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Foreword

The problems associated with the construction of additional miles of
freeways in urbanareas continue to grow. The engineering problems
ordinarily experienced are taking lower priority, while community
concerns such as the displacement of persons and aesthetics gain
more attention. Many a city finds that it has built its last significant
amount of freeway mileage. Growing urban areasare, in many cases,
securing additional transportation by substituting modes other than
the automobile, and by making better use of the facilities that are al-
ready available. While waiting for rail or subway systems to be
completed, many cities are trying to operate existing streetand free-
way systems in a more efficient manner.

For many years, the Committees on Freeway Operations, Highway
Capacity, and Quality of Traffic Service of the Highway Research
Board have been concerned with better traffic operations on freeways.
This RECORD presents four papers, several discussions, and two
abridgments on the subject, all of which were developed by these
committees and presented at the Board's 47th Annual Meeting. Those
concerned with the growing problems of making better use of freeways
and wanting to know of the latest research onthe subject will find the
material to be pertinent. Highway department administrators and
design, traffic, and maintenance engineers will find much of interest
in these reports.

California has studied the possibility of enhancing freeway opera-
tions by establishing varying minimum speed limits on individual
lanes. It was found that instead of the higher average speeds hoped
for, lower speeds were actually experienced. Based on these findings,
the first paper concludes that minimum speeds by lanes cannot be
recommended.

The second paper, by two California researchers, presents find-
ings derived from a study of the operations of a heavilytraveled Los
Angeles interchange area. Painted channelization was used to make
operational changes, and aerial photography analysis was used to
measure the effects. Theresearchers found that striping did enhance
the operations, but if it is done wrong, it canhave a detrimental effect.
It was also found that aerial photography is a good way to measure
the effects of such operational changes.

Three Texas researchers have studied the problems of capacity at
merging areas, and their findings are presented in the next paper.
Using the gap acceptance mode of control and gap distribution data,
the researchers describe a new approach to the problem and demon-
strate practical application of their work to design. Freeway designers
using this concept will be able to evaluate various alternatives more
rationally and choose the best.

The fourth paper presents economic criteria that prove the value
of building a diamond interchange on a rural expressway at grade
where traffic volumes have outgrown stop sign control. The alterna-
tives generally employed in such situations (signals or fourway stop
control)are shown to be more costly when economic parameters are
used as measurements., The tables developed by the authors can
easily be used by other agencies that have the same dilemma and wish
to evaluate the alternatives.

The RECORD closes with abstracts of two papers that evaluate
aspects of the freeway surveillance system operated on Detroit's
Lodge Freeway. Texas Transportation Institute researchers report
on progress on this project. Because the work was performed under
NCHRP sponsorshipand will be available from that publication series,
only abstracts are presented.
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Minimum Speed Limits on Freeways

NORMAN C. WINGERD, Assistant Traffic Engineer, California Division of Highways

This study was made to determine the feasibility of establish-
ing minimum speed limits by lane on multiple-lane highways.
This was done by erecting signs and observing traffic at four
different sites throughout the state. The factors under par-
ticular consideration included mean speeds, speed distribu-
tions, headways, headway distribution, volume distribution by
lane, lane changing, passing on the right and enforcement
problems. Before-and-after observations revealed few if any
beneficial results of the minimum speed limits and showed
some results definitely unfavorable to operation and safety.

eTHE 1965 Regular Session of the California State Legislature requested the Depart-
ment of Public Works to make a study of the feasibility of establishing minimum speed
limits on multiple-lane highways on a lane-to-lane basis.

Based on historical evolution of driving habits and road development, it is custom-
ary to think that on a 4-lane road the right lane in either direction is the driving lane
and the left lane is the "passing' lane. However, when traffic flow reaches a certain
level, many drivers stay in the left lane instead of returning to the right lane between
each vehicle overtaken, because otherwise they would be weaving back and forth con-
tinually. This annoys drivers who desire to go even faster than the passing vehicles
that stay in the left lane.

Another less frequently observed problem is that some drivers drive in the left lane
at speeds less than the speed limit even when there is very little traffic in the right
lane. This again requires fast drivers to change lanes and pass on the right, which,
although legal, is thought undesirable.

If signing or other traffic control measures are to have a beneficial effect, we would
expect some of the following changes to occur:

1. The speed distribution for a given lane should fall into a more uniform grouping.
This would be indicated by a smaller variation of speeds. Yet, this should be accom-
plished without reducing the average speed because a reduction in average speed would
automatically result in greater impedance to the faster group of drivers.

2. The distribution of headways is also a significant indicator. We would expect to
find fewer platoons of vehicles, and smaller numbers of vehicles in them. A beneficial
effect would evidence itself by a decrease in the number or percentage of short head-
ways (less tailgating).

3. The number of lane-changing maneuvers would be expected to decrease.

4, We would hope to find fewer vehicles passing on the right.

5. If slower vehicles were moved to the right, we would expect volumes to redis-
tribute throughout the lanes, and generally increase in the right lanes while decreasing
in the left lanes.

STUDY PROCEDURE

Four study sites (Fig. 1) were selected throughout the state freeway system: one 4-
lane, one 6-lane, one 8-lane, and one where an 8-lane freeway narrows to 6 lanes. The

Paper sponsored by Committee on Freeway Operations and presented at the 47th Annual Meeting.
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Figure 1. Location of minimum lane speed study sites.

latter actually served as two study sites. The 4-lane section was on Interstate 80 (Rose-
ville Freeway) near Roseville between South Roseville Road and Foothill Farms pedes-
trian overcrossing. The 6-lane section was on Interstate 80 near Dixon between Ped-
rick Road and Dixon-Grant Road. The 8-lane section was on Route 11 (Harbor Free-
way), between 111th Place and 149th Street in Los Angeles. The combined section was
on US 101 (Bayshore Freeway) in San Mateo County between Peninsular Avenue and
Ralston Avenue. These sites were selected primarily because (a) they have nearly
straight alignment, (b) they have no sustained grades that would significantly affect
truck speeds, (c) they have no high-volume on- or off-ramps that would induce an ex-

cessive amount of lane changing, passing on the right, and below-normal speeds, and
(d) they all have overcrossings on which gigns could be mounted. Tt is noted that the

first three considerations create an atmosphere for high speeds. It was not thought
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desirable to impose restrictive minimum speeds where there are slower design speed
features.

At each of the study sites, signs were erected over the lanes of traffic imposing
minimum speeds by lane (Fig. 2). Each study site had a minimum of three sets of
signs at approximately 1-mile spacing over a 3- to 4-mile length of roadway. The
signs were white letters on a black background and each sign was 7 by 9 ft in dimen-
sion, which is almost as large as possible for a sign that is identified with one 12-ft
lane.

"Before' and "after" data were gathered at each of the study sites. The "after"
data were taken after the signs had been in place a minimum of 2 weeks. Speed, vol-
ume, and headway information was obtained with the Bureau of Public Roads Traffic
Analyzer (1), a recording device that prints numbers on a paper tape showing the
speed of each vehicle across a 36-ft speed trap, as well as its time of day to the near-
est Y% second. The Traffic Analyzer data were taken near the downstream signs at
each study site. Observations of more than 85,000 vehicles were made with this equip-
ment for the purpose of this study. The timing device of the Analyzer was frequently
checked and calibrated by numerous comparisons with the calibrated speedometers of
Highway Patrol cars through the trap. Stopwatch observations over a longer trap length
were also used for comparison.

The lane-changing incidence and the incidence of passing on the right was obtained
by a visual count and also from an analysis of time-lapse photography using 16-mm
movie film taken at 1 frame per second.

To gain some knowledge of the enforcement problems involved, a sampling of in-
formation was taken from the violators of the minimum speed, i.e., drivers who were
stopped for driving slower than the posted speed for the lane involved. This informa-
tion was gathered with the cooperation of the California Highway Patrol and the Los
Angeles Police Department.

( MINIMUM
SPEED

MINIMUM [ MINIMUM

s : Y

LA

Figure 2. Placement of minimum speed signs on 8-lane freeway.



SPEEDS

The maximum speed limit in California is 65 mph for 2-axle vehicles and buses (ex-
cept for a few sections of freeway where the maximum speed is T0 mph) and 50 mph
for vehicles and combinations with 3 or more axles. Sections of highway which have a
65-mph speed limit may be zoned for a maximum limit less than 65 on the basis of an
engineering and traffic survey. These lower limits are "prima facie" and may be ex-
ceeded if the driver can establish by competent evidence that speed in excess of the
prima facie limit does not violate the basic speed law. To comply with the basic speed
law, a driver shall not drive at a speed greater than is reasonable or prudent having
due regard for weather, visibility, traffic, and surface and width of the highway, and
in no event at a speed which endangers the safety of persons or property.

In addition to these maximum speed limits, California has a minimum speed law
which states that no person shall drive at such a slow speed as to impede or block the
normal and reasonable movement of traffic except when reduced speed is necessary for
safe operation, or because upon a grade, or in compliance with law. Whenever the
Department of Public Works determines on the basis of an engineering and traffic sur-
vey that slow speeds consistently impede the normal and reasonable movement of traf-
fic, the Department may determine and declare a minimum speed limit. The vehicle
code further provides thdt official signs may be erected directing slow-moving traffic
to use a designated lane. It is the policy of the Division of Highways to install "Slower
Traffic Keep Right'" signs at approximately 5-mile intervals on divided highways,

In 1965 the California Highway Patrol maintained an aggressive enforcement pro-
gram toward those vehicles that failed to drive in the right-hand lanes and/or impeded
the narmal flow of traffic. Dmring this nerind the Patrol icened 21 788 arrecte for
these violations.

At very high traffic volumes, such as those found during peak hours on many urban
freeways, the maximum attainable speed is controlled by the presence of the other ve-
hicles that ""got there sooner," and any minimum speed limit would have no meaning
because it would be so much greater than the maximum attainable speed. At lower
volumes, cars that catch up to a slow car in the left lane (or lanes) will pass on the
left or right if possible. If they are unable to pass because cars in the adjacent lanes
are traveling approximately the same speed, they will queue up behind the slow car
and maintain approximately the same average headway as before queueing up. Even
though the rate of flow of a lane is not severely reduced by a slow car, the speeds of
all the cars in the queue are reduced and thus all travel times are increased. Drivers
are very conscious of increased travel times and this can be quite a source of irrita-
tion to them.

The problem of slow drivers in the left lane(s) is most severe when there are only
2 lanes in one direction, since a slow driver can 'block" the highway if he drives about
the same speed as a vehicle in the right lane. On a 6- or 8-lane facility the chances
of 3 or 4 drivers driving side by side at the same speed are very small.

It is conceivable that slow-moving vehicles can create an accident problem both by
driving slow in the left-hand or fast lanes and by causing faster vehicles to use the
right-hand or slow lane. The only problem of this nature that has come to our atten-
tion is caused by slow trucks on long grades where fast vehicles in the right lane oc-
casionally run into the rear of a slow truck. In this case, the trucks are traveling very
slow, sometimes only 10 mph. It would require additional very specific legislation to
make it illegal to go slower than a speed that cannot be attained by large numbers of
vehicles on grades.

It was initially thought that the posted minimum speeds should be at least 15 mph
below the posted maximum speed limits. This would mean that left lanes of traffic
would be posted at a minimum speed of 50 mph or less, and the right lanes, used by
trucks, would be posted at 35 mph or less. However, after a consideration of existing
spot speeds, it was realized that the posted minimum speeds would have to be much
higher than this to have any effect. For the purpose of this study, the posted minimum
speeds used for a 2-lane section were 60 and 45 mph for the median and shoulder lanes
respectively. For the 3-lane sections, 60, 55, and 45 mph minimums were used from
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left to right lane respectively. At the 4-lane sites, 60, 60, 55, and 45 mph minimums
were used, proceeding from left to right lane. Lane designations throughout this re-
port are by number, increasing from left to right.

In the left lane (lane No. 1) of traffic a driver was faced with a 5-mph driving range,
i.e., a minimum speed of 60 mph and a maximum speed of 65 mph. A truck driver in
the right lane of traffic was faced with a minimum speed of 45 mph and a maximum
speed of 50 mph. By posting the second lane from the right at a speed greater than 50
mph, trucks were legally prohibited from using any lane other than the extreme right
one. If minimum speeds by lane were posted on a widespread basis, the minimum
speed in the lane adjacent to the right lane would have to be lowered to accommodate
trucks passing slower vehicles, and therefore the signs would be of little significance
to other vehicles. Or provisions could be provided in the vehicle code to exempt trucks
from the minimum speed restriction when in the process of passing slower vehicles.

To our knowledge no minimum speed limits have been established previously for
each lane of multiple-lane highways. Several states have statewide minimum speed
limits, or minimum speed limits on certain stretches of highway, but these apply to
the entire roadway uniformly, rather than individually by lane. Very little research
has been published, and it is of a qualitative nature rather than quantitative.

Mean Speed and Deviation

Since a reduction of delay is a major objective of minimum speeds, the comparison
of "before'" and "after' mean speeds and deviations is important. The "before' and
"after' observations were of the same period of the day, the same character of traffic
and almost identical rates of flow. The minimum number of speed observations at any
one site was greater than 2000 vehicles and included all vehicles. Neither the "before"
nor the "after' data were used for any periods when abnormal conditions (parked ve-
hicles on shoulder, etc.) existed. To insure valid speed comparisons, all data were
collected when volumes were well below capacity, the maximum being approximately
1300 vehicles per hour for any one lane. These comparisons at all of the study sites
are given in Tables 1, 2, 3, 4 and 5. Speed distribution curves are shown in the Ap-
pendix (Figs. 11 through 25). The mean speeds are calculated as the numerical aver-
age of the spot speed of each vehicle.

Vehicles travel at variable rates of speed past a given point. There is a spread, or
dispersion, of speeds about the mean. A statistical measure of this dispersion is called
the standard deviation: 68 percent of the vehicles will travel within one standard devi-
ation (plus and minus) of the mean, and 95 percent of the vehicles will travel within two
standard deviations.

Positive reactions to the minimum speed signing would reveal themselves in one or
both of two ways relative to speed: (a) the mean speed would increase; (b) the standard
deviation would decrease. The reverse of these results would be considered to accom-
plish the reverse of what minimum speed limits are intended to do; i.e., there would
be more interference by slow vehicles with the desired speed of the faster vehicles.

Table 1 would indicate that at the suburban site where there were only 2 lanes in
each direction, the mean speed did increase in both lanes. The standard deviation,
however, showed an increase in the left lane while it showed a decrease in the right
lane. This was the only study site
that showed a significant positive

change in speeds. This positive TABLE 1

change, however, does not neces- EFFECT OF MINIMUM SPEED SIGNING ON SPEEDS—~I-80 AT
sarily reflect an improvement in FOOTHILL FARMS PEDESTRIAN OVERCROSSING
traffic .ope?atu.ms. A look at the Moan Speed Standard Deviation g, ‘
speed distribution curvesforlanel [ .\, (mph) (mph) L e
(shown in Fig. 11) reveals that there ' £ 954 Lovel*
- : & : Before  After Before  After 3 Level
was little change in speeds of ve-

hicles traveling less than 68 mph. 1 6.2 68.2 530 5.64 8

The vehicles in the median lane 2 9.0 50.6 711 6.92 s

traveling faster than 68 mph * § indicates significant; NS indicates not significant in all Tables.



TABLE 2
EFFECT OF MINIMUM SPEED SIGNING ON SPEEDS—I-80 AT DIXON

Me'?;r':l :};l))eed Sta.nda.z‘l(:l [Rle)viation Significance of
Lane No. Diff. in Speed
Before After ) Before  After at 95¢ Level
1 (Weekday) 70.5 68.6 5.27 5,34 5
2 (Weekday) 65.7 63.7 5.75 5.84 S
3 (Weekday) 57.8 54.2 7.92 7.30 s
1 (Sunday) 69.6 67.6 5.11 4.37 S
2 (Sunday) 64,7 63.0 5.20 5.16 s
3 (Sunday) 57.8 57.6 7.01 6.69 NS

TABLE 3

EFFECT OF MINIMUM SPEED SIGNING ON SPEEDS—BAYSHORE
FREEWAY AT SUNNYBRAE AVENUE

Mean Speed Standard Deviation

(mph) (maph) Significance of

P T I -
D, in SpEea

at 954 Level

Before After Before  After

1 67.7 67.9 5.21 4,72 NS
2 63.1 64.0 5.07 4.63 ]
3 59,7 * 6.00 *

4 51,6 51.5 7.15 6.67 NS

* Insufficient data.

TABLE 4

EFFECT OF MINIMUM SPEED SIGNING ON SPEEDS—BAYSHORE
FREEWAY AT RALSTON AVENUE

Mean Speed

e s s‘a“dafg;‘;"mm“ Stgnificance of
. Diff. in Speed
Before After Before  After ab:Ba Level
1 67.5 67.5 4,36 4,74 NS
2 61.7 61.2 5.29 5.35 NS
3 52.6 52.8 6.98 6.97 NS

TABLE 5

EFFECT OF MINIMUM SPEED SIGNING ON SPEEDS—HARBOR
FREEWAY AT 149th STREET

Me:,lrll1 psl[‘))eed Standa:‘:]iI I:)eh;vlation Stgnificance of
Lane No. Diff. in Speed
Before After Before  After at 85% Level
1 67.6 67.2 4,45 4,13 S
2 67.8 67.5 5.12 4,43 s
3 60.6 60.8 5.86 5.70 NS
4 54.5 54,3 .19 6.85 NS

speeded up, and thereby increased
the mean speed as well as devia-
tion. Minimum speed signs were
not intended to increase speeds of
the vehicles that are already ex-
ceeding the speed limit.

At the I-80 site near Dixon,
which was 3 lanes in each direc-
tion at comparatively low traffic
volume and density, a significant
decrease occurred in mean speeds
in almost all lanes. This happened
during weekday study and Sunday
study as well. Since there was
no concomitant reduction in vari-
ability of speeds among cars in a
lane, it may be said that the mini-
mum speed signing accomplished
the opposite of what was intended.
Overall travel time was increased,
and presumably the fast drivers
who most desire minimum speeds
were forced to go slower. It will
be noted later that at this high-
speed 3-lane rurai study siie ibere
was a definite redistribution of
traffic among lanes. This redis-
tribution is considered to contrib-
ute to the slowdown in mean speeds;
i.e., some of the slow drivers
moved into the fast lanes and
thereby caused a reduction in
speed of all drivers. In other
words, they interfered.

Another 3-lane site used for
study was on the Bayshore Free-
way near Ralston Avenue. Table
4 shows that there was no signifi-
cant difference in speeds after
minimum lane speed signs were
imposed. The slight increase in
standard deviation would be con-
sidered of negative value, if it
were large enough to be significant.

At the 4-lane study site on the
Bayshore Freeway, Table 3 shows
little significance to any changes
in mean speeds. The standard
deviation was reduced slightly.
However, there was a second ex-
ternal factor that probably affected
the "after” data at this site. Some
necessary construction had the
shoulder lane closed for several
days during the week prior to the

3 " "
collection of "after' data, and

some downstream ramps were
permanently closed. A reduction



of volume in the right lane is evi- TABLE 6

dence of this fact. MINIMUM SPEED VIOLATION RATE—I-80 AT
The Harbor Freeway site, with FOOTHILL FARMS PEDESTRIAN OVERCROSSING

speed results given in Table 5, is Lane 1; Lane 2:

considered to be more representa- -

tive of afour-lane metropolitan site. ~ COMHHOn Boree oL Vo es  Ber e aes Al Lanes
The Harbor Freeway site showed Than 60 mph Than 45 mph

some mean speed change in lanes 1
and 2 (the left lanes of 4 in one di-
rection). Due to the large samples
of the traffic observed at this site,
even the small change is considered
statistically significant at the 95 percent level. This change was a reduction in mean
speed of about 0.4 mph, not enough to say that safety was increased, and in the oppo-
site direction to the intent of minimum limits. Mean speeds in lanes 2 and 3 showed a
small change, but they are not considered significant. All lanes showed some improve-
ment by reducing the standard deviation. The overall effect of minimum speed signing
at this site would not reduce travel times.

Before 7.0 2.8 4,19
After 6.0 1.6 3.56

Observation of more than 8,000 vehicles.

Minimum Speed Violation

Tables 6, 7, 8, and 9 show the effect of minimum speed signing on the "violation
rate." This rate is defined as the number of minimum speed violations per 100 vehi-
cles passing the study site. Even though there was no actual violation in the "before"
condition, it is referred to as such in this report.

Table 6 (the 1-directional 2-lane study site near Roseville) shows a slight decrease
in the violation rate for both lanes of travel.

All of the 3-lane study sites, as shown in Tables 7 and 8, indicate an increase in
the violation rate.

The violation rate of the Bayshore Freeway at Sunnybrae Avenue is not shown be-
cause construction operations near the site made observations abnormal.

Table 9, which gives the minimum speed violation rate at the Harbor Freeway site,
shows that there was a slight increase in the violation rate for lanes 1 and 2 together
with a decrease in violation for the 2 right lanes.

When comparing the minimum speed violation rates (Tables 6, 7, 8, and 9) with the
volume distribution (Figs. 7, 8, 9, and 10) it may be noted that where the total volume
was light, the minimum speed signs resulted in a shift to the left; i.e., the percentage
of vehicles traveling in the left lanes increased. This in turn increased the incidence
of violation in all lanes, because a slow vehicle staying in the right lane may not have
been a violator at all. All of the 3-lane sites showed this to be the case.

HEADWAYS

A headway is defined as the time interval between passage of consecutive vehicles
moving in the same direction past a given point. In this report, as in most uses, it

TABLE 7
MINIMUM SPEED VIOLATION RATE—I-80 AT DIXON

Lane 1: Lane 2: Lane 3:
Condition Percent of Vehicles Percent of Vehicles Percent of Vehicles All Lanes
Traveling Less Traveling Less Traveling Less
Than 60 mph Than 55 mph Than 45 mph
Weekday, Before 0.5 3.2 4.0 2.84
Weekday, After 3.8 6.3 11.0 7.03
Sunday, Before 2.0 2.5 3.2 2.49
Sunday, After 3.0 5.0 3.0 3.67

Observation of more than 16000 vehicles.



TABLE 8
MINIMUM SPEED VIOLATION RATE—-BAYSHORE FREEWAY AT RALSTON AVENUE

Lane 1: Lane 2: Lane 3:

Condition Percent of Vehicles Percent of Vehicles Percent of Vehicles All Lanes

Traveling Less Traveling Less Traveling Less
Than 60 mph Than 55 mph Than 45 mph
Before 3.6 7.9 10.0 6.68
After 4.7 14,3 10.8 8.53

Observation of more than 16,000 vehicles.

TABLE 9
MINIMUM SPEED VIOLATION RATE—HARBOR FREEWAY AT 149th STREET

Lane 1: Lane 2: Lane 3: Lane 4:

Condition Percent of Vehicles Percent of Vehicles Percent of Vehicles Percent of Vehicles All Lanes

Traveling Less Traveling Less Traveling Less Traveling Less
Than 60 mph Than 60 mph Than 55 mph Than 45 mph
Before 2.3 3.0 16.0 8.0 7.69
After 2.1 4.4 13.8 83 512

Observation of more than 25,000 vehicles.

refers to a single lane of travel. An analysis of headways is important because short
headways (tailgating) are of great concern from the standpoint of highway safety.

A certain proportion of all vehicles on the road travel in platoons, often with short
headways, even when traffic volume is very low. There are several reasons why this
occurs. One reason is that when there is a reasonable variability in speeds (by defi-
nition, this is one condition of free flow) the headway in front of a given vehicle is con-
tinually changing, and often approaches a minimum just before a passing maneuver
takes place., Thus, sheer chance (probability) will account for many short headways
as well as some very long ones. Another reason is that when one vehicle is traveling
congiderably below the average speed (for example, a car with a house trailer required
by law to travel slowly), all the other vehicles on the road must pass it. These other
vehicles are normally scattered among all the available lanes, but when they pass the
slow vehicle they are compressed into a roadway of one less lane. In the case of a 4~
lane freeway, this means that all the vehicles except the slow one have to use 1 lane in-
stead of 2 while passing the slow vehicle. This causes the headways in the "passing
lane" to become very short. A third reason for short headways, and probably not very
important, is that some drivers just like to drive with short headways.

Finally, platoons can be formed because the lead car is going slow and other cars
catch up with it when there is no opportunity to pass on the right. (This is closely re-
lated to the second reason given above.) It is this type of platoon that minimum speed
limits are designed to alleviate.

Headways between vehicles are tied to traffic volume by mathematical laws. Specif-
ically, headway (unit time/vehicle) is the inverse of volume (vehicles/unit time). If
the road has plenty of capacity, the traffic volume represents the demand. When the
demand is 720 vehicles per hour per lane, the average headway is 5 seconds; i.e., there
are 3600 seconds in one hour and if there are 720 headways, the average is 3600 divided
by 720, or 5. If these 720 cars all came along in one continuous platoon, at an average
headway of 2 seconds, there would be 719 headways of 2 seconds apiece and one headway
of 2162 seconds to take up the rest of the hour. This would be very undesirable opera-
tion. It would be more desirable to reduce the number of very short headways and in-
crease the number of longer headways (the total number has to remain 720), bui of
course this would shorten each "long' headway. Generally, the more platooning there
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ing minimum speedlimit signs at
the four locations studied. At the
Roseville site (Fig. 3), it will be
seen that at 1000 vph, headways
of less than 1.5 seconds were in-
creased from 9 percent before to
11 percent after the signs were
erected. This is an increase of
about 20 percent. The headways 0
IESS than 2 seconds also in- 800 800 1000 1100 1200 1300 1400
arensed ab this site. RATE OF FLOW, BOTH WESTBOUND LANES (VPH)

At the Dixon site (Fig. 4), the
percentage of very short head-
ways also increased at most
rates of flow. At the Bayshore
and Harbor sites, total flow was
much heavier, and the percentage of very short headways was not affected significantly
because they were more a result of sheer mathematical chance than anything else.

Although the increase in very short headways caused by the minimum speed signs
was not great, there was an increase, especially at low volumes, and it must be con-
cluded that the signs did not accomplish the purpose of reducing platooning behind slower
vehicles. This finding is consistent with the finding previously described, of a shift to
the left by slower vehicles.

INDICATED HEADWAY

headways before and after erect-

10 e

PERCENT OF VEHICLES WITH LESS THAN

Figure 3. Effect of minimum lane speed signs on short head-
ways—I-80 near Roseville,

VOLUME DISTRIBUTION BY LANE

Figures 7, 8, 9, and 10 show the effect of the signing on the traffic distribution by
lane. The percent of total volume both '"before and "after' is shown.
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Figure 4. Effect of minimum lane speed signs on short headways—1-80 at Dixon.
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Figure 5. Effect of minimum lane speed signs on short headways—Bayshore Freeway at Ralston Avenue.

ticipated, but instead, moved ap-
proximately 3 percent more of
10 the total vehicles into the left lane.
The 1-directional 3-lane study
site at Dixon also showed a defi-
2?)00 e P e — e ol nite redistribution of vehicles in
" " :
RATE OF FLOW, ALL SOUTHBOUND LANES (VPH) :,l;ig:f ;S:ingetll‘:: (;‘tu (;I;h; e‘;gg:im‘:as
Figure 6, Effect of minimum lane speed signs on short head- ~ @pproximately 400 to 700 vph (a1
ways—Harbor Freeway at 14%9th Street, lanes) on weekdays, and from 1200
to 2100 vph (all lanes) on Sunday.
Figure 8 shows the relationship of
"before' and "after' lane distribution at this site. Approximately 6 percent more of
the total volume was moved into the left lane at a volume of 500 vph, decreasing to ap-
proximately 3 percent more at 1700 vph. The larger share of these vehicles came
from the center lane. At less than 1300 vph flow rate, many drivers even moved left
from the right shoulder lane, The point of equal lane distribution in lanes 1 and 2 was
moved from the rate of 1850 vph back to approximately 1600 vph. As was mentioned
earlier, this changed lane distribution moved the drivers left at this site, but they did
s0 without increasing their speed. It resulted in a reduced mean speed for all lanes.
As normally found at a 3-lane site of low volume, the center lane carries a larger
portion of traffic than the left lane. In this case, at a volume of 600 vph, there were
approximately 20 percent of the vehicies in lane 1 and 50 percent of the vehicleg in
lane 2 in the "before" condition. This is evidence of the fact that many drivers do con-
sider the left lane for passing only when volume is low. But, with a shift to approxi-
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mately 25 percent and 45 percent respec- 0 2
tively in lanes 1 and 2 at the same volume, (k&ﬁm
we would be discouraging the attitude of - e
keep right and pass left. N

For the 3-lane site on the Bayshore R
Freeway, Figure 9 again shows results of B <
a traffic shift to the left lane, although of a
lesser magnitude, Even at these higher
flow rates, the signs did affect the lane
distribution. These flow rates, however,
are stiil well below capacity.

The Harbor Freeway site, with volume
distribution results shown in Figure 10, ex-
hibits little significant change. The "after"
condition does, however, tend to group all
lane distributions a little closer about the 10
25 percent per lane range. As the number
of lanes increases, and as volume in- B
creases, the driver has less tendency to 500 1000 1500
consider the left lanes as passing lanes, RATE OF FLOW IN ONE DIRECTION (VPH)
and alse lias leas af an opporiunity to use Figure 7. Effect of minimum speed signs on vol-

them for this. purpose: ume distribution by lane at 4-lane site—|-80
MANEUVERS near Roseville.

Lane-changing and passing maneuvers
were observed by two different methods and
at two locations within each study site. At the leading set of signs at several sites,
these maneuvers were visually observed and recorded between limits of % mile up-
stream of the sign and Y mile downstream of the sign. The purpose was to determine
whether or not the signing had any effect on driver behavior when he first observes the
signs. Another observation was then made downstream, near the end of each study
site. This observation was made within limits of approximately Ya mile, using time-
lapse photography, and its purpose was to determine what effect continuous minimum
speeds by lane would have on lane-changing and passing maneuvers.

Lane Changing

The observation of lane-changing maneuvers at the leading set of signs was conclu-
sive. There was a 38 percent increase in this maneuver in the "after' condition. The
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Figure 8. Effect of minimum speed signs on volume distribution by lane at 6-lane rural site—[-80 at
Dixon.
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Figure 9. Effect of minimum speed signs on volume distribution by lane at 6-lane metropolitan site—
Bayshore Freeway at Ralston Avenue.
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Figure 10. Effect of minimum speed signs on volume distribution by lane at 8-lane site—Harbor Free-
way at 149th Street.

increase was realized in all lanes. This would indicate that some drivers felt a need
for changing lanes when observing the signs. From the results of the volume distribu-
tion, as discussed earlier, it is now realized that the signs urged drivers to move to
the left lanes. Where traffic was very light, they stayed in the left lane and did not
discourage others from using that lane because of little or no conflict. However, when
traffic volumes were moderate to heavy, there is an indication that some of the drivers
who had moved left, returned to the right or caused other drivers to move right before
reaching the data collection location, approximately 4 miles downstream.

Table 10 shows the results of the downstream lane-changing observation. The "be-
fore' and "after' observation periods and time of day were identical and included not
less than 3 hours each. Any reduction of lane-changing in the "after" condition is con-
sidered a positive factor in the interest of safety. It may be observed that at the Rose-
ville and Dixon locations there is evidence of more lane~changing in most lanes. There
is no significant reduction. At the 3-lane Bayshore Freeway study site (higher volume),
lane-changing decreased in all lanes. At the Harbor Freeway (also high volume), lane-
changing decreased for vehicles moving to the right and showed some increase for ve-
hicles moving to the left lanes.
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TABLE 10
OBSERVED LANE CHANGES PER % MILE NEAR DOWNSTREAM SIGNS

Before After

Location
1-2%  2-3 3-4 4-3 3-2 2-1 1-2 2-3 3-4 4-3 3-2 2-1

I-80 at Spruce Avenue 169 - - - - 201 225 - - - - 201
1-80 at Dixon Road

(Weekday) 16 11 - - 7 13 13 12 - - 9 12
1-80 at Dixon Road

(Sunday) 94 49 - - 56 69 94 62 - - 73 96
Bayshore Freeway at

Ralston Avenue 160 160 - - 77T 104 110 135 - - 67 64
Harbor Freeway at

149th Street 80 132 98 83 66 34 52 01 93 103 65 43

* Notation indicates lane numbers changed from and to; for instance, 1-2 indicates changes from lane 1 {adjacent to
median) to lane 2,

Passing on the Right TABLE 11
s : PASSES RIGHT OBSERVED PER }
The observation of passing R R IE I R LT (A

at the leading set of signs
showed increased passing on p— o
the right of all left lanes. 2-1% 3-2 4-3 2-1 3-2 4-3
There was 77 percent more

Before After

passing on the right in the Mot 1-80 at S[?ruce Avenue 22 - - 10 - -
ter' observation. This would  !"9 &t DixonRoad (Waekday) 2 = - 2 4 =
indicate that as some drivers I-80 at Dixon Road (Sunday) 31 45 — 47 56 —
changed lanes by generauy Bayshore Freeway at Ralston Avenue 25 25 — 23 25 —

Harbor Freeway at 149th Street 31 30 32 38 61 38

moving to the left, they did not
increase their speed_ They * Notation indicates vehicle in lane number.ed pflssing vehicle in adjacent lane numbered;
for instance, vehicle in lane 2 passed vehicle in lane 1, shown as 2-1.

were, therefore, passed on the
right.

The results of the passing
on the right observation at the
downstream location of each study site are given in Table 11. While Table 11 shows
that passing on the right increased, the numbers involved are relatively small; e.g.,
at the Dixon site, during a 5-hour Sunday period before signs were erected, 76 pass-
ings on the right occurred, and during the after period, 103 passings on the right oc-
curred. Neither of these numbers is very important when it is remembered that thou-
sands of vehicles went by during these periods.

ENFORCEMENT

Insight into enforcement problems was gained primarily from incident interviews
with violators of the minimum posted speeds. Many comments were also obtained from
discussions with law enforcement officers. All incident reports and comments pointed
to one definite conclusion: Minimum speed limits are difficult to enforce.

Probably the primary reason for this difficulty of enforcement is speedometer er-
ror. Automobile speedometers generally read higher than actual speed. Even tire
wear may make a difference of 3 or 4 percent. The error in some older car speedom-
eters is extremely high, and many speedometers do not even function. From the inci-
dent reports, it was learned that 29 percent of the violators indicated they thought they
were traveling at a speed greater than the posted minimum.

As posted, for purposes of this study, we were asking the motorist to drive at a
minimum speed of only 5 mph less than the maximum allowable (most lanes). Yet, it
was observed that the driver traveling 60 mph in the extreme left lane was often im-
peding traffic under the vehicle code. The posted minimum would make it difficult to
cite these violators.
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SIGNING

The signs used for this study were regulatory (white letters on a black background).
The sign over each lane of traffic was 9 ft wide and 7 ft high. The sign messages were
all similar to those shown in Figure 2.

A significant problem in minimum speed signing lies in the word "minimum" itself.
The word "minimum'" was frequently read as "maximum," if we may believe the claims
of drivers stopped by patrolmen for violating the minimums—13 percent of the viola-
tion incident reports indicated this fact. It would, therefore, be necessary to devise a
word message which excludes the word "minimum" if the signing is to be most effec-
tive. Another way to avoid this confusion might be to show maximum and minimum
speeds on the same sign.

Another significant problem is one common to all signing. Many signs are not seen
by the motoring public. Approximately 24 percent of the minimum speed violators in-
dicated that they had not seen the signing. This rate was evidenced by the incident re-
ports obtained. The problem of communication with the driver has been a matter of
increasing concern to traffic engineers. Freeway driving, particularly in metropoli-
tan areas, is quite demanding and gsigns are often missed. One reason, of course, is
the existing profusion of signs. Adding still more signs with multiple messages (one
for each lane) has obvious drawbacks in this respect, as well as aesthetically. Methods
of communicating with drivers by means other than visual have been under considera-
tion for several years, but no practical method has yet been developed.

For this study, the minimum speed signs were all placed on overciossings. The
availability of overcrossings, however, is quite limited. Many of the newer freeways
in metropolitan areas have been built on embankment with undercrossings in lieu of
overcrossings. Many oI the existing overcrussiugs are alrcady weing used 107 Gicy
signing. It would, therefore, be necessary to construct sign bridges. If the minimum-
speed sign spacing was set at 2 miles, the cost of the sign bridge installation would be
approximately $7,000 per mile for a 4-lane facility, $8,200 per mile for a 6-lane fa-
cility and $10,000 per mile for an 8-lane facility. There are approximately 2,000 miles
of existing freeway in California. The annual maintenance cost would be in addition to
this installation.

The installation of sign bridges on a broad basis would significantly increase the ex-
posure of the motorist to fixed objects. Fixed objects constitute 25 percent of all free-
way accidents, and 31 percent of freeway fatal accidents (2). Fixed-object accidents
have a much higher fatality incidence than other accidents.

A recent study (§) showed a high severity rate for fixed-object accidents, and rec-
ommended removal of any unnecessary signing. It is therefore realized that we would
decrease the overall safety of freeways by increasing the number of signposts.

CONCLUSIONS

Minimum speeds by lane cannot be considered as a relief for traffic congestion. Con-
gestion occurs when a portion of the roadway reaches capacity. As traffic volumes ap-
proach capacity, drivers are forced to reduce their speeds. The mean speed on a
mainline roadway at capacity is approximately 35 to 45 mph. Minimum speed signing,
therefore, would have no eifect when a roadway is operaling at capacity.

The desired results of minimum speeds by lane would be (a) decreased travel time
for the fast driver, (b) less frustration to a driver being delayed, and (¢) increased
safety. All of these desired results could only hope to be achieved when traffic vol-
umes are well below capacity. From the results of this study, none of the desires
were realized at any volume.

Probably the most unanticipated result of this study was the fact that the minimum-
speed signing generally moved more drivers into the left lanes instead of moving slow
drivers to the right lane. This was contrary to the intent of the signs, i.e., that driv-
ers should keep right and pass left. This shift generally caused (a) a reduction of
mean speeds for vehicles traveling in the left lanes, (b) increased passing on the right,
and (c) increased, rather than reduced, travel time.
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From an operational point of view, it may be definitely concluded that imposing
minimum speeds by lane showed little or no positive advantages and showed some defi-
nite disadvantages.

The study also pointed to the fact that speeds in the left lanes of traffic are very close
to the legal maximum speed limit. A vehicle traveling at the minimum posted speed in
the left lanes would often be impeding.other traffic because usually more than 95 per-
cent of the traffic in that lane is traveling faster than 60 mph. This would lead to the
conclusion that, to be effective, minimum speed limits should be even higher than those
used and perhaps the minimum speed limit should be even higher than the maximum
speed limit. This is not feasible, however, with speedometer error, safety considera-
tions, and the like,

The minimum speed signs were posted for only 2 to 4 weeks at each study site. This,
of course, was too short a period to evaluate the accident picture with a before-and-
after comparison. There are, however, several conclusions to be drawn regarding
safety. This study has provided no evidence that a freeway posted with minimum speed
signs would induce a safer operation. There was no decrease in short headways (tail~
gating). There is, however, evidence that the overall safety of the freeway would be
less, due to the installation of fixed objects (sign bridges).

In summary, it should be concluded that minimum speed by lane signs would only
add clutter to the highways, with definite operational and safety disadvantages.
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SPEED DISTRIBUTION CURVES
(Figures 11 through 25 Shown on the Following Pages)
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Discussion

JOHN J. HAYNES, Professor and Head of Civil Engineering Department, University
of Texas at Arlington—This interesting research project is important in contributing
new knowledge concerning the operation of vehicles on freeways. The conclusions seem
to be substantially valid. This study and its associated research have shed new light on
a very real problem. The concept of directing the drivers in each lane, by means of
proper signing, to travel within a certain small range of speeds would at first seem to
be a proper approach to the operation of vehicles on freeways. It is, in fact, an exten-
sion or refinement of the old rule of traffic which asks that "slow drivers keep right."
As the author indicated, this particular approach is aimed primarily at the operation of
traffic on multilane facilities having low densities and high levels of service. It is not
likely that this approach would be of any value except in levels of service Aor B, A
question raised early in this research project might be: "Since freeways with low vol-
umes of traffic operating at low densities present few conflicts and only minor opera-
tional problems, why should an attempt be made to improve on a condition that is ad-
mittedly very satisfactory?"

This report indicates that a majority of vehicles traveling in the left lane of these free-
way sections were speeding; that is, they were traveling in excess of 65 mph. Indeed,
the data indicated that the average speed of this left lane was in excess of 67 mph. One
of the stated objectives of the research was to determine whether the average speed in
each of the lanes could be increased. Such an increase, it was stated, would be deemed
an improvement. It would seem questionable that an increase in the number of speeders
should be called a figure of merit. It rather might be called a detriment to the opera-
tion of the freeway.

It was reported that one of the unexpected results of this signing was more shifting
to the left and less shifting to the right. A major reason many individuals moved left
because of this signing is, undoubtedly, attributable to the inaccuracy of their speedom-
eters. The authors have rightly pointed this out. Only a small percentage of speedom-
eters are accurate to within 5 percent and many new automobiles are sold with speedom-
eters in error over 15 percent. (I happen to own one.) Usually the error is on the safe
side; that is, the speedometer reads higher than the true speed. The total range of
speeds required in the left, or median lane, by the signing was only about 8 percent of
the average lane speed. It is likely that inaccurate speedometers were the principal
reason that this particular study showed no beneficial effects. Calibrated speedometers
are available on automobiles at some extra cost. It might be well to recommend that
all speedometers be made accurate to within some small percentage of error, say plus
or minus 2 percent for the particular rear-end ratio and rear tire size of the vehicle.
This seems a reasonable recommendation in the light of many other restrictions now
being imposed upon the automobile manufacturers.

Since the study sites were comparatively short and had only a few sets of signs, the
question arises whether the motorists really knew when this particular speed require-
ment had ended. Furthermore, since the signs had been in place at least 2 weeks prior
to taking any data, it could further be questioned whether the people who regularly used
the facility had a knowledge that it was required for only a few miles and thus were less
responsive by the time the data were taken.

In the determination of mean speeds and deviations, it was stated that the volumes
were well below capacity when the data were collected. The maximum volumes were
approximately 1300 vph per lane and the minimum volumes were only about 200 vph
per lane. The volumes on each particular study site varied from some minimum value
to about double the minimum value. There is a considerable difference in the speeds
to be expected at volumes of 1300 vph per lane and volumes of 700 vph per lane. The
speed data were not related to volume data well enough to permit a detailed study of
the speed-volume relationships. The minor differences in means and standard devia-
tions that resulted from the analysis of the before-and-after data become less mean-
ingful since the effects of volume on the speed data were not considered.

The overall travel times alluded to in the report were apparently determined by
extrapolating spot speed information for the vehicles observed. It should be pointed
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out again that the very small increases or decreases in travel time would be more a
function of the volumes existing at the time the data were taken than indicative of the
result of the signing alone. Another point to be made in connection with these small
calculated increases in overall travel time is that the drivers might not have been able
to have detected the increase. It could have been interesting if the motorists could have
been polled to see if they thought they were traveling slower or if they thought they were
traveling a little more quickly. They, in fact, might have indicated that they consid-
ered the signing better for them and that they believed their travel time was less. As

a research project conducted in response to a legislative request, it could have been
interesting to determine what the motorists thought of the signing.

In the study of short headways, the data points shown in Figures 3, 4, 5, and 6 in-
dicate that there was a broad range or grouping of volumes for the purposes of relating
short headways to volumes. Volume groups with ranges of about 15 percent seem to
be too broad to yield sufficiently accurate headway distribution data. Headways, or the
time interval between the passage of successive vehicles, actually form the basis of
the rate of flow. Each headway, then, is indicative of a flow rate, and thus flow rates
can be exactly as variable as headways are. Because of the close interrelationship be-
tween headways and flow rates, the analysis of short headways should be carefully done
within small intervals of volume. By using the given lane distribution, this discussant
calculated the expected percentage of small headways according to a Poisson, or ran-
doin, distribution for several total volumes on a few of the study sites, The observed
percentages of small headways were somewhat less than the expected percentages for
both the '"before' and "after" studies.

In their discussion of volumc digtributicn by lang, the anthors have included come
figures (Figs. 7, 8, 9, and 10) without showing any data points. Such data points would
have been 1nstruct1ve Each lane distribution-volume relationship was represented es-
sentially by one or two straight-line segments. This relationship can usually be repre-
sented more closely by a second-degree parabola.

Concerning the subject of lane changing, it was pointed out that there was a signifi-
cant increase in this particular maneuver in the "after" condition, and that "it is now
realized that the signs," in fact, "urged drivers to move to the left lanes." It was
stated that when traffic was very light, drivers stayed in the left lane and that this did
not discourage others from using that lane because little or no conflict existed. How-
ever, when traffic volumes were moderate to heavy there was an indication that some
of the drivers who had moved left returned to the right or caused other drivers to move
right before reaching the data collection location. A description of the volumes ob-
served should not include the term 'heavy,' because only light to moderate volumes
were observed in this research. It is also stated that the '"before’ and "after' periods
of observation during the day were identical and included at least 3 hours each. Vol-
ume changes occurred within these 3-hour periods. It is unfortunate that the relation-
ship of lane changing vs volumes was not included in the analysis; such data could be
valuable.

The author indicates, in connection with the discussion of the signs themselves, that
a significant problem was that the signs were apparently not seen by many motorists.
This is a problem associated with all types of signing. It was stated that approximately
24 percent of the minimum speed violators indicated they had not seen the signing. It
would have been of value to have determined how many times these persons had traveled
the study site. It would not be too surprising to find that a driver had not noticed the
signs if it was the first time he had traveled the study site. It would be quite discourag-
ing, however, to find that an individual who had traveled the route regularly for over
2 weeks had never noticed the signs.

The cost of such signing was estimated at $7,000 to $10,000 per mile of freeway.
Certainly, it would be agreed that the results of this research would not indicate such
expenditures would be justified. Furthermore, as indicated, the required sign stan-
dard would present additional fixed objects within the right-of-way and thus create ad-
ditional safety hazards. The study actually produced no evidence of operational advan-
tage due to minimum speed signing by lane.
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The author is to be commended for a very interesting report. This work will be of
interest to many who are involved in the operation of freeways.

J. L. VARDON, Metropolitan Toronto Planning Board—There is little doubt that the
author has presented a comprehensive and complete report of findings with respect to
minimum speed limits by lane on freeways. It is a fine piece of work and should be-
come a prime reference on the subject for some time to come.

It is surprising to realize that a major effort on this topic has been so long forth-
coming in light of the many suggestions for minimum freeway speed limits in the past
10 years or so. The investigation is timely and worthwhile for many road authorities
in North America.

The justification for minimum speed limits and the source of the suggestions would
make an interesting study in itself. The source of the request in this case is typical,
wherein the California Legislature asked for a study to determine if slow speeds on any
part of a state highway consistently impede the normal and reasonable movement of
traffic. No evidence was presented to indicate that there was a problem and that there
was sufficient justification for increased control.

Isolated occurrences of problems and poor driver habits tend to create an undue im-
pact on the observer. The study was designed to investigate the traffic characteristics
of the total driving universe, by lane, for the specific locations. It was not designed to
place any particular emphasis on the observation of ""rare events'. Hence the lack of
spectacular effects of the proposed control device could be anticipated.

Fortunately, the author has been able to translate the mandate into five reasonable
criteria. However, it is significant to note that the underlying premise has been one of
free-flow or quasi-free-flow conditions. Hence the investigation becomes a study to
determine the effect of minimum speed limits by lane on free-flow conditions. This
makes infinitely more sense, as pointed out, than a determination of minimum speed
limits under congested conditions. Nevertheless, there are some difficulties with the
former case because of the relation between the existing maximum limit and the as-
sumed minimum limit.

The maximum speed limit on the majority of California freeways is 65 mph. The
average speed for the left lane of these freeways is "in the range of 67 mph'. The
minimum speed limit for the left lane was set at 60 mph. Hence the range of available
legal speeds is very small and, possibly, not within the accuracy range of the average
speedometer nor within the capability of the average driver to maintain his speed in
this narrow range.

In light of the foregoing plus the relatively low minimum speed violation rate, one
wonders about the regard that any driver in the left lane has for a speed limit—particu-
larly a minimum. Since the average left lane speed is in excess of the maximum speed
limit, it is suggested that the higher legal limit would be of more concern for a majority
of the drivers in the left lane. The slight decrease in observed "after" speeds could be
explained by a keener driver awareness of increased speed control, surveillance and/or
enforcement,

If material benefits were to accrue from a minimum speed limit, it is suggested
that they would manifest themselves most strongly in lane 2 of a 3-lane roadway and
lane 3 of a 4-lane roadway. The higher maximum-minimum speed differential plus the
lower absolute speeds gives the driver a better opportunity to comply and maneuver
within the intent of the speed control device. The right-hand lane is likely not typical
because of the presence of trucks. However, the data present little substantiation for
such a subtle hypothesis. Certainly the speed and standard deviation data do not rein-
force it.

The increased minimum speed violation rate for these lanes might be construed to
mean that drivers were attempting to comply with the minimum limit but that the error
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in their speedometers gave them false speed information and hence put them below the
55-mph limit. Here too there is little credence to the suggestion because there is no

confirmation by the speed date, a reduced number of lane changes, nor a reduction in
the right-hand passing.

The author has stated that "Headways between vehicles are tied to traffic volume
by mathematical laws.'" He then presents an arithmetical example involving the rela-
tion between the gaps created by a hypothetical volume and the number of seconds in one
hour. In this sense he is correct but the basic statement is misleading. Headways
between vehicles are not governed by mathematical laws, unfortunately, but can be
shown to approximate known theoretical mathematical distributions.

The results of this investigation have brought into focus the main considerations and
problems of minimum speed limits by lane under free-flow conditions. In spite of the
low differential between maximum and minimum limits, one would tend to conclude that
materially improved vehicular control could not be achieved by this technique. The
paper does imply some important questions with respect to the necessity for increased
freeway controls, the conditions that should dictate their use, and the techniques to be
employed that will give the desired result. One wonders whether a prima facie speed
control or other legislative action would not be more appropriate for any problems as-
sociated with the infrequent slow driver.

T. DARCY SULLIVAN, Senior Traffic Field Engineer, Illinois Division of Highways—
Regulation of vehicular speeds is one of the most controversial and important problems
in traffic operations today. It is controversial because of the wide differences of cpin-
ion that exist among engineers, enforcement officers, motorists, legislators, and the
general public concerning the solution of a speed problem. It is important because the
severity of accidents that occur at high speeds is much greater than for those occur-
ring at low speeds.

The need in speed regulation is for speed controls that are realistic, can be easily
and impartially enforced, and enhance smooth traffic flow on the roadway. By realis-
tic, I mean that the control should be readily accepted by the motorist and thus, to a
great extent, be self-enforcing. Easily enforceable means that undue burden has not
been placed on the arresting officer by making the conditions of the arrest so numerous
that the case is difficult to substantiate in court. Traffic flow may be enhanced through
modification of drivers' habits as measured by speed, volume, density, and other traf-
fic flow characteristics. Although these needs are generally thought of as applying to
maximum speed limits, there is no reason to think that they cannot be just as validly
applied to minimum speed limits.

How does the concept of assignment of minimum speed limits by lane satisfy the
needs of realism, enforceability, and smooth traffic flow? The concept seems to be a
realistic one in terms of driver acceptance. The system evaluated in the project under
discussion or a modification of it has been proposed in many different areas. In fact,
it had sufficient popular support to be brought before the California Legislature in the
form of a resolution. Another indication that it was accepted by the public was the fact
that, according to the research results, generally less than 5 percent of the motorists
violated the minimum speed restriction.

From an enforcement point of view, the system certainly presents problems. For
the usual minimum speed violation summons, the arresting officer only has to prove
that the offending motorist was traveling below a specified speed. The officer has only
to make the necessary allowance for equipment and speedometer errors and he can
prove his case beyond a reasonable doubt. Under the proposed system, the officer
woulid have to prove ihai ihe motorist was driving in the specified lanc and was not slow-
ing down in an attempt to move into a lane farther to the right. Either of these items
might be used as a defense by the motorist thereby casting doubt on the validity of the
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summons. Discussions with several enforcement officials have indicated that these
factors would make the proposed system extremely difficult if not possible to enforce.

The author has defined four measurable traffic flow characteristics that he believed
might be indicators of reduced internal traffic stream conflicts. These included a more
uniform speed distribution, fewer platoons of vehicles, longer headways, a decreased
number of lane changes, and a reduced number of vehicles passing on the right. These
criteria are well chosen and express most, if not all, of the desirable effects minimum
speed regulation might have. Unfortunately, the posting of minimum speed limits by
lane had little influence on some of the variables and negatively influenced the results
on most of the others.

Based on the previous discussion, it appears that the posting of minimum speed
limits by lane satisfies only one of the three basic needs in a good speed regulation
program: the need of realism. If we then reject the concept of minimum speed limits
by lane, what alternatives do we have to the solution of the basic problem of vehicles
driving in the left lane or lanes and blocking other traffic that desires to travel at a
higher rate of speed?

One of the most obvious alternatives is the '""Keep Right Except to Pass" sign. This
sign is used in many states where the state law requires vehicles to stay in the right
lane at all times except when overtaking and passing. The regulation has been readily
accepted by most motorists in the states where it has been used and is easily enforced.
Unfortunately, while the sign may produce entirely satisfactory results on very light
volume roadways, on more heavily traveled roads it results in an excessive number of
lane changes. A vehicle traveling at a slightly higher than average rate of speed has
a choice of staying in the left lane or returning to the right lane between each vehicle
that is overtaken and passed. A driver, choosing the second alternative in compliance
with the law, thus becomes involved in almost continuous lane-changing maneuvers.
The larger number of lane changes thus generated not only produces a potentially haz-~
ardous situation, but it may also reduce the capacity of the highway and the level of
service being provided. The use of this sign would meet two of the needs previously
established: realism and enforceability.

Another sign that may be used is the "Slower Traffic Keep Right' sign. This sign
is being used increasingly in many states and has been readily accepted by the motor-
ing public. Discussions with enforcement officials indicate that this sign is just as
easily enforced as the "Keep Right Except to Pass" sign under most conditions. With
this sign posted, a motorist would be permitted to drive in any lane so long as he was
not overtaken by another motorist who desired to pass. However, as soon as he was
overtaken, he would be under an obligation to move to the right to make room for the
faster vehicle. This sign would encourage motorists to drive in the right-hand lane but
allow them to remain in the left lane so long as they did not impede other traffic. The
number of lane change maneuvers would thereby be minimized. This sign appears to
meet all three needs of realism, enforceability, and enhancement of smooth traffic flow.

An additional technique, which has been used on the Chicago Metropolitan Area ex-
pressways for several years, is the restriction of trucks to the two right lanes except
in the vicinity of left-hand entrance or exit ramps., This regulation has been well ac-
cepted by truckers in the area. A law recently passed by the Connecticut General As-
sembly provides for similar restrictions on all freeways in that state, upon posting of
signs by the State Highway Department. The City of Chicago Police Department and
the Illinois State Police, both of whom patrol the freeway system in the Chicago Met-
ropolitan Area, have encountered few problems in enforcing the "Trucks Use Two Right
Lanes'" restriction. This technique automatically restricts many of the slow-moving
vehicles to the right-hand portion of the roadway on facilities with three or more lanes
in each direction and insures that at least one lane is available for the exclusive use of
generally faster moving passenger vehicles. While this regulation meets the needs of
realism and enforceability, it does not entirely satisfy the traffic flow need. Thus, it
could only be considered a partial answer to the problem.

In summary, it would seem that the use of ""Slower Traffic Keep Right" signs, in-
dependently or in combination with the restriction of trucks to the two right lanes, would
achieve most of the traffic flow results desired, be readily accepted by the public, and
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not place an undue burden on the enforcement agencies. I am not implying that such
regulations should be imposed on a system-wide basis. In fact, in areas where vol-
umes are light and a level of service A or B is provided, probably no restrictions are
needed. Any sign posted under these circumstances would simply be one more roadside
obstacle and should not be erected unless a definite need has been established.

NORMAN C. WINGERD, Closure—The discussions presented by Messrs. Haynes,
Vardon, and Sullivan have been of great value to the study of minimum speed limits,
They have been stimulating and objective. Several suggestions for study of side issues
have resulted.

Through this study I have been reminded of something basic to research. It is the
fact that we must be realistic, ignore preconceived notions, and look for results that
might not be anticipated. Prior to the collection of any data for this study, I presented
the idea of minimum speed limits by lane to many of my friends and polled their opin-
ions. Probably 80 percent of those questioned thought that implementation of the plan
would yield very beneficial results. Such a plan has found favor among people in high
office and even among some traffic engineers.

The basic misconception has been due to the failure to realize that where volumes
are heavy the aneeds are controlled by traffic and not by speed limits.

The slow driver who impedes the flow of other vehicles is actually quite rare. We
sometimes feel that their numbers are great, but it is only because each one makes us
so aware of his presence.

I liked Mr. Sullivan's approach of weighing the proposed solutions relative to the
problem. A solution to the impedance problem should be directed to the rare driver.
With the signing of "Slower Traffic Keep Right" and a speed law that states that no per-
son shall drive at such a slow speed as to impede or block the normal and reasonable
movement of traffic, the State of California has the tools to cope with the problem
through enforcement and education.

We will, however, remain vigilant for other solutions to the problem.



East Los Angeles Interchange Operation Study

ROGER T. JOHNSON and LEONARD NEWMAN, Assistant Traffic Engineers,
California Division of Highways

This report describes the performance of portions of the East
Los Angeles Interchange as affected by changes in striping of
merging areas. The interchange is one of the busiest in Cali-
fornia, with an average weekday volume of about 319, 000 vehi-
cles going through it. Because some of the traffic volumes are
larger than the design volumes and because some of the volumes
are considerably larger than when the interchange was opened
to traffic, large delays have occurred regularly since comple-
tion of the interchange.

Objectives of the study are twofold: (a) to investigate the
effects of merge geometrics on capacity, travel times, and
delay, and (b) to test and practice procedures (aerial photog-
raphy) for measuring these effects on traffic. Conclusions
show that (a) channelizing freeway traffic, evenwith traversable
pavement markings, can be extremely important, and detri-
mental if not done right; (b) striping that is less restrictive,
and therefore more flexible in meeting variable demands, will
result in less delay than striping that attempts to divide up the
approach roadways in proportion to forecast overall demand;
and (c) the use of aerial photography provides a practical means
of evaluating the effects of geometric changes on traffic
operation.

oVARIOUS studies of freeway traffic flow have shown that as volume increases speed
decreases from about 60 mph at low, free-flow volumes to from 35 to 45 mph at capac-
ity volumes. In studying the performance and service provided by a freeway, delays
attributable to a volume increase are not large until the volume actually reaches ca-
pacity and vehicles begin to back up from some point on the freeway. In other words,
in an urban commuter situation, if drivers are forced by sheer volume to reduce their
speed to, say, 40 mph but still with smooth, uninterrupted flow, delay is tolerable and
is less by an order of magnitude than it is when the arrival rate exceeds capacity (or
service rate).

The major delay and concern is associated with driving at less than 35 mph, which
results in stop-and-go driving. This will only occur when a section of freeway has
reached capacity. The extent of the stop-and-go driving depends on the relationship of
traffic demand to the capacity of the section. If demand does not quite reach or exceed
capacity, then speeds will not drop below 35 mph anywhere on the freeway system. If
demand exceeds capacity of a section, which then becomes a bottleneck, operation up-
stream of the bottleneck section will be slow and congested. The length of the back-up
and the speed in the back-up depend on how much the demand exceeds capacity of the
bottleneck and also the available storage space on the roadway.

The California Division of Highways, in cooperation with the Bureau of Public Roads,
is studying these relationships as a part of its continuing research on traffic flow. This
study describes the results of striping and channelization changes at two merges within
the East Los Angeles Interchange, as well as a general description of operation and

Paper sponsored by Committee on Freeway Operations and presented at the 47th Annual Meeting.
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Figure 1. East Los Angeles Interchange operation study area.
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effect of limited capacity. A method utilizing direct density measurements from aerial

photographs was used in this study. A more detailed discussion of the methods of anal-
ysis of data from the aerial photos is presented in the Appendix. One purpose of the re-
search is to determine the feasibility of this method for future studies of this type.

ANALYSIS

Figure 1 is an aerial view of the East Los Angeles Interchange and the study area.
The East Los Angeles Interchange is the junction of the Santa Ana, Golden State, Santa
Monica, and Pomona Freeways. The initial portion of the Pomona Freeway from this
interchange to Third Street was completed and opened to traffic shortly after the data
collection phase of this study. The study concerns operation in the interchange as af-
fected by the northbound merge of the Santa Monica and Santa Ana Freeways to the
Golden State Freeway, and also operation as affected by the southbound merge of the
Santa Monica, Golden State, and Santa Ana Freeways. Figure 2 shows traffic volumes
on various legs of the interchange.

Northbound Merge

In the 'before' condition, the Santa Monica approach was funneled to 2 lanes, which
then joined with the 2-lane Santa Ana approach to form the 4-lane northbound Golden
State Freeway, as shown in Figure 3.

Conditions were such that during peak periods there would be long back-ups on the
Santa Monica leg of the interchange and well back into the Santa Monica Freeway itself.

INTERCHANGE

JCT. RTE. 5/10/60103

SANTA ANA FREEWAY
GOLDEN STATE FREEWAY
POMONA FREEWAY
SANTA MONICA FREEWAY

WEEKDAY TRAFFIC

NOTE!  July 1965 24 Hour Waehday Tralfic Volume
using 1he EL A interchange, 319,000

Figure 2, East Los Angeles Interchange weekday traffic volumes, July 1965,
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Figure 3. Striping of northbound merge.

This was because the sum of the traffic demand from the Santa Monica leg plus the ramp
volume from the Santa Fe Avenue and Olvmpic Boulevard on-ramps (which included con-
siderable mainline traffic bypassing the queue) exceeded the capacity of the 2 lanes that
were available. Boyle Street off-ramp traffic (just upstream from the merge) was not
enough to reduce demand to a 2-lane capacity.

Since there appeared to be some additional capacity on the Golden State Freeway, it
was decided to stripe the Santa Monica approach for 3 lanes, which then became the
conditions of the "after' study. "Before" and "after' striping are shown in Figure 3.

Results of this revision in striping are not as clear-cut as expected, but the figures
indicate that capacity did increase and delay in the queue was less. One reason the im-
provement was not as large as it might have been is that during the "before' condition
many vehicles used the painted-out lane despite the striping. This can be seen in Figure
4, which shows the "before' and "after" conditions at this location. Thus, there was
not as great a change as would have occurred had drivers been physically restrained
from using the third lane during the '"before' period. Raised bars would have done this.
One thing certain is that if raised bars had been placed in the painted-out lane, conges-
tion would have been much worse, because the volume past this point during the "before"
study (in excess of 4,400 vph) could not have been accommodated in two lanes.

Since demand and total flow between 4:00 and 6:00 p.m. were greater during the day
of the "after' study, it is difficult to compare travel times directly. However, within a
queue or back-up, higher capacity and better use of the available lanes were reflected
by the lower density in the queue.

Table 1 gives volumes, travel (vehicle-miles), travel limes (vehicle-minutes), and
average speeds both upstream and downstream of the merging area. Vehicle-minutes
are the product of the density readings (from aerial photographs), length of section, and
the time interval between photographs. Actually, since density is number of vehicles
per unit of length, the number of vehicles in each section at any point in time was multi-
plied directly by the time interval rather than first dividing the number by length of sec-
tion and then multiplying back again.

From 3:00 to 4:00 p.m. (Table 1-a) the vehicle-minutes of travel were less in the
"after' period, with most of the reduction on the Santa Monica approach where the ca-
pacity was increased by the striping changes. It should be noted that the demand was
slightly less in the "after" period, as indicated by the decrease in vehicle-miles, but
that the average travel time for all vehicles during the hour was reduced by J seconds.
Average travel time was calculated by dividing vehicle-minutes of travel by the volume.
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TABLE 1
TRAVEL DATA—NORTHBOUND MERGE OF THE SANTA MONICA AND SANTA ANA FREEWAYS

Length Before After

Se;:];ion Eg;leos{ Vehicle- Average Vehicle- Average Vehicle Average Vehicle- Average
eet: Miles: Voliimie Miles (vIe)s'/]rsnlit]}:e) Minutes  Speed (mph) Volume  “yreg (gﬁ?:ige) Miles Speed (mph)
(a) 3:00 to 4:00 p.m.
Golden State Freeway (Downstream)
26 4 600 0,114 5580 640 115 790 48 5370 610 137 940 39
27 4 650 0.123 5770 710 152 1120 38 5590 690 106 780 53
28 *® 1120 0.212 5770 1220 148 1880 39 5590 1190 137 1740 41
Subtotals 2370 0.449 2570 3790 a1 2450 3460 43
Santa Ana Approach
29 2 490 0,093 2230 210 57 320 39 2160 200 54 300 40
30 2 210 0.051 2230 110 75 230 30 2160 110 33 100 66
Gap 2 380 0.072 2230 160 51 220 44 2160 160 42 180 52
31 2 820 0.155 1800 280 28 260 64 1750 210 49 460 35
Subtotals 1960 0.371 760 1030 44 740 1040 43
Santa Monica Approach
32 - 710 0.134 3540 470 68 550 52 3430 460 60 480 58
34 3 800 0.152 3970 600 89 810 45 3780 570 84 70 45
35 3 400 0.076 3970 300 123 560 32 3780 280 81 370 46
37 2 670 0,127 3150 400 90 690 35 2850 370 1 540 42
38 2930 0.176 3150 550 86 910 37 2950 520 61 650 43
Subtotals 3510 0.665 2320 3520 40 2210 2810 Ea
Santa Monica Freeway
11 2 860 0,163 3150 510 6 740 42 2950 480 64 630 46
12 2 880  0.167 3150 530 59 590 53 2950 490 63 630 47
13 & 14 - 1640 0.311 3150 - - —  Free flow 2950 ~ - - Free flow
Subtotals 3380 0.641 1040 1330 48 970 1260 46
Totals 6690 9670 41 6410 8570 45
W) %06 v 580 p.m
Golden State Freeway
4 600 0,114 6820 780 145 990 47 7000 800 156 1070 45
27 4 650 0.123 7070 870 164 1210 43 7350 900 157 1160 47
28 # 1120 v, 41z wiv 1500 acy 2830 aa, 7350 1560 186 2370 39
Subtotals 2370 0.449 3150 4830 39 3260 4600 a3
Santa Ana Approach
29 2 0.093 2670 250 63 350 42 2920 270 m 430 38
30 2 270 0.051 2670 140 65 200 41 2920 150 42 130 69
Gap 2 380 0,072 2670 190 51 220 52 2920 210 46 200 63
31 2 820 0.155 2000 310 37 340 565 2300 360 49 460 47
Sublotals 1960 0.371 890 i1 18 350 1220 49
Santa Monica Approach
32 £ 710 0.134 4400 590 144 1160 31 4430 590 119 960 37
34 3 800 0.152 5010 760 180 1650 28 5040 770 137 1250 37
35 3 400 0,076 5010 380 206 940 24 5040 380 173 790 29
37 2 670 0,127 3440 440 151 1150 23 3590 460 159 1210 23
38 2 930 0,176 3440 610 170 1790 20 3590 830 138 1460 26
Subtotals 3510 0.665 2780 6680 25 2830 5870 29
Santa Monica Freeway
11 2 860 0.163 3440 560 170 1660 20 3590 590 161 1570 22
12 2 880 0.167 3400 570 142 1420 24 3550 590 147 1470 24
13 2 860 0.163 3300 540 85 B30 39 3450 560 135 1320 26
14 = _780 0.148 - = o = Free flow - = - = Free flow
Subtotals 3380 0.641 1670 3910 26 1740 4360 24
Totals 8490 16540 31 8820 16050 33
(c) 5:00 to 5:30 p.m.
Golden State Freeway
26 600 0.114 6680 380 137 470 48 8100 460 158 540 52
27 4 650 0.123 6880 425 154 570 44 8370 515 184 680 45
28 * 1120 0.212 6880 730 214 1360 32 8370 885 248 1580 34
Subtotals 2370 0.449 1535 2400 38 1850 2800 40
Santa Ana Approach
29 2 490 0,093 2700 125 68 190 39 3670 170 136 380 21
30 2 270 0.051 2700 70 91 140 30 3670 95 85 130 42
Gap 2 380 0.072 2700 95 69 150 39 3670 130 79 170 47
31 2 820 0.155 1900 145 45 210 4 2870 220 75 350 38
Subtotals 1960 0.371 435 690 38 61 1030 a8
Santa Monica Approach
32 " 710 0.134 4180 280 223 500 34 4700 315 147 590 32
34 3 800 0.152 4670 355 156 710 30 5150 390 167 60 31
35 3 400 0.076 4670 175 167 380 28 5150 195 228 520 23
37 2 670 0.127 3320 210 150 570 22 4040 255 136 520 29
38 2 930 0.176 3320 _280 130 690 26 4040 355 133 _700 30
Subtotals 3510 0.665 1310 2850 28 1510 3090 29
Santa Monica Freeway
11 2 860 0,163 3320 270 163 800 20 4040 330 163 8c0 25
12 2 880 0.167 3320 275 214 1070 15 4040 335 196 980 21
13 2 860 0,163 3320 270 102 500 32 4040 330 174 850 23
14 4 760 0.148 - = d = Free flow = = = = Free flow
Subtotals 3380 0.641 815 2370 21 995 2630 23
Totals 4095 8310 30 4970 9550 31
"Before" = 4 lanes, "After" = 5 to 4 merge.
**ngefore’ = 2 lanes, “"After” = 3 lanes.
Note: "Gap" indicates an area where it was impossible to photograph the freeway from the air becuuse of the presence of ovorciumings und it ik

averaging the densities in adjacent sections,
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From 4:00 to 5:00 p.m. (Table 1-b) there was an overall decrease in travel time,
although the demand volume increased. Travel time on the Santa Monica approach was
reduced from 6,700 vehicle-minutes "before' to 5,900 vehicle-minutes "after' for a
savings of 800 vehicle-minutes. The volume on the Santa Monica approach was 4,400
vehicles "before' and 4,430 "after." The total volume through the merge increased
from 7,070 'before' to 7,350 ''after." This savings of 800 vehicle-minutes is over a
distance of 3,500 ft and is distributed to approximately 4,000 vehicles, which represents
a savings of only about 12 seconds per vehicle. Average speed through the 3,500-ft sec-
tion increased approximately 3 mph, which probably is not enough for the averagedriver
to notice.

From 5:00 to 5:30 p.m. (Table 1-c¢) the vehicle-minutes of travel and the demand in-
creased on all approaches. In the "after' period there is some doubt as to the validity
of the traffic counts from 5:00 to 5:30, but it is known the volumes were higher than in
the '"before' period and that the average travel times did not change enough for the av-
erage driver to notice.

The net effect, then, of the striping changes at the northbound merge was to increase
the capacity of the Santa Monica approach, thereby reducing the delay within the queue.
This benefit was gained without a detrimental effect either to the Santa Ana approach to
the merge or to the Golden State Freeway downstream of the merge.

Figures 5 through 8 show graphically the results of the study. Each graph shows
density and volume on one of the approach legs. These density ''contour' maps give a
very good picture of operation and are an ideal way to study overall freeway perfor-
mance. Densities less than 50 vehicles per mile per lane represent generally satis-
factory flow conditions. Densities between 50 and 75 represent less than desirable flow,
though high volumes can still be maintained at these densities. Densities greater than
75 indicate congestion and stop-and-go driving and usually mean there is some bottle-
neck downstream. Densities in or just downstream of a bottleneck will generally be
from 45 to 60 vehicles per mile per lane. Average speed is obtained by simply dividing
density into volume. If the volume is 2000 vehicles per hour and density is 50 vehicles
per mile, then average speed is 40 mph.

Figures 5 and 6 show the "before' and "after' conditions on the Santa Monica ap-
proach. In Section 32 (the location of the striping changes) the densities shown are for
the left two lanes only. These densities are considerably lower in the "after' period
even though the demand was higher. This indicates that drivers are using the added
lane in the "after' period.

Figures 7 and 8 show that conditions on the Santa Ana approach did not change appre-
ciably except from 5:00 to 5:30 p.m., when the volumes during the "after' were greater
than during the 'before." It can be seen, though, that back-ups were very short. Itcan
also be seen that there were no problems on the Golden State Freeway downstream of
the merge. Densities seldom exceeded 50 vehicles per mile per lane during the "before"
or "after' periods.

Southbound Merge

In the "before' condition (see Fig. 9)the Santa Monica Freeway approach to the
southbound merge made the transition to 1 lane prior to its connection with the 2-lane
Golden State Freeway approach leg.' The combined Santa Monica-Golden State approach
(3 lanes) then merged with the 2-lane Santa Ana leg into 4 lanes. The "3-and-2-into-4"
merge was accomplished by dropping the right-hand lane stripe, thus merging the right
2 lanes of the 3-lane Santa Monica-Golden State approach. This in effect gave the Santa
Ana Freeway 2 free lanes.

During most of the day traffic demand on the 3 approach legs did not exceed capacity
of the 4 downstream lanes. However, during much of the day traffic demand on the Santa
Monica Approach did exceed the capacity of the single lane restrictions where it merged

1The original design had 2 lanes from the Santa Monica leg merge with 2 lanes from the Golden State
leg into 3 lanes. However, this merge was short and because at one time traffic from the Santa Monica
leg was light it was decided to narrow that approach to 1 lane by means of paint and raised bars.
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Figure 9. Striping of southbound merge.

with the ramp from the Golden State Freeway. Thus there would be back-ups and con-
gestion during much of the day even though traffic on all other legs was free flowing.
During peak periods total demand exceeded capacity of the Santa Ana Freeway further
downstream and all approach legs would then back up. However, the back-up was much
worse on the Santa Monica approach than on the other two upstream legs.

In order to eliminate some of this congestion and more equitably distribute delay
among all approach legs, the raised bars were removed and the Santa Monica approach
was striped for 2 lanes. The right lane of the Santa Monica approach then merged with
the left lane of the 2-lane Golden State approach to form 3 lanes before joining the Santa
Ana Freeway. The striping of the '"3-and-2-into-4" merge was also altered so that the
right lane of the Santa Ana merged with the left lane of the Santa Monica-Golden State
approach. This constituted the "after' conditions. The '"before' and "after' striping
conditions are shown in Figure 9.

Operation both '"before' and "after' was studied using ground counts and aerial pho-
tography. Figure 10 shows aerial photos with a thumbnail description of the study meth-
ods and results.

During off-peak hours all back-ups on the Santa Monica approach were eliminated and
during peak hours when the 4-lane section downstream is the bottleneck, delay is more
equitably distributed among all 3 approach legs in the "after' period.

Looking at the density contours in Figure 11, it can be seen that on the Santa Monica
approach there was severe congestion (high densities) even at the start of the study (3:00
p.m. on a Tuesday, which is about the most lightly traveled weekday). It can also be
seen that at this time there is unused space (densities are less than 50) on the down-
stream section, although the 4-lane section is very close to capacity.

Also at the end of the '"before" study period (6:00 p.m.) there is congestion on the
Santa Monica approach even though there is available room downstream.

Looking at the "after' condition, Figure 2, this congestion has been eliminated with
equal or higher volumes. What this means is that a vehicle on the Santa Monica approach
at 3:00 p.m. under the "before'" conditions would be traveling at about 10 mph for about
3,000 ft. During the "after" period this vehicle would be traveling at about 45 mph.
Thus, this vehicle would save over 3 minutes.
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Table 2 gives travel times, volumes, and average speeds on the approaches to the
southbound merging area and downstream of the merge.” From 3:00 to 4:00 p.m. (Table
2-a) there were 3,700 vehicle-minutes less in the "after" period with approximately the
same total volume. Based on currently used monetary values for time (3 cents per min-
ute) this represents slightly over $100 per day in user savings. While there was an av-
erage time savings for vehicles on the Santa Monica Freeway approach of slightly over
3 minutes per trip, there also was an increase of approximately 0.5 minute per trip for
vehicles on the Santa Ana approach.

From 4:00 to 5:00 p.m. (Table 2-b) something happened downstream that caused the
total travel time to be much greater during the "after" period. This was not caused by
an increased demand during the peak, but primarily because of a reduction in capacity
on the 4-lane section downstream where, due to some unknown conditions, the volume
from 4:00 p.m. to 5:00 p.m. dropped from about 6,900 to 6,400 vehicles.’

However, the distribution of the delay was such that no one approach suffered appre-
ciably at the expense of another (although in some cases this may not be a desirable ob-
jective). Excess travel times per vehicle during the hour from 4:00 to 5:00 p.m. were
3 minutes, 25 seconds; 3 minutes, 34 seconds; and 3 minutes, 40 seconds for vehicles
on the Santa Ana, Golden State, and Santa Monica Freeway approaches respectively.
(This is based on a "normal" travel speed of 45 mph and travel to the merge point of the
Santa Ana and Santa Monica-Golden State. )

There is, however, one disadvantage resulting from the longer back-up on the Santa
Ana approach. On the day of the "after" gstudy, this back-up extended slightly north of
6th Street. Because of the longer back-up, traffic on the Santa Ana Freeway bound for
the 7th and 8th Streets and Euclid Avenue off-ramps becomes involved to a certain ex-
tent in the deloy, thug tending to inerease overall delay. Back-ups on the Santa Monica
and Golden State do not ordinarily reach a point where there are upstream off-ramps.

Capacity of the Santa Monica approach merge to one lane ("before" condition) was
2,000 vehicles per hour when there were no downstream restrictions. An all-day count
(Sept. 15, 1965) showed hourly volumes as high as 2,250 vph. Had this approach still
been reduced to 1 lane there would have been congestion at the merge for approximately
6 hours during the period 6:00 a.m. to 400 p.m. It is estimated that resultant delay
would have been 37, 000 vehicle-minutes, and there would have been approximately 9,000
vehicles delayed with an average delay of 4.1 minutes per vehicle (37,000/9,000). The
maximum delay to any one vehicle would have been 9.7 minutes. At 3 cents per minute
this delay represents over $1,000 per day in time value alone and indicates the large
benefits that can be obtained from small increases in capacity, and conversely shows
the large penalties that can be imposed by incorrect placement of pavement markings.

It was thought that when the Pomona Freeway was opened to traffic that it might carry
sufficient volume so that the Santa Monica approach to the southbound merge could be

2In Table 2 there are several places where the speed is indicated with a triple asterisk. When volume
and density are low and speed is high, there are not very many vehicles in each photograph. For ex-
ample, when the mean travel speed is around 60 mph and the rate of flow is 30 vehicles per minute in
2 lanes, a section 880 ft long will on the average contain only 5 vehicles. The actual observed num-
ber can vary from 1 or 2 to 10 vehicles, depending on chance, and considerable variability in calcu-
lated speed con result unless the calculated speed is based on a large number of observations (photo-
graphs). In Table 2, calculated speeds that are unrealistic because of this chance variability are
marked with a triple asterisk. The way to avoid this would be to increase the number of observations
by reducing the interval between photographs. In the present study, the interval was about 6 minutes,
resulting in 10 observations per hour. This is plenty when congestion exists, and is sufficient even for
free flow when calculating travel time for the entire system of roadways, but it is not sufficient for
accurate determination of travel time for short sections. However, when free flow exists, it is not im-
portant fo know speeds accurately and in fact we would not normally make this kind of a study where
free flow exists and there is no problem.

3While the purpose of this paper is not to discuss the theory of delay, etc., it is interesting to note that
a drop in capacity from 6900 and 6400 would in itself increase travei time by 15,000 vehicie-minuies
in 1 hour, and this is roughly the difference shown in Table 2-b.



TABLE 2
TRAVEL DATA-SOUTHBOUND MERGE OF THE SANTA ANA, GOLDEN STATE, AND SANTA MONICA FREEWAYS

Length Before After
Section No. of Avergs T
No. Lanes Feet Miles Volume vthillcle_ Density Ve.hicle- Average Volume Veh'icle- Densai%y Ve'hicle- Average
es (veh/mile) Minutes  Speed (mph) Miles (veh/mile) Minutes  Speed (mph)
(a) 3:00 to 4: 00 p.m.
Santa Ana Freeway (Downstream)
4 630 0.120 17150 860 214 1540 33 7100 850 206 1480 34
2 5tod 870 0.165 6970 1150 215 2130 32 6950 1150 213 2110 33
Subtotals merge 1500 0.285 2010 3670 3 2000 35901 33
Santa Monica and Golden State Approach
3 3 600 0.114 4250 480 149 1020 28 4420 500 168 1150 26
4 3 700 0,133 4250 570 102 810 42 4420 590 185 1480 24
Subtotals 1300 0.247 1050 1830 34 1090 2630 25
Santa Monica Approach
* 520 0.099 1880 190 157 930 12 2000 200 14 440 27
6 2 1050 0,198 1880 3170 292 3470 7 2000 400 42 500 48
7 3to2 800 0,152 1880 290 265 2420 7 2000 300 50 460 40
merge
8 3 730 0.139 1880 260 103 860 18 2000 280 44 370 45
9 3 700 0.133 1760 230 46 370 38 1820 240 53 420 34
10 3 725 0.138 1760 240 35 290 50 1820 250 37 310 48
Subtotals 4525 0.859 1580 8340 BEN 1670 2500 40
Golden State Approach
17 2 0.099 2430 240 54 320 45 2420 240 88 520 28
18 2 920 0.174 2430 420 54 560 45 2420 420 50 520 49
Gap 2 680 0.129 1980 260 46 360 43 2050 260 44 340 47
19 2 520  0.099 1980 200 39 230 51 2050 200 39 230 53
Gap 2 400 0.076 2280 170 46 210 49 2450 190 46 210 53
41 2 550 0.104 2280 240 51 320 44 2450 250 53 330 46
40 2 770 0.146 2280 330 50 440 45 2450 360 41 360 59
Subtotals 4420 0.827 1860 2460 45 1920 2470 n
Santa Ana Approach
22 2 600 0.114 2770 320 19 540 35 2830 320 110 750 26
23 2 1200 0.227 27170 630 61 830 45 2830 640 107 1460 26
Gap 3 570 0.108 2880 310 54 350 53 3010 330 83 540 36
24 3 960 0.181 2880 520 45 490 FEE 3010 540 58 630 52
25 3 780 0.148 2880 430 65 580 44 3010 450 5 670 40
25a 3 440 0.084 2880 240 64 320 45 3010 250 15 380 40
Gap 3 440 0.084 3270 270 64 320 51 3280 280 73 370 44
39 3 720 0,137 3370 460 64 530 52 3380 460 71 580 48
Subtotals 5710 1.083 3180 3960 13 3270 5380 36
Totals 9680 20260 29 9950 16570 36
(b) 4:00 to 5:00 p.m,
Santa Ana Freeway (Downstream)
1 4 630 0.120 6920 830 352 2730 18 6380 770 376 2810 16
2 5to4 870 0.165 6620 1090 408 4040 16 6100 1010 318 3750 16
Subtotals merge 1500 0.285 1920 6770 17 1780 8560 16
Santa Monica and Golden State Approach
3 600 0.114 3720 420 263 1800 14 4070 460 317 2170 13
4 3 700 0.133 3720 490 180 1440 21 4070 540 375 2590 13
Subtotals 1300 0.247 10 3240 7 1000 760 1
Santa Monica Approach
5 * 520 0.099 1580 160 168 1000 9 2180 220 266 1580 8
6 2 1050 0.198 1580 310 246 2920 6 2180 430 245 2910 9
K Jto2 800 0,152 1580 240 172 1570 9 2180 330 225 2050 10
merge
8 33 730 0,139 1580 220 89 740 18 2180 300 176 1470 12
9% 10 3 1425 0.271 1480 400 24 390 61 2050 560 26 430 rex
Subtotals 525 0.859 1330 6620 1 T840 3440 b k]
Golden State Approach
17 2 520 0.099 2140 210 42 250 51 1890 190 247 1470 8
18 2 920 0.174 2140 370 33 340 P 1890 330 221 2310 9
Gap 5 680 0.129 2010 260 31 240 pose 1810 230 182 1410 10
19 2 520 0.099 1530 150 29 170 53 1400 140 143 850 10
Gap 2 400 0.076 1630 120 33 150 48 1400 110 97 440 19
41 2 550 0.104 1930 200 37 230 52 1800 190 48 300 38
40 2 770 0. 146 1930 280 38 330 51 1800 260 27 240 *k4
Subtotals 4420 0.827 T590 1710 58 450 7020 1z
Sa[zlga Ana Appro:ch 600 0,114 3210 370 160 1090 20 2600 300 225 1540 12
23 2 1200 0.227 3210 730 97 1320 33 2600 590 210 2860 12
Gap 3 570 0.108 34170 370 79 510 44 3230 350 242 1570 13
24 3 960 0.181 3470 630 63 680 56 3230 580 271 3010 12
25 3 780 0.148 3470 510 64 570 54 3230 480 230 2040 14
2ba 3 440 0.084 3470 290 8 390 44 3230 270 228 1150 14
Gap 3 440 0,084 3860 320 79 400 48 3760 320 224 1130 17
39 3 720 0.137 3960 540 83 680 48 3860 530 208 1710 18
Subtotals 3 5710 1.083 3760 5640 0 3420 15010 T4
Totals 9510 23980 24 9490 41790 14
“uBefore = 2 to 1 merge, "after” = 2 lanes.
*** See footnote 2 on p. 42.
Note: "Gap" indicates an area where it was impossible to photograph the freeway from the air because of the presence of overcrossings and the vehicle-minutes were calculated

by averaging the densities in adjacent sections.
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changed back to one lane. However, a midday count (Jan. 14, 1966) revealed that the
Pomona Freeway is carrying a relatively small volume and that the demand on the Santa
Monica approach to the southbound merge still exceeds the capacity of 1 lane during much
of the day. Demand for the Pomona Freeway, however, will increase as it is extended
to the east.

CONCLUSIONS

Providing the greatest width possible on each of the approach legs of the East Los
Angeles Interchange resulted in a marked improvement in overall operation.

In any interchange, it is very difficult to match the number of lanes on each leg pre-
cisely to the predicted traffic. This is because it is not only difficult to predict the
amount of traffic and changing patterns but because of short-term variability in traffic
flow. An average flow rate of 2,000 vph, for example, will have periods (very short)
with much higher flow. A merge to 1 lane may have a capacity of, say, 2,000 vph and
traffic demand may average 2,000 also. But in spite of this there can be a queue at the
merge at this time, because short-term flow rates in excess of capacity will start the
back-up and from then on it will not clear out until demand drops well below capacity.

This is essentially what was occurring on the eastbound Santa Monica approach tothe
southbound Santa Ana Freeway and to a certain extent on the approach to the northbound
Golden State Freeway. Forcing the Santa Monica Freeway traffic to the southbound
merge into 1 lane permitted a high standard merge, which made driving at low volumes
somewhat more comfortable and possibly safer (safety aspects of this change are not
analyzed in this report). However, this caused considerable congestion, and it is con-
cluded that the best overall service is provided by eliminating much of this congestion
at the price of a somewhat suhstandard merge.

It is possible to construct an improved merge, but any improvements involving sub-
stantial cost should be delayed until a significant portion of the Pomona Freeway (Route
60) is opened to traffic, because this may significantly reduce the demand on the south-
bound approach from the Santa Monica to Santa Ana Freeway.

It was noted that alterations to the southbound merge resulted in longer back-ups up-
stream on the Santa Ana Freeway. In the "after' condition the right lane of the Santa
Ana approach merged with the left lane of the combined Santa Monica-Golden State ap-
proach. While this arrangement created a more equitable distribution of delay to traffic
on all three approaches, the longer back-up on the Santa Ana approach does cause some
delay to Santa Ana traffic destined for off-ramps upstream of the merge. It may have
been better to give the Santa Ana approach a slightly better break and thus reduce peak-
hour total delay at the expense of some additional delay to the Santa Monica-Golden State
traffic. This could have been done by leaving the striping of the merge from the com-
bined Santa Monica-Golden State into the Santa Ana the same as it was in the before
condition, so that the right 2 lanes of the Santa Monica-Golden State approach merge to
a single lane, giving the Santa Ana essentially 2 free lanes.

During the '"before' condition on the northbound merge to the Golden State Freeway
an attempt had been made to convert a 3-lane approach to a merge into 2 lanes by strip-
ing out the right-hand lane with a solid white stripe. During low-volume periods this
was fairly effective and drivers usually followed the striping since they were not caused
any delay by doing so. During peak periods, however, when the 2 lanes were congested,
many drivers disregarded the striping and used the third lane. This definitely increased
capacity, thus reducing delay, and did not seem particularly hazardous because of slow
peak-hour speeds. This illustrates one advantage of using a painted stripe to discourage
traffic from using a hazardous lane or section. That is, when traffic is fast and the
section perhaps really is hazardous the striping is effective, but when traffic is slow and
thus the section is not particularly hazardous, enough drivers will cross the stripe to
provide the needed extra capacity.
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Appendix

ANALYSIS OF FREEWAY TRAFFIC FLOW BY AERIAL PHOTOGRAPHY

Aerial photography, supplemeénted by traffic counts on the ground, provided data for
use in two studies of freeway operations in the Los Angeles area. This method hasbeen
found to be an ideal way to study freeway operations because it provides all the neces-
sary data easily and at a reasonable cost.

The procedure involves taking a continuous series of aerial photos along the freeway
under study. The flight pattern is repeated over and over so that a given segment of
freeway is photographed many times during the study period. By counting the number
of vehicles in each photograph and knowing the time interval between each flight pass, it
is possible to calculate density and vehicle-minutes of travel. It is assumed that there
are no fluctuations in traffic flow between each successive photograph of agiven segment.
By incorporating traffic volume data from ground counts, average speeds may also be
calculated. '

Photography

For the East Los Angeles Interchange (reported here) and the Harbor Freeway Ramp
Closure studies, 35-mm photography was used. Previous studies of this type utilized
9 by 9-in. black-and-white negatives (1), but it was found that 35-mm color slides pro-
jected on a screen provided sufficient detail for counting vehicles at only a fraction of
the film cost of the 9 by 9's. Both 35-mm and 50-mm focal length lenses were used.
Where the 35-mm lens was used, the flight altitude was approximately 3,000 ft and for
the 50-mm lens, 4,000 ft, to provide a scale of approximately 1 in. = 2,000 ft on the
color transparencies.

Each flight pass consisted of a series of overlapping photographs, taken at about
2,000-ft intervals (measured longitudinally along the ground). Allowing for turn-around
time, each section on the East Los Angeles Interchange Study was photographed on an
average of once every 6 minutes, and on the Harbor Freeway Study, once every 10 min-
utes. In order to measure the entire delay due to a bottleneck, it is important that each
pass of the aircraft cover enough length along the freeway to extend beyond the maxi-
mum length of queue expected during the study period.

Analysis

For convenience of analysis, the highway under study was divided into sections ap-
proximately 1,000 ft in length. Because each slide covered approximately 3,000 feet on
the ground, the entire length of a section usually was photographed on a single slide.

The slides were projected on a screen and the number of vehicles in each section
were counted for each pass of the aircraft. The vehicle count divided by the product of
the section length and number of lanes gave the density in vehicles per lane-mile. The
vehicle-minutes of travel were obtained by multiplying the average number of vehicles
in each pair of photos by the time interval between photos in minutes. Average speeds
for each time interval were calculated by dividing the volumes (veh/hr) obtained from
ground counts by densities (veh/mi) from analysis of the aerial photographs. [The av-
erage speed could also have been calculated by dividing the vehicle-miles (volume X
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TABLE A

HARBOR FREEWAY "AFTER'" STUDY
SECTION 168 (length = 1740 feet), 3:00 to 4:00 p.m.

Vehicle Time Section

Flight Time Count From Ayerage No. Interval for Length ensity Travel

No. Photographs of Vehicles Analysts (min) {lana-s1) (veh/lane-mi) (veh-min)

1 3:00 48 36
49.5 a 1.32 396

2 3:08 51 39
44.0 6 264

3 3:14 37 28
39.5 i 198

4 3:19 42 32
48.0 4 192

5 3:23 54 41
48.5 B 243

6 3:28 43 a3
43.0 3 129

b ¢ 3:31 43 33
46.5 6 279

8 3:37 50 38
52.0 4 208

u 3:41 54 41
44.5 5 223

10 3:46 35 27
42,5 5 213

11 3:51 50 38
50.0 9 450

12 4:00 50

Total 60 Avg. 35 Total 2795

Volume (from counts) = 6920 veh/hour
Avg. density (4 lanes) = 4 x 35 = 140 veh/mi

_ Volume 6920 _
Avg. speed “KeaDests T~ 49.4 mph

length of section) by the vehicle-minutes of travel obtained from the analysis of
photographs.]

Table A gives the calculations involved in obtaining densities and vehicle-miles for
a 1-hour period on one section of the Harbor Freeway Study. This is illustrative of the
type of analysis used for each freeway section for both the East Los Angeles Interchange
and Harbor Freeway studies.

Reference

1. Smith, Walter P., Jr. Use of Aerial Photography to Study Traffic Delay Due to a
Lane Closure. California Division of Highways.



Determination of Merging Capacity and
Its Applications to Freeway Design and Control

DONALD R. DREW, JOHANN H. BUHR, and ROBERT H. WHITSON,
Texas Transportation Institute, Texas A & M University

This paper presents a new approach to the determination of merging
capacity and merging service volumes. For the first time in the
literature, a method is presented of quantitatively determining the
influence of entrance ramp geometrics on the capacity and level of
service of a ramp-freeway merging area. The procedure enables
the design engineer to evaluate rationally alternate designs and, if
compromise is needed, to select the element or location where such
compromise will be the least objectionable.

The capacity of a merging area is based on the interaction be-
tween the gap acceptance behavior of entrance ramp drivers and the
availability of gaps on the freeway shoulder lane, while the service
volumes suggested are developed from considerations of the ramp
junction as a queuing system., This permits the provision of a level
of service such that a ramp vehicle has a certain probability of find-
ing the merging area empty. Another measure of level of service—
the delay suffered by ramp vehicles—is treated and charts are pre-
sented for its determination.

The merging parameters developed are closely linked to the crit-
ical gap of the ramp-freeway junction. Through the study of merg-
ing operations at 29 entrance ramps across the continental United
States, relationships are developed between the gap acceptance
characteristic and certain design characteristics of an entrance
terminal. This allows for estimation of the critical gap and hence
for the capacity and service volume of an on-ramp, based on the
length of acceleration lane, the angle of convergence and the shape
of the acceleration lane. Appropriate charts are presented for
estimation of the merging parameters and the influence of design
characteristics. The application of the developed parameters to
freeway control via the ''gap acceptance' mode of control is also
discussed.

oIN freeway design, the engineer is often faced with the problem of determining the ca-
pacity of a merging area. Existing procedures permit the estimation of outside free-
way lane volumes, which are then subtracted from fixed control values to give allow-
able ramp service volumes (1, 2, 3, 4). These procedures take various traffic char-
acteristics and ramp configurations into consideration, but donot account for the effects
of the geometrics of the ramp terminal itself. As a result, it is usually assumed that
the entrance facility does not suffer from design deficiencies such as a short accelera-
tion lane, a high angle of entry, inadequate sight distance, or poor delineation. In
practice, however, physical limitations will often preclude the development of ideal
geometrics so that the designer is forced to use a substandard design. In this paper,
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the effect on the merging operation by two of these geometric variables, acceleration
lane length and angle of entry, is analyzed and their application to the design and con-
trol of entrance terminals is discussed.

Parts of this paper appear in a series of papers (5, 6, 7, 8) on freeway merging
that resulted from research undertaken by the Texas Transportation Institute and spon-
sored by the U.S. Bureau of Public Roads.

BACKGROUND

There are several well-known variations of a merging problem that arise where traf-
fic in a secondary stream joins a primary flow stream. As the problem is sometimes
formulated, one of the vehicles in the secondary stream merges with the primary stream
whenever the headway to the next vehicle in the primary stream is greater than or equal
to a constant value, T, or in the case of multiple entries, T + iT for i vehicles to merge
with the primary stream. To describe this constant value, T, it is usually assumed
that there existsa certain fixed gap size or one that the ramp driver will probably enter.
The smallest gap that ramp drivers will accept with a certain probability has been
termed the 'critical gap." Several "critical" values have been discussed in the liter-
ature of Greenshields and Raff. Greenshields (g) defines the "acceptable average-
minimum time gap" as a gap accepted by half the drivers. Raff (10) uses a slightly dif-
ferent parameter, the '"critical lag." This parameter, as in the case of Greenshields'
work, is a median value. If one assumes, and rightly so, that there exists a critical
gap function, P(T), which describes the relative frequency of different size critical gaps
among drivers, then there is associated with this function 2 median critical gap, re-
ferred to in this paper as T.

The princinal use of gap acceptance paramcicrs is o simplify the computation of the
delay duration by permitting the assumption that all intervals shorter than the critical
value (lag or gap) are rejected while all intervals longer are accepted. It has been sug-
gested (11, 12) that the mean of the critical gap distribution, not the median, should be
used in delay computation. Nevertheless, the 'median critical gap'" remains a prac-
tical parameter and will be referred to hereafter as the critical gap.

DETERMINATION OF MERGING PARAMETERS
Merging Capacity

The efficiency of traffic movement on the through lanes of anurban freewayis directly
affected by the adequacy of the associated ramps. The proper design and placement of
ramps on high-volume freeways is therefore imperative if those facilities are to afford
fast, efficient, and safe operation. The development of such suitable designs depends
to a large extent on the accurate determination of the capacity at the ramp junction,
heretofore referred to as the merging capacity.

In the merging situation, the maximum number of ramp vehicles that can be accom-
modated in the shoulder lane is equivalent to the number of ramp vehicles that will use
each available gap, assuming a continuous backlog of vehicles on the ramp (13). The
concept of gap acceptance is therefore of major importance in considerations of the
capacity of a merging area.

Consider a single, inexhaustible queue waiting to enter a random shoulder-lane traf-
fic stream. If the passing time headway, t, is less than the critical gap, T, no ramp
vehicle enters; if t is between T and T + T’ one vehicle enters; if t is between T + T’
and T + 2T’ two vehicles enter, etc. The ability of the outside freeway lane to absorb
ramp vehicles per unit of time becomes

@ = 9 i G+1)PT+iT'<t<T+ @G+ DTN (1)
i=0

where q is the shoulder-lane flow.
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If the distribution of gaps in the shoulder lanes, f(t), is given by the negative expo-
nential distribution

ft) = qe'qt

then it follows from Eq. 1 that

o q[e-qT oU(T + T’)] . 2q[e-q(T £ T) __-q(T + 2’1")] .

. & ’ . ’
qeqT+qeq(T+T)+qeq(T+2T)+...

_ _ I3 = ’
qeqT(1+eqT +e2qT +)

il

_qT
T S : (2)
1< AT

In a previous report (6) dealing with multiple entries it was concluded that double
entries are more "'sensitive'! than single entries, and triple entries more "sensitive"
than double entries to differences in gap sizes. Here ''sensitivity" means the data
show that the percent acceptance curves are steeper for iripie entries than for double
entries and steeper for double than for single entries. The percent acceptance curves
show that at the 50 percentile acceptance level (the critical gap), T and T’ are approxi-
mately equal. Therefore, the expression for ramp capacity in Eq. 2 may be simplified,
becoming

g™t
qr = (3)
1-¢ 97T

Equation 3 is illustrated in Figure 1. In order to use the graph, it is necessary that
the shoulder-lane volume, q, and the critical gap, T, be known. If an existing design
is being evaluated, g, q, and T can be measured. In the case of a proposed design,
methods of estimating the percent of the total freeway volume in the shoulder lane are
well documented (1). Variables that have been found to significantly affect q are the
total freeway volume, the entrance ramp volume g,, upstream ramp volume, down-
stream exit ramp volume, and distance to downstream exit ramp. Figure 2 is illus-
trative of the relationship between q and two of these variables—total freeway volume
and entrance ramp volume, q, (14).

Merging Service Volumes

As defined previously, the merging capacity is the maximum number of vehicles that
can be accommodated with a continual backlog or queue of ramp vehicles. Whenever
the opportunity occurs for r vehicles to enter the shoulder-lane stream, there must, of
course, be at least r vehicles queued on the ramp to utilize this capacity potential. Al-
though the delay or queue lengths associated with such a traffic condition could be ex-
cessive, they were not considered in the capacity analysis. However, in order to pro-
vide a certain level of service, the determination of merging service volumes must take
delays or queue lengths into account.

In an earlier report in this series (6) expressions were derived for the mean and
variance of the delay suffered by ramp vehicles in position to merge. They are



51

a
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i
wr L o
i=0

where a is the parameter of the Erlang distribution denoting the distribution of head-
ways in the shoulder-lane stream.

Considering the ramp junction as a queuing system, the entrance ramp vehicles ar-
rive at the junction at a rate, q,, and are obliged to yield to the freeway traffic, thus
forming a single line waiting for successive vehicles at the head of the queue to merge.
If the moments of the distribution of time, f(t), spent by vehicles at the head of the
queue are given by Eqs. 4 and 5, the expressions for some useful queuing parameters
may be developed.

Let ny, n, denote the ramp queue lengths immediately after two successive ramp ve-
hicles Cy,, C; have merged. Let t be the service time of C, and r be the number of
ramp vehicles arriving while C, is being served. If a random variable §is introduced
such that 6 = 1ifn, = Oand § = 0if n; # 0, then it follows that

n, = n+r-1+5 (6)

It is to be noted from the definition of § that 8% = & and that n 6 = 0, and hence, from
Eq. 6, on taking expected values, we obtain

E(m,) = E(n,) + E(r) - 1 + E(p) (7
If the system is assumed to be in a state of statistical equilibrium, then

E(nl) = E(no) = E(n)
and
E() = q; E(t)y
Thus, substituting in Eq. 7,

E®) = 1 - qp E() (®
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However, we also know that by definition

1
E@B = D 6P = P6=1 = Pln,=0 = P, )
6 =0
Equating Eq. 8 to Eq. 9, one finds that
(1 - Po) (10)

qr = ——EW

The ramp flow, g, may be interpreted as a ramp service volume as opposed to ramp
capacity; P, is the probability of a ramp arrival finding the merging area empty, and
as such affords a measure of level of service. Substituting Eq. 4 in Eq. 10 and arbi-
trarily allowing P, to equal 0. 67 provides the basis for the ramp service volume curves
in Figure 3. For example, for a = 1, the ramp service volume is given by

q = 0.33q (eqT -qT =~ 1)” (11)

Figure 3 illustrates the relationship between the freeway shoulder-lane volume, q,
the headway distribution of the shoulder-lane stream as defined by the Erlang param-
eter, a, the critical gap, T, and the ramp volume, ¢_,.- Consider an entrance ramp op-
erating with a critical gap of 4.0 seconds and with the distribution of freeway traffic
conforming to an Erlang distribution with a = 2. It is apparent that the sum of the co-
ordinates of any point on the line T = 4 in the graph a = 2 of Figure 3 describes the
merging service volume for that ramp. For example, the point described by q = 1500
and q,. = 120 tells us that the merging service volume is 1620 and that under these op-
erating characteristics, a ramp arrival has a 67 percent chance of finding the ramp
empty or a 33 percent chance of finding a vehicle ahead of it trying to merge.

In the design of a new facility, however, the engineer is confronted with a set of as-
signed volumes and has no knowledge of the value of T and a, and is therefore at a loss

as to which curve or even which
set of curves to use for deter-
mining the service volume of a

70 proposed design. Toward this
end, the collected data were ana-
lyzed with the objective of formu-
Pl lating relationships that would be
— useful to the designer in that they
40 v should allow the prediction of the

- Erlang parameter, a, and the
46 L ) ,/ initial gap, T, from information
that would normally be available.
= The Erlang parameter is
largely affected by the volume
20 level. To be sure, there are
/ several other variables, such
7 as alignment, grade, and other
- environmental elements, that
affect the value of a. However,
in the absence of any knowledge
W 555 200 500 B0 0o o o6 of these variables, the curve
FREEWAY OUTSIDE LANE VOLUME (VPH) shown in Figure 4 has been found
to approximate the value of a as
Figure 4. Approximate value of Erlang a as related to related to the freeway volume.
the freeway outside lane volume. This curve can be used in con-
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0 junction with the relationships shown

earlier in Figure 3 to develop the set of

— curves shown in Figure 5, which relates

the ramp service volume to the outside

| | freeway lane volume and the critical gap,
% T, eliminating the need for a knowledge

90

120 of the Erlang parameter, a, of the free-

way traffic time headway distribution.

4 The critical gap, T, can be estimated
T from the geometrics of the entrance ter-
P A I minal. Before this is treated in detail,
some other measures of level of ser-
vice will be discussed.

400 4= The mean queue length confronting an
arriving ramp vehicle and its delay (time
in the system) are additional measures
_ of the level of service afforded ramp traf-
800 fic. Expressions for these parameters
600 vH 800 1000 1200 1400 1600 1800 are obtainable using the techniques in
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FREEWAY OUTSIDE LANE VOLUME, q(VPH) Eqgs. 6 through 11. Squaring both sides
of Eq. 6 and taking expected values as
Figure 5. Maximum service volume g, for a ramp before leads to

arrival to have a probability of 0.67 of finding no

ramp vehicles in the mergi rea.
pven e E(r - 12 + E(§%) + 2E[n(r - 1] +

LI
2E[6(r - )] =0
which reduces to

Ba,) = o+ Sl P (12
where o = ¢ E(t).

It is now necessary to calculate E(r?), the second moment of the number of arrivals
in the service time, t, making use of its relationship to the mean and variance in ar-
rivals. Assuming that ramp arrivals are Poisson and remembering that "averaging"
here must be carried out with respect to both r and the service time, t, we have

E(r?) = QrE(t) + QrzE(tz)

and, considering the relationship between the first two moments and the variance

E(t*) = o’(t) + E*t)
then
E(r®) = o + p° + qrzcz(t) (13)
Substituting Eq. 13 in Eq. 12 gives the expected queue length on the ramps as
2.2 2
qro (t) + 0
E(n) p + —Z—(—lT ( )

If w is the waiting time (before merging) of C,, then n, ramp vehicles arrive in time
t + w. Thus, since the mean arrival rate is q,,
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E@m) = qrE(t + W)
and
Ew) = [E@/q,] - E®) (15)
It follows that the mean wait in the system for a ramp vehicle is
E(v) = E(@)/q, (16)
The curves for Eq. 16 are plotted in Figure 6 in terms of the shoulder-lane volume, q,
and the ramp volume, ¢ .. The distribution of headways on the shoulder lane is as-

sumed to be random (a = 1) with critical gap values of T = 3, 4, 5, and 6 seconds.

Estimation of the Critical Gap

As indicated previously, the critical gap, T, must be estimated in order to find the
capacity and service volume of a proposed design. This estimation must, of course,
be based on the geometrics of the merging area.

The elements of good design for an entrance ramp junction are well documented.
They are, to name a few: (a) adequate length for drivers to accomplish merging; (b)
a flat angle of approach that aligns the driver along an easy and natural path into the
acceleration lane; (c) good visibility to allow the entrance ramp driver to judge and
accept a freeway gap with a minimum of indecision; and (d) a clearly marked and
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acceptance characteristics.

delineated entrance ramp that
would eliminate any confusion in
distinguishing between the entrance
ramp elements and the main free-
way lanes.

Translated into geometric vari-
ables, the critical gap depends
primarily on the length of acceler-
ation lane, L, and the angle of
entry, 6. This effect was clearly
evidenced by the study data, as
demonstrated in Figures 7 and 8.
Figure 7 shows the effect of the

length of acceleration on the gap
acceptance bhehavior of drivers
for ramps having convergence
angles from 3 to 6 degrees. The
effect of the angle of convergence
on percent acceptance is shown in
Figure 8 for ramps having accel-
eration lanes between 650 and 800
ft. It can be seen that 50 percent

of the drivers accepted gaps less

than 1.5 seconds at the entrance ramp with a 3-degree angle of convergence whereas
the 50 percent percentile gap is 3.5 seconds for an 11-degree angle (8).

To determine the effects of acceleration lane length and angle of convergence on the
critical gap and to develop a relationship between the geometric variables and the gap
acceptance characteristic of an entrance ramp, two sets of regression analyses were
performed. Using as input data the gap acceptance characteristic developed from each
data film (8), regression equations were found for the 50 percentile or critical gap and
for the slope of the gap acceptance line, using a stepdown procedure.

The critical gap is given by
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20
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Figure 8. Effect of convergence angle on gap

acceptance characteristics.

5.547 + 0.8289 - 1.043L + 0.045L% - 0.0420° - 0.874S

where

6 = angle of convergence in

degrees;

L = length of acceleration lane
in stations; and
S shape factor

1 for taper type
0 for parallel type.

From the equation, it can be
seen that increasing the angle in-
creases the critical gap while in-
creasing the length decreases the
critical gap. As expected, then, a
lower angle of convergence and a
longer acceleration lane are desir-
able in the design of the ramp junc-
tion. Although this is not new, the
significance of the above equation
is that it quantifies these effects
so that the designer can determine
what is gained or lost by varying
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Figure 10. Gap acceptance characteristics as related to entrance ramp geometrics.

# and L. Curves for estimating the critical gap from the length of acceleration lane
and angle of entry are shown in Figure 9.

Another interesting aspect of this analysis is that it shows, for the first time in the
literature, a difference between a taper type and a parallel lane type of acceleration
lane—a topic that has given rise to considerable controversy. According to the anal-
ysis, which is based on observations of the operation of 13 taper type and 16 parallel
lane type acceleration lanes, a tapered entrance terminal will, on the average, have a
critical gap that is about 0.9 second smaller than that of a parallel lane type accelera-
tion lane with the same length and the same angle of convergence. This finding is not
to be construed as an unconditional endorsement of the taper type junction. Other fac-
tors such as grade, ramp length, and curvature and environment alsoplayanimportant
part. The limitations of the data and the foregoing analysis should be kept in mind.
Nonetheless, based on the study data, it appears that under identical conditions the
taper type acceleration lane has, on the average, a more favorable gap acceptance
characteristic than the parallel lane type.
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The stepdown regression analysis, with the slope of the gap acceptance line as the
dependent variable, yielded the following equation:

B, = 1.394 + 0.289¢ - 0.027Le¢

where
6 = angle of convergence in degrees;
L = length of acceleration lane in stations;
B, = slope of the gap acceptance line as expressed by Y = A + B X, Y being the

probit and X the logarithm of the gap size.

An increase in the angle increases the slope of the gap acceptance line and thus de-
creases the variance of the critical gap distribution while the acceleration lane length
has the opposite effect for a fixed angle of entry. Note that the shape of the accelera-
tion lane does not affect the variance of the critical gap distribution.

The gap acceptance characteristics based on the two regression equations are shown
in Figure 10 for different angles of convergence and different lengths of parallel accel-
eration lane.

APPLICATION TO DESIGN
Freeway Ramp Design Procedure

There are three basic procedures employed in checking capacity for the design of
entrance ramps. One method is based on preventing the total freeway volume upstream
of the ramp plus the entrance ramp volume from exceeding the capacity of a downstream
bottleneck. A second method takes into consideration the distribution of freeway vol-
umes per lane and then limits the ramp volume to the merging capacity less the up-
stream volume in the outside lane. The third method discussed in this report states
that the ramp capacity is limited by the number of gaps in the shoulder lane that are
greater than the critical gap for acceptance,

Figure 11, which is a modification of Figure 3, can be useful in the implementation
of all three approaches. Thus, if a ramp on a new facility is of a high-type geometric
design guaranteeing a low critical gap, methods 1 and 2 are applicable since the merg-
ing service volume will exceed any bottleneck service volume. However, if, due to the
terrain, spacing of interchanges, or ramp configuration, some compromise in the geo-
metric design of the ramp-freeway merging area is necessary, then the third method
should be employed.

The effect of poor ramp geometrics is evident. Consider the differences in ramp
service volumes for a shoulder-lane flow of 1200 vph (a = 3 from Figure 4) as the crit-
ical gap T increases from 3 to 4 seconds. From the lower left-hand graphin Figure 11,
one sees that q,. drops from 480 vph to 160 vph. To have used some arbitrary merging
service volume (say, 1800 vph) in the capacity check for this freeway would have been
a dangerous oversimplification. Actually, the entrance ramp design capacity curves in
Figure 11 or Figure 5 should be employed so that the individuality of each ramp junc-
tion is considered. The values of the critical gap, T, needed to enter the curves are,
of course, obtained from Figure 9.

Freeway design is, as are most real-world phenomena, a series of compromises.
Because of the spacing of interchanges on many urban freeways, the fulfillment of de-
sirable entrance ramp design, desirable exit ramp design, and the provision for an
adequate weaving section between them often offers a dilemma. The alternatives are
(a) reduction in the standards of one or more of the features, (b) elimination of one of
the features (such as one of the ramps), or (c) transferring the weaving from the free-
way to the frontage road. These alternatives should be evaluated in terms of their cost
and their effect on adjacent facilities such as adjacent interchanges, and cross-street
signalization. The procedure described in this paper enables a designer to evaluate
alternatives more rationally and, if compromise is needed, to select the element or
location where it will be the least objectionable.
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APPLICATION TO CONTROL

Freeway Surveillance and Control

The term "'surveillance' has developed inthe highway terminology primarily in the
last decade and denotes the observation of conditions in time and space. Initially, urban
freeway surveillance was limited to moving police patrols. Recently, helicopters have
been used for freeway surveillance in many metropolitan areas. Efficient operation of
high-density freeways is, however, more than knowing the location of stranded vehicles
or the qualitative description of the degree of congestion by high-flying disk jockeys.
Television surveillance became an operational reality in the late 1950's both in the
United States and Europe. The Port of New York Authority used closed-circuit tele-
vision for monitoring traffic in the Hudson River tunnels and in Germany, a well-
publicized TV system was developed to monitor traffic at a major complex urban
intersection.

Experimentation with closed-circuit television as a freeway surveillance tool was
initiated on a 3-mile section of the John C. Lodge Freeway in Detroit. This offered
the opportunity of seeing a long area of highway in a short, almost instantaneous period
of time made possible by spacing cameras along the freeway so that a complete picture
could be obtained of the entire section of the roadway. The system was put into use in
the summer of 1961.

A similar closed-circuit television system exists on a 6-mile section of the Gulf
Freeway in Houston. It permits complete surveillance of the traffic flow as well as the
expedient handling of accidents or stalled
vehicles on the freeway. The television
monitors are housed in a central control
center, shown in Figure 12.

Making better use of traffic facilities
has long been a basic concept of the traf-
fic engineer. However, the installation
of access controls on freeways to obtain
better traffic flow was not originally con-
ceived for these facilities. The rapid
growth of traffic demand in our urban
areas, coupled with the long-term con-
struction requirements for building an
extensive urban freeway system, has re-
quired the application of a control concept
to freeway operation.

Evolution of Ramp Control Criteria

When demand exceeds or sometimes
only approaches the capacity of a system,
there is a self-aggravating deterioration
of operation and build-up of congestion.

In such cases, classical control systems
are employed to either make the facility
flexible enough toaccommodate fluctuations
in demand or to reduce the magnitude of
the demand fluctuations. Freeway surveil-
lance and control projects are necessarily
limited to the latter. One approach, pio-
neered by the Detroit project, is to inform
the motorist of traffic conditions by using
lane controls and variable speed messages.
Figure 12, Monitor arrangement in central con- A second and more positive approach is
trol center. exercised at the point or points of ingress,
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Figure 13. Automatic ramp controllers.

such as the entrance in the case of tunnel
control or the on-ramps in the case of
freeway control.

Metering, the process of controlling
the amount of entering traffic, was devel-
oped by the Port of New York Authority.
The first step was the identification of the
bottleneck at the foot of the tunnel upgrade.
Secondly, a mathematical model (15) was
formulated to describe the behavior of ve-
hicular traffic in the tunnel. The signifi-~
cant feature of the model was its predic-
tion of shock waves upstream of the bottle-
neck. The remedy consisted of metering
traffic at the entrance of the tunnel to pre-
vent the development of instability by
keeping traffic density below some critical
value and by keeping the traffic demand
below the bottleneck capacity.

Based on the success of metering in the
tunnel, a similar control plan was formu-
lated for the Eisenhower Expressway by
the staff of the Chicago project. Two bot-
tlenecks on the outbound facility were iden-
tified within the study area (i6). The one
farthest upstream is caused by a reduction
‘n the number of lanes from four to three
without a corresponding reduction in traf-
fic demand. The second bottleneck, farther

downstream and the last bottleneck on the outboard expressway, is caused by fairly heavy

on-ramp traffic and is located at the top of an approximate 100-ft 3 percent upgrade.
Two metering techniques were developed. One technique used a point density or oc-

cupancy measurement on the freeway just upstream of the entrance ramp to be metered;

Figure 14. Ramp control signal.

the other used a volume measurement on
the freeway about one-half mile in advance
of the entrance ramp, and an exit ramp
volume between the freeway volume mea-
surement and the entrance ramp. After
further study, the technique based on oc-
cupancy was selected in which a value of
15 percent occupancy on the center lane
was used as a control parameter for ini-
tiating metering. From a relation estab-
lished between the center lane occupancy
and the maximum safe ramp volume, a
metering rate was established for various
levels of occupancy.

Some researchers who followed the
Chicagoexperiments were more impressed
by the use of a freeway capacity-demand
relationship as a control parameter for
ramp metering. Wattleworth (17) has
championed this '"capacity-demand" cri-
terion in which an individual ramp would
be metered according to the difference be-
tween the upstream freeway demand and
downstream freeway bottleneck capacity.
He has also developed a linear program-
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ming model in which several entrance ramps in a freeway system would be metered so
as to maximize the output of the system subject to constraints assuring that the demand
will not exceed the total directional capacity at each freeway bottleneck (18).

In a paper presented in 1963, Drew (19) described a "moving queues' model based
on coordinating ramp metering with the detection of acceptable gaps in the outside free-
way lane. An acceptable gap is defined as one equal to or larger than the critical gap
(that gap for which an equal percentage of ramp traffic will accept a smaller gap as
will reject a larger one). Moving queues or platoons occur when the time headway or
gap between successive vehicles is less than an arbitrary queuing headway. Since the
queuing headway is taken as the critical gap, the number of ramp vehicles to be metered
in some time-constant equals the number of moving queues detected. The average num-
ber of vehicles per moving queue, as the reciprocal of the probability of a gap larger
than the critical gap, provides a rational index of freeway operation. The model has
the flexibility of metering a single ramp vehicle per available acceptable gap on the
freeway or metering ramp vehicles in bunches or platoons using a '"bulk service"
technique (12).

—_— e — e

RAMP SIGNAL —o~

&
£

DETECTION OF ACCEPTABLE GAP

VEHICLE MERGE

Figure 15. Illustration of gap acceptance mode of ramp control.
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Automatic Ramp Control

Before an automatic ramp metering system is designed, its purposes and objectives
should be considered. Assuming the proposed ramp metering system is both a research
and an operational tool, it should involve the continuous sampling of basic traffic char-
acteristics for interpretation by established parameters, in order to provide a quanti-
tative knowledge of operating conditions necessary for immediate rational ramp con-
trol. In short: the system should be traffic-responsive, and it should be automatic.

Functional specifications were developed by the Texas Transportation Institute on a
companion project sponsored by the Texas Highway Department and Bureau of Public
Roads for the controllers shown in Figure 13. The controller on the right is called the
"Gap Acceptance Mode' or Mode I. It detects gaps (or time spacing between vehicles)
in the outside lane of the freeway upstream of an entrance ramp and evaluates the size
of these gaps with regard to their ability to accommodate a vehicle entering from the
ramp. When a desirable freeway gap is detected, it is projected downstream by means
of a delay circuit to a point where a waiting vehicle on the entrance ramp can be merged
into the gap. At this time, the signal on the ramp (Fig. 14) turns green and releases a
ramp vehicle for a smooth merge into the freeway. The functional process followed by
the controller is illustrated in Figure 15.

Operation of the Gap Acceptance Mode

The Gap Acceptance Merging Control Mode, designated Mode I, was installed in
March 1966 on the Telephone Road inbound entrance ramp of the Gulf Freeway. The
control of the signal is completely automatic. Loop detectors on both sides of the sig-
nal provide the calls for the green and red signals. Control is designed for either
single vehicle or multi-vehicle entry. The detectors, speed and volume computers,
and signal controller are rackmounted in the Surveillance Center. The closed-circuit
television system in the Surveillance Center is used to observe the operation of the
signal.

The control of the ramp signal is basically by the detection and projection of accept-
able gaps. However, because of the nearby intersection, the length of queue waiting
at the signal has a control function. As a safeguard against long delays of the signal
due to slowdowns on the freeway lanes, the speed of traffic in the outside lane is a sec-
ond basis for control. There is also a provision for keeping the ramp area from signal
to the freeway clear. These functions are explained in the following paragraphs (20).

Gap Projection—A loop detector, placed about 950 ft upstream of the ramp nose (see
Note 1in Fig. 16), measures all gaps in the outside lane and allows the calculation of
the speed of traffic flow (Note 2, Fig. 16). When a gap is detected that is equal to or
greater than the designated acceptable gap size, it is projected in the controller at a
rate defined by the speed in the outside lane. If a ramp vehicle is waiting at the ramp
signal, a call for the green signal is made when the projected gap reaches that position
in time, designated the decision point, at which the travel time of the gap to the merge
area is the same as the anticipated travel time of the ramp vehicle from the signal to
the merge area (Note 3, Fig. 16). However, the green signal will not be called if there
is a ramp vehicle stopped over the merge detcctor (Note 6, Fig. 16).

If the gap is equal to or greater than the designated acceptable gap size for more
than one vehicle, the controller holds the green signal until the gap passes the decision
point (Note 7, Fig. 16).

Speed of OQutside Lane Traffic—A loop detector placed at the nose of the entrance
ramp measures the speed of traffic flow, which is used to select the size of the accept-
able gap. When speeds in this area drop below a preset speed, a background cycle rate,
set on a fixed rate control, is put into effect. The signal continues to release vehicles
when acceptable gaps become available, but it also releases vehicles after a specified
waiting time. The difference in this rate and the rate called by the queuing detector de-
scribed in the next paragraph is that this rate is a minimum setting, and is called when
the freeway is in a very slow and congested condition. This control overrides the queu-
ing detector. The fixed rate setting is usually in the range of 150 to 200 vehicles per
hour.
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Length of Queue—A loop detector is placed in the pavement of the left lane of the in-
bound frontage road near the Telephone Road intersection. If the queue at the ramp sig-
nal is greater than 14 or 15 vehicles so that this loop becomes occupied for longer than
a preset time interval, a background cycle rate, set on a guaranteed rate control, is
put into effect. This rate stays in effect only as long as the queuing detector is timed
out. The guaranteed rate setting is usually of the order of 500 to 600 vehicles per hour.

Occupancy of the Merge Area—A loop detector. is placed in the pavement of the ramp
just upstream of the merging area. All vehicles entering the freeway from the ramp
will actuate the detector. If a vehicle stops on the ramp in this area, blocking the en-
trance to the freeway so that the detector times out a preset interval, the controller
will hold the signal in red until the detector is cleared (Note 6, Fig. 16).

Ramp Metering vs Merging Control

The interest of research lies in the subtle blending of theory and experiment. Scien-
tific theories excite the curiosity; they are always useful, and occasionally they may be
even beautiful. Based on theory, we predict as precisely as possible what should hap-
pen in some new experiment. While carrying out the appropriate test, we are hoping
that the theory will work, and our moment of triumph occurs when our theory has pre-
dicted some new phenomenon accurately for the first time. On the other hand, if the
theory is not ours but a rival theory, there is, added to our own curiosity in setting up
the experiments to test it, a sense of rivalry. We now plan and carry out the experi-
ments hoping to disprove this theory; similarly, the rival researcher is planning to try
to disprove our theory. Attempting to disprove theories in this way is a very important
part of scientific endeavor ihai cun be compared to the role of the opposition party in
government. This common interest of many researchers in the same phenomenon
causes some new theories to be refuted and others, after repeated testing, to be ac-
cepted, and as such is necessary to the growth of science.

The significance of the Gap Acceptance Merging Control Mode lies in its conceptual
appeal. Note the use of the term '"merging control' rather than 'ramp control" in
describing the mode. The Gap Acceptance Mode is the only metering system that at-
tempts to aid the ramp driver in the merging maneuver. This is important and shall
be explained in more detail.

When the volume of traffic on a freeway begins to approach capacity, the merging
driver is placed in an extremely difficult position. The number of acceptable gaps in
the freeway stream decrease sharply as the freeway volume increases. At these higher
volumes, the merging driver cannot always defer his decision to merge until he is on
the acceleration lane. Instead he must detect the location of gaps inthe oncoming stream
before he reaches the acceleration lane. Operating in this manner, he must project
the progress of a gap onto the acceleration lane in order to decide whether or not it
will be available to him. This, in turn, requires that he estimate his own speed and
acceleration as well as the speed and size of the gap in order to decide whether there
will be sufficient space for the merging maneuver to be completed successfully within
the limit of the acceleration lane.

Michaels and Weingarten (21) do not think it is possible for the driver under these
circumstances to reliably solve the appropriate equations of motion. They state:

It is obvious that as the mainstream volume approaches capacity, the merging
driver's task becomes for all practical purposes impossible. Thus, effective

ramp metering will require the equations of motion to be solved automatically
whenever a vehicle enters a ramp. Mathematically, the problem is quite simple,
requiring a knowledge of the location of gaps and their speed. Knowing some-
thing about the accelerating capability of the ramp vehicle and the length of
the ramp and acceleration lane, a perfectly determinate solution is possible.
Instrumentation to carry out these operations is well within the state of the

art of existing electronic technology.
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The gap-oriented system installed at the Telephone Road interchange locates free-
way gaps and their speeds, compares these gaps to a 'critical gap," takes into account
the accelerating capability of the ramp vehicles and the length of the ramp and accel-
eration lane, and solves the equations of motion automatically before the metering sig-
nal is actuated to allow a vehicle, or vehicles, to make a smooth merge. In addition
to the increased efficiency so obtained, other factors such as safety and higher ramp
capacity are improved for a comparatively low installation cost.

Considering safety, any speed differential at a point in the traffic stream in either
a longitudinal or transverse direction is dangerous. A vehicle that stops in a traveled
lane is in particular danger; it is a safety hazard to the remaining traffic, to its driver,
and to its occupants. This is indicated by the high percentage of accidents of the rear-
end type that occur at induced stop and yield locations such as the freeway mergingarea.
The Gap Acceptance Mode virtually eliminates ramp vehicles stopped in the merging
area, thereby contributing greatly to safe operation. In addition, the system affords
the opportunity for increased ramp capacity over other metering models. In systems
that meter ramp vehicles one at a time, the ramp capacity is obviously a function of
the ramp cycle length. Since it takes about 4 seconds to go through the ramp signal
cycle, the maximum metering is at a rate of one vehicle every 4 seconds or 900 vph.
The Mode I system can meter at a faster rate because it has the flexibility to meter
more than one ramp vehicle whenever large freeway gaps are detected.

In conclusion, the Gap Acceptance Mode provides the merging driver with the neces-
sary information to know that a sufficient gap is available. Second, because of its
nature, it is also a metering system. Such a dynamic merge-aiding and metering tech-
nique appears to be a very attractive and inexpensive way of maintaining high efficiency
of flow on a freeway and at the same time of obtaining maximum ramp capacity and
merging safety.

Integrated Freeway Control

With the exception of the Gap Acceptance Merging Control Mode, all the ramp meter-
ing techniques in use today may be classified as macroscopic in nature. For example,
in the capacity-demand criterion of ramp metering, a ramp is metered according to
the difference between the upstream freeway demand and downstream bottleneck capac-
ity. In other words, steady-state stability is maintained as long as the demand-capacity
ratio is less than unity. On the other hand, the merging control criterion is micro-
scopic in nature since it considers each freeway gap and each ramp vehicle individually.

The graphs in Figure 11 point out the differences in the macroscopic philosophies of
ramp metering and the microscopic merging control approach. In the macroscopic ap-
proach, metering would be based on one of the dashed lines (one representing the bound-
ary between stable and unstable flow and the other representing capacity) regardless of
the ramp geometrics or eritical gap. This means that for all conditions except those
described as unstable flow on the graph, vehicles would be metered at a faster rate than
the service rate at the merging area, as dictated by the available critical gaps, forcing
drivers to either accept smaller gaps than the critical gap or become part of a steadily
growing queue at the merging area.

This figure also illustrates the need for a ramp control technique combining both the
macroscopic and microscopic approaches. For conditions described on the graph by
"unstable flow," the ramp geometrics do not govern and hence the macroscopic approach
based on the downstream bottleneck service volume applies. However, to the left of
the 1800-vph line dividing stable and unstable flow, the critical gap governs, since the
merging service volume is less than the bottleneck service volume.

Looking ahead, it is well known that optimization of a part of a system or subsystem
does not necessarily lead to the optimum solution for the entire system. Similarly,
optimizing the operation of a single merging control system may not necessarily lead
to the optimization of the overall system. The entrance ramp control curves in Figure
11 afford the flexibility of controlling all the ramps in a freeway system according to
either the individual merging areas or the downstream bottlenecks.
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Criteria To Be Used in Developing Warrants for
Interchanges on Rural Expressways

C. W. OCKERT, Transportation Planner, Regional Planning Council, Baltimore, and
C. R. WALKER, Assistant Commissioner of Traffic Engineering, City of Toledo

»INCREASING travel demands between cities have prompted highway officials to plan
for the replacement of many antiquated two-lane highways with high-type multi-lane
divided expressways. [The term "expressways'' as used here is defined as "divided
arterial highways for through traffic with full or partial control of access' (1).] It is
apparent that the Interstate System alone will not provide adequate service for all high-
volume traffic corridors. Many state highway departments have recommended that ex-
tensive expressway systems be built to connect intermediate-sized cities, thus allevi-
ating conditions involving inadequate capacity, high accident rates, and intolerable
driver delay and inconvenience.

Proposed design standards for the supplemental expressways specify control of di-
rect access and high design speeds. One vexing problem to be decided on many of the
proposed expressways is the treatment of intersections between the expressways and
other highways. In most cases, it is considerably less expensive to build at-grade in-
tersections rather than grade-separated interchanges because costly grading, bridging,
and ramp construction can be avoided. However, if interchanges are constructed, many
stops and slowdowns can be eliminated, These maneuvers are costly to motorists in
both time and operating expense.

To facilitate decision-making, established warrants are needed for use in selecting
proper intersection treatment at various traffic conditions. Present warrants lack a
quantitative basis from which analytical comparisons can be made of consequences re-
sulting from the construction of either an at-grade intersection or an interchange. With
a sound knowledge of these consequences, the decision to designate an expressway as a
freeway can be objectively made.

SELECTION OF CRITERIA

Three basic criteria—level of service, safety, and economics—should be taken into
account in deciding the proper treatment of intersections. The degree of driver incon-
venience and delay is an indicator of the level of service provided by a highway facility.
One of the most common ways of measuring the relative level of service between two
alternative design treatments is to determine the savings in travel time.

Public safety must be a major concern in planning highway systems. It is not yet
possible to estimate reliably the number of accidents that can be saved by constructing
an interchange rather than an at-grade intersection. Much more research is needed to
relate accident experience with specific design features.

Another fundamental criterion is the comparison of user benefits realized by provid-
ing an interchange rather than an at-grade intersection with the extra cost involved in
constructing and maintaining the interchange. In this study, the ratio of benefits to
costs for a diamond interchange vs a signalized intersection is presented as a function
of traffic conditions.

Paper sponsored by Committee on Quality of Traffic Service and presented at the 47th Annual
Meeting.
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DESCRIPTION OF MODELS

The movements of vehicles traversing both the at-grade signalized intersection and
the diamond interchange were simulated so that the complex interaction between vehi-
cles could be quantitatively measured. Operating costs were determined for each ve-
hicle by applying unit costs based on the type of maneuvers undertaken by the vehicle.

Signalized At-Grade Intersection

The computer program developed by Gerlough and Wagner (g) was chosen to simu-
late traffic moving through the at-grade intersection because of its inherent realism
and flexibility. With this program, all input parameters could be controlled to deter-
mine the effect of changing traffic volumes.

During the simulation process, a record of the behavior of each vehicle as it tra-
versed the intersection was recorded. Data on time, position, acceleration rates, and
speed were punched on cards whenever a vehicle entered the system, changed lanes,
leveled-off speed afier acceleration or deceieration, or ieft the system. This ouiput
was used as input to the vehicle operating cost program. In this computer program,
consecutive cards for the same vehicle were compared to determine whether the vehi-
cle had been traveling at uniform speed, idling, or changing speed. If the speeds were
the same, a cost for traveling at a uniform speed was calculated by multiplying the ap-
plicable unit cost for that speed by the distance traveled. Different unit costs were
used for passenger vehicles and trucks.

If both speeds were zero, the cost of idling was calculated by multiplying the unit
idling cost by the difference between the times on the two cards. If the speed had in-

nmr,
creased or decreased, the cost of either accelerating or decelerating was calculated by

adding the excess cost of changing speeds to the cost of operating at the higher speed.
The excess cost of changing speeds was a function of both the initial and final speeds.
Whenever a vehicle left the system, the operating costs for that vehicle were totaled
and the total elapsed time was calculated. These costs and times were added to costs
and times of other vehicles making the same movement. At the end of the run, average
costs and travel times for each movement were determined and printed on a summary
report. The traffic volumes simulated are given in Table 1.

The mean values obtained in each of the 19 simulation runs were used to develop re-
gression equations, which yielded either unit operating costs or mean travel times for
each movement as a function of hourly arterial and expressway traffic volumes. Pas-
senger vehicles and trucks were treated separately in the regression equations. Op-
erating costs and total travel times during an average day were determined by applying
the regression equations to the traffic volumes occurring during each hour of the day
and summing over 24 hours.

Diamond Interchange

Behavior patterns and travel times of vehicles traversing the diamond interchange
were obtained by simulating the operation of cars and trucks having mean speed, ac-
celeration rates, and deceleration rates. Speed-time graphs were used to analyze both

TABLE 1
AT-GRADE INTERSECTION SIMULATION RUNS

Arterial Expressway Volume (vph)

Volume
(vph) 200 500 800 1,100 1,500
100 b

250

400 X
600
800

KX KB R
e T
®o X X M
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car and truck maneuvers for each turning movement. Stopped-time delay at the stop
sign located on the ramps at the arterial highway was derived from data presented by
Kell (Q). The operating costs of vehicles traversing the interchange were calculated
using the same procedures employed in the at-grade vehicle operating cost program.

INPUT PARAMETERS TO MODELS

Geometric Configuration

The boundaries of the study were chosén as 2,000 ft upstream on each approach and
3,000 ft downstream on each exit, The geometric plans for the at~grade intersection
and the diamond interchange are shown in Figure 1. Outside the intersection area, the
expressway is a four-lane divided access-controlled highway. The arterial highway
has been widened to accommodate two approach lanes near the intersection to provide

Signalized At-Grade Intersection

Diamend Interchange

Figure 1. Geometric plans of the at-grade intersection and the diamond interchange.
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additional capacity. Left-turn lanes on the expressway were introduced on the at-grade
intersection mainly as a safety feature. A high type of design was selected for the at-
grade intersection so that the results of the study would be conservative. Therefore,
the actual benefit at a lower type of design would be even greater than that determined
by this study.

The interchange ramps were designed for speeds of 40 mph. Adequate sight distance
for turning traffic was provided by placing ramp terminals 570 ft from the center of
the bridge.

Signal Timing

A two-phase pretimed signal was used to control the traffic entering the at-grade
intersection. The majority of rural intersections are controlled by full vehicle-actu-
ated signals. Because this type of controller logic was not written for the at-grade
simulation program, a substitute controller was sought that would replicate the vehic-
ular delay encountered at an actuated signal. Several researchers (2, 6) have found
that it a pretimed signal is set according to Webster's (E) optimum timing formula,
both stopped-time and total delay are very close to and sometimes even below that
found at intersections controlled by traffic-actuated signals.

A cycle length was determined for each hourly traffic volume combination using
Webster's formula, Initial starting delay was set at 3.5 seconds and the mean satura-
tion flow used was one vehicle every 2.2 seconds. The computed cycle lengths agreed
very closely with the optimum cycle lengths determined by Kell (10). Yellow times of
5 seconds were calculated using Olson and Rothery's (13) formula. Green time was
allocated to the two phases according to the distribution of the critical lane volumes on
the expressway and arterial.

TABLE 2
DRIVER CHARACTERISTICS USED IN THE SIMULATION MODELS

Driver Characteristic Value Used Source
Mean desired speed Towa Highway Comm. (9)
Autos
Expressway 60 mph
Arterial highway 55 mph
Trucks
Expressway 53 mph
Arterial highway 48 mph
Standard giviaﬁon of speed - Oppenlander (14)
pressway .2 m
Arterial highway 8.2 mph
Normal acceleration rates
Autos Field Study
0-10 mph 7.0 ft/sec’
10-20 mph 6.1 ft/sec’
20-30 mph 3.6 ft/sec®
30-40 mph 2.8 ft/sec®
40-50 mph 2.0 ft/sec’®
50 mph and above 1.4 ft/sec?
Trucks Deen (3)
0-10 mph 4.8 ft/sec® =
10-20 mph 2.5 ft/sec’
20-30 mph 1.6 ft/sec’
30-40 mph 0.85 ft/sec”
40-50 mph 0.8 ft/sec”
50 mph and above 0.8 ft/sec?
Normal deceleration rates -4.4 ft/sec” Ohio State Univ. (12)
Standard deviation of deceleration 0.7 ft/sec? Ohio State Univ. (12)
Maximum deceleration rate -15 ft/sec® Norman (11) o
Characteristic speed Edie et al (4)
Expressway 32.5 ft/sec N
Arterial highway 29. 8 ft/sec
Arrival distribution * shifted exponential
Driver reaction time 1.0 sec Forbes et al (5)
Probability of stopping on yellow varies Gerlough and Wagner (6
Probability of changing lanes varies Gerlough and Wagner (6

Probability of gap acceptance by
left turners varies Gerlough and Wagner (6)
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Driver Characteristics

The driver characteristics used in the simulation models are given in Table 2,

Basic Traffic Parameters

During each simulation run, left and right turning movements were each set at 20
percent of the minor approach volume. Truck volumes were assumed to be 20 percent
of the total volume on the arterial highway and 28 percent of the total volume on the ex-
pressway. Lane distribution of approaching straight-through traffic was obtained by
field observations. The variation of traffic assumed to occur during each hour of an
average day is given in Table 3.

The values assumed for the basic parameters are typical for the type of facilities
being studied (7). Other values were also investigated to determine the sensitivity of
the final results to these parameters.

COSTS

Unit Operating Costs

The unit operating costs used were those assembled by Winfrey (17) Costs included
were for fuel (including 10 cents tax), tires, engine oil, vehicle maintenance, and ve-
hicle depreciation. Winfrey's tables represented the fmdmgs of many recent studies
concerning fuel and oil consumption and tire wear. Unit operating cost tables were
presented for three different types of maneuvers: (a) traveling at uniform speed, (b)
idling, and (¢) changing speed. Winfrey presented tables for five types of vehicles.
The tables for passenger vehicles and pickup trucks were weighted (93 percent passen-
ger vehicles and 7 percent pickup trucks) in order to arrive at operating cost tables for
a combination passenger car-pickup truck since these vehicles have similar operating
characteristics. Likewise, cost tables for single unit and tractor-trailer semi-trailer
trucks were weighted by the following distribution to arrive at cost tables for a typical
truck: single unit trucks, 47 percent; 2-8S2 TTST trucks, 31 percent; and 3-S2 TTST
trucks, 22 percent. These distributions are representative for many types of arterial
highways (7).

Time Costs

The benefit obtained by providing an interchange depends to a great extent on the
value given to time. The proper value to use is
controversial. Many authorities suggest values
near $1.50 per hour. One question that might

TABLE 3 indicate that this value is too high for this analy-
TYIKSCS{‘ULMESU%Q%;PSER‘I’I?SI?EION sis is: Do the small increments of time saved by
AVERAGE DAY each individual by providing an interchange ac-

tually bring an overall economic gain? Because

et Eeed Percentage of this controversy, values of both zero and $1.50
a.m. p.m. per hour will be considered.
12- 1 1.4 5.6 .
2- 3 1.2 6.2 A reduction of accidents resulting from the
3- 4 1.3 6.9 provision of an interchange will provide an eco-~
45 2.0 6.6 nomic benefit. These benefits should be included
5- 6 3.4 5.8 in the economic analysis. Measures of accident
6- 1 48 4.9 costs have always been difficult to make. The
7- 8 5.3 41 costs used in this study were those determined
g i - 5.4 by the Illinois Division of Highways (8). Only
610 o 4.9 direct costs were considered. The distribution
of the accident severity at rural signalized inter-

10-11 5.3 2.8 p : PR
o g g sections was also determined by the Illinois Di-

vision of Highways (8). The same distribution
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TABLE 4

AVERAGE COST PER ACCIDENT AND FREQUENCY OF
ACCIDENT TYPE

Frequency
Accident Type Cost Per Accident
Number Percent
Fatality $7,272 13 0.2
Personal injury 1,780 1,958 26.8
Property damage only 186 5, 322 73.0
7,293 100.0

was assumed for the diamond interchange. An average cost of $626 per accident was
obtained by weighting the cost of each type of accident by its frequency. Frequency

Aiotrihiitin i i
distributions and costs are given in Table 4,

Maintenance Costs

Few studies have provided detailed figures on maintenance costs. By using a rough
figure of $5,000 per mile per year, it was estimated that maintenance costs would be
$4,300 per year higher on the diamond interchange than on the at-grade intersection.

Construction Costs

The cost of providing either an at-grade intersection or a diamond interchange can
vary greatly depending on many variables. Typical costs of high-type signalized inter-
sections range from $200,000 to $350,000 while typical costs for diamond interchanges
range from $480,000 to over $840,000. Because of these varying costs, three cost
differences—$280,000, $400,000, and $680,000—will be compared with the benefit ob-
tained by providing the diamond interchange.

An amortization period of 20 years was assumed. Because the extra money spent
on the interchange could be invested in other worthwhile investments, an interest rate
should be considered. Interest rates of zero and 7 percent will be used to determine
the sensitivity of the results to this variable.

RUNNING THE AT-GRADE SIMULATION PROGRAM

By analyzing the variability of vehicle travel times, it was determined that a mini-
mum sample size of 20 vehicles for each movement would be necessary. With this
sample size, the sample mean would be within 7.5 percent of the true mean at the 95
percent confidence level. The amount of real time simulated during each run was es-
tablished to provide at least this number of vehicles in each turning movement. Alto-
gether, the behavior of about 7,700 vehicles was simulated in the 19 at-grade simulation
runs.

RESULTS

Level of Service

The level of service provided by alternative highway facilities should be a major
consideration in deciding which alternative should be built. There are two questions
that should be asked when deciding between alternatives:

1. Does the level of service provided on each alternative meet the minimum ac-
ceptable standards set by the decision-maker?

2. Is the level of service provided by one alternative facility significantly superior
to that provided by the other?

The level of service provided to drivers making each movement should be investi-
gated to insure that minimum acceptable service is being provided to all movements
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during the design hour. Also, a particular movement may be of special concern to the
decision-maker. For example, in an effort to provide a continuous high level of ser-

vice on the expressway, the decision-maker might give priority to the alternative that
provides the higher level of service to the drivers desiring to proceed straight through
on the expressway.

Total travel time was the primary index of the relative service levels measured in
this study. Comparisons of total travel time incurred by vehicles making each move-
ment are shown in Figure 2 for the expressway and Figure 3 for the arterial. The
travel times at the diamond interchange were always lower (about 50 percent lower at
high traffic volume combinations) than travel times at the signalized intersection. How-
ever, because of the adverse travel for vehicles turning left from the expressway, travel
times for this movement were greater on the diamond interchange than on the signalized
intersection at low arterial highway traffic volumes.

Economic Analysis

Daily user benefits were determined for the 17 volume combinations given in Table
5 by summing every 24 hours the product of the unit costs of travel times and the traf-
fic volume occurring during each hour of the day. Benefits for other volume combina-
tions can be interpolated from the results presented. Values below 2,000 vehicles per
day on the arterial highway were not consideréd because a signal would not be warranted
at lower volumes under existing signal warrants (15).

Travel Time

A comparison of travel times incurred by the users of the signalized intersection
and the diamond interchange is given in Table 6. While the total annual savings in
travel time is quite substantial, the savings per vehicle average only about 20 seconds
at the highest volume combination considered. However, at $1.50 per hour, this time
savings results in a benefit of over $65,000 per year.

Operating Costs

The comparison of annual vehicle operating cost for the interchange and signalized
intersection is given in Table 7. As can be seen, the savings are substantial at all
volume combinations considered, ranging from $59,000 to about $318,000. This sav-
ings appears to be significant, since it is between 24 and 40 percent of the operating
cost at the signalized intersection.

Accident Savings

A comparison of accident experience at the two alternative types of facilities should
be considered as a separate criterion when developing warrants for grade-separated
interchanges. Present methods of accident analysis, which relate accident experience
with traffic volumes, do not provide reliable estimates of the number of accidents that
would occur at proposed facilities. The relationship between vehicle and driver per-
formance and specific design features must be better understood before it will be pos-

TABLE 5
TRAFFIC VOLUME COMBINATIONS STUDIED

Arterial Highway Expressway Average Daily Traffic

Average Daily Traffic

3,000 5, 000 7,000 11,000 15, 000
2,000 X X X X X
3,000 X X X b X
5, 000 X X X X
7,000 X X X
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TABLE 6

COMPARISON OF ANNUAL TRAVEL TIMES-SIGNALIZED INTERSECTION VS DIAMOND INTERCHANGE,
BASIC TRAFFIC CONDITIONS2

Average Daily Traffic Total Annual Travel Time Travel Time Savings
® Signalized Diamond Total Percent Seconds Monetary
Exp(r e?;way Af:;g;al Intersection Interchange Hours/ of per Value at
VP (hours) {(hours) Year At-Grade Vehicle $1.50/Hour
3,000 2,000 39,175 34, 692 4,483 11 9 6, 700
3,000 3,000 48,376 43,078 5,298 11 9 7,900
5, 000 2,000 54,493 46, 640 7,853 14 n 11, 800
5,000 3,000 63,920 55, 0256 8,895 14 11 13, 300
5, 000 5, 000 83,410 71,861 11, 549 14 11 17, 300
7, 000 2,000 70, 286 58, 588 11, 698 18 13 17, 500
7, 000 3,000 79,939 66,973 12,966 16 13 19, 400
7,000 5,000 99, 882 83, 809 16,073 16 13 24, 100
7,000 7,000 120, 673 100,723 19,950 16 14 29, 900
11,000 2, 000 103, 296 82,483 20, 813 20 16 31, 200
11, 000 3,000 113, 402 90, 869 22,533 20 16 33, 800
11, 000 5, 000 134, 249 107,704 26, 545 20 16 39, 800
11, 000 7,000 155,944 124,618 31, 326 20 17 47, 000
15, 000 2,000 138, 205 106, 378 31, 827 23 18 47,700
15, 000 3,000 148,763 114,764 33,999 23 19 51, 000
15,000 5,000 170, 515 131,599 38,916 23 19 58, 400
15,000 7,000 193,115 148, 514 44,601 23 20 66, 900

"Truck percentage: expressway, 28 percent; arterial, 20 percent.
Percent tums: 20 percent of arterial volume in each direction.

TABLE 7

COMPARISON OF ANNUAL VEHICLE OPERATING COSTS—SIGNALIZED
INTERSECTION VS DIAMOND INTERCHANGE, BASIC TRAFFIC CONDITIONS?

Average Daily Traffic Annual Vehicle Operating Costs ($/year)

Expressway Arterial Signalized Diamond Annual Pe!:;ent
(vpd) (vpd) Intersection Interchange Savings At-Grade
3,000 2,000 208, 600 149, 400 59, 200 28
3,000 3,000 250, 800 189, 500 61, 300 24
5, 000 2, 000 293, 000 195, 500 97, 500 33
5,000 3,000 335, 700 235, 600 100, 100 30
5,000 5,000 421, 400 315, 900 105, 500 25
7, 000 2, 000 377, 300 241, 600 135, 700 36
7, 000 3, 000 420, 600 281, 700 138, 900 33
7, 000 5,000 507, 600 362, 000 145, 600 29
7, 000 7,000 594, 700 442, 200 152, 500 26

11,000 2,000 545,900 333, 800 212, 100 39
11, 000 3, 000 590, 500 374, 000 216, 500 37
11, 000 5, 000 679, 900 454, 200 225, 700 33
11, 000 7, 000 769, 600 534, 400 235, 200 30
15, 000 2, 000 714, 400 426, 100 288, 300 40
15, 000 3, 000 760, 300 466, 200 294, 100 39
15, 000 5, 000 852, 200 546, 400 305, 80O 36
15, 000 7,000 944, 400 626, 700 317,700 34
“Truck pe ge: exp y, 28 p i arterial, 20 percent.

Percent tums: 20 percent of arterial volume in each direction.

sible to forecast accident rates accurately at proposed facilities. In addition, experi-
ences at poorly designed at-grade intersections are not necessarily representative of
the accident rates that would occur at a modern, properly signed channelized intersec-
tion. New methods of signing and of controlling traffic could significantly reduce the
number of accidents at signalized intersections.

However, accident costs should be considered in the economic analysis. Accident
data (Fig. 45 for rural signalized intersections and diamond interchanges in Illinois pro-
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vided an index to the relative, costs at the two intersection types. While these savings
are not necessarily accurate, they do provide a rough estimate of the resulting béne-
fits. A regression analysis was undertaken with the number of accidents as the de-
pendent variable and the average daily traffic on the two intersecting highways as the
independent variables. The savings in accident cost predicted by the regression equa-
tions for both the at-grade signalized intersection and interchange are given in Table 8.

Total User Benefits

Table 9 summarizes the user savings, expressed in monetary terms, obtained by
providing a diamond interchange rather than a signalized intersection. As can be seen,
savings in operating costs account for the largest percentage, ranging from 78 at the
highest traffic volume combinations to 90 percent at the lowest traffic volume combi-
nations. By assuming a value of time of $1.50 per hour, time savings accounted for
less than 17 percent of the total savings at all traffic volume combinations considered
while accident savings accounted for less than 7 percent of the total savings.

Comparison of Benefits With Costs

The annual benefits in user savings are compared in Table 10 with the additional
cost of providing a diamond interchange for the full range of traffic volume combinations,

TABLE 8

ANNUAL SAVINGS ($) OF ACCIDENT COST RESULTING BY PROVIDING A
DIAMOND INTERCHANGE RATHER THAN A SIGNALIZED INTERSECTION

Arterial Highway Expressway Average Daily Traffic

Average Daily Traffic

3,000 5, 000 7,000 11, 000 15,000
2,000 100 4,000 7,800 15, 600 23, 400
3,000 400 4, 300 8, 200 16, 000 23,700
5,000 5,100 9,000 16,700 24, 500

7,000 9,700 17, 500 25, 200




TABLE 9

SUMMARY OF ANNUAL USER SAVINGS OBTAINED BY PROVIDING A DIAMOND INTERCHANGE RATHER THAN A
SIGNALIZED INTERSECTION, BASIC TRAFFIC CONDITIONS?

79

Average Daily Traffic . Annual Savings
. : b "

Expressway Artarial Operating Cost Time Cost Accident Cost Total
tvpd) (vpd) $/Year Percent $/Year Percent $/Year Percent ($/year)
3,000 2,000 59, 200 90 6, 700 10 100 1] 66, 000
3, 000 3,000 61, 300 88 7,900 1 400 1 69, 600
5, 000 2,000 97, 500 86 11, 800 10 4,000 4 113, 300
5, 000 3,000 100, 100 85 13, 300 11 4, 300 4 117,700
5,000 5, 000 105, 500 82 17, 300 14 5, 100 4 127, 900
7,000 2,000 135,700 84 17, 500 11 7,800 5 161, 000
7,000 3,000 138, 900 83 19, 400 12 8, 200 6 166, 500
7,000 5,000 145, 600 81 24, 100 14 9, 000 ] 178, 700
7,000 7,000 152, 500 19 29, 900 16 9,700 5 192, 100

11,000 2,000 212, 100 82 31, 200 12 15, 600 6 258, 900
11, 000 3,000 216, 500 81 33, 800 13 16,000 6 266, 300
11, 000 5,000 225, 700 80 39, 800 14 16, 700 6 282, 200
11, 000 7,000 235, 200 8 47,000 16 17, 500 6 299, 700
15, 000 2,000 288, 300 80 47,700 13 23, 400 T 359, 400
15, 000 3,000 294, 100 80 51, 000 14 23,700 6 368, 800
15, 000 5,000 305, 800 19 58, 400 15 24, 500 6 388, 700
15, 000 7,000 317,700 8 66, 900 16 25, 200 6 409, 800
“Truck percentage: expressway, 28 percent; arterial, 20 percent.
Percent turns: 20 percent of arterial volume in each direction.
Assumed value of time equal to $1.50 per hour.
TABLE 10

BENEFIT COST RATIOS—SIGNALIZED INTERSECTION VS DIAMOND INTERCHANGE, BASIC TRAFFIC CONDITIONS?

Cost Difference

Average Daily Traffic $280, 000 $400, 000 $680, 000
Expressway Arterial 0% % 0% % 0% %

] $1.50 0 $1.50 0 $1.50 0 $1.50 0 $1.50 0 $1.50
3,000 2,000 3.2 3.6 1.9 2.1 2.4 2.7 1.4 1.8 1.5 1.7 0.9 1.0
3,000 3,000 3.4 3.8 2.0 2.3 2.5 2.9 1.5 1. 1.6 1.8 0.9 1.0
5, 000 2,000 5.5 6.2 3.3 3.7 4,2 4.7 2.4 2.7 2.6 3.0 1.5 1.7
5, 000 3,000 5.7 6.4 3.4 3.8 4,3 4.8 2.5 2.8 2.7 3.1 1.5 1.7
5, 000 5, 000 6.0 7.0 3.6 4.2 4.8 5.3 2.6 3.0 2.9 3.3 1.6 1.9
7,000 2,000 7.8 8.9 4.7 5.2 3.9 6.6 3.4 3.8 3.7 4.2 2.1 2.4
7,000 3,000 8.0 9.1 4.8 5.4 6.1 6.9 3.5 4.0 3.8 4.3 2.1 2.4
7, 000 5,000 8.4 9.8 5.0 5.8 6.4 7.4 3.7 4,2 4.0 4.7 2.3 2.6
7,000 7,000 8.9 10.5 5.3 6.3 6.7 7.9 3.9 4.6 4.2 5.0 2.4 2.8
11, 000 2,000 12.4 14.1 7.4 8.4 9.4 10.7 5.4 6.2 5.9 6.8 3.3 3.8
11, 000 3,000 12.7 19.6 7.8 8.7 9.6 11.0 5.3 6.3 6.1 7.0 3.4 3.9
11, 000 5,000 13.2 15.4 7.9 9.2 10.0 11.6 5.8 6.7 6.3 7.4 3.5 4.1
11, 000 7,000 13.8 16.4 8.2 9.8 10.4 12.3 6.0 7.1 6.6 7.8 3.7 4.4
15, 000 2,000 17.0 19.6 10.1 11.17 12.8 14.8 7.4 8.5 8.1 9.4 4.6 5.2
15, 000 3,000 17.4 20.2 10.3 12.0 13.1 15.2 7.6 8.8 8.3 9.6 4.6 5.4
15, 000 5,000 18.0 21.2 10.7 12.6 13.6 16.0 7.9 9.2 8.6 10.1 4.8 5.7
15, 000 7,000 18.7 22.4 11.2 13.3 14.1 16.9 8.2 9.7 9.0 10.7 5.0 6.0

Truck percentage: expressway, 28 percent; arterial, 20 percent.
Percent tums: 20 percent of arterial volume in each direction.

capital costs, interest rates, and time values.
dollar savings that would result for each extra dollar invested in the diamond inter-

change.

interest rates or values of time chosen.

Each benefit~cost ratio indicates the

SENSITIVITY OF RESULTS TO TRAFFIC PARAMETERS

Additional analyses were undertaken to determine the sensitivity of the results to
changes in the basic traffic parameters.

In almost all cases the benefit exceeded the extra annual cost regardless of

Other values for the traffic parameters—
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percent turning vehicles, percent trucks, and hourly traffic distribution—were input
into the basic regression equations, and travel time, operating costs, and benefit-cost
ratios were determined. The turning volumes in each direction were reduced from 20
to 15 percent of the arterial volume. Trucks were reduced by 5 percent. A more
peaked hourly traffic variation was also tested. This distribution is compared in Table
11 with the basic hourly traffic distribution.

TABLE 11

HOURLY TRAFFIC VARIATION TESTED IN THE
SENSITIVITY ANALYSIS

Typical Distribution Peaked Distribution
Hour Period ————————s s
a.m.
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TABLE 12

COMPARISON OF TRAVEL TIME SAVINGS FOR VARYING TRAFFIC CONDITIONS—SIGNALIZED
INTERSECTION VS DIAMOND INTERCHANGE

Annual Travel Time Savings

. . Basic Traffic Lower Percent Lower Percent Peaked Hourl:
Average Daily Trathc Conditions? Turnin Trucks® Distribution
Expregevay Arlerial Hours Hours Percent Hours Percent Hours Percent
per per of per of per of
Year Year Basic Year Basic Year Basic

3,000 2,000 4,483 5, 107 114 4,412 98 5,036 112
3,000 3,000 5,298 6, 226 118 5, 252 99 6,042 114
5, 000 2,000 7,853 8, 480 109 7,712 98 8,717 111
5, 000 3,000 8, 895 9, 827 110 8,770 99 9,978 112
5, 000 5, 000 11, 549 13, 088 113 11, 472 99 13, 156 113
7,000 2,000 11,698 12,328 106 11, 497 98 12,935 111
7,000 3,000 12, 966 13,902 108 12,774 99 14, 453 112
7,000 5, 000 16,073 17, 619 110 15,913 99 18, 143 113
7,000 7,000 19, 950 22, 100 111 19, 844 99 22,714 114
11, 000 2, 000 20, 813 21, 449 103 20, 523 99 22,954 110
11, 000 3,000 22, 533 23, 447 105 22,236 99 25, 413 111
11, 000 5, 000 26, 545 28, 104 106 26, 299 99 29,727 112
11, 000 7,000 31, 326 33,495 107 31, 055 99 35, 322 113
15,000 2,000 31, 827 32, 468 102 31, 488 99 35, 183 110
15, 000 3,000 33,999 34, 952 103 33, 639 99 37,724 111
15, 000 5,000 38,916 40, 488 104 38, 529 99 43, 462 111
15, 000 7,000 44, 601 46, 789 105 44, 205 99 50, 081 112

%Truck percentage: expressway, 28 percent; arterial, 20 percent.

pPercent tums: 20 percent of arterial volume in each direetion.
Porcent lums: 15 percent of arterial volume in each direction.
Truck percontage: espressway, 23 percent; arterial, 15 percent.
See Table 11.
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Travel Time

A comparison of savings in travel time is given in Table 12, By decreasing the per-
cent turning by 5 percent for each movement, the savings in travel time increased be-
tween 2 and 18 percent with the largest increase occurring at the lowest traffic volume
combinations. This was true because the time savings per vehicle were greater for
vehicles going straight than for turning vehicles., By decreasing the turning move-
ments, the savings therefore increased.

By lowering the percent of trucks 5 percent, the time savings decreased about 1 per-
cent for all volume combinations studied. This was due to the fact that the time sav-
ings per passenger vehicle was less than the time savings per truck.

The time savings increased by as much as 14 percent with the more peaked hourly
traffic distribution.

Operating Costs

The sensitivity of savings in operating cost to the traffic parameters is demonstrated
in Table 13. The savings in operating costs responded to changes in turning movements
about the same as had time savings. At the highest traffic volume combinations con-
sidered, the savings in operating cost were somewhat more pronounced than were time
savings.

By lowering the percent of trucks 5 percent, the savings in operating cost decreased
nearly 9 percent. The savings in operating costs realized by the average truck by
building an interchange rather than a signalized intersection were much greater than
they were for the average passenger vehicle.

Savings in operating costs were much less responsive to the peaked hourly traffic
distribution than were the travel time savings. This was true because the operating
cost per vehicle computed at the signalized intersection had a small variance and was
therefore not very sensitive to changes in traffic volumes.

TABLE 13

COMPARISON OF ANNUAL OPERATING SAVINGS FOR VARYING TRAFFIC CONDITIONS—
SIGNALIZED INTERSECTION VS DIAMOND INTERCHANGE

Annual Savings In Operating Costs

Average Daily Traffic Lower Percent Lower Percent Peaked Hourly
Basic Traffic Turningb TrucksC Distributiond
Expressway Arterial Conditions2
(vpd) (vpd) —_— Percent Percent Percent
$/Year $/Year of $/Year of $/Year of
Basic Basic Basic
3, 000 2, 000 59, 200 67,1700 114 54, 200 92 61, 400 104
3,000 3,000 61,300 74,000 121 56, 100 92 63,900 104
5, 000 2,000 97, 500 105,900 109 89, 100 91 100, 500 103
5, 000 3,000 100, 100 112,900 113 91, 600 91 103, 700 103
5, 000 5,000 105, 500 127, 100 120 96, 900 92 110, 400 104
7, 000 2,000 135,700 144,100 106 124, 000 92 140, 000 103
7,000 3,000 138, 900 151,700 109 1217, 000 92 143, 500 103
7,000 5,000 145, 600 167, 200 115 133, 400 92 151, 600 104
7, 000 7,000 152, 500 183, 100 120 140, 300 92 160, 000 105
11, 000 2, 000 212,100 220, 500 104 193, 600 91 217, 800 103
11, 000 3,000 216, 500 229, 300 106 197,700 91 223, 100 103
11, 000 5,000 225,700 247, 300 110 206, 300 92 234, 100 104
11, 000 7,000 235, 200 265, 700 113 215, 400 92 245, 200 104
15, 000 2,000 288, 300 296, 800 103 263, 000 91 296, 000 103
15, 000 3,000 294, 100 306, 900 104 268, 300 91 302,700 103
15, 000 5, 000 305, 800 327, 300 107 279, 100 91 316, 500 104
15, 000 7,000 317,700 348, 300 110 290, 400 92 330, 500 104

“Truck percentage: expressway, 28 percent; arterlal, 20 percent.
Percent turns: 20 percent of arterial volume in each direction,
Percent tums: 15 percent of arterial volume in each direction.

CTruck percentage: expressway, 23 percent; arterial, 15 percent.

dSee Table 11.
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Benefit-Cost Ratios

Tables 14, 15, and 16 can be used to determine the benefit-cost ratios when the traf-
fic parameters at an intersection under study are different from the basic traffic param-
eters. In all three cases the benefit-cost ratios are consistently above unity except for
low traffic volume conditions having large capital cost differences.

TABLE 14
BENEFIT COST RATIOS AT LOWER PERCENT TURNING—SIGNALIZED INTERSECTION VS DIAMOND INTERCHANGE?

Cost Difference

Average Daily Traffic $280, 000 $400, 000 $680, 000

Expressway Arterial 0% k] ot 4 04 9
0 $1.50 0 $1.50 0 $1.50 0 $1.50 0 $1.50 0 $1.50
3, 000 2,000 3.7 4.1 2.2 2.5 2.8 3.1 1.6 1.8 1.8 2.0 1.0 1.1
3,000 3,000 4.1 4.6 2.4 2.7 3.1 3.4 1.8 2.0 1.9 2.2 1.1 1,2
5,000 2,000 6.0 6.7 3.6 4.0 4.5 5.0 2.6 2.9 2.9 3.2 1.6 1.8
5,000 3,000 6.4 1.2 3.8 4.3 4.8 5.4 2.8 3.1 3.1 3.4 1.7 1.9
5, 000 5,000 7.2 8.3 4.3 4.9 5.4 6.2 3.1 3.6 3.5 4.0 1.9 2.2
7,000 2,000 8.3 9.3 4.9 5.5 6.3 7.0 3.6 4.1 4.0 4.4 2,2 2.6
7,000 3,000 8.7 9.9 5.2 5.9 6.6 7.4 3.8 4.3 4.2 4.7 2.3 2.6
7,000 5,000 9.6 1.1 5.7 6.6 7.2 8.3 4.2 4.8 4.6 5.3 2.6 3.0
7,000 7,000 10.5 12.3 6.3 7.3 7.9 9.3 4.6 5.4 5.0 5.9 2.8 3.3
11,000 2,000 12.9 14.7 7.7 8.7 9.7 11.0 5.6 6.4 6.2 1.0 3.4 3.9
11,000 3,000 13.4 15.3 8.0 8.1 10.1 11.5 5.8 6,1 6.4 7.3 3.6 4.1
11, 000 5,000 14.4 16.7 8.6 10.0 10.9 12.6 6.3 7.3 6.9 8.0 3.9 4.5
11, 000 7,000 15,5 18.2 9.2 10.9 11,7 13.7 6.7 7.9 1.4 8.7 4.1 4.9
15,000 2,000 17.5 20.2 10.4 12.0 13.2 15.2 7.6 8.8 8.4 9.6 4.7 5.4
15, 000 3,000 18.1 20.9 10.8 12.5 13.6 15.8 7.9 9.1 8.6 10.0 4.8 5.6
15, 000 5,000 18.2 22,5 11.4 13.4 14.5 17,0 8.4 9.8 9.2 10.8 6.1 6.0
15, 000 7,000 20.4 24.2 12,2 14.4 15.4 18.3 8.9 10.6 9.8 11.6 5.5 6.5

“Truck P ge: exp V,, 28 percent; iol, 20 percent.
Percent turns: 15 percent of arterial volume in each direction,
TABLE 15

BENEFIT COST RATIOS AT LOWER PERCENT OF TRUCKS—SIGNALIZED INTERSECTION VS DIAMOND INTERCHANGE?2

Cost Difference

Average Daily Traffic $280, 000 $400, 000 $680, 000
Expressway  Arterial 0% % 0% % 04 4

[ $1.50 0 $1.50 0 $1.50 0 $1.50 ] $1.50 0 $1.50

3,000 2,000 3.0 3.3 1.8 2.0 2.2 2.5 1.3 1.4 1.4 1.6 0.8 0.9
3,000 3,000 3.1 3.5 1.8 2.1 2.3 2.1 1.3 1.5 1.5 1.7 0.8 0.9
5,000 2,000 5.1 6.7 3.0 3.4 3.8 4,3 2,2 2.5 2.4 2.7 1.4 1.5

5, 000 3,000 5.2 6.0 3.1 3.5 3.9 4.5 2.3 2.6 2.5 2.8 1.4 1.6
5,000 5,000 5.6 6.5 3.3 3.9 4.2 4.9 2.4 2.8 2.1 3.1 1.5 1.7
7,000 2,000 7.2 8.1 4.3 4.8 5.4 6.1 3.1 3.5 3.4 3.9 1.9 2.2
7,000 3,000 7.4 8.4 4.4 5.0 5.6 6.4 3.2 3.7 3.5 4.0 2.0 2.3
7,000 5,000 7.8 9.1 4.6 5.4 5.9 6.8 3.4 4.0 3.7 4.3 2.1 2.4
7,000 7,000 8.2 9.8 4.9 5.8 6.2 7.4 3.6 4.3 3.9 4.7 2.2 2.6
11, 000 2,000 11.4 13.1 6.8 7.8 8.6 9.9 5.0 5.7 5.5 6.3 3.1 3.5
11,000 3,000 11,7 13.5 7.0 8.0 8.8 10.2 5.1 5.9 5.6 6.4 3.1 3.6
11, 000 5, 000 12,2 14.3 7.3 8.5 9.2 10.8 5.3 6.2 5.8 6.9 3.3 3.8
11, 000 7,000 12,7 15,3 7.8 9.1 9.6 11.5 5.5 6.6 6.1 7.3 3.4 4.1
15,000 2,000 15.6 18.2 9.3 10.9 11.8 13.7 6.8 1.9 7.5 8.7 4,2 4.9
15, 000 3, 000 16.0 18.7 9.5 11.1 12,0 14,1 6.9 8.1 7.6 8.9 4.3 5.0
15, 000 5, 000 16.6 19.7 9.9 11.8 12,5 14.9 7.2 8.8 7.9 8.9 4.3 5.0
15,000 7,000 17.2 20.9 10.3 12.4 13,0 15.7 7.5 9.1 8.2 10.0 4.6 5.6

“Truck percentage: expressway, 23 percent; arterial, 15 percent.
Percent tums: 20 percent of arterial volume in each direction.
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TABLE 16
BENEFIT COST RATIOS AT PEAKED TRAFFIC DISTRIBUTION—SIGNALIZED INTERSECTION VS DIAMOND INTERCHANGE?2

Cost Difference

Average Daily Traffic $260, 000 $400, 000 $680, 000
Expressway  Arterial 0% 7% 0% % 0% %

0 $1.50 0 $1.50 [} $1.50 0 $1.50 0 $1.50 ] $1,50

3,000 2,000 3.4 3.8 2.0 2.2 2.5 2,8 L5 1.6 1.6 1.8 0.9 1.0
3,000 3,000 3.5 4.0 2.1 2.4 2.6 3.0 1.5 1.7 1.7 1.9 0.9 1.1

5, 000 2,000 5.7 6.4 3.4 3.8 4.3 4.8 2.5 2.8 2.1 3.1 L5 1.7
5,000 3,000 5.9 6.7 3.5 4.0 4.4 5.1 2.8 2.9 2.8 3.2 1.6 1.8

5, 000 5, 000 6.3 7.4 3.7 4.4 4.8 5.6 2.7 3.2 3.0 3.5 1.7 2.0
7,000 2,000 8.1 9.1 4.8 5.4 8.1 8.9 3.5 4.0 3.8 4.4 2.1 2.4
7,000 3,000 8.3 9.5 4.9 5.6 6.2 7.1 3.6 4,1 4.0 4,5 2.2 2.5
7, 000 5, 000 8.8 10.3 5.2 6.1 6.6 7.7 3.8 4.7 4.2 4.9 2.3 2.7

7, 000 7,000 9.3 11.1 5.5 6.6 7.0 8.4 4.0 4.8 4.4 5.8 2.5 3.0
11, 000 2,000 12,7 14.8 1.6 8.7 9.6 11.0 5.5 6.4 6.1 7.0 3.4 3.9
11,000 3,000 13,1 15.1 7.8 9.0 9.8 11.4 5.7 6.6 8.2 7.2 3.5 4.0
11, 000 5, 000 13.7 16.1 8.2 9.8 10.3 12.2 6.0 7.0 6.5 T 3.7 4.3
11,000 7,000 14.4 17.3 8.5 10.3 10.8 13.0 6.2 45 6.9 8.2 3.8 4.6
15,000 2,000 17.4 20.3 10.4 12,1 13.1 15,3 7.6 8.8 8.3 9.7 4.7 5.4
15, 000 3,000 17.8 21,0 10.6 12.5 13.4 15,7 7.8 9.1 8.5 10.0 4.8 5.6
15, 000 5,000 18.6 22.2 11.1 13.2 14.0 16,7 8.1 9.7 8.9 10.6 5.0 5.9
15, 000 7,000 19.4 23.5 11.6 14,0 14,6 17,7 8.5 10,2 9.3 11.2 5.3 6.3

Mruck percentage: expressway, 28 percent; arterial, 20 percent.
Percent tums: 20 percent of arterial volume in each direction.
Hourly distribution: see Table 15.

STOP-SIGN CONTROLLED INTERSECTION VS DIAMOND INTERCHANGE

At low traffic volumes, another alternative solution would be to control the traffic
entering the at-grade intersection with either a two-way or four-way stop sign. Dif-
ferences in operating costs and travel times between each type of stop sign control and
a diamond interchange were calculated. Accident costs were not included in the eco~
nomic analysis because they would constitute only a small portion of the user benefits
at the traffic volumes considered. It was assumed that the stop-sign control would be
replaced by either a traffic signal or a diamond interchange when the traffic volumes
were high enough to warrant the installation of a signal.

Two-Way Stop Sign Control

Only vehicles approaching the intersection on the two-lane arterial highway were re-
quired to stop. All turns from the expressway were assumed to have been made at 20
mph. The basic traffic conditions of 20 and 28 percent trucks on the arterial and ex-
pressway respectively and turning movements in each direction equal to 20 percent of
the arterial volume were assumed.

Travel time and user operating cost savings resulting from the construction of a
diamond interchange rather than a two-way stop sign control are given in Table 17.
These savings would not be significantly sensitive to changes in expressway traffic
volumes at the low traffic volumes under consideration,

The user benefits resulting from the construction of a diamond interchange rather
than a two-way stop are compared with the extra annual costs of building and maintain-
ing the interchange in Table 18,

Two volume warrants for signals were investigated. The first was the "minimum
vehicular warrant" established in the Manual of Uniform Traffic Control Devices (15).
This warrant is satisfied when, for each of any 8 hours of an average day, the volume
exceeds 420 vehicles per hour on the expressway and 105 vehicles per hour on the ar-
terial highway. Taking into account the typical traffic distribution shown in Table 3,
this warrant would be satisfied when the expressway volume is 7,000 vehicles per day
and the arterial volume is 4,000 vehicles per day. At these volumes, the savings to
the road user would be sufficient to offset the extra cost of constructing and maintaining
a typical diamond interchange. At these volumes, the benefit-cost ratio for the inter-
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TABLE 17

ANNUAL SAVINGS IN TRAVEL TIME AND OPERATING COSTS RESULTING
BY PROVIDING A DIAMOND INTERCHANGE RATHER THAN A TWO-WAY STOP-
SIGN CONTROLLED INTERSECTION

Travel Time Savings
Arterial Highway

Operating Cosl Savings

Average Daily Traffic Total Monetary Value $/year)
(vpd) {iours/vear) at $1. 50/Hour
v ($/year)

500 500 750 6,600
1,000 1,000 1, 500 13, 100
2,000 2,000 3,000 26, 300
3,000 3,000 4,500 39, 400
4,000 4,000 6,000 52, 500

TABLE 18

BENEFIT COST RATIOS—TWO-WAY STOP-SIGN CONTROLLED INTERSECTION VS DIAMOND INTERCHANGE

Cost Difference

Arterial Highway $280, 000 $400, 000 $680, 000
Average Daily Traffic
(vpd) 0% % 0% % 0% %
[ $1.50 0 $1.50 0 $1.50 0 $1.50 0 $1,50 ] $1.50
500 0.4 0.4 0.2 0.2 0.3 0.3 0.1 0.2 0.1 0.2 2.1 (U}
1, 000 0.7 0.8 0.4 0.5 0.5 0.6 0.3 0.3 0.3 0.4 0.2 0.2
2,000 1.4 1.6 0.9 1.0 1.1 1.2 0.6 0.8 0.6 0.7 0.4 0.4
3, 000 2.1 2.4 1.3 1.4 1.6 1.8 0.9 1.0 1.0 1.1 0.6 0.6
4,000 2.9 3.2 1.7 1.9 2.2 2.4 1.2 1.4 1.4 L5 0.8 0.9

change as compared with the signal control ranged from 2.0 to 10.0, indicating that a
signal-controlled intersection would not be economically justified.

The second traffic volume condition tested met the "interruption of continuous traf-
fic warrant" (15). This warrant would be satisfied when, for each of any 8 hours of an
average day, the volume on the expressway exceeds 630 vehicles per hour and the vol-
ume on the arterial exceeds 53 vehicles per hour. These volumes correspond to aver-
age daily traffic volumes of 11, 000 and 2, 000 vehicles per day on the expressway and
arterial highway respectively. At these volumes, assuming an interest rate of 0 per-
cent, user benefits would be more than the cost of an interchange. Again a signal could
not be economically justified, where benefit-cost ratios ranging from 3.1 to 14,7 were
determined for the diamond interchange vs the signalized at-grade intersection.

Four-Way Stop Sign Control

A four-way stop sign control at an at-grade intersection was also investigated as an
alternative treatment. The Manual on Uniform Traffic Control Devices (15) specifies
that this type of control should only be used where the volume of traffic on the intersect-
ing roads is nearly equal. It also states that the total vehicular volume entering the in-
tersection should be at least 350 and not more than 420 vehicles per hour for any 8 hours
of an average day. These volumes would correspond to average daily traffic volumes
of 3,000 vehicles per day at a minimum and 4, 000 vehicles per day at a maximum for
each of the intersecting highways. The operating cost is very high at a four-way stop
sign control since all vehicles must stop. The operating cost alone was sufficient to
indicate the undesirability of a four-way stop, with annual user savings of $105, 500 at
the minimum volume conditions and $140, 000 at the maximum volume conditionsg re-
sulting by installing a diamond interchange rather than the four-way stop sign. From
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an economic point of view, a four-way stop sign control would not be warranted at a
rural expressway intersection having traffic volumes conforming to the warrants for
four-way stop sign control.

SUMMARY AND CONCLUSIONS

The purpose of this study was to quantitatively compare the consequences to the pub-
lic of constructing an at-grade intersection with the consequences of constructing a di-
amond interchange at an intersection between a rural expressway and an arterial high-
way. Two criteria; measured at various traffic volume combinations and at different
traffic conditions, were selected for presentation—level of service and comparison of
user benefits with construction and maintenance costs.

At-Grade Signalized Intersection vs Diamond Interchange

The running time is reduced in the range of 11 to 23 percent for the interchange as
compared with the signal. This amounts to an average savings of 10 to 20 seconds per
vehicle.

User benefits were taken as the sum of savings in accident costs, time costs, and
operating costs saved by constructing a diamond interchange rather than using an at-
grade signalized intersection. This benefit was compared with the additional annual
cost of constructing and maintaining the diamond interchange. These benefit-cost ratios
are presented for a wide range of traffic volumes and conditions so that for a specific
condition the tables can be used to find the benefit directly. The benefit-cost ratios
vary from slightly below one to almost 25. Only for a very few conditions is the bene-
fit less than the cost.

Vehicle operating cost accounted for from 78 to 90 percent of the total user savings
provided by an interchange. For almost all conditions, the operating cost alone was
larger than the additional cost of providing the interchange.

Stop Sign Control vs Diamond Interchange

The benefit obtained by providing a diamond interchange rather than two-way stop
sign or four-way stop sign control was calculated. When arterial volumes are low,
two-way stop signs are more economical than providing an interchange. It was found
that the annual benefit obtained by providing an interchange would be near or above the
annual cost for the interchange when traffic volumes exceeded the minimum traffic vol-
ume warrants for a traffic signal, depending on the assumptions. For these volumes
and assumptions, an interchange was economically justified rather than a signalized
intersection.

For the range of traffic volumes normally warranting four-way stop control, a di-
amond interchange would result in much greater benefits in relation to costs than would
use of four-way stop control.

Conclusions

These observations lead to the conclusion that, for the range of conditions consid-
ered, when a two-way stop sign control is no longer adequate at an intersection on a
rural expressway, a diamond interchange would be warranted from the economic stand-
point rather than using traffic signals or four-way stop sign control.

The benefit-cost ratios presented can be used as a guide by the decision-makers to
determine whether the benefit obtained by providing an interchange on expressways
rather than an at-grade signalized intersection is sufficient to warrant the additional
cost. Different values of traffic volumes, interchange cost, interest rate, value of
time, percent trucks, percent turns, and type of hourly traffic variation can be used
in the tables. The interchanges can be ranked along with other projects by benefit-
cost ratios to determine whether they should be built either singly or in sets to form
a freeway.
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Tllinois

Discussion

CHARLES W. DALE, Highway Research Engineer, U.S. Bureau of Public Roads—This
paper is one of the few to discuss a more complete list of criteria includable in estab-
lishing warrants for traffic control measures. Generally, previous lists of warrants
for various traffic control devices have not emphasized the importance of the effects of
the various traffic controls upon operating costs and travel time of the road user. These
effects are significant.

The authors state that the unit operating costs used in the analysis assembled by
Winfrey included a 10-cent fuel tax. This is not true. Winfrey did not include fuel
taxes in his 1963 publication of vehicle operating cost tables.

Fuel taxes are a part of the out-of-pocket costs of operating a passenger car and
may affect the user's decision to drive or not. However, fuel taxes are also the source
of the funds for the construction and maintenance of highways. Therefore, in economy
studies where the investment cost of the highway improvement is being compared with
the effects on the road user, to include fuel taxes in the running cost of the vehicle
would result in double counting, i.e., taxes would be included both in the highway costs
and the road user costs.
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In the calculation of the benefit-cost ratios, the authors use the formulation as pre-
sented in the AASHO Redbook (E), i.e., including the maintenance cost of the highway
in the denominator, thus treating maintenance as a highway cost. This procedure, al-
though not incorrect, is not preferred by many writers in the field today. Current
thinking calls for including the maintenance cost for the highway in the numerator as a
deduction from gross road user benefits, thus comparing all annual consequences of the
improvement with the investment cost of that improvement.

Although the title of the paper is restrictive in nature (a discussion of the criteria
to be used in developing warrants for rural interchanges) the authors amplified their
discussion to include the analysis of an "average" intersection with varying ADT's and
traffic controls, and included a sensitivity analysis using various interest rates. The
mechanics of the analysis point up the inherent absence of the right types of traffic per-
formance data needed for analyses of the economy of highway improvement proposals.
In almost any and every economy analysis that one undertakes in highway and traffic
engineering, the analyst comes face-to-face with the ubiquitous lack of traffic opera-
tional data. [This is discussed in greater detail elsewhere (19).]

One reservation is in order concerning the application of the results obtained in this
analysis to a specific intersection or interchange analysis. Contrary to what the au-
thors state in their paper, the decision-maker should not use the benefit-cost ratios
listed in Tables 14, 15, 16, and 18 as "answers' for a study at a specific location. Each
intersection, to a certain extent, is unique and traffic operational data will not, in all
probability, match (e.g., different distribution and composition of traffic and different
delay times) those used in this report. Then, too, there are the variations between
the specific location and the assumptions used in the Gerlough-Wagner simulation pro-
gram that would have a profound effect on the road user costs.

Consideration must also be taken of the judgments exercised by the authors in the
tabulation of traffic accident costs and highway maintenance costs and the controversy
surrounding the use of any specific rate of interest, value of travel time, and length of
analysis period. Therefore, the primary values of this paper to the analyst (as I see
it) are detailed discussions of the method of analysis and a listing of the inputs that are
necessary for a complete analysis for economy of intersection design and not that of a
reference for a quick, ''cookbook' answer to specific problems.

These points I have mentioned are not meant to detract from the value of the paper.
The differences are relatively insignificant when compared with the value to be derived
if in the determination of warrants for traffic control devices more cognizance is given
to the effects of the various traffic controls on the road user's operating costs and
travel time.
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JOSEPH C. CORRADINO, Simpson and Curtin, Philadelphia—I would like to devote my
discussion to the time and accident cost criteria employed by the authors in developing
warrants for interchanges, and the sensitivity of their model to these criteria.

Time Cost

I agree with the authors that the value to be given time in an analysis such as they
have undertaken is a controversial issue on which too little research has been per-
formed. However, I feel the following technique, if researched, can aid in determining
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time costs that are more sensitive to traffic conditions than those ($0.00-$1.50) used
by the authors in their analysis.

The value of time is a function of trip purpose. For non-business purposes—social-
recreational, shopping, and so on—time cost may be ignored, while for business pur-
poses, the cost of time should be related to the occupation of the vehicle operator. The
determination of the value of time becomes contingent, then, upon the determination of
the economic worth of the tripmaker for trips of a buginess nature. Combining this re-
lationship with an arrival pattern of trips by purpose at an intersection or interchange
will yield a value for time which would fit into the authors' technique.

Accident Cost

Accident cost is a function of the type and severity of an accident; however, it is al-
so highly sensitive to the time and place at which the accident occurs. Table 19 com-
pares the authors' accident and accident-cost figures for Illinois with similar data from
studies in Massachusetts and Utah. The data for Magsachusette are dated 1953; Utah,
1955; and Illinois, 1958.

As can be seen, there is a remarkable consistency in the distribution of accidents
when classified according to severity, regardless of the time or place of occurrence.
However, the accident costs differ considerably from place to place and period to period.
The differences are attributed to variations in factors such as population density, travel
speeds, urban characteristics, and rising costs with the time and location of accidents.
The authors' technique is insensitive to variability in these factors and it is felt that
modifications should be made to make it reflect accident conditions unique to location
and time.

Sensitivity

The final issue I wish to discuss is the sensitivity of benefit-cost ratios to savings
in operating, accident, and time costs realized in constructing an interchange or an in-
tersection where expressway and arterial meet.

Figures 5 and 6 illustrate the changes in benefit-cost ratios when a $400,000 differ-
ence between interchange and intersection construction cost is compared with savings
in (a) operating costs; (b) operating costs plus time costs; and (c) operating costs plus
time costs plus accident costs. Comparisons are made at interest rates of both 0 per-
cent (Fig. 5) and 7 percent (Fig. 6).

As can be seen, the three surfaces generated are almost one at low expressway vol-
umes (less than 5,000 vehicles per day), because benefit-cost ratios differ by less than
20 percent whether all three savings are considered or only those in operating costs.
As volumes increase, the surfaces diverge as the benefit-cost ratios become more
sensitive to savings in time and accident costs. However, all benefit-cost ratios com-
puted at high expressway volumes (larger than 5,000 ADTs so emphatically favor inter-
change construction that the increasing sensitivity of benefit-cost ratios to time and
accident cost savings is without much influence. As a result it would appear that, al-

TABLE 19
COMPARISON OF ACCIDENT COST DATA*

Direct Cost

Accident Number of Accidents Percent of Total Per Accident ($)
Severity
Mass. Utah ol Mass. Utah il Mass. Utah L.
Fatal-injury 315 1 13 0.2 0.2 0.2 5,213 3,690 7,272
Non-fatal-injury 33,270 9,048 1,958 25.3 19.0 26.8 862 1,277 1,780
Property-damage-only 97,951 38, 453 5,322 74.5 80.8 73.0 203 299 186

All accidents 131, 536 47,579 7,293 100.0 100,0 100.0 382 491 626

0
Massachusetts and Utah data from Ref. 20, Illinois data from Ref. 8.
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road-user savings at 0 percent interest rate.

though the authors' model closely simulates real-world conditions by considering sav-
ings in operating, time, and accident costs, virtually the same results can be achieved
through the use of vehicle operating costs alone.

It is also significant to note that the benefit-cost ratios developed led the authors to
conclude that it is almost never economically feasible to construct a signalized inter-
section where expressway and arterial meet, for the conditions considered. Even at
lowest volumes of 2,000 vehicles per day on the arterial and 3,000 vehicles per day on
the expressway, the interchange appears to be economically better. This seems to be
an impractical conclusion which may stem, in part, from the traffic signal timing and
costs employed in this analysis. Perhaps the use of pre-timed rather than traffic-
actuated signals has caused delays which adversely affect vehicle operating costs at
intersections. Although a pre-timed signal set according to Webster's optimum timing
formula may cause stopped-time and total delay to closely approximate that found at
intersections controlled by traffic-actuated signals, the effects on vehicle operating
costs of even small differences in stopped-time and delay, accumulated over thousands
of vehicles per year, can cause quite a significant deviation from the optimum.

Also, the $120,000 cost of signals at a single intersection seems much too high. In
comparison, fully interconnected, multi-phase, volume-density signals were installed
at three locations in suburban Philadelphia at a total cost of $45,000. It would seem,
therefore, that a reevaluation of signal cost and, perhaps, timing, would be appropriate
in order to insure the practicality of the conclusions the authors have developed.

In conclusion, it should be noted that these remarks are intended as constructive
criticism in hope of stimulating further research in developing warrants for interchanges
on rural expressways.
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Evaluation of the Operational Effects of an
“On-Freeway” Control System

JOSEPH A. WATTLEWORTH and CHARLES E. WALLACE, Texas Transportation
Institute, Texas A&M University

ABRIDGMENT

oTHIS report contains the results of several studies and analyses made for the purpose
of cvaluating the effectiveness of the "on-freeway' traffic control systein on Detroil's
John C. Lodge Freeway. This traffic control system consists of a group of overhead
lane-use control signals and variable-message speed-control signs on a 3.2-mile sec-
tion of urban freeway. To achieve this evaluation, an off-peak period set of studies, a
peak-period set of studies, and a traffic system analysis were made.

Since the studies were made on only one traffic control system onone particular free-
way, the results should not be viewed as necessarily applying to the general concept of
""on-freeway' controls. It was found that motorists do not decrease their speeds to
coincide with the posted speed unless there is an apparent reason to do so. The vari-
able-speed signs were not successful in increasing the flow rate at a critical bottleneck,

The effectiveness of the overhead lane-control signals appears to be a function of the
freeway demand.

Paper sponsored by Committee on Freeway Operations and presented at the 47th Annual Meeting.



Development and Evaluation of a Ramp Metering
System on the Lodge Freeway

JOSEPH A. WATTLEWORTH, CHARLES E, WALLACE, and MOSHE LEVIN, Texas
Transportation Institute, Texas A&M University

ABRIDGMENT

eAN evaluation of the effectiveness of the ramp control system on Detroit's Lodge
Freeway indicated that traffic operation on the freeway in the peak period was sub-
stantially improved when the control system was implemented. Statistics indicate
that both total input to the freeway and total travel were not changed by the controls.
Total travel time on the freeway was about 23 percent less during the control pe-
riod, indicating greater efficiency. This efficiency represents a dollar saving to free-
way motorists of about $382,500 per year.
When a freeway ramp control plan is being developed, it is necessary to consider
the freeway and the corridor area as an integral system. This same traffic network
should also be considered in the evaluation of a control system.

Paper sponsored by Committee on Freeway Operations and presented at the 47th Annual Meeting.
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