constant pressure. Informa-
tion was obtained manually using stop watches.

Using this information, a high coefficient of correlation
was obtained for a curve of ramp capacity as a function of
shoulder lane volume. Several other variables were examined
to determine their effect on ramp capacity.

During peak hours, movies were taken at critical locations
along the Expressway and at on-ramp merging areas. These
movies showed the merging problems, build-ups of congestion,
and the subsequent reductions in capacity. It was possible to
measure speeds and volumes from these movies.

Mechanical counts of volumes on each ramp and between
each interchange were made. These were supplemented by
manual counts of vehicle classification and lane distribution.

Radar speed distribution measurements were made between
interchanges at points corresponding to manual volume counts.
Travel time studies were made in peak and off -peak hours,
recording the elapsed distance every minute to precisely pin-
point areas of congestion and draw a speed-distance curve for
the entire Expressway. Travel time studies were repeated
in June to determine the effect of slightly higher volumes.

@THIS PAPER is a summary of a detailed report submitted to the Pennsylvania De-
partment of Highways for determining the extent of existing and future deficiencies
on the Schuylkill Expressway and the nature of improvements to correct these de-
ficiencies,

Studies included manual and mechanical volume counts, radar speed surveys, time
delay studies, lane distribution, vehicle classification, ramp studies, a review of ac-
cident experience, and motion pictures of peak-hour Expressway conditions.

These studies provided the factual data for analysis of Expressway deficiencies,
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traffic demands and operations, and guided determinations for immediate and future
improvements designed to expedite traffic flow with increased safety.

The scope and intent of this paper is not to cover fully all the details of the report
submitted to the Pennsylvania Department of Highways, but to summarize the types of
studies made, and more specifically to point out the usefulness of the techniques used
in the ramp studies for acquiring data to determine the need for ramp corrections.

The Schuylkill Expressway (Fig. 1) is Philadelphia's first radial limited-access
highway and consequently is subjected to tremendous peak-hour volumes and subsequent
congestion. Following its completion, the Expressway was made a part of the State's
interstate highway system, designated as Interstate 80S and 680. Its termini are the
Pennsylvania Turnpike on the west and the Walt Whitman Bridge to New Jersey on
the east, It provides connections with all major arterial streets and highways between
the Turnpike and Bridge and is one of the principal means of access to center city
Philadelphia. Starting from its northern connection with the Pennsylvania Turnpike,
the Expressway was constructed and opened in stages beginning in 1950.

The Expressway is adjacent, and substantially parallel, to the West River and East
River Drives, between City Avenue and Spring Garden Street interchanges. It is the
only limited-access facility in the area and, as a consequence, has diverted substantial
traffic volumes from each of the two River Drives, as well as from other routes to
and from, or through, center city. The generally superior character of the Expressway
makes it particularly attractive to commuter traffic, traveling daily between center
city and the suburbs, It, therefore, develops peak-hour morning and evening volumes,
ranging from 2 to 3 times average midday volumes.

TRAFFIC

Approximately 165, 000 vehicles use the Expressway on an average weekday in 1960.
Highest volumes are in that section of the Expressway between Spring Garden Street
and Girard Avenue. Average 1960 weekday volumes in this section are 88,666 vehicles.

The highest one-directional volume of traffic within a 60-min period during the
study was recorded outbound between 4:30 and 5:30 p. m., between Spring Garden
Street and Girard Avenue—>5, 720 vehicles or an average of slightly more than 1,900
vehicles per lane in this three-lane (directional) section of highway. A simultaneous
record of the lane distribution of traffic at this location showed 2, 489 vehicles westbound
in the median lane.

The Expressway interchange with the highest volume of traffic is the connection to
and from Vine Street—53,361 vehicles entered or left the Expressway at this point.

Of this number, 38,492 were to and from the west, and 14, 869 were to and from the
east.

Between Vine Street and City Avenue interchanges, the 1960 peak-hour volumes of
traffic exceed the practical capacity of the Expressway. During commuter periods,
particularly the evening homebound rush hours, the pressure of traffic on this section
of the Expressway is such that vehicle spacing forces operating speeds considerably
below the 50-mph posted speed limit. During those times, the operating sensitivity
is such that the slightest disruption of flow, caused by an incident such as a vehicle
breakdown, results in stop-and-go operations over long distances and for considerable
periods of time after the occurrence has been cleared.

INTERCHANGE CAPACITY

With few exceptions, interchange capacity is limited by mandatory stops at ramp
entrances to the Expressway; made necessary because of inadequate acceleration lanes.
Yield signs have replaced the stop signs since this study was completed. Off-ramp
operations are often hindered by surface street traffic controls, inadequate storage,
and lack of proper deceleration lanes. These conditions are incompatible with modern
limited-access highway design.

Studies indicate that on-ramp capacity can be increased up to 60 percent by providing
adequate acceleration lanes.
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ACCIDENTS

Analysis of reports of accidents occurring on the Expressway indicate a fatality
rate—based on exposure—greater than that of the Pennsylvania Turnpike and the New
Jersey Turnpike, the two existing limited-access facilities transversing the Philadel-
phia metropolitan area.

Deaths Per 100

Year Million Vehicle-Miles
Schuylkill Expressway 1959 4.1
Pennsylvania Turnpike 1959 3.7
New Jersey Turnpike 1959 1.5

TRAFFIC DISTRIBUTION, PARALLEL ROADS

On an average weekday, 8, 800 vehicles travel inbound along both sides of the Schuyl-
kill River during the morning eastbound peak hour. In the maximum load area, this
volume moves along seven eastbound lanes of roadway—three on the Schuylkill Express-
way and two each on the East and West River Drives. The westbound evening peak
hour is only slightly less—8, 700.

Eastbound, the three Expressway lanes are used by 56. 8 percent of this traffic and
the four River Drive lanes the remainder. Westbound, the distribution is 65.5 per-
cent on the Expressway and 34.5 percent on the River Drives.

FUTURE TRAFFIC

It is anticipated that traffic volume in 1975 will be 45 percent higher than at present.

In the maximum load section—between the Girard Avenue and Spring Garden Street
Interchanges—1975 traffic will increase from 88,666 to an estimated average daily
volume of 128, 300,

This estimate gives effect to the influence of a fully interconnected Expressway
system in Metropolitan Philadelphia. If this system is not completed by 1975, the
demand on the Expressway will be even greater.

Design hour estimates are based on peak hour and major directional percentages
of 10 percent and 55 percent west of the Gladwyne Interchange, 10 percent and 60
percent from Gladwyne to the City Avenue Interchange, 9 percent and 65 percent between
City Avenue and the Vine Street Ramps and east of Vine Street, 10 percent and 55 per-
cent, respectively.

TRAFFIC VOLUME STUDIES

Traffic volumes on the Expressway, ramps and feeder roads were determined by
manual and machine counts during February and March 1960. Machine counts were
made at 100 locations and manual counts at 19 locations, nine of which also served
as a check on machine counts.

Surface street volumes and turning movements at several locations near the entrance
to, or exit from, Expressway ramps were made to determine directional flow of traffic
at those points.

Each machine count was made for a minimum of one week; thus the relationship of
one weekday to another was established as well as the average weekday.

Vehicle classification and lane distribution manual counts were made at nine loca-
tions along the Expressway. These counts were conducted from 7:00 to 10:00 a. m.,
11:00 a. m. to 3:00 p. m. and from 4:00 to 7:00 p. m. at each location. Checkers were
assigned to each lane and recorded by -hr periods the volume in that lane segregated
by vehicle type.

Checks on the reliability of machine counts, unadjusted for dual rear-axle vehicles,
indicate a satisfactory degree of accuracy—less than 3 percent difference between
simultaneous machine and manual counts.
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The day-to-day variation in traffic on the Expressway, Monday through Thursday is
slight. Friday is consistently the heaviest traveled weekday and normally presents
the maximum traffic condition. Weekends show a substantial drop in volume from the

average weekday.

Vehicle Classification
In the classification counts made at nine locations on the Expressway, vehicles were
classified as passenger cars, light trucks (panel, pickup, etc.), heavy trucks, tractor-

trailers and buses.
During the 10-hr period in which vehicle classification checks were made, heavy

trucks and tractor-trailer combinations comprised approximately 12 percent to 16
percent of the total traffic west of the City Avenue Interchange, 6 percent to 8.5 per-
cent between the City Avenue and Vine Street Interchanges, and from 9 percent to 14

percent east of the Vine Street Interchange.
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Figure 2. Schuylkill Expressway, lane distribution (2-lane section).
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Figure 3. Schuylkill Expressway, lane distribution (3-lane sectiom).

Lane Distribution

Figure 2 shows the average distribution of vehicles in the median and shoulder lanes
in the two-lane sections of the Expressway in relation to total volume. Figure 3 shows
comparable data for the three-lane sections.

Lane distribution in each direction was determined for heavy trucks and also for
total vehicles during midday, a. m. and p. m. peak periods.

Radar Speed Studies

Vehicle speeds were measured by radar speed meters at 11 locations on the Ex~
pressway. Nine of these checks were made at the same locations as the vehicle classi-
fication and lane distribution counts. By measuring speeds and volumes simultaneously
a close control of the speed-check sample was possible and major fluctuations in the
speed-volume relationship could be recorded.

Samples were designed to yield average speeds which would be accurate within 1
mph,

At each location, speeds were measured by lane and vehicle type in the morning
from 7:00 a. m. to 9:00 a. m., midday between 9:00 a. m. and 4:00 p. m. and in the
evening from 4:00 p. m. to 6:00 p.m. Speeds were also recorded in both directions
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at all locations except those east of Vine Street where peak-hour speeds were recorded
only in the direction of major flow.

Lane Speeds

Average speeds in the shoulder lane were found tobe, ingeneral 1to 3 mph slower than
the center or median lane. Speed observations of vehicles operating in the median lane
of the three-lane sections could not be accurately recorded because of interference
from vehicles in the other two lanes.

Speed Violations

The highest percentage of passenger car speed violators (13.9 percent above 50
mph and 2.1 percent above 55 mph was recorded for vehicles operating in both directions
between City Avenue and Montgomery Drive, during the midday. This percentage re-
flects the change from 60 to 50 mph in the legal speed limit at City Avenue.

In general, automobile speeds are 5 to 7 miles faster than heavy trucks and tractor-
trailer speeds west of City Avenue where the passenger vehicle limit is 60 mph and the
truck limit 50 mph. Where the speed is the same for both vehicle types (50 mph),
truck speeds are from 1 to 3 mph lower than passenger vehicles.

Operating Speeds

To measure speed variations and time consumed for single trips during commuter
hours and midday, a series of operating speed runs were made by the average vehicle
method.

METHOD OF STUDY

At the end of each 60-sec interval, a recorder noted the odometer reading. This
method of recording resulted in an adequate number of readings per mile in free-flowing
sections, and more importantly, increased the number of readings for each mile of
travel in congested areas.

All runs were made on weekdays during the month of March and included both direc-
tions over the entire length of the Expressway.

Midday Studies

During off-peak hours, the only deterrent to high speeds is the enforcement of the
posted speed limits. The average over-all speeds are 50.6 mph eastbound and 50.9
mph westbound. The average midday running time in either direction for the entire
length of the Expressway is under 24 min,

Peak-Hour Studies

Average eastbound speeds between 8:00 and 9:00 a. m. are 40.3 mph; 28 percent
below the weighted average posted speed limits, and 21 percent below average midday
speeds. Westbound in the evening peak, speeds are of the same order, averaging
40.1 mph.

Speed and Delay

Average running time between King of Prussia and Passyunk Avenue is 24 min
in either direction. During commuter hours, 30 min is required on the average. The
maximum observed eastbound time was 35.6 min. The westbound maximum was 42.7
min, largely resulting from the "squeeze left" (3-lane to 2-lane transition section).

The critical section of the Expressway, between the Gladwyne and Vine Street Inter-
changes comprises 40 percent of the Expressway length, and accounts for 85 percent
of the commuter hour lost time due to congestion, Time lost in commuter periods due
to congestion is computed as the differential between midday and commuter period
times.
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RAMP CAPACITY STUDIES

Detailed studies were made at four heavily traveled on-ramps to establish quanti-
tatively the extent to which present geometrics and regulatory devices tend to depress
ramp capacities.

Specifically, the purpose of these studies was to determine: (a) capacities of on-
ramps as presently designed; (b) delays to ramp vehicles; (c) relationship between ramp
capacities and other operational variables such as Expressway speeds, shoulder lane
volumes, frequency of shoulder lane gaps of various lengths and the characteristics of
shoulder lane traffic; and, (d) criteria for the justification of improved ramp geometrics.

Procedure

The four ramps that were selected for study were among the most heavily traveled on
the Expressway.

They were located at four contiguous interchanges, as follows, beginning at the
west: (a) eastbound at Gladwyne Interchange; (b) eastbound at Manayunk Interchange;
(c) westbound at City Avenue; and (d) eastbound at Montgomery Drive. The periods
in which the studies were conducted were those during which the ramps were under
maximum pressure. Thus, in most cases, vehicles were constantly stored on the
ramps waiting acceptable Expressway gaps. At each ramp, data were collected for
three successive periods approximating 15 to 20 min each, with breaks of 3 to 5
min between each period.

A team of five men was required, located as follows (Fig. 4): (a) two men at the
ramp nose to record shoulder lane headways and merging vehicles; (b) two men on
the Expressway approximately 200 to 300 ft in advance of the ramp nose to record
by radar the speed of each shoulder lane vehicle; and, (c) one man "floating' on the
ramp to record the time of the initial stop of each ramp vehicle and the number of
vehicles then waiting on the ramp. Stop watches were used by the radar observers,
by the men at the ramp nose and by the floating man, to enable accurate time observa-

®
Timer and
Recorder

Observers

@® Floater

Figure 4.

tions. All watches were started simultaneously just before the beginning of each ob-
servation period.

One of the men at the nose of the ramp observed the exact second that each shoulder
lane vehicle and each ramp vehicle reached the point where the ramp and Expressway
merge; the other man recorded these data. Figure 5 shows the form used.

Radar speeds of each shoulder lane vehicle were recorded and classified, to be
matched with vehicles recorded at the ramp nose. Figure 6 shows the form used for
this purpose.

Figure 7 was used to record observations by the floating observer on the ramp.

Vehicle types were recorded at all locations to facilitate "matching” the entering
and exiting recordings.

At the end of each study period, data sheets were collected and the stop watches
were again synchronized for the start of the next period.
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Interchange

SCHUYIXILL EXPRESSWAY (PDH)

SHOULDER LANE HEADWAY - RAMP MERGING

Vehicle Classification
Shoulder Lane Bound Grade
S = Small Car T = Truck
Remp ON OFF Length (Exc. Rambler Size) I = Tractor
Grade Date W = Statlon Wagon Traller
Weather C = Cars other than S or W
P = Pickup B = Bus
Time Shoulder Lane Ramp Veh. Time Shoulder Lane Ramp Veh.
AM Time | Merge | Head- | Walt- | Total AM Time |Merge | Head- | Walt- |Total
PM Sec. | Secs way ing | Wait- PM Sec. | Sec. way ing {Walte
Sec. as lsY ing Sec. as lst| 1ng
Veh. Time Veh. Time
Sec. Sec. Sec, Sece

Figure 5.




SHOULDER LANE VEHICULAR SPEED - BEFORE RAMP

SCHUYLKILL EXPRESSWAY (PDH)
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Interchange
Shoulder Lane Bound Grade Vehicle Classification
Ramp On Off = Truck
Date = Tractor Trailer
Weather = Bus
Time| Time | Speed Time| Time | Speed Time | Time |Speed Time| Time [Speed
AM | Sec. MPH AM | Sec. MPH AM | Sec. MPH AM | Sec. MPH
PM PM PM PM

Figure 6.
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SCHUYLKILL EXPRESSWAY (PDH)

RAMP VEHICLE DELAY

Interchange Vehicle Classification
Shoulder Lane Bound Grade S = Small Car (Excl. P = Pickup
Rambler Siz =
Ramp On Off Length € e) T = Truck
Grade Stop Sign No Sign = Station Wagon B = Bus
C = Cars Other Than I = Tractor
SorWw Trailer
Time No. Time No. Time No. Time No.
Time of of Time of of Time of of Time of of
First | Veh. First | Veh. First | Veh. First | Veh.
AM | Stop in AM | Stop in AM | Stop in AM | Stop in
PM | Sec. Front PM | Sec. Front PM | Sec. Front PM | Sec. Front

Figure 7.
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Preliminary summarization of field sheets yielded these data: (a) shoulder lane
gap distribution; (b) distribution (by time length) of the accepted and rejected gaps;
(c) distribution of gaps accepted by a queue of cars (for example, three cars accepting
a single gap); (d) waiting time on ramp before merging; (e) waiting time on ramp as
first vehicle in lane; and (f) speeds of lead and trail vehicles for each gap.

Delays to Ramp Vehicles

Figure 8 shows the delay to ramp vehicles as a function of their place in line on
arrival at the ramp. The average delay ranged from 16.4 sec at the Gladwyne ramp
to 33.3 sec per vehicle at the City Avenue ramp.
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Figure 8. Average vehicle delay.
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The delay curves of the on-ramps are similar; the maximum deviation being ap-
proximately 8 sec with only one vehicle on the ramp. Very few observations were ob-
tained of delays over 60 sec.

Data for the Montgomery Drive on-ramp are not plotted on Figure 8 because delays
were s0 long that the line of waiting vehicles stretched out of sight and made it impos-~
sible to record data properly. However, several cars were "clocked" from the time
they first came into line until they moved into the shoulder lane. An average delay
of 2.1 min was computed from eight observations. This condition is continuous for ap-
proximately 45 min to 1 hr each morning.
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Figure 9. Gap acceptance and rejection composite on-ramps with stop signs (1,100 ob-
servations).
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Ramp Capacities

The studies ylelded 1, 100 observations of gaps which were accepted or rejected by
ramp vehicles. Figure 9 shows a composite summary of gap acceptance at these ramps.
The plotted points demonstrate a close fit to parabolic curves. A correlation analysis
of the percent of rejected gaps yielded a coefficient of correlation of -0.99 with the
equation:

log R =2,377 - 0.114T
in which
R = the percent of rejected gaps
T = the gap length in seconds

The 50th percentile of accepted gaps is at 6 sec. This corresponds closely to a previous
finding of 5 sec for stop sign locations (1).

Figure 10 illustrates the degree of acceptance of gaps by a queue of vehicles.

The data from Figure 10 are used as the basis for Figure 11, which illustrates the
relationship between the length of gap and the number of vehicles per gap. The coeffi~-
cient of correlation for Figure 11 is 0.94,

After establishing the number of vehicles that Wwill accept each gap, only the fre-
quency of occurrence of each gap length in a given time interval need be known to
predict the number of ramp vehicles which will enter the Expressway. Because the
hourly rate of vehicle flow in the shoulder lane ranged from 300 to 800 when gap distri-
butions were determined, it was decided to use the Poisson distribution to compute
gap distributions in and beyond this range. Several chi-square tests of computed versus
actual gap distributions showed very close fits. No gap distributions for hourly flows
above 1, 100 vehicles per hour were computed inasmuch as randomness ceases to
function at about this volume. As an example, consider the shoulder lane flowing at
800 vehicles per hour. Then, by a computation similar to that in Table 1 ramp capaci-
ties were computed for various shoulder lane volumes and plotted in Figure 12.

Data for the on-ramp with adequate acceleration lane curve are based primarily on
studies made in California (2).

Table 2 compares Expressway ramp capacities—vehicles per hour—of an inadequate
acceleration lane having a stop sign at the Expressway entrance with capacities of
ramps having an adequate acceleration lane and no stop sign, for various shoulder lane
volumes.

Off-Ramps
Specific problems exist at several off-ramps, due primarily to conditions at the
local street end of the ramps, in addition to insufficient deceleration lanes. During
the p. m. peak hour, westbound traffic leaving the Expressway at City Avenue and
Manayunk often are stopped on the Expressway as the ramps at these locations are full.
Recommendations to improve these conditions were made at each critical location.
As an example of the technique used to apply the ramp study curves, the following
is a typical interchange analysis.

Manayunk Interchange Recommendation

One of the most congested interchanges is the Manayunk Interchange. The present
and future peak-hour volumes for Expressway lanes and the eastbound on-ramp are
given in Table 3. The practical ramp capacity under present conditions (inadequate
acceleration lane with stop sign) and with adequate acceleration lane based on the ramp
study data is shown in Figure 12.

On-Ramp C is at capacity in 1960 and by providing an adequate acceleration lane,
the ramp will not reach capacity again until 1973. If a third lane is added to the Ex-
pressway at that time, the ramp capacity will extend well beyond 1975.

Immediate lengthening of the acceleration and deceleration lanes at this interchange
(Fig. 13) was recommended. In addition, it was recommended that Ramp D be widened
to two lanes.
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TABLE 1
Gap Length, Cale. Veh, (no.)
T No. of Gaps Per
(sec) of T sec Gap* Total
0 - - 0
1 159 - 0
2 127 - 0
3 103 - 0
4 82 0.05 4
5 65 0.33 21
6 53 0.61 32
7 42 0.89 37
8 34 1.17 40
9 27 1,45 39
10 22 1.73 38
11 17 2,01 34
12 14 2.30 32
13 10 2.58 26
14 10 2.86 29
15 7 3.14 22
16 6 3.42 21
17 5 3.70 19
18 4 3.98 16
19 3 4.27 13
20 2 4.55 9
21 2 4.83 10
22 1 5.11 5
23 1 5.39 5
24 1 5.67 6
25 1 5.95 6
26 1 6.24 6
27 0 6.52 0
28 0 6.80 0
29 0 7.08 0
30 0 7.36 0
30 1 8.1 _9
800 Ramp Capacity= 479 VPH
*Data from Figure 11.
TABLE 2
Ramp Capacity
Shoulder Inadequate Acceleration With Adequate %
Lane Volume Lane with Stop Sign Acceleration Lane Increase
200 820 1,330 62
500 660 1, 060 61
800 500 800 60
1,100 340 540 59

1,400 175 280 60
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TABLE 3
Practical
Ramp

Capacity
No. of With With
Exp. Expressway DHV Ramp Stop Acc.
Lanes _ Year Total Median Center Shoulder DHV _ Sign Lane
2 1960 2, 286 1,606 680 561 560 910
2 1975 2,680 1,720 960 700 410 665
3 1975 2,680 800 1, 100 700 700 540 870
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Manayunk Interchange.

To provide needed capacity including
left turn storage, the widening of Belmont
Avenue from four to six lanes was recom-
mended.

To provide increased capacity on Green
Lane Bridge, it was recommended that the
bridge roadway be widened to five lanes,
three of which would operate in the major
direction. This may be done by eliminating
the sidewalk on one side of the bridge and
reducing the sidewalk on the other side to
4 or 5 ft.

Left turn channels from Ramps A and D
would be widened sufficiently to permit
turns from these ramps to be made in two
lanes.

A traffic actuated progressive signal
system would be installed to control traffic
movements between the interchange ramps
and Belmont Avenue, including Jefferson
Street, and at Green Lane and Main Street
in Manayunk.

It was recommended that the signals at
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the ramp ends and Belmont Avenue be three-phase (Fig. 14). Three-phase operation
will make possible the clearing of the limited storage area between the ramps before
through movement begins and will increase the capacity for right turns from the ramps
by permitting this movement during two of the three phases.

The studies and analyses summarized in this paper led to the following additional
recommendations: (a) additional lanes, (b) adequate acceleration and deceleration
lanes, (c) median barrier, (d) fencing to prevent pedestrian crossings, (e) lighting at
least at all interchanges where such does not now exist, (f) a 55-mph "transition"
speed limit between existing 60-mph and 50-mph sections, (g) minimum 10-ft shoulder
width, and (h) restricting traffic by ramp closings when necessary.
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Accident and Operating Experience
At Interchanges

R.L. FISHER, Assistant Supervising Engineer, New Jersey State Highway Department,
Trenton

Geometric highway design can be evaluated only
if the relative merits of the design features can
be measured in some fashion. A yardstick is
needed that will measure the various design fea-
tures. Studies have been under way for the past
two years to evaluate interchanges by three means—
accident records, operation, and capacity.
Interchanges can be broken down into three basic
elements: (a) the exit terminal, (b) the main portion
of the ramp, and (c) the entrance terminal. This
paper attempts to show how a variation in the design
of these basic elements affects operation and safety.

@ DURING the past two years New Jersey has undertaken a comprehensive study of
safety, operation and capacity at 50 interchanges.

The first step was to review what had already been done by others. Experience
and personal preference largely influences design. No published data could be found
in which interchanges or their basic elements had been evaluated. For example,
suppose it is decided that a certain ramp terminal design is satisfactory for an inner
loop of a radius of 150 ft. What changes, if any, should be made if the radius of the
loop was changed to 200 ft? What would be the effect on capacity, traffic behavior
and safety?

Geometric highway design can be evaluated only if the relative merits of the design
features can be measured in some fashion. In other words, a yardstick is needed that
will measure the various design elements.

In this study an effort was made to evaluate interchanges by three means—accident
records, operation, and capacity. The first two phases are almost completed, but
much work remains to be done on the third item.

In such a study there is always a temptation to select the more complicated inter-
changes. However the most elaborate interchange is composed only of ramps which
have three basic elements: (a) the exit terminal, (b) the main portion of the ramp,
and (c) the entrance terminal. This discussion is primarily concerned with the entrance
and exits at the main roadway.

In selecting interchanges for study, many of the older ones have been included that
today might be considered substandard. This was done to give a range of values so
that determination of desirable standards for safe and efficient operation could be
made.

The accident records in general are for the 4-yr period from January 1, 1955 to
January 1, 1959. A 4-yr period would tend to level out any unusual seasonal or tem-
porary conditions. As, in addition, there is generally a 1- to 2-yr construction and a
1-yr design period, this means that most of the interchanges were designed at least
7 years ago. Many of them are 15 to 20 years old and one of them has been in operation
for more than 30 years. At these older interchanges figures show a large number of
accidents.

The number of accidents at each interchange varied from 1 to more than 130. In
general, the same types of accidents occur at all interchanges; higher type design
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simply reduces the number of accidents. The older type interchanges with their larger
accident experience were thus helpful in determining the real cause of accidents.

As the accident data came in for each interchange, the location of the accident was
spotted on a plan and the accident reports and collision diagrams were studied.

The second phase of this study was then started. This consisted of field investigation
of the roadway elements, including signs and pavement markings, in an effort to de-
termine what design element was inadequate and what changes would improve the ac-
cident record and operating conditions.

All design must be based on assumed traffic behavior. After construction, this as-
sumption can be checked by actual traffic performance. Near misses, variation in
speed or lane changing may indicate some shortcoming in design.

The next phase of this study consisted of observation of traffic behavior during peak
and off-peak periods.

This field evaluation of design elements calls for a trained observer who has an open
mind and a thorough knowledge of both design and traffic behavior. It also requires a
special ability to be able to analyze and determine what features are inadequate and
what changes are required to provide for most efficient and safe operation.

An inadequate interchange does not have constant traffic friction or near accidents.
For example, a highway with an average daily volume of 60, 000, carries 22, 000, 000
vehicles a year. X only one driver out of one or two million gets in trouble, the inter-
change will have a poor accident record. This is one of the reasons why untrained ob-
servers, after a short inspection, do not recognize inadequate design features. It also
explains (particularly for low volume roads) why poor design elements can remain in
the standards for year after year.

It has been stated that a modern freeway is nothing but a number of interchanges
connected with the proper number of lanes.

The AASHO Special Freeway Study and Analysis Committee recognized this impor-
tance of interchanges. Its members concluded that most of the traffic difficulties on
freeways involve driver hesitancy, erratic driving, and resulting turbulent flows pro-
duced by improperly designed ramp terminals, short weaving sections, too close
spacing of entrances and exits, abrupt decrease in number of lanes and inefficient
marking and signing.

All of these items are connected with interchanges. Further inspection shows that
only the ramp terminals are involved.

ENTRANCE RAMP TERMINALS

US 22 at Vaux Hall Road (Fig. 1) carries 66, 000 vehicles a day. The ramp has an
inside radius of 40 ft.

At first glance, it would appear that most of the accidents at the entrance ramps
would be merging accidents and would occur on US 22. This is not true. At the two
entrance ramps there were 29 accidents, seven caused by improper merging, whereas
22 occurred at the ramp terminal. These ramp accidents occur at interchanges which
do not have adequate acceleration lanes.

At such interchanges vehicles have to slow down or stop before entering the main
roadway. This places following drivers on the ramp in the difficult, if not impossible,
position of (a) trying to watch the car in front as it merges with traffic on the main road-
way, and (b) trying to look to the left at oncoming main roadway traffic.

Most drivers try to solve this problem by watching the car in front until it approaches
the main roadway. Then they look to left at traffic on the main route. If at that time
the car in front should suddenly stop because the driver at the last second found out
that he had misjudged merging conditions, there is almost bound to be an accident.

This interchange also illustrates the importance of curb treatment at the ramp
terminal. Unless the left-hand curb is placed so that vehicles are guided into a flat
merging path, many of them will cut across one or more streams of traffic. At this
location 55 percent of the entering traffic was observed to cut over into the center
lanes instead of using the right-hand lane.

The ramp on the 8-lane section of US 1 (Fig. 2) has a 500-ft entrance radius and a
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300-ft black top acceleration lane of the parallel type. (Figure 2 shows only the east-
bound lanes of US 1.)

One might expect much better accident record and operating experience for this
500-ft radius ramp than for the ramp with the 40-ft entrance radius shown in Figure 1.

However, operating conditions have not been improved. Just before entering US 1,
drivers are in the position of trying to watch the car in front and also the ones to the
left and rear on the main roadway. There were 12 accidents on the ramp at this loca-
tion due to rear-end collisions. There were not any merging accidents.

The ramp terminal in Figure 3 is at the junction of N.J. 3 and 17. Two design ele-
ments create most of the difficulty at this location: (1) four lanes merge into two in
a very short distance, and (2) the left-hand curb line of the ramp does not guide traffic
into a proper path of entry. This curb location encourages traffic on the ramp to cross
to the center of N.J. 17,

There were 8 rear-end accidents on the ramp due to lack of an acceleration lane
and 5 accidents due to improper merging.

Figure 4 shows the terminal of N.J. 62 at US 46. The ramp has a minimum radius
of 500 ft with no acceleration lane. All accidents were caused by vehicles slowing or
stopping before entering US 46 and being hit in the rear by a following ramp vehicle.

A special study was made of all entrances without acceleration lanes. The radii of
the ramps varied from 40 to 1, 000 ft.

It was found that increasing the radius
from 40 ft all the way to 1, 000 ft was of
little benefit. The important factor is
not the radius of the ramp but whether or
not traffic slows down or stops before
entering. As long as this occurs, there
will be rear-end accidents on the ramps.

Figure 5 is a good example of the fore-
going statement. The ramp radius is
only 75 ft. The 825-ft acceleration lane
eliminated most of the stops before entering
and there was only one rear-end accident
on the ramp.

Figure 1. Ramp from Vaux Hall Road to US The left-hand curb does not guide traffic
22, into a flat merging path. There were two
merging accidents.

Figure 2, Ramp from Carnegie Averme to US 1.
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The ramp from US 1 to the Garden State Parkway (Fig. 6) shows a good treatment
for the left-hand curb line. This connection also has an 800-ft acceleration lane. How-
ever, sight distance for entering traffic is restricted and there were three accidents
at the entrance terminal.

Figure 7 shows the connection from Route 18 to the New Jersey Turnpike. This
terminal design is standard for all interchanges on the turnpike. The left-hand curb
line guides traffic into a flat merging path and the tapered acceleration lane is 1, 200
ft long. There were no accidents at this location.

This type of design creates two operating conditions that tend to eliminate accidents
at entrance ramps. First, drivers do not slow down or stop before entering the highway.
This eliminates the rear-end accidents on the ramps that were shown in Figures 1
through 5.

Second, with the long tapered type of acceleration lane, drivers on the main roadway
yield the right-of-way to entering ramp traffic. Observations show that this is accom-
plished either by a slight adjustment in speed or by moving over to the left-hand lanes.
This type of driver behavior eliminates merging accidents and provides maximum
capacity.

Figure 3. Ramp from N.J. 3 to N.J. 17.

Figure L. Ramp from Union Avenue to US LS.
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Figure 5. Ramp from Grove Street to N.J. 3.

GARDEN STATE PARKWAY

Figure 6. Ramp from US 1 to the Garden State Parkway.

JERSEY TURNPIKE

Figure 7. Interchange 9, New Brunswick.
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EXIT RAMP TERMINALS

Route 22 at Vaux Hall Road (Fig. 8) is a four-lane land service road operating at
capacity, carrying 66, 000 vehicles a day.

This exit has a 300-ft radius with no deceleration lane. For these conditions the
accidents have been about what would normally be expected.

Nine drivers slowed for the exit and were hit in the rear, 4 tried to turn from the
wrong lane, 3 missed the exit and stopped, 3 hit the island nose, and 15 were due to
rear ends caused by sudden stops in traffic.

The exit on Route 3 at Main Avenue (Fig. 9) has a 1, 000-ft radius compounded to a
75-ft radius.

There were 8 accidents. One involved a vehicle that stopped after passing the exit;

3 were rear ends caused by drivers slowing for the turnout, one vehicle hit the island
nose and one was an exit from the left-hand lane.

It is apparent that a higher type of exit would have prevented most of these accidents.

This exit on N.J. 3 at N.J. 17 (Fig. 10) has a 2, 000-ft radius with no deceleration
lane. This design permits a high speed exit only for the driver who follows the right-
hand curb line.

Other vehicles, particularly trucks, tend to hide this type of exit and a driver may
not see it in time to make a proper turnout.

The actual length of opening (parallel to the main roadway) through which he may
turn with reasonable radius, is very short.

At a speed of 60 mph, a driver who delays 2 sec in making the turnout has the turning
radius reduced from 2, 000 to 300 ft. The greatly reduced radius decreases the possible
speed of the turnout and creates traffic friction on the main roadway. This is reflected
in the number of accidents.

The exit from the Garden State Parkway to US 1 (Fig. 11) has an 800-ft radius and
an 800-ft deceleration lane. This length is about the absolute minimum. Shorter ones
do not receive proper use.

One accident was caused by a driver slowing for the exit, the other one might have
been due to inattentive driving.

Figure 8. Ramp to Vaux Hall Road from US 22,
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The exits on the New Jersey Turnpike (Fig. 12) have deceleration lanes of the
parallel type—1, 200 ft long.

The added deceleration lane permits traffic to thin out, giving the driver a better
chance to see the exit in advance and provides the necessary time and distance to make
a safe turnout.

Field observations show that nearly all drivers will use a deceleration lane of the
parallel type if it is 1,200 ft long. When the length is decreased to less than 800 ft,
some drivers will not use them and the accident rate is increased.

The abrupt beginning of the added lane also prevents drivers (particularly in bad
weather) from drifting over into the exit by mistake.

There were no accidents at this location.

' N J.

3
3

\

Figure 9. Ramp to Main Avenue from N.J. 3.

Figure 10. Ramp to N.J. 17 from N.J. 3.



131

®

GARDEN STATE PARKWAY

Figure 11. Ramp from the Garden State Parkway to US 1.

@

N J TURNPIKE

Figure 12. Interchange 9, New Brunswick.

Figure 13 shows the total number of accidents at each terminal compared with length
of deceleration lane.

Even a short deceleration lane will help to reduce accidents. The greatest benefit
is obtained when they are more than 800 ft in length. The greater length also eliminates
much of the slowing down and traffic friction on the through lanes.

In Figure 14 the number of accidents at each terminal are compared with the length
of acceleration lane.

Acceleration lanes less than about 900 ft in length have poor accident records. The
reason for this is that many drivers will slow down or stop before entering the main
roadway. Nearly all drivers will cross over into the main lanes in the first 200 to
400 ft.

When acceleration lanes are of the tapered type and over 900 ft long, an entirely
different method of operation takes place. The full length of acceleration lane is used
and drivers do not slow down before entering the main roadway. This eliminates the
rear-end accidents on the ramp. Main roadway traffic also yields the right-of-way to
entering traffic. This is done either by a slight adjustment in speed or by moving to
a gap in the left-hand lanes.

The ability of ramp traffic to merge with main roadway traffic at about the operating
speed of the highway not only reduces the number of accidents but also creates smooth
operating conditions and increases the capacity.

Without adequate acceleration lanes, drivers on the ramp have to find a gap in
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traffic. Gaps sufficiently long for a vehicle to enter the highway and pick up speed to
that of traffic on the main route are generally available only when volumes are low.
This means that when a vehicle enters from the ramp, it frequently forces the first
vehicle to the rear on the main roadway to slow down. The second vehicle on the main
roadway may have to brake harder and the third or fourth vehicle may have to stop.
This reduces the capacity of the route and in many cases discourages use of the right-

hand lane.
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MAIN PORTION OF RAMP

In general there were very few accidents or any operating difficulties on any of the
main portions of the ramps. Problems, if any, occurred at the ramp terminals.

On two-way ramps, there is a tendency for vehicles to swing wide at the beginning
of the ramp, thus creating head-on conflicts, For this reason, it is believed that
opposite direction traffic on two-way ramps should be separated by a curb.

For inner loops, a series of compound curves has been found to be effective in
providing a means for traffic to safely reduce speed. New Jersey for some time has
used radii of 750, 500, 250 and 170 ft.

There were not any accidents that could be ascribed to the curvature on inner loops
that had radii of over 100 ft. The only ramp that had a poor record was one located
past several underpasses, on a long downgrade and with a 70-ft ramp radius with no
deceleration lane.

LEFT-HAND FACILITIES

Figure 15 shows part of an older type of interchange with a left-hand entrance ramp.

There were 14 accidents at this ramp. Six were merging accidents; four vehicles
were cut off and forced into the guardrail and four were rear ends caused when drivers
slowed before merging.

Note that in this design, the slow right-hand lane of the entrance ramp from Bloom-
field Avenue has to merge with the left hand fast lane of US 46.

In this example four lanes have to merge into two in a short distance. A better
design would be to drop only one lane and have the four lanes merge into three. The
problem then becomes which lane to drop. There is considerable difference of opinion
on this matter. One method would be to adjust the interchange design so that the three
left-hand lanes could be carried straight through. The right-hand lane could be tapered
out as a long acceleration lane. This would be a conventional treatment to which the
motorist was accustomed and would probably be much less confusing than dropping one
of the left-hand lanes. In any case the lane lining should be studied as part of the pre-
liminary design and not something to be added as an afterthought when construction is
completed.

Figures 16-21 show left-hand exits. These create different operating conditions than
the conventional right-hand exit. Left-hand ramps are few in number compared with
the usual right-hand and therefore can create an element of surprise.

LEGEND

Personal Injury
Property Damage
Fatalities

Figure 15. Ramp from Bloomfield Avenue to US L6.
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I Southbound

Figure 16, US 1 and 9 Interchange.

In spite of the best of signing and lane lining, some drivers will slow down or even
stop before making an exit. This slowing down in the left-hand lane is not normally
expected by a following driver in that lane.

A left-hand exit also forces slow-moving traffic in the right-hand lane, to cross
over to left, in order to use the exit ramp.

<« westheld

LEGEND

Personal injury
Property Damage
Fatalities

fnd uojadulid

Figure 17.
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On most highways the right-hand lane carries the lowest percentage of traffic and
the left-hand lane the highest. Placing the exit on the left forces traffic into what may
be an already over-crowded lane and makes thru traffic in that lane move to the right.

At the US 1 and 9 Interchange (Fig. 16) traffic makes an even split, 1,200 an hour

LEGEND

Personal Injury
Property Damage
Fatalities

Figure 19.
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using each roadway. Both ramps have a 950-ft radius. Particular attention has been
directed to the signing at this location. There is a sign bridge with electric signs about
1,500 ft in advance of the exit; large reflectorized signs in the center island and a high
mounted electric sign at the gore.

For southbound traffic, there were 12 accidents, two occurring during peak volumes.
In seven cases vehicles were in the wrong lane. There were two accidents after mid-
night in which the drivers lost control of the vehicle and there was one sideswipe. This
interchange is quite different from some of the others in that only one accident involved
a driver slowing for the turn and being hit in the rear.

Northbound there were 12 accidents. Five were merging accidents, two were rear
ends and five were due to lane changing.

US 22 carries 50, 000 vehicles a day and Westfield Avenue about 7,000 a day. East-
bound US 22 is lane lined for two lanes and the left-hand exit has a radius of 700 ft
(Fig. 17). There are two advance signs with 8-in. letters. These signs are located
in the center island. There is also a sign at the gore.

For eastbound traffic, there were 14 accidents. Five were caused when vehicles
slowed for the turn and were hit in the rear and seven were due to turns from the wrong
lane. Five accidents occurred during peak volumes.

A complete interchange has 16 traffic movements. There are four offbound from
the main roadway and four onbound. The same number occur at the local roadway.

This ratio of 16 traffic movements to 1 should be kept in mind in comparing accidents

Figure 20.
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at a conventional interchange with that of a single left-hand exit or entrance which has
only one traffic movement.

At the US 1 Freeway and Olden Avenue (Fig. 18), traffic volumes are rather low.
Four-hundred fifty vehicles an hour make the left turn and 950 continue on US 1,

There are overhead electric signs with 15-in. letters. The signs are located near
the gore.

There were nine accidents at the left-hand exit. Six accidents were due to left
turns from the wrong lane. One driver slowed for the exit and was hit in the rear.
This accident resulted in seven injuries. At 1a.m., when it was clear and dry, one
motorcycle ran into another.

This interchange shown in Figure 19 has two exits of nearly identical design—one
is a left-hand exit—the other is on the right.

US 1 in this area is of the dual-dual type. Each roadway has two lanes. The north-
bound outer roadway carries 2, 800 vehicles an hour and the ramp 810 an hour. The
inner roadway (which is restricted to passenger cars) carries 1, 800 an hour and its
ramp 560,

The right-hand exit had one accident—a driver made the mistake of slowing for the
exit,

The left-hand exit had six accidents. Three were caused by turning from the wrong
lane, one was due to lane changing and one driver missed the exit and tried to back up.

Figure 20 shows the intersection of N.J. 3 and 20. N.J. 3 westbound carries
3,900 vehicles an hour in advance of this interchange. Two-thousand six-hundred
vehicles an hour use the left-hand exit.

Both the eastbound and westbound ramps have radii of 720 ft.

For westbound traffic, in addition to the route marker signs, there is a sign with
8-in. letters 600 ft in advance of the exit and located on the right; there is one on the
left, 250 ft in advance, and one in the gore.

Eastbound there were 31 accidents. Seventeen were merging accidents and 10 were
rear ends.
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Westbound there were 45 accidents. Seventeen were left turns from the wrong
lane; 16 by traffic slowing for the turn and 5 were rear ends.

Figure 21 shows the number of accidents in comparison to traffic volumes for left-
hand facilities. It is believed that the relationship is remarkable, especially when it
is considered that some of the interchanges were for land service roads, others for
parkway or freeway conditions.

CONCLUSIONS
From this study it is believed that the following conclusions can be reached:

1. There are not any accidents that can be ascribed to the curvature, on inner
loops which have radii of over 100 ft. As ramps which have large radii take consider-
ably more property and require more travel time, the use of one-lane inner loops
with radii greater than 150 ft would appear to be questionable.

2. When the main roadway has concrete pavement, black top acceleration and de-
celeration lanes do not receive full use. Most drivers cut over into the main roadway
within the first 200 to 400 ft.

3. Unless shoulders are provided, many drivers will not make proper use of ac-
celeration and deceleration lanes.

4, Adequate length acceleration and deceleration lanes together with careful treat-
ment of the terminals, and control of access, can practically eliminate accidents at
interchanges.

5. All of the left-hand entrances and exits in this study had poor accident records.




Application of Computer Simulation Techniques
To Interchange Design Problems

AARON GLICKSTEIN, Senior Analyst, Midwest Res. Inst., Kansas City, Mo.;
LEON D. FINDLEY, Remington Rand Corp., St. Paul, Minn.; and
S.L. LEVY, Director, Math. and Physics Div., MidwestRes. Inst., Kansas City, Mo.

A study of the operating characteristics of the driver-vehicle
combination has yielded a general digital simulation model.
This simulation model, which can duplicate traffic flow on a
17,000-ft section of a freeway including two on-ramps and two
off-ramps, can be used to economically evaluate alternate de-
sign criteria.

The basis for this simulation model is the statistical analysis
of actual traffic data collected at a number of freeway locations
by the Bureau of Public Roads and The Texas Transportation
Institute. Significant information on the complex problem of
gap acceptance by a merging vehicle was developed through the
analysis of the collected data. Study of the collected data re-
sulted in the development of the relationship between (a) average
velocity and total traffic volume, (b) vehicle distribution to
lanes and total traffic, and (c) exiting vehicle distribution to
lanes and distance from the off-ramp. Furthermore, information
was developed on velocity distributions in each lane at various
total traffic volumes. The detailed information which describes
actual traffic flow and driver behavior on a section of a freeway
is reported in the section on "Freeway Operating Characteristics."

The simulated vehicle in the model, following decision rules
based on the actual collected traffic data, is allowed to maneuver
through the section of freeway under study. The effects of changes
in traffic volume, velocity, freeway configuration, etc., can then
be evaluated by noting changes in the computer output of traverse
time, waiting time on ramp, volume-velocity relationship, weaving
complexity, etc.

The computer simulation thus creates a duplication of the real
situation at a small fraction of the cost of studying the real system.
Furthermore, the simulation allows: (1) the evaluation of various
freeway configurations without the expense of their construction,
and (2) the performance of controlled experiments impossible to
perform with the actual traffic.

Controlled experiments with a section of freeway 3, 400 ft long
and containing one on- and off-ramp sequence were performed. The
experiments were conducted with the on- and off-ramps located at two
differentpositionson the freeway section. The results of the experi-
ment showed no significant difference between the traffic flow under
the two different configurations for the traffic volumesused. Itis
possible thatat on-ramp volumes higher than those simulated, one
configuration mayprove more satisfactory than the others. Detailed
reports on the measures of effectiveness measured are presented
in the section on "Experimental Results."

@IN 1959 Midwest Research Institute developed a digital simulation model which could
be used to duplicate a 1, 700-ft section of a freeway. Based on the success of this model
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in duplicating actual freeway conditions, a study was undertaken to expand the simula-
tion model so that a complete interchange could be duplicated. The new simulation
model was to be used in developing efficient design criteria for highways. Work on
this project was undertaken in three phases.

Phase 1

One phase of the project was devoted to the study and analysis of traffic data gathered
at locations in Detroit and Houston. The purpose of this portion of the study was to
develop input data, describing the freeway operating characteristics of the driver-ve-
hicle combination, which could be used with the simulation model. The results of this
portion of the study are reported in the section on "Freeway Operating Characteristics."

Phase 2

A second phase of the project consisted of developing the logic and program for the
digital simulation model. Emphasis was placed on making the model as simple as
possible without sacrificing any reality. This phase of the project, which was carried
out concurrently with Phase 1, is discussed in the section on "Simulation Model."

Phase 3

The third phase of the project consisted of testing the simulation model developed
during the previous phases. Two controlled experiments were carried out, comparing
the effects on traffic flow of two different freeway configurations. The two experiments
are outlined in the section on "Design of Experiments." The section on "Experimental
Results" is devoted to a comparison of the traffic characteristics of the two configura-
tions. The section on "Conclusions and Recommendations™ is devoted to some con-
clusions And recommendations based on the experimental results.

FREEWAY OPERATING CHARACTERISTICS

Data were gathered at two intersections in Detroit by the Bureau of Public Roads,
and at intersections in Houston by the Texas Transportation Institute.

Detroit

The Detroit data on 25, 000 punched cards were obtained from the Bureau of Public
Roads. Each card represented a vehicle crossing one of the recording mechanisms
at each site (Fig. 1). Each card contained information on the velocity, lateral place-
ment, type and maneuver of the vehicle. The time of day to the nearest 0.0001 of an
hour that the vehicle passed the recorder was also available. The format of these data
made it suitable for obtaining information on (a) velocity distributions, (b) volume-
velocity relations, and (c) vehicle distribution to lanes.

Velocity Distributions. —The distributions of through vehicle velocities at Sites 7
and 8 are shown in Figure 2. The distributions are slightly skewed in appearance.
Some parameters of the distributions are given in Table 1. Analyses were also made
of the velocity distribution at various traffic volumes. Figure 3 shows the velocity
distributions at 6-min volumes of 91, 128, and 150 vehicles. These distributions are
for Lane 1 at Site 8. Figure 4 shows additional velocity distribution for Lanes 1 and 2.

Volume-Velocity Relations. —~Regression analyses were made for each lane of the
two Detroit locations in order to determine the effect on average velocity of an increase
in traffic volume. The input data consisted of the 6-min average velocity and the 6-min
vehicle volumes. Graphs of velocity versus volume in Lane 2 for Sites 7 and 8 are shown
in Figure 5.

A linear relationship between velocity and volume of the type shown in Equation 1
was assumed.

Y=a+bX (1)

in which Y = 6-min average velocity,
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Figure 1. Detroit Study Sites, October 1957.

X = 6-min volume,
a, b = constants

The results of the analyses are shown in Table 2.

Vehicle Distribution to Lanes. —The distribution of vehicles to the three lanes was
obtained at Sites 7 and 8 (four recording locations in all). The relationship between
the distribution and the total freeway volume was determined. A plot of the data
(Fig. 6) indicated that a linear relationship existed. The relationships were described
by equations of the following type:

Pj =a +ba (2)
in which
P; =percent of total volume in ith lane
o = total freeway volume per 6-min increments

The results of the linear regression at all locations are given in Table 3. AS ex-
pected the entering vehicles prevent significant correlation between through volumes
and Lane 1 utilization in the proximity of the on-ramp.

Houston

The Houston data were obtained by the analysis of motion pictures taken at on- and
off-ramp sites. These data were suitable for obtaining information about: (1) gap ac-
ceptance of merging vehicles, (2) path of exiting vehicles, and (3) distribution to lanes
of exiting vehicles.

Gap Acceptance of Merging Vehicles. — It is difficult to determine the size of a
gap accepted by a merging vehicle for the following reasons:

1. It is impossible to determine what the size of the gap was at the moment the merging
driver made his decision.

2. It is impossible to determine how the merging driver's choice was affected by
the size of other gaps being presented to him either in advance or following the gap ac-
cepted.
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TABLE 1

THE MEAN, STANDARD DEVIATION, AND COEFFICIENT OF VARIATION
OF THE VELOCITY DISTRIBUTIONS

Mean Standard Deviation Coefficient of
Velocity of Velocity Variation
Site Lane Machine ) (s) (s/x)
7 1 2 42,05 6.85 0.16
1 3 39.54 6.83 0.18
2 4 46.98 6.76 0.14
8 1 2 42,99 7.83 0.18
1 3 42,16 6.90 0.16
2 4 47.94 6.52 0.14

3. Itis difficult to determine the rate at which the gap size is changing as it ap-
proaches the merging vehicle.

However, for the purpose of obtaining some meaningful data on gap acceptance, the
following procedure for analyzing the film was adopted:

1. The film was projected and the merging, lead, and trailing vehicles were ob-
served.

2. The film was projected back and the time the lead vehicle (No. 1) passed a given
point 0 (Fig. 7) was observed.

3. The film was projected forward and the time that the trailing vehicle (No. 3)
passed point 0 was observed (Fig. 7).

4. The time difference between Steps 2 and 3 was calculated. This value was used
as a measure of the gap accepted.

A similar procedure was used to determine the size of gaps rejected. Gap ac-
ceptance data on passenger vehicles only were obtained. Multiple vehicle entries were
not considered. The data were subdivided into merging behavior of stopped vehicles
and merging behavior of moving vehicles.

50 50 50
YOLUME = 91 VENICLES/8 MIN VOLUME = 128 YENICLES/6 MIN VOLUME = 150 VEHICLES/6 MIN
X = 40.9 MPH X = 35.2 MPH X = 38,3 MPH
%l $ = 5.8 MPH 40 $ = 10.5 MPH wl $ = 5.3 MPH
& 8 a
= 30t = 30} = 30 |
w w >
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“w ‘s %
- e - [
= 20 & 20} w0l
o - o
g i & -
10 101 10
—LL —— R s e e — — L
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Figure 3. Velocity distributions for Lane 1, Site 8, at given vehicle volumes,
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Figure 5. Relationship between average velocity and volume in Lane 2.

An analysis was made of film taken during the peak morning and afternoon traffic
periods. The results (Table 4) show that vehicles merging after they have stopped re-
quire a longer time gap than those which merge without stopping.

Path of Exiting Vehicle. —The deceleration lane at the Cullens Interchange on the
Guif Freeway in Houston was studied to determine the path of the exiting vehicles. The
lane was divided into four sectors (Fig. 8) and the number of cars moving into the de~
celeration lane in each sector was recorded (Table 5). Observations were carried out
for 1 hr and 20 min during the peak morning volume and for 50 min during the peak
evening hours.
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TABLE 2
LINEAR EQUATIONS FOR VELOCITY-VOLUME RELATIONSHIP

Correlation Test of
Coefficient Significance
Site Lane Machine Equation (r) at 0.05 Level

7 1 2 Y =47.630 - 0,015X -0.758 Significant
7 1 3 Y =50.548 - 0. 097X -0.622 Significant
7 2 4 Y =63.182 - 0.103X -0.683 Significant
8 1 2 Y =51.062 -~ 0,085X -0.580 Significant
8 1 3 Y =53.703 - 0.077X -0.1738 Significant
8 2 4 Y =59. 145 - 0. 070X -0.585 Significant

Distribution to Lanes of Exiting Vehicles. —To determine the effect of the flow pat-
tern of vehicles in an interchange area on the efficiency of a freeway, the Cullens In-
terchange on the Gulf Freeway in Houston was analyzed. During the period of analysis,
the total volume of through traffic varied from 2, 100 to 3, 900 vehicles per hour. The
exiting vehicles made up, on the average, 6.6 percent of the through traffic. Analysis
showed that for the range of volumes under investigation, there was no relationship
between the total volume and the distribution to lanes of exiting vehicles. On the aver-
age, vehicles were distributed as shown in Figure 9.

SIMULATION MODEL

The purpose of the simulation model is to duplicate in a digital computer the real
life vehicle-driver combination passing through a section of a freeway in order to per-
mit controlled experiments. The purpose of these experiments is to obtain knowledge
of the relationships among the various factors that control the smooth and efficient flow
of traffic. On the basis of this knowledge of traffic behavior improved highway design
criteria can be developed. Digital simulation is an effective tool in highway traffic
study as it permits the performance of experiments which cannot be performed, or
which are too costly to perform, on a real freeway.

Input Factors for Simulation Model

In order to obtain a true duplication of actual traffic behavior on the freeway the
simulation model should contain all factors which influence traffic behavior. In this
model the following factors are considered:

1. The volume of entering and exiting vehicles.

The distribution of vehicles to lanes.

The velocity distributions of vehicles.

The gap acceptance distribution of merging and weaving vehicles.
The acceleration of entering vehicles.

The deceleration of exiting vehicles.

The distribution to lanes of exiting vehicles.

«J O Ui WD

In addition, all vehicles are allowed to shift lanes in order to pass slower moving
vehicles in front of them.

The Study Area

The study area is set up in a 4 x N matrix, (N<999), (Fig. 10). The four rows
represent: (1) the three through Lanes 1, 2, and 3, and (2) the ramp, acceleration
and deceleration Lane 5. Each of the N blocks represents a 17-ft section of freeway,
the approximate length of an automobile. For the simulation runs on the computer any
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TABLE 3
LINEAR EQUATIONS FOR DISTRIBUTION TO LANES—VOLUME RELATIONSHIPS

Distance Correlation Test of
From Nose Coefficient Significance
Site of Ramp(ft) Lane Equation (r) at 0.05 Level
i 179 1 P, =27.78-0.010 a -0.337 Not significant
2 P2=53.48 -0.031 a -0.615 Significant
3 P; =19.16 + 0.041 @ +0.670 Significant
579 1 P;=39.15-0.025 a -0.619 Significant
2 P, =54.61-0.039 a -0.734 Significant
3 Ps = 5.45 +0.065 @ +0.735 Significant
8 179 1 Py =26.12 - 0.006 a -0.202 Not significant
2 P> =47.01 -0.014 o -0.350 Significant
3 P; =24.61 +0.025 @ +0.519 Sigmificant
536 1 P;=39.25 -0.015 a -0.532 Significant
2 P.=45.16 - 0.026 o -0.751 Significant
3 P3 =15.59 +0.041 a +0. 745 Significant
TABLE 4

GAP ACCEPTANCE OF MERGING VEHICLES

Moving Merging Vehicles Stopped Merging Vehicles
Size of Gap  No. of No. of % of Total No.of  No. of % of Total
Presented Veh Veh No. of Veh Veh Veh No. of Veh
(sec) Accepting Rejecting Accepting Accepting Rejecting Accepting
Gap Gap Gap Gap Gap Gap
0 -100 1 1 12.5 0 31 0.00
1.01-2.00 58 44 56.8 8 270 2.8
2.01-3.00 111 33 7.0 21 100 17.4
3.01-4.00 120 6 - 95.1 32 57 36.0
4.01-5.00 102 3 97.0 24 13 64.9
5.01-6. 00 101 2 98.0 19 1 95.0
6.01-7.00 70 0 100.0 16 0 100.0
7.01-8.00 46 0 100.0 5 1 -
8.01-9.00 36 1 98.0 - - -
9.01-10.00 40 0 100.0 - - -

value of N ( £999) can be utilized. Locations of interchanges are designated as follows:

A = ramp 1nput location

B = nose of on-ramp

C =end of acceleration lane

D = beginning of deceleration lane
E = nose of off-ramp

F = off-ramp output location

The program 1s very flexible and permits the on- and off-ramps to be located at
any point on the section of freeway under i1nvestigation.
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TABLE 5
PATH OF EXITING VEHICLES

Morning Peak Hours Evening Peak Hours
Exit No. of % of Total No. of % of Total
Sector Veh Exiting in Sector Veh Exiting in Sector
1 112 32.6 44 22.2
2 148 43.0 86 43.4
3 74 21.5 66 33.3
4 10 2.9 2 1.1

Simulation Procedure

Basically, the procedure consists of simulating the arrivals of cars into the section
of highway under consideration and then controlling the action of the vehicle by a set
of decision processes. During each second of real time each vehicle in the matrix is
examined. The vehicle is allowed to advance, weave, merge, accelerate, decelerate,
or exit according to logical rules describing the behavior of actual vehicle-driver
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BLOCX 2998
/ BLOCK 1999 BLOCK 1000
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F -
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THROUGH LANE INPUT
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Figure 10. Study area matrix for computer simulation of an interchange area.
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combinations. Just prior to examining all vehicles at each second, each of the input
locations is evaluated. Inspection starts at vehicles closest to the end of the section
of highway under examination and proceeds to vehicles in the input location.

An over-all description of the logic involved in processing a vehicle through the
system is given in the flow diagram (Fig. 11). Detailed descriptions can be obtained
in MRI Report No. 2349P.

Simulation Output

The present model was programed so that the following information can be obtained
about each simulation run.

1. The volume of vehicles traversing the system in each lane.
The volume of vehicles entering the freeway through each on-ramp.
The volume of vehicles exiting the system at each off-ramp.
The number of vehicles which stop on the acceleration lane.
The length of the queue on the acceleration lane.

The number of vehicles that desire to exit but cannot.

The distribution of through-vehicle traverse times.

The distribution of ramp-vehicle traverse times.

The average vehicle velocity in each lane.

The number of weaves from:

(a) Lane 1 to 2;

(b) Lane 2 to 1;

(c) Lane 2 to 3; and

(d) Lane 3 to 2.

QW0 -TN U bW N

-

DESIGN OF EXPERIMENTS

Various types of controlled experiments can be carried out using the simulation
model described 1n the section on "Simulation Model." For example, experiments on
the effects on traffic flow of (a) various on-ramp vehicle volumes; (b) various accera-
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Figure 11. Flow diagram of over-all computer logic.
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tion lane lengths; (c) various velocity distributions; (d) combinations of the above; and
(e) various geometric configurations, etc., can be carried out with this model.

With the limited machine time available, it was decided to carry out experiments on
the effect on traffic flow of spacing between an on-ramp and an off-ramp, under varying
traffic volumes. The geometric configurations which were utilized, and the simulation
input data, are described in this section.

Interchange Configurations

Two interchange configurations (Fig. 12) were examined. Each configuration was
200 blocks or 3, 400 ft long and contained one on- and off-ramp combination. Each ac-
celeration and deceleration lane was 595 ft long. In Configuration I exiting vehicles
have 2, 465 ft to travel to the nose of the off-ramp while in Configuration II the distance
is 3,230 ft. In Configuration I the distance between the acceleration and deceleration
lane is 340 ft and 1,870 ft in Configuration II. All exiting vehicles were designated at
block number 199 (that is, as they enter the system).

CONFIGURATION I

—_—t—

c

l

| |
—_—

/KN TRAFFIC FLOW OFF

BLOCK DISTANCE
1= 200 3400 FT
A= 150 2550 FT
B = IUS 2465 FT
c= 10 1870 FT
D= 90 1530 FT
E= 55 935 FT
Fe 50 850 FT
0= 00 000 FT
CONF1GURATION IX
1AB ¢ D EFO
Za S— X
TRAFFIC FLOW
BLOCK DISTANCE
I= 200 3400 FT
A= 195 3315 FT
B 190 3230 FT
= 155 2635 FT
D= U5 765 FT
E= 10 170 FT
F= 5 85 FT
0= 00 00 FT

Figure 12. The configuration of the two sections of freeway being examined.
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Input Data

Volume of Traffic. —For both configurations the input to the simulation was for 750
ramp vehicles per hour. For Configuration I experiments with through-lane volumes
of 2,000, 3,000, 4,000, 5,000 and 6, 000 vehicles per hour were conducted. For Con-
figuration II experiments with through-lane volumes of 1,000, 2,000, 3,000, 4,000,
5,000 and 6, 000 were conducted. Two tests were conducted at each volume.
Distribution of Volume to Lanes. —In all experiments carried out, the traffic volumes
were assigned to the three lanes according to the following relationships:

Py = 0.43693 - 0.22183a + 0. 0573062 - 0. 00046} (3)
P2 = 0.48820 - 0.03136a + 0. 0000642 + 0. 00024a° (4)
Ps = 0.07487 + 0.25319a - 0, 0573642 + 0. 003824° (5)

in which
p; = proportion of total volume in the ith lane; and
o = total freeway volume in thousands of vehicles per hour.

These relationships are based on data observed in Chicago (1), and were utilized, as
the digital program for them was available from the previous study.

Velocity Distributions. —The velocity distributions used with both highway configura-
tions are based on the analysis of the Detroit data. Three different velocity distributions
were used in the simulations. One velocity distribution was used for the on-ramp
w(iehicless a second for the vehicles in Lane 1 and a third for vehicles in Lanes 2 and 3

Table 6).

Gap Acceptance Distributions. —Three different gap acceptance distributions were
used in the simulation tests. The distributions for merging vehicles (both stopped and
moving) are given in Table 7. The gap acceptance data for vehicles weaving between
lanes are given in Table 7 (1).

TABLE 6
INPUT VELOCITY DISTRIBUTIONS

‘;:; ig:ﬁ; Cumulative Percent
(blocks/sec) Ramp Lane Lane 1 Lanes 2 and 3
1.50 0.026 0. 001 0. 003
2.00 0.061 0.010 0.015
2.38 0.116 0.040 0.034
2.81 0.314 0.180 0. 064
3.25 0.683 0.435 0. 138
3.69 0. 888 0.7317 0.322
4.13 0.979 0.899 0. 759
4.56 0.994 0.989 0.970
5.00 0.998 0.999 0.998
5.44 1. 000 1. 000 1.000

Exiting Vehicles. —For both freeway configurations 10 percent of the, through vehicles
were designated as exiting vehicles. These exiting vehicles were further allocated to
the three lanes according to the following schedule:

1. Ninety percent of exiting vehicles in Lane 1 at Block No. 199;
2. Nine percent of exiting vehicles in Lane 2 at Block No. 199; and
3. One percent of exiting vehicles in Lane 3 at Block No. 199.
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TABLE 7

EXPERIMENTAL RESULTS

GAP ACCEPTANCE DISTRIBUTION The controlled experiments described

FOR WEAVING VEHICLES

in the section on "Design of Experiments,"
were carried out on a 704 digital computer.

Length of Gap The ratio of computer time to real time
(w) Cumulative Probability varied from 1 to 5 for low traffic volumes,
(sec) of Acceptance to almost 1 to 1 for the higher volumes.
The over-all results of the experiments
0.00-0.25 0.00 indicated that there were no significant ef-
0.26-0.50 0.00 fects on the traffic flow patterns of the
0.51-0.75 0.00 freeway as a result of this change in geo~
0.76-1.00 0.00 metric configuration.
1.01-1.25 0.10 The remainder of this section is devoted
1.26-1.50 0.30 to the examination of a number of the simu-
i' 2(1;-5 gg 2 gg lation outputs in order to obtain a quantita-

Pop oo

tive view of the traffic performance. The
following outputs will be examined:

The d#stribution of through-vehicle traverse times;

The average velocity-volume relationships;

The vehicle distribution to lanes;

The number of vehicles stopping on the acceleration lane;
The number of exiting vehicles that cannot exit; and

The number of weaving movements on the freeway.

The Distribution of Through-Vehicle Traverse Times

Distributions of the through-vehicle traverse times were obtained for each through-
volume simulated for both configurations. In each case the distributions were skewed
to the right. There did not appear to be any difference in traverse time between the
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two freeway geometric configurations. Cumulative distributions for Lanes 1 and 3 for
each configuration at traffic volumes of 2,000 and 6, 000 vehicles per hour are shown
in Figures 13 and 14. For example (Fig. 14), in Lane 1 with a total freeway through-
volume of 6, 000 vehicles, 88.6 percent of the vehicles had a traverse time of 75 sec
or less in Configuration II, while in Configuration I, 84.1 percent of the vehicles had
a traverse time of 75 sec. From these cumulative distributions it is apparent that
the difference in configuration does not affect the traverse time to any great extent.
The total through-volume, however, does have an influence on the traverse time. An
increase in through-volume causes an increase in average traverse time.

Average Velocity-Volume Relationships

The relationship between the average velocity and the volume of traffic in the lane
was examined for each of the two configurations. The purpose of this examination was
to evaluate the effect that distance between adjacent on- and off-ramps had on the aver-
age velocity. There was no apparent average velocity difference for the two freeway
configurations under investigation. Linear relationships between average velocity and
vehicle volumes of the form in Equation 6 were determined.

Y=a+bX (6)
Y = average velocity;
X = volume of traffic in lane (veh/hr); and

a, b = constants.

in which

The relationship holding in each configuration in Lane 1 are shown in Figure 15.
Ninety-five percent confidence limits were established around each regression line.
These confidence limits indicate the area within which the true values indicated by the
regression line will lie 95 percent of the time. Because of the large overlap of areas
between the two configurations, one cannot assume any significant difference between
the average velocity-volume relationship of the two configurations. A complete tabu-
lation of the average velocity-volume relationship for each lane is given in Table 8.
In each case correlation coefficients r > 0. 80 were found.
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Vehicle Distribution to Lanes

The distributions of the vehicles to the
three lanes were examined for each con- so |
figuration. The output was considerably
different from the input. For example,
the input relationship between the percent
of traffic in Lane 1 and the total volume
of traffic was given by Equation 7.

CONFIGURATION T LANE |

us
46

w
UPPER LIMIT
vz |
uw

P; = 0.43693 - 0.22183a + 0. 0573002
- 0.00046a° (7

38 4

AYERAGE YELOCITY MPH

36 LOWER LIMIT

Chi square tests were used to compare wl o
the output and the input, and for each con- L
figuration one had to reject the hypothesis 2 % € 8 10 12 14 16 18 20 22
that the output had the same form as the VOLUME (HUNDREDS OF VEHICLES PER HR )
input distribution. This change of distri-
bution may be caused by the great number ol CONFIGURATION IT LAKE |
of weaving movements which occur in an
interchange area.

Plots of the distribution of traffic to
lanes at the various volumes are shown in
Figure 16. Regression analysis was used
to relate the distribution to lanes and total
volume of traffic. The results, along with
the correlation coefficients, are given in
Table 9. These results may indicate that sl
in Configuration I, where the output is
measured at a greater distance from the ,
on-ramp than in Configuration I, the 7 v 6 & 1o iz W s 15 2 2
traffic has had an opportunity to reach a
steady-state condition. In Configuration
I, a number 6f ramp vehicles may still be Figure 15. Relationship between average
weaving between lanes in order to reach velocity and the number of vehicles in
a lane in which the traffic moves at the the lane.
vehicle's desired rate.
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TABLE 8
LINEAR EQUATIONS FOR AVERAGE VELOCITY-VOLUME RELATIONSHIPS

Coefficient Test of

Configuration Lane Correlation Significance
No. No. Equation (r) at 0. 05 Level

I 1 Y =47.698 - 0.0056X -0.912 Significant

2 Y =49.918 - 0,0049X -0. 847 Significant

3 Y =51.516 - 0.0062X -0, 865 Significant

I 1 Y =45.515 - 0.0043X -0, 865 Significant

2 Y = 48.940 - 0.0046X -0. 860 Significant

3 Y = 49,253 - 0,0058X -0.853 Significant

Iand I

data grouped 1 Y =46.180 - 0.0047X -0.876 Significant

2 Y =49.160 - 0.0046X -0. 850 Significant

3 Y =49.958 - 0.0054X -0.848 Significant




Number of Vehicles Stopping on
Acceleration Lane

For each traffic-volume input, informa-
tion was obtained about the number of
vehicles which were forced to stop on the
acceleration lane because they could not
find a suitable gap for merging. The re- 10
lationship between the percent of ramp
vehicles stopping and the total volume of 0
through traffic for both configurations is
shown in Figure 17. Ninety-five percent
confidence limits about each regression

30

20

% OF VEHICLES IN LANE (P)

line are shown. The overlap of the con- E 50
fidence regions indicates that there is no z pu
difference between the two configurations.
This result is to be expected because this o %0
difference in interchange configuration o
should have no effect on the gap arrivals. S
The regression line for the grouped data = 10
is shown in Figure 18 with its confidence =

region. This output indicates that with 0
traffic volumes as high as 6, 000 vehicles
per hour, there are still sufficient gaps in
the traffic for merging operations. This
finding agrees with the findings of Webb 50
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» 22,914 + .001
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1 1 1 i 1 | J

0
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VOLUME (THOUSANDS OF VEHICLES PER HR) a

~ LANE 3
and Moskowitz in their study of California — ., |
freeways (2). £ . . _
- | -
Number of Exiting Vehicles that =
Cannot Exit o2 35.1867 - .0005a
The simulation output includes a count é 0 |
of the number of vehicles that have been -
tagged as exiting vehicles which cannot T s s e 7
weave to the off-ramp in the distance
Vi {
allotted. In Configuration I, exiting ve- OLUME [THOUSANDS OF VEHICLES PER HR) o
hicles have 2,465 ft in which to move to Figure 16. Distribution of traffic to the
the nose of the off-ramp. In Configuration three lanes on configuration II.
I, the distance available is 3,230 ft. A
TABLE 9

LINEAR EQUATIONS FOR THE VOLUME AND
LANE DISTRIBUTION RELATIONSHIP

Coefficient Test of

Configuration Lane Correlation Significance
No. No. Equation (r) at 0. 05 Level
I 1 P, = 25.8081 + 0.00083a +0. 450 Not Significant
2 P, = 40.5669 - 0.00062a -0.308 Not Significant
3 Ps = 33.4049 - 0.00004a -0.019 Not Significant

I 1 P; =22.9138 + 0.00149a +0.905 Significant

2 P2 = 41,8995 - 0.00097a -0.623 Significant
3 Ps =35.1867 - 0,00052a -0,313 Not Significant
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Relationship between the percent of vehicles stopping on acceleration lane
(Y) and the total through volume (X).
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scatter diagram of the number of vehicles

35¢
304

251

% OF RAMP VEHICLES STOPPING

CONF1GURAT 10N T & IT GROUPED which cannot exit at various traffic volumes
US| RAMP INPUT 7S50 Y P H

UPPER LIMIT is shown in Figure 19, The variation is
such that it is not possible to determine
whether one configuration is superior to
the other.

With 10 percent exiting vehicles (90
percent of which are in Lane 1, 9 percent
in Lane 2, and 1 percent in Lane 3), it is
necessary to start the exiting behavior more
than 3, 230 ft before the nose of the off~
ramp to insure that all vehicles can com-
plete their maneuver. This information

Figure 18.

may be helpful in determining where to
VOLUME (THOUSANDS OF VEWICLES PER HR ) post exit signs.

To examine the effect of a lower per-
Percent of vehicles stopping centage of exiting vehicles, simulations

on ramp vs the total through vol-  ywere carried out for a 6 percent value.

ume {grouped data),

A comparison of results for Configuration
II with 6 and 10 percent exiting vehicles
are given in Table 10.

Weaving Movements on Freeway

During a 5-min time interval the total number of weaves (Y) between the lanes oc-
curring on the 3, 400-ft section of freeway increased linearly with the volume of traffic
(X). A comparison between the number of weaves from Lane 1 to 2 for the two highway
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Figure 19. Scatter diagram of the number of exiting vehicles not able to reach the off-

ramp,
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TABLE 10
COMPARISON OF NUMBER OF VEHICLES NOT ABLE TO EXIT

Percent of All 5-Min Volume Number of Vehicles
Vehicles Exiting of Traffic (Not Able to Exit)
10 384 3
391 2
6 382 1
398 0

CONFIGURATION T
180 |-

160
140 |
120 |
100 |- Y= -10.654 + 0.030X

80 |-

NO. OF WEAVES

60 +

40t

20

I 1 1 1 1 1 X

1 2 3 4 5 6
VOLUME (THOUSANDS OF VEHICLES PER HR.)

180 CONF | GURATION IT

160 +
1o |
120

100 |- Y= 8.44l + 0.025X

80 |

NO. OF WEAVES

€0 -

40

20|

1 1 1 ] 1 Il X

l 2 3 L) 5 6

VOLUME (THOUSANDS OF VEHICLES PER HR.)

Figure 20. Number of weaves in 5 min on a 3,L400-ft section of freeway as a function of
total through volume.
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configurations is shown in Figure 20. Table 11 gives the relationship between Y (the
number of weaves) and X (the hourly volume of traffic). These results show that even
at volumes as high as 6,000 vehicles per hour, sufficient gaps exist to permit weaving.

TABLE 11

RELATION BETWEEN THE NUMBER OF WEAVES (Y) AND
THE VOLUME OF TRAFFIC (X)

Lane Weaving Correlation Test of
Freeway Movement Linear Relation Coefficient  Significance
Configuration ~From  To (Y =a + bX) (r) At 0.05 Level
1 1 2 Y =-10.654 + 0. 030X 0.975 Significant
2 1 Y =-29.807 + 0.032X 0.936 Significant
2 3 Y = 27.903 + 0,024X 0.824 Significant
3 2 Y = 13.743 + 0, 029X 0. 799 Significant
o 1 2 Y= 8.441 + 0.025X 0.946 Significant
2 1 Y= -1.337 + 0.029X 0.965 Significant
2 3 Y =-29.350 + 0,037X 0.950 Significant
3 2 Y =-35.052 + 0.033X 0.949 Significant

CONCLUSIONS AND RECOMMENDATIONS

This study has shown that digital simulation can be used to faithfully duplicate actual
traffic flow in an on- and off-ramp area of a freeway. The output of the simulation
furthermore, gives measures of effectiveness which can be used to evaluate alternate
hig: vay designs.

E. neriments were performed for the two following on- and off-ramp configurations:

1. A distance of 1,530 ft between the on- and off-ramps (Configuration I); and
2. A distance of 3, 060 ft between the on- and off-ramps (Configuration II).

The resulting traffic flow characteristics for both systems were similar over the volume
range 1, 000 to 6, 000 vehicles per hour.

The computer outputs, however, do indicate that the area immediately following an
interchange is an area of transient behavior. The distribution to lane versus volume
relationship for vehicles leaving the interchange area has less variation, as indicated
by the correlation coefficient, in Configuration II than in I. Output measurements in
Configuration II were performed at a greater distance from the on-ramp than in Con-
figuration I. Similar results were found to be true for the actual data collected by the
Bureau of Public Roads in Detroit (Table 3). These results indicate the need to mea-
sure traffic flow variables at a distance from the on-ramp. It is, therefore, important
for effective comparison of traffic data that the location of the sensing equipment should
be standardized. Such standardization may well be prescribed through simulation
studies.

A further result of the study is useful for planning the location of exit signs. For
example, a simulation with 750 on-ramp vehicles per hour and with 400 or more exiting
vehicles at an adjoining off-ramp was performed. Results indicated that fewer than
10 percent of the exiting vehicles could be 1n Lanes 2 and 3 if all exiting vehicles were
to successfully perform their exiting movement. For the above volume conditions,
exit signs should be located more than 3, 000 ft in advance of the off-ramp if friction
induced by exiting cars is to be minimized.

The simulation experiments performed indicate the need for research and experi-
mentation in a wide variety of areas to answer questions such as the following:

1. What is the effect of various vehicle distributions to lanes on the traffic flow ?
2. What is the effect on traffic flow of various distances between adjoining on-ramps ?
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What is the effect of various desired velocity distributions on traffic flow ?
At what volume of traffic do weaving movements between lanes become hazardous?
What is the effect on traffic flow of various volumes of commercial vehicles?

sJ'lth

The simulation model developed in this study can serve as an efficient tool to answer

these and other problems in the continuous quest for means of moving traffic safely and
efficiently.
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A Quantitative Evaluation of Traffic in a
Complex Freeway Network

ROBERT BRENNER, Associate Research Engineer, Institute of Transportation and
Traffic Engineering, University of California, Los Angeles; EDWARD T. TELFORD
and DONALD FRISCHER, respectively, Assistant State Highway Engineer and District
Traffic Engineer, District VII, California State Division of Highways

The proposition that travel time is a fundamental dependent vari-
able in the analysis of transportation systems is developed a-
long with several corollary concepts. The proposition and some
of the derived concepts are then put to test in a detailed investi-
gation of traffic in a part of the freeway network in downtown
Los Angeles. The network of interest includes two "input”
freeways (the Santa Ana and San Bernardino Freeways), three
"output" freeways (the Harbor, Hollywood, and Pasadena Free-
ways), and three intervening on-ramps and one off-ramp which
come into the network between the input and output freeways.

License plate methods, including dictation into portable tape
and wire recorders and high-speed photography, are used to ob-
tain both travel time and the relative percentages of traffic flow
1n all the combinations of input-output freeways as well as free-
way-ramp combinations. Speeds and headways are measured by
lane at the output boundary of the network of interest which is on
a freeway proper. Other covariates are classified volume counts
which also are by lane on the output boundary. A novel mailing
questionnaire is used to establish the surface street paths drivers
pursue to get to the on~ramps of the network. In light of a re-
sponse of the order of 60 percent of the original mailing of 400
questionnaires, the particular techniques used, appear to be
quite promising for application to more extensive networks.

Representative of the hypotheses tested are: the effect of
on- and off-ramp traffic on network travel time; the effect of multi-
axle vehicles on network travel time; (deduced) effects that opening
planned additional links of the freeway system will have on the
existing network; (deduced) effects that closing a ramp would have
on the network as well as the adjacent surface streets.

Besides providing a quantitative description of traffic in the
selected network, the study demonstrates that mathematical models
based on travel time can be applied to real situations. Although
there can be no formal proof of the importance of these models, the
fact that they yield useful information 1n this case suggests that
more general applications might be considered.

@A NUMBER OF SITUATIONS have recently been reported in various parts of the
country in which decisions have had to be made to change some operational aspect

or physical feature of an existing high-performance transportation facility such as a
freeway network. Many more decisions of a similar nature will, no doubt, have to

be made in the future, partly because the state of the art of land-use planning has not
progressed to where evolving land use can be reliably predicted, and partly because

the transportation art has not progressed to where the interactions between freeway
networks and changing land uses in a burgeoning metropolitan region can be understood.
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An emergent need, therefore, will be for increasingly rigorous measurements of free-
way systems. These measurements will represent mandatory inputs into any decision-
making process to alter the facilities in any way.

The immediate purpose of this paper is to present methods for quantltatlvely evalu-
ating the performance of a freeway network or a section thereof pursuant to decision-
making on changes to improve network performance. The methods are then demon-
strated in a study performed in a relatively complex section of a heavily traveled free-
way network in downtown Los Angeles. The underlying operational decision in this
study concerns the closing of a particular on-ramp, but the ultimate disposition of this
problem is not germane to this paper; it is only the methodology that is being em-
phasgized here.

Included in the methodology are certain field techniques that were developed specifi-
cally for measuring freeway performance under high-speed, high-volume conditions
with minimum disturbance, if any, of traffic. The measurements are inputs into a
mathematical model of traffic flow in a network with travel time as the fundamental
dependent variable. This concept is not entirely new, for a number of studies have
been pubhshed which in essence treat traffic in this, or some related manner (1 2,
3,45, 6, 7) The difference lies in the manner in which the concept is apphed to
the movement of ensembles or collections of vehicles through complex networks of
flow paths rather than to the movement of a single vehicle.

Finally, a more or less peripheral purpose of this paper is to demonstrate a nomen-~
clature that was directly suggested by FORTRAN language used in writing programs
for the IBM 709 computer. This computer was used in this study for computing speed,
headway, and several other properties of the observed traffic.

NOMENCLATURE

A section of the freeway network in Los Angeles is designated as the "system-of-
interest" or simply "system" as shown in Figure 1, and approximately to scale in
Figure 2. Figure 3 shows the freeway links which either are under construction or are
programmed in the Los Angeles area, and the completion of which might affect the
performance of the system of interest.

The primary traffic flow in the system is from east to west so that an imaginary line
to the east is defined as the input boundary, INB, of the system, whereas an imaginary
line to the west is defined as the output boundary, OUB, of the system.

Input traffic at INB is from either of two freeways, the Santa Ana Freeway, SAF, or
the San Bernardino Freeway, SBF. Output traffic is to either of three freeways: the

N
o- ous INB
‘ 8ON LON s AON AOF l
[ —
SBF
————tetetees.
TRAFFIC FLOW- WESTBOUND l
l‘n‘:
---4E1-- ous INB
OUB - Output Boundary BON - Broadway Avenue On-Ramp INB - Input Boundary
PSF - Pasadena Freeway LON - Los Angeles Street On-Ramp SBF - San Bernardino Freeway
HLF - Hollywood Freeway AON - Alameda Avenue On-Ramp SAF - Santa Ana Freeway
HRF - Harbor Freeway AQOF - Alameda Avenue Off-Ramp

Figure 1. Schematic diagram of system of interest.
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Figure 3. Dastrict VII freeways, State of California.

Hollywood Freeway, HLF; the Harbor Freeway, HBF; the Pasadena Freeway, PSF,
The HLF traffic continues westbound, PSF traffic is northbound, HBF traffic is south-
bound. The additional input traffic into the system is via three on-ramps: Broadway
Avenue, BON, Alameda Street, AON, and Los Angeles Street, LON. Additional output
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traffic leaves the system at the Alameda off-ramp, AOF. All three on-ramps and the
one off~-ramp are between INB and OUB.

Traffic of interest is identified in two ways: first, according to input and output
sites; and second, by performance expressed in travel time.

General
System boundaries
INB input boundary
ouB output boundary
On-ramps of interest
BON Broadway on-ramp
LON Los Angeles on-ramp
AON Alameda on-ramp
Off-ramp of interest
AOF Alameda off-ramp
Freeways
SBF San Bernardino Fwy
SAF Santa Ana Fwy
HRF Harbon Fwy
HLF Hollywood Fwy
PSF Pasadena Fwy
Ramp status
(o) ramp open
c ramp closed (hypothesized)
Examples:

BONO Broadway on-ramp open
BONC Broadway on-ramp closed

Compound attributes (examples)

(SAF) (HRF) traffic going from SAF to HRF (Santa Ana Fwy to Harbor Fwy), or
traffic at SAF going to HRF.
(HRF) (SAF) traffic at HRF coming from SAF, or traffic going from HRF to SAF.

ggerators

N() "number of'"' operator; specifically, number of vemcles (volume)
[( ) ( )] havmg attribute shown in parentheses.

"percentage of"' operator; specifically, percentage of vehicles having
attribute shown in first parentheses also having attribute in second
parentheses.

Examples:

N (SAF) (HRF) number of vehicles going from SAF to HRF,
P (SAF) (HRF) percentage of vehicles at SAF that go to HRF.,

Vehicle Attributes

I the 1t vehicle.

CLT clock time, or time of day.

TRT travel time.

RSP reciprocal speed, where if travel time is measured over a distance C:
rsp - (TRT) _ [cLT (0UB)] - [CLT (INB))

C C
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CLT (I.INB) = clock time at which the I vehicle crosses the input boundary of the
system; that is, the time of day the Ith yehicle enters the system.

CLT (I1.OUB) = clock time at which the Ith vehicle crosses the output boundary of the
system; that is, the time of day the Ith vehicle leaves the system.

RSP (I.OUB) = reciprocal speed of Ith vehicle measured at output boundary; the dis-
tance C over which the travel time is measured is sufficiently small
to justify treating RSP as applying to point OUB.

TRT (I. INB-

OUB) = travel time of Ith vehicle in moving from input to output boundary of

the system:

TRT (1) (INB=OUB) = CLT (I. OUB) - CLT (I. INB)

MEASURE OF EFFECTIVENESS

The measure of effectiveness in this study is the summation of individual travel
times for all vehicles arriving at the system or the adjacent surface street network
during seme arbitrarily chosen interval of clock time to clear the output boundary of
the system or surface street network (whichever applies). Symbolically:

CLT (1-2) CLT (1) to CLT (2) (1)
N (INB. CLT 1-2) number of vehicles arriving at INB during CLT 1-2 (2)
N (BON.CLT 1-2) number of vehicles arriving at BON during CLT 1-2 (3)
N (SSN. CLT 1-2) gi:g‘bir;f vehicles arriving at SSN (surface street network) dlé:;ng

TRT (I.INB) travel time of the Ith vehicle arriving at INB of the system to clear
OUB of the system

CLT (1. OUB) - CLT (I.INB) (5)
=N (INB. CLT 1-2)
TRT (INB. CLT 1-2) TRT (I. INB) 6)
MOE (CLT 1-2) the measure of effectiveness for CLT 1-2
ZTRT (set. CLT 1-2) (7)
all sets

where the sets include:

N(INB. CLT 1-2), N(LON. CLT 1-2), N(AON. CLT 1-2)
N(BON. CLT 1-2j, N(SSN.CLT 1-2)

OVER-ALL STRUCTURE OF THE STUDY

The measure of effectiveness as defined in Eq. 7 1s to be quantified by direct field
measurements and certain questionnaire techniques for what would normally be re-
garded as "before'’ performance of the system. The "before" here means prior to
some operational decision; for example, to close an on-ramp. However, there are
no complementary "after" experimental measurements because all operational de-
cisions here are only hypothetical. Accordingly, "after'' performance can be arrived
at solely by analysis. The general study will, therefore, compare a measured MOE
with one arrived at by analysis.

The general study is comprised of several sub-studies, each of which provides one
or more of the required inputs to the general problem of the MOE comparisons. How-
ever, each sub-study essentially is a complete study within itself, and could be pro-
fitably pursued in less general contexts. The sub-studies are listed here briefly to
show how they fit into the general plan, and are detailed more fully 1n the next section.
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Sub-study 1—-ascertains the spectrum of trip lengths originating at on-ramps of in-
terest.

Sub-study 2—ascertains the pattern of surface street routes traffic follows in getting
to the various on-ramps of interest.

Sub-study 3—seeks to estimate properties of the traffic stream at the output bound-
ary of the system.

Sub-study 4— seeks.to establish travel time needed to negotiate the "'system" over
various paths (that is, input-output combinations) and any attendant TRT disecon-
omies.

Sub-study 5—seeks to estimate the relative traffic volumes using the different
possible input-output combinations of the freeway network.

Field measurements were conducted on two days, a Sunday and a weekday. On each
of these days the sampling was limited to four 15-min periods in the off-peak hours and
a single 1-hr period during the afternoon peak. Because the primary purpose of this
paper is to present the technique and underlying logical framework, the data analysis
is limited to one 15-min off-peak period and one 1-hr peak period. Clearly, pursuant
to any actual operational decision-making (which is not the purpose here), the sampling
would have to be broadened.

CONCEPTUAL FRAMEWORK
The "Collection'

The measure of effectiveness as stated in Eq. 7 pertains to a specific group of
vehicles; namely all vehicles arriving at the system or at the adjacent surface street
network during a specified time interval. This group of vehicles will be referred to
as "the collection”. The collection is specific to the specified time interval which may
be arbitrarily varied to reflect any given operational problem or situation. For ex-
ample, there could be ''the afternoon peak collection' which would include the vehicles
arriving during the 2-hr interval corresponding to the afternoon peak.

It is assumed here that the total number of vehicles in the collection remains con-
stant once the defining clock time interval is established. There might be some re-
distribution of the vehicles in the collection among the different route possibilities after
some operational change. For example, some freeway users might become surface
street users, or users of a given ramp might use a different ramp, etc. But the total
number of vehicles, although redistributed, would be the same for that clock interval.
A higher order analysis would, of course, permit the size of the collection to change
as a consequence of the operational change, but this study is limited to the more simple
analysis.

Inasmuch as the analysis is centered on the properties of the collection rather than
of the single vehicle, it is referred to here as "macroscopic''; the single-vehicle type
of analysis, in contrast, could be referred to as "microscopic”. There already has
been extensive theoretical work on microscopic flow as, for example, the movement
of the individual vehicle in the stream as reported in various publications on car fol-
lowing theory (§, 9, _12). However, very little work has been done on macroscopic
theory as defined here.

(It is interesting to note that macroscopic analyses of physical systems in the
classical thermodynamic mode have been yielding highly useful engineering solutions
to practical problems for many years, well before the microscopic treatments of
statistical mechanics were conceived. There are, of course, many problems today
which can be attacked only with statistical mechanics. However, the results are ac-
cepted as valid when they do not conflict with whatever classical measurements can be
made of macroscopic properties such as temperature or pressure.)

(In transportation theory, on the other hand, microscopic treatments have pre-
ceded macroscopic. Accordingly it might be speculated that the absence of macroscopic
work is one explanation why theorists have not produced many solutions to immediate
problems confronting planners, designers, and ultimately the operators of vital trans-
portation systems.)
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Because the collection is defined by a specified time interval, its size (number of
vehicles) is a random variable which could have been taken as the measure of effective-
ness instead of travel time. Infact, such "volume" models generally characterize
much of the work in transportation theory and practice; for example, the volume of
traffic clearing a system within a specified time period. There are, however, several
reasons why volume is not selected as the measure of effectiveness in this analysis,
although it still enters as a covariate to the selected measure, travel time.

Ambiguous Meaning of Low Volume. —A low flow rate expressed as vehicles per unit
time can mean that either of two situations prevail: first, there is not much demand no
matter how congested or uncongested the system might be; second, there is a high
degree of congestion. To identify the situation, additional information is needed, usu-
ally involving some form of time measurement,

Non-Definitive Meaning of High Volume. ~In the analysis of traffic flow in a network,
a high volume or flow rate at the output boundary of the network gives no indication of
network conditions, any number of which could be compatible with the high output rate.
Although all would be equivalent in this regard, they might be vastly different from
the standpoint of over-all network performance. For example, suppose that the flow
at some output boundary of a freeway were at the maximum possible rate of 2,200
vehicles per lane per hour, but at the same time the queue of traffic waiting to enter
the system continued to lengthen as a result of input rates upstream being greater than
the maximum possible output rate at the output boundary. From the volume standpoint,
the network would be operating at maximum capacity. However, it could well be that
short trip users of the system could be causing an unreasonable increase in the travel
time of the long trip users. Thus, from the travel time viewpoint the network would
not be operating optimally, even though the output flow was at a maximum rate.

Insufficiency of Volume as a Network Variable. —The critical transportation problem
today in metropolitan regions involves the daily home-to-work travel cycle of drivers
on surface street and freeway networks. The volume demands on the network on any
given day are essentially constant; sooner or later, that collection of vehicles is
serviced (that is, all drivers get to their destinations). Therefore the size of the col~
lection—that is, the volume of traffic—cannot possibly be sufficient for describing net-
work performance. The variable aspect is the travel time that each vehicle devotes to
its homework travel cycle, or the aggregate travel time for the collection as a whole.
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Average speeds that can be maintained are often used to describe this variable aspect
of network performance. However, the travel distance in the aggregate for the col-
lection is also a constant because the large masses of people do not change their home
or place of work from one day to the next. Therefore, including the distance-traveled
aspect into the argument, as is implicit in determining average speeds, adds nothing
to the analysis.

"TRT" Diseconomies

Consider that the Ith vehicle, 1n entering some system of interest, crosses the de-
fined input boundary INB of the system at some clock time CLT (L. INB). This 1s repre-
sented by point a in the ""time-system" space shown in Figure 4. The vehicle later
leaves the system, crossing the output boundary OUB at CLT (1. OUB) as represented
by point b. By definition, its TRT (the elapsed time while it was negotiating the sys-
tem) is given by:

TRT (I. INB(OUB) = CLT (1. OUB) - CLT (I. INB) (8)

The sub-system now is defined as being centered on OUB, with its input boundary
at (OUB - % C) and its output boundary at (OUB + 72 C). If C is sufficiently small
relative to the distance between INB and OUB, then the travel time of the vehicle
over the sub-system may be considered as the travel time at OUB. This will be assumed
to be the case here, so that the reciprocal speed RSP (travel time per unit distance)
measured over C can be treated as the RSP at OUB.

RSP (1. [(OUB -%C) - (OUB + 72 c)] ) = RSP (I. OUB) (9)

C< <(INB - OUB)

In Figure 4, line ac constructed at point a with slope RSP (I.OUB), intersects the
OUB ordinate at point c. Line ad is also constructed at point a, but with slope RSP
(I.INB). I RSP (I.INB) is a minimum, which would identically imply that speed was
a maximum, then point d at the intersection of ad with the OUB ordinate would identify
the minimum time it would take a vehicle to travel from INB to OUB. Because the
vehicle actually arrives at some later time signified by point b, the length db repre-
sents a travel time diseconomy that somehow was incurred by the 1th yehicle. The
order of magnitude of this diseconomy 1s an immediate barometer of the performance
of the system. Furthermore, defined as it is for an individual vehicle, this diseconomy
can readily be summed for all vehicles in the collection to yield a warrant (for more de-
tailed probing into the operation of the system) that is specific to the clock time interval
over which the collection was defined. This essentially characterizes the work of Roth-
rock and Keefer (g), and as they report, represents a very direct approach to the
problem.

To analyze the performance of the system more deeply, it is necessary to factor
the total diseconomy into parts which can be identified with specific operational as-
pects of the system. A prior requirement is to identify how much of the total diseconomy
is due to internal aspects of the system, and how much 1s due to external aspects. For
example, and an obviously limiting case, if a barrier were placed across the output
boundary of the system such that no vehicles could cross it, the ensuing TRT disecon-
omy could hardly be ascribed to the operation of the system; it would have to be
due to the downstream (and hence external) barrier to the system.

In the case shown in Figure 4, the actual arrivel time at the output boundary, point
b, does not coincide with what it should have been, point c, had the Ith vehicle been
able to maintain RSP (I. OUB) throughout the system as well as at OUB. But if the
vehicle had been able to maintain RSP (I. OUB), it still would have incurred the dis-
economy dc. Thus RSP (I. OUB) is a constramt on performance of the vehicle mn the
system, and the diseconomy dc may be properly considered as being due, in significant
measure, to factors external (that 1s, downstream) to the system. The diseconomy
cb, on the other hand, must be due primarily to occurrences or situations within the
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system. In this context, therefore, point ¢ splits the total diseconomy into external
and internal components.

With point d, by definition, coinciding with maximum possible performance, both
dc and db must always be positive. The case dc > db (not shown) implies that the dis-
economy cb (whichwould be negative in this case) is due to factors external to the sys-
tem. This case is of interest when the analysis deals with conditions downstream of
the system. On the other hand, the case dc < db (Fig. 4) implies that the diseconomy
cb (which is positive) is due to factors within the system. Inasmuch as the objectives
of this study involve analysis of the performance of the system, and not of downstream
conditions, the latter case of positive cb is of primary interest.

Effects Producing '"Within"" TRT Diseconomies

Two factors contributing to the system "within" diseconomy TRTD are considered:
(1) the number of cars in the system at the instant any given car in the collection
reaches INB, and (2) the number of cars which enter the system after the given car
passes INB, but before it crosses OUB. (The "within" diseconomy here, aside from
a few minor differences, is the same as the "travel time delay" as defined by Berry
and Van Til (5): ".... This type of delay for an individual vehicle is the difference be~
tween its actual time required to traverse some fixed distance at the approach to an
intersection, and the travel time which would have been required had the vehicle been
able to continue at the average approaching speed of traffic....") An analytical con-
struct of "the leading ensemble" or simply "ensemble' used to treat these factors is
defined in the following manner.

At the instant CLT (I INB) that the Ih car crosses the input boundary of the system,
there exists in the system some set of vehicles. As this vehicle proceeds through the
system, the set of vehicles ahead of it changes; some of the vehicles in the original
set leave the system at the output boundary or at intervening off-ramps, while other vehicles
join the setfrom intervening on-ramps. The hypothetical summation of the set of vehicles
ahead of the I'? car at all instants between CL'T (I. INB) and CLT (I. OUB) isdefined here as
its"ensemble", and isillustratedin Figure 5, although this figure pertains to the special
case of all vehicles moving at the same speed which will be discussed indetail presently.

The ensemble of the Ith car is comprised of three classes of vehicles: (1) some num-
ber of vehicles N (INB. OUB) that crossed INB ahead of the Ith car (the assumption of
uniform speed precludes the possibility of a car entering the system after the I'*" car,
and later passing it to become a part of the ensemble of the rth car), (2) some number
of vehicles N (LON. OUB) that come into the mainstream from LON some time after
CLT (I.INB), and (3) some number of vehicles N (BON. OUB) that come into the main-
stream from BON some time after CLT (I.INB). The travel time of the IR vehicle is
considered to have some functional relationship with these three numbers:

TRT (1) =f [ENS (1]
=f [N (INB.OUB), N(LON.OUB), N (BON.OUB)] - (10)

It can be seen from Figure 2 that to the
(SAF. HLF) traffic, the (BON., HLF) traffic

represents merging movements, while to mear )R;(oum
the (SAF. HRF) traffic, the same (BON. - eLta ova) AT
HLF) traffic represents weaving move- Py 4
ments. Similarly, the (SBF. HLF) traffic TIME OF DAY space aRRAYS 7 /// ys TIME ARRAY
is weaving across the (SAF, AOF) traffic. AT

It thereby becomes possible to quantify ) pe's ;

the effects of weaving and merging move- cura g | AR A AR
ments to and from ramps, the separate Vo ;p’/

effects being measured in travel time V¥

decrements., Thus, the effects associ- e LoN  ooN  ous

ated with the function (Eq. 10) begin to SYSTEM (IsTANCE)

have general meaning although they are

measured in a specific situation. Figure 5. The laminar ensemble.
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Another way of classifying the vehicles in the ensemble is by wheelbase, so that
the N (INB. OUB) in Eq. 10 could be considered to be comprised of four groups; namely,
the four classes of vehicles given under "Nomenclature—Vehicle Attributes'". The
function in Eq. 10 can then be expanded to

TRT (1) = £ [N (INB.WBC4.0UB), N (INB.WBC2.0UB),. . . . .

. N®oNwectouB] (11)

which would then permit evaluating the "truck effect. For example, if the 1th yehicle
in the collection is heading for HRF, and if OUB in the last term in Eq. 11 is HLF, then

TRT () = 1 [N (BON.WBC4, ALF) | (12)

describes the effect of weaving trucks. Or, if the 1th car was heading for HLF, Eq. 12
would describe the effect of merging trucks, etc.

Returning to the special case of all vehicles moving at the same uniform and un-
changing speed, the locus of each vehicle would be a straight line in the system-time
space shown in Figure 5, and would be parallel to the loci of all other vehicles. In
this case, which will be called "laminar', the array of vehicles in time at the point
OUB can be direcly mapped into the array of vehicles in space at a given instance in
time. The time domain of interest at OUB is shown on SS and extends from CLT
(1. INB) to CLT (I. OUB); the space domain of interest at CLT (I. INB) is shown on TT
and extends from INB to OUB (to wit, the "system").

A large number of laminar situations are possible in any given system, there being
a different one for every hypothesized uniform speed. Also, for every laminar case,

a large number of different ensembles are possible because for any given number of
vehicles in the ensemble, there would be a different ensemble for every different pos-
sible spatial (or time) arrangement of input and output vehicles. The particular laminar
case of interest here has an average respeed of traffic at the OUB as its hypothesized
uniform speed, the average RSP being taken over some clock time domain at OUB, and
being of the form N

RSP (1)
=1
N

Mean (RSP) = (13)

This study is not concerned with speed as such, but rather with its reciprocal RSP,
Aside from this difference, Eq. 13 coincides with what Walker (‘_1_) expresses as "'"Time
mean speed':
distance

t

n

in which t is the travel time for each in-
dividual vehicle and n is the number of
vehicles.

The array in time realized at OUB
rather than the array in space at CLT

Time mean speed =

CLOCK TIME CLT

7 (I.INB) is treated as defining the ensemble,
? although the space array seemingly has
/’ crrme) - 4 greater physical meaning as an influence on
o—o Wo- the travel time for the Ith vehicle to nego-

tiate the system. However, this array is
relatively difficult to measure in the field
as contrasted with that for time, and be-
e 2on ouB cause with the laminar assumption it be~-
comes possible to map into the space array
from the time array, it becomes feasible
Figure 6. Modified laminar flow yielding (O Use the more easily measured time ar-
MIN TRT (I). ray.

SYSTEM IN DISTANCE
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A modified form of laminar demand on OUB is treated here as yielding the minimum
"'within" travel time for a given size of ensemble. A uniform respeed is assumed at
OUB. A fruther assumption is that for this RSP there always is the same time gap
GAP (RSP) between successive vehicles leaving the system at OUB. A final assumption,
which is not necessary if N is sufficiently large, is that the first of the N vehicles in
the ensemble is at OUB at CLT (I.INB). Under these three assumptions, minimum
TRT (I) will be

MIN TRT (I) = N x GAP (RSP) (14)

This construction is demonstrated in Figure 6, and deviates from the defined laminar
ensemble in that it requires each vehicle to move at a lesser respeed than the hypothe-
sized uniform RSP at OUB until it is at the GAP (RSP) behind the vehicle ahead of it
and both are moving at RSP (OUB).

There is no formal proof here that Eq. 14 may be correctly identified as the mini-
mum and, in fact, it might be better stated that the correct minimum is at least as
small as Eq. 14. The argument is plausible by analogy with laminar flow of some fluid
in a pipe, in which case the entropy of the fluid would be a minimum. Departures from
laminar flow would result in entropy production, and hence a reduced capability of the
stream to do useful work. Departures from the defined laminar ensemble would produce
local turbulences, or turbulences some other place in the system (that is, not necessari-
1y at the point where the departure from laminar flow takes place) such that the aggre-
gate travel time would be increased over what it would have been for the laminar case,
notwithstanding any local decrease in travel time. This concept, although suggested
directly by the Second Principle of Thermodynamics, is highly speculative.

(Whether or not this concept of aggregate travel time increasing with departures
from laminar ensembles always holds is a matter of speculation. Seemingly, it would
hold for high densities of traffic, but it might hold for low densities. The implications
here are quite broad if this concept is ever elevated to the status of a "law" or "prin-
ciple". For example, a passing or lane-changing maneuver is one form of departure
from laminar flow. The concept would then assert that even though the particular ve-
hicle changing lanes in passing achieves a reduction in its travel time, somewhere in
the system there is at least an equal increase in fravel time. Clearly, if there are no
vehicles in the lane into which the passing vehicle moves, there would be no travel
time decrement anywhere, and the concept would be violated. On the other hand, if
the density were sufficiently high, the likelihood would be low that there would be no
cars in the adjacent lane, and the concept could hold. Similar ""Second Principle"
type of arguments could be offered for ramp locations, multi-axle vehicles, and other
factors causing local disturbances in the ensemble. )

In Figure 4, point m is established by Eq. 14 for a given N (ENS), and in turn estab-
lishes the minimum travel time of the car, em, for this size ensemble. The mini-
mum travel time is comprised of ed, which is the limiting value for the hypothesized
min RSP, and dm, which is due to the size of the ENS (I). Depending on the distance
between INB and OUB, there could be some non-zero N (ENS) for which m would coin-
cide with d. However, this case is not of interest here.

It can be seen that dm is the minimum diseconomy for a jointly specified N (ENS)
and RSP (OUB). It can be varied by changing N (ENS) as, for example, by diverting
some traffic from the system of interest, or by changing RSP (OUB) as, for example,
by adding more freeway lanes downstream of OUB. Such changes involve operational
decisions which essentially are external to the system of interest. Thus because dm
is amenable to change only by external (to the system) decisions, it will be referred
to as the "external diseconomy'. The remainder of the total diseconomy db is mb
and can be due onlyto factors "within" the system, and accordingly will be referred
to as the "within diseconomy''. This differs from the earlier statement in this paper
wherein point ¢ in Figure 4 was asserted as defining the "within" diseconomy. Be-
cause point ¢ can never fall below point m, then cb can never be greater than mb.,

Or, for the most part cb will not represent the entire "within" diseconomy. It never-
theless represents a gross, first approximation type of warrant as to the need for
operational decisions that directly concern the system of interest.
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FIELD METHODS

The field data inputs required for the various sub-studies all stem from a single
set of field measurements comprised of: (1) license plate identifications at various
input and output boundaries of the system, and (2) performance of the traffic stream
at a given output boundary. A parallel requirement was that a reference framework of
clock time be vigorously coordinated among all of the sites where data were to be col-
lected. Finally, there was a somewhat unusual need for safety precautions as a con~
sequence of the location of sites at which measurements were to be made.

License Identification

License identifications were required for three separate purposes: (1) to obtain
travel time for vehicles to clear the network via different combinations of input and
output boundaries, (2) to estimate the relative volumes of traffic moving over the dif-
ferent flow paths, and (3) to identify the "ensembles". These multi-purpose uses
justified using somewhat more detailed field methods than would normally be needed
to obtain licenses. In fact, in certain aspects, redundant identifications were deliberate-
ly obtained at sites where identifications had to be very precise.

Two methods were used to obtain licenses: (1) direct visual observation followed
by voice dictation into tape recorders, and (2) photography. The tape recorder method
was used for on-ramp and off-ramp sites; the photographic method was used for primary
identification of licenses on the freeway proper. However, dictation methods were
used redundantly on the photographic sites to correlate time-of-day with the time at
the other sites in the network. They were also used (and again redundantly) to obtain
a check on respeed at the output boundary. Detailed descriptions of the two methods
follow.

Dictation Method. —In this method, the observer dictated the license numbers of
passing vehicles directly into the microphone of a tape (or wire) recorder. Alphabetic
characters were dictated with the phonetic alphabet; for example, "able" for a letter
"A", etc; out-of-state cars were identified as such by the observer dictating "out-of-
state" into the record; and all other pertinent information bearing on the study, location
of the observer, his name, etc., were also dictated into the record. In this manner
a relatively large amount of information could be readily and compactly stored in the
field for later transcription and analysis in the office.

Portable, transitorized tape recorders were used at the relatively inaccessible ramp
sites, highlighting another advantage in the dictation method; namely, the absence of
an AC power requirement. This afforded the investigation an unusual degree of flex-
ibility in placing observers at strategic points throughout the network.

Possibly the most important advantage of the dictation method was that time-of-day
at which vehicles arrived at the recording sites could be established with a high degree
of accuracy. It was found in a pilot study thathigh-quality tape recorders maintained
essentially constant tape speed, even when battery-powered. (The special pilot study
on tape recorder methods was conducted to determine the order of magnitude of the
discrepancies in measurements of time-of-day that could be expected in using this
technique. A total of 107 randomly arriving licenses were dictated into one of the
machines in a 10-min period calibrated with five stop watches. In eleven later play-
backs of 10-min recording, the maximum discrepancy for the known 10-min interval
was 20 sec; the average was 5.5 sec. The mediandiscrepancy in the time of arrival
for a given license was found to be 3 sec. Notwithstanding the fact that the results per-
tained only to the machine tested, the order of magnitude of the discrepancies appeared
to be well within the requirements of the study, particularly because time reference
checks were to be dictated at known 5-min intervals). Accordingly, the recorders were
run continuously once a study was under way. At 5-min intervals, the observer, re-
ferring to his watch, dictated the time-of-day into the microphone. In the later play-
back of the tapes in the laboratory, it was possible to establish the real time of arrival
of a vehicle by relating the audible message of its license to the audible message of the
real time reference points. To do this the data were transcribed in several runs. In
the first run, the transcriber concentrated solely on the license numbers. In the second,
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he started a stop watch the instant he heard the first timing reference point, and allowed
the watch to run for the remainder of the study with the tape recorder running simultane-
ously. He then established the time of arrival of a vehicle by relating the auditory
license message to the visual stop watch reading, and entering the watch reading next

to the already entered license number. For heavy traffic conditions, a third transcrib-
ing run was used to check the accuracy of both the license and its time of arrival.

Finally, an adjusted time of arrival was established by linear interpolation of the
transcribed time of arrival between the dictated time reference points. As an example,
if the auditory messages indicated that exactly 5 min had elapsed between two timing
reference points, while the stop watch showed 5 min and 10 sec (indicating that the tape
speed was slower in the transcription process than it had been in the dictation process
in the field) the 10-sec discrepancy would be distributed throughout the 5-min period:
every time-of-arrival in the first minute would be reduced by 2 sec, in the second
minute by 4 sec, etc.

It is difficult to estimate precisely the accuracy with which the time-of-day was es-
tablished with these techniques. That there was a high degree of accuracy is suggested
by the fact that independent transcribers produced time-of-arrivals which rarely differed
more than 3 sec from values for the same arrival (that is, vehicle) produced by other
independent transcriptions of the same dictated record. However, there is no way of
knowing whether or not field observers dictated licenses of vehicles at precisely the
same point, notwithstanding the fact that they were instructed to do so. The best es-
timate of accuracy, taking all factors into account, but which nonetheless must be con-
sidered as speculative, is of the order of 10 sec.

Photographic Method. —This method involved photographing licenses of passing
vehicles with pulse-type cameras from overhead structures. Aside from the advantages
inherent in photography (permanent visual record of license, visual display of clock
time, automatic actuation, and others), the method presented difficult problems, and
was used only after pilot studies indicated that problems associated with using dictation
methods at multi-lane freeway sites would be more difficult to overcome. (Pilot
studies indicated that dictation methods would not be too satisfactory for multi-lane
freeway traffic. If an observer were located on an overhead structure, it was quite
difficult for him to read and then dictate the licenses of a large sample of the vehicles
passing below him because of distance and his angle of view, particularly when vehicles
were moving at high speeds. It was found that the number of vehicles licenses a trained
observer could pick out of a fast-moving stream of freeway traffic was not sufficiently
large for flow patternwork (although more than adequate for travel time measurements
alone). Placing observers on median strips or on the shoulders to reduce the sight
distance and provide a better angle of view was ruled out because of danger to the ob~
servers, and because of the deleterious effect that their presence would have on the
traffic flow. This effect was observed in some work reported earlier (11), so that as
a general policy, observers were to be kept out of view of the passing motorists as
much as possible, )

The difficult problems in photographing licenses of fast-moving vehicles so that the
separate license characters could later be read on magnifying film readers related to
an entire complex of factors: film speed and grain, camera angle relative to angle
of inclination of license plate which in turn depended in large measure on grade of the
road and whether the front or rear plate was being photographed, changing ambient
light, glare reflected off the plate, or shadow falling across the plate, and others.
These will not be described in detail here; the net effect however was to limit the
coverage of single cameras to single lanes at the all-important output boundary.

The primary camera system in the study used Kodak Cine Special 16-mm movie
cameras that were set for single-frame operation. (When a2 movie camera is used as
a pulse camera, as in this study, its shutter never reaches full speed due to starting
inertia. Consequently, the smallest shutter opening is not sufficiently small to give
an exposure fast enough to resolve the license detail of a fast-moving car. A special
adaptor had to be designed that gave the camera a shutter speed of approximately
1/400 sec.) In 16-mm film, there are 40 frames per foot, so that the Cine with its
100-ft magazine has a capacity of recording licenses of approximately 4, 000 cars
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without reloading. This was the principal reason for selecting this camera for freeway
work. However, there was a major disadvantage; namely, with this size of film, there
are significant problems of image size which necessitated usinga separate camera for
each lane,

The cameras were triggered manually; that is, by an observer watching for the in-
stant a car came into the camera field. (In the new photographic system under develop-
ment at ITTE, cameras will be triggered electrically by car wheels rolling over pres-
sure-actuated detectors.) Prior to the beginning of the study, and with traffic tem-
porarily by-passed around the given lane, two strips of adhesive tape were placed on
the road at the beginning and end of the field of view of the camera with the lens pro-
perly focused. The observer thus was able to determine when a vehicle was in the
field of view (after the license crossed the first lane and before it crossed the second).
This eliminated having him zontinuously looking through the camera viewfinder which is
extremely fatiguing.

A total of seven cameras were simultaneously used in this study. In two cases, a
small watch movement was placed in the field of view, and brought into focus by a system
of lenses external to the camera. (This system was designed and operated by Stephen
Craig, photographic consultant to the project.) The time base for the other cameras
was provided by superimposing (redundantly) independent dictation of licenses into
tape recorders at the same site. These time-identified licenses were later matched
with the photographed licenses to establish time reference points for the remaining
(unmatched) photographed licenses. Times-of-day for the unmatched licenses were
then established by linear interpolation between the nearest reference points. Although
only approximately 25 percent of the licenses could be obtained via dictation (as con-
trasted with virtually 100 percent with the photography), there were sufficient time-
identified licenses (and hence reference points) to establish time to within an estimated
5 sec.

ITTE is now developing a 35-mm camera system specifically for photographing
licenses of fast-moving vehicles on a freeway. The system is being designed around a
Robot Recorder - E 35-mm camera having a film magazine capacity of 200 ft, or ap-
proximately 2,400 frames. In contrast with 16-mm film, the larger size image will
permit a single exposure to cover two, or possibly more lanes of traffic. A special
collimating prism adaptor having its own light source, has been designed that super-
imposes an instrument panel on the image of the vehicle. A watch and other instrument
displays can be included in the panel. The system was tested in this study, and although
it performed satisfactorily, it was not sufficiently reliable to be included as a part of
the bagic instrumentation. Once the system is fully developed, it should significantly
simplify the task of recording licenses and time of fast-moving vehicles.

Properties of Traffic Stream at Output Boundary

An important study objective was the identification of traffic factors "within" the
system that were influencing travel time from those occurring "downstream'; that is,
beyond the output boundary. This was accomplished by a combination of a set of speed-
headway measurements and a classified count of traffic, both at the output boundary, and
both carefully controlled so as to be on the same clock time base. Ideally, these con-
trol measurements should have been made over the entire output boundary. In this study,
they were limited to the output boundary at site 8 (the Hollywood Freeway) because of
the amount of equipment required.

Cross-Coupling of Recorders. —Two pairs of Esterline-Angus 20-Pen Recorders
were located at site 8 (the Grand Avenue Overcrossing overlooking the Hollywood Free-
way). The first pair was used for respeed-headway measurements; the second for
classified volume counting. In a given pair, one recorder would be in operation while
the other was on stand-by. The set of signal inputs to a given pair was via an external
control unit. By throwing a single selector switch on the external control unit, the com-
plete set of signal inputs could be transferred from the operating recorder to the stand-
by recorder, with the operating recorder being simultaneously changed to stand-by while
the stand-by unit went into operation. The reason for this provision was that for ac-
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curate respeed measurement, it was necessary to have the paper at maximum travel
speed or 3 in. per second; a roll of paper would be used in approximately six min.

The switching arrangement allowed an instantaneous shift from one recorder to the
other without losing any data. While the second unit was in operation, a fresh roll

of paper would be inserted in the first recorder which would then be ready to be switched
on when paper ran out on the second unit. The arrangement also permitted switching
recorders when any common recorder malfunctions occurred—paper jamming, pens
running dry, etc.

Speed and Cross-Reference Truck Classification. —Two pressure-type, vehicle-
actuated detectors, similar in some respects to those reported by Mathewson, Brenner,
and Reiss (1_2), were installed directly on the roadway, parallel to each other and 4 ft
apart. As the wheel of a vehicle rolled over a detector, mechanically separated con-
tacts would be closed and a pen on the recorder energized. By calibrating the paper
speed of the recorder, it was possible to measure the time gap between successive
pips and accordingly establish the vehicle speed (actually respeed), headway, wheel base,
and several interrelated functions. With three lanes of traffic at site 8, it was manda-
tory that the electrical signal coming with the closure of the contacts in any detector
in any lane be completely independent of the signal coming with actuation of any other
detector. A multi-lane detector was accordingly designed and built that met this re-
quirement of independent lane-by-lane detection of traffic. There were, therefore,
six pens assigned to traffic detection.

A parallel requirement to speed-headway measurements by lane was to identify
these measurements by type of vehicle. This identification, which was needed to
measure the "truck” effect as well as the "compact car" effect reported by Burch (13),
could be accomplished to a certain extent by studying the pip pattern. For example, a
three-axle truck would produce a definitive array of three pips on one channel (corres-
ponding to the first of the parallel detectors) translated from three pPips on a parallel
channel (the second detector). However, under high density conditions, ambiguous
patterns occur quite frequently. As an example, a pattern for a two-axle, long wheel-
base vehicle (specifically, busses), ahead of a five-axle truck trailer combination, is
easily interpreted as a three-axle truck followed by two compact cars, etc.

Accordingly, an independent, direct input was designed whereby an observer actuated
two sets of buttons on a control panel, with each button energizing a separate pen on the
recorder. There were three buttons in the first set, one for each lane. In the second
set, there werefive buttons, one eachfor: atruck-full-trailer combination, a truck-semi-
trailer combination, a three-axle truck, atwo-axle truck, andabus. The observer de-
pressed the proper lane button and the proper truck classification button as he saw the
first wheel of the particular vehicle cross the first detector in the given lane.

The complete pen use is shown in Figure 7 which is a facsimile of an actual record
obtained in this speed measurement cross referenced to vehicle classification. A ninth
button on the control panel (actuating pen No. 20) was used for time calibration purposes,
being depressed every minute (on the minute) by the observer who for this purpose was
provided with a continuously running sweep second watch.

The procedures followed in reducing these data, the subsequent computer analyses,
and specimen results are described later in this paper.

Classified Volume Counting. —The second pair of Esterline-Angus recorders (also at
site 8) were used for classified counting of multi-axle vehicles, and two-axle trucks and
busses. As with the speed measurement use of the recorders, observers depressed
buttons on a control panel for lane indication. The type of vehicle, however, was in-
dicated by multi-counts on an indicator button on the control panel; for example, one
count signified a bus or two-axle truck, two counts indicated a truck-semi-trailer
combination, three counts indicated a truck-full-trailer combination.

There were two reasons for using the Esterline-Angus equipment for this volume
counting. The first was to reference the presence of multi-axle vehicles, two-axle
trucks and busseson the clock time scale. This was redundant with the classification
being accomplished in the speed measurement system at the same time. The second
reason was to have on hand a stand-by pair of Esterline-Angus recorders ready to be
connected into the speed measuring system in the event of failure of either one of the
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Figure 7. Facsimile of Esterline-Angus record for speed and cross-referenced truck
classification.

pair originally set up for speed measurement. To meet this latter eventuality, both
pairs of recorders with their control panels, interconnecting circuitry connectors,
etc., were wired identically, and hence were completely interchangeable. However,
the pair used for the classified volume counting was set to operate at a much slower
paper speed, 1 ft per minute as compared to 3 in. per second. The low speed, which
could be instantaneously switched to high speed, was used for the classified volume
counting because there was no need to time the gap between successive pips.

Redundant "RSP" Measurement. —In view of the importance of the RSP measure-
ment at the output boundary, provisions were made in the experimental plan for its
being measured redundantly. The first (and primary) method used the previously
described equipment system (multi-lane detectors, Esterline-Angus Recorders, etc. ).
The second method required that licenses be identified (on a sampling basis) at some
secondary point downstream of the output boundary. Matching licenses identified at
the secondary point with those identified at the output boundary would establish travel
time between the output boundary and the secondary point. With the intervening distance
known, an RSP pertaining to the section of freeway immediately downstream of the
section of interest could be computed. This RSPwould not necessarily have the same
value as the RSP measured over the 4-ft distance at the output boundary, and although
it probably would not be as closely correlated with system performance as would be
the spot RSP, it nevertheless would provide an order of magnitude indication of down-
stream effects.

For site 7, the downstream secondary control points were sites 9 and 10 which hap-
pened to be required for separating HRF and PSF traffic. It later developed that e-
nough detectors could not be provided in time for the study to equip both sites 7 and 8
for RSP measurement. The decision was made to limit the RSP measurement to site 8.
Thus the secondary RSP measurement (via the travel time between site 7 and sites 9,
10) was the only RSP measurement at site 7.

For site 8, the downstream secondary control point was at site 11 (Edgeware Over-
crossing) which is approximately %2 mi downstream (west) of site 8. (There are no
intervening overcrossings.) But, aside from providing for the redundant RSP mea-
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surement, the license identification at site 11 was used to test the power of the license
matching technique for establishing flow patterns with low sampling ratios.

General Network Control

An overriding problem was to synchronize the clock time base for all measurements
(dictation of licenses, photographing licenses, RSP measurements, classified volume
counting) throughout the network. This was done in part by assembling all observers
at the start of the day in a briefing period, and having each synchronize his watch with
an electric clock mounted permanently in the assembly area. Thereafter during the
course of the day, repeated time checks were made over a special radio network pro-
vided through the courtesy of the Los Angeles Police Department. Five police walky-
talky ratios were loaned to the project, and were set on an infrequently used police
channel. The radios were then distributed to personnel in charge of the most widely
dispersed sites (sites 1, 2, 8, 9, and 11).

Radio communication of this nature was considered to be mandatory, not only be-
cause of the time check requirement, but also (and more important) because of safety
considerations. Several of the sites were essentially inaccessible except at high risk
due to the high-speed traffic. Police protection was required to get field personnel
into and out of these sites. Personnel were relatively safe once they were at their
sites, but there always was the possibility of an accident. The radio network was
made available to communicate any untoward happenings to the field director. Several
motorcycle officers and other police officers in squad cars were on a stand-by basis
through the course of the day.

SPECTRUM OF TRIP LENGTHS ACCORDING TO ON-RAMP OF ORIGINATION

Increasing consideration has been given in recent years to determining the origin
and destination of traffic on modern freeways and data are available on the vehicle-miles
being driven on freeways. However, there has been relatively little work done on ap-
portioning this mileage to specific on-ramps or off-ramps, although such information
would serve to demonstrate in part whether a ramp was being used principally for
long-trip or for short-trip purposes. Limited-access facilities are not intended for
short-trip purposes, so that if the short-trip use of a particular ramp is sufficiently
high, a decision to close the ramp might readily be made without further analysis as
to any detrimental effects the short-trip use would have on the long-trip freeway user.
There, of course, would have to be prior analyses as to suitable alternate ramps and
surface street paths to them. Therefore, an immediate screening type of study would
be to ascertain the spectrum of trip lengths on the freeway proper originating at the
different on-ramps of interest.

The conventional roadside-interview type of survey undoubtedly would be adequate
for determining the length of freeway trips originating at a given on-ramp (or termina-
ting at a given off-ramp) provided the volume of ramp traffic was not too high. In
this particular study, however, the three ramps of interest carry considerable traffic
during peak hours; the traffic back-up that would have resulted from roadside inter-
views would have created intolerable inconveniences to the drivers, and would also have
resulted in incorrect travel times. Consequently, a somewhat novel questionnaire
technique was developed. Although the technique was used in on-ramp situations in
this study, it can be applied to situations on the freeways proper.

Licenses of vehicles coming on to the ramp were recorded by voice dictation. It was
not necessary to stop the vehicle or impede its travel in any way. In fact, observers
were hidden from the motorists' direct view as much as possible, Later, the licenses
were taken to the Department of Motor Vehicles which in turn supplied the addresses
of the registered owners to whom a questionnaire was to be mailed.

The mailing to the registered owners consisted of a letter explaining the study ob-
jectives, a special map type of questionnaire, and a self-addressed, stamped, business
reply envelope. Specimen cover letters and questionnaires are shown in Figures 8 and
9, respectively. The information sought in the questionnaire related to: (1) freeway
trip length of the ramp user, (2) the specific freeway to which the ramp user was
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Institute of Transportation and Traffic Engineeraing
UNIVERSITY OF CALIFORNIA
LOS ANGELES 24, CALIFORNIA

Registered Qwner of
Vehicle License No.

Dear Sir:

We are a research group in the Institute of Transportation and Traffic Engineering of the
University of California, and need and earnestly seek your help in a special study we are

conducting on freeway operation in the Los Angeles area.

Our problem is to find out how the freeways are being used, where cars get on and leave
the freeways, the city streets they use to get to the freeway. Our method is to record
licenses of vehicles we observe on different freeway ramps throughout the city. We then
write directly to the registered owners at addresses we obtain from the license records of
the Department of Motor Vehicles of the State. This is how we obtained your address.

Specifically, a vehicle registered in your name was observed:
DATE:
TIME:
PLACE:

We ask you to fill in the enclosed questionnaire and mail it back to us immediately in the
addressed envelope. If you were not, but know who ©was driving the vehicle we observed,

would you still complete the form, please?

You will note that we do not ask you to sign the questionnaire or otherwise identify yourself.
We do this on purpose to insure that your privacy will be respected.

May we thank you in advance for your needed cooperation in this work that is so important
to all of us; the information you supply will no doubt result in long-range benefits to all

freeway users.

Yours truly,

FrteT rteerie

Robert Brenner, Project Engineer
The Institute of Transportation and
Traffic Engineering

Encl.

Figure 8. Cover letter used in mailing questionnaire study.
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Figure 9. The mailing questionnaire.

headed, and (3) the surface street path followed in getting to the ramp. The discussion
here is limited to trip length; the latter two classes of results are treated in the next
sub-study.

At the outset, it was recognized that the questionnaires would have to be in the mails
as quickly as possible if there was to be a satisfactory return and if the results were to
be reliable. Consequently, extraordinary measures were taken to assure that the
questionnaires would be posted within 24 hr after the vehicles were observed. In fact,
the study was deliberately scheduled (for a Tuesday) so that there would be no weekend
intervening between the date the vehicle was observed and the date the registered owner
received the questionnaire. The transcription of licenses from dictated records, cross-
checking, and alphabetic-numeric sorting (required for locating addresses) began within
3 hr after the field work was completed and continued throughout the night of the study.
The addresses of the registered owners were on hand by noon of the following day. Ad-
dressing of letters and envelopes was completed by 5 p. m., and the questionnaire in the
mails by 6 p. m.

The initial listing was limited to licenses observed between 4 and 4:30 p. m., and
was comprised of 200 licenses at the Broadway on-ramp, and 100 each at the Los
Angeles and Alameda on-ramps. The sampling ratios (licenses used for mailing vs
total volume) were 99 percent at BON, 45 percent at LON, and 52 percent at AON, _

The sampling was heavier at BON because this was the on-ramp of primary operational
interest.

Addresses could not be located for 36 of the original listing of 400 licenses, so that
the mailing went out to 364 persons. Of these, there were in all 213 usable replies,
and 17 non-usable (person had moved; car was leased; car sold new, registered owner
unknown; etc.). The useful reply percentage (of the entire mailing) was approximately
59 percent.

The gratifyingly high percentage return can be ascribed to any of a number of
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factors: speed in getting the questionnaire into the mail, wording of the cover letter,
assurance of anonymity, respective prestige values of the names of the University and
the Division of Highways, the fact that the communication was personal, novelty,

etc. There were, however, numerous additional commentaries in the replies: detailed
descriptions of routes, reasons why particular routes are selected, offers to be of
further assistance, even a few discussions of "poor" ramp design. These unsolicited
commentaries coupled with the high percentage of returns indicate a high degree of
public interest in research projects on freeway operations. This, of course, could
also explain the high return.

The results shown in Figure 10 are the spectra of trip lengths, and Figure 11,
the cumulative frequency distribution of trip lengths. The median trip lengths are
BON—b5.1 mi, LON—7.0 mi, AON—8.4 m1. The 75th percentiles are BON—2. 6 mi,
LON—4.4 mi, AON—4.4 mi.

Any judgment as to what constitutes a ""short" trip on a freeway would be completely
arbitrary. An equally arbitrary judgment would bear on how high the percentage would
have to be before being considered to be excessive, how low to be acceptable, etc.
There are no norms for either of these judgments. To the authors, it appears that
use of all three ramps during the period sampled is compatible with the intent in freeway
construction. There is limited indication of excessive short-trip use, certainly not to
any degree that would preclude more detailed analysis of the total network problems
prior to any decision to close any one or all of the ramps.

Another way of interpreting the results is that, were any of the three ramps to be
closed, not many of the motorists presently using these ramps would be dissuaded
from using the freeways, albeit by entering via another on-ramp. Closing the ramps
would thus raise problems of how the diversion of traffic from one on-ramp to another
would affect the intervening surface street network. This is the subject of the next
sub-study.

NOTE DATA IS LIMITED TO TRAFFIC ARRIVING
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Figure 10. Distribution of trip lengths as obtained from mailing questionnaire.
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SURFACE STREET TRAVEL PATTERNS OF RAMP USERS

The questionnaire described in the previous sub-study was devised in the form of
a schematic map of the surface streets specifically to yield at once both the surface
street paths and a general idea of the point of origin of ramp users. Because the
questionnaire was sent only to ramp users, the information was automatically keyed
to specific on-ramps. Also, keyed to the on-ramp use would be the freeway to which
the respondent was heading, this being one of the questionnaire items. It was con-
sidered mandatory to have all of this information for subsequent analysis of alternate
ramps and surface street routes that would be used in the event of ramp closings, or
opening of new freeway links.

It was recognized at the outset that there would be problems in evaluating the re-
liability of the data, because no completely suitable statistical method could be identi-
fied. Consequently, a somewhat oblique split-half reliability procedure was followed.
The replies were arranged in nine groups, one for each combination of on-ramp and
freeway (destination). Through use of random number tables, each group was divided
into two samples. The samples were then tabulated separately and the totals compared
with each other. Although the data actually identify the point of origin of the traffic
and the complete surface street pattern followed in getting to the on-ramps, the statis-
tical analysis was limited to treatment of the cardinal directions from which traffic
had come upon reaching the on-ramps. The data are given in Table 1, and are shown
schematically in Figure 12. To simplify the presentation here, these data are limited
to cardinal directions. The actual data (questionnaire replies) show the complete sur-
face street route traffic followed in getting to the different ramps.

The sole case where there appears to be any inconsistency between the A" and "B"
samples is for the BON to HLF case. The null hypothesis was tested for this case
using a chi square technique, and was not rejected. (The experimental chi square value
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TABLE 1

CARDINAL DIRECTIONS FROM WHICH RAMP USERS
APPROACH THE RAMP

Direction of Approach Via
Surface Streets, From the:
On-Ramp To Freeway Sample North East South
Broadway Hollywood A 3 12 1)ay
(BON) (HLF) B 3 6 6)
Harbor A 1 16 T )4n
(HRF) B 2 16 5)
Pasadena A 1 4 1)49
(PSF) B 3 2 1)
Los Angeles Hollywood A 1 - 21 ),
(LON) (HLF) B 1 - 19)
Harbor A 4 - -)g
(HRF) B 3 - 2)
Pasadena A 1 - =),
(PSF) B 1 - -)
Alameda Hollywood A 9 - 4)y,
(AON) (HLF) B 9 - 2)
Harbor A 5 - 4)6
(HRF) B 3 - 4)
Pasadena A 1 - -)g
(PSF) B 2 - -)
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Figure 12. Cardinal directions from which traffic came in getting to on-ramps of inter-
est.
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uncorrected for continuity is 5.533. The chi square, 2 DF values at the 10 and 5 per-
cent levels of significance are 4.605 and 5.991, respectively.) This may be inter-
preted as meaning that although the A and B patterns differ, the discrepancies are not
sufficiently large to be ascribed to anything other than chance. A somewhat heuristic
interpretation of the discrepancy would be that the variability of the BON - HLF pattern
is high, which in turn would imply that more data would have to be taken to lessen the
uncertainty as to this particular flow pattern.

The results, in the main, demonstrate a high degree of self consistency, and show
that the principal flow to the on-ramp of interest is from the south. In the case of the
LON - HLF pattern, 18 of the 21, and 15 of the 19 northbound vehicles (coming from
the south), originated south of First Street. This result (which comes from detailed
tabulations of travel patterns which are not presented in this paper) demonstrates the
potential power of the questionnaire technique for determining more precise surface
street patterns.

The principal reason for determining the surface street paths (which essentially
was the principal reason for the questionnaire itself) was to establish a basis for
estimating the effect that closing a particular on-ramp would have on its present
users. There are questions of: (1) will the present ramp user continue to use
the freeway, albeit byvi'taking a different on-ramp; (2) under these circumstances,
which ramp will be chosen; (3),what new route will be taken on the surface streets
to get to his new on-ramp. Inf ‘ential judgments such as these are inherently
difficult, and can never be made ‘With certainty. But they can be made with a
greater degree of confidence if the present points of origin within the surface
street network are known for the ramp users along with the actual routes they
take.

To estimate the surface street patterns that would prevail after projected ramp
changes took place, a secondary questionnaire was constructed specifically directed
toward traffic experts and others who were knowledgeable of traffic conditions in the
downtown Los Angeles area. The experts were from three independent organizations:
(1) Traffic Department, City of Los Angeles; (2) Police Department, City of Los
Angeles; and (3) Traffic Department of District VI, California Division of Highways.
Selection of the experts who were to receive the questionnaire was left to the heads of
the separate organizations.

The "expert" questionnaire was constructed directly from the replies received from
the general "mailing" questionnaire. This is to say that the routes the motorists in-
dicated they were taking to get to the specific on-ramps were identified in the "expert"
questionnaire. Each route was identified by a sequence of intersection numbers which
were assigned arbitrarily to every intersection in the adjacent downtown area. The
routes (sequence of intersection numbers) were further cross referenced to on-ramps,
there being in all 60 route-ramp combinations. Ilustrative of the instructions to the
experts:

"...Judge as best as you can how a vehicle would change from the
given route if the ramp for which it was originally heading were
closed. List the new ramp and the new route in the space provided
next to the given route, and in the same manner, that is by the
intersection numbers...."

To minimize any bias the "mailing" questionnaire might have on the "expert” ques-
tionnaire, the number of vehicles following each route was not disclosed to the experts,
It was recognized that this might result in some aspect of the diversion pattern being
inconsistent with traffic conditions. However, the investigators judged that if such an
inconsistency did arise, they could reconcile it.

As was anticipated, the replies were consistent with each with a few exceptions,
and from the results of this and the mailing questionnaire, the ramp diversions were
deduced as given in Table 2. The diversion pattern appears to be reasonable with the
exception of the ramp traffic headed for the Harbor Freeway. The present load and
resulting back-up of traffic on the collector road to the Harbor Freeway during the
evening break is so high, that the 210vehicles shown as going to the Harbor Freeway (having
been diverted from the Broadway on-ramp) would probably get to the Harbor Freewayviaa
ramp (3rd Street) which is not a part of the system of interest in this study.



186

TABLE 2

ADDITIONAL TRAFFIC VOLUME ON ADJACENT ON-RAMPS WITH THE
CLOSING OF THE BROADWAY ON-RAMP
(Figures Pertain to 1-hr Volume 4-5 p. m.)

Volume with Vehicles Diverted Total Volume
Broadway On- From the (Closed) When Broadway
Ramp Ramp Open Broadway On-Ramp On-Ramp is Closed
Broadway Avenue
On-Ramp 620 0 0
Grand Avenue
On-Ramp to:
Hollywood Fwy 745 150 895
Harbor Fwy 300 210 510
Pasadena Fwy 240 15 255
Castellar Street
On-Ramp 1,670 70 1,740
Alameda Street
On-Ramp 540 95 635
Los Angeles Street
On-Ramp 385 _80 465
620

PROPERTIES OF TRAFFIC STREAM AT OUTPUT BOUNDARY OF SYSTEM

If the input and output boundaries of the freeway system of interest were placed at
locations where entering and exit speeds, respectively, were at the maximum legal
limit (specifically, 65 mph in California), performance measured at the boundaries
could be said to be due to factors "within'"" the boundaries. In this study, however, the
boundaries are defined so as to include only the section of freeway that is of operational
interest, and at these locations, speeds are anything but maximum during the period
of the study. Performance measured at these boundaries must accordingly include
effects due to the freeway network downstream (that is, beyond) the OUB, effects due
to factors upstream (that is, ahead) of the INB, and finally effects which could be
said to be due primarily to factors within the boundaries. It is these latter effects
with which the project is concerned, and a general objective is to isolate them from
the downstream and upstream effects. Upstream factors are removed from the analy-
sis by having the MOE measured for the "collection” defined on the basis of clock
time at the INB. Downstream factors are taken care of in some measure by relatively
precise measurement of traffic at the OUB. This measurement is the subject of this
particular sub-study.

The field techniques used in the speed-headway measurements at the output boundary
have already been described as involving multi-lane detectors in combination with the
Esterline-Angus recorders, and the resulting Esterline-Angus record is shown in
Figure 7. Figure 13 shows a facsimile of the Esterline-Angus record in sufficient
additional detail to facilitate descriptions of the data reduction procedures and subse-
quent computer analysis.

Data Reduction Procedures

There were three primary "times" to be identified for each vehicle. These are,
referring to Figure 13:

A = time the first wheel of the vehicle crossed the first detector;

21-1
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Figure 13. Nomenclature used in speed and headway study.

A21 = time the last wheel of the vehicle (or truck-trailer combination) crossed the
first detector; and
BI = time the first wheel of the vehicle crossed the second detector.

A fourth "time", B'I, was used only to demonstrate that this technique could yield

an acceleration measurement.

Inasmuch as one channel (number 20) of the chart record was used as an independent
clock time indication, it was possible to convert each of the "time'” measurements
(A21-1, A2y, B]) to "clock time' measurements by relating them to the nearest time
indication. The time indications were made every minute on the minute. The analysis
accordingly was set up in 1-min blocks; that is, from one time indication to the next.
Paper speed was 3 in. per second, or 15 ft of paper travel in the 1-min block.

To facilitate the ""reading" of the time pips over the 1-min interval, a special 16-ft
long wooden channel was designed with paper take-up reels at each end. The channel
was marked off in 3-in. units, each unit corresponding to 1-sec of real time. The
units were subdivided into 100-millisecond (Dista.nceug increments. A vernier scale
was constructed to be used in conjunction with the channel board which further increased
the accuracy of the reading to 10 milliseconds by direct reading of the vernier scale,
and to 1 millisecond by estimation of the vernier scale,

The procedure was to line up the first time pip with the zero time point on the channel
and scotch tape the record in place. The vernier, which was made of transparent lucite,
was then placed on top of the record, and indexed on successive pips simply by sliding
it along the channel.

Additional Nomenclature

Two sets of additional nomenclature are required to describe the properties of the
traffic stream as measured at the output boundary. The first set identifies attributes
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of individual vehicles in their respective positions in the moving stream crossing the
output boundary of the system. The criterion for establishing the attribute of following-
too-closely (FTC) is the widely quoted %-sec brake reaction time. The criterion for
the attribute of closing-too-rapidly (CIG) is 8 ft/sec® which stems in part from the
judgment of Gazis, Herman, and Maradudin (14) who use % g (approximately 10.7
ft/sec®) as a maximum "comfortable" deceleration. Thus, the 8 ft/sec’ value used in
this study is more conservative than that of Gazis and the others. Different criterion
constants can be used at will, and which ones are appropriate are strictly matters of

opinion.

FTC (I)
NFTC (1)

DFV (D)

CLG (1)

NCLG (1)

FTC.CLG

{n (Frc.cLa)} {w}

following too closely, (Ih: car following the (I-1)th car too

closely), where: FTC (I) =[D @3 {V (1) ft/sec } { % sec }]
not following too closely, where:
NFTC (1) =[D (n> {V 49) ft/sec} { % sec}]

difference between speeds of Ith and (I-1)%h cars, where:
DFV (D) =V (D - V (I-1)

closing too rapidly (tth car is closing too rapidly on the
(I-1)th car), where:

cLG @ =[{DFV) @ / 2D 0} Z8.0 1t/5ec?

not closing too rapidly, where:

NCLG (1) =[{(1)Fv)2 m/2p (1)} <8.0 ft/sec’]

following too closely and closing too rapidly (compound attri-
bute), where:

(FTC.CLG) (1) =both FTC (1) and CLG (1) hold for the Ith
car

the property FTC.CLG does not hold for the 1th car, or:
{n (FTC. CLG)} {} = either NFTC (1), or NCLG (D, or
both hold for the Ith car.

The following additional nomenclature is used to describe properties of a group of
vehicles (as contrasted with the preceding nomenclature, which pertains to individual

vehicles).

N(J)
N(WBC-)(J)

N(FTC)(J)
N (NFTC)(J)
N(WBC-. FTC)}(J)

P {N(J)} {(WBC-)}

p {wec-)} {(Fro)}

MEAN V(J)

total number of cars recorded in the Jt time group

number of cars of wheel base classification WBC1, WBC2,
et¢., recorded in the Jth time group

number of cars following too closely in the Jth time group
number of cars not following too closely in the Jth time group

number of cars of wheel base classification WBC1, WBC2,
etc., that were following too closely in the Jth time group

percentage of the cars in the It time group that were of wheel
base classification WBC1, WBC2, etc.

p {x@} {wBco) - NWBCIW

percentage of the cars of wheel base classification WBC1,
WBC2, etc., that were following too closely

p {wec-)0)} {rrc)} - NWEC-. FIC)I)

mean speed of all cars in the Jth time.group; alternately, VJ
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MEAN D(J) mean following distance of all cars in the Jth time group;
alternately, Dy

VAR V(J) variance of speeds of all cars in the Jth time group; alter-
nately, S’V, J

VAR D(J) variance of following distance of all cars in the Jth time

group; alternately, S’D’ J

MEAN V(WBC-)(J) mean speed of all cars of wheel base classification WBC1,
WBC2, etc., in the Jth time group; alternately, V(wpc-)(J)

VAR V(WBC-)(J) variance of speeds of all cars of wheel base WBC1, WBC2,
etc., in the Jth time group; alternately, S* (wpc-)(J)

MEAN D(WBC-)(J) mean following distance of all cars of wheel base WBC1,
WBC2, etc., in the Jth time group; alternately, D(WBC-)( J)

VAR D(WBC-)(J) variance of following distance of all cars of wheel base WBC1,
WBC2, etc. , in the JP time group; alternately, S'pwgC-)(7)

MEAN V(WBC-. FTC)}J) mean speed of all cars of wheel base WBC1, WBC2, etc.,
and following too closely in the Jth time group; alternately,

V(wsc-. FTC)(3)

The grouping of vehicles was according to predetermined (clock) time intervals at the
output boundary. The interval in this study is 1 min and is identified by the letter J

in relation to a reference time. Thus J = 9 means the 9th minute after the reference
time. In this study the beginning of each separate study was considered asthe reference
time for that study.

Computer Analysis

A program was written for the computer to perform the necessary mathematical
operations on the set of time data, and to output the results in a directly readable form.
This latter objective is one of the principal reasons why the FORTRAN-like language”
was used to describe the variables in the study. The machine used in the study is a
part of the facilities of the Western Data Processing Center located on the Los Angeles
Campus of the University of California. Specimen outputs of the computer program
are shown in Figures 14 and 15.

Results

The results, which essentially are enumerative in nature, are read directly from
the computer output. The output of primary interest to the general study is the dis-
tribution of MEAN (RSP) according to clock time as given in Eq. 13. With the MEAN
(RSP) known, the macroscopic "within" TRT diseconomy can accordingly be identified.
The detailed computations of the diseconomies are given in the analysis section.

Several interesting additional observations may be made which suggest the possibility
of much more general uses of this coordinated field and computer technique. In Figure
14, the first three vehicles are moving at fairly high speeds (48, 46, 52 fps); the 4th
vehicle, which measures 617 in. from its first to last axle, is a truck moving at a
speed of 20.5 fps. All vehicles behind this truck are moving at the greatly reduced
speed. The speeds proceed to build up until the arrival of what appears to be an Isetta
type of vehicle (the 7th vehicle in the 15th min in Figure 15), whereupon speeds again
are reduced.

Referring again to the 14th minute (Fig. 14), the following distances of the high-speed
vehicles are 184, 150, 171 ft, whereas that for the truck (4th vehicle in line) is 583 ft.
Thereafter, the following distances are 82, 62, 88 ft, etc. The picture conveyed by
the data, therefore, is a large space gap ahead of the truck followed by a relatively
tightly bunched platoon of slow-moving vehicles.

Figures 14 and 15 pertain only to the shoulder lane. However, the general study
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Specimen output of the computer program used for comput:
traffic stream at the output boundary in the 15th

Figure 15.
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includes analyses for the middle and median lanes as well, with all three analyses
being on the identical time base., This permits correlating properties of the traffic
stream in one lane with those in the adjacent lanes. For example, an analysis (not
shown here) of traffic in the middle lane shows that this traffic was moving quite
rapidly at the instant the truck in question in Figure 14 presumably was causing the
shoulder lane traffic to move much more slowly. The computer output thus easily
discloses the widely recognized situation: a truck moving slowly up a grade followed
by a long line of cars which are prevented from passing the truck by high-speed traffic
in the adjacent lane.

The major significance of the work is that, through the use of the relatively simple
multi-lane detector field techniques coupled with the high-speed computer analysis, it
becomes possible and economically feasible to quantify in a highly precise manner
a wide variety of properties of interacting traffic streams. Readily recognized are
the implications this has for theoretical and applied traffic research.

TRAVEL TIME REQUIRED TO NEGOTIATE SYSTEM OF INTEREST,
AND ANY INFERRED DISECONOMIES

License matching was selected as the method for determining travel time in this
study for three reasons. First, it was mandatory that travel time be measured as ac-
curately as possible, and, in the words of Highway Research Board Committee on
Operating Speeds in Urban Areas (4):

M The license matching method has been accepted
by the Committee as being a reliable standard upon
which to base the accuracy of other methods........ ceee

Second, it was known from the inception of the study that a large number of travel
time measurements would be required at fairly close &lock) time intervals. Repeated
trials in pilot studies indicated that something of the order of three to four runs could
be made by a single floating car during the afternoon peak hour. Thus, it did not ap-
pear that any of the variations of floating-car techniques would be practical. As it
developed with the license matching method, the equivalent of approximately 5, 000
floating-car runs were obtained in a 1-hr period.

Third, this study required travel time measurements over 38 input-output combina-
tions, with each of the lanes at the primary output boundary being treated as separated
sites for purposes of lane-to-lane comparisons. Furthermore, the measurements
had to be made essentially at the same (clock) time. It was out of the question to at-
tempt this set of measurements with anything but license matching methods.

Notwithstanding these strong arguments favoring the license method, there were
the difficulties associated with the method, as pointed out by Walker (:1}, of obtaining
matchings, subtracting time of passage, and eliminating spurious matchings. These
difficulties were minimized in large measure by using computer method that was re-
ported earlier by Brenner, Mathewson, and Gerlough (_1_1). A technical memorandum
outlining the program will shortly be published (15).

The input to the computer included the individual licenses, site at which they were
identified, and (clock) time at which they were identified. The license encoding was
limited to the first five characters (3 alphabetic, 2 numeric) to reduce card punching
costs. However, obviously spurious matchings occurred with the five-character i-
dentification. Suspicious matchings were apparent from unusual travel times, and
could easily be confirmed as spurious by reference to the original field data, Con-
sequently, in future studies, all six characters will probably be used.

Although the clock time was recorded in the field to the nearest second, it was
encoded by minute for computer analysis because the computer program permits a
five part linear interpolation of time which could yield interpolated answers to 12-sec
accuracy. This was considered adequate for purposes of this study. Also, this pro-
cedure of outputting travel time in units of Y-min significantly simplifies enumeration
of results.

The computer output of interest included the license that was a matching, its input
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site, its output site, the input clock time, output clock time, and finally the difference
in clock time; that is, travel time.

A specimen graph of travel time plotted against clock time at the input boundary is
shown in Figure 16. This particular figure pertains to travel from site 1 to site 8, and
hence represents the primary freeway traffic; that is, "the slot'" traffic. Each point
on the curve represents the average of the travel times for all vehicles arriving at the
input boundary in the given minute. The minute input volumes vary from 28 to 42
vehicles, and the graph represents in all 960 vehicles. Similar graphs have been pre-
pared for every input-output combination but are not shown here.

It can be seen in Figure 16 that distinct travel time peaks occurred at approximately
4:10 p. m. and 4:40 p. m. for the movement from sites 1to 8, The same double peak
picture occurs in all of the other flow path combinations; for example, sites 2 to 8,
1to 7, 2to 7, etc. It is a matter of considerable interest to examine some of the
possible explanations for the two peaks occurring, instead of a single uniform p.m.
peak, as would be normally expected.

The first possibility is that there was coincident traffic congestion downstream of
the section of interest. However, an examination of RSP (OUB) failed to disclose any
unusual build up at the same time the two TRT peaks occurred. This may be seen in
Figure 16 in which the inferred mean TRT curve is plotted on the same (clock) time
scale as the realized mean TRT curve. The inferred curve is deduced directly from,
and is a linear function of RSP (OUB). Each point on it, as with the realized curve,
represents an average of the RSP (OUB) performance of upwards of 20 vehicles. It
can be seen that RSP (OUB) is generally increasing during the course of the hour,
but there are no peaks that could be related to the realized TRT peaks. The only
distinct peak, at CLT (INB) = 1,651, was due to a minor bumper-to-bumper accident
which occurred downstream of OUB at 1,657.

A second possible explanation of the TRT peaks is volume of traffic at the output
boundary. In Figures 17 (a) and (b), 1-min lane volumes and 1-min totals of all traffic
of the output boundaries are plotted on the same (clock) time scale as the TRT. Also
plotted are 5-min totals of truck volumes for all trucks, busses, and 5-min totals for
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OUB SITE 8 (HOLLYWOOD FREEWAY)
DISTANCE SITE | TO SITE 8- ||3| MILES
|
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Figure 16. Specimen graph of travel time as a function of clock time at the input
boundary.
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the "heavy" trucks; that is, trucks with semi or full trailers. It can be seen that the
total volume curve essentially remains flat over the hour. Both truck curves, if any-
thing tend to drop from 4 to 5 p.m. Therefore, from these curves, there is little in-
dication that the TRT peaks coincide with the volume factors (total volume, lane vol-
umes, truck volumes).

A particularly interesting result is seen by comparing the curve of shoulder lane
volume with the truck curves. The shoulder lane volume is in a decided upward trend
from 4 to 5 p. m. while there concomitantly is a definite downward trend for both truck
curves. Most of the heavy-trucks (73 percent) are in the shoulder lane. Thus the
paired trends could be construed as an argument on the reduction of capacity with truck
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Figure 17(a). Lane-by-lane volumes, total volume, truck volume at the output boundary
as a function at clock time.
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traffic. Onthe other hand, the volumes in the middle and median lanes are essentially con-
stant for most of the hour, and hence might represent the practical capacities. The build
up in the shoulder lane might therefore be due to a build up in total demand on the sys-
tem, with the incremental volume appearing in the shoulder lane because the other two
lanes were operating close to practical capacity. The concomitant decrease in truck
volume might not therefore be the dominant reason for the increase in shoulder lane
total volume. (The capacity results obtained at site 8 are in relatively close agreement
with those reported by Webb and Moscowitz_(lfl_) on observations made near this site

in August 1956. They suggest using the volume during the highest 5-min period as a
basis for estimating the peak hour volume. The essentially flat nature of the median
and middle lane curves in Figure 17 support their view completely. ‘It also appears
that a slightly more refined estimate might be obtained by taking separate 5-min es-
timates for the middle and median lane, and then applying a correction factor for the
shoulder lane based on a "least squares" straight line. First, however, further studies
would be needed to establish the generality of the linear coefficients.) The important
conclusion here in the travel time context, is that the TRT peaks occur contrary to
capacity factors—indications that the TRT variable relates to more complex factors
than capacity alone. '.

The only data in this study which appear to be closely related to the travel time
peaks are the number of vehicles coming onto the freeway proper from intervening
on-ramps. The on-ramp movements are plotted in Figure 18 on the same (clock) time
scale as travel time. There are three distinct on-ramp peaks, approximately at 4:12
p.m., 4:22 p.m., and 4:37p.m. The 4:37 peak of on-ramp traffic could be causing
the 4:35 to 4:48 TRT peak; the 4:12 peak of on-ramp traffic could be related to the
4:05 to 4:12 TRT peak; the 4:22 on-ramp peak might be related to the (small) 4:20 to
4:25 TRT peak.

In the absence of more detailed information, these observations as to possible re-
lationships between the on-ramp movements and through travel time can only be
treated as conjectures. It is known, however, that there are at least two distinct
"waves' of on-ramp traffic during the afternoon peak hour coincident with the two
quitting times, 4:00 p. m. and 4:30 p. m., for many governmental workers in the
civic center. It accordingly is at least a plausible consideration that the TRT peaks
are related to on-ramp movements as shown.

ESTIMATES OF FLOW PERCENTAGES FOR DIFFERENT INPUT-OUTPUT
COMBINATIONS OF THE SYSTEM

This sub-study deals with estimating the percentages of traffic at a given input
site moving through the system to exit at a given output site. Quantifying the relative
volumes of traffic moving between the various input-output combinations is referred
to as a "flow pattern analysis", and has a wide variety of uses. The immediate use
in this study is for obtaining travel time for the "collection” as defined earlier, with
the make-up of the ""collection” being directly deduced from the flow patterns.
Another important reason for determining flow patterns is to provide one of several
bases required for estimating the amount of traffic that will be diverted from the
""gystem of interest’ as additional links in the total freeway network are completed.

Some of the present SAF - HRF, and SBF - HRF traffic will use the Santa Monica
Freeway (now under construction) and by-pass the "slot" which presently is a necessary
link in its freeway path; some of the SAF - HLF, and SBF - HLF traffic will also be
diverted from the "slot" when the Golden State Freeway is completed. Conceivably,
the amount of diverted traffic might reduce the load on the "system' to a point where
the system would operate without undue congestion even with ramps remaining open
that are now being considered for closing. Any relief afforded by closing the ramp
would thus only be needed for a relatively short period of time, and might not be worth
whatever negative publicity could come with closing the ramp. More important than
negative publicity, however, would be the expenditure of significant sums of money to
relieve a present bottleneck in the face of some likelihood that the bottleneck would
automatically be relieved with the completion of additional links of the network.
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Knowledge of the flow patterns is invaluable for evaluating this likelihood that the problem
will correct itself as the planned-for network links are completed.

The problem of estimating the volume of traffic at a given on-ramp that proceeds
to a particular off-ramp of a freeway system has been treated in detail in an earlier
work by Brenner, Mathewson and Gerlough (_11). In a later work, Mathewson and
Brenner apply the same technique to estimating through traffic on a surface street
network (1_6)._ The technique is particularly well suited to the present study because
of the difficulty in obtaining a 100 percent sample at some of the sites coupled with
the fact that the technigque permits sampling of traffic. The formula used for estimating
the flow percentages in this technique (derived in the earlier work (11)}is:

P {(A) (B)} - [NM {NUI\) (B)}:Il‘ll 5 TV (B)] (15)

in which
P {(A) (B)} = percentage of vehicles at A going to B;
NI (A) = number of vehicles identified at A;
NI (B) = number of vehicles identified at B;
TV (B) = total volume of traffic at B; and
180
1601 ON-RAMP VEHICLES —»
b4
|
o
I
w
> a0} /
a I}
2 X '
« /
z !
° !
120
uw I
«
w
@
2 I
e |
Z 100} 46
(/2]
w
-
e 2
L Jo *
sor REALIZED MEAN TRT 4
L 1 |
1600 1615 1630 1645 1700
TIME OF DAY

Figure 18. On-ramp movements as a function of clock time at on-ramp.
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NM { (A)(B)} = number of license matchings between the NI (A) and NI (B) identifica-
tions.

All of the factors in Eq. 15 had to be measured experimentally to determine network
travel time as discussed in "Travel Time Required to Negotiate System of Interest,
and any Inferred Diseconomies." Thus, the flow percentages could be obtained at no
extra experimental cost, and the flow pattern analysis can accordingly be regarded as
an immediate by-product of the travel-time analysis, or vice versa. However, not
nearly as many license matchings are needed to produce a travel time analysis of fairly
high percision as are needed for a precise flow pattern analysis.

The results shown in Figure 19 concern the percentage of traffic at specific input
sites that proceed to specific output sites—P (INB.OUB). The results shown in Figure
20 concern the percentage of traffic at specific output sites that come from specific in-
put sites—P (OUB.INB). Both sets of percentages were computed in two ways. In the
first, Eq. 15 is the basis of the first method which essentially seeks to correct for the
sampling ratios. The second method is based strictly on the distribution of matchings
and became necessary after it was found that with the first method, the total percentages
were significantly lower than the expected summation for a set of probabilities; namely,
unit.

Some of the discrepancies between the percentage totals and unity can be explained
by traffic to the unmanned intervening sites. The greater part of the discrepancy,
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Figure 19. Percentages of traffic at input sites that proceed to output sites P(INB.OUB).
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Figure 20. Percentages of traffic at output sites that come from input sites P(OUB.INB).

however, can only be interpreted as stemming from licenses being incorrectly identi-
fied. These errors prevent licenses from being matched (missed matchings) resulting
in flow percentages computed according to Eq. 15 being lower than they should be.
Furthermore, the ultimate estimate of the percentage is lowered by erroneous identifi-
cations at the input site independently of erroneous identification at the output sites,
and by errors at the output site independently of those at the input site. Identifying
licenses incorrectly is known to be the major bias in applying Eq. 15 to a real traffic
situation, and is discussed in detail by Brenner, et al. (11).

Using the matchings (which would have to be correct identifications) as reference
points, it was possible to isolate obvious errors in the (unmatched) identifications, and
to estimate that something of the order of 5 percent of the identifications could be
suspected as being in error, and this number of erroneous identifications would easily
explain the flow extimates being low. But, rather than proceed through the entire set
of data in the extremely laborious checking for incorrect identifications, a more gross
estimation procedure was used. In this procedure, flow percentages were estimated
by the relative percentages of matchings within a total set of matchings. For example,
of the 1, 766 matchings among the site 8 traffic, 960 were site 1 matchings, and the
ratio of 960 to 1, 766 or 0.78 was treated as the flow percentage of site 8 traffic from
site 1.
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This procedure based on matchings, although not precise, is not as gross as might
be suspected at first glance. For one thing, it is exact if the sampling ratios at the
output sites are the same. The sampling ratios at sites 8 and 9 are 0.84 and 0. 83 ,
respectively. Thus the respective number of matchings site 1 to site 8, and site 1
to site 9 are essentially in direct proportion to the respective flow percentages. Be-
cause the flows to these output sites from the input sites 1 and 2 represent the major
part of the traffic through the system, accurate percentage estimates for these two
primary patterns cause the patterns for the system as a whole to be fairly accurate.

Additional support for the belief that the gross procedure has yielded results that
are sufficiently accurate for purposes of this study may be seen in the ramp data. From
the mailing questionnaire, the flow percentages of BON traffic to HRF, PSF, and HLF
are 50.0 percent, 11.8 percent, and 38.2 percent, respectively. The same percentages
as obtained from the gross matching procedure for the same traffic are 52.0 percent,
39 percent, and 9 percent, respectively. Similar agreement exists for the other on-
ramps.

Notwithstanding the fact that the number of matchings obtained 1n this study were
sufficiently high (and the sampling ratios at the output boundary for the primary traffic
happened to coincide) to yield what appear to be sufficiently accurate estimates of the
flow percentages for the major flow patterns, it nevertheless is necessary to examine
the present and ultimate usefulness of the techniques based on Eq. 15. The identifica-
tion errors could have occurred anywhere in the total process beginning with the ob-
server dictating the license, continuing through the data reduction process, and to
the ultimate encoding of the data onto punched cards. Errors obviously occurred in
the dictation 1n the field; there is evidence of this in a by-product investigation which
will be described presently. There also is evidence of errors in the photographic
reading due mainly to changing light conditions under which the licenses were ori-
ginally photographed. Furthermore, the investigators detected encoding errors, not-
withstanding the fact that the card punching was also verified.

These three major sources of error can be remedied at least in part. The observers
used 1n the study were not experienced in the dictation methods and with more training
and experience would undoubtedly perform better. Since the date of the study, there
has become available a new film (18) designed to give more than twice the speed of the
film used in the study without a significant increase in gramniness, It appears that with
the new film a much sharper picture of the license plate will be obtained, with the result
that errors 1n license 1dentification should be reduced. Finally, there are several
controls on the data handling procedures that would further reduce errors. It, there-
fore, appears that Eq. 15 will prove to be more effective for freeway work than shown
in the present study. At the present state of the art, however, the technique probably
should be applied principally at ramp-to-ramp types of freeway pattern analysis.

The by-product investigation mentioned earlier involved computing two independent
sets of flow percentages for traffic heading for the Hollywood Freeway. Site 8 (Grand
Avenue overcrossing) 1s the output boundary in one set; site 11 (Edgeware Avenue over-
crossing) 1s the output boundary in the second set. The mnput boundaries are identical
for the two sets. Both sites are on the Hollywood Freeway, and are approximately 7a
mi apart, with traffic of interest reaching site 8 first.

Site 8, being the primary OUB of the study, had relatively complete coverage;
namely, a camera on each of its three lanes together with the observer using a tape
recorder for time check purposes. The over-all sampling ratio, licenses identified
to total volume of traffic, was 84 percent. Site 11, on the other hand, had the much
lower sampling ratio of 16 percent for several reasons. This site was included in
the experiment plan principally as the downstream control point for site 8; that is,
to provide an RSP (OUB) measurement in the event of equipment failure at site 8.
Inasmuch as relatively small number of license identifications would suffice for this
purpose, 1dentifications were limited to whatever identifications two observers, each
with his own tape recorder, could make of the very heavy traffic on the four lanes at
this site. Also contributing to the depressed sampling ratio was the fact that the volume
of traffic was much higher at site 11 (ADT = 106, 300) than site 8 (ADT = 59, 100) be-
cause all of the traffic bound for the Hollywood Freeway from the Harbor Freeway
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(ADT = 36, 000) and Pasadena Freeway (ADT = 11, 200) passes site 11, but not site 8.

Because all of the traffic at site 8 has to pass site 11 (there being no intervening
off-ramps), the percentage of traffic at a given on-ramp going to site 8 is identically
the same as the percentage from the same on-ramp going to site 11. By treating
sites 8 and 11 as two independent output boundaries in the license matching formulas,
two independent estimates are obtained of the same variable. The question is how well
the two estimates will agree with each other,

It may be seen in Figure 19, that the two sets of flow percentage estimates are in
close correspondence, indicating that two observers, equipped with nothing more than
tape recorders, were able to produce a flow pattern that is essentially the same as that
produced by the more expensive camera technigue. The far-reaching implication is
that with the portable tape recorder technique, it should be possible to map complete
time gradients for a freeway network and at the same time obtain reasonably accurate
estimates of flow patterns—both at relatively low cost. The photographic method, par-
ticularly with the new film, would continue as the more desirable in those situations
where the flow patterns have to be determined more accurately.

GENERAL ANALYSIS

The general analysis seeks to estimate a priori how closing a particular on-ramp,
the Broadway Avenue On-Ramp in this case, will affect the travel time the "collection”
requires to clear the system of interest, with the ""collection' being comprised basically
of three classes of traffic: (1) the freeway traffic, (2) the surface street traffic, and
(3) the ramp traffic that will have to go to a different ramp. The analysis brings to-
gether the results of the previously described sub-studies, seeking only order-of-mag-
nitude estimates. Furthermore, the analysis is limited to a 1-hr p. m. peak period.
The extrapolations of these data to afull day, week, or month period are not performed
here because they contribute nothing additional to the presentation of the analytical tech-
niques. Clearly, it would be necessary to extrapolate the data in actual practice.

Effect on Present Ramp Users

The "mailing" questionnaire and the subsequent "expert” questionnaire established
that most of the present Broadway Avenue On-Ramp (BON) traffic would head for the
Grand Avenue On-Ramp (GON) in the event BON was closed. The most conservative
treatment is assumed, specifically, that all of the BON traffic would head for GON,
because this condition would cause the greater decrement to surface street patterns
as well as to the diverted traffic.

A total of seventeen points of origin of BON users were identified in the
surrounding surface street network. For each point of origin, a new route was traced
out on the surface street network to the freeways via GON. The new route was then
compared with the present routes to BON. From the known differences in distance be-
tween the routes to GON and BON, a travel time decrement was estimated considering
that the average speed of traffic was 15 mph on surface streets and 30 mph on the free-
way. The realized average spot speed on the freeway (median lane) was 26.5 mph, so
that using the 30-mph speed is conservative. The travel time decrement for each route
was then weighted by the number of vehicles using that route, the (weighting) numbers
being determined from the replies to the mailing questionnaire. The weighted decre-
ments were finally added to yield an estimated total decrement for all traffic during
the hour. This amounted to 1,070 vehicle-minutes.

The analysis was then repeated considering that freeway traffic was moving at
15 mph, instead of 30 mph. The results show a time saving of 585 vehicle-minutes in
the hour if BON traffic took the alternate routes via GON to the freeway as contrasted
with the time loss of 1,070 vehicle-minutes in the previous analysis. Thus, if freeway
traffic is moving at the slow speed, it pays the BON traffic to stay on the surface
streets a bit longer and enter the freeway network at the GON ramp. K the freeway
traffic is moving at the faster speed, the BON traffic experiences a time loss by having
to delay getting onto the freeway until GON. The point of indifference for the BON
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traffic is not computed here, but would have freeway traffic moving at some speed be-
tween 15 mph and 30 mph. Instead, the 30-mph figure is used and the time loss con-
sidered to be 1, 070 vehicle-minutes.

Effect on Present Surface Street Traffic

For each of the seventeen points of origin in the surface street network, a distance
decrement had to be computed between the two alternate paths to the freeway network
(via BON or GON) to establish the time decrement. As was done with the time decre-
ment, the distance decrement was also weighted by the relative number of ramp users
taking the present (BON) path according to the mailing questionnaire. The weighted
sum was +10. 7 miles which shows that by using the alternate path via GON, present
BON traffic in the p. m. peak hour would save this aggregate distance. In other words,
present BON users are driving slightly longer distances on the surface streets to get
to the freeway in order to obtain the time benefit of driving on the freeway. This ex-
emplifies the widely recognized pheonmenon of drivers traveling greater distances
(in this case both on the surface streets and the freeway) to reduce their over-all travel
time. A problem of major interest would be to determine these trade-off curves (dis-
tance for time) under a wider variety of conditions.

Taken at face value for the purposes here, the results suggest that diverting the BON
traffic to GON will not be detrimental to present surface street traffic because, if any-
thing, the diversion will reduce the mileage being driven on surface streets. This is
an oversimplification, of course, for there might be local disturbances that would cause
the surface street traffic to suffer travel time decrements in spite of the aggregate
vehicle mileage being reduced. In any case, it does not appear that the effects on
present surface street traffic will be severe.

Effect on Present Users of the Alternate Ramps (s)

The most critical local disturbance resulting from diverting traffic from one ramp
to another is expected to be at the alternate ramp. If the alternate ramp is lightly
loaded, the disturbance will be minimal, but if it is already heavily loaded, the addi-
tional traffic would undoubtedly cause a severe local disturbance. As stated earlier,
in the most conservative analysis (that is, to produce the most severe local disturbance)
all of the BON traffic would be considered to be diverted to the one alternate ramp,
GON. However, from the "expert" questionnaire it is judged that were the Broadway
On-Ramp to be closed, the present BON. PSF traffic would go to the Castellar On-
Ramp, not to the Grand Avenue On-Ramp. This amounts to 9 percent of the BON
traffic. Also, the back-up on the collector road of traffic heading for the Harbor
Freeway during the peak hours usually extends beyond the point where the GON traffic
merges with the collector road. It accordingly is judged that BON. HRF traffic would
head for GON for the first few days after BON is closed, but after encountering the
back-up at GON, would seek out the more logical ramp to get on to HRF at 3rd Street.
(This ramp is not shown in any of the figures because it is not a part of the defined
"system'’, but should now be included in the over-all analysis. Required is the effect
that present BON. HRF traffic will have on the surface street network which intervenes
between points of origin and the 3rd Street On-Ramp. To simplify the presentation here,
this iteration is omitted, and the assertion made that the BON, HRF traffic will create
far less disturbance using this as the alternate ramp rather than GON.) From the flow
pattern analysis, the BON. HRF traffic is 52 percent of the BON traffic.

Thus, the net effect closing BON would have on GON at the outset would be an addi-
tional loading comprised of 61 percent of the present BON traffic or 400 vehicles. This
would drop to 39 percent of the present BON traffic, or 250 vehicles after the system
became stabilized. The Grand Avenue On-Ramp presently carries 1,400 vehicles
during the evening peak hour, so that its ultimate peak hour volume will rise to 1, 800
vehicles immediately after the BON is closed, and drop off to 1,650 vehicles after
several weeks.

It is difficult to estimate precisely the travel time decrement that the increased load-
ing of 250 vehicles per hour (or 4 to 5 vehicles per minute) will produce on a one-lane
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ramp. However, with several minor adjustments, Wingo's (§) ingression model can
be applied to the problem. In his model
N2
Y= 3C (15)
in which

Y = total ingression loss for the inflow phase of a cycle;
N = number of vehicles constituting the cyclic demand on the ramp; and
C = cyclic capacity of the ramp.

If N; and N2, respectively, represent the cyclic demands on GON before and after
BON is closed, the incremental ingression loss per cycle will be

N3 - Ni

2C

To simplify the arithmetical computations here, 1 min is arbitrarily set as the
cycle length as a basis for treating the cyclical demand on GON, and the total change
in the ingression loss for the 1-hr period is considered to be 60 times the value for
the 1-min cycle. For a more precise analysis, the actual cyclic demand (which would
be directly related to the cycle length, division, phase relationships of the traffic
signals at adjacent intersections) should be considered, as well as variations in demand
from cycle to cycle.

Using the simplifying assumptions, and considering that the capacity of the ramp
is 1,000 vehicles per hour in Eq. 16, the change in ingression losses during the peak
hour at GON due to increased demand is found to be 246 vehicle-minutes.

AY = (16)

Effect on Present Users of the Freeway

Based on the pattern analysis described in the section on "Estimates of Flow Per-
centages for Different Input-Output Combinations of the System, ' the nature of the
4 to 5 p.m. "collection” can be approximated (Table 5). The problem here is to
estimate how eliminating BON traffic will affect the travel time the remainder of the
""collection" requires to negotiate the "system". As discussed in the section on '"Travel
Time Required to Negotiate System of Interest, and Any Inferred Diseconomies," the
two realized travel time peaks in Figure 16 appear to be related most directly to
ramp movements; capacity-type arguments do not appear to correlate too closely.
Whatever caused them, the two peaks demonstrate that significant travel time disecon-
omies are being generated in the system.

To quantify the diseconomies, some '"normal" travel time must be selected as a
base from which the diseconomy is to be established. Several possible bases are
plotted in Figure 16 including horizontal lines which portray speeds of 20, 30, and 60
mph being uniformly maintained by a vehicle proceeding from INB to OUB, and an
inferred travel time curve based on RSP (OUB). Each point on this inferred TRT
curve is a point C in Figure 4, and was determined by adding the TRT (INB. OUB) to
CLT (INB) to obtain a CLT (OUB). The RSP was then measured at this CLT (OUB)
and used to find the ordinate of the inferred TRT curve at the CLT (INB) abscissa.
The inferred TRT curve thus is shifted on the clock time axis by the amount of the
TRT (INB. OUB) for the collection at CLT(INB).

From the standpoint of the over-all concept, it is a matter of indifference whether
one of the constant speed curves or the inferred curve is selected as the base from
which the diseconomies are to be established., The method in every case would involve
measuring the travel time difference between the realized curve and the base curve,
and then weighting the difference by the number of vehicles that experienced that
travel time decrement. The inferred TRT curve is used because it is keyed into
actual measurements, RSP (OUB), while any constant speed curve would have been
more or less arbitrarily selected.

It must be recognized that there also is an arbitrary aspect to the inferred TRT
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curve. Specifically, the curve is a direct function of the location of the output boundary.
For example, if the boundary was at the beginning of an upgrade, one curve would have
resulted, but there would have been a different one had the boundary been on a level
tangent section, etc. However, the output boundary was chosen to fit the problem of
operational interest (that is, performance of the "slot"), and not because of geometry

of the freeway at that point. Thus the use of the inferred TRT curve is not completely
arbitrary.

With the inferred TRT curve as a base, the macroscopic TRT diseconomy was
found to be 11, 451 vehicle-minutes during the hour 4 to 5 p. m. Remaining to be an-
swered is the difficult question of how much of this is due to traffic from the on-ramp
in question, and how much is due to the other ramps and different factors such as the
presence of trucks, the grade (maximum 4. 8 percent) of the freeway, lane changing,
and others. The question will be answered indirectly in the next section by estimating
how much the reduction in travel time would have to be to match the different increases
in travel time associated with the hypothesized ramp closing.

Summary Analysis

The total negative travel time saving (that is, increase in travel time) is 1,316
vehicle-minutes in the 1-hr period. This is due to the ingression losses of the waiting
stream at GON, and to the (maximum) time loss that present BON traffic will experi-
ence with the closing of BON. The total number of vehicles in the colection is ap-
proximately 6,000, so that the "break-even' point for the ramp-closing decision is
that the average vehicle in the collection realizes a minimum TRT saving of 13 sec
with the closing of BON.

At this point, and until the planned-for detailed statistical analysis actually partials
the total "within" diseconomy of 11,451 vehicle-minutes into the components due to truck
effects, volume effects, and effects of the separate ramps, it is strictly a matter of
opinion as to whether or not the break-even point was reached in these data. The
authors are of the opinion that the break-even point was substantially exceeded be~
cause: (1) most of the total diseconomy appears to be due to the two peaks, (2) ramp
movements are the only factors which peak in the same manner, and (3) BON traffic
represents approximately one-third of all of the ramp movements.

TABLE 3
THE "COLLECTION" DURING THE HOUR 4 TO 5 P.M.

ATRT!

Item BONO BONC (veh-min)
N (BON) 620 0 -
N (SAF.HLF) 1,990 1,990 5,337
N (SAF. HRF) 408 408 956
N (SAF. PSF) 128 128 300
N (SBF. HLF) 1,170 1,170 1,703
N (SBF. HRF) 1,220 1,220 2,360
N (SBF. PSF) 27 27 57
N (AON.HLF) 390 390 } 529
N (LON. HLF) 364 364
N (AON. HRF) 127 127 } 154
N (LON. HRF) 54 54
N (AON. PSF) 33 33 55
N (LON. PSF) 32 32

Total 11,451

'ATRT 1s computed using the inferred TRT curve as the base.
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Diversion Analysis

There remains one other consideration to complete the analysis; namely, how anypresent
operational decision mightbe affected by completion of additional links of the programmed
freewaynetwork. By estimating the amountof traffic that will be diverted from the system
of interest, the traffic volume that the system will have to handle presumably will be known.
The issue thenbecomes one of deciding whether the present operational decisions still would
be indicated under the ultimate volume conditions.

Based on the flow pattern analysis in the section on" Estimates of Flow Percentages for
Different Input-Output Combinations of the System", itis estimated that with the completion
of the freeway network in the Los Angeles region, 25 percent of the SAF traffic and 15 percent
of the SBF traffic will be diverted from the "'system of interest". Or, 17percent of the pre-
sent" system" traffic will be diverted, including 14 percent of the present truck traffic. Di-
versionpatterns such as these have been estimated for many years; it is expected that with
the flow pattern analyses providing additional information, the reliability of the estimates
canbe improved.

Asdiscussed in the section on'" Travel Time Required to Negotiate System of Interest,
and Any Inferred Diseconomies", the relationships of TRT diseconomies to volume of traffic
arenot clearly recognized in the data obtained in this study. Consequently, it isdifficult
to estimate the amount by which the TRT diseconomy will be reduced even though it is possible
to estimate that something of the order of 31, 000 vehicles will be diverted from the system.

One other point must be emphasized here. Itisclear from the sectionson "Spectrum of
Trip Lengths According to On-Ramp of Origination", "Surface Street Travel Patterns of
Ramp Users'', and "' Estimates of Flow Percentages for Different Input-Output Combinations
of the System", that motorists trade distance for time in the region inquestion. I travel time
through the system of interest is improved either as a consequence of traffic being diverted
to other freeway links, or asa consequence of additional capacity being provided, additional
traffic will be attracted to the "'system' from the adjacent surface streets. Thiswould mean
more ramp traffic aswell as through traffic. Thus, if the ramp effect observed at the present
isreal, it canbe compounded rather than relieved with the completion of the links of the pro-

 grammed network,

SUMMARY AND CONCLUSIONS

This paper presents a series of interrelated sub-studies which together comprise
one approach to quantifying freeway performance. The fundamental dependent vari-
able is travel time for an individual vehicle to negotiate any given link of a freeway

_network, the link being referred to as the "system' and being defined by a pair of

“ arbitrarily-set boundaries. The measure of effectiveness is the summation of travel
time that each of a group of vehicles requires to clear the system. The group of

. vehicles, called the "collection', is comprised of all vehicles arriving at all "input"

. boundaries of the system within some specified interval of clock time.

The quantification requires two basic classes of field measurements: first, the
clock time identifications of vehicles at input and output boundaries of the system;

; second, closely controlled spot-speed and headway measurements at the output boundary.
"Derived from the license identifications is a questionnaire technique involving a direct
mailing to registered owners of vehicles observed at specific ramp locations. The
questionnaire serves to establish surface street paths that ramp users take in getting

to or from ramps and the freeway use emanating from (or to) specific ramps. With
these data, it becomes possible to extend the "system of interest” to include the ad-
jacent surface streets, and to examine the effect of a change in one sub-system (for
example, the freeway) on the total system.

Numerical results are obtained in the study for a part of the freeway network in
downtown Los Angeles, but cannot be construed as representing the "system" for any
period other than the day of the study. Furthermore, they are not necessarily repre-
sentative of other sections of the freeway network in Los Angeles or elsewhere.
Nevertheless, they are of more than passing interest insofar as they demonstrate
that travel time models can produce unambiguous answers to real problems, and thereby
suggest the festibility of using measures of effectiveness oriented around travel time.

The data in this study demonstrate that capacity-type arguments (in this case,
flow at the output boundary) do not always fully explain travel time. Traffic flow
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theories oriented around capacity will not, therefore, by themselves portray per-
formance of freeway networks, and it is suggested here that they be supplemented by
theories based on travel time. There, of course, has been work on what might be
referred to as theoretical "travel time" models of traffic flow (3). But the results of
this paper suggest that the "travel time' phenomenon is more complex than might have
been suspected, and warrants even more detailed attention than theorists have given

it to date.

In addition to the theoretical work per se, there also must be "real world" measure-
ments to validate (or negate) proposed theories and even, possibly, to suggest new
theoretical avenues. Travel time models of traffic flow accordingly require measure-
ment of travel time; capacity-type models require the much simpler counting of ve-
hicles. This latter fact alone might explain why there has been much theoretical and
applied work on capacity-type arguments, but relatively little on travel time. From
this it follows that more attention should be given to the problem of measuring and
analyzing travel time.

The license matching method offers substantial promise of bringing travel time
field work within reasonable economic bounds, particularly with high speed electronic
computers accomplishing the actual matching, subtracting clock times, detailed cross
tabulations, etc. Another significant economic justification is that while producing the
travel time analyses, the matching method also can yield the travel pattern analyses at
essentially no additional cost. The most difficult aspect of the technique is, and will
continue to be, identifying the license of vehicles moving at high speeds. Significant
improvements are possible in the photographic techniques. But the full potential of
the method will probably not be realized until the license plates themselves have
been designed specifically to facilitate the numbers being transduced automatically
into form suitable for computer input.
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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