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Predicting the Effectiveness of Highway Signs 
A L B E R T BURG and SLADE F . H U L B E R T , Institute of Transportation and Traffic 
Engineering, University of California, Los Angeles 

A new highway sign may be in place for several years 
before a sufficient feedback from motorists has accumu­
lated to permit adequate evaluation of its effectiveness. 
A study is described in which a film technique was uti­
lized to predict the comparative effectiveness of several 
signs proposed for use in locations where a lane is to be 
dropped. Each sign was properly installed on the high­
way and filmed from a moving vehicle. The filmed drives 
thus obtained were presented (in random order) to groups 
of drivers who responded, after each, to questions de­
signed to determine how accurately the intended sign 
message was perceived. Analysis of these responses 
permitted the signs to be ranked on several dimensions, 
and conclusions were then drawn as to the relative ef­
fectiveness of the signs. 

• ONE MAJOR D I F F I C U L T Y in evaluating the effectiveness of highway signs is that 
several months or years may be required to determine (through accident experience 
axi6/or complaints by motorists) whether the signing is adequate. Further, over a 
period of years changes are likely to occur in the signing needs of a given location. 
For example, realignment of the highway or the erection of billboards may affect the 
prominence of the signs? which will necessitate reevaluation and possibly resigning. 

Because of these and other reasons, it would be of considerable practical advantage 
to be able to perform quickly an evaluation of the effectiveness of a sign. At the re­
quest of the California Division of Highways, the Institute undertook to devise a rapid 
technique for predicting the potential influence of a sign on motorist behavior. Spe­
cifically, the study concerned a comparative evaluation of several signs, each warning 
the driver that the multilane highway on which he is traveling is about to drop a lane. 
The four signing configurations studied were the following: 

Sign A-Two 40- by 40-in. diamond-shaped signs mounted on posts 400 ft apart, 
the first sign reading "Pavement 

Narrows" 
and the second "Squeeze 

Left. " 

Sign B-Same as Sign A, except second sign reads "Merge 
Left. " 

Sign C - A single 40- by 40-in. diamond-shaped sign reading "3 Lanes" 
underneath which are four vertical arrows, with the one on the right having 
a slash drawn through it. 

Sign D - A single rectangular sign, 4- by 8-ft reading "Lane Ends 
Merge Left. " 

•Prominence is one of the six basic principles of freeway signing set forth by Schoppert 
e t a l ( l ) . 
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In addition to the four primary signing configurations listed above, a fifth sign, 
Sign E , was added for limited evaluation. This diamond-shaped sign, similar to the 
European standard, was entirely symbolic, and consisted of a representative line draw­
ing of the impending lane-drop situation. Figure 1 shows all of the signing installations 
used in the study, all of which had black figures on a yellow background. 

To obtain results based on a large sample and in a relatively short period of time, 
a film technique was devised by means of which groups of drivers could be exposed to 
the test signing as it actually would appear when installed on the highway. Experience 
with a similar filmed-ride technique in an earlier study of highway signs (2) had demon-
stated its feasibility for studies where actual on-the-road experimentation would be too 
costly, time-consuming, and dangerous. 

S I G N A S I G N B 

S Q U E E Z E 
MERGE 

L E F T 
L E F T 

PAVEMENT 
NARROWS PAVEMENT 

NARROWS 

S I G N C S I G N O 

L A N E S 

S I G N E 

APPARENT 
4 0 IN S I Z E ) 

Figure 1. Signing ins ta l la t ions . 



METHOD 

Signs were installed in a standard manner, motion pictures were taken from the 
driver's position in a moving vehicle, and these films were shown to the subjects. 

A completed but unopened section of freeway in Los Angeles was chosen as the film 
site. The signs were placed just in advance of a curve, so that in viewing the film it 
would not be apparent to the subject that there was, in fact, no actual lane drop ahead. 

Each of the four primary sign configurations, m turn, was installed on posts in a 
completely standard way. (The signs, as well as their installation (and removal), were 
provided by the California Division of Highways, District v n . ) A 16-mm motion picture 
camera was mounted on a vehicle (from which the top and windshield had been removed) 
in such a way that it was in the position normally occupied by the driver's head. With 
the camera operating at a speed of 24 fps, the vehicle was then driven in the outside 
lane, at approximately 35 mph, for over 1 mi before approaching and passing the sign­
ing installation. This produced a filmed ride of approximately 2/2-min duration (at 
24 fps) for each sign, and all of the filmed rides thus started with a period of travel 
along an identical stretch of highway. Standardized conditions were maintained for the 
production of all four filmed rides, so that they differed only in the sign message. In 
addition, still photographs were taken of each sign installation, and lantern slides made 
for later use in the study. 

Sign E was added to the study for evaluation after the above-mentioned filmed rides 
had been produced. Because the freeway section had been opened by this time, a draw­
ing of the sign was photographed and a lantern slide made for viewing by a limited 
number of subjects. This slide was a composite, so that it matched the other slides 
as to background. 

Subjects 

In order to obtain a large sample of subjects in as short a time as possible, group 
testing was decided on. A total of 833 individuals was tested during a one-week period 
in the Los Angeles area, and 47 additional subjects were subsequently tested in 
Washington, D. C . , as a check on regional differences in response to the signs. 

In Los Angeles, the two major sources of subjects were (a) 560 students on the 
Campus of UCLA, and (b) 273 attendees at the Western Safety Congress, April 1960. 
The former are referred to as the "Student" group, and the latter as the "Safety" 
group. In many instances these two groups were analysed separately because of their 
markedly different compositions (see Table 1), in other analyses the two groups were 
combined. The "Washington" group is analysed separately throughout, for purposes 
of comparison. 

The nine subgroups of the Student group ranged from 22 to 154 persons, while the 
four Safety subgroups ranged from 23 to 173. The two Washington groups were 20 em­
ployees of the American Automobile Association and 27 employees of the District of 
Columbia. 

As is evident from Table 1, the subject population consisted almost entirely of 
drivers (of both sexes), with a considerable range of both age and driving experience. 
As was to be expected, most of the subjects were California residents. 

Procedure 
Each of the UCLA Student groups was tested in its own classroom, and each of the 

four Safety groups was tested in a large meeting room at the hotel at which their con­
ference was being held. The two Washington groups were tested at their respective 
places of employment. 

The experimenter started by stating to the group that they were about to see some 
short films of traffic signs, following each of which they would be asked to answer 
some questions. They were then told that detailed instructions would be found on the 
sheets to be handed to them. Each member of the group was then given an instruction 
sheet and two or four answer sheets. After the subjects had finished reading these, the 
instructor commented on them briefly, emphasizing the salient points and answering 



any questions, 
sheets. 

^pendix A contains samples of the instruction and answer 

TABLE 1 
DESCRffTION OF SUBJECT POPULATIONS 

Item 

Student Group 
(N = 560) 

Safety Group 
(N = 273) 

TDtal Los Angeles Group 
(N = 833) 

Washington, 
(N = 

D C 
47) 

, Group 

Item 
No. /o No. % No % No. 0/ 10 

Males 88 32.8 223 86.4 311 59.1 36 76 6 
Females 180 67.2 39 13.6 215 40.9 11 23.4 
Drivers 523 93.4 257 99.2 780 95.2 47 100.0 
Nondrlvers 37 6.6 2 0.8 39 4.8 0 0.0 
Calif residents 273 96.8 - - 273 96.8 0 0.0 
Nbn-Calif residents B 3.2 - - 9 3 2 47 100.0 
Driving experience (yr) 

Ibtal 
None 37 7.4 2 0.7 39 5.1 0 0.0 
Less than 1 11 2.2 0 0.0 11 1.4 1 2.1 
1 to 3 92 18.5 2 0.7 94 12.2 2 4.3 
3 to 6 216 43.5 2 0.7 218 28.3 6 12.8 
etc 11 88 17.7 19 7.0 107 13.9 3 6.4 
11 or over 49 9.9 231 84.6 280 36.4 35 74 5 
Not specified 4 0.8 17 6.2 21 2.7 0 0.0 

Local 
None 25 10.0 0 0.0 25 4.8 1 2.1 
Less than 1 13 5.2 1 0.4 14 2.7 2 4.3 
1 to 3 80 32.0 8 2.9 88 16.8 3 6.4 
3 to 6 93 37.2 17 6.2 110 21.0 6 12.8 
6 to 11 7 2.8 39 14.3 46 8.8 9 19.1 
11 or over 3 1.2 181 66.3 184 35.2 19 40.4 
Not specified 29 11.6 27 9.9 56 10.7 7 14.9 

TABLE 2 
ANALYSIS OF FIRST IMPRESSIONS, LOS ANGELES SAMPLE 

Apparent 
Message 

Interpretation 
or 

Comment* 

Percent M a W n g Comment' 
Student &oup 

(N= 560) 

Sign 
A 

Sign Sign Sign 
B C D 

Safety Oonventian Group 
(N = 273) 

Sign Slpi ffl^i Sign 
A B C D 

Combined Groups 
(N = 833) 

Sign Sign Sign Sign 
A B C D 

Seems to get message 63.7 70.2 72.4 79.1 45.3 63.0 66.0 60.0 57.7 69 1 70 4 77 0 
Not sure whether subject 

got message 18.8 15.0 17.1 12.3 41.7 32.9 24.0 20.0 26.2 17.7 19.2 13.2 
Seems rot to have gotten 

message 17.5 14.8 10.6 8.6 13.0 4.1 10 0 20.0 16.0 13.2 10.4 9.9 
"First (or only) sign con­
fusing or dangerous" 16.6 16.5 30.5 7 1 14.8 8.2 14 5 4.0 16.0 15.2 25.6 6.8 

"Second sign confusing 
or dangerous" 41.3 11.6 — — 33.6 13.7 — — 38.8 11 9 — — 

Driver's mistaken impres­
sion liable to cause trouble 14.7 12.6 8.4 8.4 9.4 1.4 8 0 12.0 13.0 10.9 8.3 8.8 

Driver "would slow down" 
upon seeing sign 17.1 17.0 7 1 15.3 6.7 12.3 5.0 22.0 13.7 16.3 6.6 16.0 

Driver's Impression is that 
lane drop will occur very soon 4.3 1.5 4.8 8.4 0.4 — 1.0 — 3.1 1.3 3.6 7.5 

Driver thinks '^vement" 
means shoulder 1.7 2.5 1.3 1.4 — — 1.6 2.3 — — 

"Sign should be larger" 8.6 7.1 6.0 0.7 8.1 11.0 9.0 2.0 8.5 7.7 6.9 0.9 

Number of people 
seeing each sign 463 406 463 406 223 73 200 50 686 479 663 456 

Ĉammenta In qootes. 
'Based on the number of people seeing each sign. 



Due to limitations in time for some of the groups, only two film strips were shown, 
while for the other groups, all four films were presented. For every group, however, 
the order of presentation of the signs (film strips) was randomly chosen in advance. 
Because group sizes varied, at the conclusion of the study each sign had not been seen 
by equal numbers of subjects; however, this fact was taken into account in the data 
analysis. 

The experimenter then showed the first film, and immediately upon its conclusion 
turned the lights back on and requested the subjects to put down their first impressions 
as well as an indication of the clarity of these impressions. Once this was done, the 
procedure was repeated for the next film, and so on. 

After the subjects had finished writing their responses to the last sign, they were 
asked to express their personal preference among the signs they had seen. For those 
groups who had seen all four signs, the signs were shown to them again by means of 
the previously mentioned slides, in the same order in which the film strips had been 
presented. When only two film strips had been shown to the group, no slides were 
shown. For one of these groups (Group DB, which had been shown Sign D followed by 
Sign B), the 23 subjects chose one or the other as their preference, and then were 
shown all five slides, in the order D, B, A, C , E , and then asked to choose the one they 
preferred. One of the Washington groups (N=27) was also shown the composite slide 
of Sign E and rated it in comparison with the other signs for both clarity of meaning 
and personal preference. Thus, a total of 50 subjects saw Sign E , and each of the 
other signs was viewed by at least 500 subjects. 

RESULTS 

Analysis of First Impressions 
Table 2 gives the results of an analysis of the Los Angeles subjects' f irst impres­

sions of the sign messages. (Due to time limitations, first impressions were not 
analysed for the Washington groups.) These first impressions were studied in an at­
tempt to judge whether the driver was actually "getting" the message as it was mtended. 
Other response categories were established to study these subjects' behavior as it 
might have occurred after seeing such signing situations in real life. This potential 
behavior was either e^l ic i t in the subject's comments or estimated by the rater from 
the implications of these comments. The left-hand column of the table gives the ten 
classifications used. Explicit comments by the subjects are given in quotation marks, 
and the remaining categories represent rater judgments. With the exception of the 
first three, the categories are not mutually exclusive. 

In addition, a number of subjects made suggestions for iQq)roving the signing for a 
lane drop situation. These suggestions were tallied and are listed in Appendix B. 

Analysis of Clarity Ratings 
Immediately after giving his f irst iDq)re8sions of a sign, each subject was asked to 

judge whether these impressions were Clear and Immediate, Confused, Obvious, 
Complex, ancV'or Slow in Forming. Table 3 summarizes these clarity ratings, dis­
tinguishing between the Los Angeles and Washingrton, D. C . , populations. Table 4 
combines "favorable" and "unfavorable" ratings to provide a more meaningful com­
parison among the signs. 

Analysis of Preferences 
1. Of the 307 Los Angeles subjects (all students) who saw al l four signs and who 

expressed a preference, 
19 (6.2 percent) preferred Sign A, 
54 (17.6 percent) preferred Sign B, 
57 (18.6 percent) preferred Sign C, 

177 (57.7 percent) preferred Sign D. 



T A B L E 3 

SUMMARY O F C L A R I T Y O F IMPRESSIONS^ 

Number of Subjects Rating Impressions as 

Sign 
Clear and 
Immediate Confused Obvious Complex Slow in Forming 

A 241(26) 196(24) 167(14) 76(4) 135(12) 
B 263(29) 108(14) 177(14) 40(4) 95(14) 
C 210(11) 168(27) 171( 6) 95(16) 150(14) 
D 269(32) 67( 9) 180(13) 28(3) 90( 8) 
E — ( 3) —(14) — ( 1) --(9) — (12) 

Washington sample data in parentheses. 

T A B L E 4 

SUMMARY O F C L A R I T Y O F IMPRESSIONS COMBINING 
"FAVORABLE" AND "UNFAVORABLE" RATINGS* 

Sign 
Clear and Immediate 

and/or Obvious 
(no.) 

Confused and/or Complex 
and/or Slow in Forming 

(no.) 

A 408 (40) 407 (40) 
B 440 (43) 243 (32) 
C 381 (17) 413 (57) 
D 449 (45) 185 (20) 
E — ( 4) — (35) 

Washington sample data in parentheses. 

Seven groups composed this total of 307. Each group saw all four signs but in a 
different order, so as to avoid the possibility that the subjects' responses would be af­
fected by the order in which they saw the signs. In every group Sign D was preferred 
over the other three signs by a wide margin, Sign A was always last choice, and Signs 
B and C fell somewhere in-between. 

Comparable percentages are not available for the Washington subjects, but the rank 
order of their preference was (in decreasing order) D, B, A, C. For the 27 Washington 
subjects who also saw sign E , it was ranked last. (No Washington subject actually 
preferred Sign E over any of the other four, but one individual stated that it would be 
his preference if it could be used widely and motorists were educated to its meaning.) 

2. Of the 833 Los Angeles subjects, 683 expressed a preference. Taking into con­
sideration the various orders of presentation and the different number of subjects 
seeing each sign, it is possible to equate the signs for ejqrosure. Table 5 shows com­
parisons between the number of subjects expected to prefer a given sign by the laws of 
chance alone and the number actually preferring each sign. Utilizing the test of 
statistical significance, it is found tliat these differences between the expected and ob­
served numbers would be expected to occur by chance fewer than one time in a thousand. 



3. For Safety subgroup DB (N=23), which was the only Los Angeles group to be 
e^qxjsed to Sign E , the results were as follows: 

a. In the first preference asked for (that between D and B), 14 preferred D, 
6 preferred B, and 3 did not specify. 

b. In the second preference asked for (between all five signs, as shown to the 
group on slides), 2 preferred A, 1 preferred B, 4 preferred C , 6 preferred 
D, 7 preferred E , and 3 did not specify. 

T A B L E 5 

E X P E C T E D VS ACTUAL SIGN P R E F E R E N C E S , 
LOS ANGELES SAMPLE 

Sign 
Expected 

Preference 
(no.) 

Actual 
Preference 

(no.) 

A 194.25 110 
B 157.25 149 
C 184.25 169 
D 147.25 255 

Total 683.00 683 

DISCUSSION 

First Impressions 
The first impression a driver receives from a traffic sign is important because the 

sign message may call for immediate action, or, at least, immediate planning for action. 
Equally important to the driver who is planning action is an awareness of just where 
this action is to take place. Making a called-for maneuver too soon or too late may 
result in a situation as dangerous as though no action had been taken. 

It is for this reason that analysis of the subjects' first impressions took into account 
implicit or explicit indications of improper timing of the called-for action; i . e., pre­
paring to move to the next left lane. Thus, several categories of response were derived 
which can be labelled as "potentially dangerous lane-merging actions, " such as "im­
mediately slowing down" or "immediately moving into the next left lane" on seeing the 
sign. 

From Table 2, several conclusions seem apparent: 
1. For the combined group, Sign D is most successful in conveying the intended 

message, is considered least confusing, is of adequate size, and is about average in 
leading to potentially dangerous behavior. 

2. For the combined group, Sign A is least effective in conveying its message and 
is about average in leading to potentially dangerous behavior. 

3. For the combined group, Signs B and C fall close together, somewhere between 
Signs A and D in effectiveness. 
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4. Marked differences exist between the Student group and the Safety group responses. 
This is not surprising, considering the disparity in age ranges, total driving experience, 
and California driving e3q)erience; however, due to the relatively small number of the 
Safety group seeing Signs B and D, as opposed to the larger (and relatively equal) 
numbers of the Student group seeing all four signs, firm conclusions about the differ­
ences between the two groups cannot be drawn. In general, however, the Safety group 
seemed "happier, " or more at home, with the signs more commonly used in California 
up to that time (Signs B and C) thzm with the relative newcomer (Sign D) or the complete 
stranger (Sign A). 

Clarity 

To establish a comparison of the clarity of the impressions given by the different 
signs, favorable/unfavorable ratio for each sign can be derived from the data given in 
Table 4. Thus, Sign D ranks highest in this respect, followed in order by Signs B, A, 
and C. This rank order of clarity obtains for both the Los Angeles and Washington 
samples. Sign E was ranked last in clarity by the Washington group that evaluated it 
on this dimension. 

Preference 

The results of the preference analysis clearly indicate the following: 

1. For both the Los Angeles and Washington samples. Sign D is f irst choice. 
This was true most strongly for the Student group and somewhat less emphatically for 
both the Safety group and the Washington sample. 

2. Sign A ranks last for the Los Angeles sample (which is not exposed to this sign 
on California highways), while it ranks third for the Washington sample, which may 
have had some exposure to it in the East. Sign E ranks for the last-named group. 

An explanation for such rankings may be found in the comments prevalent in the 
groups. Throughout there was an indicated acceptance of known messages and a re­
jection of new or different ones. This is perhaps an obvious observation, but neverthe­
less one of considerable importance to highway engineers who should take this resistance 
into account when planning to adopt new or drastically different signs. 

SUMMARY 

A laboratory study was conducted comparing the effectiveness of several types of 
signs, all attempting to convey the fact that a lane was to be dropped from the road 
ahead. A total of 880 persons saw motion pictures and slides of the signs. The 
written responses of these subjects revealed a consistent and statistically significant 
superiority for a sign reading "Lane Ends 

Merge Left ." 
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Appendix A 
INFORMATION SIGN INSTRUCTION SHEET 

Total yrs . driving experience 
Years driving in Calif. 

• Male 
CZI Female 

Driver 
I I Non-driver 

You are about to see a brief motion picture taken from a moving car. As you 
view this film, we ask you to assume that you are driving down a newly-opened, 
multi-lane highway, and you are paying the normal amount of attention to the various 
signs which are posted along the edge of the highway. 

In the film, several such roadside highway signs, or combinations of signs 
will be shown, and we are interested in determimng what your interpretations of 
these signs are, in terms of the decisions and actions, if any, you feel you are 
called upon to make as a result of the message given on the signs. 

The film will be stopped after each sigmng situation, at which time please 
make a note in the space provided on the attached sheet of your FIRST impressions 
of the meamng that the sign message conveyed to you as a driver. Use one sheet 
for each sigmng situation. 

Draw a sketch of the highway situation if it will aid you in adequately describ­
ing these first impressions. Try to describe in several ways what the traffic sit­
uation was like. Finally, give your opinion of the clarity of these impressions by 
checking one or more of the alternatives given below. As an example, below is a 
possible response to a traffic situation involving an approach to an intersection with 
the traffic signal turmng red: 

DRAWING OF T R A F F I C SITUATION: DESCRIPTION OF FIRST IMPRESSIONS: 
"I will be delayed for a moment; if 

I try and run the Ught I may have an acci -
dent, or get a ticket. I , and the drivers 
behind me. must come to a stop at the 
intersection; cars on the cross street get 
the green light and can proceed across 
the intersection. Also, pedestrians may 
cross in front of me. When the light turns 
green I can proceed again". 

WERE THESE IMPRESSIONS AND MEANINGS: 
(please check appropriate descriptions) 

m a . C L E A R AND IMMEDIATE? 

E=] b. CONFUSED' 

m c. OBVIOUS' 

d D d. C O M P L E X ' 

CZ) e. SLOW IN FORMING' 

NOW P L E A S E TURN THE PAGE AND B E P R E P A R E D TO GIVE YOUR IMPRESSIONS 
OF THE FIRST SIGNING SITUATION. USE ONE SHEET FOR EACH SITUATION. 
YOU W I L L B E GIVEN ENOUGH TIME TO WRITE YOUR RESPONSE IN EACH CASE. 

- ^ R E D 
L I G H T 
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INFORMATION SIGN ANSWER SHEET 

Signing Situation#_ 

DESCRIPTION OF FIRST IMPRESSIONS: 

DRAWING O F T R A F F I C SITUATION: 

W E R E T H E S E IMPRESSIONS AND MEANINGS: 
(please check appropriate descriptions) 

CZl a. C L E A R AND IMMEDIATE? 

CD b. CONFUSED? 

C D c. OBVIOUS? 

cm d. C O M P L E X ? 

cm e. SLOW IN FORMING? 
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Appendix B 
Miscellaneous Suggestions for Signing Improvement 

NUMBER OF 
SUGGESTION P E O P L E MENTIONING 

1. The signing situation should indicate how far 
ahead the lane drop occurs. 34 

2. For signing situations A and B, the distance 
between the two signs should be greater. 10 

3. F o r signing situations A, B and D, there 
should be an indication of how many lanes 
will remain after the lane drop occurs. B 

4. Arrows should be painted on the pavement 
showing the direction in which the driver 
should merge. 8 

5. Sign D should read " Right Lane Ends, 
Merge Left" . 6 

6. F o r signing situations A and B, the first 
sign should read " Lane Narrows" . 2 

7. For signing situation B, the second sign should 
read " Merge to Left" . 2 

8. Suggested combination of " Pavement Narrows" 

sign followed by sign C . 2 

9. Sign D should read " Lane Ends, Squeeze Left" . 1 

10. One-line, rather than two-line signs should 
be used. 1 

11. Suggests a single sign saying " Lane Conversion" . 1 



Squirrel Hill Tunnel Operations Study 
ADOLF D. MAY, J r . , Thompson Ramo Wooldridge and DAVID G. F I E L D E R , 
Pennsylvania Department of Highways 
• THIS P A P E R contains the results of a traffic operations study of the westbound Penn-
Lincoln Parkway in the vicinity of the Squirrel Hill Tunnel in Pittsburgh. The primary 
purpose of this study was to determine means of improving and maintaining optimum 
traffic operations during the presently congested morning peak period. It was also the 
purpose of this study to formulate freeway study techniques and to develop a better un­
derstanding of freeway characteristics to aid in improving traffic operations on other 
congested controlled access facilities. 

The study employed photographic techniques which permitted the simultaneous 
observation and measurement of traffic characteristics at locations upstream, down­
stream, and at critical controlling points for intervals of time before, during, and 
after congestion. The use of the photographic technique has also resulted in a perma­
nent record of traffic operations that can be reviewed qualitatively and quantitatively 
by technical personnel and that can be shown to civic groups as public information. 

The study results include time and distance profiles of speed, volume, and density 
characteristics and the interrelationships among these characteristics. The analysis 
permitted the conq>arison of traffic characteristics between lanes and the estimation of 
traffic demand. The results of an investigation to determine the effect of trucks on time 
headways are Included, and travel time studies were conducted. 

The interpretation of the results of the study included locating critical points, determ­
ining causes of congestion and reduction in capacity, investigating means for improve­
ment, and estimating benefits of such improvements. Investigation of possible means 
for improvement included consideration for ramp redesign, reversible lane operations, 
truck restrictions, ramp closiires, metering ramp and/or freeway flow, and permitting 
lane changing in the tunnel. A general description of a traffic control system for main­
taining optimum conditions during congested periods is included. 

The final part of the paper describes the action taken by the Pennsylvania Department 
of Highways as a result of the operations study. This included the use of reversible lane 
operation, ramp closure and further investigation of a traffic metering system and road 
construction. 

STUDY O B J E C T I V E S 

The immediate objectives of this study were (a) to locate critical point or points 
controlling traffic operations, (b) to ascertain the cause or causes of congestion and 
reduction in capacity, (c) to determine possible means of improving parkway operations, 
and (d) to predict the effect of in:q)rovement on parkway operations. 

The longer-range objectives of the proposed study were (a) to develop freeway study 
techniques, (b) to provide information for evaluating the effect of certain design features 
on freeway operations, and (c) to contribute to a better understanding of traffic behavior 
on freeways for the improvement of operation on this and other freeways. 

BACKGROUND 

The Penn-Lincoln Parkway is an east-west controlled-access facility that serves the 
Greater Pittsburgh Area and that was opened to traffic in 1953. The Parkway extends 
from the west in the vicinity of the (heater Pittsburgh Airport through the Fort Pitt 
Tunnel, across the Monongahela River on the Port Pitt Bridge, along the southern 
fringe of the Golden Triangle, through the Squirrel Hill Tunnel, and to the east to con­
nect with major highways to Harrisburg, Philadelphia, and beyond (see Fig. 1). 
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Figure 1. Penn-Lincoln Parkway In Greater Pittsburgh. 
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Figure 2, Study section on Penn-Lincoln Parkway. 
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The SVi-mi study section extends from Ardmore Boulevard on the east to Greenfield 
Bridge on the west, as shown in Figure 2, and includes the Squirrel Hill Tunnel. There 
are two westbound lanes on the study section, separated from eastbound traffic by a 
narrow median. The route is on a rolling profile with a 2 to 5 percent downgrade from 
Ardmore Boulevard to Braddock Avenue, a 1 to 2*72 percent upgrade from Braddock 
Avenue through the Tunnel, and then a 4 to 5 percent downgrade. There are two on-
ramps at Ardmore Boulevard, two on-ramps and an off-ramp at Braddock Avenue, an 
off-ramp near the exit from the Squirrel Hill Tunnel, and an on-ramp near the Green­
field Bridge where the roadway is widened to three westbound lanes. The design features 
receiving special attention were the proximity of two on-ramps at the foot of the 1.7-mi 
upgrade, the 1.7-mi upgrade, and the Squirrel Hill Tunnel near the crest. 

The annual average daily traffic volume through the Squirrel Hill Tunnel has in­
creased from 47,700 in 1957, to 56,300 m 1960. This traffic demand, particularly 
during the morning peak period in the westbound direction, has resulted in congestion 
that I S of 1- to 2-hr duration and extends for distances of 2 to 3 mi each weekday morning. 

Public reaction to this continuing problem demanded that prompt action be taken to 
reduce delay and decrease the accident potential on the approach to the Tunnel area. 
Considerable controversy existed as to the best method of meeting the situation. 

T I M E - L A P S E PHOTOGRAPHIC AND T R A V E L TIME STUDIES 

Time-lapse photographic techniques were employed, and four mtervalometer 
cameras were operated from selected ground locations along the study section (see 
Fig. 2). The camera locations were selected so that traffic flow at key portions down­
stream, upstream, and at the congestion points was recorded. At each location photo­
graphs were taken at a rate of 1 frame per secfor a 2-hr period (7 to 9 a. m.) for four 
normal weekdays (May 1 to 4, 1961). The 2-hr period included the photographing of 
traffic flow before, during, and after congestion. 

A projector especially adapted for frame-by-frame analysis was employed to obtain 
volume, speed, and density on a per-lane basis and for 1-min intervals. Vehicle 
speeds and densities were sampled every 15 sec in each lane. Total volume, truck, 
volume, speed, and density measurements for each minute of the study, for each lane, 
for each camera location, and for two selected days (Wednesday and Friday, May 3 and 
5) were punched on cards for machine analysis. Parkway volumes, percent trucks, 
and calculated densities were computed and punched on the same cards. Each card 
represents a 1-min interval at a particular camera for a specific day and there are 
960 cards (2 days x 120 min x 4 cameras). 

The specific analyses undertaken for the photographic data included speed-volume-
density, profiles, speed-volume-density interrelationships, comparison of lane traffic 
characteristics, time headway distributions, and estimation of traffic demand. 

Speed-Volume-Density Profiles 

Time profiles of speeds, volumes, densities, and percent trucks for each of the four 
camera positions for May 3 (Wednesday) and May 5 (Friday) were prepared, and one 
such graph is shown as Figure 3. The two days of observations were placed on the same 
graph for each camera position, and indicate that traffic characteristics on the two days 
selected are very similar as to magnitudes and time of occurrences. Each plotted point 
represents 1 mm of observation of a particular characteristic for the two westbound 
lanes, and the lines on the graphs indicate trends and are not mathematically fitted 
curves. The graphs indicate that periods of time before, during, and after congestion 
were analyzed, and that the data collection stations selected were located both upstream 
and downstream of congestion. 

Distance profiles of speeds, volumes, densities, and percent trucks of May 3 (Wed­
nesday) and May 5 (Friday) were prepared, and one such graph is shown as Figure 4. 
In addition to the four camera positions, speed measurements were obtained at a point 
upstream (Ardmore ramp overpass) and at a point downstream (Greenfield Bridge) and 
are shown on these graphs as locations 1 and 6 respectively. Each profile represents 
a l -mm interval, and five profiles are plotted on each sheet. 
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Speed-Volume- Density Interrelationships 
Speed-volume, volume-density, and speed-density relationships were investigated 

to determine (a) the combination of speed and density when volume was maximum; 
(b) the effect of location (upstream of, at, or downstream from critical controlling point) 
on the relationships; and (c) if the two study days gave similar results. 

The speed-volume relationships for each of the four camera positions and for the 
two study days were determined and are summarized in Figure 5. Each plotted point 
represented 1 min of observations and there were 120 points on each graph. The re­
sults obtained from the two days are quite similar for each camera position. The 
curves attempt to represent the enclosure or limits of the speed-volume relationships. 
The left portion of the figure shows enclosure curves or limits, and on the right side 
of the figure shows average curves. The diagonal lines sloping upward to the right are 
average density lines with the steeper slopes representing the lower density levels and 
the flatter slopes representing the higher density levels. Maximum volumes of 65 ve­
hicles per min occurred at speeds of 25 to 35 mph and densities of 60 to 80 vehicles 
per mi. The speed-volume curves for Laurel West and Braddock West are quite similar 
and are typical for locations upstream from a congestion point. The curve for the 
Tunnel East location is 5 to 10 mph lower than the two curves farther upstream where 
the study section is not congested (lane densities less than 60 vehicles per mi), which 
indicates the influence of the tunnel even under light to moderate traffic loads. The 
curve for Tunnel West is typical for locations just downstream from a congestion point 
inasmuch as the lower portion of the curve does not slope down and to the left. This is 
significant because it implies that the congestion point or bottleneck is between Tunnel 
East and Tunnel West locations. 

Volume-density relationships for each of the four camera positions and for the two 
study days were determined and a summary is given as Figure 6. Each plotted point 
represents 1 min of observations, and the curve is hand-drawn to indicate the average 
trend between volume and density. The average curves are shown in the upper diagram, 
and the enclosure curves are shown in the lower diagram. The radial lines sloping up 
and to the right indicate average speeds. The same types of conclusions can be drawn 
from this relationship as were drawn from the speed-volume curves. Maximum volumes 
occurred at speeds of 25 to 35 mph and at lane densities of 60 to 80 vehicles per ml. 

LEGEND 
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ENCLOSURE CURVES AVERAGE CURVES 
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Figure 5. Summary of speed-voluii;e relationships. 
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Figure 6. Summary of volume-density r e l a t i o n s n i p s . 

120 

Speed-density relationships for each of the four camera positions and for the two 
stucty days were determined and are shown in Figure 7. Each plotted point represents 
1 min of observations, and the curve is hand-drawn to indicate the average trend be­
tween speed and density. The average curves are shown in the top diagram and the 
upper and lower enclosure curves are shown in the graph below. The light lines are 
indicative of volume rates of 30, 40, 50, 60, and 70 vehicles per min. At the first two 
locations maximum volume rates occurred at lane densities of 60 to 70 vehicles per 
mi and speeds of about 30 mph. The maximum volume rate at the entrance to the 
tunnel occurs at lane densities of about 80 cars per im and a speed of 20 mph, but the 
maximum volume rate was not obtained at the tunnel exit. 
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Figure 7> Summary of speed-density relationships. 

Comparison of Lane Traffic Characteristics 

The analysis procedure followed in the study permitted the comparison of lane traffic 
characteristics such as volume, speed, and density. As in the analysis presented ear­
lier, the results of each study day and for each of the four camera positions are included. 

Lane volume as related to total parkway volume by day and by location were deter­
mined. A summary comparing these lane volumes is given m Figure 8. The upper 
diagram is for the median lane and the lower diagram is for the shoulder lane. The 
shaded area represents when the indicated lane volume is less than the other lane volume. 
The median lane at all four locations throughout the morning peak traffic period carried 
more traffic than the shoulder lane. It appeared that when congestion seriously reduced 
parkway volume, the shoulder lane carried only 35 to 40 percent of the total volume. 
As the traffic volume moved from the upstream locations to the downstream locations 
(as the distance up the grade increased) the shoulder lane carried less and less of its 
share. 

Lane speed related to average parkway speed by day and location was determined. 
A summary comparing lane speeds is shown in Figure 9. The upper portion of the 
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diagram is for the median lane and the lower graph depicts the shoulder lane. The 
shaded areas indicate when the median or the shoulder lane speeds are below the average 
parkway speed. When parkway speeds were over 38 mph, the median lane speeds at 
all four locations were greater than the shoulder lane speeds. When parkway speeds 
were under 20 mph, the median lane speeds at the three locations upstream from the 
tunnel were less than the shoulder lane speeds. The median lane speeds at the tunnel 
exit were always 5 to 10 mph greater than the shoulder lane speeds. It appears that 
the reason for this speed pattern is that drivers approaching the tunnel are willing to 
travel at lower speeds in the median lane due to high density in order to travel through 
the tunnel section at the higher median lane speeds, with a net saving in time. 
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Lane density related to average parkway density by day and location was determined 
and a summary comparing lane densities is shown in Figure 10, The upper diagram 
is for the median lane and the lower diagram is for the shoulder lane. The shaded area 
Indicates when the median or shoulder lanes are below the average parkway density. 
The median lane density is always greater than the shoulder lane density at the three 
locations upstream from the tunnel, and this is also true for the tunnel exit location 
for average parkway densities less than 60 vehicles per mi. However, when there is 
congestion in the tunnel (average parkway densities over 60 vehicles per mi), the 
shoulder lane has a higher density than the median lane. It would appear that when the 
tunnel is congested, the shoulder lane traffic does not recover from dense flow as 
rapidly as the median lane. 
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Morning Peak Summary of Volumes, Trucks and Speeds 

Total volume, truck volume, and average speed by 15-min, 30-mln, 1-hr, and 2-hr 
periods for each camera position, and on an individual lane and parkway basis was as­
certained. The total 2-hr volume at the tunnel exit on May 3 and May 5 was 5, 991 and 
6,008 vehicles respectively. This compares very closely with the total volume recorded 
at the permanent count station, which was 6,095 and 6,054 vehicles for the same period. 
Whereas the 7:00 to 8:00 and 8:00 to 9:00 a. m. volumes for the two days ranged from 
2,959 to 3,049, the selection of the 1-hr period from 7:30 to 8:30 a. m. resulted in 
hourly volumes of 3,228 and 3,247 vehicles. 

There were a total of 142 vehicles (2.4 percent) on May 3 and 129 vehicles (2.1 per­
cent) on May 5 having six or more tires and these were classified as trucks. The 
average speeds for the individual camera positions during the morning peak periods 
for the two days varied from 25 to 33 n^h with over-all average speeds on the study 
section of 28 to 48 mph. 
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Investigation of Time Headways 
The time-lapse photography permitted the measurement of individual time headways 

and in addition gave the opportunity of identifying vehicles by type and by lane. The 
films taken from Tunnel West, the camera position at the top of the grade, were ana­
lyzed to determine the effect of vehicle type and lane on time headways, and conse-
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quently is indicative of capacity. Headway distributions by day, lane, and vehicle 
combinations are shown in Table 1. The average headways and the frequency of head­
way observations between 7:30 and 8:30 a. m. (the period of greatest congestion) were 
determined and these values are summarized in Table 2. Vehicle type is identified by 
two symbols, with the first symbol representing the lead vehicle, and the second sym­
bol representing the following vehicle. The letter P stands for passenger car, and the 
the letter T stands for truck. For example, P T means that a passenger car is being 
followed by a truck. 

The over-all average time headway for all vehicles was 2.21 sec or a volume rate 
of 3,260 vehicles per hr. The average time headway for passenger vehicles only was 
1.98 sec or a volume rate of 3,640 vehicles per hour. The difference, 380 vehicles 
per hr, indicates the effect of a relatively small percentage of heavy vehicles in the 
traffic stream. In comparmg time headways between lanes, the passenger car time 
headways were 1.92 (1,875 vehicles per hr) and 2.08 (1,731 vehicles per hr) in the 
median and shoulder lanes respectively. The time headway for all vehicles in the me­
dian lane under existing conditions is 1.95 sec (1,845 vehicles per hr). In other words, 
the 22 trucks in the median lane reduce the lane capacity by at least 30 vehicles per hr. 
In their absence, 52 passenger vehicles could be accommodated. 

In order to estimate the increase in capacity that might result if lane changing in 
the tunnel was permitted, it was assumed that a vehicle during high density flow would 
change lanes if a 6-sec headway existed (a distance headway between 260 to 350 ft). 
Using this criteria, the number of 6-sec headways was foimd to be 132, providing at 
least this number of lane change opportunities with resultant capacity increase. 
Estimation of Traffic Demand 

The number of vehicles passing through a bottleneck during congestion is indicative 
of how many vehicles can get through, but does not indicate how many vehicles would 
like to pass through the bottleneck. The increase in density upstream from the bottle­
neck is essentially a measure of the difference between maximum volume and traffic 
demand. Because volumes and speeds were measured at several iqpstream locations, 
density could be calculated and therefore the existing traffic demand estimated. It 
should be emphasized that the approach presented is an approximation and that this 
technique permits the estimation of present traffic demand only. 

The tabulations required in estimating demand are not contained in this paper but 
included volume and speed observations at each of five locations and computed average 
lane densities for each 15-min period; and calculations needed to determine excess 
densities by 15-min intervals and for four upstream subsections. Because vehicle 
speeds were essentially unaffected until lane densities approached 40 vehicles per mi, 
it is reasonable to assume that at this density level the parkway is filled but no vehicles 
are being stored. When the lane density is in excess of 40 vehicles per mi, the differ­
ence between volume and traffic demand can be computed by the equations: 

S i= N i L i ( D i - Dc) 
and 

S = E iLi (Di - Dc) 

in which Si = number of cars stored in subsection^; S_= total number of cars stored; 
N = number of lanes; L = length of section in miles; D = average lane density (vehicles 
per mile); and D^ = critical lane density (Dc = 40). 

The traffic demand for each selected time interval can be computed by the equations: 
e 

(T .D . )^^ = Vi + ^ 

( T . D . ) T 3 = V, 

( T . D . ) T 3 = V 3 . ^ ^ etc. 
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in which 
T. D. = traffic demand (vehicles per minute); 
V = traffic volume at the bottleneck (vehicles per minute); 
S = total number of cars stored; and 
T = time interval. 

These calculations serve as a basis for determining total vehicles stored, storage rates, 
and estimated present traffic demand. 

Figure 11 shows these results, and can be used to estimate the effect of increased 
capacity on congestion. The lower boundary of the shaded area represents accumulated 
traffic volume, the upper boundary of the shaded area accumulated present traffic de­
mand, and the shaded area shows the number of vehicles stored. It can be readily seen 
from the graph that under existing conditions congestion (vehicles stored) lasts for 1 hr 
35 min, and the maximum number of vehicles stored was 220 and occurred at 8:15 a. m. 

The effect of increased capacity on congestion is shown by the dashed line. If the 
volume rate could be increased from 52 to 58 vehicles per min, the duration of conges­
tion would be reduced to 40 min and the maximum number of cars stored would be re­
duced to 30. The graph also indicates that if the volume rate was increased to 60 vehicles 
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per min no congestion would occur. However, this assumes thatthe traffic demand is 
uniform and individual minutes do not exceed 60 vehicles per min. Discussion later in 
the report wi l l present methods for regulating traffic demand to insure uniformity of 
flow and better use of the study section. 

Travel Time Study 

A modified travel time study was conducted on Wednesday and Thvirsday, April 5 and 
6, 1961 on the 3-mi study section from Ardmore Boulevard to the Foreward Avenue 
off-ramp. In addition to noting the begmnmg and ending time on each of the 15 test runs, 
instantaneous speeds were recorded at 0. 2-mi intervals when speeds were over 30 mph 
and at 0.1-mi intervals when speeds were below 30 mph. 

The travel speed profiles for the 15 test runs are shown in Figure 12, the beginning 
and ending time for each test rim is indicated as well as total travel time. %)eeds over 
40 mph were assumed to be satisfactory (no congestion), and speeds below 30 mph were 
assumed to be unsatisfactory. The light shaded areas indicate portions of the test runs 
where speeds were satisfactory, and the dark shaded areas indicate portions where 
congestion was encountered. Average trip speeds varied from 19 to 43 mph (total travel 
times of 4. 3 to 9.6 min). 

This modified travel time study technique permits a rather intriguing and fact-reveal­
ing means of studying congestion. Travel speed contour maps for the two days of study are 
presented in Figure 13. For each test run where the instantaneous speed changed from 
one 10-mph group to another ( i . e., f rom 40-49 to 30-39 mph group) the time and location 
were mdicated on this time-distance map. Contours were then drawn connecting points 
of equal speed. Again speeds over 40 n^h were assumed to be satisfactory while speeds 
below 30 mph were assumed to be indicative of congestion. The lightly shaded area 
represents periods of time and portions of the study section when speeds were satisfac­
tory, and the darker shaded areas denote periods of time and portions of the study sec­
tion where congestion existed. 

Certain important observations can be made from these contour maps. 
1. The travel speed contour maps showmg congestion for the two study days are 

very similar. 
2. The congestion on both days originated in the vicinity of the Squirrel Hill Tunnel 

entrance. 
3. The portion of the Penn-Lincoln Parkway downstream from the Squirrel Hil l 

Tunnel was free of congestion throughout the mornmg peak period and gives evidence 
of additional available capacity. 

4. Congestion began at approximately 7:10 a. m. and ended at about 8:50 a. m, re­
sulting in a congested period of 1 hr 40 min. 

5. Stop-and-go traffic conditions extended upstream from the Squirrel Hil l Tunnel 
to east of Ardmore Boulevard (a distance in excess of 2 mi). 

6. Shock waves moved upstream at velocities of 4 to 7 mph, while recovering shock 
waves had velocities of 3 to 6 n^h. 

The total travel time and the average trip speed was determmed for each test run in 
order to calculate the increased travel time and costs due to congestion. An average 
trip speed profile for the period 7:00 to 9:00 a. m. for each day is shown in the upper 
portion of Figure 14, and the graph reveals that the profiles for the two days are quite 
similar. Knowing the total travel times and calculating the average traffic volume for 
each of the 15-min periods, the total vehicle hours expended can be computed. The 
excess travel time due to congestion can be determmed by subtracting the total vehicle 
hours expended if congestion did not occur from the existing vehicle hours expended. 
An assumed noncongested speed of 40 mph was selected; however, the graph in the lower 
portion of Figure 14 permits the reader to enter with any assumed noncongested speed 
between 30 and 50 mph. K the 40-mph value is used, the daily vehicle-hours saved 
would be 260. 

It I S difficult to determine the exact value of time to the motorist, but vehicle hourly 
rates of $1.00 to $2.00 per hr are commonly used. The graph in the lower portion of 
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50 

Figure 12 is so constructed that annual congestion time costs (in thousands of dollars) 
can be read from the graph when hourly rates of $1.00, $1. 50, or $2.00 per vehicle-
hour selected. For example, the annual congestion time cost is $97,000 when 40-mph 
noncongested speed is selected and a vehicle hourly rate of $1. 50 is used. Future 
traffic increases wil l undoubtedly substantially mcrease the annual congestion time 
costs. 

SUMMARY 
Identification of Critical Locations 

The results of the speed-volume-density profiles, speed-volume-density relation­
ships, and the travel speed contour maps clearly indicate that the critical location on 
the study section is at the Squirrel Hill Tunnel. Congestion originates near the tunnel 
entrance and restricts the capacity of the study section. This restriction to traffic flow 
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transmits speed and density shock waves upstream as far as Ardmore Boulevard, and 
also reduces speed throughout the length of the tunnel. The portion of the Penn- Lincoln 
Parkway from the Squirrel Hill Tunnel toward downtown Pittsburgh is not being fully 
utilized because of the restriction to traffic flow at the tunnel. 

Determination of Causes of Congestion 
The restriction to traffic flow near the entrance to the Squirrel Hill Tunnel is caused 

primarily by the combination of the relatively long grade that increases close to the 
tunnel, presence of trucks, surges in input volume, and the psychological effect of the 
tunnel. Other contributing factors include trucks in the median lane and prohibition of 
lane changing within the tunnel. 

Investigation and Evaluation of Means for Improvement 
Possible means for improving traffic operations on the study section that were in­

vestigated mclude the followmg: 
1. Permitting passenger car lane changing and truck lane restrictions; 
2. Control system plan; 
3. Truck use restrictions; 
4. Reversible lane operations; 
5. Control system plan combined with truck use restrictions and reversible lane 

operations; and 
6. Additional two-lane roadway. 
In evaluating the effect of these improvements, the estimated peak hour traffic de­

mand for the period 1961 to 1980 is based on present peak hour demand of 3, 600 vehicles 
per hr with an assumed 3 percent annual increase. A summary of the effects of these 
improvements are shown in Figure 15 and are described in the following subsections. 
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The transition between the white and gray portions of the bar gr^hs indicates the year 
when the peak hour traffic demand is e:q)ected to reach the practical capacity of the 
critical location and therefore would result in an average peak speed of about 35 mph. 
The transition between the gray and black portions of the bar graphs indicates the year 
when the present 1961 level of congestion would be e}q)ected to recur. 

Permitting Passenger Car Lane Changmg and Truck Lane Restrictions. — The pro­
hibition of lane changing and the presence of trucks in the median lane slightly reduces 
the capacity at the critical section. It is estimated (see previous section, 'Investigation 
of Time Headways'0 that permitting passenger cars to change lanes in the tunnel and 
the restriction of truck traffic to the shoulder lane wi l l increase the tunnel capacity by 
100 to 200 vehicles per hr. Figure 15 indicates that such action would postpone the 
recurrence of the existing 1961 level of congestion for 1 to 2 years. The immediate 
effect would be reducing the duration of congestion from 1 hr 40 min to 1 hr, and the 
congested portion from 2 mi to 1 mi. 

Control System Plan. — Volume input rates fluctuate from 2, 400 to 3,900 vehicles 
per hr, and occurrence of an extremely high volume rate prematurely causes a high 
density condition that results in reduced edacity. One means of preventmg this from 
occurring would be to regulate the arrival rate to a predetermined maximum level, 
resulting m a smooth steady flow past the tunnel section and increased volume. Ex­
perience in the New York Holland Tunnel indicates that the regulation of input has re­
sulted in an mcreased capacity of 6 percent. Figure 15 indicates that such an increase 
would postpone the recurrence of the existing 1961 level of congestion for two years. 
The immediate effect would be reducing the duration of excess demand from 1 hr 40 min 
to slightly less than 1 hr, and excess vehicles would be stored on ramps or diverted to 
other routes. Techniques for regulating input volume are discussed later. 

Truck Use Restrictions. — The presence of trucks on the upgrade at the tunnel reduces 
the capacity by 380 vehicles per hr. Figure 15 shows that truck use restrictions would 
essentially eliminate congestion durmg 1961 and postpone the recurrence of the existing 
1961 level of congestion for four years. 

Reversible Lane Operations.—Reversing the flow on the eastbound median lane be­
tween Edgewood Avenue and the Greenfield Bridge would increase the westboimd capacity 
by 900 vehicles per hr. Figure 15 shows that such action would result in congestion-free 
operations for three years, postpone the recurrence of the existing 1961 level of conges­
tion for seven years. 

However, restrictmg the present eastbound traffic flow to a single lane would result 
in 1-hr duration of congestion and an economic time loss of approximately one-third of 
the present westbound amount. One means of temporarily eliminating this congestion 
would be to close the Beechwood Boulevard on-ramp during the morning peak period. 
(This ramp is now closed during the afternoon peak traffic flow because of its design 
and proximity to the Beechwood Boulevard off-ramp.) With the reversible lane opera­
tions and with the Beechwood Boulevard on-ramp closed, no appreciable eastbound 
congestion would occur for three years. 

Control System Plan Combined with Truck Use Restrictions and Reversible Lane 
Operations. — The maximum capacity obtainable without constructing additional roadway 
would be to install an over-all traffic control system that would incorporate truck use 
restrictions and reversible lane operations. Figure 15 shows that such action would 
result in congestion-free operations for seven years and postpone the recurrence of the 
existing 1961 level of congestion for ten years. 

A schematic diagram of such a parkway control system is presented in Figure 16. 
The control system would consist of (a) measurement, (b) decision, and (c) control. 
Continuous measurements of volume, speed, and density would be obtained from 
sensors located at the tunnel, and in advance of the Ardmore Boulevard and Braddock 
Avenue on-ramps. These measurements would be sent to a central computer location 
for computation, data collection, and control decision. If operations were satisfactory, 
advance speed and lane use information would be conveyed to the drivers. If operations 
were unsatisfactory, control decisions could be made to restrict trucks, meter or 
close ramps, reverse lanes, alert responsible agencies, and convey speed and lane use 
information to the drivers. The recording of operations and controls would permit the 
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Figure 16. Schematic diagram of parkway c o n t r o l system. 

refinement of control techniques, determine the figure of merit, and provide the 
permanent record of quantity and quality of flow. 

Additional Two-Lane Roadway. — The construction of an additional two- lane roadway 
would increase practical capacity by about 3, 000 vehicles per hr. Figure 15 indicates 
that such action would result in congestion-free operations until 1978. This additional 
two-lane roadway would not only provide the needed capacity for future westbound 
traffic, but by reversing the operations during the afternoon peak period, this same 
roadway could provide the needed capacity for future eastbound traffic. 

ACTION TAKEN B Y PENNSYLVANIA DEPARTMENT OF HIGHWAYS 

The various solutions offered by this study to the immediate problem of congestion 
at the Squirrel Hill Tunnel were considered by the Pennsylvania Department of Highways 
at an early October meeting and decisions made based on the forecast of relief to be 
expected, cost of the time necessary for execution, and political and other considerations. 
The short-term plan chosen was the lane reversal operation to provide three inbound 
lanes through the Squirrel Hill Tunnels during the morning peak hours. The truck ban, 
although easiest and least ejqjensive to put into effect, was rejected due to the lack of 
suitable routes through the City of Pittsburgh. Longer-range projects include the traffic 
metering proposal which is now under study by Thompson Ramo Woolridge and the ulti­
mate provision of added capacity through roadway or tunnel construction. 
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Lane Reversal Plan 
Due to the impending cold weather and constant public pressure, immediate relief 

through the lane reversal plan was scheduled for initiation on November 1, 1961, be­
fore the f i rs t snowfall. Despite some rather caustic comments earlier, the newspapers 
gave good advance publicity to the project, including some sketches showmg what was 
planned. Guide and control signs were installed where possible and additional portable 
signs located. Rubber traffic cone placement was planned by using paint spots on the 
pavement—over 320 cones were to be used. Two 300-ft sections of median were re­
moved and crossovers constructed by Department forces. Figure 17 shows the general 
area mvolved and the points chosen for the median breaks—the f irs t at the Braddock 
Avenue Interchange where between 700 and 800 vehicles per hr entered the Parkway, . 
and the other, west of the Tunnel where the Parkway widened to three lanes westbound. 
With this heavy an entry volume and to reduce delay and confusion, it was decided that 
no choice of path could be given to any motorist once he had entered the reversal area. 
The shaded area on the sketch shows the f i rs t phase of cone placement, clearing the 
lane to be reversed and providing for dispersal at the west end. Placement sequence 
is carefully planned to reduce hazard to workmen and delay to the public. This opera­
tion is usually completed shortly before 6:00 a. m. and takes the two crews about 45 
min. Cone placement (cross-hatched area) on the east end at approximately 7:00 a. m. 
started the three lane operation somewhat in advance of the peak arrival time. (This 
requires approximately 8 mm more for the east crew of five men). Ramp B in the 
Squirrel Hill-Homestead Interchange contributed about 300 vehicles per hr to the east-
boimd flow at a critical point very close to where this traffic is reduced to a single lane. 
To eliminate this confusion and the resultant loss of capacity as well as to lower the 
demand on the Tunnel, this ramp was closed from 6:00 to 9:00 a. m. (It has been closed 
durmg the afternoon rush period for several years.) The lane reversal is discontinued 
at 8:45 now and within 20 mm, two lanes are available to eastbound movement with the 
westboimd flow back 'in its usual path. Ramp B is opened as soon as these two lanes 
are agam available. The fmal clean-up of the dispersal pattern west of the tunnel takes 
a little longer, but al l is back to normal by 9:30 a. m. 

Operational E^erience 
The f i rs t days of the esqjeriment were free from rain or snow, and almost complete 
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success was realized in eliminating delay to inbound traffic. Outbound flow, reduced 
to one lane, e:q)erienced some delay as expected, but as time passed, some vehicles 
used other routes and the "novelty effect" wore off resulting in very Uttle congestion 
on most days. Other problems included the following: 

1. Ramp B closing time. A study of the variation in traffic flow during the period 
before maximum movement eastbound showed that Ramp B could remain open until 
6:30 a. m. and could reopen at 9:00 a. m. without causing congestion. This accommo­
dated a number of rather vocal area residents and aided the public relations on the 
whole project. 

2. Congestion on Ramp A. With the dispersal pattern at the west end, approximately 
1, 200 vehicles per hr from the Squirrel Hill area were forced to merge mto the shoulder 
lane of the Parkway where almost 1,000 vehicles were traveling. Once again, volim-
tary rerouting of ramp traffic as well as decreased use of the shoulder lane has almost 
eliminated this delay. 

3. Tunnel ventilation. The design of the tunnel ventilation made use of the motion 
of vehicles in the tubes to assist in air movement. The introduction of two-way traffic 
in the south tube eliminated this aid and the carbon monoxide content of the air rose 
almost to the critical danger level. The same problem had been faced in the other tube 
during periods of congestion. It was solved by operating al l fans at maximum speed 
for about 30 min before the traffic flow was reversed, which greatly reduced the re­
sidual carbon monoxide level and prevented the dangerous accumulation during the 
2-hr period. 

4. Speed limits were increased somewhat as drivers became e^erienced with the 
new operation. Trucks were also restricted to shoulder lanes only on both approaches 
to the tunnel, reducing long gaps and loss of capacity. 

Throughout this period, the local newspapers gave the operation good coverage and 
generally favorable comment. The only complaint received concerning the inboimd 
improvement came from a man whose employer used the Parkway. He had been ac­
customed to arriving a few minutes late each day, knowing his superior would be later, 
but no more; the operation had spoiled his fvm. 

When the new pattern of traffic flow had settled down, estimates showed that, with 
essentially no delay through the tunnel, a savings of up to 10 min was being given to 
the westbound movement, with a benefit in time and gasoline saving to motorists which 
showed a cost-benefit ratio of approximately 3 to 1. During the f i rs t several weeks, 
traffic was attracted to the free-moving Parkway and volumes increased during the 2-hr 
peak period by approximately 6. 5 percent. The pattern of inbound motorists was also 
changed in that the hour from 7:00 to 8:00 a. m. showed an increase of 15.0 percent in 
volume, and the 8:00 to 9:00 a. m. period actually decreased by 2.0 percent (no appre­
ciable change from 6:00 to 7:00 a. m . ) . The new pattern of movement handled the 
additional load without measureable delay. Volume comparisons show a generally 
higher use of the Penn-Lincoln Parkway during 1961-62 than during similar periods 
over the past few winters. 

Counts show that, f rom 7:00 to 8:00 a. m. , the reversible Jane was carrying about 
1, 300 vehicles per hr and the median lane through the north tube carried about 1, 200 per 
hr. The shoulder lane on the north, which s t i l l contains the heavy trucks, remained 
lowest with about 900 vehicles per hr (a total of 3, 400 vehicles per hr). The single 
eastbound lane has carried a maximum volume of 1,613 during the same hour, but 
usually averages about 1, 500 vehicles, a decrease of 500 over the former two-lane 
volume. During the summer of 1962, i t is e]q>ected that the traffic demand wi l l at 
least reach the 3,700 vehicles per hr assumed by the consultant and that this flow wi l l 
be handled without appreciable delay by the lane reversal plan. 

To date, no serious accidents have occurred during the lane reversal period, although 
this is the f i rs t time a tunnel within the metropolitan area has been used for two-way 
traffic. Minor accidents and vehicle break-downs have been handled by the standard 
emergency procedures. It is e;q)ected that accidents wi l l be reduced on the approach 
to the tunnel as the start-stop type of operation is no longer required. During the 
winter months, the liberal use of salt as well as the usual plowing activities has aided 
in safe and convenient use of the Parkway in the unusual manner. 
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Future Plans 
Now that all concerned are sure of the workability of the lane reversal plan, there 

remains the problem of a permanent method of operation to replace the large labor 
force employed. Lane control signals, designed as a part of a traffic metering system, 
may replace some of the cones now used but the terminal treatment is s t i l l imder study, 
as a physical barrier is considered mandatory for a positive diversion of a lane of 
traffic. Experience gained in other parts of the country wi l l be of great value m solving 
this control problem. 
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Operational Study of Signalized 
Diamond Interchanges 

CHARLES PINNELL and DONALD G. C A P E L L E , Texas Transportation Institute, 
Texas A & M College 

This paper was developed from a research project on diamond 
interchanges conducted by the Texas Transportation Institute in 
cooperation with the Texas Highway Department. The project 
had the general objective of developing criteria useful m the 
capacity evaluation, design, and signalization of diamond inter­
changes. An earlier report, presented at the 40th Annual Meet­
ing, included a procedure for evaluating the capacity of signalized 
diamond interchanges. This paper presents data from operational 
studies designed to develop criteria for the design and signalization 
of diamond interchanges. 

Four separate field studies were conducted at a signalized 
diamond interchange on Interstate 35W in Fort Worth, Tex. 
By modifications to the control equipment at this interchange, 
three separate signal phasing arrangements were evaluated. 
Also, operations with both fixed-time and traffic-actuated control 
equipment were studied. Recommendations are made regarding 
both the signal phasing and the equipment for use at signalized 
diamond mterchanges. 

The operational studies also permitted the evaluation of inter­
change design elements that affected traffic operations at the 
facility. Various aspects of design that affect operation are dis­
cussed and illustrated by a recommended design. 

Finally, examples illustrating the capacity-analysis, design, 
and signalization of diamond interchanges are presented. These 
examples demonstrate the apphcation of the research findings to 
specific design and operation problems. 

• THIS R E P O R T presents results from research studies on diamond interchanges con­
ducted by the Texas Transportation Institute in cooperation with the Texas Highway 
Department. These studies were conducted in connection with Research Project RP-16, 
"Ramps and Interchanges, " and had the objective of investigating the capacity, design, 
and operation of conventional-tjrpe diamond interchanges. 

The initial studies were designed to evaluate only the capacity of a conventional-type 
diamond interchange. The procedure and results of these studies were reported in a 
paper by the authors (1_) which was distributed to the various districts and offices of the 
Texas Highway Department. 

In addition to the capacity studies, there existed a need for additional research to 
develop data that would serve as criteria m the design and signalization of diamond 
interchanges. The results of this research are presented as a major portion of this 
report. 

INTERCHANGE T Y P E 

There are many design variations of the diamond interchange, and numerous condi­
tions may exist affecting its operation. The research studies conducted in connection 
with this project involved only the conventional-type diamond interchange, as shown in 
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Figures 1 and 2. The sites selected for study were free of any special conditions such 
as signalized intersections in the near vicinity of the interchange. The data and recom­
mendations presented are directly applicable only to the type interchange illustrated and 
similar diamond interchanges without frontage roads. However, they should serve as 
a guide to engineering judgment in treating special designs and conditions. 

V 

Figure 1. 
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FMNTAGE ROAD 

FRONTAGE ROAD 

Figure 2. Diamond interchange, conventional arrangement. 

SIGNAL OPERATIONS 
Requirements 

A complex signal system is required to control traffic at a diamond interchange due 
to the proximity of the two signalized intersections and the variations of traffic maneu­
vers encoimtered in interchanging traffic. The signaUzation should perform the follow­
ing two basic functions: 

1. Separate all high-volume conflicting movements in the interchange area. 
2. Minimize storing of vehicles between the two intersections. 
In considering the signal system to be used at a diamond interchange, it is natural 

to assume that the type of signalization would depend on the traffic volumes and move­
ments experienced. Because many of the future diamond interchanges wi l l be a part 
of new freeways extendmg into relatively undeveloped areas, i t is conceivable that 
numerous volume conditions wi l l be experienced during the design life of an interchange. 
Thus, it appears that numerous phasing arrangements would be necessary to accommo­
date the various traffic conditions that are likely to be encountered. However, this is 
not entirely true due to the peculiarities of diamond interchange operation. 

Inasmuch as the two signalized intersections of a conventional-type diamond inter­
change are usually spaced approximately 220 to 290 f t apart (center to center), two 
factors that influence the signal phasing are (a) amoimt of vehicle storage between the 
two intersections and (b) volume of left turns from mterior approaches. Extreme care 
must be exercised to assure that the storage limit of the interior approach is not ex­
ceeded. In addition, high-volume left turn movements can quickly exceed the storage 
capacity on mterior approaches because only one lane is generally available for the 
storage of left turning vehicles. 

Signal Phasing 
Figure 3 shows two possible phasing arrangements for diamond interchange signali­

zation. Although these phasing arrangements represent only two of numerous possible 
sequences, they illustrate the problems incurred in developing signal phasings for 
diamond interchanges. 

In Sequence I (Fig. 3) clearance phases must be added foUowing phases A and B to 
clear the interior approaches for storage of the frontage road movement on phase C. 
This in effect creates a four-phase cycle (if the two clearance intervals are considered 
approximately equal to one phase) with a considerable waste of time. A second disad­
vantage of Sequence I is the sluggish operation frequently encountered on the phase A 
movement. This results from numerous cars being stored on the interior approaches 
during phase C. When the phase A movement is mitiated, the traffic on the major street 
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approach is delayed until the interior approach traffic can move out. Thus, in effect, 
a double starting delay is imposed. 

The third and most serious disadvantage of Secpience I is the capacity limitations 
placed on the frontage road movements. The amoimt of traffic that can be moved from 
a frontage road approach during phase C is governed by the storage capacity of the in­
terior approaches. Therefore, this sequence is inadequate to accommodate large 
frontage road movements. 

Sequence n allows the interior approaches to clear on phase B and gives preference 
to moving major street traffic. However, a serious left-turn storage problem is often 
created by this sequence. Left turns f rom both of the major street approaches are 
stored during phase A, and i t must be considered that an average diamond interchange 
can store only a maximum of 7 left-turning vehicles per lane on an mterior approach. 
When a heavy left-turn movement from a major street approach occurs (which frequently 
happens), the storage capacity for left-turning vehicles is exceeded and blocking of the 
intersections results. Sluggish operation wi l l follow phase C, and storage capacity 
limitations wi l l exist on the ramp and/or frontage road movements as in Sequence I . 

J 4 l 
' y . — 

— >̂ f— 1 T 
PHASE A PHASE B 

PHASE C 
SEQUENCE I 

PHASE A 

T 
PHASE 8 

PHASE C 
SEQUENCE 31 

Figure 3. Signal phasings. 
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Recommended Phasing 

Other three-phase arrangements such as Sequences I and n yield the same basic 
problems of inadequate storage and sluggish, inefficient operation. Consideration of 
these facts and the requirements of diamond interchange signalization led to the con­
clusion that the four-phase sequence shown m Figure 4 would serve best for all traffic 
conditions. This sequence has been utilized at diamond interchanges by the city of 
Houston, the California Highway Department, and perhaps other agencies, but the ad­
vantages and efficiency of this phasing have not been fully realized. 

The two most serious problems encountered with a three-phase system (as pre­
viously (discussed) are its inability to accommodate large frontage road movements 
and left turns from interior approaches. These problems are eliminated with the 
recommended four-phase system (Fig. 4). 

Each of the four approach movements is given a separate phase and is permitted 
to move through the entire system upon receiving a green indication. This eliminates 
the storage capacity limitations that develop on the interior approaches with other 
phasing arrangements. Consideration of each movement in the four-phase sequence 
will show that storing of vehicles on the interior approaches is practically eliminated. 
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I f 
F i g u r e h. Recommended sxgnal phasing f o r conventional-type diamond interchange. 
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The only vehicles requiring storage are those making a U-turn movement from a front­
age road during the last 6 to 8 sec of a frontage road phase. This seldom stores more 
than 2 vehicles per cycle and has very little detrimental effect on operation. Thus, the 
left turn storage problem is eliminated with this phasing. 

An additional advantage of the recommended phasing is the efficiency that can be 
obtained. An overlap of the frontage road and major street phases (phases A and C 
overlap) is possible due to the starting delay and travel time incurred by the major 
street traffic in moving from one intersection to the other. This overlap utilizes the 
green time per cycle better and permits the movement of large volumes through the 
interchange with average cycle lengths in the range of 60 to 80 sec. 

Therefore, it was concluded that the recommended four-phase sequence is the best 
signal phasing for a conventional-type diamond interchange. 

SELECTION OF CONTROL EQUIPMENT 
A significant problem encountered with diamond interchange operation is the selection 

of the type of signal equipment (fixed time or vehicle actuated^ that wi l l yield the best 
results in controlling the interchanging traffic. One of the objectives of this project 
was to study this problem. 

There are four significant factors that influence the selection of equipment: 
1. Volume fluctuations; 
2. Equipment flexibility; 
3. Coordination; and 
4. Economics. 

Volume Fluctuations 
Volume fluctuations during off-peak and peak periods of operations are common 

knowledge to traffic engineers and should be given consideration in any well-designed 
signal system. Studies of vehicle arrivals by 5-min intervals at several diamond inter­
changes revealed significant volume variations within the peak hour. A plot of 5-min 
demand volumes on the four approaches of the CuUen interchange on the Gulf Freeway 
in Houston, Tex. is shown in Figure 5. This plot shows that each of the approaches had 
a different peaking pattern and a wide fluctuation of 5-mm demand volumes. 

A superlmposition of these volume plots wi l l show a comparison of the short periods 
of peak flow. Little overlapping of the peak periods is evidenced for the four approaches 
and thus a smgle timing plan for the peak, hour would be mefficient. 

3 x 
MS 7O0 715 7S0 T49 6-00 BIB 

PEAK HOUR 5 MIN TRAFFIC DEMAND 
VEHKLES FROM NORTH FRONTAGE HOAO-CULLEN INTERCHANGE 

6-43 roO 719 7 30 749 BOO 
PEAK HOUR 5 MIN TRAFFIC DEMAND 

VEHICLES FROM SOUTH APPROACH ON COLLEN STREET 

TlTfTTTnT 
PEAK HOUR 5 MIN TRAFFIC DEMAND 

VEHia.ES FROM SOOTH FRONTiGE ROAD-CULLEN INTERCHANGE 

PEAK HOUR 5 MIN TRAFFIC DEMAND 
VEHICLES FROM NORTH APPROACH ON CULLEN STREET 

Figure 5. Demand volumes, Cullen Boulevard interchange, Houston, Tex. 
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This volume fluctuation emphasizes the need for equipment that can adjust cycle and 
phase lengths to traffic demand during both off-peak and peak periods of traffic flow, if 
maximum operational efficiency is to be obtained. 

Equipment Flexibility 
An important feature of signal flexibility is the ability to accommodate special con­

ditions that may develop durmg peak periods of operation. Conditions such as stalled 
vehicles, minor accidents, or other disruptions of normal traffic flow can result in 
tremendous backlogs of traffic on the interchange approaches. These conditions com­
monly occur durmg peak periods and were observed frequently during the signalization 
studies. If the signal system does not have the flexibility to temporarily increase the 
cycle lengths to accommodate the accumulated demand, the interchange wi l l be congested 
until the traffic demand diminishes. 

Coordination 
A third factor is that of progressive movement for the through traffic on the major 

street. Progression of this through traffic is desirable. However, because the signal 
system at the interchange must operate on a multiphase sequence, the interchange area 
represents a bad timing point in the coordinated system. 

It must also be considered that the through traffic for which progression is desired 
represents a minor percentage of the total traffic entering the interchange area. Analy­
sis of volume coimts at the Berry Street interchange in Fort Worth and the Cullen and 
Wayside interchanges in Houston indicated that the volume of the through movements 
represented only approximately 25 percent of the total interchanging traffic. Therefore, 
efficient operation of the entire interchange system should receive more priority than 
that of providing progression for the through traffic on the major street. 

The interchange can be designed so that traffic wi l l not be delayed for more than one 
cycle, and some progression for the major street traffic can be obtained by timing away 
from the interchange as shown in Figure 6. 

Economics 
The relative cost of fixed-time and traffic-actuated equipment for coiiq;>lete signali­

zation should also be considered. Specific equipment costs are not compared in this 
report because these wi l l vary with time, type of equq>ment, and manufacturer. How­
ever, consideration of the requirements of one system over the other and the relative 
costs can be made. 
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Basic equipment, such as signal heads, mast arms, and much of the wiring, would 
be the same for both systems. The basic difference in cost for the two systems is 
related to the following factors: 

0 R . 

18 R 

Figure 7. Berry S t r e e t interchange. F o r t Worth, Tex. 
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1. Additional cost of actuated control units; and 
2. Additional cost of the detectors (initial cost and installation) required for the 

actuated system. 
The difference in cost for the two systems (fixed time vs traffic actuated) is a rela­

tively small percentage of the total installation cost and loses significance when prorated 
over the design life of the facility. 

OPERATIONAL STUDIES 
The objective of the operational studies at an existing diamond interchange was to 

evaluate several signal phasing arrangements and to study the adaptability of actuated 
signal equipment to diamond interchange operation. Previous work had given an indi­
cation of the type of operation to be e^qjected, but no field studies had been conducted 
to verify the operation anticipated. 

Study Location 

The Berry Street Interchange (Fig. 7) on IH 35W in Fort Worth, Tex., was selected 
as a study site for the operational studies. The geometries of this interchange were 
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Figure 8. Traffic volumes. Berry Street interchange. 
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essentially those of a conventional-type diamond and are representative of numerous 
diamond interchanges that have been constructed. Traffic volumes (Fig. 8) at this 
interchange were of sufficient magnitude to provide adequate study conditions. The 
traffic control equipment at the interchange at the beginning of the studies consisted of 
a three-phase volume-density controller with dual-clearance timers. 

The Traffic Engineering Department of Fort Worth agreed to modifications of the 
signal phasing and control equipment; consequently, the site provided an excellent study 
location for evaluating actuated control equipment under various phasing arrangements. 

Study Procedure - ' 

Four separate studies of traffic operations were conducted at the Berry Street inter­
change. Al l of these studies were conducted during the late afternoon peak period of 
flow (4:00 to 5:30 p. m.) on either a Wednesday or Thursday. Data were recorded on 
the following: 

1. Traffic volumes per cycle from each approach; 
2. Cycle lengths; and 
3. Phase lengths. 
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Figure 9. Recording equipment. 
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Figure 10. Sample data chart. 

In addition, interchange operations were observed and notes were made on the 
general efficiency of the system. Queue lengths on the approaches, the ability of the 
signal system to clear the traffic demand on each cycle, and smoothness of operation 
were used as criteria for evaluating the efficiency of the operations. 

The data were recorded by the multi-pen recorder and equipment shown in Figure 9. 
Volumes on each of the approaches were recorded by actuating switches connected to 
pens on the recorder. Vehicles were indicated by a "blip" on the recording tape. The 
phase lengths and cycle lengths were obtained by wiring the recorder to the relays con­
trolling the various phases of the signal cycle. The energizing of a signal on a particular 
phase actuated a pen. Because the chart moved at a constant speed, the length of each 
phase and the total cycle length could be readily measured. A sample of the recording 
chart and the data recorded is shown in Figure 10. 

Berry I : Three-Phase Operation 
The f i rs t of a series of studies conducted at the Berry Street interchange consisted 

of an evaluation of the existing actuated three-phase signal system which had been in 
operation for several years. The system operated with a phasing arrangement as shown 
in Figure 11. Dual clearance timers were used to clear the interior approaches after 
phases A and B so that the phase C movement would have adequate storage. TTiese clear­
ance intervals contributed to a long cycle length because they required a total of 16 sec. 

The amount of green time that could be efficiently allotted to the phase C movement 
was controlled by the storage capacity (approximately 14 vehicles) of the interior ap­
proaches. During the peak period, this green time was inadequate to accommodate the 
frontage road demand. This resulted in a backlog of traffic on the frontage road and 
contributed to sluggish operation on the A and B phases. 

Figures 12 and 13 show the congestion e^qperienced durmg a portion of the field study. 
The congestion not only occurred in the intersection area as shown in Figure 12 but 
extended back to the exit ramps and onto the freeway (Fig. 13). 

The study indicated that some of the approaches were e^eriencing more demand than 
could be accommodated. A comparison of 5-min demand volumes on the west frontage 
road with the number of vehicles cleared (Fig. 14) indicated that the number of vehicles 
forced to wait at the end of each cycle was increased by small increments until a large 
backlog existed. 
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A tabulation of cycle lengths during the peak period (Table 1) showed that the cycle 
lengths varied from 89 to 159 sec., with an average of 118 sec. This long cycle length 
imposed an excessive delay with a majority of the traffic having to wait for more than 
one cycle m order to clear through the mterchange. 
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Figure 11. Phasing sequences. 

Berry 11: Four-Phase Operation, No Overlaps 
After completion of the Berry I study, a different phasing and control system was 

installed kt the Berry Street interchange. The three-phase controller was replaced 
by a two-phase volume-density controller with two minor movement controllers. The 
minor movement controllers were used to control the frontage road traffic, and the 
signal system operated with the four-phase sequence shown in Figure 11. 

This phasing arrangement eliminated the storage problem and congestion that oc­
curred with the existing three-phase system (Berry 0. With this sequence, traffic on 
each approach was permitted to clear through the entire interchange upon receiving a 
green indication, and the green time was also allotted to each approach on the basis of 
traffic demand. 

The results of the study indicated that the four-phase system was capable of handling 
the traffic demand at the interchange with a moderate degree of efficiency. Two ap­
proaches had backlogs of vehicles for several cycles during the study, but no serious 
congestion was experienced. 
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F i g u r e 12. Congestion at i n t e r s e c t i o n . 
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Figure 13. Congestion of ramp. 
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Figure l l ; . Accumiilation of traff ic demand. 

The greatest disadvantage of the four-phase system was the long cycle lengths 
which occurred during the peak period. Table 2 gives the cycle and phase lengths re­
corded during the study. The cycle lengths ranged from 76 to 149 sec with an average 
of 105 sec. Although this average cycle length was considered to be excessive, i t 
represented a 10 percent decrease over that obtained in the Berry I study. 

Berry ni: Four-Phase Operation with Overlap 
The third study conducted at the Berry Street Interchange evaluated operations with 

the recommended phasing arrangement shown in Figure 11. This phasing differed 
from that used in the Berry n study in that two overlap units were added to provide 
for an overk^ of the traffic movements on the frontage road and major street approaches. 
The time required to move the major street traffic (starting delay plus travel time) 
from one approach to the other and the amber time required to terminate the frontage 
road movement were wasted by the sequence used in the Berry n study. By utilizing 
this wasted time, increased efficiency was obtained by the Berry m sequence. 

Initially, i t was reasoned that an effective overlap would be very difficult to obtain 
with actuated equipment. This was due to the fact that effective use of the overlap de­
pended on initiating the major street green while there was s t i l l considerable traffic 
on the opposite frontage road. However, the overlap was accomplished very satisfac­
torily with the actuated control equipment by use of its variable settings for termination 
of a green phase in accordance with traffic demand. 

Traffic movements on the frontage road were controlled by a minor movement con­
troller aî  in the Berry n study. After the initiation of a frontage road green, a time 
gap in traffic less than the minimum vehicle interval (as set on the control unit) caused 
the signal control to pass to an overlap timing vmit. This imit accomplished the follow­
ing: 

1. It terminated the left turn arrow at the opposite interior approach. 
2. It initiated the major street green. 
3. It timed a fixed overlap. 
At the completion of this overlap phase, the frontage road green was terminated. 

When a frontage road movement "gapped out," the overlap timer provided an addi­
tional 5 sec of green for the frontage road movement. This feature permitted a very 
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low setting of the vehicle interval dial on the minor movement controllers (approximately 
2 sec) and provided an efficient overlap of the frontage road and major street traffic. 
With the 2-sec allowable gap on the frontage road, an extension of the green indication 
required a closely spaced platoon of vehicles. As soon as this platoon passed the frontage 
road detectors, the controller "gapped out" and initiated the major street green. The 
additional green time provided for the frontage road movement by the overlap unit was 
usually sufficient to clear al l "stragglers" on the frontage road approaches. If there 
was no traffic on a frontage road approach during the overlap phase, no time was wasted 
because the major street green had already been initiated. 

The study indicated that the addition of the overlap units greatly increased the ef f i ­
ciency of operation at the interchange. The cycle lengths during the study period varied 
from 58 to 107 sec with an average cycle length of 77 sec (Table 3). This average cycle 
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length was a 26.7 percent reduction from that recorded in the Berry n study and a 31. 6 
percent reduction f rom that recorded in the Berry I study. 

In addition to reducmg the average cycle length to a satisfactory level during the 
peak period, the signal system operated with a very high degree of efficiency. The 
actuated equipment permitted the allotment of green time to each phase in accordance 
with traffic demand and assured the clearance of al l approaches during each cycle. The I 
equipment also provided the flexibility to cope with unusual conditions (stalled vehicles, 
etc.) that occurred during the peak period. 

T A B L E 3 
B E R R Y m DATA 

CYCLE 

NO 

4 

PHASE 
LENSTH 

VEHICLE 
MOVEMENT 

J . I \L. 
1 r 

PHASE 
LENSTH 

VEHICLE 
MOVEMENT 

Jl 
- 1 ^ -I'T—i 

PHASE 
LENSTH 

VEHICLE 
MOVEMENT 

J L 
CYCLE 

LENGTH 

TOTAL 

GREEN 

TOTAL 

VEHICLES h 
CYCLE 

LENGTH 

TOTAL 

GREEN 

TOTAL 

VEHICLES 
PHASE VEHICLE 

TOTAL 

GREEN 

TOTAL 

VEHICLES 

LENSTH MOVEMENT 

16 5 64 65 40 
20 14 73 77 51 
25 21 80 85 62 
20 21 76 77 60 
23 16 80 85 54 
2S 30 86 90 85 
22 21 68 72 61 
18 10 67 72 43 
26 28 72 76 59 
4« 37 102 108 84 
36 35 90 93 83 
35 32 107 112 89 
32 28 97 102 82 
16 19 79 81 83 
25 22 91 95 73 
24 17 68 74 47 
20 15 59 64 42 
27 17 67 72 36 
14 13 71 73 51 
18 I S 61 65 48 
22 16 (5 70 44 
19 13 63 68 45 
23 20 78 81 55 
31 28 81 86 •«> 
18 20 84 88 68 
21 24 64 69 57 
26 26 73 77 46 
17 18 85 90 73 
20 19 70 74 63 
18 13 (2 67 48 
25 19 76 81 64 
15 12 58 63 41 
23 14 77 82 42 
20 21 79 83 53 
19 15 64 69 44 
12 21 76 74 79 
19 15 66 72 82 
22 24 92 97 84 
28 27 102 107 90 
24 26 82 85 70 
28 30 90 95 77 
18 10 71 76 56 
17 12 62 67 44 
17 7 69 74 41 
19 15 61 66 48 
34 23 83 88 52 
21 14 t7 71 46 
19 28 (r 72 66 
18 18 91 95 77 
19 18 83 88 84 
37 33 99 104 95 
31 27 88 92 66 
29 30 89 94 82 
19 17 85 90 77 
18 21 86 90 88 
18 8 73 77 54 
27 24 87 92 71 
31 27 91 97 70 
17 14 76 82 65 
24 20 80 84 65 
19 19 73 77 53 
16 15 61 70 47 
18 17 89 74 46 
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Berry IV: Fixed-Time Operation 
The fourth study conducted at the Berry Street mter change evaluated traffic operations 

with a fixed-time signal system. The fixed-time control was obtamed by "short circuit­
ing" some of the detector circuits and regulating the phase lengths by the "maximum 
time" dials on the actuated controllers. An 80-sec cycle was used with the phase lengths 

T A B L E 4 
F I X E D TIME DATA 

.1 1 4 L ! 1 J L 
C Y C L E 

HO, 1 1 " T I i r 1 1 C Y C L E 

L E N O T H 

TOTAL 

G R E E N 

T O T A L 

V E H I C L E S 

C Y C L E 

HO, 

P H A S E V E H I C L E P H A S E V E H I C L E P H A S E V E H I C L E P H A S E V E H I C L E 

L E N G T H MOVEMENT LENGTH MOVEMENT L E N G T H M O V E M E N T L E N G T H M O V E M E N T 

1 2 1 1 3 2 3 2 0 1 9 4 2 3 1 2 8 0 8 6 4 9 

2 1 8 1 5 6 1 9 3 8 

3 1 6 2 2 6 1 5 5 9 

4 1 0 2 1 7 1 5 3 3 

5 1 3 1 8 5 2 0 5 6 

6 1 6 2 1 1 1 1 6 6 4 

7 
S 

1 1 
1 6 n 

3 0 

2 2 

1 1 

7 

1 7 
1 9 « 

6 9 
6 4 

9 2 4 " 2 9 > 6 9 6 8 

1 0 1 5 1 7 5 2 3 6 0 

1 1 1 5 2 0 8 2 0 6 3 

1 2 1 8 2 4 9 1 9 7 0 

1 3 1 3 2 3 8 1 4 3 8 

1 4 1 5 2 0 9 1 7 6 1 

1 5 1 5 1 9 9 1 4 5 7 

1 6 1 0 2 1 1 0 2 1 6 2 

1 7 1 8 2 7 3 1 2 6 0 

1 8 8 2 7 6 1 3 5 4 

1 9 1 6 1 9 5 1 9 5 9 

2 0 1 8 1 9 7 1 8 6 2 

2 1 1 3 1 9 1 0 9 3 3 

2 2 1 2 2 3 1 1 1 7 6 3 

2 3 9 2 2 7 9 4 7 

2 4 2 0 2 1 7 2 3 7 1 

2 3 2 2 1 9 3 2 5 6 9 

2 6 2 0 2 1 S 2 3 6 9 

2 7 2 0 1 9 8 2 1 6 8 

2 8 2 3 2 0 9 2 3 7 3 

2 9 1 9 2 3 1 1 1 3 " 6 6 

3 0 1 0 1 4 4 1 9 4 7 

3 1 8 2 0 7 2 2 5 7 

3 2 
•« 1 5 2 1 6 2 2 " 6 4 

3 3 1 6 1 7 9 3 2 7 4 

3 4 1 7 2 7 1 0 3 2 8 6 

3 5 1 3 1 8 1 1 2 2 6 4 

3 6 2 0 1 9 8 2 7 7 4 

3 7 1 9 2 1 1 0 2 0 7 0 

3 8 1 6 1 2 7 1 7 3 2 

3 9 1 0 1 8 9 1 5 5 2 

4 0 2 0 I S 6 2 1 • 6 2 

4 1 1 2 1 3 8 *• 1 7 SO 

4 2 1 6 1 6 1 7 1 5 6 4 

4 3 1 9 1 2 8 1 7 3 6 

4 4 2 0 2 3 3 1 6 6 2 

4 5 1 3 2 3 5 9 5 0 

4 6 7 2 3 9 1 4 " 5 3 

4 7 2 0 1 8 1 0 1 4 3 2 

4 8 2 0 1 6 6 2 1 6 3 

4 9 2 2 1 9 3 1 5 5 9 

5 0 1 8 2 4 6 2 5 7 3 

5 1 2 5 1 7 9 2 0 '* 7 1 

5 2 1 8 1 5 4 3 0 6 7 

5 3 2 2 1 1 6 ? 7 

5 4 2 0 2 2 1 0 2 9 8 1 

5 5 2 1 2 7 4 2 4 7 6 

5 6 2 5 2 7 3 3 3 8 8 

5 7 1 8 2 0 1 0 2 5 7 3 

S B 2 0 1 6 4 2 1 6 1 

5 9 2 0 2 2 5 2 0 6 7 

6 0 1 9 1 6 6 1 7 5 8 

6 1 2 0 I S 1 1 2 4 7 0 

6 2 2 1 1 7 8 2 4 7 0 

6 3 1 8 1 0 1 2 2 2 6 2 

6 4 1 6 2 2 7 2 5 7 0 

6 5 1 4 1 5 6 2 4 " " 3 9 
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given in Table 4. This cycle length was determinedfrom the traffic volumes to be handled 
on each approach and was comparable to the average cycle length obtained in the Berry U 
study. The phasing arrangement used was identical to that used in the Berry m study. 

The inability of the signal system to adjust to fluctuatmg traffic demands created long 
queues on some of the approaches during the peak period. This forced a number of ve­
hicles to wait for more than one cycle and thereby caused considerable vehicular delay. 

Visual observation of traffic operation during the study indicated that the system 
was able to accommodate the traffic demand but with a much lower degree of efficiency 
than obtained with the Berry EI actuated system. Vehicular delays were greater, and 
longer queues of waiting traffic were observed on a l l of the approaches. 

Traffic movements through the interchange appearedto approach a congested con­
dition during most of the peak period of flow. It is believed that the occurrence of any 

T A B L E 5 
O F F - P E A K DATA (12:00 AM - 01:00 AM) 

CYCLE 

NO 

J L J L 
1 r 

11 I L 
1 r 

_J L 
" ~ i r l o n u . 

( K E E N 

CYCLE 

LENSTH 

TOTAL 

VEHICLES 

CYCLE 

NO "1 1 1 1 
J L 
1 r 1*1 1 r 1 r 

_J L 
" ~ i r l o n u . 

( K E E N 

CYCLE 

LENSTH 

TOTAL 

VEHICLES 

CYCLE 

NO 

PHASE 
LCNOTH 

V E H I C L E 
UOVEHEKT 

PHASE 
LENOTH 

V E H I C L E 

MOVEKENT 
PHASE 

L E N S T H 

V E H I C L E 
MCVEMENT 

. P H A S E 
L E N S T H 

V E H I C L E 
MOVEMENT 

CYCLE 

LENSTH 

TOTAL 

VEHICLES 

1 17 0 0 0 3 4 1 1 4 3 6 5 6 9 4 

2 1 6 0 1 4 1 1 4 4 1 4 2 5 8 6 0 7 

3 1 6 0 1 4 1 1 2 1 1 4 3 5 6 5 7 5 

4 1 5 1 4 1 1 2 3 1 4 I 5 5 5 7 9 

i 1 6 2 0 0 7 2 1 2 3 3 5 3 0 7 

i 1 2 3 0 0 6 0 1 4 1 3 2 3 5 4 

7 1 5 1 1 4 1 1 2 4 1 4 2 5 5 5 7 
8 1 5 I 0 0 1 1 5 1 4 2 4 0 4 5 
9 1 6 1 0 0 6 2 1 4 2 3 6 4 1 5 

1 0 1 6 0 0 6 1 1 4 I 3 6 4 0 2 

1 1 2 1 1 0 0 6 1 0 27 3 5 2 

1 2 1 1 2 0 0 6 1 1 5 1 3 2 3 4 4 
1 3 I S 1 I S 1 1 3 3 1 5 1 5 8 5 6 6 
U 1 6 4 0 0 i 1 I S 3 3 7 4 0 
I S 17 5 0 0 6 0 0 2 3 3 1 5 

1 6 1 0 2 0 0 6 0 1 5 4 3 1 3 2 6 
17 1 6 3 0 0 1 0 3 1 5 3 4 1 4 3 9 

18 1 6 4 0 0 7 2 5 0 8 8 9 9 9 

19 8 2 0 0 7 1 0 15 2 2 3 

2 0 6 8 5 0 0 6 0 1 5 2 8 9 9 5 7 

2 1 1 6 0 0 6 4 I S 2 3 7 4 0 6 

2 2 7 1 I S 1 13 2 0 3 5 4 6 4 

2 3 9 3 0 0 6 0 1 6 I 3 1 3 1 4 

2 4 2 1 1 5 1 13 2 1 6 2 6 5 6 1 5 

2 9 17 1 0 0 3 6 3 1 6 1 6 9 6 9 5 

2 6 17 2 0 0 6 1 0 2 3 2 9 3 

2 7 9 I S 0 13 0 17 4 5 4 SO 4 

2 8 2 0 3 1 5 1 13 0 1 6 1 6 4 5 9 5 

2 9 17 4 0 0 6 1 1 6 I 3 9 3 9 6 
3 0 . 4 4 2 0 0 6 0 1 6 I 6 6 6 6 3 

3 1 17 0 0 6 0 1 6 7 3 9 4 0 7 

3 2 17 1 1 5 I 1 8 1 16 5 6 6 5 7 
3 3 17 I 1 5 2 1 4 2 1 6 3 6 2 5 8 
3 4 17 0 0 6 1 1 6 3 3 9 3 9 4 

3 S 2 4 3 1 5 0 1 3 0 16 3 6 8 6 4 6 
3 6 2 4 1 0 0 6 0 16 2 4 6 4 6 3 

3 7 17 1 0 0 1 1 1 1 6 2 4 4 4 3 4 

3 8 17 I 0 0 6 0 1 6 4 3 9 3 9 5 

3 9 17 2 1 5 I 1 3 2 1 6 2 6 1 5 7 7 

4 0 17 0 0 6 2 1 6 2 3 9 4 0 4 

4 1 17 1 0 0 6 0 1 6 3 9 4 0 3 

4 2 I S 5 1 5 1 1 3 2 1 6 5 6 2 5 8 1 3 
4 3 17 2 0 0 6 0 1 6 I 3 9 3 9 3 

4 4 17 0 0 0 6 0 1 6 I 3 9 3 9 1 

4 5 17 0 0 0 6 5 1 6 3 3 9 3 9 
4 6 17 0 0 0 6 1 1 6 4 3 9 3 9 5 

4 7 17 2 1 6 1 1 3 2 1 6 2 6 2 5 7 7 

4 8 1 8 2 0 0 6 1 0 2 4 3 0 3 

4 9 1 4 2 0 0 6 0 1 6 3 3 6 3 7 5 

5 0 17 1 I S 1 12 1 1 6 I 6 0 5 6 4 

5 1 17 3 0 0 7 5 4 0 9 2 9 7 7 

5 2 1 5 4 0 0 7 0 1 6 1 3 8 3 7 5 

5 3 2 2 2 0 0 8 1 1 6 2 4 6 4 6 s 

5 4 1 8 1 0 0 1 1 3 1 6 2 4 5 4 4 6 
5 5 17 2 1 5 0 1 3 0 1 6 1 6 1 5 6 3 

5 6 2 2 2 1 5 0 2 2 I 1 6 I 7 5 7 0 5 

5 7 5 1 0 0 0 6 0 1 6 I 7 3 7 3 1 
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unusual condition temporarily interrupting the normal flow of traffic would have created 
excessive demands on all approaches. Because this system lacked the flexibility to 
vary cycle lengths, the congestion would have remained until the traffic demand di-
mmished. 

Off-Peak Operation 
A study of off-peak operation was also conducted to evaluate the efficiency of the 

actuated equipment during periods of low traffic demand. This study was conducted 
from 12:15 to 1:00 a. m. on a Thursday. The signal control equipment was the same 
as that used during the Berry HI study. 

Data on approach volumes, cycle lengths, and phase lengths were recorded during 
the off-peak study (Table 5). Analysis of these data plus observations made during the 
study indicated that satisfactory operation could be obtained during off-peak hours. 

The cycle lengths recorded during this study are not indicative of the actual opera­
tion. Because there were some cycle lengths that ranged from 50 to 97 sec, it is 
possible that mefficient operation occurred. However, the long cycles resulted from 
the equipment "dwelling" on a particular phase in the absence of traffic demand from 
any other approach. This did not result in inefficiency, however, because traffic on 
any approach was accommodated as soon as the demand was indicated. 

The short cycle lengths that were recorded show the efficiency obtained. The cycle 
length data Indicated that 25 out of 57 cycles had a length of 40 sec or less with a mini­
mum cycle length of 22 sec. Therefore, when enough traffic was present to cause the 
equipment to cycle, minimum cycle lengths were observed. 

/oiother advantage observed was the ability of the equipment to omit or "skip" phases 
that had no traffic demand. The data indicated that the frontage road phases were 
skipped 47 out of 114 times during the off-peak study. 

This study revealed one possible problem that may be encountered during low-volume 
operation, ff a vehicle desiring to make a U-turn arrives on a frontage road approach 
at a time when no other traffic is present at the interchange, there is a possibility that 
this vehicle wi l l not clear through the entire interchange. This vehicle wi l l be "trapped" 
on the mterior approach while the signal remains on the following major street phase. 

The off-peak studies at the Berry Street interchange indicated no "trapping" of U-turn 
vehicles, and it is felt that the problem of "trapping" U-turning vehicles is not as serious 
as it may appear. An actuation of a detector on any other approach wil l cause the signal 
to advance and release the U-turning vehicle. This problem may also be eliminated by 
the provision of a U-turn lane. 

EVALUATION OF CONTROL EQUIPMENT 

Study Results 
The operational studies conducted at the Berry Street interchange provided useful 

data for evaluation of traffic control equipment and phasing arrangements for diamond 
interchange signalization. A summary of the data recorded durmg each of the studies 
is given in Tables 1 through 5. 

The individual cycle lengths recorded durmg each study proved to be a good indication 
of the relative efficiency of each system. A plot of this cycle length data (Fig. 15) 
shows the fluctuations e:q>erienced during the four separate studies. The improved 
efficiency obtained during the Berry I I I study can be seen by comparing the cycle lengths 
experienced during this study with those recorded during the Berry I and Berry EE stud­
ies. The Berry m study had a maximum cycle length of 107 sec and an average cycle 
length of 77 sec. This indicates a significant reduction in mdividual vehicular delay 
when compared with the Berry I and n studies. The Berry n study also showed an 
improvement over conditions existing in the Berry I study. The significance of the 
cycle length reduction is emphasized by the increase m efficiency and reduction in con­
gestion observed to accompany the cycle length reduction. 

Another comparison of the relative efficiency of each of the systems was made from 
the data presented in Table 6 which shows the total volume of vehicles moved through 
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the interchange during the period 4:00 to 5:20 p. m. This volume actually represents 
the traffic demand for this period, as i t is essentially the same for all of the studies. 
Comparison of the total interchange volume with the average cycle length for each of 
the studies indicates the significant improvement in efficiency and reduction in delay 
obtained with the four-phase overlap system. 

TABLE 6 
INTERCHANGE DATA, 4 TO 5:20 PM 

Study 
Average Cycle Interchange 

Study System Length Volume 
(sec.) (no.) 

I 3-phase 118 3,856 
n 4-phase 105 3,930 

m 4-phase/overlap 77 3, 825 
IV Fixed time 80 3,778 
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Figure 15- Cycle length comparisons. 
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A comparison of the Berry m cycle length plot with the 80-sec fixed-time cycle 
(Fig. 15) shows the inefficiency of a fixed cycle length during a peak period. The traffic-
actuated equipment constantly adjusted to the varying traffic demand with a resultant 
variation in cycle length above and below the 80-sec fixed-time value. 

A further indication of efficiency was given by a plot of the cycle lengths vs the 
number of vehicles moved on all approaches (Fig. 16). This plot was made more 
realistic by e:q)anding the number of vehicles moved per cycle to the number of ve­
hicles that could be moved in an hour for a given cycle length (Figure 17). It should 
be realized that this figure represents a hypothetical condition and shows the volume 
of vehicles that could be moved with each system provided there were vehicles on the 
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approaches at al l times during the hour. However, a relative measure of operation can 
be obtained from these curves. For example, suppose 3,000 vehicles per hr were to be 
moved through a diamond interchange. Referring to Figure 17, the following average 
cycle lengths would be required: 

1. Berry III sequence, 85 sec; 
2. Berry U sequence, 115 sec; 
3. Berry I sequence, 134 sec. 
This shows the ability of the Berry m sequence (as compared with the Berry I and 

Berry n sequence) to move the same traffic volume with a reduced cycle length and 
therefore a significant reduction in vehicular delay. 

Visual observations during the studies gave the best indication of the efficiency of 
each of the signal systems. The congestion that occurred during the Berry I study 
(previously shown) was far from desirable. The peak traffic caused a breakdown of 
normal traffic operation on the facility and created long queues of vehicles on al l 
approaches. 

The Berry n study reflected a much more efficient operation. The vehicular move­
ments were handled with only minor congestion during the peak hours. An actual 
emergency, which occurred during this study, disrupted the flow of traffic for a period 
of ^proximately 5 min and created large backlogs of traffic on al l approaches. The 
system demonstrated its flexibility by clearing the backlog of traffic and returning to 
normal operation within a few cycles after the traffic disturbance was removed. 

Observation of traffic movements during the Berry ni study indicated operations 
very similar to Berry n. The shorter cycle lengths permitted more frequent green 
periods for each of the approaches and therefore eliminated the accumulation of long 
queues of vehicles. This type of operation moved the vehicles so efficiently that the 
peak period was not apparent to observers. This system also demonstrated the ability 
to adjust to unusual conditions with a minimum amoimt of congestion and delay. 

Conclusions 
The Berry Street studies completed a series of operational studies at diamond inter­

changes that utilized both fixed-time (Cullen and Wayside interchanges, Houston, Tex.) 
and traffic-actuated equipment (Berry Street interchange. Fort Worth, Tex.) It can be 
concluded from these studies that traffic-actuated, volume-density control equipment 
is the most desirable for use at signalized diamond interchanges. This conclusion is 
based on the following: 

1. The traffic studies indicated that traffic demand at diamond interchanges fluctu­
ates widely with respect to both individual approaches and total mterchange volume. 
This is true of peak as well as off-peak flow. It was also observed that stalled vehicles, 
minor accidents, or other similar disrtq)tions to normal traffic flow were a common 
occurrence during peak periods of traffic flow. These disruptions created a temporary 
need for increased cycle lengths in order to clear accumulated vehicles. Therefore, 
there was a demonstrated need for a flexible control system at diamond interchanges. 
If maximum operational efficiency is to be obtained, the cycle and phase lengths of the 
control system must be responsive to traffic demand. 

2. Li the past, some engineers have considered fixed-time control systems to be 
necessary at diamond interchanges in order to provide progressive movement for the 
through traffic on the major artery. Analyses of traffic movements at diamond inter­
changes showed that the major street through-movement represented only 20 to 30 
percent of the total traffic moving through the interchange. 

In view of the small percentage of through movement on the major street (as com­
pared to total interchange volume), the provision of maximum operational efficiency for 
all movements through the mterchange should receive primary consideration. There­
fore, fixed-time systems are not warranted on the basis of providing progressive move­
ment for major street through-traffic. 

3. The Berry Street interchange studies demonstrated that actuated equipment could 
be adapted to provide the special sequences and overlaps required for handling diamond 
interchange traffic. 
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Control Equipment 
Two basic traffic control systems are recommended for conventional-type diamond 

interchange signalization. System I (Fig. 18) uses a two-phase volume-density con­
troller in conjunction with two minor movement controllers. Traffic on the major 
street (A and B phases) is controlled by the volume-density controller, and traffic on 
each frontage road (A' and B' phases overlap) is controlled by a mmor movement con­
troller. In addition, special timing units are used to provide for the overlap phases. 

System n (Fig. 18) uses a three-phase volume density controller in conjunction 
with one minor movement controller. Traffic on the major street is controlled by the 
A and B phases of the volume-density controller. One of the frontage road movements 
is controlled by the C phase of the volume-density controller, and the other frontage 
road movement is controlled by a minor movement controller. 

The detectors for each of these systems are located as shown in Figure 18. The 
major street detectors are placed a minimum of 250 f t back from the stop hues. This 
distance is required to obtain the advantages of the volume-density features. Detectors 
on the the frontage roads are located 60 f t from the stop line. This allows slow moving 
vehicles to travel from the detectors to the intersection during the overlap time at the 
end of a frontage road phase and permits clearing of the frontage road approaches. This 
detector spacing also facilitates introduction of a U-turn lane. 
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Figure 1 8 . Basic control equipment. 



62 

System n has advantages over System I in that one of the frontage road movements 
can be controlled with the volume-density controller. However, either of the two 
systems recommended wi l l provide a highly efficient control system for a conventional-
type diamond interchange. 

DESIGN ASPECTS OF DIAMOND INTERCHANGES 
Design Volume 

In developing the studies on diamond interchanges, it was recognized that actual 
traffic demand must be measured in order to determine accurately the amoimt of traffic 
that should be accommodated at a signalized intersection. This can be done by count­
ing traffic in advance of the traffic queues on each approach as shown in Figure 19. 
As the traffic queues lengthen, the counting line is moved so that vehicles are counted 
when they are st i l l moving at approximately 10 to 15 mph. Such counts provide an 
accurate measure of traffic demand at intersections. 

Early m the interchange studies it became evident that demand volumes fluctuate 
greatly during periods of peak flow. To obtain a good measure of this fluctuation, 
demand volumes were recorded by 5-min periods and by each signal cycle. 

Figure 20 shows typical variation of traffic demand on an approach to a diamond 
mterchange during a peak period. This fluctuation should be considered m all designs. 

^ ^ ^ ^ 

POSITION OF COUNTING 

UNE DEPENDS ON 

LENGTH OF QUEUE 

Figure 1 9 . Procedure for determining t r a f f i c demand. 



63 

00 

o 80 
z 
< 
s UJ 
o 

60 
tiJ 
V- 40 
z> 

40 
z 
s 1 20 
m 

A P P R O A C H ON W E S T 
F R O N T A G E ROAD 

n r 1 r 
0 

4.00 

-I I—I I M I I L. 
6 e K) 12 14 

5 - MINUTE INTERVALS 

0 
4.00 

4 6 8 10 12 

5-MINUTE INTERVALS 

APPROACH FROM E A S T 
ON B E R R Y S T R E E T 

- J l J ^ 

rfrin r 
— I — I I t I I I I -

16 
S.30 

00 

ND
 

eo 
< 
S lu 
o 60 
tu in 40 
z 
s 1 20 in 20 

0 
».oo 

APPROACH FROM W E S T 
ON B E R R Y S T R E E T 

_J M l ) U 

6 B 10 12 14 

S - MINUTE INTERVALS 

j T ) r 
IB 

9'30 

s 
O 6 0 

= 40 

Z 
S 

J I M J L_ 

APPROACH ON E A S T RAMP 
AT B E R R Y S T R E E T 

0 
4.00 

6 B 10 12 I 

5 - MINUTE INTERVALS 

Figure 2 0 . Demand fluctuations. Berry Street interchange. Fort Worth, Tex. 

The total hourly volume is not sufficient for design because this volume is greatly 
exceeded during the peak 30 min of flow. Thus it becomes necessary to design on a 
period of less than an hour, or to adjust the hourly volume to take the peak hour fluctu­
ations into account. 

This peak hour adjustment was considered significant enough to warrant special study. 
A study of peak-hour traffic flow at signalized intersections was conducted and analyzed 
by Drew (2). 

It was found that the average signalized intersection on a major artery in an urban 
area wi l l experience a peak approximately 30 min in length and that 55 to 60 percent of 
the total hourly demand wi l l occur during this peak 30-min period. On the basis of these 
studies, it was decided to mcrease all hourly volumes by a factor of 1.15 to obtain a 
proper design figure. This procedure is followed in al l design examples presented in 
this report. Drew (2) should be consulted for a more detailed discussion of peak-hour 
demand fluctuation. 

Lane Assignment 
In working with the capacity design procedure presented in the authors' report U), 

it is necessary to develop a lane assignment for the traffic volumes from each approach. 
Therefore, it is important that the design traffic data provide volume and turning move­
ment information from which critical lane volumes can be determined. Studies of lane 
distribution at intersection approaches indicated that, in general, traffic distributes 
equally over the approach lanes. High-volume turning movements may require special 
consideration and the critical lane volume should be increased slightly to allow a factor 
of safety. The determination of the critical lane volumes requires a thorough study of 
the traffic movements on each of the approaches. No definite procedure can be established 
for this determination inasmuch as it is greatly dependent on engineermg judgment. 

After a critical lane volume is determmed for an approach (based on some assumed 
design), this volume can be used for design because the adjacent lanes with smaller 
volumes wi l l move during the same time. 
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Right Turn Lanes 
The purpose of the diamond interchange is to move traffic between a major street 

and a freeway system. This interchange movement develops an inherently heavy right 
turn at each of the four approaches (Fig. 21). Consequently, it is important to give 
major consideration to these movements in the design of the interchange. 

The operation of free right turn lanes at high-volume diamond interchanges has not 
been good and indicates that the right turn movement should be controlled by signals. 
Poor operation has also developed on interchanges that have inadequate turn radii for 
the right turn movements. Therefore, i t was concluded that the right turn movement 
should be given special attention by a design such as that shown in Figure 22. With this 
design, the right turn movement is controlled by the signal but is greatly facilitated by 
the improved geometries. In cases where the right turn volume is extremely heavy, 
provision should be made for turning two lanes simultaneously. 

FROM MAJOR FROM F R E E W A Y 
TO MAJOR 
A R T E R I A L 

CttWAT • A R T E R I A L TO 
F R E E W A Y 

• / FROM 
I TO II 
I A R T E R I A L 

FROM MAJOR 
A R T E R I A L TO 
F R E E W A Y 

Figure 2 1 . Interchange movements. 
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Figure 2 2 . Desirable geometries for right turn movements at diamond Interchange. 

Number of Lanes on Interior Approaches 
Results of operational studies on diamond interchanges indicated that the number of 

lanes to be provided on the interior approaches is governed by the major street approaches. 
The same number of lanes should be provided on the interior approaches as wi l l ultimately 
be required for the major street approaches. 

Previously, there has been special consideration given to providing an additional lane 
on each of the interior approaches to obtain a separate left turn lane. This separate 
left turn lane is required if any phasing arrangement other than that shown in Figure 4 
is used. This method of operation wi l l not be satisfactory, however, if heavy left turn 
movements are e:q)erienced. The storage room that can be provided wi l l not accommo­
date more than 7 vehicles per lane. 

With the four-phase operation, left turns from the interior approaches are not critical. 
This is true because only U-turning vehicles arriving during the last 8 to 10 seconds of 
a frontage road phase are required to store on the interior approaches. Therefore, very 
satisfactory operation can be obtained if the same number of lanes are provided on the 
interior approaches as on the major street approaches. 
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U-Turn Lanes 
A desirable feature that can be incorporated into the design of diamond interchanges 

is a U-turn lane. This lane provides for the free movement of traffic from one frontagej 
road to another. This extra lane normally requires additional structure and thus addi­
tional expense. There is a question as to the justification of this additional cost. 

The U-turn movement from a frontage road is the most difficult to handle of al l 
interchange movements. This movement involves two left turns through the intersection] 
area, and large volumes of U-turning traffic can cause a complete breakdown of traffic 
operation. 

The warrant for a U-turn lane depends on the demand for the U-turn movement. 
However, a good estimate of future U-turning traffic is very difficult to predict during 
the design stage. The U-turn movement is created by traffic generators located ad-
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Figure 2 3 . Generation of U-tum movements. 
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jacent to the frontage roads; and the location, installation date, and impact of such 
generators are almost impossible to predict accurately. 

An excellent example of how a heavy U-turn movement can develop is shown in 
Figure 22. A large shopping center is being constructed adjacent to the frontage road 
on IH 35W in Fort Worth, Tex. This shopping center is expected to create a very heavy 
traffic movement of the type shown in this figure. This wi l l generate a heavy U-turn 
movement at the Seminary Drive interchange and wi l l require a modification of this 
mterchange. An analysis of the expected volumes and their effect on the interchange 
is presented in the example section of this report. 

Thus, in urban areas where extensive future land development is likely to occur along 
the frontage roads, the provision of U-turn lanes is a relatively mexpensive measure 
that wi l l insure against the interchange becoming inadequate for the developing U-turn 
movements which cannot be predicted. 

Figure 2k. Desirable geometries for conventional-type diamond interchange. 

Desirable Design 
Figure 24 presents a desirable design incorporating the previously discussed design 

factors. This design, when incorporated with the recommended traffic control equip­
ment, wi l l produce a highly efficient interchange. The number of lanes required on each 
of the approaches is a function of the design volumes and should be obtained by a capacity 
analysis. The geometric features (such as turn radii and island location) are applicable 
to a design for any number of lanes. 

EXAMPLES OF DIAMOND INTERCHANGE 
Regardless of the efficiency of the signal system used at diamond interchanges, satis­

factory operations cannot be obtained when traffic demand exceeds the capacity of the 
interchange. Thus, m addition to the recommended signal controls, adequate interchange 
capacity must be provided by the initial design. 
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Many existing diamond interchanges are presently experiencing congestion with a 
resultant inefficiency in operation. Possible improvement could be obtained at these 
interchanges by a critical capacity evaluation of their present operation. Modifications 
of the design and/or signalization may be necessary to accommodate present or future 
traffic demands. 

A capacity-design procedure for designing and evaluating diamond interchanges was 
developed and reported during the f i rs t phase of the diamond interchange studies. This 
report (J.) is available for detailed information on diamond interchange capacity. 
Three examples of a capacity-design analysis for diamond interchanges are presented 
in this report to emphasize and explain the design procedure further. 
Design of Future Interchanges 

For a design example of a future interchange, the intersection of the West Loop 
Freeway and Richmond Road in Houston, Tex., was considered. Future ADT volume 
assignments for this intersection were obtained from the Houston Urban Study and are 
shown in Figure 25. Assuming a K-factor (percent ADT) of 10 percent and a D-factor 
(directional distribution) of 60 percent, the interchange volumes shown in Figure 25 
were developed. 

25.664 • RICHMOND ROAD 

ESTIMATED ADT (1980) 

RICHMOND ROAD 

Figure 2$. Estimated hourly volumes ( l , 9 8 0 ) , a. m. peak. 
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Figure 26. Sample calculations for diamond interchange. West Loop Freeway and Richmond 
Road, Houston, Tex. 
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Fxgure 2 7 . Estimated hourly volumes ( 1 , 9 8 0 ) , p. m. peak. 
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Figure 26 shows the steps necessary to evaluate and design a conventional-type 
diamond interchange for use at this intersection. The calculations indicated that a 
conventional-type diamond interchange would be adequate for this location if the re­
quired number of approach lanes and adequate signahzation were provided. 

It is apparent that some interchange volumes when subjected to this type of analysis 
would yield unreasonable designs. Such results would indicate a higher type of direc-

I TRAFriC MOVEMENTS SHOWN 

! L J 
( 1 

III J L.. 

1 r 111 
SUMMATION OF CRITICAL LANE VOLUMES 

775tl40 + 52S»eiO 2250 
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COMPARE TO CRITICAL VOLUME 2588 > 1650 
THERErORE THE ASSUMED DESIGN IS INADEQUATE 

111 
J T l J 

" i j j -810 ' 
SUMMATION OF CRITICAL LANE VOLUMES 
•824*140*440*910 2014 
ADJUSTMENT FOR PEAK PERIOD 2014 > 115 2316 >l650 
THEREFORE THE REVISED OESON IS WAOEQOATE 
A HIGHER-TYPE DIRECTIONAL INTERCHANGE IS REQUIRED 

Figure 28, Sample calculations for diamond interchange. Gulf Freeway and Cullen Boule­
vard, Houston, Tex. 
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Figure 29. Estimated peak-hour volume (1,97$), a. m. peak. Seminary Drive, Interstate 
3$W, Fort Worth, Tex. 
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tional interchange is warranted. An example of such a volume condition is shown in 
Figure 27. The analysis of these data (Fig. 28) shows that a conventional-type diamond 
interchange would be inadequate. 

Evaluation of Existing Interchanges 
The evaluation of an existing interchange is illustrated by the Seminary Drive inter­

change on Interstate 35W in Fort Worth, Tex. This interchange will be greatly affected 
by the future construction of a shopping center near the interchange, as shown in Fig. 23. 

The Seminary Drive interchange is presently accommodating existing traffic volumes 
with little or no congestion. However, the shopping center is expected to create large 
U-turn movements at this interchange in the future. This is shown by the predicted 
volumes in Figure 29. Because there are no U-turn lanes provided at this interchange, 
the large U-turn movements will create congestion. 

A capacity analysis for this interchange is shown in Figure 30. The modifications 
(indicated by this analysis) should provide the required capacity to accommodate the 
future traffic demand. 

STEP I - CONSIDER EXISTING DESIGN • DETEWMINE CRITICAL LANE VOLUMES . 
FROM FUTURE PEAK HOUR DATA AS ! 
SHOWi IN FIGURE 26 

ASSUME DESIGN A WHICH 
INCREASES THE NUMBER OF 
FRONTAGE ROAD LANES 

SUMMATION OF CRITICAL LANE VOLUMES 
> SIO + 360 + 430 + 3B0 - 1680 
ADJUSTMENT FOR PEAK PERK)D 

1660 X I IS • 1932 > 1630 
THEREFORE. THIS DESIGN IS INADEQUATE 

I 1 t r 
360 SUMMATION OF CRITICAL LANE VOLUMES 

• 3B0 + 360 360 360 • 1480 
ADJUSTMENT FOR PEAK PERIOD 

1460 X I 19 > 1702 > I6S0, 
THEREFORE, DEStON A IS ALSO INADEQUATE [ D E S I G N B I 

SUMMATION OF CRITICAL LANE VOLUMES 
260 + 360 + 330 + 380 - 1330 

ADJUSTMENT FOR PEAK PERIOD 
1330 K 115 - 1530 

1530 < 1650 
THEREFORE DESIGN B IS ADEQUATE 

Figure 30. Seminary Drive xnterchange. Interstate 3$W, Fort Worth, Tex. 

SUMMARY 
As a result of research work conducted by the Texas Transportation Institute on con­

ventional-type diamond interchanges, it is concluded that this type of interchange has 
many efficient applications on freeway systems in urban areas. With adequate design 
and proper signalization, the diamond interchange is capable of providing a high degree 
of efficiency in the interchanging of major arterial and freeway traffic. 
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Some Fundamental Relationships of 
Traffic Flow on a Freeway 
DONALD P. RYAN, and S. M. BREUNING, Michigan State University 

•FUNDAMENTAL CHARACTERISTICS of traffic flow-especiaUy the relationships 
among speed, volume, and density — have been given mcreasing attention in recent years. 
One reason for the current interest in these characteristics is the hope that by studying 
their effects on the capacity of a highway, a way may be found to alleviate or elimmate 
congestion on highways, especially under maximum volume conditions. 

The fundamental characteristics are dependent on the geometric design of a roadway 
and on the traffic flow. This dependence has been expressed m the form of a "Four Fric­
tion Concept" (7,1^), m which three frictions (mtersectional, medial, and marginal) can 
be minimized through geometric design, while the fourth (internal-friction) is dependent 
on the traffic flow. Kit can be assumed that the geometric design of a modern express­
way controls intersectional, medial, and margmal frictions, the study of the traffic flow 
characteristics on such a freeway wi l l pomt up the effects of mternal friction only. 

PURPOSE 
It was the purpose of this work to study the relationships among speed, volume, and 

density on an expressway to obtain known or new characteristics of traffic flow at high 
volumes. The reason for such research is the need for specific indications of impending 
traffic congestion which can then be used in control processes mtended to maintain max­
imum traffic flow. 

Because traffic flow in the area of maximum volume changes from stable to unstable, 
and because the characteristics of this change are not well known, the primary empha­
sis of this work had to be extended to defming this area of change and to separating 
data into the ranges of critical and noncritical flow. 

CRITICAL VS NONCRITICAL FLOW 
It has been known for a long time that traffic flow is unstable in the region beyond 

maximum volume. Any volume mcrease beyond a certam value causes complete con­
gestion. The precise characteristics of the point where unstable flow begins are not 
known, although this topic has been the subject of considerable research. One might 
compare the situation m traffic flow with the transition between lammar and turbulent 
flow m hydraulics, although in the case of fluid flow the transition point does not repre­
sent the pomt of maximum flow capacity. Another possible comparison is that with the 
yield point of steel. But the maximum strength of steel, unlike traffic flow capacity, 
is mamtamed over a wide range of strain before complete failure of the material occurs. 
In traffic flow, failure occurs suddenly and no defmite warning has as yet been found. 

Critical Flow 
The unstable region of traffic flow is referred to here as "critical flow. " Character­

istics of this type of flow are the appearance of congestion, the drastic reduction in 
traffic volume and speed, and the unpredictability of data variations, exemplified by the 
scatter of measurements obtained m this type of flow. The motorist traveling in this 
flow is much more restricted by the action of vehicles around him than by his own de­
sires. This can be concluded from the greater fluctuations in data in short successive 
time intervals. It is also easily verified quabtatively by each driver when caught in 
such flow. Specific quantitative comparisons wil l be given m later sections. 

7 3 
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The study of critical flow is not of primary interest, except in determining how to 
avoid it. Once critical flow has been established, noncritical flow can only return 
when the traffic volume input is reduced sufficiently so that the speed can increase to 
free flow speed and stable flow. 

An important fact about critical flow is that its effect spreads so rapidly and becomes 
so dominant. If only one point on a long, heavily traveled facility converts to critical 
flow, the lower capacity at this point will quickly create an overload that will spread 
backward fast and far. The point of conversion from noncritical to critical flow travels 
opposite to the direction of vehicular travel quickly, and may even spread into heavily 
loaded feeder or cross-routes. Thus critical flow can be quite "contagious. " 

On the other hand, the conversion from critical to noncritical flow requires that all 
points along the facility can and do convert. If only one location retains critical flow, 
no points behind this one can change to noncritical flow. 

Noncritical Flow 
Noncritical traffic flow is flow in the stable region. This flow is the primary subject 

of this discussion because it represents the desirable traffic flow characteristics from 
the point of capacity and economy. 

R Y A N 
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Figure 2. A comparison of speed-density relations. 

Linearity of relations of the fundamental characteristics has been suggested in various 
and previous studies, but not necessarily for al l relations. Greenshields' early study 
in 1934 (6) proposed a linear relation for the speed-volume relation, but slight, negligi­
ble, curvature for the speed-density relation. Linearity of volume-density relation is 
not generally suggested, but May and Wagner (15) present graphs in which good linearity 
seems to exist in the range of noncritical flow, although curvilinear regressions are 
proposed for the entire flow range. 

Linearity of the basic relations need not extend to very low volumes, because the 
flow m that area is of no significance in the study of maximum flow. Furthermore, the 
few observations possible would not be statistically significant. 

Linearity of the relations in the region of noncritical flow was assumed in this study. 
Regression equations were computed for the data and were tested for linearity by the 
F-linearity test. K linearity was rejected, as it was m all but one case for the entire 
peak period, a cutoff was chosen and the reduced sample again tested for linearity. In 
this way the limit of bnearity of relationships was determined and found to agree closely 
with the selected boundary between noncritical and critical flow. 

Another characteristic of noncritical flow is the relatively small change in measure­
ments of the fundamental characteristics from one observation period to the next. In 
critical flow these changes are considerably larger. It appears that these average 
changes might be a measure of internal friction and be very helpful in defining the bound­
ary between noncritical and critical flow. 

The significance of change of average measurements is not evident, although a com­
parison to the effects of turbulence in fluid flow would seem reasonable. More study of 
this subject is indicated. 

METHOD OF STUDY 
Description of Test Area 

The study site was located on the three in-bound lanes of the Edsel Ford Expressway 
at the Lonyo Street overcrossmg m Detroit. The expressway is a six-lane, divided, 
grade-separated, and depressed freeway, located m an urban area approximately 2 mi 
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west of the CBD. It is about 15 mi long and is an integral part of Interstate 94 — Detroit 
to Chicago. 

There are two on-ramps in the vicinity of the study area. One is on the west side 
of the bridge about mi away. The other ramp is on the east side of the bridge some 
600 f t away. In general, this section of freeway is typical of modern freeway design. 

Instrumentation 
The data-gathering equipment consisted of electronic radar vehicle and speed detec­

tors, some moimted over and some alongside the roadway. The detection equipment 
was not discernible to the passing motorist. 

Lo^yo Sr. 
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Figure 3. Map of Detroit area showing stiidy site location. 
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Figure h. Instrumentation of test s i te . 

Each vehicle that passed the field study point was detected by model RD-IA Electro-
Matic overhead radar vehicle detectors and by modified models of the S-2A Electro-
Matic radar speed meter. These units were connected remotely by telephone lines to an 
Esterline-Angus 20-pen recorder, a 1-min model of the RG Streeter-Amet printing 
counter, and to Ester line-Angus graphical speed and volume-density recorders. 

The 20-pen recorder was used to plot volumes and time headways of vehicles by lane. 
The digital recorder was used as a check on the 20-pen volume record of the various 
lanes. The graphical speed recorders kept a plot of speeds of all vehicles according 
to time of occurrence, allowing for correlation of speed and volume data. The volume-
density recorders produced a plot of the daily fluctuations in traffic. These could be 
compared for different days to see if daily characteristics were similar. A l l equipment 
was kept under constant surveillance and was checked periodically to make sure that al l 
units were functioning properly. 

Data Collected 
Data for this study were taken during periods of peak traffic flow in order to have 

volumes sufficiently large to cause a decrease in speed and an increase in density so 
that a back-up of traffic would occur. Because the test siste was on the in-bound traffic 
lanes, data were collected in the morning from 6:45 a. m. to 8:00 a. m. This time 
period included peak flow and the time immediately preceding and following the peak. 

A l l the data for this study were gathered in 1-min intervals. In the past, samples 
of 5-min or more intervals have generally been used and it is believed that much 
valuable information has therefore been leveled out and lost through averaging of data 
extremes over a 5-min or longer interval. 

The majority of vehicles on this road were assumed to be driven by people working 
in or around Detroit, who were familiar with the highway, the peak flow conditions, and 
with the posted speed limits of 55-mph maximum and 40-mph minimum when conditions 
permit. 

METHOD OF ANALYSIS 
The analysis in this study was made on the basis of finding linear relationships in the 

data in the region of noncritical flow and of determining the dividing line between critical 
and noncritical flow. The main steps in the analysis consist of calculating several sta­
tistics, making chronological plots, and correlating the results Into a set of logical de­
ductions. 
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To facilitate the calculation of statistics a correlation table was used which shows 
numerically as well as graphically the two-way distributions of speed-volume, speed-
density, or volume-density. The values in the table were used in the more refined 
statistical calculations. Of these calculations, the F-linearity test was used to deter­
mine whether acceptable linearity existed in a region, and in then defming noncritical 
flow as that region m which acceptable linearity existed. 

Al l relationships determined were hypothesized to be linear and were tested for 
linearity by the F-linearity test. Calculations of the F-value had to be less than the 95 
percent level values to be accepted; if larger than the 95 percent level, they were re­
jected. A rejection, however, is just as useful, for it helps to explain the relation as 
much as acceptable F-values. H the F-linearity test is rejected, a new region of non-
critical flow is defined and a recalculation made. The defining of a new region is es­
sentially the selecting of a new cutoff line between critical and noncritical flow. This 
process is repeated until an acceptable F-test is made. 

Another statistic determined was the correlation coefficient. This statistic is used 
to determine whether the regression coefficient is significantly non-zero. The null 
hypothesis is made and tested, that is, it is believed that the regression coefficient is 
zero. Values of r larger than the 95 percent level values reject the hypothesis. In 
general, the closer the value of r to 1 the greater the significance of non-zero and of 
correlation of Y and X. 

The standard error of estimate (Sy/x) was used to determine the relative scatter of 
the observed points about the regression line m the ordinate Y direction. A large stand­
ard error of estimate means that data are more widely scattered, whereas a small Sy/^ 
indicates the data to be relatively close to the regression Une. Relating this to traffic 
flow then, a small Sy/x would be more desirable as i t would indicate relatively smooth-
flowing traffic. A large Sy/^ would therefore indicate a wide scattermg of data, which 
would likely be the result of congestion or interrupted flow. If the standard error of 
estimate is squared, the resulting value is the variance of Y left une:?)lained by the re­
gression of Y on X. 

To help visualize and support the statistical analysis a chronological plot of data was 
made. This is a successive plot of data chronologically from the beginning of the study 
period to the end. A plot is made of X, Y points and these points are connective succes­
sively with an arrow indicating the progression of time. Cutoff Unes are also shown 
which help point out the differences between data in the range of critical and noncritical 
flow. 

Analysis of Speed-Volume Relationship 
In the speed-volume analysis the cutoff Line was determined at approximately 40 mph, 

dividing flow into critical flow below and noncritical flow above the line. Figure 5 shows 
from the chronological plot of lane-1 data, that the character of data differs considerably 
for critical and noncritical flow. This difference is further demonstrated by comparing 
the range of speeds and the change of average speed between 1-min intervals as shown 
in Figure 6. Noncritical flow has a speed range of 6 mph, an average speed increase 
of 1.94 mph, and an average speed decrease of 1.77 mph. Critical flow has a speed 
range of 31 mph, an average speed increase of 3. 56 mph, and an average speed decrease 
of 4.43 mph. These differences in flows reflect the increase in internal friction in 
critical flow. 

When the fluctuations in speed are less pronoimced, as shown in Figure 7, the ap­
parent effect of congestion is not present and the flow soon returns into the region of 
noncritical flow. 

Each of the lane regressions (see Table 1) were tested for linearity of relationship. 
The results indicated that at the 95 percent level there was no basis for rejecting the hy­
pothesis that the speed-volume relationship was linear. The results further indicate 
that there is some justification for saying that speed and volume are linearly related in 
the area of noncritical flow but not in the area of critical flow. A calculation of the re­
gression slope limits indicate generally that the slopes of al l lanes lie within these 
limits, with the exception of lane 2, on Friday, which had a positive slope. 
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Figure 5, Chronological plot of data fo r lane 1, February 13, 1958. 
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Figure 6. Change of minute average speed vs lower minute speed. 
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TABLE 1 
REGRESSION EQUATIONS FOR FUNDAMENTAL RELATIONS 

Lane e Speed Volume Speed Density Volume Density 

Thur. S = -0.179V+ 47.6 S = -0.142D + 48.1 V = 0. 612D + 3.7 
Fr i . S = -0.166V+ 52,7 S = -0.15 D + 53. 6 V = 0. 695D + 3,1 
Thur. S = -0.231V+ 54.6 S = -0.271D + 57.2 V = -0, 584D + 7, 6 
Fr i . S = O.OlOV + 41.1 S = -0.310D + 57,8 V = 0. 574D + 7.1 
Thur. S = -0.273V + 48.6 S = -0.323D + 54.2 V = 0.497D + 3.3 
F r i . S = -0.231V + 49.2 S = -0.427D + 53.8 y = 0. 559D + 3.5 
Thur. S = -0.275V + 50.2 S = -0.363D + 58.0 V = 0.472D + 5,7 
F r i . S = -0.227V+ 51.1 S = -0.361D + 57.4 v = 0.459D + 7.0 

1 

2 

3 

Avg, 

HOH-CIHTieAL 

CHmCAL 

20 SO 
V O L U M E - V P M 

Figure 7. Chronological plot of data fo r 
lane 2, March 28, 1958, 
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Figure 8, Chronological plot of data fo r 
lane 2, March 2?, 1958. 

The chronological plot of speed-volume data shows that critical flow (congestion) 
does not always occur immediately following peak flow. There is some delay after 
peak noncritical flow before congestion occurs, shown in Figures 5 through 9. Further­
more, peak-minute volumes do not necessarily occur in noncritical flow, but can also 
occur during critical flow when speeds are between 35 and 40 mph for lanes 1 and 2, 
and 30 to 35 mph for lane 3. Further, Figures 5 through 9 show that the transition to 
critical flow occurred on lanes 1 and 2 when speeds were less than 45 mph and when 
volumes were from 30 to 40 vehicles per mm. On lane 3 the transition occurred when 
the volume range was 15 to 25 vehicles per mm. 

Analysis of Speed-Density Relationships 
The speed cutoff Ime in the speed-density analysis was also 40 mph. However, in 

this analysis a second cutoff line for density data was determined, indicating critical 
flow above 55 vehicles per mile (vpm). Figure 10 shows a considerable difference in 
the character of data between critical and noncritical flow. In addition to the difference 
in speed range pointed out m the speed-volume analysis, the difference in density range, 
36 vs 57 vpm, further substantiates the difference in critical and noncritical flow. Fur­
thermore, the average density changes are 55 percent greater in critical flow than in 
noncritical flow. These greater changes in density reflect larger changes in headway, 
which pomts to increased internal friction and a more likely chance of congestion. 
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Figure 9. Chronological plot of data f o r lane 3, March 28, 1958. 
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Figure 10. Chronological plot of data fo r lane 1, February 13, 1958. 

Densities ranged from as few as 18 vpm to as many as 111 vpm. This is equivalent 
to a drop in headway from 293 f t to less than 48 f t . The greatest change though was 
only from 60 to 100. 5 vpm or an increase of 40. 5 vpm. This change occurred in 60 
sec and decreased headways from 88 to 53 f t . Such density changes are not possible 
in noncritical flow, where high speeds prevail. 

Lane 3 speed-density characteristics are a little different in that the plot of data 
(Fig. 11) indicates that the cutoff line corresponding to a speed drop below 40 mph 
would have to be about 30 to 35 vpm. Some of the calculations, such as the regression 
analysis of volume-density relation, bear this out, although the regression analysis 
of the speed-density relation does not. 



82 

NOM-CRITICAL 
CRITICAL 

20 30 40 
O E N S I T Y - V P M 

50 60 

Figure 11. Chronological plot of data fo r lane 3, March 28, 1958. 

Each of the lane regressions were tested for linearity of relationship. The results 
indicated that at the 95 percent level the speed-density relationship was linear with a 
cutoff of 55 vpm. Acceptable, although statistically less definite, linearity was deter­
mined for some higher cutoffs. A calculation of the regression slope limits indicated 
generally that the slopes of the speed-density relation for each lane are different f rom 
one another. 

The chronological plot of speed-density data shows that maximum density does not 
occur with minimum speed. 

Analysis of Volume-Density Relationships 
The cutoff line for this analysis was a density of 55 vpm for lanes 1 and 2, and 45 

vpm for lane 3. The chronological plot of data for each lane (Fig. 12) shows that the 
character of data differs by varying amounts in critical flow as compared to noncritical 
flow. Lane 1, which portrays congestion, supports the premise of difference in flows 
both graphically and numerically. This figure also shows the relative linearity of 
volume vs density up to 55 vpm. 

The range in volume is not too different in critical flow as compared to noncritical 
flow, nor are the average volume increases and decreases widely different. The only 
thing pointed out here is that average decreases are larger than average increases in 
critical flow, whereas average increases are larger than average decreases in non-
critical flow. This may be caused by the greater internal friction in congestion. Non-
critical flow may have the ability to absorb these changes, whereas in critical flow 
there may not be enough headway to absorb an increase in density. 

There are generally close similarities of operating characteristics of lanes 1 and 2, 
but not with lane 3. Volumes, speeds, and densities are less for lane 3, which is re­
flected in the lower density cutoff of 45 vpm. Inspection of the plotted data indicates 
a gentle curve primarily above 30 vpm. It is felt that a higher degree of linearity could 
be attained if the density were cut off between 30 and 35 vpm on lane 3. 

The regression analysis indicated m that five of the six analyses the use of all data 
would not give an acceptable F-linearity test. Lanes 1 and 2 had cutoffs of 65 to 75 
vpm on preliminary calculations. It was believed, however, that a higher degree of 
linearity could be attained with lower cutoff densities, and recalculations of data proved 
this in al l respects. First, F-values were 0.874 for the 55 vpm cutoff and 1. 21 for the 
65 vpm cutoff. Second, the coefficient of correlations were considerably different, 
0.956 as compared to 0. 641. Third, the standard error of estimate is smaller for 55 
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Figure 12. Chronological plot of data f o r lane 1, February 13, 1958. 

vpm cutoff than for the higher cutoffs. These results indicate that the 55 vpm cutoff is 
a better estimate of the line between noncritical and critical flows. 

SUMMARY AND CONCLUSIONS 
A detailed analysis of traffic flow on an expressway during peak flow periods has 

been presented. Traffic flow was separated into noncritical and critical flow, and the 
analysis limited on the determination of the boundary between the two types of flows 
and on the characteristics of noncritical flow. 

Noncritical flow is studied alone to obtain reliable data on that type of flow. 40 mph 
was found to be the boimdary between critical and noncritical flow for the speed-volume 
and the speed-density relationships. A density cutoff was also chosen for the volume-
density relationship, although the cutoff point is not so clearly evident for density as 
it seemed to be for speed. 

It was found that al l three relations among speed, volume, and density are linear within 
noncriticalf low in range of observations boimded on one side by low traffic flow and on the 
other by the boundary with criticalflow. This linearity is lost at the boundary where flow 
becomes unstable. Therefore, it is proposed that the end of linearity of flow marks the 
boundary between noncritical and critical flow. 

Another significant set of data is the average change of characteristic measurements 
between successive 1-min observation intervals. It was found that in noncritical flow 
the average change in general is much smaller than in critical flow. This result, for 
which rational ejqjlanations may be postulated, might lead to another defmition of the 
bovmdary between noncritical and critical flow. This study did not find whether this 
change occurs sufficiently before actual congestion to serve as an advance warning tool. 

The three relationships studied showed considerable difference in correlation coef­
ficients. The coefficient of correlation for speed is the lowest, that for density the 
highest. This might point to a comparative independence of speed from the other two 
measurements. But because density was determined from accumulations of volume and 
speed measurements over time, and, therefore, is not independent, this conclusion must 
be taken with reservation imtil proved by direct density measurements. 
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A System for the Collection and Processing of 
Traffic Flow Data by Machine Methods 
J. H. AUER, Jr. , Principal Engineer, Research Department, General Railway Signal 
Company, Rochester, N. Y. 

• THE COLLECTION and processing of traffic flow data frequently involves many man-
hours devoted to the task of correlation of measurements taken simultaneously at dif­
ferent locations and working the original data into a form where it can be handled by 
digital computers. This paper describes a new data collection system that has proven 
to be very practical for conductmg accurate traffic surveys and traffic flow research 
studies. There are two significant features inherent in the system: 

1. Traffic data is obtained and processed entirely by machines, thereby eliminatmg 
human errors. Because the processed data is on punched cards, digital computers may 
be readily applied to assist in the task of data analysis. 

2. Large amounts of traffic data may be obtained and processed at relatively low 
expense with a minimum of manpower. 

The basic type of traffic data used m this system consists of vehicle presence and 
vehicle classification information obtained from ultrasonic vehicle classification detec­
tors. This information is permanently recorded on magnetic tape in the field. These 
tapes are then processed in a computing center using a special tape readout unit to 
punch IBM cards directly. A number of computer programs have been written that en­
able a digital computer to accept these input cards and compute minute averages of the 
following traffic parameters: passenger car volume, commercial vehicle volume, total 
volume, lane occupancy, speed, time headway, distance headway, time spacing, and 
distance spacing. 

LANE OCCUPANCY 
Lane occupancy is a relatively new traffic parameter obtainable through the use of 

vehicle presence detectors as opposed to conventional treadles or radar units as the 
source of traffic information. The nature of lane occupancy and its relationship to 
density (vehicles per mile) deserve some explanation. If one were to draw a line down 
the center of a traffic lane, the lane occupancy at any instant could be defined as the 
percentage of this line covered by vehicles. Vehicles packed bumper to bumper would 
produce a lane.occupancy of 100 percent. Vehicles spaced by three vehicle lengths 
would produce a lane occupancy of 25 percent. 

Although lane occupancy is quite similar in its behavior to density, there are some 
significant differences. Traffic consisting of a mixture of passenger cars and com­
mercial vehicles can create a wide departure in the relative behavior of lane occupancy 
and density. This may be illustrated by the following exaggerated example. If 1 mi of 
lane contamed 30 automobiles, density would be 30 vehicles per mi, and a typical lane 
occupancy reading would be approximately 10 percent. If this same mile of lane were 
occupied by 30 trucks, density would st i l l be 30 vehicles per mi; however, lane occupancy 
would read from 20 to 30 percent depending on the length of trucks encountered. It is 
obvious that in the latter case the lane would be substantially more congested, although 
the density figures would be identical. 

In actual practice it has been found that the congestion in a traffic lane may be re l i ­
ably ascertained by an observation of the magnitude of lane occupancy because this figure 
automatically takes into account the varying lengths of vehicles encountered in typical 
mixed traffic. 
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V E H I C L E CLASSIFICATION D E T E C T O R 
The GRS Type SVDS-CD ultrasonic vehicle classification detector is used as the 

source of traffic information in the system. The sensing unit of this detector is 
mounted approximately 15 ft over the center of a traffic lane with its axis perpendicular 
to the surface of the roadway. The detection zone is in the form of a sharp vertical 
cone directly beneath the sensing unit. The electronic transceiver for the detector is 
located in a weatherproof housing and interconnecting cables run between the trans­
ceiver and sensing unit. The transceiver is shown in Figure 1. 

The transceiver contains two relays that provide information as follows: 

1. The first relay is called the all-vehicle (AV) relay. This relay provides vehicle 
presence information, closing its contact when the front of a vehicle first appears 
within the detection zone and opening its contact when the end of the vehicle leaves the 
detection zone. Continued presence of a vehicle within the detection zone maintains the 
relay contact in a closed position. Two types of information are obtained from this 
relay; namely, all-vehicle count and lane occupancy. 

2. The second relay is called the high-vehicle (HV) relay. This relay closes its 
contact whenever a vehicle whose top surfaces are above a preset height is within the 
detection zone. The transceiver is normally adjusted so that vehicles whose top sur­
faces are higher than 68 m. cause this relay to close its contact. Actuation of this 
relay therefore indicates the presence of a high (commercial) vehicle m the detection 
zone. Commercial vehicle count is obtained from this relay. 

SYSTEM BLOCK DIAGRAM 

A block diagram of the system used to secure the typical traffic data is shown in 
Figure 2. Eight vehicle classification detectors were temporarily installed on bridges 
over a typical expressway at stated intervals. The sensing unit in each case was in­
stalled over the same lane. The two output relays of each detector were connected by 
low-grade telephone pairs to a central point where the encoding and tape recording ap­
paratus was located. 

The encoders consisted of two GRS Type TME-8 telemetering encoders, each en­
coder handling eight input channels. The function of the encoders m the system was to 
convert DC contact closure information into a tone format that could be recorded on 
magnetic tape. 

The outputs of the two encoders were connected to a standard two-channel tape re­
corder. The encoding and tape recording apparatus is shown m Figure 3. Standard 
y 4 - i n . magnetic tape was used, running at a speed of 7 m. per sec. With 4, 800-ft 
reels of tape, approximately 2 hr of traffic data could be collected on a single tape. 
During this period of time, on some occasions over 3, 600 vehicles passed by each of 
the eight detectors providing for a 28,000-vehicle sample. 

The tapes were then taken to the computing center and played back on a second tape 
recording machine used as a tape reader. The output of the tape reader was connected 
to a GRS Type ES-100-TME-8 decoder whose output, by suitable channel selection, re­
created the original sixteen channels of HV and L V relay contact closure information. 

The decoder was connected to a volume and lane occupancy computer and counter, 
which served as summation and punch control equipment. This equipment was connected 
to an IBM 514 card punch machine which automatically punched an IBM card at the end 
of each minute with the time and date, together with minute totals of vehicle count, 
commercial vehicle count, and lane occupancy in digital form from all eight vehicle 
classification detectors. Each card, therefore, contained traffic data taken simultane­
ously over the same minute interval at all eight detector locations. 

The punched cards were then fed to an IBM 650 computer which computed the desired 
traffic parameters from the input cards and furnished a set of output cards containing 
time and date together with minute averages of the parameters at the eight detector lo­
cations. The computer output cards were then fed to an IBM 407 tabulator which provided 
tabulations of the parameters as a function of time. The tape reader, decoder, volume, 
and lane occupancy computer, and counter together with the IBM 514 card punch machine 
are shown in Figure 4. 
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Figu r e i i . Tape-to-card information, t r a n s ­
f e r equipment. 

DATA PROCESSING 

Figure 5 shows the traffic parameters obtained directly from each vehicle classifi­
cation detector as well as those computed by the digital computer. Data on the original 
tapes consisted of nothing more than vehicle passage time intervals and whether the ve­
hicle was low (passenger car) or high (commercial). By processing the original tapes 
through the tape reader, decoder, volume, and lane occupancy computer, counter, and 
IBM 514 card punch machine; minute averages of vehicle volume (V), high-vehicle 
volume (Njj), and lane occupancy (Occ) were punched in digital form together with time 
and date on computer input cards. Vehicle volume and high-vehicle volume were obtained 
by counting the number of actuations of the all-vehicle (AV) and high-vehicle (HV) relays 
respectively during each 1-min interval. Lane occupancy in digital form was obtained 
by gating a constant frequency signal with the AV relay, and counting the number of cy­
cles that passed through the gate within each 1-min interval. 
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The average low-vehicle length (ALVU and average high-vehicle length (AHVL) were 
obtained in an independent survey at the time the original data was recorded. To secure 
this information, a large number of typical vehicles on the expressway were measured 
at one of the detector locations. The individual speed of each vehicle was obtained si­
multaneously with vehicle passage time using a GRS Type SVDS-MD ultrasomc doppler 
speed detector mounted at the same location as the ultrasonic vehicle classification de­
tector. IQiowing the individual speed of each vehicle and simultaneously its passage 
time, together with the type of vehicle ( i . e . , passenger car or commercial), the in­
dividual length of each vehicle was computed. The average passenger car length and 
average commercial vehicle length were then computed from the individual measure­
ments. 

At the same time actual vehicle length measurements were being made by automatic 
means, several observers at the location of the detectors noted the year and make of 
the various types of vehicles passing the detectors. On the basis of this information, 
together with the manufacturers' published lengths of vehicles, an independent set of 
figures for average passenger car and commercial vehicle lengths could be obtained. 
.This independent set of figures was in close agreement with the actual measured lengths 
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Figure 6. Lane occupancy vs time. 
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obtained au toma t i ca l l y . I t may be concluded, t h e r e f o r e , that the average length of ve ­
h ic les encountered on a t y p i c a l expressway can be asce r ta ined e i the r by automat ic 
means or by v i s u a l observa t ion to a comparable degree of accuracy . 

The I B M 650 computer was employed to compute the r e m a i n i n g t r a f f i c p a r a m e t e r s 
us ing the f o r m u l a s i n F i g u r e 5. The number of passenger ca r s w i t h i n each minute 
i n t e r v a l was obtained by s u b t r a c t m g the number of c o m m e r c i a l vehic les f r o m the vo lume. 
Average speed w i t h i n a minute i n t e r v a l was obtained by d i v i d i n g the t o t a l length of ve ­
h ic l e s pass ing the detector by the t o t a l t i m e of vehic le passage. The t o t a l length of ve ­
h ic l e s pass ing was computed as the s u m of the t o t a l length of low vehic les ( A L V l x N i ) 
p lus the t o t a l length of h igh vehic les ( A H V L x N h ) . The t o t a l t i m e of vehic le passage 
was computed by m u l t i p l y i n g lane occupancy i n percent by 60 sec. M u l t i p l y m g t h i s 
quotient by 60/88 p r o v i d e d average speed in m i l e s per hour f o r the minute m t e r v a l . 
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The average t i m e headway was computed by d i v i d i n g 60 sec by the minute vo lume. 
The average t i m e spacing was computed b y m u l t i p l y i n g the average t i m e headway b y 
the percentage of the minu te d u r i n g w h i c h the detect ion zone was unoccupied b y veh ic les . 
Average distance headway and average distance spacing w e r e obtained by m u l t i p l y i n g 
the average t i m e headway and the average t i m e spacing r e s p e c t i v e l y by the average 
speed. 

T A B U L A T E D RESULTS 

To I l l u s t r a t e the type of data obtainable w i t h the s y s t e m , a f e w curves w e r e hand 
p l o t t e d f r o m compute r output ca rds f o r a t y p i c a l 5 8 - m l n sample of t r a f f i c . The o r i g i n a l 
data w e r e taken d u r i n g a t y p i c a l evening r u s h hour p e r i o d when congest ion on the e;q>ress-
way caused stoppages to occur w i t h i n the tes t sec t ion . These cu rves a re shown i n 
F i g u r e s 6 t h rough 10. 
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Figure 10. Speed vs lane occiipancy. 
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Detec tor Station 1 was loca ted at the en te r ing end of the tes t sect ion and Station 8 
was located at the leav ing end of the tes t sec t ion . The eight detectors were a l l mounted 
over the same lane. The distance between s ta t ions is g iven i n Table 1. 

In F i g u r e 6 lane occupancy measured 
T A B L E 1 

Between Stations Dis tance ( f t ) 

1 and 2 1,240 
2 and 3 705 
3 and 4 825 
4 and 5 1,255 
5 and 6 1,060 
6 and 7 860 
7 and 8 845 

s imul taneous ly at the eight s tat ions i s 
p l o t t e d vs t i m e . The shock waves c o m ­
posed of lane occupancy peaks a re p ropa ­
gated against the d i r e c t i o n of t r a f f i c f l o w ; 
i . e . , f r o m Station 8 (downstream) to Sta­
t i on 1 (ups t ream) . A t t i m e 16, f o r instance, 
a peak of lane occupancy i s evident at 
Station 8. T h i s peak may be t r a c e d 
as i t moves backwards at a speed of ap-
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p r o x i m a t e l y 15 m p h t h rough the tes t sec t ion , o c c u r r i n g at t i m e 17 at Station 7, t i m e 17. 5 
at Stat ion 6, t i m e 18 at Stat ion 5, t i m e 19 a t Stations 3 and 4, t i m e 20 at Stat ion 2, and 
t i m e 21 at Stat ion 1 . I n the absence of congest ion, the peaks i n lane occupancy w o u l d 
be e:q)ected to move w i t h the d i r e c t i o n of t r a f f i c and at a p p r o x i m a t e l y the speed of t r a f f i c . 

F i g u r e 7 shows a s i m i l a r p l o t of average speed vs t i m e f o r the e ight s ta t ions . Here 
again the d i r e c t i o n of p ropaga t ion of the shock wave can be seen, a long w i t h the m a r k e d 
s i m i l a r i t y between the speed cu rves t aken at ad jacent Stat ions; f o r example , a t Stations 
6 and 7 between t i m e s 10 and 30. 

F i g u r e 8 shows a p l o t of average veh ic le spac ing vs t i m e f o r the e ight s ta t ions . T h i s 
i n f o r m a t i o n i s s i g n i f i c a n t because i t i nvo lves one of the f a c t o r s that d i r e c t l y in f luences 
d r i v e r behav io r . 

F i g u r e 9 shows a p l o t of vo lume vs lane occupancy f o r Stat ion 1 . There i s a sharp 
r educ t i on i n vo lume as lane occupancy increases above 20 pe rcen t . A cu rve d r a w n 
t h r o u g h the center of these po in ts w o u l d have a negat ive slope because the congest ion 
on the highway at the t i m e the data w e r e taken had a l ready passed the m a x i m u m volume 
p o i n t . T h i s cu rve w o u l d have n o r m a l l y s t a r t e d a t the o r i g i n under l i g h t t r a f f i c cond i ­
t i ons and w o u l d have reached a peak at a p p r o x i m a t e l y 15 pe rcen t lane occupancy. A f t e r 
t h i s po in t , as lane occupancy inc reased , vo lume decreased as shown. 

I n F i g u r e 10 average speed i s p l o t t e d vs lane occupancy at Stat ion 1 . He re , the es­
s en t i a l l y h o r i z o n t a l l e f t end of the cu rve i s absent because congest ion on the highway 
had a l r e a d y reached the p o i n t w h e r e a r a p i d decrease i n speed o c c u r r e d d u r i n g the 
p e r i o d of measurement . The speed i s a l ready undergoing a r a p i d r educ t ion w i t h i n the 
10 to 20 pe rcen t r e g i o n of lane occupancy. 

F i g u r e 11 shows a p l o t of speed vs vehic le spacing f o r Station 1 . T h i s cu rve i n d i ­
cates the tendency of d r i v e r s on t h i s p a r t i c u l a r highway to m a i n t a m a spacing of ap­
p r o x i m a t e l y 20 f t f o r each 10 m p h of speed. 

The cu rves i n F i g u r e s 6 t h rough 11 w e r e p l o t t e d by hand i n o r d e r to comple te t h i s 
paper f o r p resen ta t ion i n January . Since that t i m e , a number of p r o g r a m s have been 
w o r k e d out f o r machine p l o t t i n g the data by feed ing computer output ca rds in to an I B M 
407 t abu la to r , and the reby comple t ing an add i t i ona l i m p o r t a n t step i n the automat ic 
p r o c e s s i n g of highway t r a f f i c data. 

A C K N O W L E D G M E N T S 

The f i r s t t r i a l of t h i s sy s t em was made i n November 1961 on the John C. Lodge 
Expressway i n D e t r o i t , M i c h . , i n connect ion w i t h the F r eeway T r a f f i c Surve i l l ance 
and C o n t r o l Research P r o j e c t . T h i s p r o j e c t i s j o i n t l y sponsored by the U . S. Bureau 
of Pub l i c Roads, M i c h i g a n State Highway Depar tmen t , Wayne County Road C o m m i s s i o n , 
and the C i t y of D e t r o i t . 

In September 1960, the Genera l Ra i lway Signal Company was i n v i t e d by the p r o j e c t 
to f u r n i s h vehic le de tec tors and expressway su rve i l l ance and c o n t r o l compute r s f o r 
l o n g - t e r m evaluat ion by the p r o j e c t . A rep resen ta t ive amount of t h i s equipment was 
f u r n i s h e d b y the Company i n November 1960. T h i s equipment has been i n continuous 
s e r v i c e by the p r o j e c t s ince that t i m e as an ad junc t to the t e l e v i s i o n m o n i t o r m g f a c i l i ­
t i e s i n the co l l e c t i on of t r a f f i c data. F r o m t i m e to t i m e , add i t i ona l equipment has been 
f u r n i s h e d to the p r o j e c t by the Company f o r the purpose of m a k i n g spec ia l i zed measure ­
ments . The coopera t ion extended by the p r o j e c t m the i n s t a l l a t i o n of a U equipment 
f u r n i s h e d , and the many cour t e s i e s extended to the Company by m e m b e r s of the p r o j e c t 
s t a f f i n the evaluat ion of t h i s equipment , and i n p e r m i t t i n g the Company to conduct i t s 
own evaluat ions of new devices and sys tems that have been developed as a r e s u l t of the 
contact w i t h the p r o j e c t i s hereby g r a t e f u l l y acknowledged. 



TH E NATIONAL A C A D E M Y OP S C I E N C E S—N A T I O N A L R E S E A R C H COUN­
C I L is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

A C A D E M Y itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap­
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
A C A D E M Y and the government, although the A C A D E M Y is not a govern­
mental agency. 

The NATIONAL R E S E A R C H COUNCIL was established by the A C A D E M Y 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
A C A D E M Y in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL R E S E A R C H C O U N C I L receive their 
appointments from the president of the ACADEMY. They include representa­
tives nominated by the major scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its R E S E A R C H COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The H I G H W A Y R E S E A R C H BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL R E S E A R C H COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the A C A D E M Y - C O U N C I L and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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