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ABSTRACT

The need for better traffic control techniques has significantly
increased during the past few years because of the rapidly increasing
numbers of vehicles in American cities. A modeling method for traffic
simulation is presented which promises to be a valuable tool for pro-
viding this needed control. This traffic simulation method is somewhat
different from the usual queueing theory approach in that traffic simula-
tion is realized by stepping vehicles through the traffic network system
in accordance with prespecified driver response criteria. Modern
control theory was used in implementing this method, thus rendering
it adaptable to standard control systems theory for traffic control
applications. A computer program was developed for this model in
which systems programming techniques were employed to minimize

memory and computer requirements.
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CHAPTER I
INTRODUCTION

Widespread interest in better traffic control techniques has
resulted in the past few years because of the rapidly increasing numbers
of vehicles in American cities. A few cities including Austin, Texas
have installed prototype computer controlled traffic signal systems. The
control techniques employed by these cities are generally similar in
that a predetermined traffic signal timiny pattern is selected for use
according to the time of day or in accordance with previously observed
traffic conditions. Feedback control is not used as the basis for extend-
ing or terminating signal indications in real-time.

This study describes a modeling technique which promises to
be useful for traffic simulation and on-line signal control. For this
method, simulation is accomplished by stepping individual vehicles
through a traffic network system in accordance with driver responses
to changing traffic and environmental conditions. Since the simulation
can be used to predict traffic conditions, on-line simulation can then
possibly be used as criteria for the selections of traffic signal control

patterns or other control techniques.

1.1 Purpose

It is the purpose of this study to develop a modeling method which
can be used for implementing the step-through simulation technique.*

Such a method and a computer program employing Boolean Algebra and

* The idea of using the step-through approach for traffic simulation
studies for this thesis was suggested by Dr. C. E. Lee, Professor
of Civil Engineering and Director of the Center for Highway Research,
The University of Texas at Austin, Austin, Texas.



modern system programming techniques are presented. Traffic flow
through a hypothetical intersection controlled by four-way stop signs
is used to illustrate the method and to indicate the relative efficiency
of the computer program. Results from a few randomly generated
vehicles passing through the intersection are discussed optimistically.

The next logical procedure before using the step-through tech-
nique in traffic control systems should be comparing simulation results
of this technique with actual traffic data. Such comparisons should be
performed on the various most common intersection types. Upon the
successful completion of such studies, the modeling method could be
used for traffic simulation and control.

The modeling method developed for the traffic simulation and
control problem is not confined to this problem only, but could be used
in a variety of other simulation and control situations. One such
example is its use in missile range control count-down simulation for
range scheduling purposes.l The method also appears to have possi-
bilities of being the basis of a problem oriented simulation language

or its use with such a language already in existence.

1.2 A Brief Summary of Current Simulation Techniques

The majority of traffic simulation models proposed up to now
have been developed around queueing theory and statistics. Descrip-
tions of many of these models are available in the literature. Refer-
ence 3 provides a good summary of some of the more pertinent studies.
Reference 4 provides a description of the uses of queueing theory and
cybernetics in feedback traffic control systems. These studies have
considered traffic simulation for the various types of traffic intersections
as well as for freeway ramp and car following studies.

Two simulation studies (References 5 and 6) were investigations

in which the standard queueing theory approach was not employed. In



these, each individual car was considered and the various character-
istic information computed for it as it proceeded through the inter-
section. Reference b5 considered the two-way stop sign single inter-
section. Reference 6 provided car following simulation. In the
programs used for the model, however, program complexity, length

and computer time become undesirable for its use in solving the multiple
intersection network problem. The model developed in this thesis was
set up so that this step-through procedure could be easily implemented
for various and multiple intersection types with minimum memory and

computer time requirements.



CHAPTER II
MODEL DEVELOPMENT

‘cp;{ééﬁlﬁtation of some form of reality, devised

in an attempt to explain some aspect of the behavior of this reality.

Thns,m synthesizing a model we must first obtain or model as many

thoughts as possxble pertment to the particular representation desired.

t;'he Timited complexlty of that part of reahty which we are

temptmg to understand, we are able only to select a finite number of

:,‘«';a‘}:i%fra.citiohs or concepts. Hence our model can never replace
or explain all possible behaviors of realityf‘ﬁ*sf“ihic:év first, our thoughts

ream:y, and .secondly, these abstractions are

are but abstractions ]
only a finite subset ‘ofﬂa possxble infinite number.

Before condemning model development, however, we must
recall that it is currently the only technique available for simulating
or predicting reality and has been used successfully throughout the
gamut of disciplines. For this reason, it will be employed for predict-
ing traffic behavior. One should, however, be continually aware of the
limitations of models, the traffic network model described herein being

no exception.

2.1 Traffic Network Model

m%dabiwe, the vusefrulness.oi a model is dependent largely

upﬁitﬁh@w well one has characterized the reality of interest., The
development of traffic flow network simulators or models has taken
various forms as noted in Chapter I. The technique employed in this

thesis is somewhat different in that: pt has been made to simulate

or madel the actions taken by the drwer of each vehicle in the system as
the Vehxcles move within 2 street network. hias is a,ccomphshed by

fxrst préspemfymg what the driver's actions w111 be in response to several



sets of inputs that are available to him concerning the roadway and

traffic situation% The driver actions are then determined for each
particular combination and for each increment of time. Thus, by
stepping each driver through the traffic network system, network
traffic flow can be realized.

To formulate this technique the following approach was taken:
first, a traffic network system was defined as a network of various
types of traffic intersections (i.e., four-way stops, two-way stops,
signal-controlled, etc.), each with one or more lanes per approach
(seé Fig. 2.1). Next, the set of n inputs required by the driver while
stepping through the system and the set of m driver responses were
defined as the driver input set and driver response set, respectively.
The set of decision reéponse functions was defined as that set of functions
which associates with each of the,pdssible 2" evaluations of the input
set a value from the driver response set; see Fig. 2.2. There are 2"
possible evaluations of the input set, as each input variable of the input
set has only two possible values, i.e., yes or no: A second set of
functions denoted as the intersection functions associates a particular
set of driver inputs and driver responses to the physical characteristics
of an intersection type‘gt A set of intersection types completely describes
a network system.

Some typical vehicle inputs might be: present speed, desired
speed, and questions such as "Is the vehicle at the intersection,'" or
"Is the vehicle stopped.'  Some typical driver responses are: stop
vehicle, increase speed, decrease speed, turn right, turn left, etc.
Since a particular driver response is determined by a set of yes/no
driver input combinations, the response function may be expressed in
a standard computer flow chart form. The network system could thus

be expressed by all such intersection flow charts. Because of the way
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the model varianles were structured, ‘the intersection and system net-

.

work functions form a Two-vahs d Boolcan Alucira s, for example,

h mt(.r&,cct,lon type may be expressod as a sum of products (or its

dual a product of st ms) of the driver input variables, ‘yplcal de( 1510n

where

‘= wehicle at intersection

-}"cﬁ;l,\‘,—'ffrﬁiﬁ’s‘t,‘vehicle at intersection

A = accelerate vehicle

Y’evssmg these functions in Boolean Algebra, the standard rules

3% ardmg Boolean simplification apply.
Figure 2.3 depicts symbolically the traffic network model. As

-ne ted in this figure, vehicles enter the network system at the

d j_‘peed lane approa.ch and time. Then the appropriate response
is. determmed that is, accelerate, decelerate, etc., via the driver

re. spon Se functlons

“the p;*Ope,r responses have been determined,

dp‘e rat ion

e ,.pre;spemﬁed flow. When the vehicle reaches the edge of the

| ystémltxs loggéd out of the model. By observing this process
for selected vehicle speeds, directions, and time combinations, traffic
flow through the network model is realized.

In the section which follows, the four-way stop, single inter-

section network will be considered.
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2.2 Four-Way Stop Single Intersection Network

Consider a four-way stop, single lane, single intersection network
as depicted in Fig. 2.4. For the particular system shown, vehicles
enter the system 450 feet before reaching the near side of the intersection
and exit 450 feet beyond this point. These dimensions are, of course,
completely arbitrary and may be selected to describe a particular inter-
section of interest. The intersection accomodates one lane for each of
the four directions - North, South, East, West - with stop signs on each

approach lane at the intersection.

vay stop intersection, as the name implies, requires
thata,'ll Vie}z;icles stop before entering the intersection., The decision t6
proceed into the intersection is then based on the particular traffic laws
of the c¢ity or state where the interse ctmn is located. The rules or laws
selected for the four-way stop model béing described are those recom-
mended by the National Committee on Uniform Traffic Laws and Ordi-
nances, and are similar to those applicable in the state of Texas. These
rules may be stated as follows:7

a) "When two vehicles approach or enter an intersection from
dlfferent highways at approx1mately the same time, the driver of the

veh1c1e on the left shall yield £] Nght' of way to the vehicle on the r1ght "

b) "The driver of a vehlclek 1ntendmg to turn left within an
intersection or into an alley, private road or driveway shall yield the
right-of-way to any vehicle approaching from the opposite direction
which is within the intersection or so close thereto‘gs'” to constitute an
1mme€ha‘te hazar 4a.n

c) '"Except when directed to proceed by a police officer or
traffic-control signal, every driver of a vehicle approaching a stop inter-
section indicated by a stop sign shall stop at a clearly marked stop line,

but if none, before entering the crosswalk on the near side of the inter-

10
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1 ,-or, if none, then at the point nearest the intersecting roadway

wh&i;é the drlver has a view of approachmg traffm on the intersecting
roadway before entering the intersection. After having stopped, the
driver shall yield the right-of-way to any vehicle which has entered
the intersectyion from another highway or which is approaching so closely
on said highway as to constitute an immediate hazard during the time
when such driver is moving across or within the intersection."

These rules are used in the model to govern the driver as he
steps through the intersection. By flow-charting the driver's actions
as he transverses the network system, the decision response flow chart
is generated. In developing this chart, the vehicle input and response
sets are defined. Figure 2.5 depicts the decision response flow chart
for the four-way stop. Table 2.1 lists the necessary driver inputs and
driver responses used by the driver as he transverses the network system.

As noted, 'hazee responses are actually required by the driver,

namely, mcrease, decrease, or maintain speed.

& gt ";_,;gh,e‘ vehicle, the vehicle speed is simply decreased until
its apeedxs zero. Similarly, when the vehicle is stationary, movement is
ihi{f;ia.‘té‘d»by increasing velocity.

ning movements are not considered responses by the model

but part of thevpredetermined vehicle path.Mf?”g""I?hat_;_«is,, when a vehicle
entersthe system, the driver destination h‘as been prespecified as a left
turﬁ, ‘right turn, or straight through movement. Then, as the vehicle is
stepped through the network, if a turn is specified for that vehicle, it is
automatically initiated as he follows the appropriate movement flow path.
Also indicated in both the vehicle input set and the decision
response flow chart are the inputs, vehicle less than, greater than, or

equal to critical distance. : critical distance criterion is perhaps the

most sensitive of all vehicle characteristics and certainly one of the more

12
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VEHICLE INPUT AND RESPONSE

TABLE 2.1

Driver Inputs

Distance less than critical distance

Distance equal to critical distance
Distance greater than critical distance

Vehicle in intersection
Vehicle exactly at intersection
First vehicle exactly at intersection
Right turning vehicle

Left turning vehicle

Straight thru vehicle

Vehicle at desired speed
Vehicle less than desired speed

Vehicle stopped

Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car

on right
on left

straight ahead
on right exactly at intersection

on left exactly at intersection

FOR FOUR-WAY STOP

Driver Responses

Increase speed
Decrease speed
Maintain present speed

straight ahead exactly at intersection

on right
on right
on right
on left
on left
on left

right turning
left turning
straight thru
right turning
left turning
straight thru

straight ahead right turning
straight ahead left turning
straight ahead straight thru

16



difficult ones to model realistical#. The term critical distance as used

in the model is defined as that diétance which is required to stop or slow
the vehicle sufficiently to prevent it from colliding with an adjacent
vehicle or object.;_f'g Thus, when the input, vehicle less than critigé,l
distance, is true, the model should slow the vehicleg%?i'rhg'ﬁ;mcunt of
slowing or decelerating is important since insufficient deceleration will
result in a collision, and too much might result in oscillation about the
proper critical distance as the driver tends to over-correct.

Appendix 2 provides a description of the critical distance criterion
and associated deceleration rates. Briefly, the critical distance function
was obtained by first establishing a relation between acceptable decelera-
tion rates and vehicle velocity. Once this function was found, it was
then used to express the distance required to stop the vehicle as a function
of the vehicle velocity.

Vehicle acceleration is also important although not as critical
as deceleration since the risk of a collision is very small for reasonable
rates of acceleration. ‘‘For the model, vehicle acceleration is always
assumed fixed at 2 ft/secz; however, it can be related according to some
other criterion.

An accurate traffic model will be quite sensitive to these accelera-
tion, deceleration, and critical distance rates. To obtain better relations
for these rates, one should compare predicted and actual traffic flows.
Regression analysis or some similar technique can then be used to obtain
more realistic relations for the class of traffic being simulated.

The model operation is as depicted symbolically in Fig. 2. 3.
Descriptive characteristics for a set of vehicles is first generated by
specifying for each vehicle an entry time, speed, lane approach, and
vehicle flow path. This set may be determined either randomly with

certain characteristics such as turning direction or lanes biased according

17



to some observed or preestablished probabilities, or by other such
means. Then at the appropriate time each vehicle is queued into the
system model. Upon entry, the vehicle joins the other vchicles already

in the system and the proper vehicle input set is generated.

m&;rement each vehicle is sequentially examined, first determin-

ng the approprlate decisi

B,

gn response from the vehicle input set in

lag:ﬁ;Qi'd&IiCe with the decision response flow chart of Fig. 2.5, and then,
a,ﬁsgi-directed by this response, updating the vehicle input set.

| Chapter III describes the program written to characterize this
model. Chapter IV then discusses some results of using this model for
simulating traffic flow behavior for the four-way stop single intersection

network with 100 input vehicles.

2.3 Multiple Intersections

The network system described in the preceding section was for
the four-way stop single intersection network. The procedure used to
model the multiple intersection network of k intersection types is
similar to that just described; that is, a set of k decision flow charts

and the respective vehicle input and response sets are developed. Nehi

'\y‘mformatwn, however, must include, in addition to the entry

:lnformatmn prev1ously described, the entry intersection and an expanded
data, flow path which spec1f1es the intersection combination sequence
i‘m&e’.n for the model operatlons, the vehicle is 51mp1y stepped from one

mtersectwn to the next as pre scribed by the data flow path until it leaves

the network system e;zce, the multlple intersection model is simply

compdsed'of multiple single intersection models or subsystems.

18



CHAPTER IiI
PROGRAM DESCRIPTION

The basic concepts for the traffic network model were discussed
in Chapter II. This chapter describes the computer program developed
to realize these concepts. The program was written in the FORTRAN
language for execution on a Control Data Corporation 6600 computer.
Once a model has been developed, the implementation or realization of
such a model by a computer program can be difficult, if due consider-
ation is given to program costs. Program costs are directly propor-
tional to such requirements as memory size, computer time, input/
output, and program usage. For a multi-processing environment char-
acteristic of the CDC 6600 computer system, additional consideration
must be given to program throughput. Typical of all such environments,
storage needs should be minimized to permit a more adaptable program
for loading requirements. It should also be noted that core memory is
almost always a sensitive constraint with the increased usage of the
"mini'" computer in control systems.

In consideration of the above points, the traffic network program
described in this chapter was developed in accordance with the following

criteria and in the order specified:

(a) program flexibility
(b) minimum memory requirements
(c) program structure and usage

(d) minimum central processor or raw computer requirements.

3.1 Program Structure

The program structure is similar to the model structure depicted
in Fig. 2. 3. Figure 3.1 illustrates the general basic traffic network

program. As shown in this figure, there are four major subsystems,

19
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the vehicle stack, the decision processor, the vehicle identification '
update, and the network summary (the term subsystem and subroutine
are used synonymously throughout this chapter).

The stack is used to maintain all vehicle identificatiqg%ém It con-
tains primarily two word types for each object (vehicle, stop sign, or
input/output dummies) in the system. The first word type, vehicle
parameter identification, contains characteristic information of the
vehicle needed for computing position, speed, direction, etc. The second
word type, vehicle variable information, contains all the Boolean input
variables as required in computing the decision response functions. Thus,
the vehicle variable information word contains the vehicle input set
described in Chapter II. The decision processor subsystem computes the
proper driver responses from the Boolean decision response functions
and the variable information words (vehicle input set).

The vehicle identification update subsystem uses the response
set (consisting of only oa;rijeﬁlelement for the four-way 'st0p, i. e.; increase,
decrease, or maintain speed) to compute the vehicle's new position,
speed, and direction, The new set of vehicle input variables is then
generated by this subsystem in accordance with the new computed parame-
ters, If a vehicle's new position falls outside the system, the vehicle
is taken from the stack and its exit from the model is noted.

The network summary subsystem provides selectable vehicle
summary printout for either individual or gross summary data. The four
subsystems are thus utilized in the program as each vehicle is processed
for each time increment by the program.

As indicated above, the program structure was developed in an
attempt to maintain the four constraints of flexibility, memory, usage,
and computing requirements. Program flexibility was considered to

be of prime importance since a useful program must be adaptable to

21



multiple vehicles with various characteristics traveling through multiple
and dissimilar intersections. Because of this, the input and decision
response set concept developed in Chapter II was employed. Each new
intersection type or vehicle type is specified completely by these two

sets. Solution of the Boolean decision response functions are then

8
easily found by the AND computer operators. :
requirément is maintained by using single words to contain several

é‘h:v‘aﬁi'acteristic parameters and the vehicle iﬁput information (see Program

render this expense neghg': ’ ;_fhereby consr.derably reducmg present

computer time requirementsg ; é&'ﬁmn to reducmg memory needs by
80 specdymg the many vehicle input variables in one word, the computation

of the loglcal decision response functions required very few instructions

(see dec;,tsmn processor subsystem description and Appendix 4).:'3“;‘Ea.ese.;.1n

program usage was maintained by the procedure used to inf' T"the vehicle

charactenstxcs and the decision response functiong

response flmcttons are read into.the program in the standard Boolean

sum product representation (see Appendix 1), M1n1mum:t:“omput1ng re-

quirements were then observed after the above items were exploited.
Following is a detailed description of the four primary subsystems

in which these constraints become more apparent.

Bta,cf‘k

As indicated above the stack is us;ed to maintain - vehlcle identifi-

catiop and consists of two word type:y , vehicle charactenshc mformatmn
an;d"vehicle input information. For each vehicle in the system two entries

of each word type are made. Appendix 3, Table A3.1, provides the

22



information contained in each entry of ecach word type. As specified in
this table, IVCH and IVCHI contain the vehicle parameter information,
i.e., speed, position, etc. IVEH and IVEHI contains the vehicle input
information. As noted in the vehicle input words, IVEH and IVEHI,
two bits are used to specify each input variable. These bits are used

as follows:

00 = not applicable
01 = variable true
10 = variable not true

11 = not used.

As will be discussed in the Vehicle Identification Update Section,
the stop signs, and dummy input/output objects also contain stack
entries.

Four stack entry types are used in the model, namely the vehicle
entry, the stop sign entry, the intersection input entry and the inter-
section output entry (dummy input/output objects).

Fach entry has the above two word types assigned to it, although
only the vehicle entry has need for all the information contained in these
words. . The other three entries use primarily the object position
parameter and the nearest object index (see Vehicle Identification Update
Section). The stop sign entry is used to indicate the stop sign location,
i.e., position and approach. The intersection input entry, referred to
as a dummy object, is used primarily so that the proper nearest object
can be assigned to the proper vehicle as it enters the intersection.,: The
intersection output entry is also referred to as a dummy object and is
used to indicate the end of the intersection for system exit operations
or in the multiple intersection problem, for entry into the next inter-

section.

23



sion Processor

The decision processor subsystem cgmptite~s the proper driver
response in accordance with the decision response functions. As
discussed in Chapter II, an intersection is described by the set of driver

inputs and driver responses which are characteristic of a particular

intersection. 'Ele decision processor examines all input combinations

associated with a particular response, and if the proper combinations

of inputs are true, the associated response is indicate

] n response function is a Boolean function, the: following’ technique
was employed to process this response:

Each driver response is first expressed in a sum product form.
Two computer words are then used to contain each product term, where

each variable is expressed by a two bit code as follows:

00 = '"don't care

01 = true condition

10 = not true condition
11 = not used.

The set of all such word product terms then describes the response

function and all such sets describe the intersection type.

ord group is then ANDed with

ch single product term or twd

the input se If the resulting ANDed word group is identical to the
product term, the response is set true. Accerdingly, if all terms are

not true, the response is set false.

‘ is operation continues until all response functions have been
exa.mme% *hé Boolean sum prodﬁ‘é‘g»‘funéti-ons are read in as system
dé,vc:'isfim,r‘esponse data cards, one product term per card. Appendix 4
provides the input card images for the four-way intersection. As may

be noted from these cards, the response number corresponding to the

24



bit location within the response word (used by the program) is specified
for each product term. All.card images containing the same response
number constitute the total sum product Boolean expression. Figure

3. 2 depicts the first two card images corresponding to the distance less
than critical distance flow path of Fig. 2.4 in Chapter II. The two
Boolean terms expressed by these card images may be written for the

increase speed response as

522 §3 X (3. 1)
and for decrease speed response as
X, X, %, (3.2)
where
x, = vehicle at desired speed
Xy = vehicle's speed greater than desired speed
Xe = vehicle in intersection

The 2's in columns two and three and the 1 in column six repre-
sent equation (3.1). The 10 in columns thirty-one and thirty-two specify
the increase speed response. Similarly, the 2 in column six and 12 in
columns thirty-one and thirty-two of the second card represent the
decrease speed term of equation (3. 2) and, in fact, for this case, the
total decrease speed Boolean expression. The increase speed term,
equation (3.1), was necessary to initiate movement from the stopped
position five feet in front of the stop sign (near side of the intersection)
or nearest object. Starting movement was initiated in this way since,
for the four-way stop single intersection example, all cars accelerated
at the same rate. Hence, the only time the distance to the nearest object
is less than the critical distance for the intersection is when the nearest

object is a stop sign. These responses are set only when either

25
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equation (3. 1) or (3.2) is true. The decision processor subsystem thus
compares each of the system decision response function cards with the

vehicle input variables and sets the proper response.

3.4 Vehicle Identification Update

The identification update subsystem is the largest of the four sub-
systems. It performs the following five major functions:

(1) Computes the new vehicle speed and position in
accordance with the specified response and proper acceleration/
deceleration value;

(2) Determines the nearest object;

(3) Places the vehicle on the proper lane if turning has
been specified; and, if the vehicle is at the intersection, deter-
mines the new nearest object, if necessary;

(4) Computes the new critical distance;

(5) Updates the vehicle characteristic word and vehicle
input word (new driver input set).

The identification update subsystem computes the new vehicle

speed according to the standard speed acceleration equation; i.e

L

s = so+ apt (3. 3)
where
s = new vehicle speed
s, = old vehicle speed
a = acceleration
At = time increment

The acceleration, a, is zero for the maintain speed response,

2
2 ft/sec” for the increase speed response, and

[+ (6. /400.)d-6]ft/sec2, (3. 4)
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f"p{;‘f?i}hﬁ;@ecrease speed response, where d = distance to nearest object.

}é,iithlé vehicle's new speed has beendetermmcd, the standard
eq,uabioh ﬁfor computing position is used for determining the new vehicle
posifion, i.e.,
p=p+ st (3.5)
where
= new vehicle position

7 old. ;&ﬁe’hicle position
s = velruele vt;p‘eed
At

H

time increment

To determine the vehicle's position relative to the other vehicles,
as well as to the stop signs within the system, the nearest object's

stack index is continually updated by each stack entryt: As each vehicle

is pl:oc':egéied by the identification update subsystem, the nearest object
index is extracted from the vehicle characteristic information word,
and the distance to this object computed. Hence, each object {vehicle,

stop sign or dummy input/output object) cog

nearest object immediately ahead.

“ﬁ&i\ng' may be accomplished as follows (for the four-lane

interseé?ién example only stop signs and dummy input/output objects
are passed ).:
ILet A be a vehicle or dummy output object
B be a stop sign
C be a vehicle and
D be a vehicle or dummy input object where the initial
positions are A >B >C > DThen, in order for vehicle C to pass stop

sign B,
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(i) the nearest object A of B is found and assumed by
C as its new nearést object;

(ii) B is given C as its new nearest object;

(iii) the pass indicator in vehicle C's characteristic
information word and the index of the vehicle's old nearest
object index B (''"Pass'" and '""Object Index for Pass'' entries,
IVCH, Appendix 3) are set.

When D is processed, its nearest object is found by first checking
for the pass flag of its old nearest object C. If this flag is set, the new
object index, B, is extracted from the proper entry of the character-
istic information word and used as the new nearest object. The pass
flag is then cleared.

When passing a dummy input object, the same procedure is used,
where A is a stop sign or a vehicle, B is the input object, and C is the
vehicle (D is not used). As the nearest object of B is found, the pass
flag is always checked first. When exiting from the intersection, that
is passing the dummy output object, the above procedure is once again
employed. In this case A is the dummy output object, B the vehicle,
and C a vehicle or stop sign. The vehicle exiting is kept in the stack
(although no longer processed) until the pass indicator is cleared or the
object that was directly behind it, C, extracts the proper nearest object
index, A.

Turning movements are initiated in the model when the vehicle
passes the stop sign in the intersection and, at such time, the following
procedure is used:

(i) The stop sign on the vehicle's right (left), depending
on whether a left (right) turn had been indicated, is found and

its nearest object determined.
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(u) This nearest object is tnen used as the new nearest
object for the turning vehicle and this vehicle in turn is selected
as the nearest object of the stop sign.

(iii) The pass flag and the vehicle's old nearest object
are set in the pass procedu‘rbe above. It should be noted, however,
that in this in»stancervtv‘i/ofobjécts, the stop sign and the object that
was immediately behind the vehicle, are both referencing the
same nearest object, that is, the vehicle. Thus, the stop sign's
ignore pass*i“»ri-dica.tor in its chara.'(;iteristic information word
IVCH, Appendix 3) is set so thatktll'le other referencing object
may obtain the correct nearest object.

(iv) The turning vehicle is placed in the proper lane five
feet behind the end of the intergection, if a right turn was
indicated, or ten feet in front of the beginning of the inter-

section, if a left turn was indicated.

Objects on the right, left, or straight ahead of a vehicle are
determined for the turning process and for updating the vehicle input
information word (driver input set) as follows:

The four lane directions are indicated by 2 bits, where

00 = 0 = North bound
0l = 1 = East bound

10 = 2 .= South bound
11 = 3 = West bound.

Table 3.1 lists the four directions and the respective immediate
right, left, and straight ahead directions. Equations (3. 6)- (3. 8) below
arc used to relate these immediate directions to the vehicle's direction

as specified in the table.
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TABLE 3.1

VEHICLE - DIRECTION RELATIONSHIPS

Direction of

Vehicle Immediate Object
On On Straight
right left Ahead
00 (North) 01 11 10
01 (East) 10 00 11
10 (South) 11 01 00
11 (West) 00 10 01
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ot ma right:

d ={(d +1).AND. 3 (3. 6)
v T
Object on left:
= d+01) . 3.7
d;= (d_+1) . AND. 3 (3.7)

Object straight ahead:
(d. +2).AND. 3, d_ <2
d = sa (3 8)
V. (@ -2).AND.3,d_ =3
sa Sa

where
d‘v = Direction of vehicle
dr = Direction on right
d1 = . Direction on left
dsa = Direction straight ahead
.AND. = Boolean logical AND operator

Computation of the new critical distance is found for each vehicle
for each time increment. The cfiticai distance is used by the decision
response functions (see Fig. 2.4) to increase, decrease or maintain
speed, depending on whether the distance to the nearest object is greater
than, less than, or equal to the critical distance, respectively. fThe
critical distance, acceleration and deceleration criteria are closely
related as described in Appendlx 2 and are probably the most sens1t1ve
of all criteria used in the models o Consequently, these cr1ter1a are the
most likely to be used for adjustment to improve correlations between

actual and predicted traffic flo ; emwthe éfdr?nputatians of these

criteria are treated as separate independent gubroutines in the program.

The cntzcal distance function for the example is computed from the

ellipse equation (see Appendix 2).

c_= ~(A/B)*(B°- v5)+ H (3.9)
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where

Co = critical distance

V = relative velocity between vehicle and nearest object
A = 395

B = 48

H = 400

The vehicle characteristics and the input words in the stack are
updated according to the new position, speed and model environmental
conditions (positions of other objects in the system). These words are

then used for processing during the next time cycle.

3.5 Network Summary

The Network Summary subsystem is entered once each cycle for
each vehicle. Essentially it is used to provide selectable inprocess
summary information for each vehicle or gross summary data for all
vehicles during selectable time periods. The information provided for
individual vehicles is as follows:

(i) simulated model time,

(ii) stack entry index,

(iii) vehicle ident (selectable vehicle identification number
from 0-511),

(iv) position in lane (feet),

(v) direction as defined in previous section,

(vi) turn type (0 = straight thru vehicle, 1 = right turning
vehicle, and 3 = left turning vehicle),

(vii) velocity (mph),

(viii) IVEH and IVEHI stack words as defined in Appendix 3,

(ix) IVCH and IVCHI stack words as defined in Appendix 3,

(x) 1IY, driver response word, as defined in Appendix 3.
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Grotss information at selectable time increments provides the
following 1~s,ummar‘y printout by approach lanes:

(i) simulated model time.

(ii) average stop time delay for each movement (i. e.,
straight through, right or left) by turning movements.

(iii) average time delay for vehicles equal to or less than
x (selectable speed) mph for each movement.

(iv) number of vehicles msys;temfor each movement.

(v) average time in system. for each movement.

In addition to the above information the program prints out
several other individual and gross information types, although not in
the network summary routine. However, since this information is
summary data, it is presented in this section. This information is as

follows:

1. Vehicle input card image. .An exact duplicate of the
vehicle input card image is provided each time an object is con-
sidered for entry by the model. Accompanying this input informa-
tion is the time increment for model termi’nation (see Appendix 1)
and the time the object is brought into the model for entry consid-
eration. - (Note that the object is not entered into the stack until
its entry fime is reached.)

2. Vehicle exit information. If this printout option is
selected, each time a vehicle leaves the system the following
information is provided:

(i) vehicle identification,

(ii) stack index,

(iii) movement type as defined above,
(iv) direction as defined above,

(v) time of exit from the system.
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3. Grand total summary information. At model termina-
tion, the grand total of the gross summary information described
above is provided if specified. In addition to this information,

the actual time the system was used is also provided.

3.6 Other Subsystems

Several other subroutines are used in the program but have not
been described. These routines were written only for ease in program
development and will not be described here. Appendix 3 provides a

short description of all routines in the program.

3.7 Multiple Intersection Considerations

As has been indicated, the current program accommodates only
the single intersection system. It can, however, be modified easily to
solve the multiple intersection problem. The necessary changes should
be made in the vehicle exit processing, beginning with statement number
40, in CHAR, Appendix 5. At this point, the vehicle position and lane
identification should be changed to place the vehicle in the proper inter-
section. Of course a check should be included to see if all intersections

specified have been entered and, if so, the normal system exit taken.

The changes necessary for multiple intersection types are more extensive.

However, the basic structure of the program was developed for the multi-

ple intersection problem and these changes should be the add on type only,
much in the same manner that additional stories are added to a building.
Primarily, the stack information words must be augmented to include
any additional parameters and driver input variables that are required
for the particular intersection types (see multiple intersection descrip-
tion, Chapter II). Then, the necessary logic must be added to update this

information in the vehicle identification update subsystem.

35



CHAPTER 1V
APPLICATION IN TRAFFIC SIMULATION

The program model developed and described in Chapters II and
III can be used for traffic flow simulation studies for the single lane,
single intersection four-way stop. Modifications to the program will
make it possible to accommodate the multiple intersection problem.
This chapter describes the use of the program for traffic flow simula-
tion through a four-way stop intersection in which 100 randomly generated
vehicles are entered into the system over a 23 minute time period. By
following the program usage instructions described in Appendix 1, any
desired vehicle input combination can be specified for traffic simulation
studies.

Several example problems were run during program checkout,

one of which will be described in this section. A g

10Tt program. was
les w

written in which the required characteristics of 100

generated. As noted from the program usage instruction, Appendix 1,
several parameters are required for each vehicle in order that they may
be properly queued into the system. Table 4.1 lists these parameters
and the selection technique used in obtaining each of them. As indicated
in the table and as may be noted in the summary information discussed
later, the direction selection was slightly biased due to the technique
employed. As a result of this bias more vehicles were selected for the
northbound approach than for the other directions. This, however,, is
quite realistic as in many cases one approach often accommodates more
vehicles than the others. This is easily confirmed by observing early
morning and five o'clock traffic conditions. The 100 vehicles were
entered into the system over a 23 minute time period. The 100 vehicles

used and the accompanying parameters are listed in Appendix 4 as input
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TABLE 4.1

VEHICLE SELECTION TECHNIQUE

Parameter

Entry position
Vehicle speed
Desired speed
Lane direction
Nearest object index

Vehicle length
Object type

Movement type
Indent

Time entering system

37

Selection Technique

Constant at 0 feet

Random

Constant at 30 mph
Random, northbound biased
Same as lane direction

Alternate selection between
18 and 22 feet

Constant at 0, for vehicle
random

Random
Sequentially ordered

Random monotonically

increasing



card images. The columns of information are in the same order as
listed in Table 4.1. Thus, for instance, the first vehicle with an Ident
of 1 entered the system at a time of 12. 3 seconds on a westbound
approach at a velocity of 6 miles per hour. Similarly, the last vehicle
with an Ident of 100 entered the system at 1302. 4 seconds on a north-
bound approach at 27 miles per hour. Table 4.2 provides the results
of the simulation run. Only the vehicle exit information and the grand
total printouts were selected. As noted, the first vehicle left the
system at 53 seconds and was under 10 miles per hour for 12 seconds.
Similarly, the last vehicle left the system at 1336 seconds. The model
terminated at 1403 seconds, approximately 100 seconds after the last
vehicle entered the system (as specified in the data cards). The last
vehicle traveled under 10 miles per hour for only 8 seconds, because of
its faster entry velocity. It exited on the westbound lane after turning
left off the northbound approach at the intersection. The grand total
printout provides a summary of the number of vehicles counted into the
system, the average stop time delay, the average delay below 10 miles
per hour, and average time the vehicles were in the system. This
information, as may be noted, is given by lane approach and turning
movements. The actual time the system was used, 1275 seconds, is

also provided for intersection study purposes.

al time to
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TABLE 4.2
RESULTS OF COMPUTER RUN, 100 VEHICLES
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CHAPTER V
TRAFFIC GONTROL

Use of the digital computer for traffic control has increased
somewhat in the past few years. Several systems in Germany, Canada
and the United Statesg’ 10 have been implemented and are currently
providing limited traffic control with its use. The need for traffic

control can be noted from the following quotation which appeared in

. . 9
a recent magazine article.

NI

Ris i . streets in consider-
ably 1é'ss titné than that rééiﬁred b'y"a’ rhdtorist."

The successful uses of the coinputer in process control and other
related fields has increased confidence in the computer for the traffic
control problem. Unfortunately, it is the system or control technique
of which the computef is but one subsystem, and not just the computer
alone that is required for solving the traffic control problem. As will
be discussed subsequently, the model developed in this study appears
V useful for the control problem with and without feedback, as well as

for the adaptive control problem.

5.1 Control System Types

Three types of control techniques are prevalent in the control
field, namely, control without feedback (open loop), control with feed-
back (closed loop), and adaptive control. Figure 5.1 depicts the typical
control systern.11 The plant shown in the figure is the part of the system
which is to be controlled. For the traffic control problem, the plant
represents the actual traffic network, that is the traffic lights. Thus,

. T
the inputs u(t) = (ul(t), e ur(t)) represent the control signal commands.
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The controller is the unit which controls the plant in some acceptable
manner. Thus, for the traffic control problem, the controller is the
control computer and software control logic. Its outputs are the
control signals u(t) selected so that the system performs in the accept-
able manner. The desired system outputs z(t) = (zl(t), . Zn(t) )T

are the inputs for the criteria used to insure the system is performing
as specified. The plant outputs, y(t) = (y1 (t), ... yn(t))T represent

the various traffic summary results, such as traffic density, delay time,
etc. If the comtroller outputs do not depend on the plant outputs, y(t),
then the system is referred to as an open-loop control system11 or
control system without feedback. When the controller uses the y(t) to
generate the control signals, the system is referred to as a closed-loop
control system or control system with feedback.

The adaptive control system is one which measures a performance
and modifies its parameters to approach an optimum set of values.12 The
adaptive system may or may not be closed-loop. The adaptive control
system changes the parameters used in computing the control signals as
opposed to a simple closed-loop system which only modifies the variables.

Thus, for fhe traffic control problem the control signal selection
technique or model would be modified to accommodate unexpected traffic
conditions..’. The computer traffic control systems currently in use are
crude forms of both the open and closed-loop systems.h None appears to
be of the adaptive control type, although this typically is one of the more
difficult control techniques to employ. Following is a discussion of some
likely ways the traffic simulation model might be implemented to perform

in the control environments.

5.2 Use of the Model in Traffic Control

Operation of the model in an open-loop control system is depicted

in Figure 5.2a. Prior to control operations, the percentages of cars
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FIG. 5.2b
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taking a particular path must be determined. Similar pex;centages

need to be found for entry speeds and for vehicle lengths, if the necessary
sensors are not used. The model then functions by queueing vehicles
into the system according to the presence detectors located at each of
the system entry points. The proper proportion of vehicles taking a
particular path is determined by the predetermined percentages. The
model then predicts the necessary summary statistics, such as the |
stop time delay, traffic flow, etc. The control signals are then modified
so as to decrease this delay or increase traffic flow, depending on the
particular desired performance criteria. As noted in the figure, two
control blocks are indicated. The first block is the traffic model and
provides predictions of the various network summary statistics. The
second control block selects the pfoper control signals in accordance
with this summary data.

Open loop operations have three weak points. The first is that
the numbers of vehicles taking a particular path or traveling at a par-
ticular speed, if not computed, are not the actual traffic conditions.
Secondly, the model has no way of knowing how well it is achieving
the desired performance. Finally, the model has no way of determin-
ing how well it is actually predicting the traffic flow data.

The closed-loop control technique, depicted in Fig. 5.2b reduces
these weaknesses to two. With feedback, if properly applied, the
model can determine how well it is controlling traffic by comparison of
desired and actual traffic flow. The traffic control program can use
search procedures for determining optimum performance criteria by
making incremental changes in the various control logic criteria. If,
for instance, an improvement was not observed, the controlling variables
could be changed back to their original values and a new direction taken.

This is distinguished from the adaptive control problem in that the
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controlling logic or control signals are being modified as a function of
the plant output signals. The closed loop system can thus take various
forms of complexity depending on the extent to which control over the
controlling logic is desired.

The adaptive control system is depicted in Fig. 5. 3 for both the
open-loop and closed-loop control systems. If the adaptive system is
used in the closed-loop system, only the first weakness described
above remains. In the adaptive system, the model is modified accord-
ing to the actual traffic conditions. Similar to the closed loop problem
there are mathematical techniques available such as steepest ascent,
etc. for determining optimum model operations. The adaptive control
technique would, of course, be the most desirable system although its
increased advantages might not merit the increased costs. A study
of the possible use of the model in traffic control is strongly recom-
mended if it is proven that the model can satisfactorily perform traffic

simulations.
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CHAPTER VI
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A modeling method for traffic simulation studies has been
developed using a step-through procedure as opposed to the usual
queueing theory approach. A computer program was written for
implementing this technique using a hypothetical intersection con-
trolled by four-way stop signs. By employing modern systems
engineering techniques, this model promises to become a valuable
tool as an aid to real-time signal control. The model developed
offers the following advantages over similar modeling techniques.

1. It is readily adaptable to the traffic network problem.

2. The program used for implementing this model
requires much less memory and computer time requirements
than similar simulation models.

3. The modular design of the model permits ease in
expansion to include the many and varied intersection types.

4. The program can be implemented on a small process
control computer such as the IBM 1800 for real-time traffic
control.

It is recommended that a study be performed where actual traffic
data is compared with the model predictions and the program corrected
accordingly. The study can then be expanded to include the multiple
intersection problem. Once the model has been fitted, a useful tool for
traffic simulation studies can be ascertained. Studies can then be
expanded to include the traffic control problem. Thus it is recommended
that the model and program developed herein be the basis of additional
research. It is also recommended that the modeling technique be further

investigated for its possible use for other simulation problems as well
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as for consideration in the development of a new problem oriented

language.
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APPENDIX 1
PROGRAM USAGE INSTRUCTIONS

Six input card types are required by the model program for
traffic simulation operation. These six card input types are:
(1) Program Printout Options,
(2) Model Operation Variables,
(3) Driver Response Functions,
(4) Stop Sign and Dummy I/0 Objects,
(5) Vehicles,
(6) Model Terminator.
Following is a description of each of these input card types.
Figures Al.1- Al.5 provide a guide useful for generating these cards

and indicating their proper order in the data deck.

Printout Options: Seven printout options are available during program

execution as represented by the variables KCT(l) to KCT(7). To select
any option, the variable KCT(j) is set to 1. These options are:

1. KCT(l), Print Driver Response Input Card. If this
option is specified, the driver response card images will be
printed.

2. KCT(2), Print System Generated Response. If this
option is specified, the response functions as used by the
decision processor are printed. This option was provided
primarily for debugging purposes.

3. KCT(3), Print Vehicle Information: If this option is
specified, the object input card image is printed as described
in the network summary description of Chapter III.

4. KCT(4), Print Inprocess Summary Information. If this

option is specified, the individual summary information as
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I FORMAT

FT = program termination
time; F FORMAT

DT = model time increment; /
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I FORMAT S

(S
el

L.

IP = ENTRY POSITION
IS = VEHICLE SPEED
IDS = DESIRED SPEED
ID = LANE DIRECTION
IND = NEAREST ORJECT
INDEX

IVL = VEHICLE LENGTH
IC = OBJECT TYPE

IT = TURN TYPE

IDENT = VEHICLE IDENT
T = ENTRY TIME

F FORMAT
EXI = MODEL TERMINATOR

A FORMAT
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I FORMAT -
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INDEX; I FORMAT
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described in the network summary section of Chapter III is
provided every CTT(l) seconds.

5. KCT(5), Print Vehicle Exit Information. If this option
is specified, the vehicle exit information as specified in the
network summary section of Chapter III is provided.

6. KCT(6), Print Gross Summary Information. If this
option is specified, the gross summary information as described
in the network summary section of Chapter III is provided
every CTT(2) seconds.

7. Print Grand Total Summary Information. If this
option is specified, the grand total gross summary information
is provided upon model termination.

Figure Al.1l illustrates the format for the printout option

parameters.

Model Operation Variables: The three variables needed by the model for

initializing the program should be provided on one card as specified in
Fig. Al. 2. These three variables are as follows:
1. NR--the number of decision response function cards.
2. FT--the time in seconds the model is to run following
the model terminator card before program termination.

3. DT--the time increment used by the model during

simulation.

Driver Response Functions: The driver response functions are entered

into the model with this card. Figure Al. 3 depicts the card format for
entering this information and the decision process section in Chapter III
provides an example. The first 30 columns of the card are used to
specify a product term of 30 variables (only 23 are currently used).
Columns 31 and 32 are used for entering the response bit location

(see Table A3.1 of Appendix 3). Each column number represents the
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vehicle input number listed in Table A3. 1.

Stop Sign and Dummy 1/0 Objects, Vehicles and Model Terminator:

All three of these card types use the same card format as shown in

Fig. Al. 4.

The variables shown in this figure are
(i) IP - entry position
(ii) IS - vehicle speed
(iii) IDS - desired speed (IS < IDS)
(iv) ID - lane direction

0 = Northbound

1 = Eastbound

2 = Southbound

3 = Westbound

(v) INO - (Nearest Object Index (same as direction for
vehicles)

(vi) IVL - Vehicle length
(vii) IC - Object type indicator
0 = vehicle
1 = stop sign
11 = input object
101 = output object

(viii) IT - Turn type
0 = no turn
1 = right turn
3 = left turn

(ix) Ident - Vehicle Identification Tag (0-511)
(x) T - Time of entry into stack (seconds)

(xi) EXT - Model Terminator, "END' for model termination.

Stop sign objects use the position variable, IP, the lane direction,

ID, the nearest object index, INO, and the object type indicator, IC. IP
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is set to the location of the stop sign, INO to the index of the output object
(see example, Fig. Al.5) and IC = 1. The remaining variables are set
to zero. The dummy input/o.utput objects use these same variables with
IC =11 and 101, respectively.

The vehicles entering into the system use all the variables indi-
cated except the EXI variable.

The model terminator card uses only the EXI variable which is
set to the word END. The other variables may be left blank.

Figure Al.5 provides an example card input and Appendix 4

provides the input cards for the data run example described in Chapter IV.

63



APPENDIX 2
CRITICAL DISTANCE CRITERION

The three most sensitive variables in the traffic simulation model
are the acceleration, deceleration and critical distance criteria. Each
of these parameters is computed in independent subroutines which may
easily be changed to accommodate more exact criterion. The critical
distance criterion currently used was devised from the deceleration
function shown in Fig. A2.1, where the maximum deceleration of six feet
per second per second approximates the maximum used in everyday traffic
conditions.13 Critical distance was defined in Chapter II as that distance
which is required to stop or slow the vehicle sufficiently to prevent it
from colliding with an adjacent vehicle or object. Thus, the critical
distance function depicted in Fig. A2.1 was developed so that the vehicle
could decelerate according to the deceleration function and also be
consistent with the critical distance definition. As noted, the critical
distance criterion used in Fig. A2.1 is the standard ellipse equation.
Suppose, for example, that a vehicle traveling 30 feet per second comes
to within 90 feet of a stop sign for a particular time increment. Then,
in order to stop five feet in front of the stop sign he must begin deceler-
ating initially at about 4.6 feet per second per second.

Acceleration criterion was selected as a constant two feet per
second per second.

The above criteria was selected as a first approximation. Experi-
ments in which actual and predicted traffic flow comparisons are per-
formed will probably modify these estimates. These functions, however,
provide useful criteria necessary in the initial development of the pro-

gram model.
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PROGRAM TABLES AND FLOW CHARTS
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TABLE A3.1
PROGRAM TABLES

r~ 0 ® © Py - © Im
© ® P « s @ -
appro-] turn | ignore | nearest| direct—| desired present position
ach pass object ion speed speed l
flag index
/ o © ) * 0
G © Q i
total stop time | ident vehicle
/ time time in tag length
1 delay | delay | system
/ © <+ © o © © < ] [e] ® © e o [o] © © L) [\] 6 ©
/ <« < & @ ® ) ] ® ® © N ] © o — - ~ ~ - index of
IY inask
20{ 19| 18} 17 16 15 14 13 12| 11} 100 9| 8] 7] 6 5 41 3|1 21 1
- TT
A 29 22 2i

s

77

13
11

pos
accel

neg
accel
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TABLE A3.1 (cont'd)
NUMBER - VARIABLE RELATIONSHIPS

Number Variable
1 At desired speed
2 Greater than desired speed
3 At critical distance
4 Greater than critical distance
5 Stopped
6 In intersection
7 First vehicle in intersection
8 Car on right
9 Car on left
10 Car straight ahead
11 Exactly at intersection
12 Car on right exactly at intersection

13 Car
14 Car
15 Car
16 Car
17 Car

on left exactly at intersection
straight ahead exactly at intersection
on right right turning

on right left turning

on left right turning

18 Car on left left turning

19 Car straight ahead right turning
20 Car straight ahead left turning
21 Right turning vehicle

22 Left turning vehicle

23 Straight thru vehicle

See pages 22-23 for discussion.
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TABLE A3.2
LIST OF PROGRAM SUBROUTINE

Subroutine PurEose
1. TRAFM Main driver subroutine; begins program;

call main processing routines until time
for program termination.

2. SUMR Network summary subroutine; see description,
Chapter III.

3. EASY Subroutine used for reading object data;
sets up stack entry for each object.

4. PARGN Subroutine used for program initialization;
sets up all program parameters.

5. SYSCP Decision processor subroutine; seedescrip-
tion, Chapter III.

6. CHAR Identification update subroutine; see descrip-
tion, Chapter III.

7. NOI Subroutine used for obtaining nearest object
index.

8. OBVC Subroutine used to extract stack identification
information.

9. SETUP Subroutine used to set up new stack identifi-

cation information.

10. ACCEL Subroutine used to compute acceleration and
deceleration values; see Appendix 2.
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PROGRAM FLOW CHARTS

PARGN
(model
initializatio

EASY
(read next
input)

enter
time for vehicle in
input stack

SYSCP
cdecision
logic)

CHAR
(update
character-
istics)

SUMR
(summary
routine)

TIME =
time + DT

%

all stack
processed

yes

simulation
complete

no
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read print-
out select-
ion criteria

v

read model
initialization
parameters

v

set model
parameters
to initial
conditions

v

read in
decision
logic

print
decision

logic

words

equations

v

print logic
input

no

print logic
equations

Y€Sorint decis~
ion words

no

set up
mask
parameters

v
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print indiv-\"
idual data
yves
proper time
increment
yes

individual

print

summary
data

n
print sum-
mary data

yes
proper time
increment
yes

print
summary
data
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P S—X

compare in-
puts with
subsystem

requirements

v

requirements
satisfied

set
appropriate
not true
response

set
appropriate

true
response

all
requirements

Yes |&

exit
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OBCV
(extract
parameters)

acceleration
response

no

ACCEL
(obtain

acceleration
values)

compute new
velocity and
position

v

vehicle ex.
at inter.

yes

v

place
vehicle in vehicle in
intersection intersection

yes

vehicle at
stop object

yes

set
appropriate

parameters

rt or left
turn

yes

place
vehicle
accordingly

¥ }*®



complete
parameter
update

v

CCD
(compute
critical
distance)
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Vi

negative

obtain '
nearest acceleration
object
A=2 ft / sec®
(positive
acceleration)
A=( -6/40)D
compute +6ft/se03 crit. dist.=
distance , (“A/B)*
to nearest / A a%
object / L1B2-c®)%+H

’ !

where where
D= distance to A= 395
nearest object B= 48
C= velocity
H= A+5

A

obtain para-
meter infor- NOI
i (obtain
mation from
object)
update
stack
entry
words
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PROGRAM LISTING



15
13

16

94
81

82
84

85
83

10

341
343

201
307
303

304
C

SIMULATION PROGRAM

PROGRAM TRAFM(INPUT,,OUTPUT)
COMMON/SYS/Z1S5YSTL6UYsISTYSYL6U)
COMMON/CHV/IPOSsIVELsIDVLIDsINAJIACL,LIPSI s IDUM(20)sINSEC(11)
11T IDUMIC10) $ITIM(3)sFDTHIXIT
COMMON/STACK/IVEH(100) o IVEHI(100) s IVCH(100) s IVCHL(100)»1Y
COMMON/MSK /MASK(25) sKi25)9N125) 3sNRsD i s INSP1sINSP2sIVIIsFI
COMMON/SUMRY /KC1t1u)sC1it1u)sIFCitlus2s4)
COMMON/CRDP /Hs AR

DIMENSION PRI(7+4)

L==-1

FDM=0

IME2=0

SYSTM=0

RT=FDT=0

1sC=0

CALL PARGN

CALL EASY(IVH»IVH1sIVCHIVC1sTeRTsIV1IsIV2,1V3)
IF(ISCsEQa)113+9

IF(TeGTeRT)I10412

DO 15 I=1,15C

IF(IVCH(I)eEQeL)16415

CONTINUE

I1sC=158C+1

1=15C

IVEH(I)=1VH

IVEH1 (I3)=1VH]

IVCH(I)=1VC

IVvCH1 (IY=1VC1

RTT=RT+FT

IF(IV1eEQe0)94,4+83

IF(IV2eEQs1)81,82
IFCT(Bsl1sIV3)=IFCT(B8s19IV3)+1SIFCT(B8+2+IV3)=IFCT(8s2s1IV3)+1
GO TO 83

IF(IV2eEQos3)84,85
IFCT(9915IV3)=IFCT(9914IV3)+1BIFCT(9929IV3)=IFCT(942sIV3)+1
GO TO 83
IFCT(109191V3)=IFCT(104519IV3)4+18IFCI(10+2,1V3)=IFCT(10s2s1V3)+41
CONTINUE

GO T0O 5

FDM=FDM+DT

ISTIME=FDM~IME?2

IF (1STIME.GE-1)YGO TO 341

FDT=0%GO TO 1343

FDT=1STIME

IME2=FDM

IRJ=1

DO 100 Isi=1,158C

IFLIVCHITISIY.EQeLY100,201

CONTINUE

IFCIVCH(ISI) 130443074307

CONTINUE

GO TO (303,304)IRJ

IRJ=2%5SYSTM=SYSTM+DT

CONTINUE
PROCESS CYCLE
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CALL SYSCP(ISI)
CALL CHAR(ISIsRT)
IFCIVCHITISII)I100+434943
43 CALL SUMR(ISI+ISCeRT)
100 CONTINUE
90 RT=RT+DT $GO TO 9
26 IF(KCT(7)eEQal)31,32
31 CONTINUE
PRINT 1104RT+SYSTM
110 FORMAT (1H1,% GRAND TOTAL SUMMARY INFORMATION FOR TIME =%,F10e5/
1% SYSTEM USE TIME=%#,F10.5)
DO 120 J=1ly4
GO TO (1219122+123,124)J
121 PRINT 125%GO 1O 130
122 PRINT 126%G0O T0 130
123 PRINT 127%GO 70 130
124 PRINT 1283%GO TO 130
128 FORMAT(///% WESTBOUND APPROACH*)
125 FORMAT(///% NORTHBOUND APPROACH#*)
126 FORMAT(///% EAST BOUND APPROACH#*)
127 FORMAT(///% SOUTHBOUND APPROACH®*)
130 J1=8
DO 18 I=244
IFCIFCT(J1919J)eFQ.0)1864182
186 PRI(I,J)=0%G0O TO 18
182 PRI(TI «JI=IFCT(IslsI)/(CTT(BIRIFCI(Jlp1lsJ))
18 J1=J1+1
J1=8
PO 180 [=5,7
IF(IFCT(J1919J)eFQa0)1874183
187 PRI(I +J)=0%GO TO 180
183 PRI(T s JI=IFCTU{Is1sJ)/(CTT(HIRIFCT(J1919J))
180 J1=J1+1
PD=IFCT(8s1eJ)+IFCT(9s19J)+IFCT(109s1sJ)
PRI(1J)=IFCT(191sI)/(CTT(6)%PD)
PRINT 619 (PRI{IsJ) 91244} 3CTT(3)s(PRI(IIsJ)»I1=5,T),
T(IFCT(LLs1»J)sLL=8+10)4PRI(1sJ)
61 FORMAT(
1* STOP TIME DELAY.eeRT TURN=%#,F10e5s% LEFT TURN=%#,F10e5)
2% ST THRU=%43F1065s/% TIME DELAY FOR¥4F10e59% MPH=eeee RT TURN=%*
39F10e59s® LEFT TURN=¥,F10.5s% ST THRU=#,F10.5/% TOTAL VEHICLES C
GOUNTED=eeeeRT ITURN=#*,15 s* LEFI tURN=%,15 s¥ ST THRU=z=%,15
S/%¥ AVERAGE TIME IN SYSIEM=%#,F10.5)
120 CONTINUE
32 CALL EXIT
END
SUBROUTINE SUMR(ISIZISC,HRT)H
COMMON/SUMRY/KCT(10)sCTT(10)sIFCT(1092+4)
COMMON/STACK/IVEH(100) o IVEH1(100) sIVCH(100)sIVCH1(100)s1Y
COMMON/CHV/IPOSs IVEL s IDVLsIDsINASIACL,IPSI,IDUM(20) s INSEC(11)
13 ITHsIDUMI(10)ITIM(3)9FDTLIXIT
COMMON/MSK/MASK(25) sK(25) 9sN(25) sNRsDT o INSP1sINSP24IVIILFT
DIMENSION PRI(7+4)
C IFCT(1sM)=TOTAL TIME SYSTEM USED
C IFCT(2sM)=STOP TIME DELAY RT TURN
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MY TN

¥

Y YN

@)

21
21
41
4?2

10

37
272
26
41

121
1272
127
124
128
125
1726
127
120

186
182
1R

187
182

IFCT (3 4MY=STOP TIMF DILLAY LEFT THIRN
IFCT {4 4M)=STOP TIMF DELAY ST THRIY
IFCT(54M)=TOTAL TIMF DFLAY RT TIHIRN
IFCT(AMY=TOTAL TIMF DFLAY LFFT TURN
IFCT{74,M}=TOTAL TIMF DFLAY ST THRU

IFCT (R 4M)I=NIMREFR OF VEHICLFS RT TURN

[FOCTL9 4dMY=NUMBRFR OF VEHICLFS LFFT TURN
IFCTE1I 0 MY=NUMRFR OF VFHICLFS ST THRU
M=1 FOR TOTAL, M=2 FOR SUR TOTAL
THE THIRD DIMENSION IS TO IDENTIFY APPROACH

IVEL=TVCH(ISI) e AaMASKI(2)

IVEL=IVEL/2%%K (2)

ID=IVCH(TISI ) e AsMASK( 4)

IN=1N/2%%K (4)

IFIKCT(4)aFQe1)31,432

TFIRTeGECTT (421,432

TFLISTeEQISCYSLT 44

CTT(4)=RT+CTT (1)

VFL=(15e/22e ) *1VFL

IDT=IVCHI(ISI)eA.MASK({10)

IDT=IDT/2%#%#K (10)

IT=IVCH(ISI)eAeMASK(14)

IT=1T/72%%K (14)

PRINT 104RT5ISTIsIDT9IPOSeIDsITyWELSIVEH({ISI)$IVFHI(ISI)
1IVCHISI)Y s IVCHI(IST) »1Y

FORMAT (/% TIME=%,F10e5,% IST=%415,% IDENT=%s154% POSITION=%,
115¢% DIRFCTION=#4129% TURN TYPF=%¥,]24% VFLOCITY=%*4F10e5/
2%  TVEHS%,2(2Xs020) % IVCH=%42(2Xs020) o 1Y=%,020)

IF(KCT(6)eFQal)32,34

IFI(RTeGESTT(5) 26934

IF(ISTeEQalISC)YL3,434

CTT(S)=RT+CTT(2)

PRINT 110,4RT

FORMAT (1H1s ¥ SUMMARY INFORMATION FOR TIME =%,F10.5)
NO 120 J=1s4

GO TO (12191229173 9124)J

PRINT 125%G0O TN 130

PRINT 126%G0 TN 130

PRINT 127%G0C 70O 130

PRINT 128%G0O TO 130

FORMAT (/s /% WFSTROUIND APPROACH*)
FORMATI(// /% NORTHROIUIND APPROACH*®)
FORMAT(// /% FAST ROUND APPROACH®)
FORMAT(///% SOUTHBOUND APPROACH*)

J1=8

PO 1R 1=294

IF{IFCT(J1929eJ)eFQs0)186,18?

PRI(I 4J)=0%G0O TO 18

PRIGI sJ)=IFCT(I92s ) /(CTTUHI¥IFCT(J1924J))
J1l=J1+1

J1=8

PN 1RAN 1=5,7

TFIIFCT U192+ J)eF0a0)187,187

PRI(I +J)=03%GN TO 180

PRI(TI 9 J)=IFCTUT a2 )/ {CTTUHEI¥TIFCT(JY92sJ))
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180 J1=J1+1
PP=FCT(Bs2¢sJ)+IFCT(9e2 ¢ ) +IFCT(109: 43
PRI(14JI=IFCT (12 ) /(CTTIE)¥PD
PRINT 619 {PRI(I U sI=244)¢CTTI3) 43 (PRI(I]sJ)ll=547)y

1C(IFCT(LL 929 J) sLL=8,10)4PRI(1 )

A1 FORMAT(

1% STOP TIME DELAYeesRT TURN=%4F10e5,% LFFT T'IRN=#*#9F10e5s

2% ST THRU=#*,F1N0e54/%¥ TIME NDFLAY FOR%4F1NaB84% MPH=Zseeee RT TURN=3
33F1Ne54 % LEFT TURN=%¥4F10e5+% T THRU=#*,F1r,5/% TOTAL VFHICLES (
G4OUNTED= e a0 eRT TURN=%,15 4% | FFT TURN=%,I5% ¥ ST THRu=%*,15
5/% AVERAGF TIMF IN SYSTFM=%,F10,5)

120 CONTINUE
NN 63 J=144
PO 63 1=1,7

63 IFCT(1424J)=0
34 CONTINUE
RFETURN
FND

SUBRNUTINE EASY(IVHs IVH1 4 IVCaTVC19TsRTsIVIsIV2sIV3)
(OMMON/MSK/MASK(PS)oK(25)’N(7q)9NRyDT91NSP1QINSPZ’IVII’FT
COMMON/SUMRY /KCT(10) sCTT(IN) 2 IFCT (1042 44)
NDATA FND/RHEND, !
IP=POSITINN(1024)
15=5PFED {(A4)
IDS=DESIRED SPEED (64)
ID=DIRECTION (3 .
INDENT = VEHICLF INFENT TAG(512)
INO=NFAREST OBJECT INDFX (512)
IVL=VEHICLE LONGTH (64)
I1C=CAR OR ORJFCT
=N01 FOR ORJECT,L011 FOR INPUT OBJECT,,1n1 FOR QUTPUT OBJECT
IT=RT OR LTy NO TURN OR THRN (Ny1)
IvC=1vCli=1VyH=n
IVH1=52528252562802508252582P
READ 99 IP IS e IDSsINeINOsIVLsI s ITalDENT T 4FXI
9 FORMAT(915s F10e59A3)
IF(FXTeEQaFrNNY4] 442
41 T=RT+FT+53%G0 T9 473
42 CONTINUE
5 FORMAT(91542F10e5)
IFIKCT{3)eFQel1131,432
21 PRINT 33,7
PRINT S59IPsI1SeIDSsINsINGsIVLsIC oI TsINDENTsTHFT
212 FORMAT(//% VEHICLFE INPUT FOR T=%4F10e5)
12 IVMI=I1CHIv2=1IT
Tv3=ID+1
J1=2525252526825252311B
c SET UP IVCH(IV(C)
IvC=1VCae0alP
Ty=1ID
1J=1U%2%%K(20)
IvCi=1VCe0allJ
I€= [S#(224/154)
16=1S%2%%K(2)
IVvC=1VCeN,e1S 81

AN AN NN



27
16
18
19

1n
17

42

B

I TR0 TR T TR N U U B U P

TT=1T#2%%¥ (14)
TvC=1VCeNsIT
INS=INSH(224/15,)
ING=TN&¥*2##K (3 )
IVC=1VCeNeIDC
INO=1ID+1
IN=INX2%%K (4)
IVvC=1VCeeID
INO=INO#2X%#K (5)
IvC=1VCe0eINN
TVO1=TVCT N TVL
IPENT=IDFNT#2%¥K (10)
IVOT1=IVCl1eNW INFNT
TF{ICaFQaN)I12422
IF{ICaFRe1)10416
IF(ICFQal11)1Ry1Q
IVC=IVCeO MASK(9)Y$GO TO 12
IVC=T1VCe0eK(9)3GNOH TO 12
IVC=IVC.O.MA‘3K(15)
CONTINUF
SEFT P TVFH
JI= N #2 %7
J?2=177R
TVH=TVH«N .. )1
IVH=TVH«O 4 J?2
CONTINUE
RETURN
NN
SUBROUTINE PARGN

COMMON/STACK/TVEH(I0NMN) o IVFHT(100) s IVCH 1NN ) s TVCHI(100),1Y

COMMON/CRDP /HyA s R
COMMON/SYS/1AYSI(A60) s 1YY (AN)

COMMON/MSK /MASK (25 ) s K(25) sNI25) sNRoDT s INEP 13 INSP2 s IVIISFT

COMMON/SEMRY ZKCT (10 ) sCTTLIN) o IFCT {1042 94)

COMMON/CHV/IPOS s IVEL s IDVL o 1IN INASTACL 4IPS 4 INDUM(20) s INSEC(11)

ToIToINUMIEI0) s ITIMI3YsFNTHIXIT

NIMENSTION FE(30)
KCT(1)=PRINT SYSTrM INPUT CARD
KCT(2)=PRINT S5YSTFM GENERATED INFORMATION
KCT(3)=PRINT VIHICLF INPUT INFORMATINN

KCT(4)=PRINT IN PROCESS SUMMARY INFORMATION FVERY CTT(1)

KCT(5)=PRINT VFHICLE EXIT INFORMATION
KCT(6)=PRINT SUMMARY INFORMATION EVEFRY CTT{(2)
KCT(7)y=PRINT GRAND TOTAL S'IMMARY INFORMATION
FT =MAX TIME INCRFMENT ABOVE T
CTT(3) USED FOR TOTAL TIME DFLAY PARAMFTER
CTT(4) USED FOR IN PROCEFSS SUMMARY COUNT
CTT(%) USFD FOR SUMMARY COUNT

CTT(6)=DELTA T FOR COUNT INFORMATION

PRINT 101

FORMAT (1H1}

READA S (KCTH{TI) sI=1+7)s(CTT{J)sJ=1+6)

FARMAT(71142Xs6F1043)

CTTUa)=CTT(1)$CTT(5)=CTT(2)
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o1
as

92

1°

h2
62

01

15
47

21

REFANT ¢sNRGFT 4NT
FOPMAT({IS42F10.5)
IxiT=0

Tvil=0

A:?Q%.%B:[;R.

H=A+8
TFIOCTT(E)Y el NeN)FT,92
CTT(h)=1,

DO 93 J=1e4

DO 93 Jd=1,y2

NO 93 JJJ=1410
IFCT(JJJeJded) =0
INSP1=445%INSP2=480
NN 12 TI=1,11
INSECH(TIT)=0

DO 11 1=14NR
Isysi(Iy=Isyey(li1=0
IK="%[KK=7

READ2 3 (KK(I1)sI1=1,30),4KP

FORMAT(3011,12)

DN 63 J=1,30
IF(KK(J) elNeN)E2 463
KK (J)=0

CONTINUE
TF(KCT(1)aFQel)4) 442
PRINT 15 ,4NR KK 4KR

FORMAT(Z2Xs *NR=z=#,]R,3X 4%

CONTINUE

Teyar(ry=«xr

no 31 T1=1,20
KKIT1)=KK(T1)*2%%]¥K
JKK=TKK+2

Jevel(I)=KK(I1)eNeISYSI(I)

DO 32 11=21,30
KK{I1)Y=KK({I])y*2*x]K
TKk=1K+2

TsYSY(I)1=KK(I1)eNelSYSY(])

CONTINUF
MASK(1)Y=POSITION
MASK (1)=1777R
Kily=1
MASK (2)=CURPFNT qPEFD
MASK (2)=1T7AN0OCR
K(2)=10
MASK (3)=DESIRED SPFFP
MASK(3)=17600000F
Ki{3)=16
MASK (4)=DIRECTION
MASK (4)=60000000R
MASK(5)=NEARFST ORJECT
Kt4y=22
MASK(5)=T77700000N0N00R
K(s)y=24
MACK (6)=0BJFCT CHANGF
K(r)=33

INDEX

83
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MASK(A)=1"Nn0nAN0n0N0R
C MASK (7)=ACCFLLERATINN INDICATOR(TY)

K(7)=1C
MASK ( 7)y=360NNR
c MASK { RY=MASK T0O OPTAIN JTVFH PARANMITERE
MASK (B)Y=37T77T777777T77760080
K(RYy=7
. MAGk (O) UsFD FOR INPUT ORJFCT MAcy
« K(9) 1SED FOR OUTPUT ORJFCT MACK
MACK (9) =400 0NN00NN 2]
K(9)y=50C0~nnnn R
c MASK (10) USFD FOR VFHICLF INFENT
MAGK (10)=7770NR
K(10)=6
C MASK(11)=PASS INODICATOR

MASK(11)=4000000°000000 B
c MASK(12)=NFAREST OPJFCT INDFX FOR PASS
MASK(12)=3774000°C0000000F

K(12)=138

c MASK (13)=VFHICLF LFNGTH
Ke13y=1
MAGK (13)=T77R

C MASK (14)=TURNING INFORMATION
K(14)=34
MASK(14)=6000000°000CR

C MASK(15) USED FOR RIT 15
MASK(15)=4000000M0 R

C K(15) "JSED FOR IDUM1 MAcK
K(15)y=3777777R

c MASK (16) USED TO DETFRMINE ORJFCT TYPF
MASK(16)=600000000 R

c MASK (17) USED FOR ITIM(1)

c MASK(18) USFD FOR TTIM(?)

co MASK(19) USFD FOR ITIM(3)

MAGK(1T7)y=T7701N000NR
MASK(18)=7T700"0CN0R
MASK (19)=770001300000R
K(17)=15
K(18)=21
K(121=27

c MASK (20) USFD FOR APPROACH INDICATOR
MASK (20)=3""N000N0CO00R
K({20)=36h .

s MACK (?1) USED FOR INA PASS TANORF
MASK (21 1Y=1702700NNNNC0R
K(21)=133
PRINT 6sNR4DT
TFIKOTI2)eFQel1)51452

51 PRINT 75 (IsISYST(I)sI0YSY(I)sI=14NR)

6 FORMAT(2X s ¥NR=%,15, *¥DT=%,£2010//)

7 FORMAT( % I=%,15,%15YS1=¥%,020,%#I5YSY=%,020)

57 CONTINUE

AN FORMAT( % POSITION,SPLEDSDESTPFD SPEFDyLIRECTIONS INOsCLASS s TURN
TIDENT s TIMF 3 STOP TIMF*)
PPINT 101
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100
LNg

YYD

DY

Al

T YA YYD

NN N

PETIIPN

NI

SURROUTINF svarpP(I<])

COMMON/ STACK/TVEH(T00) 3 IVEHT(100) o TVCH (170 ) 4 JVrH1(100) s 1Y
COMMON/SYS/IEYST(60) s1CYSY (40)
COMMON/MSK /MASK (25) 5K (25) sN(25) sNR DT
IFLIVCH(ISTIII1040,6

CONTINUE

MY1=1778

MVFIX=1

[v=9

PO 1NN T=14NP

IVI=TSYST(1) . AMVI]

IC1=TVEH{IST ) aAalCYSI(T)

1C2=TVFHI(IST) eAelOYSY (1)

IF(IC1eEQuISYSTI(T) 1442

TF(IC2eEQaIBYaY (1)) 742

IYI=1YI+1

IYFIX=MYFIX*(2%%]Y])

IY=1YeOuIYFIX

CONTINUE

RETURN

FND

CURRONTINE CHAR( IS ,RT)
COMMON/SYE/TevVaT (AR ) s10YSY (50)
COMMON/STACK/TVEH(100) 3 IVFHT{100) s IVCH (100 ) s TVCHI(100) 5 1Y
COMMON/MSK /MASK (25) 9K (25) yNI2B) yNR DT oINPT s INSPP 3 IVIIoFT
COMMON/ SUMPY /KT (10) +CTT(10) s TFCT (1052 44)
COMMON/CHV/IPUS s TVEL s IDVL 9 IN e INASTACL o 1F " 14 INUM(20) s INSFC(11)
sIToIDUMI(10) s ITIM(3)9FDTHIXIT

IPDVI=VFLOCITY GT DESIRED VELOCITY INDT X

IPNS=CURRENT POSITION

IVEL=CURRINT SPEFD

INYL=NFSIRED opErn

[P=NIRFCTINN

INAZACTUAL DR JUFCT INDEX

IACL=ACCFLFRATION TNDICATOR

INST=NISTANCF TO NFARFeT ORJECT
NVFL=NEW VFLOCITY

IT=TURN INMICATOR 00=NO TURMs N1=RT TURN, 11=LT TURN
NPOS=NEW POSITION

NACL=ACCFLERATION

IPSI=POSITION OF NCAREST OBJFCT

1CP=CRITICAL DISTANCE,ALSO CRITICAL DISTANCF INDICATOR
IVIN=7FRO VFLOCITY TNDICATOR

IVII=INTERSFCTION INDEX
INGFC=INTFRSECTION STACK

INGEC(11)=FIRST VFHICLT AT INTFRSFCTION

IND=DIRFCTION OF &FCOND VFEHICLF AT TNTFRSECTINN
INSP1=BEGINNING OF INTFRSFCTINN

INSP2=ENDING OF INTFRSECTION

IPUM(1)=AT DESIRID SPFFD

IDUM(2)=GT DFSIRFD SPEED

IPUM(3)=AT CRITICAL DISTANCF

IPUM(4)=GT CRITICAL DISTANCF
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D

)

T NDYTY YYD

N

)

-~

MY YAD

N

/\

123
121
2y

ag

R72
62
A1

173
172
271
174
171

IDUMIS)Y=V HICLE
[PUM6) =VFHICLE

STOPPEN

IN

INTERSFCT INM

IDUMT)Y=FIRST VEHICLE AT INT R TTN
TNMIMIRY=CAR ON RIGHT
INMMGY=CAR NN LEFT
INPMAEIOYy=CARP STRATGHT AHEADN
IDMELIY=VIHICLE FXACTLY AT INTFRSECTION

IDUM(12)=CAP
IDUM(lZ):(AT
IDUM (14) =CAR
IDUM(15)=CAR
IDUM(16)=CAR
INIM(17)=CAR
INDIM{18)=CAR
IDIM(19)=CAR
IDUM(20)=CAP

INUMI(2Y=VFHICLF
IPUMI(3)Y=VvIHICLE

TTIM(1)Y=TIMP

ITIM(3)=TOTAL
CALL ORCV(Is5

ON
ON
AT
O
ON
ON
ON
o7
<7

IN

1)

RT
LT
cT
RT
RT

CXACTLY AT TMTERAFCTION
CXACTLY AT IMTFREFCTION
EXACTLY AT INTFRGFCTION
TURNING RT

TURNING LFFT

LFFT TURNING RT
LEFT TURNING L FFT
AMEAD TURNING RT
AHFAD TURNING LFFT
INIMT (1) =V HICLT RT THRN

LFFT TURN

aT

THR U

SYSTFM
ITIM(2)=5TOP TIME
TIMF DULAY

DELAY

OBTAIN CHARACTERISTICS

IVC=IvVCHIT ST
IF(IVC)Y39,46,
TACL=TACL e
IF(TACL Y445,

)
6
q

4

CALL ACCFI(IPNGS TPl I ACL JNACL y INAGIVFL )
NyFL=IVEL+NACL*DT

TF(NVFL)I5R, 1
NVFL=0N%GO T9
NvFL=1VvEL
VEL =NVEL

'R
]

NPDS=1POS+{VEL¥DT+0e9)

IC1=INSP1-%
IF(NPOSeGTW

1C1=1PST=NP)

C1

<

1123,83
IFLINDIM(A) eFERe11A84131
IF(NPOSGTLINSP2)YR2 484

IF{IC1e4GTe5)R2485

NPOS=TPS] -5
VFL=NVFL=0N

CHFECK IF VEHICLF AT

INTFRSFCTION

IFCINUMIA) eEQel)BB462
IF(NPOSeFEQeINSP1YH1472

INDUM(6) =1
TPUM(T1)=1

IF(ITSFQa1)173,172

IPUMI (1) =1SIPUMI(2)=2%G0 TO 171

TF(ITeFQe3)174+377

IPMYI(3)=1%60 TO 171
ITPMY (1) =2 1NIMY (D) =]

IviIi=IvIii+}
NN 59 Tl=1e1

0
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IFCINSFCUII)aFQeN)IS8,4509

N CONTINUE
PRINT &7
=7 FARMAT (% LOSIC FRROR 1)
CALL IxI1T
£ IMC,F—(‘(II):'IC)I.O'MAC\K(C))
a RITG 58459 1ISID TN INDICATE VFHICLE N INTFRSFCTION
g CHETK TE YIHICLE FIRST VIH AT INGFCTION
Fo TFCINGFC(T1)eFReTISTNIN3 4104
1040 TEEINGFEO (111,70 "Y1NYe 10D

1M INSTCI1)=ISIBIDUM(7)=1%340 TO 103
1A IPUMET)Y=2%G0O TN 10~
N3 CONTINUE

. K1 USFD FOR CAR ON RIGHT

s K2 USED FOP CAR ON LFFT

C K3 USED FOR CAR STRALGHT AHFAD
K1=Kkp=K3=?

AR N AR TJl1=1410
TFCINGFCHIUL)YYETe66457

7 IRO=INSLC(IJ1)

[RO=IROGALTTTR
IF(IROEQ.ISII66,320
290 IN1=TVCH(TRO) o AeMASK (4 )
IND1=ID1/2%*K (4)
IN3=1P2=10]
IN4=1D
IDS=IVFH(IRO) «Ae3000N00D00R
IDS=ID5/2%%27
IN6=TVCH(IRO) ¢AeMASK (14)
IPA=INA/2#%K(14)
GO TN (111,110)K]
s CAP ON RT
117 INI=IN1+1FID1=IN1 A
IF(IPGFOLINTI112,111

112 K1=1
IPUME12)=1D5
C CHECK FNOR CAR ON RT TURNING RT GR LEFT

IF(IN6eEQT)R00,3M]

N0 INUME1IS)=13INUM(16)=2%G0 TO 111

“N1 IFLIN6.EQeaRY3IN24111

N2 INDUMI1AYI=T1SINUM(16)=2

s CAR ON LT

T GN TN (116s114)K>

114 ING=IN4+T1FID4G=INGL A3
IF(IN2eENIN4)11R,116A

115 K2=1
INIM(13)=1D5
s CHECK FOR CAR ON LT TURNING RT OR LFFT

IF(IN6eEQe1)2044305
2104 IPUMT17)y=13IDUM1R)I=2%3G0 TO 116
2105 IF(INAeEQe?)3069116
N6 IDUM(18)=1%IDUMI17)=2%G0 TO 116
116 GN TOHO (664117)1K3
117 IF(IN3eLFa?)1184110
118 IM3=IN3+2%GO0 TO 120 87



117 [N2=1MN3=7

1on IPAI=IN2eAe?
IFLINReFNLIN)ITI21 466
171 K23=1
INMET4)=T7"
s CHECK FOR CAR ST AHFAD TUNRING RT OR T

IF(IN6ebNea1) 1544155
184 INUMEI9Y=1HINUM20)y=2%00 TO &+

188 IF({INA«FNe?)150A 4AA
154 INHME20) =194 I IMIOY=2%00 TN Fr.
S COMTINUT

INUMR)=K]
INM(9)Yy =K ?
INIME1I0) =K 3
IFCINUMIAR)FNe1 )T 477

7 IFINPOSFQLINSPIYT72 478

7e INUMOIII=IDUM12)=INUMI2)=IDIIM(14)=2
IF(ISIeEQeINAGIC({11))10% 4106

1nR IPUM{T7)=2%INSEC({1])=n

1 N4 IF(NPOSeGTLINGSP2) 72,72

C VFHICLE LEFFT INTFRESFCTION

72 NN 74 1J1=1410
[C1=INSTC(I Yy aA 7T 7H
IF(IC1elNelcl)T75,74

T4 COANTINIIF
PRINT 77

79 FORMAT(* LOGIC FRRNOR 2 x%)
CALL EXIT

75 INSFC(IJ1 =D
Ivil=IlvII-1

C CAR TAKEN OUT OF INTERSFCTION
IPIMEEY=2

INUMIB)=IMM(9)=TNUM (1) =2
IPUMIS)=IPUMOIEY=TNIMOI T ) = TRIIMETRY=IHEM1O)Y=TNM(20) =)
72 CONTINUE
O CHFECK IF VELOCITY GaTe DFSIRED VFLOCTITY
IFINVEL «GT&INVLYIZ1 422

27 IF(NVEL «FNGINVL)I?23,424

21 IDUMI1)=2%IDUM(2)=1%GO TO 2=
72 INUMIT)I=1SIDUM(2)=2%CG0 TO 2~
24 IDUM(1)Y=2%IDUM(2)=?

q CHFCK IF VELOCITY FQUAL T0O ZFRO
25 IF(NVEL)Y2T7428,427

27 IDUM(5)=2%G0 TO 29

2R IPUM(5) =]

20 INST=IPSI-NPDS

c CHFCK TF DISTANCF =n,1Ee PASS CONDITION
IF(INST)I12913%,12

12 IFCIVCHIINAY )Y 17916416

C STNP VFHICLF

164 PRINT 41,1SIsINA

41 FORMAT (3¢ COLLISION IST=  #4T6s%¥INA= *#,16)

NPOS=IPSI -5
INST=5%NVFL=0

GN TO 12
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77(\'
n3q
240
WA

24

168

269

c1n

“11

I T R U W SHRA B T e <}

16N

TCT=TVCH(INA)Y s Ae¥ (9)
TF(ICT1 el Qe Ny Y4207
CONTINUIF
[Vr=IVCaNg77NONDANNANN 4]
T=IVOaAMIqr (20)
TU=1Jy72%xv (2n)
TU=10+1

IF(ITeFGea7) 3304331
IP=9¢GN TO 47
IF(ITFQa1)34Nn434]
IP=8%GO TN 4=

[R=1nN

CONTINLIF
IFCT(IRyZ 91 JV=1FCT(IRy 241Uy
SFT VFHICLE FXIT FLAG
GCI=TTIM{1)Y/CTT(A)
GE2=ITIM(2) /07T (A)
GCR=TTIM(R) /CTT (/)
IF(GC2eENeN)I3E8B472609
GC2=1

IR=IR-6%

IFCTUIR L oIV =IFCTIIRs T4l +1FIFCTIIR G291 JI=TIFCT(IRS2s1U)+1

CONTINUE

INT=TVCHI(IST)eAsMASKI10)

INT=INT/2%% (17

IVCHTI (I ST)=¥1(9)

PPINT B51nsINT 3 IST 41T eIN,?T

FARPMATL /7% VIHICLFE LFFT SyavFw INENT=%4"5.

1% [S5]=#se]0,% THURN TYPF=%,124% DIRFCTINM-¥ (17 4¥% TIMF=%4F10e%)

PRINT 5114GCT14GC2,CTTI3) 4A073

FOPMAT (%  TIME IN QYSTIM=%F1De", ¥ O GTio T DELAY =¥
1% TIME DELAY FOPR VIHICEES HNOURE GFINGT o8 st gF1lNg )
TVC=1VCeOaMASK (11)

ICTI=TNA¥2RX{17)

IVi=IVCeNael ]

GN TN 373

COMNTINUE

ICT=TVCH({INA)Y a AeMASK {T)

IF(IC].FQ.MAQK(Q))Rﬂygl

ITVC=TVCaDdMARK (11

SFT ORJECT IMPFEX,PASE

TURN LNOGIC

SFT PASS FLAG
PLUT INA IN PASS  INA
PICK UP STOP SIGN ON RT/LT AND OGRTAIN KNIV INA
SFT Is1 IN STOP SIGN INA
CHANGF NPOS
CHANGF DIRFCTIONS
IF(IT.FQ.OY161416N
VEHICLE TURNING
TCT=TINA*Z®XC (12
IyC=1VvCe0aeIC
N 160 IT=1412
I1C1=IVCH(T) JAMAGK(14)
IF(ICT1eEQeMAGK (1B)) 166,164
89
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156 TElIToFQa111A7 414"

. RT TURNs PICH 1P TGP SICH D g
‘67 [r2=TVCHI T " e MASK (4)

JALES BAW

[PP=IRD/2%xy (4)

INg=10n

IP4=IP4+1FINS= N4 AN
IFIN2eFGaINnY167 4144

TAA CALL NDT(T.1I71)
TVCH{IY=TVAH(T )Y s As o NeMASK (81
1C2=1Gq1#2%%K (")
TVCHEII=]VCH(T)eNe 1C2

c SEFT INA PASS IGNORF
TVOH(I) =TVOH (T )eNeMASK (21)
INA=IC1
GO TO 170

¢ LT TURM PICK 4P STOP SIGM OM T

16413 IPT=TVCH{T)sAaMASK(4)

INR=1N]

IN1=1P1y/2%%¥ (4)
INI=INI4H1IRINTI=INY a2 s"?
IF(INIQ TN 1AB 144
167 NPOS=IN&PD~5T6N T 1wy,
1AR MPOS=INSPI+10EA0 T 1A%
170 IVC=IVCeAe e NJMASK (4)
IvC=IVCeO)alNR
IDST=1IPST-NDOYS

6GY T 12
164 CONTINUE
PrINT 200
20N FORMAT(*  LNAIC FRROP 3x%)
CALL TXIT
e T7Y=IMA%EY %K (1)
[V =IVCelia [71]
- crT D/\C)_C yrm.,hr

TUOHHCTMAY = TVZHE TRy g ogMAal (7))
COPICK 9P NFw MNOART T Q8 Jb 7T NPy

- 1CY=NFw NPT X
an CALL NOL¢IMA,TICY)Y
- SET 1P O rcY pAcaTh

[ro=]cl* exg (%)
TVEHOINAY =TV THITMA) ¢ a e NaMACY (1)
IVCHOINAY=VOR(INA )Y s Oa 1D
INA=T ]

10 CONTINIIE
ITVIL=IVCHITINAY o2 eMAAK ()
1TVliL=1TVEL /2 %% (D)
ITVFL=TARS(NVIL-TTVFL)

. NFO TVEHT TMNDTICATE S VIHLICLT 20T OF IRTIRSGSFCTTON

c CHECK TF RIARLST ORJILCT aThuT
I7F1=IVCH(INA)Y eAaK (9)
TF(IC1eiQaF(7))3N,172C

120 COANTINUE

Hé6 CALL COCDUITVRL »IDTT,ICN)
IT(INST AT, N3N, 2]
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2 [TF{INGTeF e 17N 132,21

an IMPA(RY=2FIDIM(4)y=19GO TOH s

72 INIIME3Y=1SIDUIM(4)=D$00 TH 2E

13 IPDUACRY=28IDUM4)Y=D

RS IPOS=NPOSSIVFL=NVFL

S CONTINUE

C SET PROPER COHUNT IN SIIMMARY PARAME TR

1J=1VCeAJMASK(20)
TJ=14/72%%K(20)
1J=14+1
£nn IFCTU19 1o TJ)=TFCT (1 9lelU)+FNT
TFCT (18241 0)=TFCT( 1928 1)+F™T
- INCREMEINT TIMF INDICATARS
FYL=CTT(3) ¥ (224/15,)
ITIMIDY=TTIM1I)Y+FNT
IFCIVELeFNaN)3ITN,2T75
270 ITIMIO2Y=TITIM(2)+FDT
TF(IT«FQa3)H024507 -
cor TFCT (3l 1l )= lFCT(3 010l )4FNTRIFCT(34241)=1FCT (3291 J)V+FDT
GO TN 506
503 IF(IT«FQL1)50445705
£n4 IFCT{ 2910l J)=TFCT( 2 ol ) +FDNTHIFNCTU20291)=1FCT(242s1J)+FDT
GN TN 5Ck
EEAL TFCT U la Il NN =TFCT s s IUYHFCTEIFCT (G e? el ) =TFCTLe2s ] JY4FOT
A CANTINUE
175 IF(IVELenTaF VYL Y372 4272
72 ITIM(2)=TTIM(2)+m0T
IF(ITLFQa3)E02,6772
6N2 IFCT(Hsle L) =1l CT Al ITLIAFNTEI "T (A2 0l 0 71 T(6He2e IV+EDNT
GO TN &C6
03 IF"( IT.FQ.l)é)OQ’()"")
A TFCT S 1o I =TT (B Le IUMAFTTEIFCT(H42 01 10 1 T(H429J)+FDT
GO T0O 606
N5 ITFCTL 71l )= lF T T alelJ)4F TR TIFCTH 74201 ) =IF T (Te2e1JY+FNT
ANA CONTINUE
2773 IveH(ISIYy=1vr

20 CALL SFTHUP(IST)
PETVIRN
FND

SUBRNAUTINE NOL(I<I,sINN)
COMUNN/MSK/MACK (D25 ) 3K (25) sN{25) yNRyNDT L INTP ] 4 INP2

COMMON/ STACK/TVEHC107) s IVIHTI(INN) o TVOHILINN) s TVCHLI(100) 5 1Y
COMMON/CHV/TPUS s IVEL o IDVL s IND e INAGTAUL 3 IPS Lo IDUM(20) o INSFC(11)
ToITHIDUMTI (1IN, ITIM{R ) FIT 4 IXTT

s Pl 1P ORJECT INDIX

Ive=1VvCH(IST)

INND=TVC e A MACK (5)

IND=TNO/2X®K (7))

‘ TAM=T NN

€ ACTUAL NFARFCST ORJFCT INDTX=[NM

> [CT=TVCH(INN) s AeMASK (11)
TF(IC1aT0MAGY (11))12517

12 TCT=TVCH(INN) o AWNMATK (12)

1Ca=TVCaASMASK (27)
[FI1C5eFQeMASKI21))2 7404
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7 TVT=TVCeAeaNaMASK (21)
Y TN 13

L CONTINUE
TVOHCINNY=TVOHITNN) e Ao e NaMASY (1 11)
ITVOHCINN)=TVOH(TNN) o Ae o NeMACH (1)
IF(IVCHL(INN) o7 Q4 K{9))21,4272

~1 IXIT=INN
oo INN=TCl/2%%K(12)
3 IPST=TIVCHIINN) s AgMASK(T)

e ADD VT CLD LIENGTH
IVLOT=1VCHI (TNN) e AeMACK (172)
IPSI=IPSI=-1VLAT
RFETHRN
END
SUBROUTINE ORPCVIIST)
COMMON/CHV/IPOS s TVIL o IDVL o TN INAGTACL 5 IPCT o IDIHA(20) o INSFC(11)
s ITHIDUMICIC) G ITIM{R)Y oM DTHIXIT
COMMNON/SYS/ZTYSTIAN)YsTCYSY (/M)
COMMON/STACK ZIVEH(10M) g IVFHTEINN) a IVCH{INN )Y o TVYCHI(I0N )Y o 1Y
COMMON/MSK /MASK(25) 3KI25) 4NI28) 4NR4DTZINSP 1 ,INSP?
IPOS=CURRFNT POSITINN
IT = TURN INNICATOP
IVEL=CURRENT SPEFD
INVL=NFSIPTD gPFFND
IN=NIRFCTINON
INO=NEAREST NBIJECT INDLIX(TEMP)
INA=ACTUAL OPJFCT INDFX
IACL=ACCILIRATION INDICATNOR
IPSI=PNSITION OF NFARFeT ORJreTy
ORTAIN CHARATTTR yAp11fs FoR,
IVC=1VCH(ITST)
POSITION
IPOS=IVCAJMASK ()
- SPFED
NOFVP=NUME[ R OF TVIH PARAMITEDS
NOFYP=1C
CALL NOI(IST,INA)
TF(IVC)YB4D,49
0 CONTINUF
TVIL=TVO g A MAGK (D)
IVEL=IVFEL/ ¥ (2
'S NEQIPED GPFIN
TAVL=TVC A JMARK ()
IPVL=IDVL/2%%K (3)
- NIRFCTION
IN=IVCeAMASK (4)
IN=IN/2#%K(4)
C NFARFST NOBJUFCT INDFX
IT=IVCeAdMASK (14)
[T=IT/2%%K(14)
r TIMFE INDICATORS
1¥=17
nn 6 11=
TTIM(OIL)
ITIM(CIT)

YDA D
—

N

Y

1,7
=IVOHI(T ST Yo AeMASK (TK)
=[TIMITTY/2#%K (TK)
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“ Tv=1r+1

. ACCTLERATION
ITACL=IY e AJMASK ()
IACL= [ACL/2%%#K(T)

r OPTAIN 1VIH PARAMETERS  IDUM(1)TO 1HUM(8)
1¥=7
N 1N Tl=1,20
INHMETT)=TVEH(IST) /2%%1K
IDIMEITI=TNUM(TT)eAe?

1N Tk=1K+2
1K=0
N 20 11=14NOFVP
INUMICTIIN=TIVEHL(T1ST)/2%#%]K
IDUMI(ITY=IDUMYI(TII)e/ra3

20 TK=1K+2

2 CONTINUE
RETURN
FND

SUBROUTINF SET'IP(ISI) ,

COMMON/MSK /MASK(25) 9K 25) oN(25) gNRaNDT L INSP1,INSP?

COMMNON/SYS/TSYST{AN) s 1RYSY(60)

COMMON/STACK/IVEH{TION) IVEHT(1n0) s TVCHI{TINN) o IVCHI(100D) L TY

COMMON/CHV/ZIPOSIVEL s IDVL s INsINASIACLSIPC TS IDUMI20) s INCEC(11)

1o ITHINIMI(I0) o ITIM(3)sFNTHIXTT
€  SFT 1P CHARACTFR VALIIFS FOR,

IVC=TVCH({IS)

IF(IXITeEQeD) 22421

21 ITVCHI (I XTI T =IVEH(IXIT)=IVEHI(IXIT)=n
IVCH(IXIT)==13IXIT=0
20 CONTINUE

C NFAREST OBJUFCT INDrX
IVC=1VvCeA, e Ne MASK {5)
INA=TNA®D®*K (5}
IvC=1VCeQaINA
IF{IVCYT748,8

2 CONTINUE

r PNSITION
IVC=IVCeAseNaMASK (1)
IVC=T1VCe0aIPNS

C SPFFD
C NOFVP=NUMBER OF [VEH PARAMEFTERS
NOFYP=10

IVEL=IVEL#2#%K(2)
IvC=1IVCa0aIVFL

C TIMF INDICATORS
Tk=17
DN 6 11=1,2
IVCHI(IST ) =TVCHI(IST }eAeaNeMASK(TK)
ITIMCII)=ITIM(IT)eALT77Y
ITIMUTID ) =ITIM(IT ) %2%¥%K (1K)
IVCHI(IST)=IVCHI(ISI) Qe ITIM(IT)

6 T¥=1K+1
c PICK 1P IVFH PARAMFTFRS
c INIME1) TO IRUM(R)
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in

N

0

32

12

TVFH(TSI)=TVEH(Tel)aAeaNeMACK ()
IVEHT(ISTI=IVAFHI(IST )aAeaNeK{15)

IK=7

NO 10 11=1,20
INIMETTIY=TNUM (I T y#2%%x]K
IVEH(IST)Y=TIVFH({TSI ) aOe IDUM(TT)
[¥=1K+2

[K=0

NN 20 1T1=1,NOFVP

IPUMILTIT)=INDUMI(T T ) *2%%]K

TVEHI (IST)=IVFHI(ISI1e0e INIMI(TT)

TK=1K+2

CONT INUF

TVCH(ISIYy=1vC

RPETIIRN

FND

SUBROUTINF ACCEL{(VPOSsOPOS,ACCT ¢NACLSINALIVFL)
COMMON/CRPP /Hy Ay P ’
INTEGER VPUSsOPOS,ACCI 4 NIFF

NEG ACC=4, POS ACC = 1

IF(ACCT aF Qe ) B o4

NACL=2

RFTURN

NDIFF=0POS-VPOS
IF(NIFF oL eH)32412
SLOPF=—6,4/400,
NACL=SLOPEF*DIFF+aA

NACL==-NACL

RPETURN

NACL=D

RETURN

FND

SHUBROUTINFE CCD(NVFLIDSTSI1CD)
COMMNON/CRNP /Hy AP
TCD=={A/D)I*SORT (P##D2 -NVEL¥%2)+H
PETIIRN

TND
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MODEL OPERATION VARIABLES AND
DRIVER RESPONSE FUNCTIONS

[AEARA T R IEal 1e ')f\. 1N,
A 1900, 5
°2 0 10
R >
” 1 1N
1 Y122 1 1 1n
1121 11 1 10
1Y 112 1t 1 1n
T 111 1 1 10
LI A B 1 21 N
LI B S W 1 1 11 10
1111 T2 mn
T 1 1 1 11 1N
111 1] 222 1N
1Y 1111 22 N 1N
1171 20 21 10
11 1 21 1 11 1"
11 211 1 21 10
112 11 1 21 1N
122 21 10
1112277 1 1n
T 1 1221 1 1 10
T Y o122 2 1 10
1 112121 1 1 17
11 1211 1 1 "
11 1211 17 11 N
T 1212y 2 ! ] 10
11 121111 2 1 ] 10
11 12111 22 1 1) 10
1 1 112211 ] r
T o121 1 10
11112111 2 T 1n
11T 1112311 1 N
T 1111111 1 1"
LI R O B O I O 11 11
T 1Y 1112112 ] ! 1n
T 11111121 1 1 L
1Y 1111122 1 11 1n
1Y 112212 1 1 N
1T 112112 11 1 in
1Y 112112 2 1] 10
1T 1 1112121 1 i 10
T 1111121 1 17
T 1 11111211 11 1r
11 1112122 1 1 1 1n
1 Y 11111722171 ] 0
T 11111222 1 1n
11 2221 1 17
T 2211 11 1N
1 2121 1 1 10
11 211 1 1 1 10
B 12721 1 1 n
1 1211 ] 11 1n
11 1121 1 1 1n
L 111 11 11 1.
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1 1122

10
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n

LN
[7%8!
HEND
HoN
QNN
NN
200
anNn

(W)

STOP SIGN AND DUMMY I/O OBJECTS

2D

D

DC D DD DD

L

W N e D NN - )0

D DD DD > D>«

J>¢
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IR
11
11
11

1N
101
1
101

~

n

¢
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