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The electronic computer offei's promise of becoming a powerful tool in studying the 
flow of traffic on freeways. To program such a problem for the computer the engineer 
must quantize time and distance. For input data he must have as a minimum a distri
bution (measured or assumed) of desired speeds and a distribution of input time-spac-
ings. Additional phenomena which may be handled include vehicle length, following 
practices, passing practices, and time within system. For the treatment of such prob
lems there are available two markedly different approaches each of which is discussed. 

Exploratory studies indicate qualitative agreement between results and expected 

behavior. 

0 T H E purpose of stimulation on an elec
tronic computer is thi; experimental detc^'-
mination of phenomena which are too complex 
to study analytically and which may not be 
conveniently studied empirically in the real-
life situation. Simulation provides, in many 
cases, a method of accomplishing at high 
speed, logical manipulations which might be 
carried out by pencil and paper but which 
would be so tedious as to become; prohibitive. 
One of the basic tenets of simulation is the 
introduction of i-andom processes into the l)e-
havioi' of the system under studj ' . 

I n a paper (1) presented at last year's meet
ing of the Highway Research Board i t was 
shown that prol;)lems of traffic flow at inter
sections and in networks of intersections might 
be usefully trc^ated by several simulation 
techniques using electi'onic comjiuters. I n 
another paper, Goode and his associates (S) 
at the University of Michigan describe a 
study in which an experimental run was made 
on a general-purpose digital computer at the 
University of ^Michigan. Both of these studies 
were limited in their scop(> to intersection 
pi'oblems in which the vehicles appi-oached 
generally within a single lane and at uniform 
speeds. I t is the purpose of this paper to dis-

i Based on the author's dissertation, "Simulation of 
Freeway Traffic on a General-Purpose Discrete-Variable 
Computer," submitted in partial satisfaction of the degree 
Ph.D. in Engineering, Universi ty of California, Los Angeles, 
June 1955. 

CUSS simulation of the movtment of v(>hicles 
on open highways where traffic may mo\-e in 
several parallel lanes and at widely ^-ai-ying 
speeds. I n order to relate this study to urban 
situations the problem to be studied has been 
considered one of freeway operation. 

GENEHAL-PURPOSE COMPUTERS 

While special-purpose computers might be 
designed for treatment of the freeway prob
lem, tht> techniques to be described herein are 
applicable to a general-purpose digital com
puter. A general-purpose computer is normally 
designed to handle arithmetic operations. 
When other types of manipulation are to be 
I>erfoi'med, they must be accomjjli.shed by 
appi'opriate combinations of arithmetics opera
tions. Alost large-scale automatic computers 
are designed to handle numbers in binary form. 
With in the computer, numbers are stored in 
positions known as memory cells. Numbers 
are withdrawn from the appropriate memory 
cells, 0])erated upon, and returned to the same 
or different memory cells by a series of com
mands collectively known as a routine or code. 

MODEL 

The first step in any simulation program is 
the formulation of what might be called the 
rules of the game; the mathematician or 
physicist calls this the "model." This model 
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may be either sketchy or in great detail, de
pending upon the desires of the experimenter. 
I n the study to be described here, the model 
may be stated as follows: 

1. Vehicles enter the system with some 
known distribution of time spacing. (This 
distribution may be either theoretical or 
dei'ived from field observations. Wi th either 
theoretical or measured distributions the time 
spacing data may be prepared outside the 
machine and fed in as required. I f the dis
tribution is theoretical, the machine may be 
asked to generate the data internally as part 
of the simulation routine.) 

2. I t is assumed that there is a known dis
tribution of desired speeds for vehicles enter
ing the system. I t is assumed that no vehicle 
travels in excess of its desired speed but at 
times may be required to travel at less than 
its desired speed by virtue of blocking by 
slower vehicles ahead. 

3a. I t is assumed, generally, that vehicles 
wi l l stay in the right-hand lane. I f , however, 
the vehicle should encounter a slower vehicle 
ahead, the faster vehicle may move into the 
lane or lanes to the left , j)ass the slower vehicle, 
and return to the right-hand lane, subject to 
any conflicts which may exist As part of the 
encountering and passing operation i t is neces
sary to assume or define some minimum safe 
following distance. This maj^ be either a con
stant or a distribution. I f a distribution is 
used, the distance may be made a function of 
either speed or of a random variable. 

3b. Vehicles are assumed to proceed at some 
particular speed un t i l they encounter a vehicle 
ahead in the same lane. Encountering is said 
to take place where the faster vehicle is so 
close to the slower vehicle ahead of i t that 
permitting movement to continue for one more 
unit of time would result in the faster vehicle 
becoming too close to the slower vehicle 
ahead. When encountei-ing takes place, the 
rear vehicle must check the lane to its left to 
determine if passing may be safely accom
plished. I f such is the case i t moves into the 
left-hand lane and pi-oceeds to pass, subject, 
of course, to restrictions caused by any slower 
vehicles i t may encounter in this left-hand 
lane. I f because of blocking of the left-hand 
lane by the presence of other care parallel to, 
too close in front of, or too close behind the 
car which desires to pass, the car may not 
pass but must instead decrease speed (perhaps 

in a stepwise fashion) to the speed of the 
slower car ahead. 

3c. After a faster vehicle passes a slower 
vehicle i t examines the lane to the right to 
determine whether pullover may be accom
plished. 

4. To permit handling of movement by the 
computer i t is necessary to quantize distance 
and time. (Care must be exercised in selecting 
these units. I f the units are too small, the 
computational work required may be exces
sive. I f the units selected are too large, there 
may be inadequate representation of the 
phenomena under consideration.) As a result 
of quantizing distance and time, speeds wi l l 
also be quantized. (The lengths of vehicles 
are expressed as integral multiples of the uni t 
length.) 

5. During each unit of time, vehicles which 
ai'e travelling at less than their desired speeds 
wil l check for opportunities to increase their 
speeds by virtue of obstructions having been 
removed. 

FORMS OF R E P R E S E N T A T I O N 

I n using this model for simulation on a 
general-purpose computer, two broad types 
of approach exist: One method consists of 
representing vehicles by " I ' s , " singly and/or 
in groups, in a binary number and the spaces 
between vehicles by the "O's" in the binary 
number, as shown in Figure 1. These "ve
hicles" are then caused to " f low" through the 
computer in a manner which wil l sinmlate the 
movement of traffic. The second technique 
consists of representing all of the conditions 
pertaining to a given vehicle by a code word 
or number, the parts of which can be exti-acted 
and interpreted by suitable computer routines. 
These two techniques may be designated 
physical representation and mathematical 
repi-esentation, respectively. 

For purposes of simulation by physical 
representation techniques, the roadway may 
be consideied to be made up of several memory 
cells laid end to end. Forward movement may 
be accomplished by any mathematical opera
tion or group of operations which causes the 

• 
O O O I I I O O O I I O O O O I I O O 
Figure 1. Representation of vehicles by binary digits. 
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binary digits representing vehicles to move in 
a forward direction within any given memory 
cell and, on reaching the boundary of a mem
ory cell, to move across into the next cell, if 
so required by continuation of the loadway. 

FORWARD MOVEMENT 

I n binary arithmetic i t is indicated that 
multiplying any given value by a power of 
two, shifts the value to the left by the number 
of places cori'esponding to the exponent of the 
power. Thus, multiplications may be used to 
produce the phenomenon of forward move
ment if the direction of forward movement is 
taken to be from less significant to more signifi
cant ends of the memorj ' cells representing the 
roadway. Since any given channel may be 
made up of several memory cells, digits which 
pass through the more significant (left) end 
must be added to the less significant (right) 
end of the memory cell which represents the 
next section of the channel. To understand 
the manner in which this may be accomplished 
i t must be remembered that, in general, mult i 
plication of any two factors results in a prod
uct which has twice as many places as the 
two factors. Figure 2 shows how forward 
movement of 6 units is produced by mult ipl i
cation by 2''. The partial products resulting 
f rom the contents of cell 1 go to cells 11 and 
21, the more significant partial product going 
to cell 21 and the less significant going to cell 
11. Likewise the partial products of the con
tents of cell 2 go to cells 12 and 22, etc. Cell 
20 contains alf zeros. The contents of 20 and 
11 are added and placed in cell 1; likewise the 
sum of the contents of 21 and 12 is placed in 
cell 2, etc. Thus, following the procedure shown 
in Figure 2, i t is possible to combine the results 
of a series of multiplications to give the effect 
of moving a line of binary " I ' s " as though they 
were a unit even though they may be distrib
uted over several memory cells. 

I n the case of physical representation, the 
record-keeping required to keep track of 
vehicles which have desired speeds of some 
given value but which may be travelling at 
any of several lesser speeds requires special 
treatment. This may be accomplished by using 
for each traffic lane not one series of memory 
cells but many series of memory cells, each 
such series being known as a channel. There 
wi l l be one group of channels for each incre
ment on the distribution of desired speeds. 

Multiplier 
2b 

• Multiplication (Product) 

• Addition 
Figure 2. Forward movement of b units Is produced by 

multiplication by 2''. 

TABLE 1 
CHANNEL REQUIREMENTS 

Number of 
Lanes 

Number of Speed Increments 
Number of 

Lanes 
3 4 5 10 16 

2 9 16 25 100 266 
3 19 31 136 361 
4 34 164 462 
5 185 630 

Each of these groups wil l contain a sufficient 
number of channels to represent the actual 
speeds at which vehicles with a given desired 
speed may travel. Table 1 indicates the num
ber of channels required for various configura
tions of lanes and increments on the distribu
tion of desired speeds. From Table 1 i t wi l l be 
clear that if each channel is as long as the 
roadway, and if the roadway is several mem
ory cells long, a computer of large memory 
capacity wil l be required to handle situations 
having many lanes and/or speed increments. 

EXTRACT OPERATION 

Before discussing the conflict-checking 
process i t is necessary to understand the 
computer operation known as extract. De
pending upon the design of the particular 
computer there are variations of extract but 
the results of one form are derivable f rom the 
results of another. I n the extract operation, as 
used here, selected digits of a particular num
ber (called the extractee) are to be l if ted out 
and placed in a memory cell by themselves, 
thereby forming a new number in which the 
extracted digits wil l retain their true value 
(1 or 0) but all other digits wi l l be "0." To 
accomplish this, a masking number is used. 
This masking number has "O's" in the digit 
positions where extraction is to take place and 
" I ' s " in all other positions. The extract opera
tion may then be thought of as allowing the 
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I I 0 1 0 1 1 0 1 0 Extroctee 

I I 0 0 0 0 1 I Mask 

0 0 0 1 0 1 1 0 0 0 R E S U L T 
Figure 3. The extract operation. 

digits of the cxtractce to be brought against 
the mask; where an oppening (a "0") appears 
in the mask, the digit of the extractee may 
pass through, but when; a " 1 " appeal's in the 
mask, the extractee digit may not pass 
through. This is illustrated in Figure 3. I f 
desired, a left or right shift may be applied to 
the extracted result. 

To check whether cars in any channel will 
during the next time interval come too close 
to any car in another channel, the cars in the 
faster channel may be copied into a dummy 
channel in such a way that they ai-e shifted 
forward by the amount equal to the distance 
they would travel during the next time inter
val plus the minimum safe following distance. 
Then, using the extract operation, the; con
tents of the slower channel may bo compared 
with the contents of the faster channel (shifted 
forward) to determine if conflicts exist. Where 
such conflicts do exist they are handled in 
accordance with the passing or slowing down 
requirements of the model. 

The process of changing speed or changing 
lane is simply the process of transferiing a 
car f rom one channel to another. This may be 
accomplished by subtracting a gi'oup of ap
propriately situated binary " I ' s " from the 
source channel and adding this same gi'oup 
to the destination ('hannel. 

FIGURE OF MERIT 

The purpose of any simulation is noi-mally 
the optimization of measurement of flow 
conditions. I f measui'ement or optimization is 
to take place, thci'c must be some criterion 
or figure of merit involved. Typical figures of 

Location Lone 
Actual 
Speed 

Desired 
Speed Length 

I 0 1 I I O O l O I O O O I O O M O l 

Figure 4. Example of assignment of digits for mathe
matical representation. 

merit might be: 
1. A\'crage time for a vchicl<> to tra\'erse 

the sj-stem. 
2. Percent of vehicles which are i-equired to 

travel at speeds less than their desired 
speeds. 

3. AvcM'age number of seconds delay per 
car mile. 

4. Number of lane changes per second. 
5. Tim(- lost by cars which are required to 

travel at less than their desired speeds. 
Wi th physical i-epi'esentation, the average time 
for a vehicle to traverse the system may be 
computed only with extreme difficulty. In the 
pilot study to be described later in this paper, 
a modification of the fifth figure of mci i t was 
used to measure the effectiveness. 

MATHEMATICAL REPRE.SENTATION 

W i t h mathematical repi-esentation a num
ber, or word as i t is known in computer ter
minology, is assigned to represent each vehicle. 
Various groups of digits within the word are 
assigned to represent various items of informa
tion about the vehicle, as shown in Figure 4. 
Items which can be appropriately included are 
the location (coordinate) of the vehicle along 
the roadway, the lane in which the vehicle is 
travelling, the desired speed of the vehicle, 
the actual speed of the vehicle, the length of 
the vehicle, the time at which the vehicle en
tered the roadway section under observation, 
and the minimum following distance which the 
vehicle wi l l maintain behind the vehicle ahead. 
Manipulations necessarj- to produce move
ment thi'ough the system, to detect conflicts, 
to accomplish passing, etc. ai'e all simple 
arithmetic operations. Forward movement, 
for instance, is accomplished by adding the 
actual speed (expressed in distance units per 
unit time) to the position of the vehicle on the 
roadway. Lane changing is accomplished sim
ply by changing the digits which represent the 
lane. Detection of impending encounters 
may be accomplished by first adding the actual 
speed of the front vehicle to the position of 
the front vehicle and subtracting the length 
of the front vehicle; then, from this result is 
subtracted the sum of the position of the rear 
vehicle, the actual speed of the rear vehicle, 
and the following distance maintained by the 
rear vehicle; if the result is negative i t is un
safe for the I'ear vehicle to continue in its pres
ent lane at its present spe(>d. Since, in this 
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form of rejiresentation, the time at which each 
vehicle enters the system may be easily deter
mined, i t becomes relatively easy to compute 
the time for each vehicle to travei'se the sys
tem; thus the average journey time becomes a 
suitable figure of merit. This is not to say that 
the other figures of merit listed above might 
not be computed, but the avei'age transit 
time appears to be a most desirable figure. 

PILOT STUDY 

A pilot study was made using a system of 
two lanes and three increments in the dis
tribution of desired speed. The roadway test 
section was }i mile long with an additional 
Yif, mile at each end as prerun and posti-un 
sections to eliminate end effects. This problem 
was run on SWAC'^ a computer having a high 
operating speed but with moderate high speed 
internal memory storage facilities. Using the 
technique of physical representation, comjiut-
ing time was between 35 and 38 seconds for 
each second of real time. I t must be remem-

^ National Bureau of Stamhirds Western .'Vutomatic Com
puter, now operated by tlie University of California under 
support of tlie Office of Naval Research and Office of Ord
nance Research. Tiie work described lierein thus I'eceived 
f rom these agencies valuable support in the form of machine 
time. This support is gratefully acknowledged. 

bered, howevei', that many vehicles were in the 
system and the computer may be thought o f 
as making all of the decisions being made by 
all of the drivers in the system at any unit of 
time. 

CONCLUSIONS 

While field data were not available wi th 
which to make a quantitative comparison, the 
results obtained were qualitatively consistent 
with what might be expected. I t is believed 
that the technique of mathematical represen
tation offers considerable jM-omise and ; i study 
is under way for the purpose of evaluating the 
potential of this simulation technique. 
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