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The paper discusses an investigation of the extent to which motor vehicles 
remain bunched together when traveling f ree ly down a semi-expressway 
type of fac i l i ty after having been formed into platoons by an isolated s ig­
nalized intersection. Observations of space-time data were made at f ive 
different locations downstream f r o m a signalized intersection at distances 
up to 0.65 m i . The subsequent analysis shows that a definite pattern of 
vehicle performance prevails, and a method is suggested f o r coordinating 
the t iming of a second t ra f f ic signal, placed at any distance up to 0, 65 m i , 
to a f ford less delay to the t ra f f ic stream than i f the signal were allowed to 
operate in some entirely random manner. 

• THE TIMING of t ra f f ic signals to produce a coordinated progressive system on an ur ­
ban street has been the subject of considerable attention by t ra f f ic engineers ( 1 , 2), 
but there appears to be a dearth of li terature on the subject of the maintenance of vehi­
cle platooning on urban streets (3), and none on the extent to which vehicles remain 
together on an open road after leaving a signalized intersection. The Manual on Uni­
f o r m Traf f i c Control Devices (4), section 211, infers that i t is impractical to coordinate 
two signals i t the distance between them is more than 1,200 f t , and the Tra f f i c Engi­
neering Handbook mentions that sometimes signals as f a r apart as 2,500 f t may be 
coordinated. However, i t should be remembered this is f o r an urban street where a 
speed l i m i t is in force , and the vehicles are not f ree flowing in the ful lest sense. 

The platooning of vehicles (the extent to which vehicles remain in a compact group) 
has not been defined in terms of any exact parameter, and the attempts that have been 
made by some workers (5) led to the conclusion that examination of space-time data 
in the laboratory, to decide when a platoon ceased to be a platoon, by different workers 
led to different conclusions. The personal equation had not been satisfactorily resolved. 

I t is not the purpose of this paper to define a measure of platooning but to examine 
the space-time distribution of f ree-f lowing vehicles on a semi-urban street after they 
had been effectively formed into platoons by a signalized intersection. Thereby i t is 
hoped to show that a definite pattern of vehicle performance prevails , and a t r a f f i c 
signal placed some distance down the highway f r o m the issuing intersection could 
af ford less delay to the t ra f f ic stream i f coordinated m some way with the f i r s t signal 
than i f allowed to operate in an entirely random maner. 

This investigation was prompted by an existing t ra f f ic situation in Richmond, Ca l i ­
fornia. Free flowing t ra f f ic on a major 4-lane highway passed through a signalized 
intersection, and, 0. 81 m i far ther along, the highway passed through another signalized 
intersection which had only a very small volume of side street t r a f f i c . Casual observa­
tion made i t appear that f a r too often the second signal, which was vehicle actuated, 
turned to main street red just before a platoon of vehicles arived thus delaying the 
main body of the platoon. The signal had been "held" on main street green by the " t a i l -
enders" of the previous platoon and "had no way of knowing" the main body of the pla­
toon was about to approach. Had the signal been coordinated with the previous inter­
section, the main street red could have been injected to delay only one or two t a i l -
enders, rather than waiting f o r a predetermined gap in the t ra f f ic stream before 
switching to side street green. The investigation was, therefore, to determine whether 
the platooned vehicles ar r ived at a point some 0.81 mi distant f r o m the issuing signal 
in any relatively constant pattern. 

LOCATION OF TEST SITE 

The site chosen f o r the investigation was the intersection of East Shore Highway and 



Carlson Boulevard at Richmond. The signal at this intersection is 3-phase t r a f f i c -
actuated. 

Tra f f i c moving southwards on East Shore out of this intersection has a vir tual ly 
clear run f o r 0. 81 mi to the next signal at Central Avenue. Several minor residential 
streets intersect the highway in this section, however, the volume of turn-on and 
turn-off t ra f f ic is very small and f o r a l l practical purposes the flow may be considered 
to be uninterrupted. There are two lanes in each direction, designated the curb lane 
and the center lane, with a 4 f t wide painted center dividing s t r ip . The road is posted 
with a 45 mph speed l i m i t . 

The highway rises slightly to the south with the crest of the rise at 0. 55 mi south of 
the signal. The signal at Central Avenue is 2-phase traffic-actuated, and is f i r s t seen 
by the dr iver of a southbound vehicle when about 0.60 mi south of Carlson Boulevard. 
The t ra f f ic on Central Avenue does not usually exceed 150 vehicles per hour, and at 
peak periods the t ra f f ic on East Shore is about 2,000 vehicles per hour. 

COLLECTION OF DATA 

The following data were recorded with a 20 channel Esterline-Angus recorder, the 
pens being actuated by the observers: (a) the time at the beginning and end of the green 
and red signals southbound on East Shore Highway at Carlson Boulevard, (b) the time 
when vehicles passed a station at a known distance south of the intersection, (c) a dis­
tinction was made between cars and trucks and whether vehicles were in the curb or 
center lane, (d) a separate record was made of the f i r s t vehicle in each platoon. 

Records were taken at 5 different stations south of the signal, at 0. 03, 0 .21 , 0.34, 
0. 50, and 0. 65 m i . These stations were designated 1, 2, 3, 4, and 5, respectively. 
Care was taken to ensure that s imi la r climatic conditions prevailed on each afternoon 
that data was collected. Data were taken only between 1 p. m. and 5: 30 p. m. on middle 
weekdays in an effor t to reduce possible variations. 

ANALYSIS OF THE DATA 

Data were transcribed f r o m the recorder charts by single signal cycles. Al tho i^h 
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Figure 1. Frequency distributions of vehicle aorrivaa times at 5 stations. 



20 

16 

» 12 

STATION 
DISTANCE (Miles) ( 

1 2 

021 

3 4 

034 0.50 

5 

0.65 

, 1 M 
1 
\J J 

0 1 0 20 I 10 ^ K) 50 60 70 
SECONDS AFTER GREEN SIGNAL 

Figure 2. Frequency distributions of arxival times of f i r s t vehicle in a platoon at 5 
stations distant from the signal, 

the number of vehicles in each station sample was approximately the same, the number 
of cycles showed slightly greater variation (Table 1). 

TABLE 1 

SAMPLE SIZES 

Station No. in Sample No. of Cycles Veh. per Cycle 

1 2,082 120 17.35 

2 2,334 175 13.32 

3 2,113 120 17.61 

4 2,390 136 17. 57 

5 1,951 104 18.75 

Althoughnotarigorousmeasureof replication of conditions, the number of vehicles 
per cycle is f a i r l y constant. The low f igure f o r station 2 is explained by the fact that 
a larger number of the cycles investigated were in the off-peak period. 

I t was not known what effect the presence of trucks would have on the behavior 
of the general t ra f f ic stream; therefore, a distinction was made, in recording, 
between trucks and automobiles. A Chi-squared test was conducted on the ratio 
of trucks to cars f o r each afternoon to see i f there was any significant difference 
between days i n the nature of the t r a f f i c . The calculation revealed a probability 
of 4.93 percent, which satisfies a 2. 5 percent level of significance. There was 
not a difference, as the probability fa l l s just short of the 5 percent level. In the 
light of later analysis i t was f e l t that the level of 4. 93 percent was high enough 
f o r i t to be assumed that the variation of car- t ruck ratio f o r different afternoons would 



not have any significant effect on the phenomenon under investigation. The average 
proportion of trucks was 12.6 percent of the total number of vehicles. 

I t was noticed that there was a tendency f o r vehicles to change lane wi th increasing 
distance f r o m the signal. A Chi-squared test showed that the movement of cars f r o m 
the curb lane to the center lane with increasing distance was significant f o r automo­
biles, but that the distribution of trucks between the two lanes was constant regardless 
of the distance f r o m the signal. A Chi-squared test on the distribution of a l l vehicles 
by lanes showed the movement f r o m curb to center lane wi th increasing distance to be 
significant (the proportion of cars to trucks was sufficiently great f o r the effect of the 
cars to completely outweigh the effect of the trucks). I t was concluded that slight v a r i ­
ations of the car- t ruck ratio would not have any effect on the over-a l l t ra f f ic perfor­
mance, and hence the 4. 93 percent level of probability was acceptable. 

Reduction of the data gave t raf f ic distribution by 1-sec intervals, and i t was fe l t that 
as the data were already available in this f o r m accuracy would be lost i f the vehicles 
were grouped into say 2-, 3-, or 5-sec intervals. However, 1-sec intervals led to 
"uneven" frequency diagrams—accordingly a l l frequency diagrams were plotted as 
smoothed frequency polygons. This method employs moving averages and is accept­
able fo r obtaining an approximation to the probable frequency curve or theoretical law 
being measured (6). 

In a l l tables and graphs frequencies quoted are the smoothed values obtained by 
summing the frequencies m the particular interval and the two adjacent intervals and 
dividing by three. The area under the curve remains unaltered by this adjustment. 

The frequency curves of a r r iva l times of a l l vehicles at each of the f ive stations 
are shown in Figure 1 as a percent of total vehicles in 1-sec frequency intervals. Near 
the signal the distribution is sharply peaked with l i t t l e or no t a i l , but at greater dis­
tances the curve is less peaked with a long t a i l . This is because the fastest and slow­
est vehicles do not have an opportunity to become appreciably detached f r o m the main 
body of the platoon unti l about a quarter of a mile has been traversed. In every case 
the complete range of a r r iva l times at a particular station is about 100 sec, which is 
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Figure 3. Frequency distributions of a r r i v a l times of nth vehicle i n a platoon. 



the average length of the signal cycle during the peak period. However, the majori ty 
of these "end" vehicles in the distribution are either turn-on vehicles or "free right 
turns" at Carlson Boulevard, neither of which were accounted f o r separately on the 
record. 

Single vehicles are, in effect, very short platoons; therefore, the frequency d i s t r i ­
butions of the a r r iva l times of the nth vehicle in a platoon were evaluated. Bartle (3) 
has reported that f o r higher values of n the frequency polygon is adversely affected by 
light volumes (small platoons). However, as the average number of vehicles per cycle 
southbound on East Shore was approximately 17, a study of the a r r iva l times of the nth 
vehicle at the f ive stations f o r values of n of 1, 2, ~ 3, 6 and 8 would yield useful in fo r ­
mation that would not be biased by any small cycles or small platoon parameter. The 
smoothed frequency polygons are reproduced in Figures 3, 4, 5, 6 and 7. 
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Figure k. Frequency distributions of arrivaO. times of nth vehicle m a platoon. 
By comparing the frequency polygon f o r the a r r iva l time of the f i r s t vehicle at each 

of the f ive stations (Figure 2) with the frequency polygons f o r a l l the vehicles (Figure 1), 
the single car diagram exhibits the same decay tendency with increasing distance, and 
this effect is also found to be present i f a comparison is made between frequency dia­
grams f o r the 2nd, 3rd, 6th and 8th vehicles. 

The mean a r r i va l t ime of the nth vehicle at each of the f ive stations was also calcu­
lated and plotted with respect to distance (Figure 8). A linear relationship existed 
between mean a r r i va l time of the nth vehicle and distance. Statistical analysis showed 
the degree of correlation to be very significant f o r each of these lines. 

Bartle has discussed the study of the percentile ranges in the a r r iva l time d i s t r i ­
bution f o r t r a f f i c proceeding along an urban street wi th a coordinated signal system. 
He thought that the standard semi-inter-quarti le range, the difference between the 25th 
and the 75th percentiles, was not entirely satisfactory because the distribution of the 
f i r s t 25 percent of a l l vehicles is important. He decided more or less a rb i t r a r i ly that 
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the difference between the 5th and 55th percentiles was a representative range, although 
i t was not capable of rigorous statistical use. The f i r s t 5 percent are l ikely to be ex­
ceptional dr ivers , probably driving wel l in excess of the speed l i m i t , and, i f considered, 
are l ikely to prejudice any judgment made on the average dr iver in the main body of the 
platoon. Therefore, this range , which has an added advantage of containi i^ half of the 
a r r i va l t imes, was investigated. 

The 55th, 50th, 5th and 0 (the latest time after the green signal up to which no vehi­
cles have arrived) percentiles were calculated f r o m the vehicle a r r iva l t ime frequency 
distributions f o r each of the f ive stations. These times were plotted with respect to sta­
tion and a linear relationship was found to obtain f o r time f o r each percentile with r e ­
spect to distance (Figure 9). The time increment between the 0 and 5 percent lines is 
much greater than that between the 50 and 55 percent lines, supporting the theory that 
the f i r s t 5 percent should probably not be catered to in t iming a signal progression. 
From Figure 9 the time f o r the Px percent of vehicles in a platoon to pass a given point 
was abstracted, where x is the value of the range either 0 to 50 percent or 5 to 55 per­
cent (Figure 10). Though both lines include 50 percent of the vehicles passing a given 
station, the t ime increment f o r the 0 to 50 ra i^e is as much as 8.38 sec greater at 0. 65 
m i f r o m the signal. The slope of either of these lines, but preferably the 5 to 55 per­
cent range, could be taken as a measure of rate of decay of platooning. I f the slope of 
the line were zero the vehicles would be platooned to the same extent at 0. 50 m i as they 
were at 0.10 m i , however the line shows nothing about the extent of platooning at any 
one point. Definition of this latter phenomenon was not within the scope of the examina­
tion. The l ineari ty of the relationship between time f o r the range (Pg to P 5 5 ) t o pass a 
given point versus distance was examined, the correlation coefficient gave a probability 
level of 1.12 percent, which is significant. 
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Figure 7. Frequency distributions of a r r i v a l times of nth vehicle i n a platoon. 
Examination of the frequency diagrams of the a r r i va l times of the nth vehicle at each 

of the stations does not reveal any reason why these distributions should be other than 
normal. I f the equivalent normal distributions are f i t t ed to the data f o r each of these 
points perhaps a relationship between them can be determined (7, 8). 

For a given distribution, say f o r the nth vehicle at the mth station, with mean | i and 



8 

standard deviation <r , the equation of the 
equivalent normal curve is given by 

y = —— -e 
T / T ^ r (1) 

The maximum value of y at the mode is 
given when x = |«. hence 
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o- is known, hence 

can be plotted a-

gainst distance fo r each station f o r a given 
value of n. For ease of computation and 
graphical presentation the value of the con­
stant was a rb i t r a r i ly taken as 10 and 
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Figure 8. Mean a r r i v a l time of nth car 
versus distance. 

curves were plotted of (y = •^)versus 
distance (d) f o r each value of n. 

I t was found that a linear relationship 
obtained between y and d. Analysis of the 
correlation coefficient f o r each line show­
ed a high degree of significance f o r each 
line except f o r n = 6, where the level of 
probability was 10. 01 percent which is not 
significant. Inspection of the data shows 
that this rejection is probably due to the 
value of the standard deviation f o r station 
2. The correlation of the line f o r n = 8 is 
good, wi th a probability level of 1.30 per­
cent, which is significant. There does not 
appear to be any particular reason why the 
correlation f o r n = 6 should not be as good 
as f o r other values of n. 

ESTABUSHMENT OF 
A SIGNAL TIMING DIAGRAM 

The analysis shows that i t would be 
possible to construct a signal t iming dia­
gram fo r the highway s imilar to the type 
used fo r signal progressions on urban 

streets (1.). Although i t would not be possible to cater to a smooth progression of a l l 
vehicles at the greater distances, i t is possible to arrange the t i m i i ^ of main street 
green to coincide with the time of greatest vehicle f low density. From the distributions 
of a r r i va l t imes of a l l the vehicles at the f ive stations, the shortest intervals were ca l ­
culated in which 50, 70, and 85 percent of the vehicles in a platoon could pass a given 
station. The lower and upper l imi t s of this interval were designated t i and t2 respec­
tively. For a given percent interval , say the 50 percent interval , the values of t i and t2 
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distance. 
at each of the f ive stations were linearly 
related with respect to distance, that i s , 
the shortest interval in which 50 percent 
of the vehicles in a platoon would pass a 
given point was a "band" which widened 
out as the distance away f r o m the issuing 
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which 505t, TÔ t and 8556 of platoon vehicles w i l l pass a point at a given distance. 

Signal was increased. Correlation coefficients f o r each of the lines f o r t i and t2 f o r 
the 50, 70, and 85 percent intervals were determined, the levels of probability were 
a l l significant. These bands, when reproduced graphically (Figure 13) are in effect a 
progression diagram. I f , at some future date, a signal were required 0. 50 m i south 
of Carlson Boulevard, the t iming could be so coordinated that the main street green 
went on 43 sec after green at Carlson and went off 74 sec after beginning of green at 
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Carlson. This would ensure f ree passage of 70 percent of the vehicles on East Shore High­
way. For example, a 60-sec f ixed-t ime cycle at Carlson Boulevard could have 30 sec green 
on East Shore and 30 sec f o r lef t turn and green onCarlson Boulevard, at the same time a s ig­
nal 0.50 mi south of Carlson, also f ixed t ime, could have 31 sec main street green and 29 
sec main street red and would not delay 70 percent of the main street vehicles. 

SUMMARY AND CONCLUSIONS 

Frequency diagrams of the a r r i va l times of a l l vehicles at given points distant f r o m 
an issuing signalized intersection were determined. Frequency diagrams of the a r r i va l 
times of the nth vehicle were also calculated and plotted. Analysis showed : (a) the maxi ­
mum ordinates of the equivalent normal distributions of the a r r i v a l times of the nth vehi­
cles were l inearly related to the distance f r o m the signal, (b) the mean a r r iva l t ime of the 
nth vehicle was l inearly related to distance f r o m the signal, (c) the time f o r the Pth percen­
t i le of vehicles in aplatoon, and the time f o r the (Pss to Pg) intervalwere l inearly related 
to distance f r o m the signal, (d) that a progression diagram for distances up to 0. 65 m i could 
be plottedf or a l l vehicles which would allow greater success in t iming the main street green 
of a signal downstream f r o m the intersection than might be anticipated f r o m random selection. 

Under s imi la r t r a f f i c conditions, wi th vehicle speeds up to 45 mph on high speed u r ­
ban expressways, i t appears that at least the same and probably less delay can be a-
chieved with two coordinated f ixed-t ime signals than with two independent t r a f f i c actu­
ated signals, the latter being considerably more expensive to purchase and instal l . 
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