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The study was initiated by a request from the U. S. Bureau of 
Public Roads for an evaluation of the potential for reserving 
one or more exclusive bus lanes on the San Francisco-Oakland 
Bay Bridge. This section of highway has the greatest peak
hour bus concentration in California, and delay occurs because 
demand exceeds capacity during peak periods. The existing 
traffic conditions were surveyed for both morning and evening 
peak periods. The data obtained included capacity of bridge, 
number of persons using each mode, volumes (automobiles and 
buses), travel times, and demand. This information was used 
to determine the present person-delay being suffered. These 
data were then used in a simulation of conditions with an ex
clusive bus lane in effect. The assumption was made that the 
lane used exclusively for buses was previously a lane used for 
mixed traffic in the same direction. A graph was developed 
thatshowedperson-delay with and without an exclusive bus lane 
as a function of modal split. This paper concludes that an ex
clusive bus lane on the Bay Bridge is not feasible because the 
increased delay to automobile users would far exceed the sav
ings to the bus passengers. At the present demand there is no 
modal split that would make an exclusive bus lane feasible. The 
conclusions were based principally on recurrent congestion. If 
nonrecurrent congestion such as that caused from breakdowns 
and accidents had been included in the delay, the exclusive bus 
lane alternative would have been even more detrimental. 

•THIS STUDY was initiated when the Bureau of Public Roads requested that an evalua
tion be made of the potential for reserving one or more exclusive bus lanes on the San 
Francisco-Oakland Bay Bridge (SFOBB). The position of the Federal Highway Admini
stration on the reservation of freeway lanes for buses is stated in the Bureau's Instruc
tional Memorandum 21-13-67. The SFOBB is a 10-lane facility with 5 westbound lanes 
on the upper deck and 5 eastbound lanes on the lower deck. The bridge has no shoulders, 
and when accidents or stalls occur the capacity of the bridge is reduced by at least 1 
lane. The area in which the bridge is located is shown in Figure 1. 

Data for this report were obtained from several sources. The capacity of the bridge 
was determined from mainline counts taken near the tunnel on Yerba Buena Island by the 
Division of Bay Toll Crossings and was verified by counts and aerial photographs of 
queuing at the east end of the bridge. Counts of volumes on the ramps feeding the bridge 
were obtained from the San Francisco office of the Division of Highways. Bridge data, 
including a very comprehensive bus travel-time study during peak periods, were also 
furnished by the Division of Bay Toll Crossings. Other data, including bus counts and 
occupancy, were obtained from semi-annual traffic surveys conducted by the University 
of California. 
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Figure 1. Location of the San Francisco-Oakland Bay Bridge. 

PRESENT CONDITIONS 

The present volume and composition of traffic during the peak congested periods are 
given in Table 1. The present average off-peak travel time for buses in the westbound 
direction from the Bay Bridge Toll Plaza to the San Francisco Terminal Building is 
8.25 min and the travel time in the eastbound direction from terminal building to toll 
plaza is 8. 75 min. Details on travel time and delay for buses are given in the Appendix. 
Eastbound, off-peak travel takes 30 sec longer than the westbound, off-peak travel be
cause the buses are starting from almost a complete stop on an approximately 3 percent 
grade. 

During the peak period under ideal conditions (that is, good weather, daylight, and 
no lane blockage), the average travel time for buses in the westbound direction was ap
proximately 11 min and in the eastbound direction, 11.3 min. 

The maximum delay to buses leaving the toll plaza in the westbound direction occurred 
between 7:35 and 7:45 a. m. This is the period when queuing from the merge section is 
greatest. The maximum delay obtained from bus travel times on 9 different weekdays 
amounted to 4. 75 min. Most of this delay is incurred in the merge section between the 
bridge and the toll plaza. 

The delay for buses in the eastbound direction is fairly constant throughout the latter 
part of the peak period (5:00 to 6:00 p.m.) . This is because the majority of the delay 
being experienced is running delay on the bridge. (Running delay is the delay caused by 
the natural reduction in speed as flow rates increase, and queuing delay is that caused 
by demand exceeding capacity.) Variability is observed only when accidents or stalls 

TABLE 1 

VOLUME AND COMPOSITION OF TRAFFIC ON SAN FRANCISCO-OAKLAND BAY BRIDGE 

People 
Vehicles 

Time In Buses In Automobiles 
Buses Automobllesa Total Total 

Number Percent Number Perceqt 

Peak hourb 
7:10 to 8:10 a.m . 340 8,461 8,801 11,996 48.7 12,607 51.3 24, 603 

Peak period 
6:55 to 8:25 a.m . 433 12,515 12,948 14, 797 44.2 18,647 55.8 33,444 

Peak hourb 
4:35 to 5:35 p. m . 303 8,503 8,806 11,858 48.5 12,669 51.5 24,527 

Peak period 
4:10 to 5:45 p . m . 374 13,102 13,476 14,073 41.9 19,522 58.1 33,595 

alncludes trucks. bHour of maximum flow of people across the bridge and not necessarily hour of maximum flow of vehicles. 



19 

occur on the bridge. On one of the data collection days 2 separate lane blocks in the 
eastbound direction lasted a total of 27 min and caused maximum delays of 8.5 min per 
bus. Although nonrecurrent congestion occui:s frequently and must be anticipated, it 
is not included in this analysis because of its extreme day-to-day variability. 

At the present time the buses are suffering less delay than the automobiles during 
the peak congested periods. This is true in both directions. In the eastbound direction 
the buses presently have an exclusive entrance to the bridge, and the delay they incur 
in getting onto the bridge is negligible. The automobiles, on the other hand, queue up 
on every ramp leading to the bridge. 

The westbound direction generally has a continuous flow except at the merging sec
tion near the beginning of the bridge. Six lanes feed into the toll plaza area, but only 
5 lanes are on the bridge (Fig. 2). Because the capacity on the bridge is less than the 
capacity at the toll booths, queuing occurs between the bridge and the toll booths. Even 
though it is not mandatory, the buses predominantly use the right lanes in the 17-lane 
toll booth area because the drivers have found from experience that operation is smoother 
in the right lanes where the traffic volumes are lighter. The queuing delay being ex
perienced between the toll booths and the bridge, a distance of 3, 750 ft, is less for the 
buses than for the automobiles. The average queuing delay per automobile during the 
morning peak on October 9, 1968, was 2.3 min, whereas the average queuing delay per 
bus was only 1.5 min. The maximum queuing delay for automobiles was 4.3 min and 
for buses only 2. 75 min. 

The average delay on the bridge (running delay) for automobiles is approximately 
the same as that for buses during the peak periods. The running delay is the difference 
between low-volume speeds (43 mph for buses and 45 to 50 mph for automobiles) and 
capacity-volume speeds (37 mph). 

Because of the difficulty in obtaining data on the many San Francisco approaches, 
the queuing delay for automobiles was determined only for the westbound direction. The 
total queuing delay is much greater in the eastbound direction. 

CONDITIONS WITH AN EXCLUSIVE BUS LANE 

Only the westbound direction is considered in the analysis of the reservation of 1 of 

Figure 2. San Francisco-Oakland Bay Bridge Toll 
Plaza (looking west). 

the existing 5 lanes for exclusive use by 
buses, leaving only 4 lanes available for 
vehicles other than buses. Details of the 
analysis are given in the Appendix; the re
sults are discussed in the following. 

If one lane is used exclusively by buses, 
the current travel demand and the number 
of people using each of the 2 modes will 
increase the total queuing delay in the 
westbound direction from 65,600 to 289,000 
person-minutes even though the bus pas
sengers suffer no delay. The total running 
delay will decrease from 36,900 to 36,800 
person-minutes, and the total delay will 
increase from 102,500 to 325,800 person
minutes. The maximum queuing delay per 
vehicle will increase from 4.3 to 16 min
utes , and the maximum number of vehicles 
in queue will increase from 620 to 1,950. 
A queue of this magnitude will cause con
gestion in the East Bay Distribution struc
ture, which is the interchange among I-80, 
I-580, and Cal-17 (Fig. 3), and will ad
versely affect 3 major freeways and many 
motorists on these freeways who are des
tined for locations other than San Fran-
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Figure 3. San Francisco-Oakland Bay Bridge Toll 
Plaza (looking east). 

cisco. Because of the excessive queuing 
that will occur in the distribution structure, 
the buses themselves will incur additional 
delay upstream from the toll plaza exceed
ing the savings that they gained by having 
an exclusive bus lane on the bridge. Con
gestion will be present for approximately 
3 hours from 6: 30 to 9: 30 a. m. 

Although not calculated, the delay caused 
by an exclusive bus lane in the eastbound 
direction will be much more severe because 
of lack of storage space for the queued ve
hicles. This in turn will create delays for 
large numbers of persons not destined for 
the bridge. Congestion will extend well 
beyond the Central Skyway connection to 
the James Lick Freeway. The bus traffic 
will save very little (1 to 2 min on the 
bridge) because even under the present 
conditions the buses are experiencing only 
30 sec queuing delay. 

In the event of accidents or stalls, the 
exclusive bus lane will be quite advanta
geous to the buses, unless the lane block
age occurs in the exclusive bus lane, and 
the savings to bus passengers may seem 
quite large when compared with the delay 

suffered by motorists. The result, however, would be to greatly increase total person
delay above the calculated figures that are based on incident-free operation. 

EFFECT OF CHANGE IN MODAL SPLIT 

Figure 4 shows person-minutes of delay for various percentages of people riding 
buses with and without an exclusive bus lane and the current demand that stays constant 
regardless of the modal split. The present peak-hour demand is 25,200 persons. The 
figure is based on the following stipulations: 

1. Five lanes are available, either 5 mixed or 4 for automobiles and trucks and 1 
for buses. 

2. Delay is incurred when queuing is present. 
3. Automobile occupancy is 1.49 persons. 
4. One bus is equivalent to 2 automobiles in mixed traffic stream_ 
5. Capacity of bridge with 5 lanes available for mixed traffic is 8 ,800 vehicles per hour. 
6. Capacity of bridge for other vehicles with only 4 lanes available is 7 ,280 per hour. 

The current modal split during the peak period is 44 percent for buses and 54 per-
cent for automobiles; buses are much lower both before and after this period. Compo
sition of demand for other modal splits, which caused the peak period to vary, was 
determined by allocating the changes made in proportion to the present demand. 

As Figure 4 shows, if an exclusive bus lane is in effect, the delay will not be elim
inated until nearly 57 percent of the people ride buses. However, if 57 percent rode 
buses and mixed traffic were allowed on all 5 lanes, there would be no delay for any
body and there would be considerably more freedom of movement in the traffic stream . 
In other words, the bridge would be operating at approximately 82 percent of capacity 
with mixed traffic in all 5 lanes, but at 100 percent of capacity with 1 lane for buses 
and 4 lanes for automobiles and trucks. It can be concluded that at the present demand 
no modal split would make an exclusive bus lane feasible. 
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Figure 4. Delay during peak period westbound with and without an 
exclusive bus lane as a function of modal split. 

BUS BYPASS AT BRIDGE APPROACH 
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Currently buses traveling eastbound are bypassing the major congested area, the 
approaches to the bridge. They are able to do this because they have an exclusive bus 
ramp to the bridge. 

A study was made of the possibility of allowing buses to bypass the congestion west
bound between the toll booths and the bridge. This could easily be done by reserving 
the far right toll booth exclusively for buses and striping an exclusive bus lane from 
this booth to near the beginning of the bridge where the buses would then merge with 
other traffic in the right lane. This would bring the buses in at the head of the line. 
The only delay the buses would incur would be the nominal running delay crossing the 
bridge. 

The merits of this plan were determined by a detailed bus travel-time study to de
termine how long the buses are being delayed in this merging section between the toll 
booths and the bridge. It was discovered that the average delay to buses during the peak 
period is only 1.5 min compared to 2.3 min for all other vehicles. The bus drivers 
have discovered the advantage of using the right lanes even though they are not manda
tory. Automobiles avoid the right lanes because of the high bus density. Therefore, 
the buses have an unofficial bypass. The major queuing delay being suffered is near 
the bridge where the buses merge into the mainstream of traffic. This problem would 
be present even if an exclusive bus bypass were in effect. 

The bypass lane could not extend onto the bridge for this would mean eliminating a 
lane for use by other traffic. This would have the same effect on queuing delay as an 
exclusive bus lane across the entire bridge. At the present time an exclusive bus by
pass between the toll booths and the bridge will result in a 1- to 1.5-min savings per 
bus. Some additional delay will be suffered by other vehicles at the merging section. 
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The savings to buses become quite insignificant when considered as part of the total 
trip time from point of origin to point of destination. 

The eastbound approach is currently not a problem for the buses. Observations in 
this area revealed 3 detriments to vehicle traffic flow: 

1. The exclusive bus entrance has an inadequate merging lane and is controlled by 
a yield sign; 

2. The buses are starting from almost a complete stop on an approximately 3 per
cent grade; and 

3. The buses begin changing lanes at slow speeds as soon as they enter the bridge. 

In addition to helping buses, improvements in the merging geometrics so that the buses 
can begin the grade at a higher speed will improve the flow of traffic. After entering 
the bridge, the buses should stay in the same lane until reaching the summit of the west 
bay crossing. 

NONRECURRENT CONGESTION 

This analysis is based principally on recurrent congestion, congestion caused from 
inadequate capacity. Nonrecurrent congestion, such as that caused from breakdowns 
and accidents, has not been discussed. 

Traffic surveys by the University of California of stalls and accidents on the bridge 
during peak periods on October 18 and 19, 1967, and April 16 and 17, 1968, show that 
an average of 11/3 incidents occur daily in the westbound direction and last for an aver
age of 19 min each. In the eastbound direction, approximately 5 incidents occur daily 
and last for an average of 12 min each. If nonrecurrent congestion had been included 
in the analysis, the exclusive bus lane alternative would have been even more detri
mental. 

CONCLUSION 

An exclusive bus lane on the San Francisco-Oakland Bay Bridge is not feasible. The 
average delay currently on the bridge is only 1 to 2 min over a 5-mile section. The 
delay incurred in the merging section downstream from the toll plaza amounts to an 
average queuing delay of 1.5 min for buses and 2.3 min for other vehicles. An exclu
sive bus lane will increase delays to the automobiles, and the resulting loss will far 
exceed the savings to the bus traffic because available capacity in the bus lane will be 
wasted. The net increase in delay, if an exclusive bus lane is in effect, will be approx
imately 223,300 person-minutes daily during the westbound morning peak and a much 
larger amount during the eastbound evening peak. 

Even though the exclusive bus lane will result in savings to buses while on the bridge, 
losses will be incurred upstream from the bridge. Other vehicles being delayed be
cause of the reduced number of lanes for their use on the bridge will be backed up far up
stream. The buses will suffer additional delay from this upstream congestion unless 
an exclusive bus lane extends back to the point where they enter the freeway. Because 
the buses now enter the freeway from many different ramps on 3 separate freeways, 
the provision of exclusive lanes from all of those origins is not feasible. None of this 
bus delay or delay to vehicles not destined for the bridge is included in the 223,300 
person-minutes of increased delay per morning. 

An exclusive bus bypass through the toll plaza area definitely has merit. Increased 
demands in the future may prove this to be a valuable alternative. At the present de
mand, no modal split would make an exclusive bus lane feasible. 

These conclusions have been based principally on recurrent congestion. If nonre
current congestion, such as that caused from breakdowns and accidents, were included 
in the delay, the exclusive bus lane alternative would be even more detrimental. 
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Appendix 
BUS TRAVEL TIME AND DELAY 

Present Conditions 

Tabulations of travel times for buses between the San Francisco Terminal Building 
and the Bay Bridge Toll Plaza were made by the Division of Bay Toll Crossings for both 
the eastbonnd and westbonnd directions. Table 2 gives information for conditions with 
no nonrecurrent congestion extracted from these tabulations. 

Figure 5 shows the total travel time for buses between the toll booths and the ter
minal in the westbonnd direction on October 9, 1968, during the morning peak period. 
No nonrecurrent congestion existed, and the weather was clear; conditions were very 
close to perfect. In the eastbonnd direction, the travel time on the bridge during the 
peak period is approximately 2 min greater than that during the off-peak period. 
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Figure 5. Bus travel times during peak period westbound from Toll Plaza to 
San Francisco Terminal. 
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TABLE 2 

BUS TRAVEL TIMES IN MINUTES 

Peak or Delay Westbound Eastbound 

Average peak 10.85 11.30 
Average off peak 8 .25 8.75a 
Average delay 2.60 2.55 
Maximum peak 13.00 13.00 
Maxi.mum delay 4.75 4.25 

8Eastbound off p911k takes 30 sec longer than westbound off peak be
cause buses are staning from almost a complete stop on an approxi
mately 3 percent grade. 

Demand and Capacity Westbound 

Flow through the toll booths in the west
bound direction was used as the demand. 
Table 3 gives the demand on October 9, 
1968, from the hours of 6:00 to 9:30 a. m. 
The capacity of the toll booths is greater 
than the capacity of the bridge; therefore, 
queuing occurs between the bridge and the 
toll booths. The capacity of the bridge was 
determined from mainline counts taken 
near the tunnel on Yerba Buena Island on 
4 different days. These counts were taken 
in both directions far downstream from 
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TABLE 3 

DEMAND OF MIXED TRAFFIC WESTBOUND ON 
OCTOBER 9, 1968 

Time Vehicles Cumulative 15-Min 
(a.m.) Vehicles Flow Rate 

6:00 0 
837 3,348 

6: 15 637 
1,308 5,232 

6:30 2,145 
1,871 7,484 

6:45 4,016 
1,993 7,972 

7:00 6,009 
2,435 9,740 

7: 15 8,444 
2,455 9,820 

7:30 10,899 
2,350 9,400 

7:45 13,249 
1,943 7,772 

8:00 15,192 
2,048 8,192 

8:15 17,240 
1,748 6,992 

8:30 18,988 
1,599 6,396 

8:45 20,587 
1,466 5,864 

9:00 22,053 
1,350 5,400 

9: 15 23,403 
1,250 5,000 

9:30 24,653 

- - - Demand w/o exclusive bus lone 
-- Capacity Flow Rote w/o exclusive bus lone 

0 
0 

"' 

I)] Total Delay = 30,000 veh. min. 
Maximum Delay • 4. 3 min. 
Mox . no. of veh. in queue • 6 20 

Figure 6. Relationship between demand and capacity during peak period on east approach of bridge 
without exclusive bus lane. 



25 

bottleneck sections. From these cowits, the capacity for both directions was deter
mined to be 8 ,800 vehicles per hour. 

A reduced-scale representation of a cumulative plot of demand and capacity with re
spect to time is shown in Figure 6. The area within the demand and capacity curves 
is the total delay incurred in vehicle-minutes. The difference between the 2 curves on 
the vertical axis gives the number of vehicles in queue at any time. The difference be
tween the 2 curves on the horizontal axis gives the delay per vehicle at any time. 

The following information was obtained from Figure 6. In the bus queuing delay, 
1. 5 min is the average delay per bus during the morning peak period as determined 
from the bus travel-time survey. 

Period of delay 
Total queuing delay, vehicle-minutes 
Bus queuing delay (433 buses x 1.5 min), vehicle-minutes 
Total automobile delay, vehicle-minutes 

6: 55 to 8:25 a. m. 
30,000 

650 
29,350 

4.3 
620 

Maximum delay, min 
Maximum number of vehicles in queue 
Total number of automobiles delayed (13,200 - 433) 
Mean automobile delay (29,350/12,767), min per automobile 

12,767 
2.3 

TABLE 4 

DELAY INCURRED BY BUSES DURING PEAK PERIOD WESTBOUND ON OCTOBER 9, 1968 

Queuing De lay Running Delay 

Toll Plaza to Bridge East End of Bridge 
Number to S. F. Terminal Time Of Occupancy 

(a.m.) Buses per Bus Avg. Delay Total Delay Avg. Delay 
per Bus (person-min) per Bus Total Delay 

(min) (min) (person-min) 

6:55 
14 32.2 0.25 117 0 0 

7:00 
11 42.4 0 .25 117 0.50 234 

7:05 
18 42.4 0.25 191 0.50 382 

7:10 
25 42.4 0.50 531 1.25 1,330 

7:15 
21 42.4 0.75 667 1.25 1,110 

7:20 
30 42.4 1.25 1,590 1.25 1,590 

7:25 
23 42.4 1.75 1,705 1.25 1,219 

7:30 
28 35.3 2.00 1,975 1.25 1,235 

7:35 
38 35.3 2.75 3,680 1.25 1,675 

7:40 
39 35.3 2.75 3,780 1.00 1,375 

7:45 
26 35.3 2.25 2,065 0.75 687 

7:50 
29 35.3 2.00 2,050 1.00 1,025 

7:55 
26 35.3 1.75 1,610 1.25 1,150 

8:00 
34 22.3 1.25 760 1.25 760 

8:05 
21 22.3 1.25 588 1.50 705 

8:10 
25 22.3 0.75 420 1.50 840 

8:15 
13 22.3 0.25 73 1.25 364 

8:20 
_fl 22.3 0 0 1.00 269 

8:25 

Total 433 21,919 15,950 
Avg. 1.51 1.10 
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According to the University of California traffic survey, the average vehicle occu
pancy is 1.49 persons between the hours of 6:55 and 8:25 a.m. Therefore, queuing de
lays in person-minutes are 

Automobile queuing delay (29,350 x 1.49) 
Bus queuing delay (from Table 4) 
Total queuing delay 

43,700 
21,900 
65,600 

The running delay incurred on the bridge was caused by high volumes. This delay ex
tended from 6: 55 to 8: 2 5 a. m., the approximate time period of the queuing delay. 

The average running delay is 1.1 min per vehicle during the congested period as 
determined by the bus travel-time survey on October 9, 1968. It is assumed that dur
ing the peak periods, running delay per automobile is the same as the running delay 
per bus. Total running delays in person-minutes between 6: 55 and 8:25 a. m. were de
termined as follows: 

Total people in 433 buses (from Table 4) 
Total people in automobiles (12,767 x 1.49) 

Running delay for buses (from Table 4) 
Rl.UUling delay for automobiles (19,023 x 1.1 min) 
Total running delay 
Total queuing delay 
Total delay 

Conditions With an Exclusive Bus Lane 

14, 797 
19,023 

15,950 
20,925 
36,875 
65,600 

102,475 

There were 300 buses crossing the bridge during the peak hour. For the purpose 
of these calculations, we have assumed that in the traffic stream a bus is equivalent to 

TABLE 5 

DEMAND OF TRAFFIC WITHOUT BUSES WESTBOUND 
ON OCTOBER 9, 1968 

Time Total Minus Vehicles Without Buses 

(a.m.) Vehicles Buses Number Cumulative 

6:00 0 
837 10 827 

6:15 827 
1,308 10 1,298 

6:30 2,125 
1,871 15 1,856 

6:45 3,981 
1,993 29 1,964 

7:00 5,945 
2,435 54 2,381 

7:15 8,326 
2,455 74 2,381 

7:30 10,707 
2,350 105 2,245 

7:45 12,952 
1,943 81 1,862 

8:00 14,814 
2,048 80 1,968 

8:15 16,782 
1,748 38 1, 710 

8:30 18,492 
1,599 33 1,566 

8:45 20,058 
1,468 26 1,440 

9:00 21,498 
1,350 25 1,325 

9:15 22,823 
1,250 15 1,235 

9:30 24,058 
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2 automobiles. If 1 lane is used exclusively by buses, the capacity of the remaining 4 
lanes is as follows: 

5-lane hourly capacity with no buses (8,800 vehicles 
- 300 buses + 600 automobiles that replace buses) 

4-lane hourly capacity (4/s x 9 ,100) 
9,100 
7,280 

Table 5 gives the demand at the toll plaza without buses. This demand and a con
stant rate of 7 ,280 other vehicles for capacity were used to determine demand and ca
pacity with respect to time as shown in Figure 7, which is a reduced-scale representa
tion of the original plot. The area within the curve shows the total delay incurred by 
automobiles and trucks. Because the buses will use the fifth lane and suffer no delay, 
they are not shown in this plot. From Figure 7, the following information was obtained: 

Period of delay 6:30 to 9:35 a. m. 
Total queuing delay, vehicle-minutes 194,400 
Maximum delay, min 16 
Maximum number of vehicles in queue 1,950 
Total queuing delay (194,400 x 1.49), person-minutes 289 ,000 
Total running delay (22,447 x 1.49 x 1.1), person-minutes 36, 790 
Total delay, person-minutes 32 5, 790 

If an exclusive bus lane is in effect, the increased delay in crossing the bridge will be 
223,300 person-minutes, computed as follows: 

25 

Delay with bus lane, person-minutes 
Delay without bus lane, person-minutes 
Increased delay, person-minutes 

Demand (Au las 6 Trucks) 

325,800 
102,500 
223,300 
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Figure 7. Relationship between demand and capacity during peak period on east approach of bridge with 
exclusive bus lane. 
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Discussion 

li'RANK S. KOPPELMAN, Tri-State Trans portation Commission , New York-The es
tablishment of exclusive bus lanes in heavy travel corridors has received considerable 
attention by researchers, planners, and administrators seeking ways to improve peak
hour access to central business districts. The study reported by Martin is useful in 
quantifying some of the effects of providing an exclusive bus lane in one specifically de
fined circumstance. Unfortunately, the limits of the study as reported by him may lead 
to erroneous conclusions. 

The following comments stress the importance of considering the underlying demand 
functions that provide the basis for explaining or predicting (or both) changes in ob
served crossing volumes that will result from changes in the supply function. In gen
eral, observed travel volumes represent an equilibrium between travel supply (or cost) 
functions and travel demand functions. Any change in either of these functions will re
sult in a change in the equilibrium point and, therefore, in the observed travel volume. 

The study reported is based on the assumption that a fixed volume of vehicles and 
persons cross the bridge. In fact, the underlying economic rationale for travel demand 
indicates that changes in absolute or relative costs-in this case time costs-will lead 
to changes in observed volume. In the case under consideration, the probable result 
would be some increase in the bus-automobile modal split (probably also a shift in the 
time distribution of vehicle arrivals at the bridge, especially automobiles). Rather 
than make the fixed demand assumption, it is useful to determine the extent of the 
modal-split shift necessary to reach a break-even point in terms of the established ob
jectives-in this case, reduction in person-minutes of delay-and then to consider the 
likelihood of such a shift. SUch a break-even point occurs at a modal split of 50 to 51 
percent on buses. (The author's assertion that person-minutes of delay is always less 
without the exclusive bus lane, shown in Figure 4, is misleading in that the modal split 
is itself dependent on the decision of whether or not to provide an exclusive bus lane.) 
It is interesting to note that an alternative policy of providing an exclusive bus lane 
during the period from 7:15 to 8:15 only with priority to buses during the remaining rush 
period would result in a time delay considerably smaller than that of providing an ex
clusive bus lane during the entire rush period and would have a break-even result at a 
modal split of approximately 47 percent (Table 6). The shift to 50 to 51 percent may be 
unlikely, but a shift in excess of 4 7 percent is quite reasonable. Although there would be 
obvious operational difficulties, the benefits might be considerable . 

Once the modal-split shift question is introduced , it becomes possible to consider 
broadening the objectives of the study to consider potential peripheral benefits such as 
the reduction in CBD congestion. Such peripheral effects may be equally as significant 
as, or more significant than, the effects of direct time saving. 

This discussion indicates some of the reasons for considering the characteristics of 
vehicle crossing or person crossing demand rather than a fixed-volume condition. An 
even more comprehensive analysis would consider the shifts in arrival time that might 
occur as a result of the changes under study. The necessary demand analysis is com-

TABLE 6 

COMPARISON OF EXPECTED DELAY TIME 

Condition 

Present conditions 
Plan Aa-44 percent on buses 
Plan Aa-s1 percent on buses 
Plan Bh-44 percent on buses 
Plan Bb-47 percent on buses 

Queuing 

66,000 
289,000 

53,000 
134,000 

72,000 

aeased on exclusive bus lane from 6:00 to 9:30 a.m. 

Delay, person-min 

Running 

37,000 
37,000 
37,000 
37,000 
37,000 

Total 

103,000 
326,000 

90,000C 
171,000 
109,00od 

beased on exclusive bus lane from 7:15 to 8:15 a.m. and priority treatment for buses 
during balance of high-volume period. 

Cfor Plan A, breakeven occurs at a modal split of ~twoen 50 and 51 percent. 
dFor Plan B, breakeven occurs at a modal split of sli,ghUy over 47 percent. 



29 

plex but will be ultimately rewarding if it improves the decisions that are made. As 
part of this analysis, it would be appropriate to consider the development of a probabi
listic demand function that could be used to estimate the relative benefits of each alter
native over a range of possible conditions. Such a model could be designed to incorpo
rate the generation of nonrecurrent incidents so that their effect on the overall results 
could be considered. 

Although the quantitative approach taken by the author is a significant step forward, 
an even more rigorous approach is required before discarding a potentially valuable 
transportation alternative. In any case, the results obtained cannot be readily general
ized to other conditions that might lead to quite contrary conclusions. 

The author brings up a significant point concerning the relatively limited effect that 
may be achieved through the establishment of an exclusive bus lane over a short seg
ment of the travel corridor. Future efforts should consider more general possibilities 
for establishing exclusive or priority lanes over extended portions of the commuter 
network. 



An Empirical Analysis of Lane Changing on 
Multilane Highways 
R. D. WORRALL, Peat, Marwick, Mitchell and Company; and 
A.G. R. BULLEN, University of Illinois 

The paper decribes a macroscopic analysis of lane-changing behavior on 
multilane highways. It includes descriptions of the pattern and frequency 
of lane- changing maneuvers observed under varying road and traffic con
ditions, the distribution of maneuver lengths and times, and the acceptance 
and rejection of gaps by lane-changing vehicles. Data for the study were 
collected at a sample of 30 freeway-locations in Chicago. 

•LANE.,-CHANGING BEHAVIOR may be described in terms of 2 measures: (a) frequency, 
the number of lane changes occurring among all lanes along a given length of road, L, 
and over a given time span, t; and (b) pattern, the distribution of lane changes between 
specific lane-lane pairs along a given road length, L, and over a given time span, t. 

More formally, if Nij(tm) lane changes occur between lanes i and j and within a 
length L of an n-lane roadway during the m th time interval of length t, then the average 
frequency of lane changing per unit length per unit time, A., over a series of M such time 
intervals may be defined as 

M n n { Nij (tm) } . N" {:!: 0 if i h 
>-= L L L m=l i=l j=l L . M . t ' IJ = 0 if i = j 

In this paper the frequency of lane changing is expressed generally as an average ma
neuver rate per 500 ft of roadway per minute. 

Similarly, the pattern of lane changing may be expressed as an n x n transition 
matrix ( Pij}, such that 

where 

Vi(tm) = volume in lane i during m th period t and 
Pij = 0 for i = j. 

If the constraint Pij = 0 for i = j is relaxed (i.e., the values on the main diagonal 
may take on nonzero values) and the value of Ep .. is in turn constrained equal to unity, 

j lJ 

then the matrix (Pij} represents a stochastic matrix, the elements of which represent 
the probability that a vehicle entering section L in lane i leaves that section in lane j 
(i.e., the vehicle changes lanes from lane i to lane j over length L). 

Data on the frequency of lane changing were collected at 30 locations by means of 
time-lapse ground photography. The study sample included sections of 2-, 3-, and 
4-lane, 1-directional roadways, situated at varying distances from entrance and exit 

Paper sponsored by Committee on Freeway Operations and presented at the 49th Annual Meeting. 

30 



31 

1~ . " • &fiA A QH • ; ~N.d1;h'nt\o~1 
O I O 20 30 <10 so 60 0 10 .1.0 30 <10 so 110 

TIME IN MINUTES f tW.C IN MINUTIU 

2-LANE SECTION #I 2-LANE SECTION # 2 

jc:. -s~ i : ;: . 
g: 

' 
20 :so 40 !lo so o 10 .to :so •O so eo 

TIME IN MINUTES "1111. .,_, •11JUfll 

3- LANE SECTION #I 3- LANE SECTION # 2 

20 30 40 ,,0 10 "'" 30 40 so 60 
TIME IN MINUTES 

STUDY LOCATIONS filIIlllllll 4-LANE SECTION #I 4-LANE SECTION # 2 

Figure 1. Location of study sites in the Chicago Figure 2. Typical time-series of 1-minute lane-change 
area. frequency. 

ramp terminals. Mainstream volumes during the study period varied from approxi
mately 1,000 to 5 ,000 vehicles per hour. Figure 1 shows the location of study sites 
in the Chicago area. 

FREQUENCY OF LANE CHANGING 

Figure 2 shows a set of typical time-series 
plots of lane-changing frequency for sections of 
2-, 3-, and 4-laneroadway. Equivalent frequency 
plots for the same locations are shown in Figure 3. 
In each case, the pattern is essentially a random, 
apparently stationary variation about a stable 
mean value. This value-denoted as the average 
lane-changing frequency A. for the section-varies 
both with location and with flow rate. 

For 2-lane roadways, the mean lane-changing 
frequency varies from 0. 7 to 1.4 lane changes per 
500 ft per minute. For 3- and 4-lane roadways, 
the equivalent figures are 1.2 to 3.0 and 2.9 to 3.4 
lane changes per 500 ft per minute. These figures 
are based on data collected at points at least 500 ft 
from a ramp terminal. The equivalent 1-minute 
variances follow a similar pattern: 0 .6 to 0. 9 for 
2-lane roadways, 1.8 to 2.9 for 3-lane roadways, 
and 2.9 to 3.8 for 4-lane roadways. 

Figure 4 shows a simple plot of the value of A. 
versus total volume. In this case, the value of A. 
is expressed as the average number of lane changes 
per 200 ft per minute. The plot suggests that the 
intensity of lane changing tends to peak at medium
high volume levels and to fall off at both higher 
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Figure 3. Typical lane-changing frequency 
distributions. 
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Figure 4. Variation of average lane
changing frequency, A., with total 
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Figure 5. Variation of average lane
changing frequency, A, with average 

speed on 3-lane roadway. 

and lower flow rates. However, to talk 
of fitting a formal function to the data is 
clearly inappropriate. 

An essentially similar relationship may 
be discerned between lane-changing inten
sity and average mainline speed. This is 

shown in Figure 5. The speed data are average minute speeds, analogous to the volume 
measurements shown in Figure 4, computed for the total sample of 3-lane locations. 
The lane-change data are expressed as the average number of lane changes per 500 ft 
per minute. The relationship is approximately linear in form over the 10-to-40-mph 
range, and lane changing tends to decrease in intensity as speeds increase above 40 mph. 

Figures 6 and 7 show the variation in lane-changing frequency between specific lane
lane pairs as a function of their average minute volume and speed differentials. In each 
case, A.ij is expressed as an average maneuver frequency per 500 ft per minute. The 
data are again based on the composite sample of 3-lane roadways. Equations based 
on least squares fits to these data are given in Table 1. As might be expected, lane 
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TABLE 1 

RELATIONSHIPS BETWEEN LANE-CHANGING FREQUENCY AND 
LANE-LANE VOLUME AND SPEED DIFFERENTIALS ON 

3-LANE, 1-DIRECTIONAL ROADWAYS 

Lane-Lane Equations 
Movement 

Center to right '-CR = 0 .278 + 0.011 VCR (R' = 0.66, SE = 0.0048, 1 

'-CR = 0 .074 + 0.012 SRC (R2 = 0.93, SE = 0 .0050 , 1 

Right to center '-Re = 0.517 - 0.008 VCR (R2 = 0.36, SE = 0.0043, 1 

'-RC = 0.045 + 0.017 ScR (R2 = 0.68, SE = 0.0051, x 
Center to left '-CL = 0.364 - 0.007 V LC (R2 = 0.24, SE = 0.0073, 1 

'-cL = 0.468 - 0.011 SCL (R2 = 0.77, SE = 0.0027, 1 

Left to center '-LC = -0 .136 + 0.026 V LC (R' = 0.94, SE = 0.0037, 1 

'-LC = 0.580 - 0.017 SLC (R2 = 0.81, SE = 0.0041, 1 

= 0.308) 

= 0 .342) 

= 0.355) 

= 0.347) 

= 0.347) 

= 0.27) 

= 0.328) 

= 0.315) 

Note: AcA = average number lane changes per 500 ft per minute between center and right lanes; similarly 

for ARC• '-CL• and ,\LC· 
VcR = 11vur-'1g& m}nu10 vol_u.rno dlfforential btlween center and right lanes; similarly for V LC· 

SCR = averi19e minule sotcc:t dlff'ercntial batwcon center and right lanes; similarly for SAC• SLC• and ScL. 

changing tends to be to the lane carrying the 
lower flow and to the lane with the higher speed. 

PATTERNS OF LANE CHANGING 

The pattern of lane changing along a portion 
of multilane road may be represented conve
niently by a transition matrix, Pij, the elements 
of which repres ent the probability of a single 
vehicle making a transition, i.e ., changing 
lanes, from lane i to lane j, within a given dis
tance and a given time span. Figure 8 shows a 
set of typical transition matrices, calculated for 
the 6 study locations used in the discussion of 
lane-changing frequency . 
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In each case, the individual values in the 
cells of the matrix represent average transition 
probabilities computed from a sequence of 
successive, 15-minute observations of lane
changing behavior at each location. The variance 
of these successive 15-minute observations is 
given in parentheses in each cell. 

LAH[ I U!lf 1 ~AllU' ) U.Nt: .. LANE I LANE 2 LAHl J LAN[ 4 

Similar transition matrices were developed 
for each of the other 26 study locations included 
in the sample of ground photography. The total 
set was classified according to study locations 
and to the average rates of flow during the ob
servation periods and then subjected to a sta
tistical grouping analysis. The results of this 
analysis are shown for one study location in 
Figure 9. Similar analyses, with similar re
sults, were performed for each of the other 
sections of 2- , 3- , and 4-laneroadways studied. 

4 ·LANE SECTION #I 4·LANE Sf:CTION #2 

0 9568 = Mean Transition Probabilily 

(0.0414) = Variance of Sample Transition Probabilities 

Figure 8. Typical lane-changing transition 
matrices. 
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Figure 9. Results of grouping analysis. 

Though the data sample is small (and hence some caution is suggested), results sug
gest that there is little systematic difference between the lane-changing patterns ob
served at different flow levels for a given location or geometric configuration. 

In the 3-lane example in Figure 9, for instance, medium-volume and very high
volume observations or patterns tend to occur at similar flow levels. The differences 
that do exist appear to be in terms of the intensity rather than the pattern of maneuvers 
and to be within rather than between volume groupings. This is particularly noticeable 
if the values of Pij are readjus ted to remove the effects of volume and yield simple 
estimates of the conditional pr obability of a lane change occurring between lanes i and 
j, given that a lane change of some sort occurs. Similar results were obtained at each 
of the other locations studied. In no case did the pattern of lane changing appear to 
vary systematically with variation in total traffic flow. 

TIME AND DISTANCE REQUIRED TO CHANGE LANES 

The discussionsofar has focused on a simple, macroscopic description of lane
changing behavior. Attention is directed here, and in the next section, to a more 
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Figure 10. Location of study sites where data 
were obtained by aerial photography. 
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POSITION OF MANEUVERING 
VEHICLE AT $TART OF LANE-CHANGING 

Figure 11. Lane-changing maneuvers and terms. 

detailed examination of the actual mechanics 
of lane changing, expressed, first, in terms of 
the time and distance required to complete the 
lane-changing maneuver and, second, in terms 
of gap acceptance behavior. 

Data Collection 

Data for the study were derived from 70-mm 
aerial photography taken at the points shown in 
Figure 10. A lane change was considered to 
commence (Fig. 11) when a vehicle first en

croached on the lane line separating the lane in which it was currently traveling from 
that into which the lane-change maneuver was to be made. The maneuver was con
sidered to be completed once the vehicle had completely crossed that line. The re
maining head and tail portions of the maneuver were then analyzed separately. The 
head portion of the maneuver is the time and distance required for a vehicle to move 
from a straight-ahead path in its origin lane to first intercept the dividing lane line, 
and the tail portion of the maneuver is the equivalent time and distance required for 
a vehicle to return to a straight-ahead path after crossing that line. 

Numerical Results 

Figure 12 shows the relationships between volume, speed, and maneuver time; 
Figure 13 shows the relationships between volume, speed, and maneuver distance. 
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Figure 12. Variation in average maneuver 
time with traffic volume and speed. 
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The fW1ctions T = h(q, v) and L = g(q, v) (where T = maneuver time, L =maneuver 
length, q = volume, and v = speed) are represented on the figures by families of par
abolic curves, each solid "contour line" representing the locus of points of either con
stant maneuver time or maneuver distance. The range of the data set, i.e., the range 
of traffic conditions studied, precluded development of a complete contour map for 
either maneuver length or maneuver time for all traffic conditions. The existence of 
a parabolic relationship between maneuver length and time and between traffic volume 
and speed is, however, strongly suggested by the data shown in Figures 12 and 13. 

Figure 14 shows the results of an analysis of the head and tail portions of the lane
changing maneuver. The average time required for the head of the maneuver was 1.25 
seconds with a standard deviation of 0.4 second and for the tail, 1.95 seconds with a 
standard deviation of 0.5 second. Figure 15 shows the equivalent distances. The mean 
distance for the head was 110 ft and for the tail, 160 ft. 

The distribution of lateral placement for the changing vehicle prior to and after the 
lane-changing maneuver is shown in Figure 16. Vehicle placements are relatively 
widely distributed with respect to the centerline both before and after the maneuver. 
The average vehicle moved laterally 27 ft before encoW1tering the lane line and 30 ft 
after crossing the line before regaining a straight travel path. The average lateral 
speed of the changing vehicle during the head of the maneuver was thus 2.2 ft per sec, 
and during the tail, 1.5 ft per sec. For the total maneuver, including the head and the 
tail, the average lateral speed of the changing vehicle was 3.1 ft per sec, reflecting 
the higher average lateral speed achieved during the core of the maneuver as the ve
hicle was actually crossing the lane line. 
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Figure 16. Lateral placement of maneuvering 
vehicle before and after lane changing. 

AN ANALYSIS OF MINIMUM ACCEPTABLE 
GAPS FOR LANE CHANGING 

The following 3 definitions are used in this 
analysis: 

1. Accepted Gap-the time (or distance) head
way between the leading and lagging vehicles that 
defines the gap accepted by the maneuvering vehi
cle and is measured at the start of the maneuver ; 

2. Accepted Lead-the time (or distance) head
way between the maneuvering vehicle and the 
leading vehicle in the destination lane measured 
at the start of the maneuver; and 

3. Accepted Lag-the time (or distance) head
way between the maneuvering vehicle and the 
lagging vehicle in the destination lane measured 
at the start of the maneuver. 
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TABLE 2 

MINIMUM DISTANCE AND TIME LAGS, LEADS, AND GAPS 
FOR SELECTED DENSITY AND RELATIVE SPEED GROUPINGS 

Traffic 
Relative 

Density in Maneuver Distance (ft) Time (sec) 
Destination Speed Lane Lag Lead Gap Lag Lead Gap 

(vpm) (fps) 

0 to 3 <10 35 _a 126 0.3 a 1.1 
4 to 7 <10 48 27 300 0 .6 0.2 2.5 
8 to 11 <10 30 42 341 0 .4 0.4 2.8 

17 to 22 <10 20 18 110 0,4 0.3 1. 5 
23 to 28 <10 17 18 92 0,4 0.3 1.3 
29 to 34 <10 17 13 86 0 ,4 0.3 1.3 
35 to 40 <10 28 18 89 0 ,5 0.4 1.3 

0 to 3 >10 76 16 166 0.6 0.4 1.5 
4 to 7 >10 20 80 296 0.4 0.7 2.4 
8 to 11 >10 61 _b b 0.6 _b b 

17 to 22 >10 15 54 215 0.3 0.7 2.9 
23 to 28 >10 27 b 238 0.5 - b 2.8 
29 to 34 >10 14 58 87 0.3 0.7 1.1 
35 to 40 >10 a _a _a a _a _a 

Average 0.44 0.44 

alnsufficient data. bonly large values were observed. 

Table 2 gives the values of the 95 percentile minimum gap, lead, and lag values 
observed in the field. The data are based on a total of 1,706 lane changes observed 
under varying traffic conditions and are stratified by lane density for the destination 
lane and relative maneuver speed measured between the maneuvering vehicle and the 
leading-lagging vehicles defining the destination gap. The 95 percentile value was 
selected somewhat arbitrarily as representative of the average minimum value for a 
given traffic condition. The observed values of minimum accepted time gap, lead, 
and lag vary respectively from 1.1 to 2.9 sec, 0.2 to 0.7 sec, and 0.3 to 0.6 sec. The 
equivalent distance gap, lead, and lag headway measures are respectively 86 to 341 ft, 
13 to 80 ft, and 14 to 76 ft. 

No stable relationship is discernible between the observed minimum accepted gap, 
lead, or lag values and the traffic density in the destination lane. Minimum accepted 
gap, lead, and lag values in both time and space, however, tend to increase as the 
relative maneuver speed increases. This increase is most marked in lead rather than 
lag values. As might be expected, the minimum accepted' gap size is greater for a 
given traffic condition than the sum of the equivalent minimum accepted lead and lag 
values, suggesting that either the lead or the lag value may be critical in any given 
maneuver but probably not both. 

FORMULATION OF AN ACCEPTANCE FUNCTION FOR LANE CHANGING 

Unlike most other gap acceptance and rejection situations, it is not possible in the 
case of a lane change to identify a rejected gap directly. Some mild computational 
gymnastics must be resorted to, therefore, in order to generate an empirical accept
ance function. 

Assume that the size of the gap immediately available to a driver in an adjacent lane 
.i.n no way influences his initial desire to change lanes, and that the probability of his 

· wishing to change lanes remains constant for a given set of environmental conditions. 
These conditions might include roadway geometrics, overall volume of traffic, or the 
relative speeds between given lanes of traffic. Assume also that gap acceptance be
havior as observed in the field is an unbiased sample of the behavior of all drivers 
under a given set of environmental conditions, and that an unbiased estimate may be 
made of the frequency distribution of available gaps in each adjacent lane. 
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Then one may write 

r(t) = a(t) • p • F(t) 

where 

r(t) = the percentage of gaps accepted that are of size t, 
a(t) the percentage of size t gaps available to all drivers, 

p the percentage of available gaps of all sizes into which a lane change is 
desired, and 

F(t) the percentage of drivers who will accept a size t gap. 

The formulation can be transposed and F(t) can be expressed as 

F(t) = r(t)/a(t) • p 

The parameters r(t) and a(t) can be directly measured through sampling techniques 
applied to actual freeway operations. The parameter p, however, remains unknown. 
However, because we assume that pis constant, we may consider 2 gap sizes, t1 and 
t2, and compute 

F(t ) - r(ti) and F(t ) - r(t2 ) 1 - a( t .) • p 2 - a(t2) • p 

The ratio of F(t1) to F(t2) can be written 

Let 

Then 

N(t) = r(t) am 

If there exists some gap size t0 , which we can assume to be acceptable to all drivers, 
then at this value (t = t0 ) the acceptance function F(t0 ) will take on the value of 1.0, i.e., 
F(t0 ) represents the horizontal asymptote for the acceptance function. Therefore 

F(t) = F(t) = N(t) 
F(t0 ) N(t0 ) 

Determination of the acceptance function F(t) thus requires estimation of the values 
of r(t) and a(t). Given these values, one may determine, at least conceptually, a func
tional form for the gap acceptance curves and, hence, compute its mean and variance. 
Comparison of these values for functions developed for different highway and traffic 
conditions then provides a convenient basis for evaluating gap acceptance behavior with
in the lane-changing process. 

The time and distance measurements of headway, lag, lead, and gap sizes used in 
this analysis are shown in Figure 11. All distance measurements are made at the 
outset of the maneuver. The time measures are then calculated as follows: 



Time headway for changing vehicle in origin lane 
= distance headway/ speed of changing vehicle 

Time lag for changing vehicle in destination lane 
= distance lag/speed of lagging vehicle 

Time lead for changing vehicle in destination lane 
= distance lead/speed of changing vehicle 

Time gap for changing vehicle in destination lane 
= distance gap/speed of lagging vehicle 

Comparison of the speeds of the leading and lagging vehicles in the destination lane 
indicated that the values did not differ significantly for any of the traffic conditions 
studied. 
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The data set was first stratified according to the traffic density in the destination 
lane and the direction of the maneuver; i. e., lane changes to the left or to the right 
were separated. The availability of gaps in the adjacent lane was initially estimated 
on the assumption that the positioning of vehicles in adjacent lanes was independent 
(i.e., that it was equally likely for a vehicle in the lane adjacent to the maneuvering 
vehicle to be positioned at any point within the available gap). The availability func
tion was calculated as 

K 
.:E ~ni 
i - 1 

P(gap ,;; TK) = ----
:E t ·n· 

allj J J 

and 

K 
:E tini 

P(lag or lead ,;; TK) = i =l + 
tK(number of gaps > tK) 

:E tjnj 

where 
ti = gap of size ti and 

ni = number of times ti is observed. 

:E t·n· 
alljJJ all j 

The assumption of independence between lanes, however, is only weakly supported 
by empirical analysis. In view of this, a second method was developed to estimate the 
availability distribution, a(t), based on the simplistic stratification of the data set ac
cording to the distance headways and relative speeds of the vehicles involved in the 
lane- changing maneuver. 

The asymptote to the presumed acceptance function t0 was estimated by first dis
counting all but the lower 95 percent of the 2 distributions r(t) and a(t ). The values 
of r(t) and a(t) were then aggregated successively for each interval in the distribution 
from n ton -K until the following inequality was satisfied: 

n 
:E r(ti) 

n-K 
for all j ,; (n - K) 
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Figure 17. Gap acceptance functions for total data 
sample. 

and 

where 

tg; tn and 

Let 

n the interval corresponding to the 
95 percentile gap. 

= N(t0 ) 

r(tj)/a(tj) = N(tj) for all j s (n - K) 

F(tj) can now be written as the ratio 

F(tj) = N(tj)/N(t0 ) 

A set of gap acceptance fWlctions based on the entire data set considered as a whole 
is shown in Figure 17. Figure 18 shows an equivalent set of acceptance fWlctions based 
on a 5-level density stratification. The results of a probit analysis applied to the en
tire data set are shown in Figure 19. The estimated equation is 

y = 1.523+1.513 x 
where 

X loge [gap size] and 
Y probit of F(t). 

The mean accepted gap size derived from this analysis is 1.985 seconds . The 
equivalent lead and lag values are 0.527 second and 0.676 second. 
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Figure 21 . Influence of ramps on lane changing for 
3-lane, 1-directional roadway. 

THE INFLUENCE OF RAMP TERMINALS AND 
HIGHWAY DESIGN ON LANE CHANGING 

In an attempt to assess the influence of ramp terminals on lane- changing behavior 
we made estimates of the average lane-changing rate, A., at varying distances from a 
sample of exit and entrance ramp terminals. Separate data were collected for 2-, 3-, 
and 4-lane, 1-directional roadways and for varying volume levels. For each location, 
the data were tested for any systematic bias or nonrandom characteristic or both that 
could be related to the design of the highway or its environs. Similar analyses were 
also performed systematically for lane-changing patterns by the use of the transition 
matrix notation described earlier. Figures 20, 21, and 22 show the results of these 
analyses respectively for 2-lane, 3-lane, 4-lane roadways. 

The sparseness of the data for a given location and geometric configuration and the 
absence of any significant experimental control over potentially confounding influences 
makes it difficult, if not impossible, to draw very meaningful conclusions from these 
figures_ In each case there is a tendency, albeit weak and nonsystematic, for the in
tensity of lane changing to increase in the vicinity of the ramp terminal. This is most 
marked on 3-lane roadway sections and much less marked on 2- and 4-lane sections. 
The variation about this trend, however, is extremely high. In no case are there 
grounds for developing a formal relationship between average lane-changing frequency 
and distance to and from ramp terminals. Variations in mainstream volume do not 
appear to exert any systematic effect on the spatial distribution of maneuver intensity. 

Examination of the distribution of minute-by-minute maneuver counts at each loca
tion confirms the general results reported earlier. The distribution of maneuvers was 
again essentially random at all except 3 locations. These 3 were each immediately 
downstream from an entrance ramp. Examination of the distributions for these loca
tions indicated that the major discrepancy between the observed and the theoretical 
random distributions could in each case be attributed to the effect of intermittent 
platoons of vehicles entering the freeway via the upstream on-ramp. 

15 S tudy Locolion Oo110ns1r1am or 
Enlram:;e Romp 

The general, if not very conclusive, 
finding is confirmed by the variation in 
A. along a section of approximately 1,500 ft 
of the Edens Expressway in Chicago 
(Fig. 23). The figure shows the profile of 
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Figure 22. Influence of ramps on lane changing for 
4-lane, 1-directional roadway. 

on the approach to the interchange, a de
crease within the interchange area, and a 
sudden increase immediately downstream 
of the entrance ramp. 

Examination of the equivalent patterns 
of lane changing, expressed as transition 
matrices Pij • yielded equally inconclusive 
results. Again, the pattern of maneuver 
tended to reflect the proximity of the ramp 
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Figure 23. Variation in lane-changing frequency with distance from 
cloverleaf interchange on 3-lane roadway. 

terminal-indicated in this case by an increase in the values of Pij associated with 
movements into and out of the lane adj acent to the ramp terminal. Again, however, 
this trend was not sufficiently marked to enable formal distinction to be drawn among 
the patterns observed at varying distances from entrance and exit terminals_ 

In interpreting these results, one should recognize that lane-changing maneuvers 
are generated for a wide variety of reasons and that their patterns and intensity are 
influenced by many different factors_ Ramp location is only one such factor, albeit an 
important one. Of at least equal importance are the quality and location of directional 
signing, the location of adjacent ramp terminals, the volume of truck traffic, the rel
ative speeds in the adjacent traffic lanes, and the aggressiveness of individual drivers. 
All these and more contribute significantly to the pattern and intensity of maneuvers 
observed at any one point in either time or space. Given the systemic, and rather 
crude, viewpoint adopted here and the absence of any significant degree of experi
mental control, it is not suprising that the results obtained were relatively bland and 
inconclusive. 

Equally important, however, is the fact that no generally dominant influence of ramp 
terminals on lane-changing behavior was detected at the level of analysis pursued here. 
Given that most, if not all, of the locations studied represented good rather than bad 
examples of geometric design, this suggests that lane-changing behavior is not seriously 
influenced by the proximity of ramp terminals, and particularly that the intensity of 
maneuvers is not increased by ramps spaced at the intervals (roughly% to 1% miles) 
observed in the field. 

SUMMARY AND CONCLUSIONS 

This paper has presented a selection of elementary empirical results concerning 
lane-changing behavior on 1-directional, multilane roadways. The discussion has 
ranged from considerations of the frequency and pattern of lane changing to an analysis 
of the mechanics of the actual lane-changing maneuver and the effects of ramp location 
on lane-changing behavior. All of the analyses have been based on field data collected 
in the Chicago area. 

Lane chang:i,ng is showntobe essentialiy aran~omevent in the traffic stream, subject 
to considerable variation at any point in either time or space. Average frequencies 
and patterns of maneuver exhibit a weak, but systematic, relationship to traffic and 
roadway conditions. Maneuver times and lengths similarly tend to vary as a function 
of the volume and speed of traffic. Gap acceptance behavior displays only a very weak, 
and as yet largely undefined, relationship to traffic flow. Although the average rate of 
lane changing varied considerably across the set of traffic conditions and field locations 
included in the study, the distribution of maneuvers over time remained random in 
virtually every case. The major exceptions to this finding were study locations situated 
immediately downstream from high-volume entrance ramps. There was no indication 
that the overall pattern or intensity of lane changing changed from random to nonrandom 
at a given distance from an entrance or exit terminal. 
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A final word of caution is in order. Although these findings are based on the anal
ysis of a relatively large and well-defined data base, the amount of substantive infor
mation underlying some of the conclusions and the range of traffic and design conditions 
for which these conclusions are valid without extrapolation are relatively small. A 
truly definitive analysis here should be based on a much larger sample of study loca
tions. In all cases, it should be borne in mind that only a very crude experimental 
control could be exercised over the collection and analysis of the data and that all of 
the results pertain to data collected in the Chicago area; no information was obtained, 
for example, on lane changing on grades where the results may be very different from 
those obtained here for level terrain. Equally, no attempt was made to explain why 
lane-change maneuvers occurred but only to describe some of their characteristics. 
Clearly, this analytical perspective is reflected in and may partially bias the results 
discussed here. 
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An Evaluation of Ramp Control on the 
Harbor Freeway in Los Angeles 
LEONARD NEWMAN, ALEX M. DUNNET, and GERALD J. MEIS, 

California Division of Highways 

This paper describes a ramp control project on the 8-lane 
Harbor Freeway in Los Angeles. Congestion occurred each 
weekday in the 4 outbound lanes during the evening peak period, 
while the adjacent parallel streets were relatively uncrowded. 
The control project is designed to reduce total travel time 
through the freeway corridor by metering 5 on-ramps and clos -
ing 1 ramp in a 5-mile section during the peak period. 

Some unusual techniques are being employed: Buses are 
allowed to bypass ramp queues and to make left turns where 
other traffic cannot; storage of queued vehicles on a frontage 
road is carried back across an intervening major thoroughfare 
by timing the intersection signal so that the intersection itself 
remains clear; and , at one location, storage room is increased 
and high metering rates are made possible by the release of 
vehicles 2-abreast at the ramp signal. 

Results · show that freeway users are saving about 1,000 
vehicle-hours per day against a loss, or increased travel time 
for diverted or delayed ramp traffic, of about 130 vehicle
hours. 

•IN SEPTEMBER 1968, the .California Division of Highways, with the cooperation of the 
Los Angeles City TraJtic and Police Depar tments, began a freeway r amp control proj
ect on the southbouncf Harbor Freeway in south Los Angeles. The Harbor Freeway is 
a major 8-lane facility extending 22 miles from downtown Los Angeles to San Pedro. 
Basically , the project involves limiting on-ramp traffic in a 5-mile section of the 4 
southbound lanes during evening peak hours (Fig. 1). The purpose is to reduce delay 
to freeway users and gain optimum use of the freeway and street system during the rush 
hours. 

The science of controlling ramp traffic to reduce total travel time (freeway and sur
face streets) is comparatively new. However, the Harbor Freeway project is not the 
first project of this type. A similar, although smaller, system has been in effect in 
Los Angeles on the Hollywood Freeway for more than a year; other projects are in oper
ation in San Diego, Chicago, Detroit, and Houston. The Harbor Freeway was selected 
as the first major effort in Los Angeles because of the high probability of success. The 
availability of relatively uncrowded parallel streets in the Harbor Freeway corridor and 
excess capacity on the downstream freeway sections were promising indicators that 
more good could be done more quickly here than anywhere else in the Los Angeles area. 
Also, several on-ramps in this area adapted themselves rather easily to metering (i.e., 
available frontage road and storage area). Control of 6 on-ramps to the southbound 
Harbor Freeway is accomplished by various means that were determined by an in-depth 
study requiring application of basic traffic engineering principles at each ramp. One 

Paper sponsored by Committee on Freeway Operations and presented at the 49th Annual Meeting. 
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Figure 1. Location of ramp control project. 
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ramp is closed during the control period by the use of barricades, 2 ramps are con
trolled by platoon metering, and 3 ramps are controlled by single-car metering. Gen
erally, the control period is from 3:45 to 5:45 p. m. each weekday. 

This paper is primarily an evaluation of the ramp control project , but it also briefly 
describes the planning prior to implementation. The conclusions drawn are based on 
extensive data collected before and after the project was initiated. 

CONDITIONS BE FORE CONTROL 

Freeway 

Prior to the ramp control, congestion was caused by simply too much traffic trying 
to use the southbound Harbor Freeway south of Exposition Boulevard. Typical weekday 
operation of the freeway before control is shown in Figures 2, 4, and 5, representing 
density , speed, and volume . (Figure 3 shows density after control.) Congestion nor-: 
mally started about 3:45 and lasted until after 6:00 and extended from Manchester Av
enue to just north of Adams Boulevard. 

The density contours (Fig. 2) indicate 2 distinct congested areas-1 south and 1 
north of Slauson Avenue. The congestion was the result of excess demand of approxi
mately 500 vehicles per hour (vph) affecting 2 key sections. The most southerly bottle
neck was where the Florence Avenue on-ramp traffic joined an almost full freeway and 
caused excess demand for the section. This caused congestion that extended to and up
stream of Slauson Avenue. The second major bottleneck was caused by Vernon Avenue 
on- r amp t r affic joining a near-capacity flow to create excess demand for an upgrade 
(800 ft at appr oximately 5 percent) approaching Slauson A venue. 

Total delay on a typical weekday was about 60,000 vehicle-minutes from 3:45 to 6:15 
p. m. Maximum delay to individual vehicles was more than 6 min upstream of Slauson 
Avenue and about 3 min between Slauson and Manchester Avenues. 

Figure 4 shows travel times and speeds throughout the evening period; travel times 
before control were frequently greater than those shown. Average speeds for the en
tire trip from 30th street to Century Boulevard were as low as 15 mph, with much stop
and-go driving. A freeway trip from 30th street to Century Boulevard frequently took 
about 1 7 min during the peak period. 

Typical peak-period flow rates, shown in Figure 5, represent conditions from about 
5:00 to 5:30 p.m. At this time, the entire length upstream is controlled by the capacity 
at the most southerly bottleneck. For this reason, throughput upstream of Manchester 
Avenue was considerably below capacity of the various sections. Before 5:00 p. m., 
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Figure 3. Density after controls on the southbound Harbor Freeway from 3:30 to 6:30 p.m., Wednesday, October 16, 1968. 
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STARTING TIME AT 30TH STREET 

Figure 4. Travel time and speed on the southbound Harbor Freeway between 
30th Street and Century Boulevard (5.08 miles). 

conditions were somewhat similar, except that the Slauson Avenue grade was an inde
pendent bottleneck with flow rates of about 7,100 vph. 

Surface Streets 

Preliminary data indicated that the parallel streets, Broadway and Figueroa, would 
be the best alternate routes for diverted traffic. Both of these are major thoroughfares. 
Broadway has 4 lanes, a painted median, and left-turn pockets. Figueroa has the same 
and, in addition, a parking lane on each side with restricted parking during peak hours. 

Rates do not nec111orlly bokl'lce 
This 11 because of changing storo;e 
through th1 11ctlon . 

[2Qg Typical flow rote (vph) with e1tistino control 

~og Typical flow rote (vph} before control 

[QQ2J Controlled romps 

Figure 5. Typical peak-period flow rates from approximately 5:00 to 5:30 p.m. 
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westbound 37th Street because these turning movements would block eastbound 37th 
street traffic. The metering rate of 650 to 850 vph is too great for single-car meter
ing. Platoon metering was the answer, and it has worked well. The 37th Street on
ramp was particularly adaptable to platoon metering because of a long collector road. 
This collector road also handles off-ramp traffic that tends to break up platoons and 
approximate single-car metering. 

Santa Barbara A venue 

The Santa Barbara Avenue on-ramp (Fig. 7) had to be closed to all traffic, except 
buses, because of inadequate storage for metering. 

Vernon Avenue 

The Vernon Avenue on-ramp (Fig. 8) has a minimum storage area, so normal me
tering at the ramp would cause interference with Vernon Avenue traffic. Closure of the 
ramp would be too restrictive. Therefore, it was necessary to devise a method for con
trol that allowed approximately the existing volume to enter without an extensive queue 
forming at the ramp. Metering signals were placed on the west frontage road just up
stream of the Vernon Avenue off-ramp. These signals intercept traffic coming from 
Santa Barbara A venue and release an amount slightly below the metering rate at the 
Vernon Avenue ramp signal. This allows the right turn from eastbound Vernon Avenue 
to reach the on-ramp. Initially, the left turn from westbound Vernon Avenue was pro
hibited because the ramp queue might have kept this traffic from clearing the intersec
tion. Now the left turn has a separate green phase and pocket lane. Traffic on the west 

Figure 7. Santa Barbara Avenue on-ramp that is 
closed because of lack of storage space. Buses have 
always had a separate entrance to the ramp and can 
be easily allowed special access. Ramp is closed by 
hand-placed barricades that will be eventually re
placed by automatic "pop-ups". Queue on Figueroa 
Street is the result of preferential signal timing for 
Santa Barbara Avenue traffic. Although not related 
to the project, green time on Santa Barbara Avenue 
has been increased since the start of controls. This is 

the key intersection in the entire project area. 

frontage road approaches in 2 lanes and is 
released in 2-lane platoons from the front-

Figure 8. Vernon Avenue on-ramp where single-car 
metering from 2 lanes is used because of limited stor
age space. Metering signals are used on the 1-way 
frontage road to keep stored traffic from blocking 
the Vernon Avenue intersection. Green phases of the 
frontage road and Vernon Avenue signals coincide. 
Queue on the northbound off-ramp is unrelated to 
project; queues were a frequent occurrence before 

controls. 
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Average speeds on both Broadway and Figueroa were 15 to 30 mph. A trip from 30th 
Street to Century Boulevard via Figueroa took an average of about 15 min and a peak of 
19 min. Hourly volumes on southbound Broadway ranged from 1,200 vehicles at 57th 
Street to 850 vehicles at 85th street. On Figueroa, volumes were as high as 1,400 ve
hicles at 57th street and diminished to about 1, 100 vehicles at 8 5th Street. 

PLANNING 

The basic theory used in planning was a demand-capacity analysis on the freeway. 
For 2 bottlenecks that were located, capacity was determined, demand was estimated, 
and a ramp control plan was developed that would reduce demand to what each section 
could handle. A more comprehensive discussion of the theory of ramp control is pre
sented in another paper (1). 

An origin and destination survey of traffic using the ramps within the critical area 
was necessary for an accurate prediction of the pattern of traffic diversion caused by 
control. We were able to predict that a high percentage of the traffic subject to control 
would enter at upstream locations and that parallel facilities would not become over
loaded. 

During the planning phase, meetings were held with interested individuals and local 
agencies to inform them of our efforts. The ramp users were informed by handouts the 
week before control began. Alternate route signs were placed on the city streets to aid 
the diverted traffic. 

One of the most important phases of the project was planning the method for control 
at each ramp location to determine the amount of traffic that should be let on and the 

means for minimizing the effect of control 
on "innocent" traffic. When severe meter

Figure 6. 37th Street on-ramp where platoon meter
ing is used because of high metering rates used. Most 
traffic comes from southbound Flower Street and is 
stored in the left-turn lane upstream of Exposition 
Boulevard. Left turns to the ramp from westbound 
37th Street are prohibited because they would inter
fere with eastbound 37th Street traffic. Right lane 
of the ramp is striped and signed for buses and emer
gency parking only. Congestion in northbound lanes 
is the result of a previous incident in the northbound 
lanes and is not affecting southbound traffic at this 

time. 

ing was necessary, we knew that time and 
not distance would determine the queue 
length. Jn other words, the driver is con
cerned with the amount of time it takes him 
to enter the freeway, rather than with the 
distance he must travel. Therefore, if a 
short queue were desired, then a more re
strictive metering rate had to be used. In
creasing the delay to the individual motor
ist causes him to seek an alternate route. 

The metering signals operate on a fixed
time basis with up to 3 different rates op
erated by a time clock; a 3-dial controller 
is used. The rates are set based on "typ
ical" conditions or traffic patterns. The 
system is not traffic-responsive. In the 
following is a discussion of some of the 
major points considered in planning the 
controls at each ramp. 

37th street 

The 37th street on-ramp (Fig. 6) was 
the most critical on the project. It is the 
first on-ramp south of the Santa Monica 
Freeway and as such has a very high de
mand (1,200 to 1,300 vph). Limiting this 
traffic to 650 to 850 vph could have very 
seriously affected nonfreeway traffic on 
37th street and Flower street, and possibly 
Exposition Boulevard and Figueroa street. 
This problem was minimized by the pro
hibition of left turns into the ramp from 
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age road metering signals. These metering signals are intercoIUlected with the signals 
at the Vernon Avenue and west frontage road intersection. The green phases of the two 
sets of signals coincide so that metered traffic does not have to stop at Vernon Avenue. 

In order to handle these two lanes of traffic, the Vernon Avenue on-ramp entrance 
was widened to 2 lanes. The ramp metering signals release 1 car at a time from each 
lane. The ramp signals are located near the entrance from the frontage road leaving 
most of the ramp available for the 2 cars to merge into 1 lane before they reach the 
freeway acceleration lane. Initially, it was difficult to maintain single - car operation, 
but this was partially resolved through the use of signs that read METERED-ONE CAR 
PER GREEN THIS LANE . With these signs, violations are around 10 percent; without 
the signs, they were 15 to 20 percent. 

Slauson, Gage, and Florence A venues 

On the basis of traffic volumes before control at Slauson, Gage, and Florence Ave
nues, metering appeared to be necessary at these ramps only after 5:00 p. m. How
ever, diversion from upstream ramps before 5:00 p. m. was anticipated (which in fact 
happened), so the metering per iods at these ramps were set to approximately coincide 
with those for upst r eam ramps (3:45 to 5:45 p. m. ). This holds the r amp volumes to 
about the same as they were before control. 

Manchester A venue and Century Boulevard 

On-ramp volumes at Manchester Avenue and Century Boulevard were not so high 
that they had to be metered; however, signals were placed at each in anticipation of an 
increase from diverted traffic. Volumes have increased, but not to the point that me
tering is necessary. 

Buses 

Alterations were made to provide special access for buses. At 37th Street (Fig. 6), 
the right lane of the ramp was striped and signed for buses only. This allows them to 
bypass the ramp queue . The ramp configuration at Santa Barbara Avenue,· where bus es 
have always had a s eparate entrance to the ramp (Fig. 7) , made the access of buses and 
prohibition of other vehicles quite easy. 

CONDITIONS AFTER CONTROL 

Freeway 

The before-and- after density data (Figs. 2 and 3) were used to es t imate freeway 
travel times. Thes e data give a good picture of the amount of congestion between Adams 
Boulevard and Manchester A venue on typical days. There is considerable congestion 
upstream of Adams Boulevard, and this has not changed much with control. 

Total freeway travel time before control from 3:45 to 6:15 p. m. between Adams 
Boulevard and Manchester Avenue was 188 ,000 vehicle-minutes per day . Now during 
the same period, fr eeway t ravel time is approximately 128,000 vehicle - minutes, a re
duction of 60 ,000 vehicle-minutes in spite of an increase in the total vehicle-miles of 
travel. 

During the period before control, ther e were 81,000 vehicle-miles of travel on the 
freeway. This means that during the total 21/2-hour pel:iod average speed between Ad
ams Boulevard and Manchester Avenue was 2.32 min per mile. (188,000 divided by81,000) 
or 25.8 mph. During the period after control, there were appr oximately 86,000 vehicle
miles of travel, and average speed was 1.49 min per mile or 40.3 mph. Without the ex
tra vehicle-miles of travel, the after travel time would have been 81 ,000 times 1.49 or 
121,000 vehicle-minutes. Savings on the freeway, therefore, were actually 67,000 
vehicle-minutes for the base or original amount of travel instead of the calculated dif
ference of 60,000 vehicle-minutes. 

The extra travel on the freeway is caused by about 900 vehicles that now enter the 
freeway upstream of the control section instead of at the controlled ramps as they for-
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merly did. These trips should add to the savings, although to determine their actual 
savings is virtually imposs ible. Probably, where there is enough backh·acking, some 
of these trips actually lose time compared to the time they took before control. How
ever, we are sure the net result is added savings because (a) the great majority of 
these extra trips originated north of the control section and (b) their responses to a 
survey questionnaire indicate they save time. Net savings are not as great as noted, 
however, because there is delay to dtvcrted traffic a11d to vehicles at the ramp meter
ing signals. 

Approximately 500 vehicles no longe1· use controlled ramps where delay may be ex
perienced. They are staying 0 11 surface streets to Manchester Avenue or Century Bou
levard, or staying off the freeway completely. These trips will average about 2 minutes 
longer than they fo1·merly did on the freeway lor a total delay of 1,000 vehicle-minutes. 
This is a conservative estimate as it assumes that all this traffic starts upstream of 
37th Street and goes all the way to Century Boulevard, but, actually, some of it is 011 

streets a lesser distance and would not suffer as much delay. 
Queue lengths versus time were plotted for each controlled ramp on a typical day. 

With these the delay caused by the signals was estimated for each on-ramp. Total de
lay at the ramps is about 9 ,000 vehicle-minutes per day. The net savings then to traffic 
in the freeway corridor is at least 50 ,000 vehicle-minutes per day from the ramp control. 

Generally speaking, individual motorists who enter the freeway at 37th Street or 
Vernon Avenue save time even though they must wait at the metering signals. They 
more than make up their lost time at the signal by increased speeds on the freeway. 
Those who enter at Slauson or Gage A venue break even; their wait at the ii amp is about 
the same as their gain on the freeway. Those entering at Florence Avenue are the only 
ones who actually lose time because they were entering at the head of the line before 
control. 

Figure 4 shows trave1 time and speed for individual trips through the control sec
tion. These were obtained by photographic methods (taking pictures of traffic at points 
along the freeway and matching cars in t he pictures to get travel time) and floating car 
rw1s. The before data were collected during the summer of 1968 and represent some
what less congestion than that indicated by the before densities, which are for a day in 
October 1966. After control, average speed is frequently more than 40 mph. Before 
control, a trip from 30th Street to Century Boulevard off-ramp could have taken as long 
as 16 to 17 min (even though the densities do not show this). This same trip now takes 
a maximum of 7 to 9 min. Conditions upstream of 30th Street have remained about the 
same. 

Before control, about 6,300 vehicles entered the freeway from the 6 controlled 
ramps between 3:45 and 5:45 p. m. With the Santa Barbara Avenue ramp closed and 
the others metered, now about 4,900 vehicles are allowed to enter. 

Increased input to the control section from the freeway upstream indicates about 900 
of the diverted vehicles now enter the freeway upstream of the control. These motor
ists are probably not backtracking to enter the freeway, that is, tbeir trips originate 
upstream of the control ai·ea. An origin-destination survey made prior to control 
showed that at least 32 percent of the Vernon Avenue on-ramp traffic would probably 
have entered upstream had it not been for the freeway congestion. These motorists ob
viously feel they are saving time if they have changed their routes. It is estimated that 
now 500 veJticles either stay off the freeway altogether or use a ramp downstream of 
the controls. 

As expected, off-ramp volumes have decreased somewhat since control. Before 
control, 45 percent of the traffic exiting at Vernon Avenue alone continued south along 
the freeway corridor. Other off-ramps were somewhat similar. These motorists were 
either re-entering the freeway downstream or staying off completely to avoid freeway 
congestion until their desu·ed destination. 

Figure 5 shows typical peak-period flow rates on the freeway. These volumes are 
representative of the period from 5:00 to 5:30 p. m. when the greatest throughput in
crease is realized. During this period, the downstream bottleneck at the Florence Ave
nue on-ramp controlled the before period throughput of all upstream sections including 
the Slauson Avenue grade. 
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Capacity of a bottleneck cannot change, except in very special cases and then only 
to a very limited degree. Although there is no conclusive evidence, capacity of the 
Slauson Avenue grade may have increased sl:ightlybecause of increased approach speeds, 
but the rate increase from 6,600 to 7,150 vph shown in Figure 5 does not l'epresent this 
increase. The low before rate was a result of the downstream bottleneck controlling 
output during this period. 

No doubt, the best overall picture of the changed traffic conditions is the before-and
after densities shown in Figures 2 and 3. The after densities indicate that, before 5:00 
p. m., there are only isolated points of densities over 50 vehicles per mile per lane 
(vml) with the major portion of operation below capacity. This slack allows a natural 
recovery capacity to dissipate congestion resulting from incidents. After 5:00 p. m., 
there are still pockets of congestion upstream of both bottleneck sections. Initial me
tering rates did not eliminate this congestion because they were based on a precontrol 
condition where input to the section dropped significantly after 5:00 p. m., and off-ramp 
volumes increased. This condition changed once control began. Input now stays at a 
high level until 5:20 p. m., and off-ramp volumes actually decreased during this part 
of the control period. 

Surface Streets 

Subjectively, traffic conditions on the city streets have not changed appreciably. 
Trips through the control area on either Broadway or Figueroa street average about 
the same time as they did before. Speeds are between 15 and 30 mph . Speeds on the 
sudace streets were obtained by a license plate study that involved recording time and 
license plate number at key locations. These were then matched to determine elapsed 
time. Floating car runs were used to supplement these data. 

Not all the diverted traffic could be located with the techniques available. No doubt 
some motorists are using routes otf)er than Bro::i.dway or Figueroa Street. However, 
based on origin-destination data, street patterns, and travel times , Broadway and 
Figueroa streets are the best alternate routes for most of the diverted traffic. And the 
effect on these routes was barely measurable with travel times and volume counts. 

An estimated 500 vehicles have been diverted from the freeway throughout the con
trol period. Traffic volumes, obtained at various locations on Figueroa Street and 
Broadway, show that the volume has not significantly increased at any one location. Five 
hundred vehicles spread over a 2-hour period and throughout the adjacent streets have 
easily been absorbed. 

RESULTS AND CONCLUSIONS 

The project is very successful. Delay to the freeway motorist is significantly re
duced, delays to controlled traffic are relatively minor, and travel time on adjacent 
streets has shown little or no increase. Basically, the ramp control prevents about 
1,400 vehicles, which used the freeway during the before period, from entering the on
ramps within the control area from 3:45 to 5:45 p. m. Of these, approximately 900 ve
hicles now enter the freeway at some ramp upstream, and 500 vehicles are being di
verted to surface streets. 

Congestion on the southbound Harbor Freeway is almost entirely eliminated south of 
Exposition Boulevard, except on days when incidents occur and reduce capacity. A 
minimum average speed of 40 mph is now maintained throughout the conti•ol period
with occasional shock waves. This compares with 15 to 25 mph under stop-and-go driv
ing conditions before control. Individual motorists save a maximum of9 min per through 
trip on some days, and the average motorist saves 4 to 5 min per trip. The controls 
benefit not only through traffic, but also drivers that get off the freeway in the control 
area, depending on where they exit. 

Traffic conditions on the parallel city streets, principally Broadway and Figueroa, 
are practically unaffected by the ramp control. Total travel times and volumes through 
the control area on either Broadway or Figueroa street have remained nearly the same. 

The net effect of the control project is estimated to be a time reduction on the freeway 
of about 60,000 vehicle-minutes and increased travel time of roughly 10,000 vehicle-
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minutes per day to diverted traffic and traffic waiting at the metering signals. This 
assumes that travel time has not significa...11tly increased for motorists who have always 
used city streets. Drivers who formerly entered the freeway in the control area and 
now enter upstream also save time, but the amount is unknown. 

Solicited opinions of users at the Manchester Avenue and Century Boulevard off
ramps showthe motorists to be very much aware of, and infavor of, the system. Ninety
two percent of the responses indicated approval. Those entering at the controlled ramps 
were not as enthusiastic as those entering upstream, but the majority stiii approved the 
project. Figure 9 shows a typical response. 

The project shows that a relatively small number of vehicles in excess of capacity 
at key bottlenecks can cause severe and recurrent congestion. In this case, the excess 
was about 500 vehicles over a 2-hour period. 

Significant knowledge has been gained about ramp control from this project. The 
following are the important points : 

1. Planning of control methods is very important and, in this project, was directly 
responsible for minimum disruption to surface street traffic. The slight sacrifices in 
the optimum freeway control that sometimes must be made to ensure good street oper
ation are not critical. 

2. Platoon merging or random merging of single vehicles has caused no problems. 
3. Incidents are very frequent. The entire 5-mile section at times is operating vir

tually at capacity and any incident in this reach has a drastic effect. When operating at 
capacity, the storage built up by each incident cannot be dissipated for the rest of the 
control period. The sharp reductions in metering rates that would be required to dissi
pate congestion are usually not possible because of the severe congestion that would be 
caused on surface streets. In fact, unless good information can be given to drivers ap
proaching metered ramps, we do not feel a s harp and nonpredictable (to the driver) fluc
tuation of metering rates is advisable. Because of the frequency of incidents and diffi
culty in dissipating resultant congestion, operating at volumes slightly below capacity, 
if possible, is probably justifiable. This slack allows a natural recovery capacity . In 

5;;;;.~;;~;;:;t. _~£;;411. ........ ... ......... ....... .... ..................... ....... .. ~§_·;G 
(Give name of ramp, street or ~et- freeway. For example: 5th St., 37th St., 
Pasadena Freeway.) 

If you have been a frequent user of the freeway at about this time, please 
answer the following questions: 

Prior to the start of the control project, did y~0o sually enter the freeway at 
the same location noted above? o Yes ~o 
If )'No" , whre did you usually enter: 

Y..Efi.. !:IO.tf ...... ....... ..... .... ..... ... .... ....... ...... ..... ....... ..... ........ .... .... . ·•· ....... ............. ....... .. . 
Do you think freeway driving conditions, on an a.v~ge day without accidents, 
have been improved since the project started: [;(Yes ~_u.No 
If "Yes '', how much time do you believe you save: ... ~./$ .. ~$..minutes 
Comments: ... ..... :P.:r.Jo.r .. .. t.o .... the .... c.ont.r.o.l .. . .p r.o j.e.c.t ., .. .. I ... entered 
t-~~--. -~ ~~ e·~-~-.Y. ... -~~- ... '! ~-1:'.~.?.!1: .. ·~-"-8:.~~ ~-~ ... ?.f.. .. ~-1:1~ .... ?. _()f.lg_~ -~ ~ -1. ?!1 .. .. 
f_~.?.~ ... . ~~- - ·~- ~.Z:..~.~- · M?.~.~-~-~---~ ---~~-~-~-~!. ... ~P-~.~.I'~.1:1~.?l.~~--~ · - · · · ··~-()~_ . ..1 t 
is a constant flow from the interchange. 
7-F-602 
OCT 68 Rev 

Figure 9. Survey response of driver that exited at Century Boulevard about 5:20 p.m. 
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our project this is possible from 3:45 (start of control) to 5:00 p. m. We now operate 
with some slack during this period. The adjacent streets are at or near capacity only 
from 5:00 to about 5:30 p. m. After 5:00 p. m. the metering would have to be too re
strictive to operate with any slack. 

4. This is not a traffic-responsive system. Such a system would provide some addi 
tional benefits. However, for reasons we have mentioned, more refined metering rateE 
is not one of them. The primary benefit would be to take advantage of unused capacity 
downstream of incidents and to allow for major changes in input demands. In other 
words, we co).lld start and end control at different times more in keeping with actual 
freeway conditions. 
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The Analysis and Design of 
Freeway Entrance Ramp Control Systems 
H. NATHAN YAGODA, Computran Systems Corporation, Wayne, N.J .; and 
LOUIS J. PIGNATARO, Polytechnic Institute of Brooklyn 

This paper describes some of the results obtained from an ana
lytic study undertaken as part of the Gulf Freeway Surveillance 
and Control Project in which the on-line, dynamic control of 
individual entrance ramps is investigated. For this study 2 
alternate control philosophies are considered. The first phi
losophy concerns the control of ramps on which a string of one 
or more vehicles is released when a suitable merge opportunity 
arises and when all previously released vehicles have success
fully merged into the freeway stream. The second control phi
losophy concerns ramps on which the requirement that the ramp 
be cleared of all previously released vehicles is relaxed to in
crease the merge capacity of that ramp. In this second case, 
the controller may release an additional vehicle whenever the 
expected delay associated with attempting a merge into a de
tected gap is less than the expected delay associated with wait
ing for the ramp to clear. Here the controller is a sequential 
decision-maker that evaluates the expected delay associated 
with all previously released vehicles that have not yet merged 
and reflects this information into the control process. Fixed
time and demand-capacity metering controllers are special 
cases of the control system analysis presented. 

•SEVERAL FREEWAY CONTROL projects are presently under way in the United 
States, and each is attempting to improve the operational characteristics of a freeway by 
use of an entrance ramp control system. However, the operational modes for the re
spective control systems and the rationale that underlies individual control system de
signs appear to be quite different. As a result of this diversity, there appears at first 
to be no clear-cut design philosophy with which to approach a new access ramp control 
system design problem. Because of this deficiency, a study group at the Polytechnic 
Institute of Brooklyn undertook the development of a more unified design theory for dy
namic control systems for freeway entrance ramps. The study, initiated in August 
1967, was part of the Gulf Freeway Surveillance and Control Project conducted by Texas 
A&M University in Houston, Texas, for the U.S. Bureau of Public Roads. The portion 
of that study described in this paper concerns the design of a dynamic control algorithm 
for an arbitrary entrance ramp configuration, subject to the assumption that control is 
exercised by use of a green-amber-red traffic signal located at a fixed position on the 
ramp. Control systems designs that utilize other controller configurations, such as 
speed signs or multiple signal stations, are not included in this presentation. 

For the type of systems considered, 2 identifiable primary functions are (a)to improve 
the merge service offered to vehicles that enter the freeway and (b) to improve the 
operation of the freeway. The first function is performed by any system that better 
coordinates the arrival of the merge vehicle at the merge zone with the availability of 
a high-quality merge opportunity, and the second function is performed by any system 
that improves the freeway operational characteristics such as volume, speed, density, 
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accident rate, and occupacy. These 2 functions are not always compatible, but there is 
evidence to indicate that compatible solutions do exist. In particular, observation of 
the Gulf Freeway reveals that operation under conditions of ramp control (6) yields the 
following: -

1. The rush period volume increased by about 10 percent; 
2. The speed on the test section increased by about 30 percent; 
3. The average travel time over a 5-mile section decreased from 16 to 11 minutes; 

and 
4. The number of accidents during the 2-hour morning peak decreased from 145 to 

75 per year for the 3 inbound lanes over the 6.5-mile controlled section. 

DYNAMIC RAMP CONTROL 
To understand the nature of the control system design problem for a freeway entrance 

ramp required that initial consideration be focused on the Gap Acceptance Control System. 
In this system any intervehicular headway in the outside freeway lane in excess of T1 seconds 
is defined as a gap into which a vehicle that seeks to enter the freeway may be placed. To 
achieve the placement of entering-vehicles into detected gaps, however, the gap detection 
process must be carried on sufficiently upstream from the merge point to allow both for syn
chronization after suitable travel time of vehicles on the ramp and for survival of detected 
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Figure 1. Gap detection rate as a 
function of threshold limit and lane 

volume. 
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Figure 2. Gap acceptance by driver 
as a function of gap size. 
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Figure 3. Gaps accepted and not 
accepted by drivers for moving merge. 

gaps during the passage from the detection point to the 
merge point. In addition, the gap threshold T1 must be 
sufficiently large so that an acceptable portion of the 
drivers execute a synchronized moving merge. Within 
this framework the design problem is then to select 
locations for the traffic control signal and the gap de
tector equipment and to specify the gap threshold Tl' 

Location of the control signal is restricted by the need 
for sufficient room to accelerate prior to the merge ma
neuver and by the desire to provide sufficient room for the 
queue that develops behind the signal. Coordinated with 
this is the need to place the gap detector as close to the 
merge point as possible to obtain the best possible gap sur-
vival conditions. The choice at any particular ramp is 
thus limited. The specification of T1 to provide an accept
able rate of gap acceptance by merging drivers, however, 
is arbitrary and a large r ange for choice exi sts. When T

1 
is chosen to be small, ther e are many, gaps and the 
smaller of these are likely to be rejected by the driv
ers. For larger values of T1 there are fewer gaps, but 
the smaller of the gaps are deleted and the likelihood 
that a driver will reject the offered gap is reduced. 

If the design concept is to be properly established, 
first consideration must be given to the rate at which 
gaps (i.e., headways in excess of T1) appear in a traffic 
stream of volume q. Figure 1 shows that the gap de
tection rate, µ(Tu q), is a function of both the threshold 
limit T1 and the lane volume q. Then, it is necessary 
to note that for very large gaps the probability that a 
driver accepts the gap for a moving merge is approxi -
mately 1, and for sequentially smaller gaps the proba
bility of acceptance by the driver is reduced toward a 
finite limit, K, between 0 and 1 (Fig. 2). This lower 
limit corresponds to the probability that a driver can 
force entrance into a stream at a point at which no 
headway was detected. Based on these 2 concepts, sub
division of all gaps into 2 groups is then possible; the 
2 groups include those that are accepted for a moving 
merge and those that are not accepted for a moving 
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merge (Fig. 3). Corresponding to this division, 
µA (T 1, q) is the rate at which a ccepted gaps are de
tected, and µR(T 1 , q) is the rate at which r ejected 
gaps are detected; the sum of these quantities, 
µ(T 1 , q) is the rate at which all gaps in excess of 
T1 are detected, that is, 

Single-Vehicle-Release-After
Completion Mode 

(1) 

For any specified value of gap threshold, T 1 = T, 
the rate at which gaps are detected is simply µ(T, q) . 
Thus a driver who randomly arrives at the controller 
suffers an expected delay of 1/ µ(T, q) seconds before 
a gap is detected. Then, the driver must proceed 
down the ramp for which the expected travel time is 
denoted by tr. In addition, the probability that the 
offered gap is unacceptable is equal to the ratio of 
unacc eptable gaps to total gaps , µR(T, q)/ µ(T, q). 
Hence, an extra expected delay associated with the 
rejection of an offered gap is 

1 
µs(q) 

where µ8(q) is the occurrence rate of gaps that are acceptable for merge by drivers 
who have previously rejected the gap offered to them and are stopped in the merge zone. 
These quantities can be used to evaluate the total expected service time for a driver 
who arrives at the ramp control signal for merge service onto the freeway as 

1 µR{T, q) 
t =~ +t + e µ1T, q) r µ(T, q) 

1 
. µs(q) (2) 

As a result, when operation is restricted to a one-at-a-time mode and release is pred
icated on the completion of the merge maneuver by all previously released vehicles, 
a single-vehicle-release-after-completion system exists for which the ramp service 
rate µ' is a function of the threshold limit T and the volume q in the outside freeway 
lane. This service rate is 

1 µS(q) µ(T' q) 

µ' = te = µR(T, q) + µ8(q)[l +tr µ(T, q)] 
(3) 

when te is large compared with 1/ q so that the time interval between the instants at 
which sequential gaps are sought is large compared with average headway in the stream. 
(Note that the condition probability of a gap at the instant t = T

0 
given a gap at the in

stant t = 0 approaches the unconditioned probability of a gap at the instant t = T when T 0 

is made very large. For an Erlang headway process on the freeway, this is equivalent 
to te » 1/ q.) 

The Design of a Controller for the Single-Vehicle-Release Mode 

One useful and fairly common model for an urban freeway employs stochastic pro
cesses with slowly varying parameters to account for both ramp arrivals and highway 
flows. In particular, the peak-period ramp-arrival process is often described as a 
time-dependent Poisson process (!)with A.(t) as shown in Figure 4. In addition, the 
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intervehicular spacings for vehicles on the highway are described as independent sam
ples from an Erlang distribution ~' ch. 9): 

a a-1 -aqt 
f(t) _ (aq) .t e 

- (a - 1)1 (4) 

where a is an integer and q varies slowly as a function of time corresponding to average 
volume (Fig. 5). Based on these descriptions and subject to the assumption that the 
process parameters vary slowly, one controller design philosophy is to maximize the 
service rate µ' subject to a limitation of downstream freeway capacity. The service 
rate µ.' can be rewritten with the arguments omitted as 

' 1 1 
µ. = tr + (µ.R + µ.s)/ µµ.s = tr + 1/ µ.H 

From this form it is seen that, for a given tr, the maxima of µ' correspond to the 
maxima ofµ.". Hence, setting dµ .. /dT = 0 located the values of T corresponding to the 
relative minima of µ. '. In particular, 

(5) 

reduces to 

(6) 

because (µ,R + µ.8 )2 is positive and finite, and µ8 I 0. From Eq. 6, 

(d/dT) [ln (µ.) - ln (~ + µ.8)J = O (7) 

Because T corresponds to the threshold that is set on the minimum spacing between 
vehicles on the freeway into which a moving merge will be attempted, all spacings in 
excess of this threshold are gaps. For any given threshold limit, the rate at which gaps 
appear in a stream with volume equal to q vehicles per second is 

- r= (aq)a ta-1 e-aqt dt 
µ. - q JT (a - 1}! 

a-1 i 
-aqT ~ (agT) 

=qe £...i · 1 
i=O 1 

When the probability that a presented gap of t is accepted by a driver for a moving 
merge is described c; ch. 9) by 

-Kt 
Pa (t) = 1 - e 

then the rate of successful moving merges is 

= r= ( 1 - -Kt) ( aq) t e dt 
[ 

a a-1 -aqt] 
µ,A q JT e (a - 1)! 

(8) 

(9) 

= q . e -aqT L: (aq.~)1 
_ (aq) a e -(aq+K)T :t ( (aq -i: ~)TJl (10) a-1 · a a 1 · 1 

i== O i . (aq + K) i=O 1 ' 
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and the rate of unsuccessful moving merges is 

a a -1 p 
_ (ag) e- (aq+K)T '"" [(ag + K)T] 

µ'R - q a ~ n! 
(aq + K) n=O 

When the indicated derivatives are evaluated and employed in Eq. 6, then algebraic 
manipulations yield 

(11) 

µ, = q e(aq+K)T {I:" ( (aq + K)a (aq)n - (aq + K)11 (ag)aJ Tn} (12) 
S (aq + K)a n=O n! 

as the equation from which the optimum threshold settings are obtained, subject to the 
constraint T " 0. Because this equation is of the form µ8 = f(T) where 

and because 

the sum 

Cn > 0 for every n 

a-1 
E Cn Tn > 0 for T > O 
n=O 

Thus, f(T) > 0 for T > 0. fu addition, the derivative of the expression f(T) is 

f'(T) = (d/dT) A e-BT E Cn Tn 
[ 

a-1 J 
n::O 

where 

[ 
a-1 n] f'(T) == -KA(aq + K)a e-BT E (ag~) 

0 
n . 

n= 

(13) 

(14) 

(15) 

(17) 

fuspection of this quantity reveals that f'(T) is negative for all positive T. Therefore, 
f(T) is monotonic decreasing for T ;;;, 0. On this basis, the conclusion is that a unique 
optimum solution for the controller threshold T exists. That value is 0 when 

1 [ a a] µ8 " q a (aq + K) - (aq) 
(aq + K) 

(18) 

Otherwise, the value is the positive number Topb obtained as the solution to Eq. 12. 
After Topt is evaluated as described, the control policy is specified next. In par

ticula r , when the sum of the volume on Lile fr eeway and the demand 011 Lhe ramp does 
not exceed the volume limitation for the freeway, a threshold of T opt is used for the ramp. 
This ensures the highest pos sible service rate for demand on the ramp and results in 
minimum expected delay and minimum expected queue length. When the sum of the 
freeway volume and ramp demand exceeds tile volum e limitation, a threshold of Topt 
is not acceptable. Instead a th1· eshold Tc must be employed such that the swn of tlie 
freeway volume and the served portion of the demand is equal to or less fuan the vol
ume limitation. 
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At this point, the heretofore undefined quantities of freeway volume, ramp service, 
and volume limitation must be considered more exactly. For this purpose it is noted 
that experience and traffic flow theory (3) indicate that the short-term production of 
any given point on a freeway cannot exceed some upper bound Q, approximately 2,000 
vehicles per hour (vph), without significant risk of breakdown in the flow of traffic. 
Thus the TA minute running average of flow past a critical point must be limited to ap
proximately QTA vehicles, depending on the facility. When this short-term average 
volume is below the specified capacity limit, additional vehicles from the ramp can be 
admitted into the stream, provided that the running average of the sum remains below 
the critical value. Thus the average ramp service is limited at most to the difference 
between the limiting and actual average volumes. 

Many solutions are possible to the controller design problem that satisfy this re
s triction. One such possibility allows the threshold to be set at T opt• provided that the 
r estriction is met, and inhibits all merging otherwise. By this process all available 
roadway capacity is used as quickly as possible, and additional waiting vehicles are in
serted into gaps as additional room for single vehicles arises. This solution, when 
associated with the limit condition in which Topt equals 0, becomes the capacity ad
justed metering system (4, 5). 

A second approach to the-controller design problem involves the gradual adjustment 
of the threshold as a function of freeway volume. This technique has the usual ad
vantages associated with smooth variation in controller policy; however, it also has 
the added limitation, extra delay, associated with smoothing. In particular, the first 
policy carries the risk of inserting an acceptable averaged number of vehicles into the 
stream too quickly thus causing breakdown, and the second policy includes the risk of 
adjusting too slowly thus overloading the stream. 

The Multiple-Vehicle-Per-Gap Merge Mode 

In the generalized release-after-completion merge mode, a string of vehicles is 
released to attempt to merge into a suitable single gap after all previously released 
vehicles have completed the merge operation. To design a controller for this action 
requires only the specification of the gap threshold Tn that corresponds to the smallest 
gap into which a string of n vehicles may attempt a merge. When this is done, the 
sequence of numbers (Tn} determines the number of vehicles that may attempt to merge 
into any given gap. 

The subsequent analysis and controller design is simplified by the assumption that 
the gap threshold is chosen so that the probability that the last vehicle in a released 
string of n fails to merge is substantially larger than the probability that 2 or more ve
hicles in the string balk. Thus, the expected service time ten for a string of n vehicles 
that is released to attempt to merge into a gap in excess of Tn but less than Tn+l is 

where 

ten = the expected travel time for the first vehicle to reach the 
merge zone + the sum of the expected intervehicular head
ways between vehicles in the string + the expected extra 
delay due to gap rejection by the nth vehicle 

=tr+ (n - 1) h +(Prob n are released and the nth balks) (1/µs) 

( ) ( I ) [ JJRn(T n) - µRn( Tn+l)] 
= tr + n - 1 h + 1 µs 

[µ( Tn) - µ(T11+1)J 

tr = the expected travel time for 1 vehicle on the ramp, 
h = the expected intervehicular headway, 

(19) 

µ8 = the rate at which vehicles stopped at the merge zone execute merges into 
the freeway stream, 

µ(T) = the rate at which gaps in excess of the threshold setting of T appear in the 
stream, and 

µR (T) = the merge rejection rate for the nth vehicle in a string when the release 
n threshold is set at T. 
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Next, it is noted that the rate at which merge opportunities appear in the stream, 

µTotal' is 

co 

IJTotal = L n (the rate of merge opportunities for strings of exactly n vehicles) 
n=l 

co 00 

= L n[µ(Tn) - µ(Tn+1)J = L µ(Tn) 
n=l n=l 

Based on this, the expected service time associated with the merge opportunities 
offered by the stream Te is 

(20) 

T = r; [(merge opportunity rate for strings of n vehicles) (total expected delay] 

e n=l for the merge of a string of n vehicles)/ (total merger opportunity rate) 

f: µ(Tn) - µ(Tn+l) {tr+ (n _ l)h + (l/µ ) [µRn(Tn) - µRn(Tn+l)J + 1 } 
n=l µTotal S µ(Tn) - µ(Tn+l) µ(T 1) 

= __ 1 -{(tr - h)µ(TJ + hµTotal + (1/ µs) I: [µRn(Tn) - IJRn (Tn+l)] + 1} 
µTotal n=l 

co 

L [µRn(Tn) - l"Rn(Tn+l)] + [ 1 +(tr -h) u(T1)] I'S 
n=l = h + - --------- ------- ---

l"SIJTotal 
(21) 

Finally, µRn (Tu)>> µRn(Tn+l) is implied by the assumption that the probability of gap 
rejection by the last released vehicle in a string is much greater than the probability 
of a balk by any other vehicle in that string. Thus, 

co 

L: µRn(Tn) + µS [1 +(tr - h) µ(T)J 
n=l 

Te= h + --------------
J.lsllTotal 

and the merge capacity limit for the stream is 

where 

1 
µStream = - = Te 

1 

µSµTotal 
h + -co-------------

1 

L µRn(Tn) + µS[ 1 +(tr - h)µ(T1)] 
n=l 

=---
(h + t ') 

t' = ------µ_s_µ_T_o_ta_l ____ ~ 
co 
L µRn(Tn) + IJS[l +(tr - h)µ(T1)] 
n=l 

(22) 

(23) 

(24) 

Hence, the merge service capacity is maximized when t' is minimized. A controller 
design based on this is considered next. 
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The Design of a Controller for String-Release Mode 

The extension of controller action to include the release of strings of vehicles for in
sertion into adequately large gaps offers several advantages at the expense of separate, 
individualized merge service. In particular, the safety level associated with the single
vehicle-release-after-merge mode is exchanged for a higher merge capacity when de
mand indicates that this is necessary. The result is a control law that offers individual 
service when demand is low and that allows for extended merge capability when demand 
is high, provided that adequate freeway capacity exists. 

Inspection of the expression for the capacity of the ramp controller, J.LStream• re
veals this quantity depends on the set of threshold settings (Tnl. In general, this ex
pression need not be unimodal, and the coordinates of the local maxima are not always 
identified by a sequential search. There is a good basis, however, for setting the thresh
olds by a sequential optimization. In particular, because there is no information in
cluded in the model to indicate the actual demand for service, an increase in the ramp 
capacity by the increase of the 2-vehicle merge rate at the expense of the 1-vehicle 
merge rate is detrimental to system performance when the actual demand requires only 
1-vehicle merges. This situation is contrasted by the following: When the value of T 

1 
is selected to maximize the 1-vehicle merge process and then T

2 
is selected to maxi

mize the 2-vehicle merge process given T 1 , the resultant system always provides the 
highest 1-vehicle merge rate and yields extra capacity through 2-vehicle merges as re
quired by demand. Although this controller may not provide as large a total ramp ca
pacity as is available by the simultaneous selection of T 

1 
and T

2
, only the actual demand 

will determine under which controller the ramp provides better service. 
When the intervehicular headways on the freeway are described as independent sam -

ples from the Erlang distribution 

a a-1 
f(t) = (aq) t -aqt 

(a - l)! e 
(25) 

and the probability that the last vehicle in a string of n vehicles accepts an offered gap 
of t seconds or less is described by the cumulative Erlang 

sn-1 

Pan(t) = 1 - e-Snbnt L: 
m=O 

the values of J.LRn(Tn), µ(Tn), and µ8 can be evaluated. Here 

~
= - T a-1 (aqT }t 

µ(Tn) = q f(t)dt = qe aq n L: · t~ 
Tn l=O 

and 

a+m-1)! ] 
aq + snbn) a +m 

Likewise, when P s(t) is the standing merge headway acceptance probability, 

(26) 

(27) 



64 

and 

r-1 m 
""""" (a + m - 1) 1 (rc/ V ) 

µs = q .!i:o m ! (a - l )! (1 + re aq) a + m (29) 

when Ps{t) is cumulative Erlang type r with mean equal to l/C. 
The expression for ramp capacity for this case has been evaluated for some examples 

subject to the philosophy of sequential optimization. Capacity versus threshold is shown 
for outside lane volumes between 800 and 2,000 vehicles per hour in Figures 6 through 
13 to indicate the system sensitivity to adjustment of the threshold T 1• Figures 14 
through 21 show capacity versus string length for similar volumes. In all cases the 
lower order thresholds are set at their optimum value before the threshold of interest 
is varied. In addition, it is assumed that the gap acceptance probability that corre
sponds to the end vehicle in a string is type 3 Erlang with a mean that varies linearly 
with string length. 

Finally, it is noted that when the maximum string length is restricted to 1, and the 
gap acceptance probability for single vehicles is Erlang type 1, the string merge ca
pacity simplifies into the 1-vehicle merge capacity previously developed. 

CAPACITY AND SENSITIVITY OF A STRING-RELEASE-AFTER-COMPLETION 
MERGE-CONTROLLER-AN EXAMPLE 

At this point the capacity of a ramp control system that releases a string of vehicles 
to attempt a merge into the freeway stream is considered. For this operational mode 
the number of vehicles in the string is dependent on the size of the detected gap, and 
release is conditional on the completion of successful merges by all previously released 
vehicles. Hence, the ramp is clear before an additional string is released. 

Several cases considered for the controller design presented in the previous section 
included the following: 

1. Two alternate length entrance ramps were measured in "seconds of time between 
the instant the control signal is turned to green and the instant the first merge-vehicle 
arrives at the merge zone"; thus tr= 5 seconds and tr= 10 seconds are used to investi
gate the effect of ramp length. 

2. Four alternate gap acceptance criteria were employed to describe drivers that 
balk at the moving-merge attempt. Here 1/c equal to 1.5, 3.0, 4.5, and 6.0 seconds 
are respectively used for the mean gap sizes that drivers who stop at the merge zone 
find acceptable for a standing merge. 

3. Five freeway volumes that correspond to q equal to 800, 1,100, 1,400, 1,700, and 
2,000 vph were investigated to study the effects of variation in volume. 

In addition, the following parameter values were employed as reasonable or typical 
or both: 

1. The standing-merge gap acceptance probability is described as Erlang type 3, 
thus r = 3; 

2. The moving-merge gap acceptance probability for the nth vehicle in a string is 
Erlang type 3, thus sn = 3 for all n; 

3. The mean acceptable gap Ior Ute nth vehicle in a string is l/bn = 3n - 1. 5, thus 
the first, second, third, and nth vehicles accept a gap of 1. 5, 4. 5, 7. 5, and 3n - 1. 5 
seconds respectively on one-half of the merge attempts; and 

4. The freeway intervehicular headway process is described by an Erlang type a 
distribution with mean equal to 1/q (where q is the volume), and here, a is the nearest 
integer value of the expression a = 0. 92 e3. 6q and is based on the experimental results 
obtained on the Gulf Freeway (~). 
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Before the results of the numerical analysis are discussed, 2 points are worth noting 

1. When the time required by a vehicle to reach the merge zone is tr seconds (after 
the signal is changed to green), then the maximum ramp volume in the single-vehicle
release-after-completion mode is 1/tr. This quantity equals 720 and 360 vph when the 
respective values of tr are 5 and 10 seconds. When strings of n vehicles each are re
leased in the release-after-completion mode and the assumption is used that intervehi
cular headway is n equal to 3 seconds, the corresponding merge rate is 1/(tr + 3n - 3 ). 
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As n approaches infinity, this quantity approaches 1,200 vph for all values of tr. This 
limit corresponds to the uncontrolled capacity limit of the entrance ramp. 

2. The capacity of an entrance ramp in the release-after-completion mode depends 
on both the expected length and the expected frequency of the strings of vehicles that 
may be released to attempt a moving-merge into the freeway stream. For such opera
tion, an increase in the freeway volume always results in a decrease in the number of 
vehicles in a released string. The expected number of released strings (i.e., the ex
pected frequency), however, may either increase or decrease with an increase in free
way volume because this quantity depends on both the number and the suitability of free
way gaps. In particular, for low freeway volumes almost all gaps are suitable for a 
merge attempt by 1 vehicle, and an increase in the number of gaps implies an increase 
in the allowable number of released strings; however, for high freeway volumes only a 
portion of the gaps are suitable for merge attempts, and an increase in the number of 
gaps implies both that the average gap becomes smaller and that the number of gaps 
suitable for merge attempts decreases. 

The use of parameter values previously listed in the models that were developed in the 
prior section makes it possible to numerically evaluate representative entrance ramp ca
pacities. The results of such numerical evaluation with a string-release-after-completion 
merge controller are presented graphically for ease of interpretation. In Figures 6through 
13, the ramp capacity is shown as a function of threshold setting for the single-vehicle
release-after-completion mode, with volume as a parameter. These curves show that a 
threshold of approximately 1 second yields a generally near-maximum capacity for all cases. 
However, the sensitivity of capacity to tJu·eshold setting varies substantially. The short 
ramps (i.e ., tr = 5 seconds) tend to have higher capacities and greater sensitivity· the tr = 10 
second cases have lower rates and are less sensitive to variations in threshold. Likewise, 
there is a functional dependence of ramp capacity on the nature of the merge zone . For short 
ramps, the ease of execution of standing merges substantially affects the ramp capacity, 
butonlongrampsthis quantity is less significant. 

More exactly, the numerically evaluated results indicate the following: 

1. As the threshold is increased the occurrence of balks becomes less significant, and 
the capacities are asymptotically identical (Le., independent of c for a given q and tr). 

2. The quality of service is improved at the expense of added delay when the thresh
old is increased, and the expected service time for a given threshold Te is simply the 
reciprocal of the associated ramp capacity. 

3. For all cases investigated, the largest ramp capacity for a single-vehicle
release-after-completion controller corresponds to a short ramp with an excellent 
merge zone (i.e., tr = 5 and 1/c = 1.5 seconds). Here, a ramp capacity of approxi
mately 450 vph is indicated for a heavy freeway flow condition (i.e., q of 1, 700 to 2, 000 
vph), but actual service must be suitably restricted below this value to prevent a break
down of the stream. 

4. The diJferences between the ramp capacities shown by the curves in Figures 6 
through 13 and the maximum capacities of 360 and 720 vph that correspond to tr = 10 
and 5 seconds i·espectively a-re attributed to the combined effects of limiting by the 
threshold setting and by gap rejection (i.e., by both moving and stopped vehicles). 

The maximum ramp capacity available in the string-release-after-completion mode 
has been evaluated by a sequential search, subject to the restriction that a second ve
hicle is not released unless a gap of 3 seconds or larger is detected {i.e., because the 
headway h = 3 seconds). Similarly, the release of a third vehicle required a gap of at 
least 6 seconds, the release of a fourth vehicle required a minimum gap of 9 seconds, 
and so on. The resultant ramp capacities are shown as a function of maximum string 
lengths in Figures 14 through 21 with freeway volume as a parameter and for various 
values of tr and c. These curves show that the largest benefit of multiple vehicle re
lease occurs at low freeway volumes; at high volumes, little extra capacity is gained. 
Hence, the largest volume available for the cases investigated is approximately 480 vph 
when tr = 5 seconds, 1/ c = 1.5 seconds, and q = 800 vph. This is substantially below 
the limit of 1,200 vph that corresponds to q = 0. However, when the case of tr = 10 
seconds and 1/c = 3 seconds is considered as an example, it is observed that, when the 
freeway volume gradually drops from 2,000 to 800 vph, the single-vehicle-merge ramp 
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capacity remains almost constant at approximately 250 vph and the string-release mode 
yields an automatic increase in capacity up to 350 vph . Finally, it is noted that, when 
a ramp capacity of 400 vph is required for this ramp, a i·eduction in tr from 10 seconds 
to 5 seconds yields a string-release capacity in excess of 400 vph. However, when a 
ramp capacity of 500 vph is needed, use of the string-release- after-completion mode is 
unacceptable and release-before-completion must be implemented. This mode of opera
tion is considered in the next section. 

One final point remaining with regard to the numerical results is that the parameter 
values were chosen on the basis of reasonableness in order to yield typical results for 
presentation. The models developed are quite general and may be applied to alternate 
situations by the proper selection of parameter values. 

THE RELEASE-BEFORE-COMPLETION MODE 

Although the release-after-completion mode exhibits many desirable attributes, such 
as high safety level and high quality of merge service, the question of whether to re
lease an additional vehicle while previously released ve11icles remail1 on the ramp re
quires consideration. In particular, when a possible merge opportunity arises for a 
vehicle awaiting service behind the ramp control signal the expected service delay 
for that vehicle may be significantly reduced when that vehicle is released without await
ing merge-completion for the previously released vehicle. However, when this opera
tional mode is to be employed, the question of what value of ga:p threshold to use must 
be reexamined. 

When a possible merge opportunity is detected in the freeway traffic stream before 
all p1·eviously released vehicles have merged, the question of whetl1er to release the 
next queued vehicle can be converted into a questio of which action minimizes the ex
pected delay. Here the e:icpected delay subject to release of the vehicle must be com
pared with the expected delay subject to nonrelease to determine which decision to im
plement. Tile resultant analysis yields a controller that is a sequential decision-maker 
in which both the target gap sizes and present state of vehicles on the ramp affect the 
decision process. 

Analysis of the operation of an entrance ramp in the release-before-completion mode 
can take several forms. One possibility is to assume that the actual ramp service rate 
is restricted to a value that does not cause a breakdown in the flow of vehicles on the 
freeway. Then, an investigation of expected delay for the next vehicle awaiting service 
simplifies to a question of which decision yields the earliest expected merge instant. 
For this case, the following points are noted: 

1. There are n unmerged vehicles on the ramp; 
2. The last previous release of a vehicle occurred at t = t 2 ; 

3. The target gap sizes are Tv r 2 , ... , Tn respectively; 
4. A target gap of ,. n+l is detected at T = td; 
5. The expected delay between the completion of standing merges is 1/JJ8 ; 
6. The probability that the next vehicle can complete a moving merge into the pro

n+ 1 
spective target is 1T Pa (Ti); and 

i=l 
7. The expected delay before a successful merge, given the merge zone is cleared, 

is tr + 1/ u" (i.e., µ"is the merge rate when tr = 0 ). 

Based on these definitions, the expected additional time required to complete the 
merge of the (n + l)th vehicle (i.e., beyond the time required to complete the merge of 
the nth vehicle and provided that no balk has occurred) is 

(30) 

when the vehicle is released to attempt entry into the r n+ 1 gap, and 



when release is inhibited until the ramp is clear. 
Comparison of these 2 quantities reveals that when the gap r n+ 1 satisfies the 

inequality 

n 
Pa(rn+l) ~ [(td - t.~.)µ8 - 1] 1T Pa(ri) - [µstr + (µ8/µ") - 1] 

i=l 
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(31) 

(32) 

the (n + l)th vehicle suffers less delay in the merge process by not waiting for the 
ramp to clear. Thus for the operational condition in which the function f( ·) on the right 
side of the inequality is negative, the inequality is always satisfied, and any value of 
T"n+l is acceptable for a merge attempt. Similarly, when f(·) exceeds unity, no gap is 
acceptable because Pa(rn+l) is a gap-acceptance pi·obability and cannot exceed unity. 
Finally, when£(.) is between 0 and 1, a threshold Tn+l exists such that 

-1 

Tn+l =Pa [f(.)J (33) 

where P;\.) is the inverse of the gap acceptance probability function and P;
1 

[Pa(t) J =t. 
For a ramp that has experienced a stoppage and offers zero probability of a moving 

merge for the (n + l)th vehicle, the expected delays associated with the release or the 
nonrelease of that vehicle at td are respectively 

(34) 

and 

(35) 

Comparison of these quantities indicates that, for any ramp on which the expected travel 
time tr exceeds the difference between the expected delay 1/ µg (associated with a stand
ing merge from the merge zone) and the travel-free service time 1/µ " (associated with 
the successful clear-ramp, single-vehicle-merge rate), the release of the next vehicle 
into any size gap is warranted. Setting the pi·obability of a moving merge for the 
(n + l)th vehicle in the previous case equal to 0 reinforces this conclusion; this is ex
actly the same criterion as that for release eme1·ges. 

The Design of a Controller for the Release-Before-Completion Mode 

Under those operational conditions in which an increase becomes necessary or de
sirable in the production of a particular entrance ramp above the level achieved in the 
release-after-completion mode, it can be achieved by operation in the release-before
completion mode. To do so, however, involves a trade-off between the quality of merge
service offered and the merge production. 

For a long ramp (i.e., tr is large) with a merge zone that is unobstructed so that the 
expected standing merge delay is comparable to (though more than) the expected delay 
in the attempt of a moving merge, analysis has shown that the release-before-completion 
mode offers an improved merge rate for the ramp, provided that the freeway stream 
does not break down. This property allows for a variation of the controller threshold 
(or merge-rate limit or both) to increase the ramp production as required within the 
limits necessary to preserve the stability of the st1·eam. Such operation has been in
plemented on the Gulf Freeway when queue lengths beyond the available storage capacity 
have made action necessary. In addition, ramp operation with a fixed threshold in the 
release-before-completion mode has been more the rule than the exception on that 
Freeway. 

By contrast, when a ramp is short (i.e., tr is small) and the merge zone is marginal 
so that standing merge opportunities are rare compared with moving merge opportunities, 
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operation in the release-before-completion mode does not always yield an increase in 
ramp merge capacity. In particular, analysis reveals that when 

(36) 

a stoppage of a released vehicle warrants that the release-before-completion operation 
b~ inhibited until the ramp is cleared. The existence of this restriction in the release
before-completion operation, however, is temporary and in no way negates the overall 
advantage of increased ramp capacity that results, provided that the controller selects 
only adequately large gaps that occur within an adequately short period after the last 
previous release. 

SUMMARY 

Under either control philosophy described, the threshold that yields the maximum 
ramp capacity must be identified fir st and, based on that value, a threshold s etting is 
established that both provides an appropr iate level of merge service and preserves the 
stability of the freeway stream against breakdown in flow caused by excess density . 
By this process, merge capacity will often be reduced below its maximum value to in
crease the level of service offered to drivers. Thus, the controller may attempt to 
operate in a mode in which a single vehicle is released whenever the ramp is clear, the 
demand is low, and the probability of a successful moving merge is adequately high. 
When it is necessary to increase the available ramp merge capacity, the operational 
mode is modified so as to reduce the level of service by the relaxation of control limits 
until adequate mer ge capacity is achieved . In this way the controller is continuously 
adjustable to both actual demand and actua l fr eeway volume . 

Based on analysis o( the results obtained by use of the control modes -developed in 
this paper, we believe a sound analytic theory exists for the design of freeway entrance 
ramp control systems. In particular, the relationship between merge capacity and sys
tem parameters is explicitly developed for several control modes. These results make 
possible the evaluation of both the capacity limitations inherent in the design of a par
ticular ramp control system and the control system parameters necessary to provide a 
specifi ed merge capacity for the ramp. · 

To aid in the design process, several typical ramp control configurations were ana
lyzed in detail. These included the following conditions: (a) placement of a traffic con
trol signal at between 5 and 10 seconds of tr avel time from the merge zone, (b) mean 
gap acceptance limits for vehicles stopped in merge zone of between 1.5 and 6.0 s econds, 
and (c) freeway volumes in the outside lane of between 800 and 2,000 vph. As a r esult 
of this analysis, the following observations are made: 

1. The gap rejection phenomenon was found to increase the minimum expected ramp 
service time, in the single-vehicle-release-after-completion mode, to a level between 
1.25 and 3.0 times the expected vehicular travel time on that ramp. For example, for 
a long ramp with an expected travel time of 10 seconds, the maximum ramp capacity is 
reduced to between 50 and 80 percent of the 360-vph limit that the 10-second travel time 
imposes on this mode; 3,600 seconds per hour divided by a minimum of 10 seconds per 
vehicle yields a maximum flow in the single-vehicl e -release-after - completion mode of 360 
vph. Here, the larger capacity corresponds to a volume of 800 vph in the outside freeway 
lane; the lower capacity occurred with a freeway volume of 2,000. In both cases, the 
assumption is that a relatively good merge zone exists because the mean acceptable 
gap for a standing merge from the merge zone was defined to equal 1 .5 seconds. For a 
second example, with an expected travel time of 5 seconds and a short merge zone, the 
results indicate a reduction in maximum ramp capacity to between 35 and 65 percent of 
the limit of 720 vph that the 5-second travel time imposes on this mode. Again, capac
ity depended on freeway volume. 

2. The release of more than 1 vehicle per string can increase the ramp capacity 
without forsaking the release-after-completion operational mode. For such operation, 
multiple-vehicle-release opportunities are rare when high freeway volumes exist and 
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little is gained in these instances. However, when freeway volumes a.re low (e.g., 800 
vph per lane), improvements of approximately 50 percent ove1· single-vehicle operation 
are possible. 

3. Operation in the string-release-after-completion mode appears to be limited at 
most to between 15 and 40 percent of the uncontrolled ramp capacity, with the higher 
production generally corresponding to the lower freeway volumes (i.e., 800 vpb per 
lane). To provide ramp capacities in excess of this limit requires that release-before
completion operation be employed. 

4. When the diUerence between the expected service time required to <;:omplete a standing 
merge from the merge zone is less than the total expected service time required to 
complete a moving merge from behind the ramp control signal (i.e., including the ex
pected travel time), then the release-before-completion mode exhibits a maximum ramp 
capacity that equals the uncontrolled ramp capacity. However, the actual service pro
vided by this controller must be constrained by consideration of freeway stream stabil
ity and actual demand characteristics. For example, metering at any fixed rate elow 
1, 200 vph would be possible for several of the cases investigated in this report, pro
vided that stream stability was not a problem. 
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Study o! Rural Freeway Emergency 
Communications for Stranded Motorists 
WALTER J. ROTH, Michigan Department of State Highways, Lansing 

T his report p resents further information on the operation of a 
motorist-aid telephone system on a r ural fr eeway. Stranded 
motorists' needs and the ways in which these needs are met 
are examined. Data from observations made during the sum
mer of 1968 and the winter of 1969 indicate about 50 percent of 
drivers who needed aid used the motorist-aid telephones. The 
rate for vehicle stops of 12 min or longer was 1 stop in 26 
miles each 66 min in the summer survey and 1 stop each 99 
min in the winter survey. This is consistent with other re
por ted findings that show greater assistance needs in s um mer. 
Assistance rates may correlate directly to traffic volumes, 
but these data have not been fully analyzed. The percentage of 
trucks requiring assistance is consistently large compared to 
their percentage of the traffic stream. Of those that stopped 
12 min or longer, 48percent wereserviced by the tr uck drivers 
or the drivers were as sisted by passing driver s . Driver s of 
passenger cars requiring mechanical aid are m ost likely to 
phone i or aid. A comparison of the data from the control sec 
tion on US-23 to those from the study section on 1-94 shows 
that trucks on US-23, at least, would have greatly reduced their 
stopped time had aid phones been available to them. The sur
veys of motoris ts pas s ing through the motoris t-aid phone area 
on 1-94 showed approximatel y 87 percent favoring s uch a sys
tem. Seventy -f ive p ercent of the users of the aid phones travel 
the study s ection once a month 0 1· more often and, not surpris
ingly, 97. 4 pe r cent of those who have used the phones think the 
system should be expanded. 

•THIS IS the second interim report of a study to determine the usefulness of a motorist
aid telephone system to motorists stranded on a rural freeway and to obs erve the needs 
of these motorists. Presented and reviewed are available data to May 1969 fr om a 2-
month summer survey in July and August 1968 and a winter survey in January 1969, 
both of which included mobile and stationary observations of stranded motorists, in
terviews with stranded motorists, and a handout questionnaire survey. Included also 
is a summary of system operations and a partial r eview of maintenance activities. 

DESCRIPTION OF MOTORIST-AID TELEPHONE SYSTEM 

A 30- mile s tudy section on I-94 , between Jackson and Battle Creek, was selected 
for the experiment (Figs. 1 and 2). 1- 94 is a maJor east-west freeway connecting 
Detroit to Chicago. About 21 percent of its 14,000 average annual daily traffic is com
mercial. 

The motorist-aid telephone system is entirely state-owned with the exception of the 
leased lines connecting the freeway circuits to the State Police posts. _ These lines are 
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U.S. -23 CONTROL 
STUDY AREA 

I-94 MOTORIST AID 
TELEPHONE AREA 

Figure 1. Location of study section on 1-94 and 
control section on US·23. 

(a) (b) (c) 

(d) (e) 

Figure 3. Installation and signing of motorist-aid 
phones. 
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Figure 2. Location of motorist-aid phones on 
1-94 Study Section. 

leased from the Michigan Bell Telephone 
Company. There are 31 pairs of phones 
over the 30 miles. The east 17 pairs of 
phones are spaced at approximately 3 ,400 
ft and the remaining 14 pairs at approxi
mately 5,400 ft. The phones are numbered 
1 through 62; phones 1 through 28 are con -

nected to the Jackson State Police post, and phones 29 through 62 are connected to the 
Battle Creek State Police post. 

Each motorist-aid telephone is 13. 5 ft from the edge of the pavement. A red weather
proof cabinet containing the handset is attached on the downstream side of a 12-ftalumi
num pole with a blue light on top. A blue sign displaying a white telephone symbol is 
also attached facing traffic (Fig. 3a and b). 

All telephone and power cables within the right-of-way are underground. The 30-
mile section is signed at the beginning, end, and midpoint (Fig. 3d and e). Mileage 
markers are placed every two-tenths mile along the study section to identify stopping 
location (Fig. 3c). 

To use the telephones, the motorist opens the cabinet door and lifts the handset from 
the hook. The dispatcher at the police post is notified by a ring and a red light that 
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Figure 4. Call identification panels at State Police 
post. 

identifies the calling site (Fig. 4). The 
dispatcher answers the call and obtains 
information necessary to assist the motorist 
and completes a questionnaire (Fig. 21). 
The State Police usually supply gasoline 
to a motorist with this need. For other 
needs, the proper c'ommercial agency is 
contacted to service the motorist. 

SYSTEM OPERATION AND 
MAINTENANCE 

Since the last interim report, the sys
tem has operated well, but there have been 
some periods when a phone or a circuit was 
inoperative. Operational problems still 
occur, ranging from lightning strikes, 
handsets or the roadside box being van -
dalized, leased line problems, vehicle 
damage to underground circuits, and short 
circuits in the terminal boxes caused by 
flooding. 

Within a 6-month period, 6 to 8 phones 
or circuits were out of service because of 
lightning damage. One site was knocked 

down by a vehicle, 9 handsets or cord damages occurred, and 1 transformer was stolen. 
This repair activity, plus relamping and placement of a capacitor in each phone site, 
has kept one man busy full time troubleshooting and repairing. The new capacitor in
stallations have eliminated more false ringing problems, many of which were apparently 
caused by power interruptions. Recently a building remodeling at the Battle Creek State 
Police post caused those circuits to be out of service for several days while the display 
panel was relocated. 

Aside from these random problems, the system has been operating well. Weekly 
checks show that occasionally the State Police personnel are too busy with other duties 
to answer quickly; however, we have not heard recently that anyone tried to call and 
could not get an answer. A few returns of an earlier handout questionnaire contained 
comments of this type. It does appear that we are not receiving data on many of the 
calls for assistance when in fact assistance to the motorist is provided. 

Plans have been made to interface a tape recorder with the system at each post. 
These recorders will be activated when the handsets at the posts are lifted for an in
coming call. This addition should fill the gap in total information on call activity. Nor
mal police post activity is sufficient to take most of the dispatchers' time and, thus, 
calls on the motorist-aid phones are usually handled as briefly as possible and perhaps 
at times are not recorded at all. 

In any case, the system can still be of value even with some periods when a phone or 
circuit is temporarily inoperative. The forthcoming period of operation with the tape 
recorders should provide a broader base of information on the real use of the system. 

MOBILE OBSERVATIONS OF STRANDED MOTORISTS 

Mobile observations were made during the summer of 1968 and winter of 1969 on 
the study section and the control section on US-23. The 10-mile section on US-23 (Fig. 
1) was chosen as a control to provide a comparison of stranded motorist activities on 
this section of roadway with those on I-94. 

The mobile survey was designed to let the stopped motorist take some action before 
being interviewed. Four survey cars were equally spaced in a 26-mile loop from Parma 
Road to 11-Mile Road on I-94 (Fig. 2). The time interval between cars was 12 min; by 
definition, motorists stopped over 12 min were deemed stranded. The first survey car 
to spot a stopped vehicle reported to the next survey car in the loop by radio. If the 
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stopped vehicle was still present when the next survey car approached, an interview 
was taken and recorded on the form shown in Figure 5. A fifth survey car took the 
stopped survey car's position in the loop. On the US-23 control section, there was 1 
survey car whose driver stopped when he saw a stopped vehicle and waited at a dis
tance for the stopped motorist to take action. When the motorist started remedial ac
tion, the survey car driver moved up and interviewed the stopped motorist. Obviously, 

TABLE 1 

REASONS FOR VElUCLE STOPS ON 1-94 DURING 1968 SUMMER SURVEY 

Passenger Cars Other Vehiclesa 

Reason Used Used 
Number Percent Aid Number Percent Aid 

Phones Phones 

Tire failure 57 48 10 19 36 7 
Gas, water, or oil 21 18 4 6 11 1 
Mechanical, tow 19 16 12 4 7 2 
Mechanical, no tow 21 18 5 19 36 6 
Accident 0 0 0 2 4 0 
Fire 0 0 0 l 2 1 
Miscellaneous 1 0 0 2 4 0 

Total 119 100 31 53 100 17 

alncludes 48 trucks, 3 buses, and 2 motorcycles. 
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TABLE 2 

ACTIONS TAKEN BY STRANDED MOTORISTS TO 
OBTAIN AID ON I-94 DURING 1968 SUMMER SURVEY 

Action 

Off-freeway aid 
Used aid phonesa 
Used public phones 
Walked 
Hitchhiked 
Abandoned vehicle for over 

10 hours 
Miscellaneous 

Self-help 
Tire 
Mechanical 
Used own radio 
Drove to service 

Others helped 
Survey group 
Passerby 
Police 
Unknown 

Total 

Number 

6 

7 
11 

1 
8 

90 

82 

172 

Percent 

28 
2 
8 

11 

52 

48 

100 

aot those interviewed, 40 motorists or 23 percent were not aware of the aid 
phones. 

b52 percent of the 90 motorists needing off-freeway aid 
C11 of these were aware of the aid phones. 
d15 of these were aware of the aid phones. 
e49 percent of the motorists with tire needs. 
f 15 percent of the motorists with mechanical needs. 

many stopped motorists were not inter
viewed because the survey car would oc
casionally be stopped for prolonged periods 
of time. Because of this, comparison 
section would be a better name for the 
control section. 

On the I-94 study section, observations 
were made during the summer for 192 
hours over 26 days during which 172 in
terviews were taken with motorists who 
were stopped f or 12 min or longer. The 
results are given in Table 1. Passenger 
cars comprise 69 percent of the stranded 
vehicles; however, trucks at 31 perc ent 
have a dispr oportionate share of the break
downs as they comprise only 21 percent 
of the traffic. Tire failure caused 48 
percent of the passenger cars to stop. 
Mechanical aid was needed by 43 percent 
of the stopped trucks and other vehicles, 
and tire repairs by 36 percent. 

Table 2 gives the action taken by the 
standed motorists. Those in the others
helped category, under mis cellaneous, 
are not combined with thos needing off
freeway aid, as there will always be some 

passing motorists willing to give aid. The 26 p eople who walked or hitchhiked, but 
were aware of the aid phones , apparently assumed that they could obtain aid either 
faster , or cheaper, thems elves. It is rather puzzling, however, that 77 percent of the 
needy motor ists were awar e of the phones but only 52 percent made use of them. 

Observations were made on I-94 during the winter for 71 hours over 10 days during 
which 36 interviews were taken with motori:::ts s topped 12 min or longer. Results a r e 
given in Table 3. Although the total num ber of inter views is smaller , the pe1·centage 
distribution of the reasons cars (69 percent) and trucks (31 per cent) stopped during the 
winter survey is the same as that of the summer survey. Trucks had a dispropor
tionate share of the breakdowns. The changes in the percentages in Table 3 can be 
attributed largely to the cooler weather and correspondingly fewer tire failures. Trucks 
obvious ly have mor e mechanical needs in winter; however , gas, water, and oil needs 
w er e not evident in winter for t rucks . Some of these variations may also be the result 
of the smaller winter sample. Table 4 gives the actions taken by drivers during the 
winter s urvey to m eet their var ious needs when their fravel was int errupted. More 
stopped winter driver s (89 p er cent) than summer drivers wer e awa1·e of the aid phones; 
however, only 50 percent chose to utilize them. 

TABLE 3 

REASONS FOR VEHICLE STOPS ON I-94 DURING 1969 WINTER SURVEY 

Passenger Cars Trucks 

Reason Used Used 
Number Percent Aid Number Percent Aid 

Phones Phones 

Tire failure 6 24 1 3 27 1 
Gas, water, or oil 4 16 1 0 0 0 
Mechanical, tow 4 16 3 7 64 3 
Mechanical, no tow 3 12 1 1 9 1 
Accident 3 12 3 0 0 0 
Fire 1 4 1 0 0 0 
Miscellaneous 4 16 0 0 0 !>_ 

Total 25 100 10 11 100 
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TABLE 4 TABLE 5 

ACTIONS TAKEN BY STRANDED MOTORISTS TO REASONS FOR VEHICLE STOPS ON US-23 DURING 
OBTAIN AID ON I-94 DURING 1969 WINTER SURVEY SUMMER AND WINTER SURVEYS 

Action Number Percent Passenger Cars Trucks 
Reason 

Off-freeway aid 30 83 Number Percent Number Percent 
Used aid phonesa 12b 33 
Other motorists used aid Summer survey 

phones 3b Tire failure 17 38 3 17 
Other motorists used Gas, water, or oil 12 26 3 17 

public phones 1 3 Mechanical, tow 5 11 3 17 
Walked 4 11 Mechanical, no tow 5 11 7 38 
Hitchhiked 6 17 Accident 2 5 0 0 
Abandoned vehicle for over stuck off road 0 0 0 0 

10 hours 4 11 Miscellaneous 4 9 2 11 
Miscellaneous 6 17 

Self-help Total 45 100 18 100 

Tire 
Others helped Winter survey 

Passerby Tire failure 6 35 5 28 

Police Gas, water, or oil 0 0 4 22 

Unknown Mechanical, tow 1 6 2 11 
Mechanical, no tow 3 18 3 17 

Total 36 100 Accident 2 12 0 0 

l'IQt those interviewed, 4 motorists or 11 percent were not aware of the aid 
Stuck off road 0 0 2 11 

phonl!I 
Miscellaneous 5 29 2 11 

bso PftfCt!'nt of the 30 motorists needing off-freeway aid , Total 17 100 18 100 

Data from the survey on US-23 are given in Table 5. There are no aid phones on 
this control section, and 63 interviews or observations of vehicles stopped for 12 min 
or longer were made during the summer and 35 during the winter. The number ob
tained on US-23 during the winter is close to the number (36) obtainedduringthewinter 
survey on 1-94 and is difficult to explain because of the method of survey. Although 
the total number of interviews is small, trucks had a larger share of the needs. They 
make up 17 percent of the traffic but 29 percent of the summer stops and 51 percent of 
the winter stops. The major problem for passenger cars in both winter and summer 
is tire failure , and that for trucks in the summer is mechanical and in the winter, tire 
failure. Tire problems in winter are rather surprising inasmuch as tire failures are 
usually reduced in cold weather. 

Table 6 gives the actions taken by motorists to obtain aid. The lack of aid phones 
forced 48 percent of the motorists on US-23 to leave the freeway to obtain aid; only 24 
percent of the motorists on 1-94 left the freeway to obtain aid. The group leaving the 

TABLE 6 

ACTIONS TAKEN BY STRANDED MOTORISTS TO OBTAIN AID ON 
US-23 DURING SUMMER AND WINTER SURVEYS 

Summer Motorists Winter Motorists 
Action 

Number Percent Number Percent 

Used public phones 6 10 1 5 
Walked 14 22 3 8 
Hitchhiked 6 10 0 0 
Abandoned vehicle for over 10 hours 4 6 4 12 
Miscellaneous 33 52 24 75 

Self-help 
Tire 10 30 4 17 
Mechanical 8 24 4 17 
Drove to service 0 0 2 8 

Others helped 
Survey group 3 9 7 29 
Passerby 0 27 4 17 
Police I 3 1 4 
Unknown 2 7 2 8 

Total 63 100 32 100 
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Figure 6. Ideal cumulative function. 

freeway were considered to be those who used public phone, walked, hitchhiked, and 
abandoned vehicle. These varying percentages may not be entirely realistic because 
of the small numbers involved; however, clearly demonstrated is the forced reliance 
on self-help and help from passing motorists. One-third or more of the stranded mo
torists received aid from other motorists. 

LEVELS OF SERVICE TO STRANDED MOTORISTS IN TERMS OF AID TIME 

Figure 6 shows an ideal cumulative distribution function for levels of service in 
which causative factors are related to total time required for the stranded motorists 
to obtain aid. The first characteristic is that the did-not-use-phone (DNUP) line be
gins to increase to the left of the used-phone (UP) line. The justification for this is 
that motorists who are relatively fortunate to be disabled near an intersection with ser
vice, or otherwise are able to obtain aid immediately, will realize less delay than most 
phone users. Thus, there may well be this small privileged class when the system is 
in the ideal state. The second characteristic is that the UP increased at a rate great~r 
than that of the DNUP. The justification is that the use of the phone should initiate a 
chain of communications and service links that is reasonably uniform in its capability 
to aid the stranded motorist. Thus, the spread of time over which aid is given should 
be less for the phone user than for the individual who does not use the phone. The third 
characteristic is that the UP obtains 100 percent to the left of the DNUP. The justifica
tion is that the use of the phone should ensure that a motorist is not stranded for an ex
treme length of time. The person who does not use the phone does not have this as
surance. In summary, the greater percentages of the DNUP during the excellent level 
of service times might be anticipated and do not indicate a defect in the system. How
ever, the UP should quickly overcome this advantage and reach 100 percent without long 
flat periods of time as might also be anticipated for the DNUP. The empirical cumula
tive distribution functions are shown in Figures 7 through 19. The differences in the 
number of vehicles shown in these figures and that given in earlier tables is due to the 
availability of aid-time data. 

Summer Survey on Study Section 

Tire aid was required by 56 stranded passenger cars. Of these, 36 (64 percent) 
helped themselves and 20 (36 percent) received help from others. Among these 20, 9 
(45 percent) used the phones. Figure 7 shows that there is little difference in the aid 
time of those who used the phones and the aid time of those who did not. More than 80 
percent of the group took less than 1 hour to fix their tires. 
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Figure 10. Aid time for trucks with tire failure on 1-94 during 1968 summer survey. 

Forty passenger cars required mechanical aid. Nine (23 percent) of the drivers helped 
themselves, and 31 (77 percent) received outside help. Of the 31, i7 (55 percent) used 
the phones. The cumulative curve shown in Figure 8 is very close to the ideal curve; 
it shows that a high percentage (77 percent) of the passenger cars with mechanical 
trouble needed outside help and the phones provided more than half of this assistance. 

Nineteen passenger cars required gas, water, or oil (Fig. 9}. Four of the drivers 
used the phones. One of these received help from the survey group in 22 min, but an
other hitchhiked to get gas and tuok 62 mil. The other 2 who called waited 40 to 66 min 
to get help from the State Police. The 15 who did not call received help as follows: 
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Figure 11. Aid time for trucks with mechanical failure on 1-94 during 1968 summer survey. 
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Fourteen of these 15 drivers 
were aware of the aid phones 
before they tried to get help. It 
is obvious that, to obtain this 
category of services, drivers 
will do many things rather than 
use the aid phones, even though 
they are well aware that the 
phones are available. The 
reason for this reluctance can 
only be guessed because these 
motorists were not asked this 
specific question. 

Tire aid was required by 16 
trucks. The drivers of 5 (31 
percent) used the phones and the 
drivers of 11 (69 percent) did 
not (Fig. 10). Of these 11, 4 
helped themselves, 1 used the 

pay phone, 1 received help from his own company by using his truck phone, 4 drove to 
the gas station, and 1 received help from another truck. 

Nineteen t rucks required mechanical aid. Seven drivers (3 7 percent) used the phones 
(Fig. 11). There is little difference in the aid time of those who used the phones and 
those who did not. 

The time distribution of the trucks that required gas, water, or oil is very close to that 
of the ideal curve (Fig. 12). The sample size, however, is very small. 

Winter Survey on Study Section 

Drivers of 36 stopped vehicles were interviewed during the winter survey. Of these, 
15 used the phones and 21 did not. The a id times for the passenger cars are shown in 
Figures 13, 14, and 15, and for the trucks in Figures 16 and 17. The sample sizes are 
small; however, they show promise of being close to the ideal as the sample size 
increases. 

Surveys on Control Section 

Figures 18 and 19 show the aid-time distributions for the 3 most common needs of 
stopped vehicles on the control section on US-23. The short time grouping for the pas
senger cars apparently was a result of 2 factors: The sample is limited, and the per
centage of vehicles on US-23 aided by other motorists was twice that on I-94. Hence, 
some of these short aid times may well have been 2 or 3 hours under other circumstances. 

The stranded-truck activity shows a marked reduction in delay in all categories for 
1-94 trucks whose drivers used the phones compared to the US-23 drivers (Fig. 19) who 
had to obtain aid by other means. In both of these distributions, the sample sizes are 
rather limited. 
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Figure 13. Aid time for passenger cars with tire 
failure on 1-94 during 1969 winter survey. 
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Figure 16. Aid time for trucks with tire failure on 1-94 
during 1969 winter survey. 
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In this survey, taken on I-94 in August 1968 and January 1969, a return-mailerques
tionnair e (Fig. 20) was distributed to approximately 5,000 drivers during each period. 
About 28 percent were returned; a summary of the responses is given in Table 7. Out-

t~,.. ________ y..,,, _____ _ 

2, A" you pullin,o 1roi1.,7 I I v.. L! No 

, -, O..tolS...to 

4.,. Wh•rwdldyou11ortyourll'ip? ____________ __ _ 

5 wi. .. -· ~•u1 ... t.i-t----------------
6 Wh.,.<lidtou""lul-9H-------------- --

7, The,..,,..., lor 1hl1 trip wu: 0 5oclol-R1e1ootionol ['] Sclt.ool ShoppOng 

:'! loorl.o.,.,.,\ 0 Worli{onltitjoli} i..J filil 1 

0 Ahno1t 0 Al .. 011 0 Only once or Lu11hon 
IYH)' ..... k ·~•ry ..... 111 twlu•y-

9. '11111ndidvouliutlioco,,,.aW<1uoltfi1Molerh1AhlT1l1phonu' -~ ..... 
=i P1I01 •• 1hi1 ,,,,., D l!y thi1 1.11., ::i o.i... ___ -c,_~..,-,----

JO, What doyau 1hi11• of th. Melori11 Aloi Phone Sy1t1,.? 

fuilMr ,_,, .. , (D9 you h .... r11..t1" q1tutt .... Of'> .... ; •• ,..,. .. 1 ll oo, ,,UM •"9P1y ,,_no- ond 
.ddru1onth1111vtn. w ... 1Ub.9tadtotH,ond,} 

Tralllc lhHarch 

IUSINU5 U'lV MA.IL .... __ .. _ .. · ··~4 .. .-.. -- ....... 
POIUOI WIU II PA.IQ l'r 

MICHIGAN QIPAllTMENT Of STATE HIOHHYS 
llldllpiSt1t1HIP.WI)'•11111191 
L111111, *Mii~ 41121 

't'OUI OPIN ION COUHU 

NN). 1 1-h•• •• •• •-l •••' ••~•~IMM 
,.f01lll t~4ot o..i... .... H.41 ~I . ........... . _p 
-..1 .. 11,_,..,.. o lf.-r"'n"u' ~'"'*'rtto••• 01l. 
lu""1ii. t-•'..,. t•th•••-.,.•· 
f.MMI • ""'.,.llt•-c.,...situ ... pJr1of11l1pW. o 

=;4 .. :.,r.~:..:i';':; 1~ ~f ru::~~=~ ;::::~ 
Jil<\ .......... l.tti.(1 .. 1 
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Vour r11pon11 lo the alloch1d qtoOlhonnair1 and ad4Ufon
al camr .. nl1 will l>e a .,1aningl11l contrlbulion lo thi1 
1luclt Th1i1111i11af!kl11l11clywillc.,1tiloutet<>co 
'"'"""'"'°'"'lfici1111r,u,.ay1y•l1"'. 

Wheny..,hov1co..,l1t1d1hoqu11tlonn1iro, pl111•Pl'""'1 
ualonddr<>pina""'illoo1. PookoD1i•pr•pol•. 

Figure 20. Questionnaire handed to stranded motorists on 1-94 during summer and winter surveys. 
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TABLE 7 

SUMMARY OF RESPONSES OF STOl'J!J::O VEHl LE DRIVERS IN 
QUESTIONNAIRES llANDED TO TH EM 

Percent of Drivers 
Response 

summer Winter 

Type of v~ti..i cle 

Pas senger, in county 18 .8 21.4 
Passen~er, in s late, out of county 43.5 48.4 
Passenger, ou t of s tnte 28.6 16.0 
Panel and plckUp Car1' with trailer, in county 0 .3 1.3 
Panel and plckUp cars with tral ler, in stat 1.9 1. 6 
Panel and pickup cars with tra il er, out of sta te 1.4 0 .3 
Truck, single unit 1.1 1.6 
Truck, combination 4 .1 9.4 
Bus and motorcycle 0 .3 0 .0 

Opinion or ald phones 
Neces sary service ; should be expanded 46.9 45. 1 
A Convenience; would like to see II expanded 40.3 42.4 
A convenience ; but not necessary 10 .3 10.5 
Pre fe r past method of obtaining aid, such as 

mlsed hood, flar e, or handkerchief on door 1.1 1.3 
Other 1.4 0.7 

Frequency of freeway use 
Almost every day 12 .7 15 .8 
Almost every week 18 .7 27 .3 
Almost every month 25.4 34.5 
Once or twice a year 28 .0 19 .1 
Less than once a year 15.2 3.3 

Trip purpose 
Social-recreational 44. l 14.8 
School 2 .9 5.7 
Shopping 2.3 1.6 
Business 6.9 56 .6 
To or from work 28 .8 8 .B 
Miscellaneous 15.0 12.5 

Mtltorlst aid phone signing considered inadequate 10 .9 6.4 

I DA.Tl!---Y'"E--Ul HO - -

2, LOCAT)()HOf INC!OfHT fROit PHOHE : 
DIST . __ ,.;. L""l EAST CJ WEST 

3, SEX 01" CALLEA Cl MALE 0 FEMALE 

4 DOU CALLER REQUIRE IHFOftlriCATIOH OHL Yr 
[l YES [l HO 

(;r_..,,•-•••-••,i<>l•<•i1•l•c..,lo11.ll 

J CALLEA JtEOOESTIHG AID Fl>'!: 
0 SELF 0 ANOTHER 

(ilHlf,con1i" .. 1'6&7) 

A. D.fullo.+f*i•l. •'"en4-.l- .. 1 .. 1 
O Th QMO 

&. W t '119'14H1- 1-".,.• #J •liN u ! 
C1 VH Cl ~ 

ll,\.l.l '"lfl7' •-ot:•-- --- --

6 REASON FOR STOP 

Qlllneu 

D PoliuAc1;.... CJ M.lJc.(F .. 1h.1oid 

OCorhoubl1(lnd1coro) -roqu••ocll 

Cl T;,... Q.Mochoniul 

[l Go• D Accidoftl 

D w.,.. [1 s. ...... 11.oooi 

T-R~11dt 

Moditol Aid? 

7 ACTION TAKEN 

0 PoliuP11t11•IS.ft1 

[1 Yu ~ N., 

L' Yu C' No 

Dwrrntli&ll 1.an-.1 :ua1. 
[""' °'"°''- --------
\~1:;~·;:.~.:':I .. nl, ,..,.., ....... ~1.1.; 

""'Wo Oto 11..!-ng o ur.....i1• -"'ill oludy ln 1hi1 .. .a. Wo .,. .. 10 kn••"'°"" o~""I 11.. peoplo •I 01d by 1hl1 
ti •- 1 . .... w1.\. 1ooo•~ouof1w"""ui...,,,ilyoudot1'1miM. 

0 ... 
8. NAME 0 """----- •o•-

C Ml .. 

9 WHEll:E ARE YOU COMINC FROM? 

10 PURPOSE OF TRIP 

QS""iolRoc11 .. lonol QSto.oppint 

O w .. k OSU.oal 

O Toondlr-W0<\ O M11e 

11 HOW OFTEN 00 YOU OIUYE THIS PART OF 1·7'? 

O Alroool IYltV do1 O a..~, u t..tco o yo..,. 

0 At.,.olnuy .... ~ 0 Luolllon-oayo.,. 

0 Al•u••vuy-.th 

12. WERE YOU AllAllE Of TNE "AID PHOHES" 

BEFORE YOU STOPPE01 0 YES 0 MO 

1J Vl!HICLE 

QPau..,..,c., 

QBu• 

0 01h1r 

U . REGISTRATION 

0 Coli.-"' Joe••- Co, 
0 Ou1olS1a11 

1' WEATHER 
07501 
0010]0 
0 Clur 
OF., 

O.S01D7S 
o e.1 .... 0 
0 ClaU<lv 
o s-

16 OFf'ICER'S COMMENTS [If on1l 

~-.. 

Dt-•"*I• 

Q3010SO 

D'"" 

1-4 . Seit Esplani:llory - - - II 1he ann1u ta 4 i5 Yos (lnformal1on only), 1nluvi•w '"DY be lor,.inaU!d 

5, H c:all 11111' "Anolher" co,.pl110 5(0) ancl S(b). 1h1n ai'.I ii pouible and •1 IP ' 'Sell", 1 ~ip lo =6 

6 "Police Acl1on": Tho reporling ol o low violo•ion Of a lrolfic huord fnol onoccidcnll 

7 l.lo.ro lhon one "'oy be check.d {Fill in norH of co,.,muciol •er¥•ce- Los I any olhu ocl1on la~enl 

8 If ¢0"''"tlciol oid is ••qunl•d, securing ~8 inl0t .. alion should nol be o problem - hawev••, lhe 1nl11v1e .. 
s10111r1tn1 may bo usodor rhi1 pain! 

Oi1•cl Of 1nclit1tl roule is on opinion of lhe dr1¥or . 

10,11, 12, lJ, 14 Sello·plonolory. 

Oispatchu: "Th11nk you fOf ya .... co11p11roli0n oncl inlo1molion 

A quo1rionnoire .. ill be 111oilod lo yov lat•r oo~lpg a low 11uuf10fls ob<>"I !he 1peed ond cou 
(ifony)ol1h.urvico, 

Ple0Hmoilthis11uulionnoirebacktous ; ' 

15 S•lluplanotory, 

16, Ca .. menh - Slolt roosons ii "Misc •· it chechd in quosficins 6 at 10, 

S1oflllyl)1il'•other"'i1chcdcdinl3 

A.royJ..11"9rinf0<.,alian ... hich1sopplicobletorh1phonecollnat01her ... inllS1•d 

1fpo1<olcollsin,inilicotolhisaclioninthebo11 

Figure 21. Interview form used by State Police dispatcher m answering calls on motorist-aid phones. 



J, Ducrlp1ionofvehicleyouw11ro·drivln9:jBodyType - -- 'l'H• - - - WllhTrailer 0 Ye1 0 No 

1 WMn did you firs\ b.cotr111 awore a{ 1h1 Molarisl-Ai.I Tel1phann? 

0 "''"·---------
3. How long did i1 loke yollto 911t lo th• 1el11phon11? ----

i4. How lon11 did yo" hove lo wail for aid oflu the 1al1phon1 coll?----

~ 'li\.toptovided lhe a<d? - - --,,,.,.,._:::,-:: • .-,.,.,.,,.,,.,,,-, __ _ 

If chcwgas were involved, how do you conlid., lhem? 

A111oun1 ___ _ ONoe11p11nH1involv1d 

O R.iiou11ebl1 
Cl High 
Q E0<.1ulv1 

6 If yoll nHded onl1tonco in the.future would you UH 1he Motori1t·Aid Telephonu? 

7. What do you lhinh o{ Iha Molori11-Aid Phone Syslom? 

0 H1couarySarvlc1,1houldba1>1pandad 

0 Aconvenionce,wouldlihelo1nilupar>ded 

0 Aconveni1nca,b1.1lnotn1cu111ry 

-0 

rJ Vas 0 Ho 

0 ProFu pnl melhod of obloining oid, Heh as raind hood, flare, hondk1rchi11f 11n door, ale, 

0 A ,..ed for helter rnalorisl oid uh1 J., but I recommend: 

lt,. foll-ing ble1nkl may e1lree1dy bo filled;,. , If ncn, plH1e camplala: 

B. V1hicla R:11gi1trolion: 

0 Jack1onorColhounC11. 

9, Whtfl did you ontar 1-9.4? 

JO. Wha1e did you slo•I your lrip? 

11. Whot was your d11tlne1lion? 

12, Thi reason for Iha lrlp was; 

QSaciol·racr1atie1ne1I 

0 Ta or from work 

0 01htrln1tolo 

D SchMI 

0 w.,kC-1h1 ~bl 

D 01111M 11 ... 

0ShOf1ping 

Figure 22. Questionnaire mailed to motorists who used aid phones 

during 1968. 
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of-state traffic is higher in summer (30 percent) than in winter (16. 3 percent). The 
trucks show up less than actual percentages because more of the surveys were taken in 
the daytime than at night, and the relative volumes of trucks to cars increase greatly at 
night. Both the summer and winter (87 percent) indicated strong favor for the aid phones. 

TABLE 8 

DISTRIBUTION OF CALLS BY MOTORISTS WHO USED AID PHONES 

Location of Call Phone and Aid Requested 

Location 
All phone sites 1 through 34a 
All phone sites 3 5 through 62b 

Total eastbound phone sites 
Total westbound phone sites 

Eastbound phone sites 2 through 34 (even) 
Eastbound phone sites 36 through 62 (even) 
Westbound phone sites 1 through 33 (odd) 
Westbound phone sites 35 through 61 (odd) 

Aid requested (1968) 
Tires 
Gas 
Water 

Percent 
of 

Calls 

52.0 
48.0 

47 .6 
52.4 

25.0 
22.6 
26.6 
25.8 

22.0 
21 .0 

4. 4 

Location of Call Phone and Aid Requested 

Oil 
Mechanical, tow required 
Mechanical, no tow required 
Accident, medical aid and tow required 
Accident, medical aid required and no tow 
Accident, tow required and no medical aid 
Accident, neither medical nor tow required 
Stuck off road 
Fire 
Police action 
Miscellaneous 

a Average 3,400-ft spacing between pairs. bAverage 5,400-ft spacing between pairs. 

Percent 
of 

Calls 

2.0 
19 .2 
16.8 
1.1 
0.0 
1.3 
4.9 
3.1 
1.3 
2.0 
0.9 
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TABLE 9 

SUMMARY OF RESPONSES OF PHONE USERS IN 
QUESTIONNAIRES MAILED TO THEM 

Response 

Frequency of travel on this s ection of 1-94 
Almost every day 
Almost every week 
Almost every month 
Once or twice a year 
Less than once a year 

Total 

Trip purpose 
Social-recreational 
School 
Shopping 
Business 
To or from work 
Miscellaneous 

Total 

Opinion of motorist aid phones 
Necessary service, should be expanded 
A convenience, would like to see it expanded 
A convenience, but not necessary 
Prefer past methods of obtaining aid, such as 

raised hood, flare, or handkerchief on 
door 

'l'nt~l 

Percent 
of 

Users 

28.6 
31.6 
17 .7 
18.6 
3.5 

100.0 

34.6 
5.7 
1.9 
9.5 

37 .3 
11.0 

100.0 

69.2 
28.2 

1.7 

0 .9 

100.0 

The seasonal change in the composition of 
traffic is shown strongly in the high social
recreational percentages in the summer 
and the high business and work group per
centages in the winter. 

ANALYSIS OF REPORTS RECEIVED 
FROM STATE POLICE 

Data recorded by the State Police dis
patcher on the interview form shown in 
Figure 21 are given in Table 8. The call 
distribution rates vary somewhat along the 
study section; however, it cannot be stated 
with any confidence on the basis of these 
variances that the closer spaced phone 
sites (1 through 34) provide a better ser
vice to the motorist than the longer spaced 
sites (35 through 62). The categories and 
percentages of aid requested are similar 
to those reported by most other motorist
aid system studies. Tires and gas are about 
21 percent each and mechanical aid, about 
36 percent. The 7.3 percent of the calls 
for accident aid seems rather high for this 
type of need; information is not presently 
available concerning details of these ac
cidents. 

ANALYSIS OF MAILED QUESTIONNAIRE RESPONSES 

An analysis of data received from questionnaires (Fig. 22) mailed to those who used 
the motorist-aid phone system in 1968 is given in Table 9. Only 73 percent of thephone 
users were aware of the aid phones before they stopped. The data indicate that those 
who were in need of aid placed a high value on the motorist-aid system; 69. 2 percent 
considered the system a necessity, and 28.2 percent more thought the system a con
venience that should be expanded. Almost all of the users, 97. 6 percent, replied that 
they would use the phones again if the need arose. 



Designing the First FLASH Installation 
IVOR S. WISE PART, Airborne Instruments Laboratory, A Division of Cutler-Hammer, 

Farmingdale, Long Island, New York 

The feasibility has been demonstrated of a technique that relies on passing 
motorists to report vehicles needing help. The system is named FLASH, 
which is an acronym for Flash Lights And Send Help. This paper describes 
the design and operation of the first installation on Interstate 4 between 
Lakeland and Orlando, Florida. 

eTHE PROBLEM of quickly detecting, locating, and aiding disabled vehicles on limited
access highways has received considerable emphasis in recent years. In 1962, Air
borne Instruments Laboratory (AIL) began an investigation of the extent of the disabled
vehicle problem and a review of the various detection techniques and their economics (!). 

COOPERATIVE-MOTORIST FEASIBLITY 

In 1966, the Bureau of Public Roads a.Sked AIL to investigate a technique that could 
be used in detecting and locating vehicles needing help, that was safe and simple, and 
that could be implemented quickly with minimum equipment cost. The technique was 
to rely on passing motorists to spot vehicles needing help and to report them at con
venient locations along their route. It was desired that these passing motorists re
main in their cars without slowing down or deviating from predetermined trip plans. 
Quick implementation required that no new equipment be installed in the vehicle. The 
use of familiar instruments, such as lights and horns, also minimized the need for 
special training of the motorist. Because many miles of rural roads are in desolate 
areas, it was desired that motorists needing help remain with their vehicles and not 
abandon them to seek assistance. 

AIL conducted experiments on short sections (3 to 6 miles long) of the following 
routes: Long Island Expressway in New York, 1-70 in Kansas, 1-80 in Nebr a.Ska, 1-15 
in California, and Richmond- Petersburg Turnpike in Virginia. These roads were 
selected to cover a cross section of highway types and user charactertistics. Experi
mental signs were installed requesting motorists to flash their lights (or sound their 
horns) 3 times if they saw vehicles needing help. A vehicle and driver were staged 
along each test section, simulating various scenes of disablement. Observers at the 
reporting location recorded the responses of the passing motorists. The data recorded 
indicated that passing motorists could be relied on to report motorists needing help and 
that the cooperative-motorist concept was indeed feasible (~). 

THE FIRST OPERATIONAL INSTALLATION 

After the operational feasibility of the cooperative motorist technique had been 
proved, the next logical step was to design and install the equipment and evaluate a 
fully operational system. 

A 50-mile segment of Interstate 4 between Lakeland and Orlando, Florida, was se
lected because it satisfied the criteria for an initial installation. Factors included in 
the selection were number of interchanges, interchange spacing, traffic volume, and 
proximity to major cities at both ends of the test section. The varied availability of 
motorist services at interchanges along 1-4 was a characteristic typical of rural Inter
state mileage. 

Paper sponsored by Committee on Communications and presented at the 49th Annual Meeting. 
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Local support was a basic requirement for achieving a successful first installation. 
The Florida Department of Transportation recognized the need for a disabled-vehicle 
location system and made important contributions to the system design and installation. 
The Florida Highway Patrol is closing the system loop by operating the terminal equip
ment and responding to motorists' needs for help. This combined effort will be the 
means for achieving the goals of public understanding, cooperation, and confidence in 
the FLASH System. 
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Figure 1. Content and typical locations of roadside signs. 
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INFORMING MOTORISTS 
The successful operation of the FLASH System depends on the participation of the 

motoring public. Maximum participation of motorists can be achieved only through an 
extensive public education campaign and through widespread and uniform adoption of 
the FLASH System. Because this is not practicable for this first demonstration in
stallation, conventional methods for soliciting motorists' participation have been 
adopted. 

Motorists traveling along I-4 are informed how to report by a sequence of roadside 
signs (Fig. 1). Considerable attention was given to the design of these signs for maxi
mum effectiveness. They are designed fully in accordance with pertinent Interstate 
signing specifications and current safety standards for placement and construction. 
The characters are reflectorized, and blue reflective background is used as indicative 
of motorist services. The signs have 30-ft offsets and breakaway support structures. 

Sign 1 is located so that motorists entering I-4 will be quickly informed what to re
port (Vehicles Needing Help) and where to report (At FLASH Sign). As motorists ap
proach the subsequent interchange, sign 2 relates how they should report (Flash Brights 
3 Times) and repeats where and why. Sign 3, the FLASH sign, is located about one
quarter mile beyond sign 2 to allow cooperative motorists sufficient time to prepare 
to flash their bright lights. 

The FLASH sign is intentionally designed to attract attention by its nonuniform shape 
and color. The sign has 15-in. reflective blue letters on a reflective white elliptical 
background. The elliptical shape has major and minor diameters of 100 in. and 40 in. 
respectively. It is intended that widespread application and motorist familiarization 
with the operation of the FLASH System will require only the presence of FLASH signs 
to designate the reporting location. Thus, future installations will use instructional 
signs at infrequent intervals as a reminder or be eliminated entirely. 

Signs have been placed selectively (Fig. 2) to permit testing of the motorist's com
prehension and retention of the sign instructions. The 50-mile section has 20 FLASH 
reporting stations-10 in each direction for an average 5-mile spacing. Each report
ing station is designated by the presence of a FLASH sign. Instructional signs 1 and 2 
are frequent at the beginning of the section. Toward the end of the section, signs 1 
and 2 occur only after major interchanges that generate new traffic. Sign 4 (End FLASH 
Area) is located at each end of the instrumented section. 

FLASH EQUIPMENT 

In the design of the equipment that transmits motorists' flashes to Highway Patrol 
Troop Headquarters, maximum consideration was ii.ven to reliability, maintainability, 
compactness, and simplicity of operation. For example, wherever possible, throw
away plug-in modules and integrated-circuit components are used. The basic 
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Figure 2. Test section and sign and detector layout. 
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Figure 3. Detector coverage. 

Figure 4. Typical installation of roadside detector. 

,equipment required consists of roadside 
detectors, roadside computers, a central 
processor, and a monitor console. 

Detectors 

Associated with each FLASH station 
are a detector and roadside computer. 
Because motorists must be within the 
effective detection area (Fig. 3) for their 
flashes to be counted, it is necessary to 
determine the optimum detector location 
that would account for variations in motor
ists' initial flashing positions and their 
rates of flashing. Preliminary tests con
ducted on 1-4 during August 1968 indicated 
that this optimum location was 350 ft be
yond the FLASH sign. 

The detector installation (Fig. 4) is de
signed and located to be as inconspicuous 
as possible and to minimize vandalism. 
Thus, the detector is placed so as to ex
actly substitute for a delineator and sup
ports the delineator reflector. Because 
the detector is a line-of-sight device, each 
location must be carefully selected with 
consideration given to both horizontal and 
vertical roadway alignment. 

Physically, the detector is a 4-in.
diameter plastic cylinder about 48 in. high. 
If hit by a vehicle , a notch cut around its 
perimeter will shear the detector off at 
the base. At the same time, a connector 
supplying power to the detector will also 
separate, and a signal will be transmitted 
to the monitoring console to inform the 
observer of the event. If the impact has 
not damaged the detector tube or its elec
tronic operation, it can be reused by cover
ing the separated pieces with a short plas
tic sleeve. 

Photosensitive cells within the detectors 
sense motorists' flashes during the day or 
night and send signals through underground 
cabling to roadside computers. 

Roadside Computers 

Roadside computers, located at the edge 
of the right-of-way near the detectors, 
discriminate between valid flashes from 
cooperative muturisls and spudous alarms 
caused by random reflections, lightning 
flashes , and the like . If a detector re
ceives 3 flashes within a 5-sec interval, 
its roadside computer will transmit a 
coded tone signal through telephone lines 
to a central monitoring station located at 
the Florida Highway Patrol Troop Head-
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Figure 5. FLASH monitor console. 

quarters in Lakeland. Power requirements for each roadside computer and detector 
combination are less than 40 watts. 

Central Processor 

The equipment in the Lakeland Headquarters consists of a central processing unit 
and a monitor console. When the central processor receives a report signal from the 
roadside computer, an electronic timer is started. False-alarm indications are mini
mized by the requirement that valid reports be received from more than 1 vehicle be
fore a disable-vehicle alarm is generated. False alarms may be caused by pranksters, 
curious motorists, and well-meaning motorists who misunderstand instructions. 

The number of cooperative vehicles required to generate a disabled-vehicle alarm 
and the timer interval vary depending on the highway and user characteristics. For 
example, on high-volume road sections, 4 or 5 vehicles must flash within 3 min to 
generate a disabled-vehicle alarm; on low-volume roads, 2 or 3 vehicles must flash 
within 5 min. Each FLASH station can have its own setting; a HI/LO TRAFFIC switch 
on the monitor console permits the setting to be changed easily to account for volume 
variations caused by day and night cycles, inclement weather restrictions, and the like. 

Monitor Console 

The monitor console (Fig. 5) in the Lakeland Troop Headquarters is within arm's 
reach of the radio operator. On the console face panel, 2 horizontal light strips rep
resent the eastbound and westbound directions of 1-4. Vertical plastic strips repre
sent the interchange crossroads. A pair of illuminated pushbutton switches is as
sociated with each section of 1-4 having a FLASH station. 

When the road is clear of disabled vehicles, the 1-4 light strips are illuminated 
green. When a disabled-vehicle alarm is received, a momentary tone sounds to alert 
the radio operator, the section of 1-4 associated with the alarm signal turns from 
green to red, and the upper pushbutton adjacent to the highway section illuminates 
red with the word DISPATCH. After the radio operator dispatches a vehicle to in-' 
vestigate the red section, he presses the DISPATCH pushbutton to extinguish it and 
illuminate in amber the lower pushbutton with the word SERVICE. When the dispatched 
vehicle driver reaches the disabled motorist and ascertains the trouble, he informs 
the radio operator who then presses the SERVICE pushbutton. This extinguishes the 
SERVICE pushbutton and the roadway section returns to its normal green color. 



94 

SYSTEM TEST 

The faithful operation of each detector link can be ensured by monitoring the pro
gress of a test vehicle that flashes 3 times as it passes each detector. When the TEST 
switch on the console is in the TEST position and a valid report is received, a small 
indicator light adjacent to each pushbutton switch flashes at a fixed rate. This simple 
test checks out the detector alignment and optics, the underground roadside link, the 
telephone communications link between lhe detector and the monitor station, and the 
monitor station electr'onics. If a detector is knocked down, the associated indicator 
light illuminates continuously, informing the observer of the exact detector involved. 

EVALUATION EQUIPMENT 

During the first 12 months of system operation, AIL will collect data on system 
effectiveness and operation. Data will be recorded on punched paper tape. The number 
of vehicles flashing during the preceding 1-min interval will be recorded every minute 
of the day for each FLASH station together with radio-operator console manipulations. 

FLASH SYSTEM EVALUATION 

During the 12-month evaluation period, which began on November 14, 1969, we will 
determine the extent to which the FLASH System is improving service to stranded 
motorists. This will be accomplished through analysis of the punched paper tapes and 
also of Highway Patrol reports , staged experiments, and motorist questionnaires and 
interviews. The system will be refined during the evaluation period as operating ex
perience is developed. As operators of the system, the Florida Department of Trans
portation and Highway Patroi wiii be consuited for their suggestions. T'ne cooperation 
of the mass media will be solicited to assist in indoctrinating the public to the FLASH 
System through a carefully planned and coordinated publicity effort. 

CONCLUSIONS 

The greatest advantage of the FLASH System is that all road vehicles are presently 
equipped to participate and that minimum learning is required of the driver. This sys
tem is a tool that will enable the highway patrol to use its equipment more efficiently 
and thereby provide faster service for assisting the disabled motorist. This indirectly 
leads to increased highway safety. 

This system is suited for use on highways in rural areas, including those with tourist 
traffic. The tourist, who is unfamiliar with the location of service facilities in the area, 
simply stays with the disabled vehicle and waits for official assistance to arrive. 

Because this is a prototype system, the major effort has been concentrated on the 
development of reliable detection and monitoring. Future roadside detector stations 
could have a self- contained power source and communication link. This would facilitate 
the installation of detector stations in areas where power and telephone service are 
not available. 

In the final analysis, the public will judge the acceptability of the system through its 
expression of confidence and satisfaction with the improved service provided. 
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