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Abstract

A REAL-TIME ADVISORY SIGN CONTROL SYSTEM
FOR URBAN HIGHWAYS

A real-time computer controlled advisory speed sign system
is proposed in order to improve the level of comfort and safety on an
urban expressway at high traffic volumes. By transmitting advance
warnings of impending slowdowns the system attempts to prevent sudden
sharp decelerations caused by the amplifying effect of car-following.

The control system output consists of command settings for the advisory
signs located along the highway at intervals of one-tenth mile., Roadbed
detectors continually moénitor and transmit speed and density data to the
on-line. computer., The processing of this information in accordance with
a control algorithm results in command settings for the advisory speed
signs,

For practical reasons the sign settings are restricted to the
usual 5 mi/hr increments and a particular sign is set only if a significant
response is necessitated thus insuring the highest possible compliance,
The effect of partial compliance is investigated by varying the percentage
of drivers that heed the advisory sign settings,

The sign control algorithm is fashioned to minimize the total
average acceleration noise for all vehicles, Based on a calculus of

variations solution to a simplified highway situation a desired average



deceleration is determined for vehicles on each one-tenth mile section
of highway upstream of the disturbance. The desired deceleration is
expressed in terms of the measured section speeds and densities. Sign
settings are chosen so that the predicted average vehicle deceleration on
each section equals the desired deceleration, The predicted average
deceleration is derived from an assumed sign-following law as a function
of a car's speed when entering the section and the speed'setting of the
advisory sign located at the next section boundary,

An elaborate computer simulation which incorporates the
detectors, signs, sign control algorithm, and the vehicles as they
respond to other cars and advisory signs is developed, Flow distur-
bances are programmed in order to test the effectiveness of the sign
control algorithm, The significant reduction in acceleration noise, even
for partial compliance, indicates that meaningful improvements in safety

and comfort can be achieved by advisory sign control,

xi



CHAPTER 1

INTRODUCTION

In recent years the highways in and around metropolitan areas have
become increasingly subject to congestion. In the vicinity of urban areas
it is neither feasible nor desirable to eliminate congestion by construction
of additional highways. The cost of rights-of-way and the social impact
of displacing large numbers of people are prohibitive. Yet the penalty in
terms of increased travel times, frazzled nerves, and higher accident rates
that are characteristic of congested traffic mandates a solution.

To this end considerable sums of money have been spent to sponsor
theoretical and experimental studies of the various aspects of traffic flow.
This research has resulted in a better understanding of the dynamics of
traffic flow and in many cases has led to implementation of surveillance
and control systems that have improved the quality of flow.

As of the beginning of 1970, seventeen of the States and Washington,
D.C., have implemented some form of freeway surveillance and control
systeml. Nine of the ten most populous states are in this category.

The basic goals of these systems are (1) to prevent congestion,

(2) to communicate alternative route and speed information to motorists,
(3) to provide rapid detection of accide;lts, and (4) to provide service to

stranded motorists.



Aside from accidents and disabled vehicles, the most severe dis-
ruptions to expressway flow occur because the demand is greater than the
capacity. Thus, quite appropriately, attempts to prevent congestion in
tunnels and on expressways have concentrated on limiting the rate at
which vehicles enter a section of roadway so as to keep the flow rate
downstream from an entrance less than the section's capacity.

Initial efforts to control traffic utilizing both a theoretical and

2.3,4 of the Port of

experimental approach were made by Edie and Foote
New York Authority. They attempted to increase the flow in the Lincoln
Tunnel by restricting the vehicle input rate, on a two minute basis, to be
less than the capacity of the tunnel bottleneck. The tunnel controls have
increased in sophistication over the years, progressing from manual to
digital computer contz'ols. Their system has achieved an increase in flow
of between five and ten percent and has dramatically reduced automotive
exhaust emissions and stoppages inside the tunnel.

Entrance ramp control, in one of its several formss, is currently
the most effective method of preventing congestion on urban expressways.
In its simplest form it consists of closing selected entrance ramps during
péak hours. The ramp metering method utilizes a traffic signal light at the
entrance ramp to control the ingress of vehicles. The input rate is either
determined a priori based on historical data or computed in real-time from
traffic measurements. A more sophisticated version of ramp metering in-

corporates gap acceptance merging which minimizes disturbances in



the vicinity of entrance ramps by releasing vehicles only when suffi-
ciently large gaps in the traffic stream are available, Pacer merging
control systems consist of a sequence of lights that display a moving
green signal to assist vehicles in merging into available gaps.

The major freeway surveillance and control projects have been
implemented on the following highways:

(1) Eisenhower Expresswaylo’ 11,12 formerly the Congress

Street Expressway (Chicago, Illinois)
(2) Gulf Freewayé’ 13 (Houston, Texas)

(3) John C. Lodge Freeway14’ 15 (Detroit, Michigan)

These three control projects have each been successful in improving
the level of service of the highway.

Currently the only dynamic traffic-responsive method being
employed to regulate the flow on heavily traveled expressways is entrance
ramp metering, However entrance ramp metering is limited in that it
exerts no control over vehicles already on the roadway. Under dense
traffic conditions it is all too well known that the unpredictable response
of an inattentive driver can initiate a shock wave that causes upstream
traffic to sharply decelerate or come to a prolonged standstill, Such an
occurrence, which cannot be substantially mitigated by ramp control,
produces severe strain and discomfort among drivers and increases the
probability of an accident,

The potential instability of dense highway traffic is due in part to

the driver reaction time, A system that transmits advance warning of



impending decelerations would be a stabilizing influence and would sub-~
~ stantially reduce rear-end accidents. The effect of advance warning on
accident rate has been demonstrated by a project on Interstate Highway
No. 5 in Portland, Oregon. There a traffic actuated "PREPARE TO STOP"
sign is used on the approach to a drawbridge to warn motorists (who are
traveling at 70 mi/hr) of when a long queue of stopped vehicles is ahe: d.
Galvanic skin reflex studies conducted by the Bureau of Public Roads16
have shown that driver tension, and therefore discomfort, decreases as
predictability of interferences increases. Michaels and Solomon tested a
vehicle mouhted signal system17 that provided advance information on the
magnitude of an acceleration or deceleration. They found that car-follow-
ing behavior was significantly affected with this system. A driver's
headway exhibited less variability.

In this research a particular system capable of dampening flow
disturbances by transmitting to drivers advance warning of impending
slowdowns is proposed and investigated. The project has been motivated
by the belief that a properly designed advance warning system will improve
the driver's level of comfort and reduce the number of highway accidents.

The type of advance warning system that has been investigated in
this research is a real-time computer controlled advisory speed sign
system. The control system output consists of command settings for the

advisory signs located along the highway at intervals of one-tenth mile.

Roadbed detectors continually monitor and transmit speed and density data



to an on-line computer. The processing of this information in accordance
with a control algosithm results in command settings for the advisory speed
signs. For practical reasons the sign settings are restricted to 5 mi/hr
increments and the rate at which signs are changed is such that a driver
is not presented with a rapidly varying sequence of sign settings. In
addition, a particular sign is set only if a significant response is neces-
sitated thus ensuring the highest possible compliance. Compliance will be
further improved because any driver who slows down in response to a sign
forces the following drivers to decelerate.

Since it has been shown18 that a quantitative measure of driver

comfort and safety is the acceleration noise,
2 _ 1.7 2 gt
ol =3 Io [a(t)7® dt

the sign control algorithm is fashioned to minimize the total average
acceleration noise for all vehicles. Based on a calculus of variations
sqlution to a simplified highway situation, a desired average deceleration

is determined for vehicles on each one~tenth mile section of highway up-
stream of the slowdown. The desired deceleration is expressed in terms of
the measured section speeds and densities. Sign settings are chosen so that
the predicted average vehicle deceleration on each section equals the desired
deceleration. The predicted average deceleration is derived from an assumed
sign-following law as a function of a car's speed when entering the section
and also the spéed setting of the advisory sign located at the next section

boundary.



An elaborate computer simulation which incorporates the detectors,
signs, the sign control algorithm, and the vehicles as they respond to
other cars and advisory signs has been developed and is presented in
Chapter 3. Flow disturbances have been programmed, and the simulation
run both with and without sign control in order to test the effectiveness of
the sign control algorithm in reducing driver acceleration noise.

The advisory speed sign concept for expressways bears an
analogy to the traffic signal funnel systemlg'.m'i'.l%e7 signal funnel consists
of a sequence of changeable speed signs in advance of a signalized inter~
section or crossing. When the traffic signal turns red the upstream signs
advise motorists to decrease their speed, thus delaying their arrival at the
intersection until the light turns green. The purpose of the signal funnel
is to prevent delays due to poor starting performance of a long queue at the
signal light. Subsidiary benefits are smoother velocity profiles and hence
greater motorist comfort.

The concept of a remotely controlled speed sign on highways is not
innovaﬁve. Several facilities have such signs that are used to change the
posted speed limit when weather conditions warrant. However, a system
of advisory speed signs being dynamically regulated by a computer in
response to current local traffic perturbations has not been seriously

20,21

proposed. Recent literature ., however, indicates that thinking is

progressing in the direction of on-freeway real-time responsive traffic

control systems.



The surveillance and control system on the John C. Lodge Free-
way15 included a limited study of the effects of changeable speed signs
during peak periods. The results were inconclusive due to the following
shortcomings of the study: (1) The motorists did not understand the
advance warning nature of the signs and probably interpreted the speeds
as regulatory, (2) the signs were not dynamically controlled; they were
used in an attempt to reduce the flow upstream from fixed geometric
bottlenecks, and (3) the signs were controlled by an operator on the basis
of television surveillance rather than by computer processing of detector
data. In addition, the freeway demand was not restricted by ramp control
during peak periods.

It is not expected that advisory sign control will be effective when
demand exceeds capacity. Also, light traffic poses no problems and does
not warrant sign control. Advisory sign control is intended for conditions
of dense traffic with the demand restricted to being below the capacity flow
rate. Under such conditions congestion is often precipitated by a minor
perturbation within a local pocket of high flow such as a compact platoon
of several vehicles. It is expected that in a practical system ramp control
and advisory sign control will be used together with the former maintaining

the environment in which the latter can be effective.



In Chapters 2, 3, and 4 details of the sign control system are
presented. In Chapters 2 and 3 the simulation program and the models
used for vehicle dynamics are described, Chapter 4 presents a
description and justification of the sign control algorithm, The
numerical results comparing the system performance with sign control

to the performance without sign control are included in Chapter 5.



CHAPTER 2

SIMULATION PROGRAM

2.1 Justification for Simulation

Positive proof of the effectiveness of the proposed control system can
be obtained only by building a prototype on an existing highway and compar-
ing before and after performance indices. However the high cost of building
such a system mandates that a preliminary determination be made of the
possible improvements afforded by the system. To make this determination
a digital computer simulation program has been developed which incorporates
the roadbed detectors, the advisory speed signs, the sign control algorithm,
and the several models that govern the dynamics of vehicles as they respond
to other cars and to the advisory signs. For a particular case the simulation
is run both with and without advisory sign control and the performance
indices are compared to determine the degree of improvement.

Such a simulation of a complex system involving the human element
has the disadvantage of being both an approxlrriation and an over-
simplification of the actual dynamics. However it has the potential of
being far more realistic than those analytic models that describe a driver's
response by a single second order differential equation. Although an ex-
periment on an actual highway is more realistic the simulation offers several
significant advantages. For example, a physical modification, such as the

spacing of the advisory signs, can be effected by a programming change in
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a simulated system whereas the same change in an actual system would be
expensive, time consuming, and disruptive. The sensitivity of the perform-
ance index to any parameter of the control system can be easily obtained
since the inputs to the simulation are readily reproduced. A simulated
highway also allows the effects of increased volume to be estimated before

the actual demand exists.
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2.2 The Simulation Program

Simulation Approach The simulation program is written in Fortran
for the IBM 360/50 computer; it occupies about 112 K bytes of storage.
Fortran was selected instead of one of the general purpose simulation
languages such as GPSS and CSMP because of its greater flexibility and the
faster execution time possible by using the Fortran-H compiler. The ratio
of simulated time (vehicle-minutes) to CPU time is approximately 100.

On an actual highway every aspect of a vehicle's response to the
motion of the car ahead or to an advisory sign varies among different drivers
and varies in time for a particular driver. This simulation ignores the time
variation and considers only two of the more ctitical parameters as random
variables. One of these parameters is the desired headway factor for the
i-th driver, HDRVi, which also determines his sensitivity of response to
the car ahead. The other is the compliance factor for the i-th driver,
CQMPLYl, which specifies whether or not a driver heeds the advisory sign
settings.

Since drivers have certain characteristics specified as samples
from a probability density function it is advisable to repeat the simulation
with different sample populations. It can then be ascertained to what
extent different sample populations affect the improvements afforded by the
control system and an expected value for the improvement can be estimated.
Provision has been made to automatically repeat a simulation run using a

different driver sample. The parameter NENS specifies the number of times
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a simulation should be repeated under identical conditions except for differ-
ent driver populations. The expected values of the headway factor and the

compliance factor are held constant for these runs.

The Simulated System A single-lane, straight, level roadway
is simulated on which no passing is allowed. Although it is not realistic
to consider that expressways will have only one lane in urban areas, it is
likely that a control sq'ategy formulated for a single-lane roadway may be
applied to a multi-lane roadway by the introduction of appropriate averages
over the several lanes. A justification of control on the basis of a lane
composite is that in heavy traffic the flow on all lanes of a particular section
of roadway exhibits a certain uniformity. Thus it is assumed that the
simulated lane of traffic represents one lane of a multidaneexpressway on
which passing opportunities are rare due to dense traffic conditions. The
high density assumption implies that every vehicle is coupled to the preced-
ing vehicle; each vehicle responds, after a reaction time, to a significant
acceleration of the car ahead. The models of vehicle dynamics are appro-
priate to this situation.

The length of the roadway may be an integral number of miles up to a
maximum of 10 miles in the current version of the program. The roadway is
considered to be a sequence of 0.1 mile segments referred to as sections.

A pair of vehicle detectors located at each section boundary are
simulated. These detectors produce outputs that allow calculation of the

speed of the vehicle most recently passing each detector and the vehicle
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count on each 528 foot section of roadway. In practice the detectors would
be of the induction loop design which are readily available, economical,
and easily installed.

Computer controlled advisory speed signs are also simulated. These
signs are similarly located at the section boundaries spaced by 0.1 mile.
Each sign is either on or off as the current traffic conditions warrant. A
sign that is on displays an advisory speed which is limited to one of the
standard 5 mi/hr increments.

Since the length of roadway being simulated is intended to be a seg-
ment of a much longer highway it is necessary to avoid the end effects
associated with vehicles exiting from the simulated roadway. When
vehicle k exits from the roadway vehicle k+1 is deprived of its "leader”
and unless appropriate measures are taken a disturbance can propagate
back upstream from the terminal point. To alleviate this problem a runoff

section equal in length to 20 percent of the unextended roadway is provided.

Input Parameters Several different types of input constants allow

flexibility in the simulation. Certain constants are parameters in the models
for car-following. By changing these parameters the effect, for example, of
reaction time on stability can be observed. Other input constants describe
physical items of a simulation run such as the length of roadway, the
number of vehicles generated, and whether or not the advisory signs are to
be used. Certain constants determine the speed and headways of vehicles

as they enter the highway. There is provision for generating drivers with
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uniform car-following characteristics or with sensitivity factor chosen from
a probability density function so as to yield a specified input flow. Con-
stants specifying the desired input flow and certain characteristics of the
density function are inputs to the simulation. In addition certain parameters
specify the desired dynamics of the first car. It is the programmed
maneuvers of the first car that initiate all car-following responses. The
options available for the motion of the first car are described in a later
section. Another constant specifies the percent of drivers that obey the
advisory speed signs. Certain constants select printout during the course
of the simulation that is useful for debugging, tracing the microscopic

motion of the vehicles, or tracing the logic of the sign control algorithm.

Simulation Output Printout may be obtained during the course of

the simulation for purposes of debugging or of studying the simulation on a
microscopic level.

An option permits printing the speed of all cars on the roadway at
one second intervals. This output is printed at intervals of 5 seconds of
simulation time between prescribed limits.

For the first twenty cars there is the option of printing position,
distanice from the car ahead, speed, acceleration, and current mode of
operation. The time interval between printing of these variables is specified
as an input constant. This form of detailed printout proved useful in the
initial phase of testing and refining the car-following models. It has further

use in plotting spacing versus speed for a particular maneuver.
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An option is included that allows tracing of the logic of the sign
control algorithm. At every sign setting interval a graphic representation
of the highway is printed. The number of cars on each section and the
detector ‘velocity indication at each section boundary is clearly shown.
Then intermediate variables in the computation of each sign setting are
printed. This is followed by the computed sign setting or the appropriate
explanation of why the sign is not to be turned on. After this is printed for
each sign the results of the rounding algorithm follow. The sign setting
rounded to one of the 5 mi/hr increments is printed or the reason why the
sign is turned off is indicated.

Every 30 seconds a table is printed containing the number of vehicles
on each section, the velocity indication at each detector site, and the set-
ting of each sign. These data are of the six previous sampling instants
spaced by 5 seconds. This table presents a clear picture of the sign profile
at a particular time and its evolution over successive 5 second intervals.

At the conclusion of each run additional results are printed. These
outputs are described below.

The output of a particular run is identified by printing the values
used for certain of the input parameters or options that may be changed
between runs. This autput indicates the length of highway and the number
of vehicles simulated, the type of maneuver undergone by the first vehicle,
the entering flow rate, whether entering vehicles are generated with
uniform or random headway factors, and whether or not sign control is being

used.
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For each vehicle the output lists its travel time, stopped time,
desired headway factor, speed and spacing both upon entering and leaving
the highway, and its acceleration noise for the trip.

A table of COMPLY; is printed indicating for each driver whether or
not he responds to the advisory sign settings or ignores them. The percent
of drivers that comply is also printed.

The duty cycle for each advisory speed sign is also given. For the
i~th éign this quantity is the ratio of the number of 5 second intervals during
which the i-th sign is on to the number of 5 second intervals at the begin-
ring of which the i-th section is non-empty. The sum of these numerators
divided by the sum of these denominators is an indicator of the overall duty
cycle of the signs.

Cumulative statistics are printed giving, for all cars, the total travel
time, total acceleration noise (not including that of the pre-programmed lead
vehicle), and the total stopped time. Average statistics give the average
travel time, average speed upon leaving the highway, average spacing upon
entering and leaving the highway, and average acceleration noise (not
including the lead vehicle).

When several runs are made for the purpose of obtaining results for
different driver sample populations the ensemble statistics are printed at

the end of the set of runs.
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Storage of Variables The basic time increment used in the

simulation is 0.2 seconds. In this interval of time a vehicle travels
approximately one car length at 60 mi/hr. This time increment allows
reaction time to be easily simulated to an accuracy of 0.2 seconds.

Since the car-following and sign-following models include time
delays, it is necessary to retain certain values computed at previous time
increments. Specifically, the acceleration of the k-th vehicle at time t is
a function of the position and speed of it and of vehicle (k-1) during the
previous 2.0 seconds. Thus at any time t, 11 storage locations are needed
for xk(t) ' xk(t-0.2) 0 oo en Xp(t-2 .0) and 11 locations are needed for
Vi(t) » Vi (t-0.2), ..., v (t-2.0). Sufficient storage is reserved for 350
vehicles in the current version of the program.

The usual approach for storing these variables is to employ double-
subscript arrays. Then X(I,]) might represent the position of the I-th
vehicle at time t=0.2 (J~ 1) where t is the current simulation time and J is
intherange 1 £ J g 11.

The approach described above is inefficient for two reasons. Firstly,
at every update time ten move operations are necessary for each vehicle on
the highway. Secondly, the indexing procedure for double-subscript arrays
takes far more execution time than that for single-subscript arrays. The

disadvantages are overcome by the following storage method.
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The particular scheme used for storing the position and speed
information is chosen to minimize the number of times that data is moved
from one location to another. Figure 2-1 indicates how the values of
position for 100 vehicles are stored. The rows correspond to storage
locations and the column headings indicate the values of simulation time
for which the contents of storage are shown. Inrow 2, column 3, the
notation x,(65.0) indicates that at t = 65.4 sec, location 2 contains the
value of position for car 1 at t = 65.0,

When t is incremented from t=65.0 to t=65.2 the new values for
position are computed for all 100 cars. That is xi(65.2) are computed for
1<i1<100. As shown in column 2, the new value x4(65.2) is stored ad-

| jacent to the previous value xi(65.0). The quantity xj(65.2) replaces in
storage the oldest value of position stored for the (i-1)-th vehicle,
X3-1(63.0), which is no longer needed. The arrows in Fig.2-1 indicate
where the most recent values are stored. At t=65.4 it is noted that the
new value x;(65.4) is stored at the bottom of the array since the top of the
array has been filled. A single variable keeps track of the current position
of car 1 (or the car furthest downstream if car 1 has already left the highway).
The current positions of successive cars are spaced by 11 locations.

An identical storage arrangement is used for the speeds of the
vehicles being simulated. This storage scheme obviates the need to shift
values in storage or use double subscript notation. The one-dimensional

arrays that store position and speed are designated by XCAR and VCAR
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respectively in the Fortran program.

The current acceleration of the i-th vehicle is stored as AN@GW(I).
The array IBRNCH(I) stores the mode of each car at the previous simulation
time which is used to determine the point of entry into the subroutine that
computes each car's motion. That is IBRNCH(I), in part, remembers the
previous state of the I-th vehicle. The array IDM@DE(I) stores another
component of each vehicle's state, indicating the type of braking behavior
the car was engaged in at the previous simulation time. The number of the
highway section currently occupied by the I-th vehicle is stored in CECT(I).

Detector derived data are stored in the arrays ND(I,]) and VD(I,])
with ND holding the number of vehicles on each section and VD holding
detector speed indications. As the simulation time progresses the index J
increases from J = 2 to J = 7 and then repeats this cycle being incremented
at 5 second intervals. If at a particular time, say t = 84 sec., the second
subscript has the value J = 3 then ND(I, 3) is the number of vehicles currently
on section I. ND(I,2) equals the number of vehicles that were on section I
at the end of the previous 5 second interval, that is, at t = 80 sec. The
quantities ND(I,1), ND(I,7), ND(I,6), NID(I,5), ND(I,4) respectively
represent the number of vehicles on section I at times 75, 70, 65, 60, and
55 seconds. In the same manner VD(I, 3) represents the detected speed from
the vehicle most recently having passed detector I. And VD(I,6) represents

the speed detected at the I-th detector just prior to t = 65 sec.
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The speed setting of the I-th advisory sign is stored in
VSIGN(I, J) and the array LSIGN(I) indicates, for each sign, whether
it is currently on or off, The second index J in VSIGN(I, J) is utilized
in the same manner as with ND and VD, In this way values of ND, VD,
and VSIGN at the six previous 5 second intervals are retained,

Generation of Vehicles The cars enter the roadway at a

constant speed, V, which is the same for all vehicles and is an input
parameter to the program, The vehicles continue at constant speed
until all cars have entered the roadway, at which time the lead vehicle
commences its maneuver, This method of entering the cars onto the
highway assures that the initial conditions will be the same for a run
without sign control as for a run with sign control, as explained
further in Section 3, 2,

The time of entrance of a vehicle is such that the desired follow-~
ing distance for the current speed exists between the vehicle and the
vehicle ahead. The desired following distance for the i-th driver is a
function of HDRV;, the headway factor assigned to the i~-th driver, By
specifying the mean value of the headway factor, in addition to the
entering speed, the average rate at which vehicles enter the roadway
is determined, as is shown in Section 3,2, This rate at which vehicles
are generated represents the demand for service on the roadway and is
referred to by the letter D. The demand, D, is an input parameter that

is varied between 1600 and 2300 vehicles per hour., After the lead
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vehicle begins its maneuver, actual flow rates achieved on the sim-
ulated highway are between 1400 and 1700 vehicles per hour,

It is to be noted that the demand rate D differs from the usual
definition of demand in that the vehicles in this simulation have been
generated under perturbation-free conditions, On an actual highway,
flow rates achieved under conditions of interacting vehicles are con-

siderably lower as is found to be the case in this simulation,

Motion of First Vehicle The motion of the first car to enter

the highway is pre-programmed according to several input parameters,
The acceleration of the first vehicle is determined by the input con-
stants VI3, NREP; TF3(1),..., TF3(5); AF3(1),..., AF3(4). The car's
initial speed is VI3 and its acceleration is zero until t = TF3(1), At

this time the car initiates a maneuver described as follows:

.
AF3(1) for TF3(1) <t < TF3(2)
AF3(2) for TF3(2) <t < TF3(3)

a (t) = ‘
AF3(3) for TF3(3) <t < TF3(4)
| AF3(4) for TF3(4) <t < TF3(5)

After t = TF3(5) this basic maneuver is repeated until it is executed

NREP times, Thereafter the car continues at constant velocity until it
leaves the highway. The subroutine F3 controls the motion of the first
car, It provides values for the current acceleration, the new velocity,

and the new position of the first vehicle,
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As shown above the motion of the first car is periodic with
period P = TF3(5) - TF3(1) seconds, The usual specification for the
constants yields a constant deceleration followed by an interval of
constant speed; then a constant acceleration back to the original speed
followed by an interval of constant speed,

The first vehicle cormmences its maneuver shortly after all
vehicles enter the highway and usually continues the periodic motion
until the vehicle reaches the end of the highway extension (runoff

section) where it is terminated,

Dynamics of Following Vehicles Vehicles respond to the

motion of other cars and to the advisory speed signs according to the
models given in subroutine G1. These models are described in detail

in Section 3, 1.

Advisory Sign Settings Subroutine SETSGN contains the

logic for computing the speed settings of the advisory signs, Every
5 seconds sign settings are determined by analyzing the detector
information in the arrays ND and VD, The sign settings are rounded
to the standard 5 mi/hr increments, The details of the sign setting

algorithm are presented in Chapter 4.
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CHAPTER 3

MODELS OF VEHICLE DYNAMICS

3.1 Models of Vehicle Dynamics

Introduction There is a vast literature to draw upon in select-
ing mathematical models to describe how a vehicle responds to its environ-
ment, especially to the motion of other vehicles. These models, often
termed car-following laws, are limited to highway traffic without passing,
a situation that is approximated on multi-lane expressways with dense

traffic.

Models of Single-lane Traffic —- Historical Background
Reuschel28 (1950) and Pipes29 (1953) were the first to study the motion of a
line of cars under the assumption that vehicle spacing is linearly proportional
to speed. The stimulus-response interpretation is that a vehicle's acceler-
ation is proportional to its current relative velocity with respect to the car
ahead.

Chandler, Herman, and Mom:roll30 (1958) and Kometani and

31,32 (1958, 1959) were the first to allow for possible instability

Sasaki
in car-following by introducing a reaction time into a linear car-following
model. These researchers and others33ana1yzed the transient response of
the following car and the propagation of a sinusoidal disturbance down a
line of vehicles. Estimates for the parameters of these car-following laws
were obtained from actual traffic data by statistical methods.

Lee34 (1966) later generalized the previous linear models by express-

ing a vehicle's acceleration as a superposition integral involving a memory

function multiplied by the relative velocity at previous times.
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The first non-linear model for car-following was postulated by
Gazis, Herman, and Pott:s35 (1959) to provide a better curve-fit to experi-

mental steady-~state flow data. Additional non-linear models were proposed

36-39

by several researchers in the following years and some limited in-

vestigations of the dynamics of traffic under non-linear models have

appeared in the literature ,40-42

Limitations of Basic Car-following Models Essentially all of

the above models are of the form
. m
Xy (t)
K= A, Ty (03 T kBT =5t

except for Lee's model given by
t
% (1) = J‘o M(t-2) [%p_,(X) - %, (A)]dA

The linear model, with n=m=0, is adequate in describing small fluctuations
from a steady-state speed but is unrealistic when large changes in velocity
and spacing occur. The non-linear models offer an extended range of
applicability and, in addition, predict an increase in the average spacing
between vehicles when the speed undergoes a periodic perturbation. How-
ever, the advantages of the above models due to their simplicity and
mathematical tractability are counterbalanced by their limitations.

These models are limited in that 7 and X are fixed quantities.

It has been found43 that )\ is different for acceleration and deceleration
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maneuvers. The value of reaction time should also be different for acceler-
ation and deceleration because of the safety consideration involved in a
vehicle's response to a slowdown. Ideally the reaction time should be
divided into components of perception time and time to effect the control
response. Each of these component delays vary among different situations
and different drivers and even depend on the severity of prior disturbances.

Another limitation is the failure of the above models to constrain
vehicle accelerations to be within the range of vehicle performance.

These models are also limited to describing a vehicle's response as
a velocity-sensitive mode whereas in reality the varied highway situations
demand qualitatively different responses. Realistic modeling requires
emphasis on understanding driver behavior to the extent that situations can
be distinguished in which drivers react to different stimuli. It has been
recognized that vehicles on a roadway are not always in the car-following
mode where they respond to relative velocity. Michaels 44 (1963) analyzed
the information used by the driver in three distinct modes: overtaking,

steady-state following, and responding to an acceleration of the car ahead.

Formulation of the Simulation Models Most of the drawbacks of

the simple car-following models can be overcome in a computer simulation
because the constraint of mathematical tractability can be relaxed. Reaction
time and sensitivity can be easily varied and can differ among drivers, thus
introducing a realistic random aspect to traffic flow. Different modes of
response characterized by different mathematical models can be easily

implemented.
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In this simulation a vehicle is considered, at a given time, to be
in one of three principal modes: the car-following mode, the distance-
detection mode, or the sign-following mode. In the car-following mode a
vehicle is responding to the motion of the car ahead; in the distance-
detection mode a vehicle is attempting to modify the spacing to the car
ahead; and in the sign-following mode & vehicle is responding to the speed
setting of an advisory sign.

The car-following models are non-linear but reduce to linear models
for small perturbations from a steady-state. Deceleration and acceleration
responses are computed by different models. The sign-following model is
patterned after a linear car-following model with the constants appropriately
modified. Variation among drivers is achieved by specifying a parameter
appea_ring in the car-following model and in the distance-detection model
as a random variable. Another random variable determines for each driver,
whether or not he heeds the advisory sign settings.

The models governing a vehicle's dynamics, as specified by the
logic of subroutine G1, are described in further detail in the following

sections.

The Car-following Mode In general the i-th vehicle is under-

going car following if the (i-1)-th vehicle is accelerating (or decelerating)
at a significant rate or if the i-th vehicle is still responding significantly

to a prior maneuver of the car ahead.
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In order for the i-th vehicle to transfer from the car-following (CF)
mode to the distance-detection (DD) mode it is required that: (a) the (i-1)-th
car have Iaj‘__l | < 1.0 for the previous 1.0 second and (b) the i-th vehicle
have an acceleration within the range of that used in the DD mode and
(c) that the rate of change of visual angle to the car ahead be sufficiently
small.

To compute ACF, the acceleration due to car-following, it is first
determined whether the response will be an acceleration or a deceleration
since the model is different for each of these cases. In determining ACF
for the i~th vehicle the expression Av(t-7) = vj_,(t-7) - vi(t-T) is evaluated
for r= Ta and r= Td- These different values of T represent the time lag
associated with acceleration and deceleration. The values used are
T, = 1.4 sec. and 74 = 1.0 sec.

If Av(t-fd) is negative then a deceleration is indicated. If both
Av(t--rd) and Av(t-7,) are positive then an acceleration is indicated. If

Av(t-14) >0 and Av(t-T,) <0 then ACF is taken to be zero.

Car~following Deceleration Model For a deceleration the model

for ACF is

ACF = FACTOR x Av(t-'rd)/HDRVi (3-1)

subject to modifications discussed below. The constant HDRV; , termed the
headway factor, is generated for each vehicle as an independent sample

from a specified probability density function. The term FACTOR accounts
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for the difference between the driver's desired spacing to the rear bumper
of the car ahead, SD, and the actual spacing, SA. These spacings are
given by

SD = HDRVj x vy_,(t)

SA = X;_y(t) - x4(t) - 20

Using this notation, FACTOR is expressed as

1.0 for vi_,(t) <20

Viz-ox(t) [ Vi-;(t)][ for vi_,(t) 220

The quantity FACTOR biases the deceleration according to whether the

FACTOR =

inter-vehicle spacing is larger or smaller than desired. FACTOR varies
from 1.0 to :_]: as‘vi__l(t) increases from zero toward infinity. Also,when
SD = SA it is noted that FACTOR = 1.0.
The deceleration of vehicle i is modified in certain cases if the

acceleration of the car ahead is negative. If SA/SD is less than 1.6, the

value of ACF given by Eq.(3-1) is modified by addition of the quantity

1.6-SA/SD
FCTR x a;_(t) = J s ay_1(t)

FCTRwaries from 0.338 when SA/SD = 0.5 to 0.25 when SA = SD to zero
when SA/SD = 1.6. This term accounts for an anticipatory reaction due to
car (1-2) since a;_,(t) is proportional to v, _,(t-7) - vy_(t-T). The term

FCTR is plotted in Fig, 3-1.
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Fig.3-1 Anticipatory factor used in deceleration model
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The magnitude of decelerations are limited to be less than 10 ft/sec?
unless an unsafe spacing condition exists or unless the vehicle is still
responding to a prior unsafe spacing situation. The minimum safe spacing

is given by

SSAFE = 5= (vi,(8) =it *+ [ - a4(0 ] [2vy(8) + ay(H] 7]

Then SSAFE equals the minimum inter-vehicle separation needed to avoid a
collision if vehicle (1-1) suddenly decelerates to a standstill at the rate of

ag = -24 ft/sec’. Vehicle i is assumed to decelerate at a, = -24 ft/sec?

m
after a minimum reaction time of 7= 0.45 sec. The small reaction time is
appropriate since the driver's foot is already on the brake.

If the car ahead is accelerating and if vi(t) is less than vy_(t),
even though v, was greater than v;_, att-74, then the magnitude o_f the

previously computed deceleration is decreased by multiplying ACF by the

quantity

aa® 0
2 or < a;.,(t) < 4.

FT
0 for aji(t) = 4.0

Car-following Acceleration Model For an acceleration the model
for ACF is

0.25 Av(t-1,

Av(t-13) / HDRVj x [l - HDRV; * “AMAX )] for A\‘,(t--,-ak 2 x AMAX x HDRVj

ACF =
AMAX for Av(t-‘ra)> 2 x AMAXx HDRV;
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where AMAX is the maximum acceleration of which vehicle { is capable

and is given by

AMAX = 12.4-0.0913 vi(t)  ft/sec?

The value of ACF may be increased, to a maximum of 2.0 ft/ sec? if the
spacing to the car ahead is larger than normal. If SA/SD is greater than
1.2, the quantity FA is computed as
10(SA/SD-1.2) for 1.2 ¢<SA/SD < 1.4

A= 2.0 for SA/SD 2 1.4

If FA is greater than ACF then ACF is increased to FA.
If SA/SD is less than 1.6 and the car ahead is decelerating and if

vi(t) is greater than vy_,(t), even though v; was less than vj_; att-r,,

then the previously computed acceleration is decreased (to a minimum

of 0) by multiplying ACF by the quantity

a; .t
1+11()

2 for -4 < aj_,(t) <0

FS =
0 for aj4(t) = -4

The Distance-detection Mode In the distance-detection, DD,

mode a vehicle responds to the current spacing between his vehicle and
the car ahead. If this spacing is reasonably close to the desired spacing
then the vehicle continues at constant speed. Otherwise the vehicle
initiates a maneuver to increase or decrease the spacing.

In general a vehicle is in the DD mode if the absolute magnitude of



33

the acceleration of the car ahead has been less than 1.0 ft/ sec? during
the previous second. A vehicle transfers from the DD mode to the CF
mode when the above condition is violated and the acceleration due to
car-following is outside the range of that possible in the DD sub-mode
that the vehicle was in.

The DD mode is divided into sub-modes 1,2,3,4, and 5. The i-th
vehicle is in mode 1 if its actual spacing, DA, and desired spacing, DD,
to the car ahead at the current time satisfy

0.85+ 1/[vy.,(t)+10]< DA/DD < 1.2
where

DA = SA+ 20 = x;_,(t) - x4(t)

DD = SD+20 = HDRV; x v; _ (t)+20
In this mode the vehicle's acceleration is zero.

A vehicle transfers to mode 2 if it begins following too close to the
car ahead. In mode 2the vehicle decelerat_es according to

0.8(-.03114 vy(t) -0.390) for wvj(t) >27.63

ay(t) = (3-2)
-1.0 for wvi(t) <27.63

This value of aj(t) approximately equals eighty percent of the deceleration
obtained by removing the foot from the accelerator without applying the
brake. In mode 2 the vehicle decreases its speed so that the spacing to

the car ahead increases until the condition

DD-DA< i— [vi(t) = vy, (1) P2 (3-3)
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is satisfled. At this time the vehicle transfers to mode 3. In mode 3 the
i-th vehicle accelerates at 2.0 ft/sec?, while the inter-vehicle spacing is
still increasing, until v;(t) ® v;_,(t). At this time, due to the condition of
Eq.(3-3), the spacing is such that DA #*DD and the vehicle transfers to
mode 1.

A vehicle is in mode 4 if it is too far from the car ahead. In this
mode a vehicle begins to close the gap by accelerating at 2.0 ft/sec. with
the restriction that its speed be not more than 12.0 ft/sec. greater than
that of the vehicle ahead. At the appropriate time the vehicle transfers to
mode 5. In mode 5 the vehicle decelerates by elghty percent of full engine
braking, according to Eq.(3-2), until vy(t) ¥v;_,(t). The point of switching
from mode 4 to mode 5 is chosen such that DA% DD when v; ® v;_,. The

vehicle next transfers to mode 1.

The Headway Factor The headway factor HDRV; appears in the

models of both the car-following and the distance-detection modes. The
correspondence between the dynamic car-following law and the steady-state
speed-spacing relationship is now shown.

For small perturbations from a steady-state speed the car-following

laws for both decelerations and accelerations reduce to the linear form
ACF = ajy(t) = Av(t-7)/HDRV; = (Vi (t=-T) -vi(t-r)]/ HDRV; (3-4)

Assume that vehicle i-1 is initially at constant speed and undergoes

a small change in speed to a new steady-state value. Vehicle 1 responds
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according to Eq.(3-4) and eventually attains the same steady-state speed
as vehicle i-1. The change in separation between these vehicles for this

transition is found by integrating Eq.(3-4) to obtain

AS = HDRV; xAv
where S is the separation bet.reen front bumpers of vehiéle i-1 and
vehicle i. This result is consistent with the steady-state speed-spacing
law given by

DD = HDRV; x vj_; + 20
where DD is the desired steady-state separation.

Thus, for small perturbations, the car-following law that deter-
mines a vehicle's response also assures that the final spacing is correct
for the new steady-state velocity. For larger perturbations the car-follow-
ing laws become non-linear and result in a larger change in spacing than
is desired. In these cases, after completing the car-following response,
the vehicle transfers to the distance-detection mode to adjust its steady-
state spacing.

The fact that HDRV may be a random variable allows for variation
in dynamic response and steady-state following among drivers. The
average value of HDRV determines the rate at which vehicles are

generated as explained in Sections 2.2 and 3.2.

Sign Following After a vehicle's acceleration has been

computed in either the car-following or the distance-detection mode,
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control is transferred to the sign-following logic. If advisory sign control
is being used the vehicle's acceleration due to a sign, ASIGN, is then
determined. The mathematical model for the response to a sign setting is
presented in Chapter 4.

To determine the effect of varying the levels of driver compliance
on the performance improvement due to sign control, the random variable
COMPLY is incorporated into the simulation. For each vehicle a sample
of the random variable is generated, having the value zero or one, which
determines whether a driver follows or ignores the sign settings. The
expected value of COMPLY is PCMPLY which is the fraction of drivers

that respond to the signs. PCMPLY is an input parameter to the program.

Overall Acceleration In accord with the philosophy that the
signs are used to warn of impending slowdowns rather than to attempt to
speed up traffic, the overall acceleration at a specific time is given by

ag(t) = min [ASIGN, A]

where A represents the acceleration in either the CF mode or DD mode as

is appropriate.
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3.2 Generation of Headway Factors

The primary goal of the simulation is to compare the vehicles'
performance under advisory sign control to that without control. There-
fore a computer run with control must start with the same initial con-
figuration of vehicles as its counterpart without sign control.

This requirement implies that all vehicles must be on the highway
before the start of the lead vehicle's maneuver. Otherwise the results
with and without sign control would not be directly comparable since when
a disturbance propagates back to the highway entrance some vehicles may
be delayed in entering the roadway. The delay with sign control is differ-
ent from the delay without sign control because of the different manner in
which flow disturbances propagate.

Thus it is assumed that all vehicles enter the highway at the
same speed V and proceed at constant speed until all cars are on the
roadway. A vehicle's spacing, or time gap, upon entering the highway is
equal to the driver's desired spacing for the entering speed V. The head-
way factor H, which determines the desired spacing and the sensitivity to
car-following maneuvers, is the random variable that differentiates among
drivers.

By specifying the entering speed and the mean value of the headway
factor, the average rate at which vehicles enter the roadway is determined,
as explained below. The discussion in this section relates the rate, D,

at which vehicles enter the highway, called the demand, to HBAR, the
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average value of the headway factor.

It is emphasized that D represents the rate at which vehicles
are generated at the entrance under perturbation-free conditions. After
the lead vehicle begins its maneuver the following vehicles can no
longer maintain their desired spacings and the resulting flow rates are in
the range of 1400 to 1700 vehicles per hour, considerably below D.

Under the assumed conditions for entering vehicles the spacing
(front bumper to front bumper) between the (i-1)-th and the i-th vehicle
is given by dj = HDRV; x V+20. In this expression HDRV; is a sample of
a random variable H with probability density function f(h). The particular
form of this density function and the manner in which its shape depends
on D is discussed in detail below.

The time headway at the entrance between vehicle i-1 and vehicle
iis tj = dj/V = HDRV; +20/V. Since Vis the same for all entering cars
the average time headway at the entrance is T = HBAR+ 20/V where HBAR
is the expected value of the headway factor. The average flow at this
point is D = 1/T = 1/(HBAR+20/V). To yield a specified value of D
requires that the entering headways satisfy HBAR = 1/D - 20/V where D is
in units of sec™! (i.e. vehicles per second). It is noted that since the
size of the gap between cars is H x V the time headway of the gap is

T, = H and thus Tg and H have the same distribution.

g
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The density function chosen for H is shown in Fig.3-2. The
values of HMIN and HMODE are fixed given quantities. HMIN is the
smallest headway factor allowec; or the minimum time gap between the
rear bumper of the car ahead and the front bumper of the following car.
HMODE 1is the most likely value of the headway factor. The values
HMIN = 0.3 and HMODE = 1.0 are taken to be reasonable. The maximum
headway factor is a variable which is determined once D is
specified.

This approach is justifiable for the following reasons. At any
value of flow or speed there will always be a percentage of drivers who
follow with a minimum time gap, taken here to be 0.3 sec. Suppose that
for a fixed speed V the headway factor density has mode = HMODE and
max h = HMAX, (see Fig.3-2) which determines D,. To have a larger demand
D, for the same entering speed requires a larger average density (smaller
HBAR). The flow with smaller HBAR will be characterized by the elimination
of the large gaps. From other researchers' work 45 4t 15 known that the
mean headway of close following vehicles remains essentially constant as
flow changes. By keeping the mode fixed the mean time gap of those
vehicles with h « HMODE will remain constant as D changes.

This is shown by considering the conditional headway distribution
FH(y) defined by

Fy(y) = Pr{H < y/H < HMODE] (3-5)
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The E{Y} is given by

E{Y}= HMIN+ % [ HMODE-HMIN] (3-6)

which is independent of HMAX and D . Substituting the assumed values
HMIN = 0.3 and HMODE = 1.0 in Eq.(3-6) gives

E{Y} = 0.767 sec.

as the expected headway factor or time gap for those vehicles with head-
ways less than the modal headway. For these vehicles the expected

time headway (front bumper to front bumper) is

20 20
=== = + ==
E{Y+ V} 0.767 + 77~ sec.

The headway factor distribution function is shown in Fig.3-3. From the
density function, the mean value of the headway factor or time gap is

computed as

HBAR = % [ HMIN + HMODE + HMAX] (3-7)

Thus HMAX is determined by the assumed values for HMIN and HMODE

and the desired value of HBAR to yield a specified D. From Eq.(3-17)

HMAX = 3 HBAR - HMIN - HMODE

where

_1_20
HBARDV

As an example, suppose the entering velocity is 50 mi/hr =

73.3 ft/sec. and the desired average flow input is D = 1800 vehicles/hr =

1 20

0.5 ~73.3 =2.0-0.273=1.73 sec.

0.5 vehicles/sec. Then HBAR =
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Fig.3-4 Headway factor density function for D= 1800 veh/hr,

V=50 mi/hr
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and HMAX = 3(1.73)-0.3-1.0 = 3.89 sec. The average time headway
is T= 1/D=2.0 sec. The density function for His shown in Fig,. 3-4.

The distribution function FH(h) is found by integration to be

(h - HMIN)?
(HMAX - HMIN)(HMODE - AMIN)  [of HMIN < h ¢ HMODE
Fi(h) = (3-)
—_h\2
1 (HMAX —h) for HMODE sh s HMAX

~ (HMAX - HMIN)( HMAX - HMODE)
Evaluating FH(h) at h = HMODE gives

HMODE - HMIN
HMAX - HMIN

F(HMODE) = (3-9)

From the above results FH( HMODE=1) can be plotted versus
HMAX. This is the probability that a headway factor (or gap) is less than
the mode (assumed to be 1) versus the maximum headway factor. Using
HMIN = 0.3 and HMODE =1 Eq.(3-9) gives

0.7

F(HMODE=1) = Fiay =53

which is plotted in Fig.3-5. Substituting for HMAX in terms of D as given

by
3 60
HMAX = 3 HBAR - HMIN - HMODE = §-- 22 - 1.3
yields
F(HMODE = 1) = —2=1
3-8 _,6
p v Il

For V=50 mi/hr = 73.3 ft/sec. this becomes
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Fig.3-5 : Probability that Headway Factor is Less than 1 vs, HMAX
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Fig.3-6: Probability that Headway Factor is Less than 1 ve, D
for V = 50 mi/hr
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0.7

3
D" 2.42

F(HMODE = 1) =

which is plotted in Fig. 3-6.
Figure 3-7 is a plot of the maximum headway factor (or gap) as a
function of the demand rate for V= 50 mi/hr.

HMAX = 3 HBAR - HMIN - HMODE

= 3(% -ZV—O)- 1.3 = -3]5- 2.12

Also shown on Fig.3-7 is TMAX, the maximum headway (seconds) versus
D(for V=50 mi/hr), as given by

TMAX = HMM+%2= HMAX + 0.273

Data from Michigan freeways"‘6 agree well with our assumed
density function. The Michigan studies found that approximately 2/3 of
the vehicles are spaced at less than the mean headway for a wide range of
average flow. From our density function

Pr(Tg <t ]=Pr[H< HBAR] = F(HBAR)

_ (HMAX - HBAR)?
(HMAX - HMIN)(HMAX - HMODE)

=1

Substituting HMIN = 0.3, HMODE = 1.0 gives

1 20 1
HBAR=5-7=—D-0.273 (for V= 50 mi/hr)
- _ _3 60 3
HMAX = 3 HBAR—HMIN-HBAODE—I—)-—V"- 1.3 =D——2.12
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(%-1.85)2

F(HBAR) =1 - 3 3
(5-2.42)(1—)-3.12)

This is plotted in Fig.3-8. It is seen that F(HBAR) is essentially constant
at, 0.55 over a wide range of demand rate. The fact that F(HBAR) is con-
stant agrees with the Michigan studies and the actual value of 0.55 is not
far from their range of 0.64-0.69.

The headway distributions for different 1 minute flow rates obtained
in the Michigan study are shown in Fig.3-9. The variation in the shape of
the density function for different flow rates is similar to that of our pro-
posed density function. It is noted that the Michigan study gives the head-
way density function whereas we give the headway factor (or gap) density
function. A direct comparison is not possible since it is not known at what
speed the measured flow levels were attained.

It is seen that the modal headway varies between 1.2 and 1.7 sec
for lanes 2 and 3 for flows between 1000 and 2000 vehicles/hour. We have
assumed HMODE = 1 and thus t 4. = HMODE + 20/V. Tabulating tmode

for a reasonable range of V gives

V(ft/sec) im_ogg_
90 1.22
70 1.29
50 1.40
30 1.67

which shows a range of tode similar to the Michigan study.
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Fig.3-8 Probability that Headway is Less than Mean
Headway vs. D for V = 50 mi/hr
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Our density function also agrees with the Michigan study in that
(1) the mode is always less than the median headway and (2) the median
is less than the mean headway.
Thus, having made a good case for our proposed density function
the procedure for generating entering headways is given below.
1. Choose appropriate values for entering velocity V and entering flow
rate D,
2-22 and HMAX = 3 x HBAR - HMIN - HMODE
= 3 x HBAR-1.3. The density function for headway factor, f(h),

2. Then compute HBAR =

and F(h), are thus completely determined.

3. Generate a pseudo-random number R in the interval (0,1).

4. Calculate h=F"}(R). Then h=F"}(R) is a sample from f(h). [ See
Fig. 3-107.

5. Calculate d=hV+20 as the distance headway for this vehicle at the
entrance. Repeat steps 3, 4, 5 to generate successive vehicles.
It is noted that this density function is proposed to represent the

headway factor (or gap) density on a typical lane of a multi-lane expressway

under non-congested conditions.
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Fig.3-10 Generating samples from f(h)
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CHAPTER 4

DERIVATION AND APPLICATION OF THE SIGN CONTROL ALGORITHM

4.1 Acceleration Noise as an Index of Performance

A quantitative measure of smoothness, comfort, and safety for a
driver over an entire trip has been proposed by researcher318’22'30'33'47-49
in the traffic flow field. This measure is termed acceleration noise and is
given by

T

2= fo [a(t) -a7? dt (4-1)

1
o ".IT \
where a is the time average of a(t) over the interval (0,T).

From Eq.(4-1) it is seen that ¢? is minimized when a(t) = constant =a,

This optimum cannot be practically attained since a driver is forced by the
behavior of other drivers to decelerate and accelerate during his trip. Al-
though it is the role of sign control to lessen these perturbations, they
cannot be completely eliminated. Conceptually, the only way to completely
avoid the effect of the car ahead is to allow sufficient intervehicle spacing
so that any foreseeable deceleration disturbance would be cancelled by a
succeeding acceleration before the gap is closed. Such a system is

impractical and permits only very small values of flow.

The acceleration noise may also be expressed as

T
ot =7) lawT et - @Y (4-2)
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Over a reasonably long trip the average acceleration given by

will be small and the second term in Eq.(4~2) can be neglected giving
A
o =5 [ la(t)®at (4-3)
o

For other reasons it is desirable to omit a in the formulation of ac-
celeration noise. It is unreasonable to consider two trips equally smooth if
one has a(t) = 0 and the other has a(t) = constant, yet both of these cases
give ¢ = 0 using Eq.(4-1). Henceforth the term acceleration noise will refer
to that given by Eq.(4-3).

It is noted that the quantity T refers to the total duration of the trip
and not only to the duration of non-zero acceleration. Thus g? is more
appropriately termed "average" acceleration noise. The average attribute
allows the direct comparison of values of ¢* for trips of different duration as
is illustrated below. For the three acceleration waveforms depicted in

Fig.4-1, if all trips have the same duration 2T, then the values of g* are

o} = 3
2 - p2
oy A
—_ 2
OZC 2A

and the shorter trip has the same value of ¢ as case B.
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a(t)
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(a)

a(t)

+A = - - - —

(b)

(c)

Fig.4-1 Acceleration waveforms
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In general a driver's trip, whether or not under sign control, can be
separated into segments of time during which the vehicle is either acceler-
ating or decelerating. The successive intervals of time alternate between
acceleration and deceleration. It is assumed that the velocity changes
over these successive intervals are independent in the sense that the
deceleration undergone by a vehicle during one interval will not substantially
affect its acceleration or deceleration in a succeeding interval. The intervals
may be assumed to be separated by time periods of constant speed. Under
these conditions it is meaningful to ask how the acceleration noise over
each of the intervals contributes to the total. If T; represents the end of the

i-th interval then

az

T A% dt]

n-1

1 T 2 T2 ,
Tn-To [fToa (t)dt+lea(t>dt+...+ ‘[T

1
T, -To

[(T:-To)a® + (T2 = To,>+ ..+ (Tn = Tna)oy’ |

n

1
= FEI (Ti - Ti—l)aiz (4-4)

where g% is the acceleration noise over the i-th interval.
From this analysis it is concluded that in order to minimize the

acceleration noise over the entire trip it is sufficient to minimize the quantities
Ty
(Ty~T;_po;* = j a%(t)dt
Ty

over the i-th interval for each vehicle. This requires the assumption stated
above that ciz and ajz can be minimized independently. This fact is utilized

in the sign control algorithm.
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4.2 Cgvlculation of Optimum Deceleration for a Simple
Highway Situation

The simple highway situation is considered in which all vehicles are

initially traveling at the same constant speed, Vo, although at different
spacings. The leading vehicle then decelerates to a new steady-state
speed Vf. In this case it is assumed that the following vehicles eventually
reach an equilibrium speed of Vf at a smaller spacing appropriate to the new
speed. The optimum manner in which these vehicles should make the trans-
ition from V,, to V¢ so that the integral [[a(t)]’dt is minimized for each
vehicle is now considered.

Attention is directed to a p'articular following vehicle and the problem
is formally stated as follows. Given two vehicles having initial speeds
v1(0) = Vg and v,(0) =V, >V and initial spacing x1(0) - x2(0) = S5, > 0 and
given that vy(t) = V¢ = constant. Find the acceleration of the following
véhicle, a,(t), such that I = j‘: [az(t)J2dt is minimized subject to the final
conditions v,(T) = Vf and x)(T) - x(T) = S¢ < §,. Itis noted that the upper
limit is given as T rather than infinity since it is expected that the optimum
az(t) is a function of the upper limit. Also, the following vehicle may be any
of the vehicles upstream of the leading vehicle, not necessarily vehicle 2 in
the line.

To simplify the calculation the following normalized and equivalent
problem is solved. Given a vehicle initially having x(0) = 0 and v(0) = V,.

T
Find the acceleration a(t) to minimize I = .[o[a(t) J?dt and satisfy x(T) = D,
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v(T) = 0. This problem is of the form

T
Minimize I = j’ f(t, x, x, ¥)dt with
o

respect to x(t) subject to given values

of x and X at the upper and lower limits.
According to the calculus of vari.zn:ions50 the twice~differentiable function
x(t) which extremizes I satisfies the differential equation

2

3 a3 aeG) -0
In the posed problem f(t, x, x, X) = [¥(t) '_]z and the above differential equation
becomes

a2
Fzl2x(H]= 0

which has the solution
¥X(t) = A+ Bt (4-5)

The final solution is found by solving for A and B in terms of the upper limit T,
then evaluating I as a function of T, and then finding the value of T and hence
the function a(t) that extremizes I.

Integration of Eq.(4~5) and imposition of the initial values of x and v
yields

v(t) = At+ $Bt? + V (4-6a)
x(t) = $At? + 1/6Bt’ + Vt (4~6b)

Substituting the required values of x and v at the upper limit gives the two

equations
AT + $BT2+ Vg, = 0

AT + 1/6BT° + VT = D
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These two linear simultaneous equations in A and B yield the solutions
A= -%[ZVOT-SD] (4=7a)

B = Fs-[vor-znz‘ (4-7b)

The integral to be extremized is

T
I=[ (A+Bt)*dt (4-8)
o

When the values of A and B given by Eqs.(4-7) are substituted into Eq.(4-8)
and the integral is evaluated the result is

v, 3DV, 3D?

1=4{7-—p=+p} (4-9)
dl 4Vz 3D 2
aT =TT,

Thus dI/dT = 0 at T = 3D/V, and at T = ». Also-dI/dT is non-positive for all
T 20. Thus sincel =+ for T -0" and I = 0+ for T =+« the shape of I(T) is
deduced as shown in Fig.4-2. The unconstrained minimum of I occurs at

T =+« where I = 0. However the expression for v(t) given by Eq.(4-6a)

becomes upon substitution of A and B from Eqs.(4-7)

v(t) = (VT -2 D)(t=T) (t~-t,)

where
VI
Yo = 3[V_T-2D]

For T > 3D/ Vo it is found that to is in the range %’1‘ <t, <T giving a parabolic

speed profile as shown in Fig.4-3. Since a negative speed is inadmissible



Fig.4-2 The integral I(T)

v(t)

t
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t T

Fig.4-3 Speed profile for % T<ty<T
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[

Fig.4-4 Acceleration waveform for T> 3D/V
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the unconstrained solution cannot be accepted. For an acceleration of the
form A+Bt the final time must be limited to T <3D/V,. This may also be

seen by examining the expression for the acceleration at the final time
a(T) = A+ BT = 4 (V,T- 3D)
TZ ( [e)
For T > 3D/ Vo it is seen that a(T) >0 implying an acceleration waveform as

shown in Fig.4-4. Since v(T) = 0 the a(t) of Fig.4-4 would require that

v(t) < 0 for some t <T.

Since I{T) is monotonic decreasing, as previously shown, the

optimum acceleration waveform is obtained by choosing T = 3D/Vo. This

yields the motion given by

g Vo 3D
o]
a(t) = = =t - =
(t = % z[ o]
V3
_1 o _3D7% _
vit) = 5 D [t Vo] (4-10)
V3
1 [o) 3D 93
x(t) = 5= Tr(t-5- | +D
27D[ A

for 0 £t < 3D/V, as shown in Fig.4-5. Upon substitution of T = 3D/V, into

Eq.(4-9) the integral I becomes

3
-4V
9 D

It is noted that the minimizing function for the motion constrained by
v(t) 2 0 for (0,T) has not been obtained. Rather the minimizing function for

the unconstrained problem has been found and the result has been modified to
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Fig.4~-5 Optimal motion:

(a) acceleration, (b) velocity, (c) position



62

assure v(t) 2 0 for (0,T). The inclusion of such a constraint in the problem
would make it impossible to find the solution by other than numerically
based methods. However the result does yield a smaller value of I than

any other function that is restricted to the interval (0, 3D/Vo). Furthermore,
as will be explained, there are reasons for believing that the solution
obtained is also the solution to the constrained problem.

When the acceleration is assumed to be constant in (0, T) then the
solution satisfying the initial énd final conditions on spacing and speed is
a(t) = -VOZ/ZD for 0 £t £2D/V,. For the constant acceleration case it is
found that I = Vo3/ 2D. When the acceleration is assumed piecewise constant
over two equal intervals of time then the solution that minimizes I and has
v(t) 20 for all t can be shown to yield I = -25% Vo3 /D. In addition an expon-
ential acceleration, with time-constant D/V, requiring infinite time, yields
I= Vgl 2D. These solutions are sketched in Fig.4-6 and summarized in
Table 4~1. For comparison the ramp acceleration and the piecewise constant
acceleration are shown on the same graph.

The fact that the piecewise constant acceleration curve closely
follows the ramp acceleration curve supports the contention that the ramp
acceleration is the minimizing function. It is expected that if a piecewise
constant acceleration having three intervals were assumed, the resulting
waveform that minimizes the integral I would more closely follow the ramp.

For the first problem posed of a vehicle decelerating from V, to Vg

while its spacing to a downstream car changes from S, to S¢, the solution
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Fig.4-6 Acceleration waveforms for optimal and sub-optimal solutions



Table 4. 1 - Value of the Integral I for Optimal and

Sub-optimal Waveforms

%

Acceleration

Time

Waveform Duration I Y Iramp

exponential o % V,¥D 1. 125
1

constant 2D/ Vv, 3 v,/D 1,125

piecewise 12 1T 25,3

constant 5 D/Vo 54 VO/D 1.042
4y

ramp 3D/V, =VJ/D 1.0
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analogous to Eqs.(4-10) is found to be

a(t) = [ 3As
3AS
v = - 55 - 5T+ v
x(t) = 27{%!)-[ 3857+ vgt - As

for 0 st < 3AS/AV and where AV = Vg~V and AS = S;-S,. For this motion

the integral I is

For the constant deceleration case the problem is posed as follows.
Given two vehicles (not necessarily consecutive) having initial speeds
v1(0) = V¢ and v;(0) =V, and initial spacing x;(0) - x;(0) = So > 0 and given
that v;(t) = Vg = constant. Find the constant acceleration, A, of the second
vehicle in the interval (0, T) that satisfies v(T) = V¢ and x,(T) - xz(T) = S5.

To achieve the desired speed change, V-V, it is required that
A= (Vg-V,)/T. Since a,(t) = A = constant, the speed v,(t) is a ramp function
as shown in Fig.4-7. The negative of the shaded area equals the change in

spacing. Thus Sg-8, = $T(Vg-V,) and hence

= 2(8¢-8o)/(Vg-

Substituting this value of T in the expression for A gives the result
= $(AV)2/(AS) for 0sts T
= 2(AS)/(4V)
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Fig.4-7 Speed of following vehicle for constant
deceleration case
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where AV = V-V, and AS = S¢~S,. The integral I for this case becomes
I=HAV/(89)

It is noted that for the ramp acceleration there are an infinite number of
solutions that satisfy the initial and final conditions while for the constant
acceleration the solution is unique.

As shown in Table 4~1 the waveforms considered vield values of I
not substantially different from the minimum value obtained for the ramp
function. For this reason and for reasons of mathematical tractability the
constant acceleration waveform is chosen for the sign control application.
The same methods to be used could also be employed with the ramp function

with the only difference being a substantial increase in program complexity.
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4.3 The Sign Control Algorithm as Applied to a Simple
Highway Situation

Assumptions It is assumed that the simple highway situation
exists in which a line of vehicles are initially all traveling at speed V,
although at different spacings. The sequence of detectors spanned by these
vehicles all register the speed V,. It is assumed that the lead vehicle then
decelerates to V¢ and some time later passes a detector where the decrease
in speed is registered.

At the next analysis time the settings for the advisory signs are
computed on the basis of existing traffic conditions. These settings are
valid for only 5 seconds after which time conditions are re-evaluated to
determine new sign settings.

The basis for determing the sign settings is the temporary assumption
that all vehicles upstream of the lead vehicle will eventually be forced to
decelerate to V;. The desired deceleration for these vehicles has previously
been determined to be a constant given by A4 = A V)2/(AS) over an interval of
time T = 2(AS)/(AV). The approach used is to determine the sign settings
such that the average deceleration due to the sign equals the desired
deceleration for vehicles traversing an entire section under sign control.

Therefore to determine the advisory speed setting for the i~th sign,
attention is focused on an imaginary vehicle located at the (i-1)-th detector

that is 0.1 mile upstream of the i-th sign. It is this vehicle that responds to
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the initial setting of the i-th sign during the first 5 secs. of its journey on
the i-th section.

The desired deceleration of the imaginary vehicle, A4, will be
expressed in terms of the measured section speeds and densities. This
car's predicted average deceleration, A,, will be derived from an assumed
sign;following law as a function of its speed when entering the section and
the speed setting of the advisory sign located at the next section boundary.

Equating A4 to Ay will yield the solution for the advisory sign setting in

terms of the detector outputs.

Computation of Desired Deceleration A section of highway is

depicted in Fig.4-8. The vertical delineators indicate the detector locations,
spaced by 0.1 mile. The k-th detector stores VDg, the velocity of the
vehicle most recently passing the detector, and NDy, the number of vehicles
currently on the k-th section of roadway. The advisory signs are also spaced

by 0.1 mile and the speed setting is represented as V., for the i-th sign.

5§
In accordance with the simple highway situation previously described
it is assumed that at a particular sampling time VDy = Vg and all other up-
stream detectors register VDy = V,, where V¢ < V.
To determine the speed setting for the i-th sign it is necessary that
the desired deceleration of an imaginary vehicle located 0.1 mile upstream

of sign 1  be expressed in terms of the detector outputs. The desired

deceleration for this vehicle is

A = HAV?/(8S9) (4-11)
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Fig.4-8 Representation of highway and location of detectors
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for an interval of time T = 2(AS)/(AV) where AV = V-V, is the difference
between the final speed after a slowdown and the initial speed and
AS = 8¢-8, is the difference between final and initial spacings from the
vehicle initiating the slowdown.

In this example the initial speed is Vo = VD;_, and the final speed
is Vg = VD;j so that

AV = Vg=V, = VD -VD;_, (4-12)

It is assumed that the vehicle that initiated the slowdown has just
passed detector j. Thus the initial spacing equals the distance between
detector i-1 and detector j, that is

So = 528 (j-1+1) feet (4-13)

The final spacing between the imaginary vehicle currently at detector i-1
and the vehicle assumed to be initiating the slowdown is determined from
the number of vehicles between them and by the final speed. At the con~
clusion of the slowdown it !s desired that each vehicle be at the spacing

appropriate to its new speed. For the i-th vehicle this desired spacing is

DD; = HDRV; x V; + 20

HDRVi X VDj + 20 feet

where HDRVi is the headway factor generated for the i-th vehicle.
The NDk vehicles in section k initially occupy 528 feet. After the
slowdown they will occupy less space. For these vehicles the sum of their

desired final spacings to the front bumper of the car ahead is expressed as
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NDj ND,
S4k) =Z (HDRV x VD, +20) = 20 NDk+VDjz HDRV, (4-14)
i=1 i=1

where the sum is over the NDk vehicles on the section. Since these vehicles

initially occupied a 528 foot section
ND, ND,
528 =) (HDRV; x vj+20) = 20NDy +) HDRV; x v; (4-15)
=1 i=1

where vy is the initial speed of the i-th vehicle. The v; are approximated
by the estimated average section speed, Vk' determined from the detectors

at the section boundaries to be

Vk = (VDk—l + VDk)/2 (4-16)

Replacing vy in Eq.(4~15) by Vi from Eq.(4-16) gives
ND

k
528 = 20 ND, + sz HDRV] (4-17)
i=1
From Eq.(4-17)
NDg 528 - 20 NDp
) HDRY; = ™ (4-18)
i=1
Substituting from Eq.(4-18) into Eq.(4-14) gives
s
Sfk) = 20NDy + v (528 - 20 NDy) (4-19)
or, using Eq.(4-16),
2VD
S{k) = 20NDy + ——1_— (528-20 NDy) (4-20)

Thus the desired cumulative final spacing for the vehicles initially on
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sections i through j is

J
Sf =%:;1 S¢(k) (4-21)

Substitution of the derived quantities into Eq.(4-21) gives, from

Eq.(4-11),
q.(4 ) ) (VDJ'VD;[_I)Z
Ay =53 2VD, (4-22)
2 |20ND, + (528 -20ND, ) [-528(j-1+1)
k=1[ k VDk-l"'VDk k :l ( )

This is the desired acceleration for a vehicle traversing the i-th section

in response to a slowdown detected at the j-th detector.

Predicted Average Deceleration from Sign-following Model The

average deceleration of a vehicle over a section of highway in response to

a sign is determined from the sign-following model employed to represent the
dynamiceesponse. Knowledge of car-following theory leads to a realistic
sign-following model in the form of a stimulus-response equation. The

sign-following model chosen is given by
v(t) = B[VS -v(t- Ts)) (4-23)

The response is the acceleration at the current time and the stimulus is the
difference between VS, the speed indication of the sign that the driver sees
at time t~7_ and v(t-74), the vehicle's speed at t-7 .

To facilitate further analysis of the model in order to obtain a sign

setting algorithm the model is modified to become

. BVg - v(t-14)] for t 274
v(t) = (4"24)
0 for t < Ts
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This modification has little effect on the dynamics of the response since in
most cases the quantity \'r(t) is small for 0t < Ts because near the end of
the previous section of highway the vehicle's speed will be nearly equal to
the setting of the previous sign.

Values of 8 and Ty are chosen to be equal to the corresponding
parameters in the analogous car-following law for a very conservative

23

driver. From data in Table I of Helly's paper a reasonable choice is

B =0.2sec™, 7, =2.0 sec.

The average deceleration of a vehicle traversing section i under
control of the i-th sign may be found from Eq.(4-24) if the initial condition
on the vehicle's speed, v(0), and the speed setting of the sign, Vs' are
known.

However for a given initial speed it is desired to find the value of
Vg that yields a specified average acceleration. By an iterative procedure
the value of Vg can be found that yields the specified average acceleration.
Although this procedure may be readily implemented on a digital computer, a
more direct solution for Vg would save substantial computation time. To this

end an approximate solution is developed.

Let v(0) =V, and introduce the normalization

v(t) -V,

r(t) = T (4-25)

into Eq.(4-24) yields the differential equation

r(t) = B[ 1 -r(t-1)] (4-26)
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where r stands for 75 and

r(0)
r(=)

The solution of Eq.(4-26) is of the form

0

1

r(t) = f(B, T, t)
independent of V, and Vg with (B8, r,0) = 0 and f(B, r,®) = 1. Thus,
from Eq.(4-25),

v(t) = (VS 'Vo) (B, T, t)+ Vo (4-27)

as is verified by the solution of Eq.(4-24) found by Laplace transform

techniques to be

\'/

o for0stsTg

vy = /7] (4-28)
Vo* (Vg-Vg) ¥ (-B)F L (t-kre)X for t>r
(o] (o] S k1 ]
k=1

S

where [t/fs] is the largest integer in t/7 .
The average acceleration of a vehicle on a 528 foot section of high-

way is given by

v(T) -V,
Ay = T (4-29)
where v(0) = VO and T is the section travel time given by the solution of
T
x(T) = [ wv(t)ydt = 528
o

From Eq.(4-27)

V(T) =Vo = (Vg =Vp) #(B. 7, T) (4-30)
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Typically the average speed on a section under sign control is in
the range 40 < v < 55 mi/hr. In this range it is found that f(8, 7, T) varies
by approximately 10 percent about a mean value. For an average speed of
55 mi/hr T = 6.54 sec. and £(B, 7, T) = 0. 78 while for an average speed of
40 mi/hr T =9.0 sec. and f(8, 7, T) = 0.935.

For the purpose of developing an approximation for average acceler-

ation it is reasonable to approximate Eq.(4-30) by
v(T) -Vo s C(VS - Vo) (4-31)

From Eq.(4-27) an expression for the average velocity on a section is

T T
- 1 1
V=i J‘o v(t)dt = V +|:? [; 8, 1. t)dt](Vs -V,)
1.T
The value of ?_[' f(B. 7, t)dt varies by about 20 percent about a mean value
o

for the typical range of T. Nevertheless a value of K is. chosen that best

approximates the average value of f over the typical range of T to give
VeV, +KVg-V,)

Thus, the travel time on a 528 foot section is approximated by

_ 528 528

T="% ~Vorkv -V

(4-32)

Substituting the results of Eq.(4-31) and Eq.(4-32) into Eq.(4-29) gives
Ay m Cy(Vg Vo) + Co Vo (Vg - Vo) (4-33)

as a reasonable form for the approximating function. Since A; = A4 ina
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sign control application both A; and V, are known. Once C; and C; are
determined the quadratic equation (4-33) may easily be solved for Vg.

To determine C, and C, several hundred pairs of V5 and Vg were
chosen in the range 88 2V +40 2V, 2V + 4 2 34. For each pair (Vé ’ V;)
the exact solution for average acceleration, A,ir, was computed by the
method previously outlined. The values of C; and C; were determined that

minimize the squared error
N
i i.2
€2 =2 (A7 -A))
i=1

where Aia is the approximation given by Eq.(4~33) for the i-th pair (V‘L, Vis) .

The resulting approximation is

A, % 0.000452 (V,, - Vg)*+ 0, 001581 Vo(Vg = V) (4-34)

with an average absolute error of 5.23 percent.

By trying other approximating functions it is found that the choice

A, = -0.00087(V,*-V? (4-35)

gives a slightly larger squared error than Eq.(4-34) and a slightly smaller

average absolute error of 4.95 percent. Since Eq.(4-35) is algebraically

simpler than Eq.(4-34), it is chosen for the sign control application.
When applying Eq.(4-35) to the setting of the i-th sign, VO=VD1_l

and Vs = V., vielding

51

A, = -0.00087 (VDj_, - V% (4-36)

a 1)

for the predicted average acceleration of a vehicle traversing section i

under control of the i-th sign.
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Solution for Sign Setting Expressions for the desired average
acceleration, Ay, and the predicted average deceleration, Ay, have been
obtained. The value of the setting for the i-th sign, Vsi, is found by
equating Ay from Eq.(4-22) to A, from Eq.(4-36) with Vg = Vsr The

solution for Vsi is

N

575(VDy - VD, _,)?
j 2VD;(528-20NDy)
z;Jl [20 ND, + VD, + Dy, ]-528(j-i+1)

Vs, =VD}_, + (4-37)

where VDj is the speed indication of the downstream detector that is
temporarily assumed to equal the final velocity of the upstream vehicles

after the slowdown.

Rounding of Sign Settings For practical reasons the sign-

settings are rounded to the standard 5 mi/hr increments. In addition, a
sign is not turned on if only a minor response to the calculated setting is
anticipated.

After computing the exact sign settings via Eq.(4-37) each sign is
examined and those that are off are skipped. If the i-th signis on, itis
then ascertained whether a significant response is expected to the sign

setting. If VD;_, -Vg £2.5 mi/hr the i-th sign is turned off. If

Si
VD;_,-Vg, >2.5 mi/hr the sign setting, Vs, 1s rounded to the nearest

5 mi/hr. If, for the rounded sign setting, the quantity VD, _, -V;.-,1 £2.5 mi/hr

the sign is turned off. If VD;_, ~Vg,>2.5 mi/hr, for the rounded value, then

S1

the rounded value is retained as the current sign setting.
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Example of Sign Settings for a Simple Highway Situation An

example from a simulation run with 80 vehicles is presented. All vehicles
enter the roadway at a speed of 50 mi/hr and continue at this constant
speed until t = 120 sec. At this time the first vehicle decelerates to
35 mi/hr at a rate of -3.0 ft/sec?.

At t = 125 sec. the slowdown is detected and one sign is set; at
t = 130 sec. two signs are set; and at t = 135 sec. five signs are set. The
situation at t = 135 sec. is examined in more detail.

The detector information available at t = 135 sec. is shown tabulated

below. The value of VD(I) is rounded to the nearest integer.

"1 | ND(U VD (J)

(vehicles) (mi/hr)
11 4 50
12 5 50
13 5 50
14 5 50
15 3 48
16 4 46
17 4 | 35
18 6 34
19 2 —_

From several computer runs it is found that the acceleration noise is

minimum when the constant 575.0 in Eq.(4-37) is replaced by a constant
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between 600.0 and 625.0. For the example under consideration this con-
stant is taken to be 625.0. Consequently the appropriate equation for

determining the setting of the i-th sign due to a slowdown detected at VDj

is
, 625.0(VD; -VD; _,)? 7
= + -
Vsg = { VD1~ 2VDj(528-20NDy) (4-38)
) [ZOND + ]-528(j-i+1)
k=t k' VDy_, +VDy

The data from several simulations indicate that it is preferable not
to set the sign that is located directly at the point where the slowdown is
detected. It is found that the setting of this sign often retards vehicles in
recovering from a slowdown after the vehicle causing the slowdown increases
its speed. Therefore in this example sign 18 is skipped.

In determining the exact. setting (before rounding) for sign 17 the
appropriate values to substitute into Eq.(4-38) are

j =18
i=17
VD = 66.9 ft/sec (46 mi/hr)
VD,, = 50.9 ft/sec (35 mi/hr)
VDye = 50.4 ft/sec (34 mi/hr)
ND;,= 4
ND;s= 6
Substituting these values into Eq.(4-38) gives Vs;., = 44.0 ft/sec for the

setting of sign 17.
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To determine the exact setting for sign 14, for example, the
values j=18 and i= 14 should be used in Eq.(4-38). The value j=18
should be used in finding Vsi for all values of i less than j.

In the manner described above the exact settings of the other up-
stream signs are determined as shown tabulated below. The results of the

rounding algorithm are also tabulated.

Sign Speed Setting Roundedm

Number (ft/sec) (mi/hr) (mi/hr)
17 44.0 30.0 30
16 60.0 40.9 40
15 66.1 45.1 45
14 68.3 46.5 45
13 69.4 47.3 45
12 70.2 47.9 OFF

It is noted that sign 12 is turned off because VDy, -Vsh2 =50.0-47.9 =

2.1 mi/hr is less than 2.5 mi/hr. That is, the sign is not turned on
because the vehicle 528 ft upstream of the sign is traveling at a speed

only slightly greater than the computed sign setting.
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4.4 Application of Sign Control to a General Highway

Situation

Introduction In the simplified highway situation previously
described, the speed indications of the detectors are monotone decreasing
in the downstream direction. This is intended to represent only an isolated
component of the traffic pattern on an actual highway.

Sampling of the detector speed outputs at a random time generally
vields a speed profile exhibiting peaks and valleys. A typical case is

shown in Fig. 4-9.

General Procedure for Sign Setting The heuristic procedure for

determining the sign settings is described for a typical case for which
VD(I) are as shown in Fig. 4-9. The detector speed outputs VD(I) are
scanned, starting at VD(7), to locate the first "local minimum" (LM). A
local minimum occurs at detector K if both

VD(K-1) > VD(K)

VD(K+1) 2 VD(K)
at satisfied. The three local minima are identified by arrows on Fig.4-9.

The first LM in Fig.4-9 is VD(10). Sign 10 is not set since it is

located at the local minimum. Sign settings for signs 9 and 8 are deter~
mined from Eq.(4-38) using j=10 and the appropriate valueé for VD and ND.
That is, ng and Vg o are computed on the basis of the LM of VD(10). Sign 9

is set to 65.9 ft/sec and sign 8 is set to 68.7 ft/sec.
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Fig.4-9 Detector Speed Outputs for a Typical Case
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The scan is continued and the second LM is found to be VD(16).
Sign 16 is not set due to this local minimum because the LM occurs at the
location of this sign. Signs 15 back through 8 are now considered on the
basis of a slowdown assumed to originate from the second LM of VD(16).
Thus, using the value j=16 in Eq.(4-38), the computed settings (ft/sec)

for signs 15 back through 10 are

Vs, = 38.5
Vg, = 48.2
Vg,, = 51.9
Vs, = 59.6
Vs, = 60.8
Vg, = 622

Sign 9 was considered previously due to the first LM of VD(10). However,
since the second LM is of smaller value, a tentative setting is computed
using j=16. This computation yields 65.4 ft/sec. Since 65.4 is less than
the previously computed setting of 65.9 it is concluded that the second LM
has the stronger influence on vehicles on section 10. Hence sign 9 is reset
to ng =65.4.

Similarly a tentative setting for sign 8 is computed, using j= 16, and
the result is 69.0. Sign 8 is not reset because the previously determined
setting of 68.7 ft/sec is less than 69.0.

The third LM is found at VD(19). Sign 19 is not considered and the

setting for sign 18 is found to be Vsle = 47,6 using j=19 in Eq.(4-38).
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Sign 17 is not considered because VD(16) is less than the speed
at the third LM of VD(19). Thus, cars on section 17 will not be forced to
decelerate due to the LM of VD(19). For the same reason sign 16 is not
considered.

Sign 15 has been previously considered due to a LM further up-
stream of smaller value, i.e. VD(16). For this reason the setting of
sign 15 is considered to be valid. Furthermore, additional scanning of
signs further upstream due to this LM is suppressed and the search for the

next LM is initiated.
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CHAPTER 5

SIMULATION RESULTS AND DISCUSSION

5.1 Prefatory Remarks

This chapter concludes the study of the proposed advisory speed
sign system by (1) presenting the numerical results from the computer
simulation program, (2) analyzing and interpreting these results, and
(3) assessing the potential success of the system in improving the level
of service afforded to drivers on an urban expressway under heavy
traffic conditions.

The primary indicator of the degree of comfort and safety for a
driver during his trip is the acceleration noise (see Section 4.1) . The
sign control algorithm has been designed to minimize this quantitative
| performance index. Another indicator of the improvement in the quality
of traffic flow due to sign control is the total stopped time. For the
main part, the utility of the system will be judged by the extent to which
sign control reduces both the acceleration noise and the total stopped
time.

In each of the simulation runs 80 vehicles traverse an eight mile
" length of roadway. The 80 vehicles occupy approximately two miles of

the roadway at any time.
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One distinguishing characteristic of a sample population of
80 vehicles is the average headway factor associated with these drivers
(see Section 3.2). The average headway factor is determined from the
specified demand, D, which is an input parameter in the simulation.

At a specified entering flow rate there is no typical sample of 80
vehicles from which a reliable estimate of the improvements due to

sign control can be obtained. It is therefore necessary to generate
several driver samples at each flow rate and to assess both the perform-
ance of the system with the individual samples and the average perform-
ance over all the samples.

The effects of sign control on acceleration noise and stopped
time are obtained by comparing the results of a simulation run without
sign control to those with sign control for the same driver sample.
Under sign control the compliance level, which determines the fraction
of drivers that heed the sign settings, is varied from 1.0 to 0.2 and the
effect of non-perfect compliance is noted. The effect of the flow rate
and the compliance level on the duty-cycle of the advisory signs is

shown.
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5.2 Maneuvers of the lead vehicle

The lead vehicle begins its maneuver shortly after all vehicles
have entered the highway. The simulation has been run for two differ-
ent repetitive maneuvers differing primarily in the magnitudes of the
programmed decelerations and accelerations. In both maneuvers the
lead vehicle undergoes a constant deceleration, from 50 mi/hr to
35 mi/hr, followed by an interval of constant speed, then a constant
acceleration back to 50 mi/hr followed by an interval of constant
speed. This motion is repeated with a period of 55 seconds until the
vehicle reaches the end of the highway runoff section. The accelerations
used in maneuver 1 are * 3.0 ft/sec® whereas maneuver 2 uses
+1.5 ft/secz. These maneuvers, which initiate the responses of the

following vehicles, are shown in Fig.5-1.
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5.3 Numerical Results

The results of the individual simulation runs without sign control
and those with sign control at 100 percent compliance are shown in
Tables 5-1 through 5-8. Each table corresponds to a particular value
of demand, D.

Table 5-1, for D = 2300, shows a dramatic reduction in stopped
time and acceleration noise due to sign control. The improvement is
consistently high* for both lead car maneuvers and for each of the three
driver samples. Maneuver 1, being more severe than maneuver 2, yields
larger values of stopped time and acceleration noise both with and with~
out sign control. The positive correlation between stopped time and
acceleration noise is noted for the different driver samples. Thus,
stopped time is also a correlate of the "smoothness" of flow, at least for
those high values of D  where the stopped time is appreciable. The
duty cycle for the advisory signs is observed to vary between 26 per-
cent and 29 percent* with the higher duty cycles associated with the

runs having larger values of acceleration noise and stopped time.

* The percent change calculations in the tables of this chapter tend to
de-emphasize the improvements due to sign control. A reduction in
acceleration noise from 10 to 5 is a 50% decrease whereas a change
from 5 to 10 is a 100% increase.

tSince the vehicles travel at constant velocity before the lead vehicle
maneuver begins, several signs near the beginning of the roadway are
never set. Omitting these signs from the duty cycle calculation would
increase the stated percents by about 25%.
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Table 5-2, for D = 2200, similarly shows large reductions in
stopped time and acceleration noise for both maneuvers and for all
driver samples. However the improvements are not as dramatic as
those for D = 2300 and there exists greater variability among the four
driver samples.

Referring to Tables 5-3 through 5-8 it is seen that the stopped
time is small for D = 2100 and essentially zero for smaller values
of D both with and without sign control.

At D= 2100 the average reduction of acceleration noise is still
substantial except for driver sample 3 under maneuver 2 for which the
reduction is negligible. In Table 5-6, for D = 1800, it is observed that
although there is an overall improvement due to sign control, three of
the eight runs yield a small increase in acceleration noise.

The system's performance for different values of D is now
evaluated on the basis of the percent change in stopped time and
acceleration noise averaged over all driver samples for each maneuver.
The average stopped time and the average acceleration noise (with and
without the signs) and the average percent change* of these quantities
are shown in Table 5-9 and Table 5-10 for maneuvers 1 and 2 respectively.
For each value of D and for both maneuvers the simulation was run with

four different driver samples, except for those few cases noted in the

*The average percent change is the average of the percent changes for the
different driver samples, not the percent change of the average quantities
appearing in Tables 5-9 and 5-10.
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tables where three driver samples were used.

For maneuver 1 (see Table 5-9) the decrease in stopped time
is dramatic for D = 2300 and D = 2200 but essentially negligible for
smaller values of D for which vehicles are not forced to stop. The
decrease in acceleration noise is substantial for values of D
between 2300 and 2000 and is judged to be significant for the other
demand rates. The results for maneuver 2 (see Table 5-10) are
similar except for the negligible reduction in acceleration noise for
D = 1800 and D = 1700,

Comparison of the results for maneuvers 1 and 2 show that,
with few exceptions, the entries in Table 5-~9 are greater than the cor-
responding entries in Table 5-10. It is not surprising that the stopped
time and acceleration noise are larger for maneuver 1 since it is the
more severe maneuver. The fact that the average percent changes are
larger for maneuver 1 leads to the conclusion that sign control is
comparatively more effective for larger perturbations.

From Table 5-11 it is observed that higher values of D require
a higher duty cycle. Maneuver 1 requires a higher duty cycle, on the
average, than maneuver 2, although the opposite is true for D = 2200

and D = 2100,
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The results presented above have been for 100% compliance,
that is, when all drivers respond to the advisory sign settings. In this
study it has been hypothesized that sign control improvements will not be
substantially eroded under conditions of partial compliance since a driver
who responds to a sign forces the following drivers to decelerate.

Results for partial compliance are presented in the following discussion.

The results at various compliance levels, for maneuver 1, are
presented in Tables 5-12 through 5-16 for demand rates‘ between 2300 and
1900 vehicles per hour 1. The improvements due to sign control at lower
demands are not large enough to warrant simulation runs at intermediate
compliance levels.

For D = 2300 and D = 2200 (see Tables 5-12 and 5-13) the
stopped time is appreciable without sign control. Stopped time generally
increases as the compliance level decreases, yet a considerable improve-
ment is shown at the 20 percent level of compliance. At D = 2100 (see
Table 5-14) the stopped time is small and its variation with compliance
level follows no pattern. At lower values of D the stopped time is zero

or negligible.

1‘The simulation runs without sign control and those with sign control at
100 percent compliance were made, at most of the demand rates, for each
of four different driver samples. However the time required for each
simulation run precluded generating results for all four driver samples at

the other compliance levels.
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Tables 5-12 through 5-16 also indicate how the acceleration
noise changes as a function of compliance level. Table 5-12 shows
that for D = 2300 there is little degradation of performance, even at the
20 percent level of compliance. At D= 2200 the compliance level has
minimal effect until it falls below 40%. At lower values of demand the
compliance level begins to have a significant effect at a value between
80 and 60 percent. These results are summarized in Table 5-17 which
presents the percent change in acceleration noise from the condition of
no sign control to the condition of sign control at various levels of

compliance. These same results are graphically presented in Fig.5-2.
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- u e tud
Based on the models assumed for car following and sign follow-

ing, and using the algorithm developed in Chapter 4, a significant
improvement in system performance has been demonstrated by using
advisory sign control. No refinements in the mathematical models

can substitute for field tests. It is recommended that a prototype
system be constructed and tested, in order to determine the actual
level of improvements.

An important consideration for any traffic control system is
whether it effects a reduction in travel time. On the simulated high-
way the travel time of vehicle 1 is unaffected by sign control and the
travel times of the other vehicles are completely determined by their
time headways at the highway terminus, being unaffected by the
dynamics on intermediate sections. Onan actual highway with en-
trances and exits at intermediate points, the travel time of an arbitrary
vehicle is profoundly affected by the dynamics of the flow. For example,
if a vehicle is approaching its exit and there is a temporary stoppage
of traffic between this vehicle and the exit, then this stopped time
directly adds to the vehicle's travel time. Thus it is expected that
the ability of a sign control system to reduce stopped time in deénse
traffic will lead to travel time savings on an actual highway. The extent

of this reduction in travel time must await a field test.
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For major highway incidents such as accidents and disabled
vehicles the detectors can,readily provide rapid and precise location
of the disruption enabling Swifter corrective action and thereby de-
creasing the total delay incurred by upstream vehicles. In addition
it is expected that the incidence of rear-end accidents under these
circumstances will be substantially reduced due to the advance warn-
ing nature of the advisory signs.

Although a cost analysis of the proposed system has not been
undertaken it is felt that the system is economically feasible., The
Toronto intersection control system, including 1000 detectors, is pro-
jected to cost $5 million in capital outlay. Since a 16 mile length of
six lane highway would use 1000 detectors, the cost of advisory sign
control is estimated to be about $300,000 per mile. This is a small
fraction of the cost of constructing a mile of highway in an urban area.

An accurate cost-effective analysis would involve building
the system and comparing before-and-after statistics on travel time,
throughput, and accidents. |

Further investigations should include the effect of advisory
sign and detector spacings on improvements afforded by the system.

These spacings are directly related to the cost. of the system.



Table 5-1

for D = 2300 veh/hr

Results without sign control and with sign control at 100% compliance,

Stopped .Time Acceleration Noise D\?ty Cycle
Driver | Maneuver (sec) (ft/ sec?)? “gf)l:ltsrlff‘
Sample | Number | wihout With ' Percent | Without ' With Percent (%)
Signs Signs Change Signs Signs Change

1 1 328. 21.2 -93.6 38.92 14,11 -63.7 27.2

3 1 321. 18. 8 -91,5 28.33 14,71 -48,2 25,2

4 1 707, 94. 8 -86.6 | 40.85 17.58  -57.0 29.2

1 2 165. 27. 8 -83,1 26.09 13, 81 -47,2 25.9

3 2 199, 62.0 -68.9 26.42 14. 10 -46,6 26,7

4 2 462, 49.6 289.3 | 36.48  16.34  -55,2 27.6

L6



Table 5-2 Results without sign control and with sign control at 100% compliance,

.for D = 2200 veh/hr

Stopped Time Acceleration Noise Duty Cycle
2)2 . .
Driver Maneuver (sec) (£t/sec?) with Sign
S 1 Numb . Control
ample umber | without With Percent Without  With Percent (%)
Signs Signs Change Signs Signs Change
1 1 58,2 9.6 -83.5 18,64 11.49 -38.4 24,5
2 1 372, 64.4 -82,7 25,13 13.99 -44.3 26.9
3 1 46.4 1.0 -97.8 16, 80 11.60 -30.9 24.6
4 1 342, 84,6 -75.3 33,91 13,70 -59.6 26,5
1 2 9.8 1.0 -89.8 13,61 11.19 -17.8 24,1
2 2 407, 51.4 -87.4 32,90 13,84 -58,0 27,1
3 2 32. 8 11,6 -64.6 15,28 11.61 -24,0 25,4
4 2 64,2 31.6 -50. 8 18,32 13.30 -27.4 26.9
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Table 5-3 Results without sign control and with sign control at 100% compliance,
for D = 2100 veh/hr '

Stopped Time Acceleration Noise Duty Cycle
(sec) (ft/sec?)? with Sign
Driver | Maneuver Control
Sample | Number (%) '
Without With Percent | Without With Percent
Signs Signs Change t Signs Signs Change
1 1 0.0 2,8 - 10.51 8.742 -16.8 21,8
2 1 20.6 34.0 +65.0 16,91 10. 87 -35,7 23.9
3 1 1.2 3.0 - 10.67 9.214 -13.6 22,1
4 1 41.4 19.6 -52.8 14. 86 10, 81 -27.3 24,6
1 2 0.0 1.2 - 9.234 8. 026 -13.1 21.0
2 2 61.0 19.0 -68.9 19.40 11,052 -43,0 26.6
3 2 0.8 2.4 - 10. 06 9. 856 - 2,03 21.1
4 2 0.0 3.6 - 13, 26 10,77 -18.8 28,1

T Missing entries in this column indicate that the change is zero or negligble and is
treated as zero,
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Table 5-4 Results without sign control and with sign control at 100% compliance,

for D = 2000 veh/hr

Stopped Time Acceleration Noise Duty Cycle
(sec) (ft/sec?)? with Sign
Driver Maneuver Control
Sample Number Without With Percent Without With Percent (%)
Signs Signs Change T Signs Signs Change

1 1 0.0 0.0 - 7.564 6.554 -13.4 19.7
2 1 0.0 1.2 - 11,21 8.735 -22,0 22,4
3 1 0.0 0.0 - 8.581 8.060 -6, 07 21.9
4 1 0.0 0.0 - 10.93 8. 259 -24.4 22,3
1 2 0.0 0.0 - 6.583 6.217 -5.56 17.6
2 2 0.0 0.0 - 10. 66 8. 107 -23.9 22,3
3 2 0.0 0.0 - 8,182 7.038 -14,0 19.6
4 2 0.0 0.0 - 10, 15 8.120 -20.0 24,0

1 Missing entries in this column indicate that the change is zero or negligible and is
treated as zero,

001



Table 5-5 Results without sign control and with sign control at 100% compliance,

for D = 1900 veh/hr

Stopped Time Acceleration Noise Duty Cycle
Driver | Maneuver (sec) (ft/ sec?)? with Sign
Sample | Number |y out  With Percent Without With Percent C‘(’f,}t)r ol
Signs Signs Change Signs Signs Change °
1 1 0.0 0.0 - 5.697 5.517 -3.16 18. 1
2 1 0.0 0.0 - 7.843 6,974 -11,1 18,1
3 1 0.0 0.0 - 6.648 6.006 -9,66 20.1
4 1 0.0 0.0 - 7.158 6.731 -5,97 20.6
1 2 0.0 0.0 - 5.079 4,807 -5,36 15.1
2 2 0.0 0.0 - 7.299 6.306 -13,6 20.4
3 2 0.0 0.0 - 6.581 5,798 -11.9 19.5
4 2 0.0 0.0 - 7.027 6.234 -11.3 19.0
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Table 5-6 Results without sign control and with sign control at 100% compliance,
for D= 1800 veh/hr

Stopped Time Acceleration Noise Duty Cycle
‘ 2)2 . .
Driver | Maneuver (sec) (ft/sec?) with Sign
Sample Number Control
P Without With Percent Without  With Percent (%)
Signs Signs Change Signs Signs: Change
l 1 0.0 0.0 - 4. 791 4. 324 -90 75 17.2
2 1 0.0 0.0 - 5.851 6,199 +5.95 18.5
3 1 0.0 0.0 - 5.618 5,180 -7.79 16.7
4 l 0.0 0.0 - 5.603 4. 939 -1109 17. 1
1 2 0.0 0.0 - 4,288 3.909 -8.84 13,2
2 2 0.0 0.0 - 5.552 5,734 +3.28 17,7
3 2 0.0 0.0 - 5,382 5,031 -6.52 16.1
4 2 0.0 0.0 - 4,851 5,009 +3, 26

15,6
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Table 5-7 Results without sign control and with sign control at 100% compliance,

for D = 1700 veh/hr

Stopped Time Acceleration Noise Duty Cycle
2\ 2 . .
Driver | Maneuver (sec) (ft/sec?) with Sign
Sample Number Control
P Without With Percent Without With  Percent (%)
Signs Signs Change Signs  Signs Change
1 1 0.0 0.0 - 3.962 3,494 -11.8 15.1
2 l 0.0 0.0 - 4. 911 40 917 +0. 1 14. l
3 1 0.0 0.0 - 4,814 4,321 -10,2 16.7
4 1 0.0 0.0 - 4,271 4,291 +0.5 15.5
1 2 0.0 0.0 - 3.542 3,309 -6.58 13.4
2 2 0.0 0.0 - 4,654 4,803 +3.2 16.5
4 2 0.0 0.0 - 4,007 3,980 -0,7 15.5

€01



Table 5-8 Results without sign control and with sign control at 100% compliance,

for D = 1600 veh/hr

Stopped Time Acceleration Noise Duty Cycle
Driver | Maneuver (sec) (ft/ sec?)? with Sign
- C 1
Sample Number Without With Percent Without With Percent o(r;tl)'o
Signs Signs Change Signs Signs Change
1 1 0.0 0.0 - 3.240 2,787 -14,0 12.9
2 1 0.0 0.0 - 4,386 4,146 -5,5 15.7
4 1 0.0 0.0 - 3.629 3,364 -7.3 14,6

vo1



Table 5-9 Results without sign control and with sign control at 100%
compliance, averaged over several driver samples,
for maneuver 1

Stopped Time (sec)

Acceleration Noise (ft/sec??

Demand Average Average Average Average Average Average

D Without With Percent Without With Percent

(veh/hr) Signs Signs Cha.nge'r Signs Signs Change
2300 418,7 44,9 -90,5 36.03 15,46 -56.3
2200 204.7 39.9 -84.8 23,62 12,70 -43.3
2100 15. 8 14,9 - 13,24 9.91 -23.4
2000 0.0 0.3 - 9.57 7.90 -16.5
1900 0.0 0.0 - 6. 84 6.31 -7.5
1800 0.0 0.0 - 5.47 5.16 -5.9
1700 0.0 0.0 - 4.49 4.26 -5.4
1600** 0.0 0.0 - 3,75 3.43 -8.9

Excludes driver sample 2

** Excludes driver sample 3

? The mis sing entries in this column indicate that the
change is zero or negligible and is treated as zero.

q0t



Table 5-10 Results without sign control and with sign control at 100%

compliance, averaged over several driver samples,

for maneuver 2

Stopped Time (sec) Acceleration Noise (ft/sec?)?
Demand
D Average Average Average Average Average Average
e Without With Percent Without With Percent
(veh/hr) . . + . .
Signs Signs Change Signs Signs Change
2300* 275.3 4.65 -80. 4 29.66 14,75 -49.6
2200 128.4 23,9 -73,2 20,03 12,49 -31.8
2100 15-45 6. 55 - l7¢2 lz. 99 9- 93 "1902
2000 0.0 0.0 - 8. 89 7.37 -15.9
1900 0.0 0.0 - 6.497 5,786 -10,5
1800 0.0 0.0 - 5.018 4,921 -2,2
xR
1700 0.0 0.0 - 4,067 4,031 -1.4
Excludes driver sample 2
%k
Excludes driver sample 3
Missing entries in this column indicate that the change is zero

901
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Table 5-11 Average duty cycle of advisory

signs at 100% compliance

‘Pemand - Duty Cycle (%)
(vell?l /Lﬂ Maneuver 1 Maneuver 2 *
2300 27,2 26,7
2200 25,6 25,9
2100 23,1 24,2
2000 21.6 20,9
1900 19.2 18.5
1800 17. 4 15.7
1700 15.4 15,1
1600 14. 4 i -

*
Maneuver 2 was not run for D = 1600



Table 5-12 Results at various compliance levels,

for maneuver 1, for D = 2300*

Compliance Stopped Acceleration Duty
Level Time Noise Cycle

(%) (sec) (ft/sec?)? (%)
100 44,9 15.46 27.2
80 82.7 15.93 27.1
60 76.3 15.72 29,2
40 74.4 16.02 28.1
20 106.6 18.53 29.5

o* 418.6 36.03 -

Includes driver samples 1, 3,and 4

* Results for no sign control

Table 5-13 Results at various compliance levels,

for maneuver 1, for D = 2200*

Compliance Stopped Acceleration Duty
Level Time Noise Cycle
(%) (sec) (ft/sec?)? (%)
100 52,9 13.06 26.0
80 54.2 13.70 27.4
60 73.2 13.62 28.4
40 98.5 14.70 29.9
20 117. 16.81 29.6
o* 257. 25.90 -

T Includes driver samples 1,2, and 4

* Results for no sign control

108
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Table 5-14 Results at various compliance levels,

for maneuver 1, for D = 2100

1-

Compliance Stopped Accelerationﬁ Duty
Level Time Noise Cycle

(%) (sec) (ft/sec?)? (%)

100 18.5 10.04 23.0

80 6.3 10.46 24.5

60 28.2 11.36 25.0

40 35.7 11.58 25.3

20 3.1 12.24 25.4

o* 10.9 13.79 -

t Includes-driver samples 2 and 3

*Results for no sign control

Table 5-15 Results at various compliance levels,

for maneuver 1, for D = ZOOOT

Compliance Stopped | Acceleration Duty
Level Time Noise Cycle
(%) (sec) (ft/sec?)? (%)
100 0.4 7.62 21.3
80 1.1 7.89 20.9
60 0.0 7.86 22.4
40 0.0 8.15 20.7
20 1.9 8.28 21.8
0¥ 9.02 -

0.0

TIncludes driver samples 1,3, and 4

* ‘
Results for no sign control



Table 5-16 Results at various compliance levels,

for maneuver 1, for D = 19001.

Compliance Stopped Acceleration Duty
Level Time Noise Cycle
(%) (sec) (ft/sec?)? (%)
100 0.0 6.41 18.9
80 0.0 6.50 19.5
60 0.0 6.69 19.0
40 0.0 6.65 19.2
20 0.0 6.59 20.3
o* 0.0 6.90 -

Tlncludes driver samples 1,2, and 4

*
Results for no sign control
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Table 5-17 Percent change in acceleration noise due to

sign control at various compliance levels,

for maneuver 1
Demand Percent Change in Acceleration Noise
D Compliance Level

(veh/hr) 100%  80% ’ 0% 40% 2%
2300 -57 =57 -58 -57 -50
2200 =50 -47 -47 -43 =35
2100 -27 -24 -18 -16 -11
2000 -16 -13 -13 -10 -8
1900 -7 -6 -3 -4 -4
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Decrease
(%)
60 +
x——— X~~~ e Xee == —x D = 2300
P d
e
7
50 + x” _ %D =2200
e X
/’,x X
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40 + ,/
7/
//
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30 1+
_-»D=2100
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7
20 1+ //
a’x
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y t t ! + Compliance
0
20 40 60 80 100 Level (%)
Fig.5-2 Percent decrease in acceleration noise due to sign control

at various compliance levels, for maneuver 1
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APPENDIX A

FLOW CHARTS OF THE COMPUTER

SIMULATION PROGRAM



113

Maia Program

Start

Set constants pertaining to models used:
SGNC, TAUA, TAUD, TAUS, BETA

Set constants that describe
physical items of run:

NMILE, NCARS, CONTRL
v

Set constants that describe how
cars enter the highway:

ENTER, QHOUR,
HMODE, HMIN

&

Set constants that describe motion
of lead car: -

TF3I), AF3(), NREP, VI3

Set constants that control printout:
TXPRNT, NOPRNT, PRINTX, PRPLOT,
IVPRNT, TV1, TVZ2,

)

y

CALL TITLE

¥

CALL HIWAY

Change any of
the constants

YES, Another run ? NO

G:ALL EXIT )




Subroutine TITLE

2

Print values of parameters
used in this run

Generate headway factor for
each driver

Is
sign control
used?

YES

K

114

Generate compliance
factor for each driver

RETURN



Subroutine HIWAY 115

N\

LSet t = 0; initialize x, v for carﬂ

Every >30 sec

Evelj/ O sec
>

Every .. 2 sec

Call subroutine F3 to compute a(t), v(t +.2),
x(t +.2), and update detectors for lead car

Call subroutine G1 to compute a(t), v(t +.2), x(t +.2),
and update detectors for all other cars on road

lead car exited

Store travel time, final velocity,
etc., and cha:;ge counters

new car entered

Initialize position and velocity
for new car; change counters
-

-
-

[Call SETSGN if signs are being used_]

[5 sec. bookkeeping & printout]

w4
Y

[30 sec. bookkeeping & printouﬂ

4
.~




Subroutine G1 --- Vehicle Dynamics

sufficientl

116

Is |a|

smal

change of visual

ﬁ

T

W

Compute ACF, acceleration due

to car-following

ANOW = ACF

angle significan

F

Compute ASIGN, acceleration due
to advisory signs, if signs are
being used

3

a(t) = min [ASIGN, ANOW ]

b

Compute new v; and Xxj

v

Update detector information
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Subroutine G1 --- Vehicle Dynamics

NO

la;_,(t)] <1.0

Go
to same

car in DD
mode 1 last

NO

Was
car in DD
mode 3 last
time ?

car in DD
mode 5 last

Compute ACF, accel. due Compute ACF, accel.
to car-following due to car-following

YES

Transfer to car-

Was following mode

car in DD
mode 4 last

NO ~ACF <a(t-.2) >=>5°

Transfer to car-
following mode

C

car in DD YES
mode 2 last

time ?
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Subroutine Gl --- Acceleration Due to Car-following (ACF)

Compute ACF for
a deceleration

l

If spacing is not too large

and aj_,(t) <0, decrease

ACF due to anticjpation
from car (i-2)

|

Limit ACF to be 2 -10
unless ACF was < -10 last
time or actual spacing s~

minimum safe spacing

l

Increase ACF (to maximum
of 0.) if aj—;(t) > 0 and

vilh < vi_ (®

Vi1 (t-T,) - v;(t-T,)

Compute ACF for

an acceleration

L

If spacing to car ahead is
larger than normal, increase

ACF (to a maximum of 2.0)

l

Decrease ACF (to minimum
of 0.) if aj_4(t) <O,

vi(t) > v;_4(t), and spacing

is not too large

ACF =0.
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Subroutine Gi -~- Distance-Detection Mode (DD mode)

ing too much
larger than desiree

more
deceleration

Decelerate by 80% of full
engine braking

NO YES

Compute change in spacing
that would result if driver
stopped accelerating now

Has

car
accelerated
enough

Has car
slowed to speed NO
of car ahead

Add =2.0

Decelerate by 80% of full
engine braking

©
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Subroutine SETSGN -- Computes Advis‘({y Sign Settings

NL = section occupied by car furthest upstream
NF = section occupied by car furthest downstream

I=NL+1, NF+1>

Is VD(I) YES

a local minimum
?

!

JJ =1+ NBEGIN - J

sign JJ previously
- YE considered due to local minimum of smaller

NO

\ value further upstream

Is this sign locate
at current local

V¥
Compute VSJJ: tentative
setting for sign JJ

Is VSJJ 2 YES

Is VSJJ 2
setting for sign JJ computed on
basis of another local minimum further

upstream ?

YES

R

ISet or re-set sign JJ to VSJJ

Round sign settings to standard 5 mi/hr
increments. Possibly set some signs off,
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Subroutine F3

This subroutine updates velocity and position for the car that
is furthest downstream

Is
car 1 the

car furthest
W
?

\ v

Yes

a(t)y =0 Compute a(t)

according to
pre-programmed
maneuver of car 1

l - J

&ompute vit+.2), x(t +.2)

Call NDVD to
update detectors




122
Subroutine NDVD

This subroutine updates ND and VD -- Detector Information

Did

car that has
just been moved
change sections

No Yes

Increment vehicle count
on new section

!

Decrement vehicle count
on old section

J

Update detector velocity
at section boundry

Vi W
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APPENDIX B

LISTING OF FORTRAN SIMULATION

PROGRAM



OO OOOMOOO

OO0 O0O0O0n

COMMONS USED

MAIN ABC HM T ZK
TITLE ABC 6 T ZK
HIWAY $A C FGHMN U Z

Gl $A G MNT

F3 $AB ]

SETSGN $A £ N U
NDVD $ G N
FINISH ABC F MN U K
IAP M K

IMPLICIT INTEGERICyd-N)
INTEGER*2 [BRNCH, IOMCOE, COMPLY

INYEGER ON, OFF, ENTER, PRINTX
COMMON 7AAAAAA/ NCARS ¢NMILE.VSTART 4TXPRNT 4 IBRNCHL 35018,
1 CARNGH,e NOPRNT ¢ CONTRL ¢ ONyOFF 9 BET Ag TAUS.KSIGN,yL SIGN(1 003

2 HBARJHDRVI350) sCOMPLY(3500 oVSIGN(100,7)

COMMON /7B8BBBBB/TF3(5) ¢AF3(4) yBASE,NREPNREPI,VI3

COMMON /7CCCCCC/CBUGL»CROUNDsSGNC

COMMON /HHHHHH/ PRINT X, BOMBTXPR2yNOPR2

COMMON /KKKKKK/ESIG2ETSTOPETOTLY EPERJEPCHMP, IEVAV], IEDX4NENS,
2 JENS yEQESPACE(10),RR1

COMMON /MMMMMM /1 VPRNT s TV1 o TV2 ¢ IF IFTHoIFOL,SPACE(10) ,TSPACE(10)
COMMON /TTTTTT/ IDMODE(350)¢ TAUATAUDVLIMIT yKA, KD

COMMON /2222724 ENTERyQHOURsHMINyHMCCE, IR,y HBAR24PCMPLY P CMP

DATA ION, IOFF / *ON*, °OFF! /
ON = ION
OFF = IOFF

CBUG] SPECAFIES PRINTOUT OF DETAILS OF SIGN SETTING
CBUGL=0 NO. PRINTOUT
CBUGL=1 PRINTOUT EVERY 5 SECONDS
cswel = 0

CROUND SPECIFIES ROUNDING OF SIGN SETTINGS

MAIN
MAI N
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN

10

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360

370

144!



AOOOOOOO0N O0n0O0 OO0 NO

OO O

(2N aNaXe!

CROUND=0 EXACT SIGN SETTINGS WSED
CROUND=1 ROUND SIGN SETTINGS -- USE MODEL 1

PCMPLY = FRACTICN OF DRIVERS THAT COMPLY WITH SIGNS
PCMPLY = 1,0

SGNC IS A CONSTANT IN ADJUSTING SIGN SETTING
SGNC = 1200.

*&k%x%k [NPUT DATA

HDRVC 1) = VARIABLE AFFECTING DESIRED DISTANCE
NCARS = TOTAL # OF CARS TO ENTER THE HIGHWAY
NMILE = LENGTH OfF HIGHMAY (IN MILES)
BETA = SENSITIVITY CONST. TO COMPUTE ACC., DUE TO SIGNS
TAUS = DELAY IN RESPONSE DUE TO SIGNS
KSIGN = S+%#TAUS + .1 + 1. {(SET IN HIWAY)
BETA = ,2
TAUS = 2.0
TAUA = 1.4
TAUD=1.0
SET CONSTANTS TC SPECIFY DENSITY FUNCTION FOR HEADWAY FACTOR
HMIN = MINIMUM HEADWAY FACTOR
HMODE = MCDAL HEADWAY FACTOR
HMIN = .3
HMODE = 1.

QHOUR = AVGe ENTERING FLOW RATE (CARS/HOURD FOR
RANDOM ENTERING HEADWAYS

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAI N

380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740

gel



OO0 OAOOONM0OOAN000 O

AOOOOOAOOOODO

QHOUR = 2200.

NENS
NENS

ENTER 0 IF ENTERING SPACING IS SAME FOR ALL CARS

1 FOR DISTYRIBUTION 1 (SEE TITLE)

DXCARy VCAR, ANOW, IMODE ARE PRINTED OUT ONCE EVERY
"NOPRNT? CYCLES (AFTER TNCW = TXPRNT)

IF  *PRINTX=1°® THEN XCAR ALSO PRINTED OUuT

I VPRNT CONTROLS PRINTING GF VELOCITY OF CARS EVERY SECOND
IVPRNT = 0 VELOCITIES NOT PRINTED

IVPRNT 1 VELOCITIES PRINTED
TVl = TIME TO START PRINTING VELOCATIES
TV2 = TIME TO STOP PRINTING VELOCIFIES

CONTRL 0 IF NO SIGN CCNTRCL

‘1 MITH SIGN CONTROL

NENS SPECIFIES NUMBER OF ENSEMBLE RUNS {(MAX OF 10)

1
4

IF YOU WISH RUN TO END AFTER X® TRAVEL SECONDS,
THEN o o & *B80OMB=Xx¢
OTHERWISE.oe *'BOMB=10000000.°

TXPRNT = TIME WHEN PRINTING CF X,VyA¢MODE BEGINS
IF YOU DO NOY WISH TO HAVE X, V, A, MODE
PRINTED OUT AT ALL, SEY TXPRNT = 1000000.
BEFORE CALLING HIWAY

MAIN
MAIN
MAL N
MAIN
MAIN
MAIN
MAIN
NAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MALIN
MAIN
MAIN
MAIN
MAL N
MAIN
MAIN
MAIN
MAIN
MAL N
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
NAIN

750
160
770
780
790
800
810
820
830
840
850
860
87¢C
880
890

900 -

910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
107C
1080
1090
1100
1110

9¢1
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AOOOOOEO

TXPR2 = TIME TO CHANGE TO PRINT ING X;VoAyMODE EVERY °NOPR2"®

CYCLES

TXPRNT=1.Eb
TXPR2 = l.E6

IF USING F3
NREP =
TE3{1) =
AF3{l) =
Vi3 =
NOPRNT =1
NOPR2 = 5
PRINTX = O
TVl =.220.
Tv2 = 2000.
80MB = 2000.
TF3(L) = 0.
TF3(2) = Te4
TF3(3) = 27.4
TF3{&) = 34.8
TF3(5) = 54,8
AF3€1) = -3.0
AF3(2) = 0.0
AF3{3) = 3.0
AF3{4) = 0.
NREP = S50
Vi3 = 50.
ENTER = 1
CROUND =1
NMILE = 10
NCARS = 80
IVPRNT = 0
NENS =

FOR LEAD CAR MANEUVERy SET
NUMBER OF REPETITIONS OF BASIC MANEUVER -
TIME INSTANTS DESCRIBING BASIC MANEUVER

ACLCELERAT IONS USED

IN BASIC MANEUVER (FT/SEC/SEC)

INLTIAL VELOCITY (MI/HR)

PO S N

237,
237
237.
237.
237,

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAI N
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAI N
MAIN

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480

Lea1



QHOUR VARIESy PCMPLY = 1.0 MAIN 1490

MAIN 1500
QHOUR = 2000. MAIN 1510
CONTRL = O MAIN 1520
CALL ZAP MAIN 1530
CONTRL =1 MAIN 1540
CALL ZAp MAIN 155¢C

MAIN 1560
CHOUR = 1500, MAIN 1570
CONTRL = O MAIN 1580
IVPRNT =1 MAIN 1590
CALL ZAP ‘ MAIN 1600
CONTRL = 1 MAIN 1610
CALL ZAP MAIN 1620

MAIN 1630
QHOUR = 1800, MAIN 1640
CONTRL = O MAIN 1650
IVPRNT =0 MAIN 1660
CALL ZAP MAIN 1670
CONTRL =1 MAIN 1680
CALL ZAP MAIN 1690

MAIN 1700
QHOUR = 1T700. MAIN 1710
CONTRL = 0 MAIN 1720
CALL ZAP MAIN 1730
CONTRL = 1 MAIN 1740
CALL ZAP MAIN 175C

MAIN 1760
QHOUR = 1600. MAIN 1770
CONTRL = O MAIN 1780
IVPRNT = 1 NAIN 1790
CALL ZAP MAIN 1800
CONTRL = 1 MAIN 1810
CALL ZAP MAIN 1820

MAIN 1830
QHOUR = 1500. MAIN 1840

IVPRNY =0 MAIN 1850

8¢1



CONTRL = O
CALL ZAP
CONTRL =1
CALL ZAP

CONTRL = 0
CALL ZAP
CONTRL =1
CALL ZAP

QHOUR = 1300.
IVPRNT
CONTRL -
CALL ZAP
CONTRL =1
CALL ZAP

1
0

CALL EXIT
sToP
END

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAL N
MAIN
MAIN

1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060

621
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SUBROUTINE HIWAY
**%%% VARIABLES USED IN THIS PRCGRAM (UNIYS OF FEET & SECONDS)
TNOW = TIME NOwW
CARONE = THE CAR THAT IS FARTHEST AHEAD ON THE HIGHMWAY NOW
IS THE CARCNE-TH CAR TO HAVE ENYERED THE HIGHWAY
CYCLEL = CARONE HAS POSITION CYCLEL IN THE ARRAYSy
{oEe XCARULYCLEl9l6)= WHERE FURTHEST CAR IS NOW
CARZ = SAME AS ABOVE FOR LAST CAR ON THE ROAD
CYCLEZ = SAME AS ABOVE FOR LAST CAR ON THE ROAD
CARAy CYCLEA REFER TO FURTHEST CAR ON HIGHWAY THAT HASN°®TY
REACHED THE POINT AT WHICH TRAVEL TIME IS RECORDED
JSTOP(E) = NUMBER OF INTERVALS I-TH CAR IS AT REST
ATOTAL(I) = SUM CF ANOWJII)*%#2
NFEET = NMILE * 5280
TRAVEL{I} = 1. TIME WHEN I-TH CAR ENTERS HIGHWAY
2¢ TRAVELLING TIME OF I-TH CAR ON HIGHWAY
ANOW(I) = LAST ACC OF I-TH CAR

JEXITEI) [INDICATES WHEN I-TH CAR LEFT THE HIGHWAY

IMPLICIT INTEGERLC,I-N)
INTEGER*2 JEXITs JSTOP¢ZD(7d ¢ZSIGN(T7),COMPLY

INTEGER*2 ND, IVCUT{350) ¢ IDXOUT (350) 4 IBRNCHy NSONy NSFULLs CECT
INVTEGER*2 JSEC,JVSEF,IVSEC100,5)
INTECER PRINTX o IX{20)40N,CFF, ENTER

DOIMENSION IDX(200,VV{(20)

COMMON XCAR(386109VCAR(38612 yANOWL 2504 +CYCLEL,CARONEs TNOWoCARA,
1 CARZ, CYCLEZ, LYCLEA

CONMON 7 AAAAAA/ NCARSyNMILEoVSTART,TXPRNT, IBRNCH (350),
1 CARNOW, NOPRNT ¢ CONTRL ¢ON9OFF9BETA9TAUS+KSIGNy LSIGNC100),
2 HBARyHDRV{35043 4LOMPLY(350),VSIGN{100,7)

COMMON 7CCCCCC/CBUGL+CROUNDy SGNC

CCMMON /FFFFFF/TOTALT ATOTAL(350),TRAVEL(3SC)oJEXIT(350),

HIWA
HIWA
HIWA
HI WA
HIWA
HIMA
HIWA
HIWA
HIMA
HIWA
HIWA
HINA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HI WA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIMA
HIMA
HIWA

10

20

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370

0€T



aRaNe]

el 8

e XnKaXgl

50
51
52
53
54

55

JSTOPL 350) ¢ IDXCUT,,IVOUT
CCMMCN /GGGGGG/ ISICNJSECoJVSET oIVSEC,IVP, ITENP,CECT(350)
C CMMCN /HHHHHH/ PRINTX, BOMB.TXPRZ,NOPR2
COMMON /MMMMMM /I VPRNT yTVL ;TV2 IFIFTH,IFOLySPACEC(10),TSPACE(10)
COMMCN/NNNNNN/ITEN, ITENM, ITENC2yND (100473 ¢ ISSEC,VDA 100, 7)
COMMGN /UUUUUU/Z NSCON{1002 yNSFULL (100)¢NFT{1CC)¢yHTEST,VSTARX
COMMON /ZZ2Z11/ENTER,QHOURHMIN,HMCCE IRy HBAR2,PCMPLY ,PCMP

CHECK VALUES OF °ENTER"y °"NCARS®y °*'NMILE®

CHECK = 0
IF(ENTER.EQeO+ OCR.ENFER.EQe12G0 TO 51
WR I TEC 6450 )JENTER
FORMAT(///5L Xy "ENTER =°413,8Xs°VALUE OF ENTER IS IN ERROR')
CHECK =1
IFUNCARS ¢ LT 4350, ANDo NCARS.GT.1)GO TO 53
WRITEC6452) NCARS
FORMATA///91X ¢ *"NCARS =*,15,8X;*VALUE OF NCARS IS IN ERROR?')
CHECK =1
IFENMILE «GT « O ANDo NMILESLTL.119G0 TO 55
WRITE(6,54)NMILE '
FORMATL ///41X o *NMILE =',15,8X,* VALUE OF NMILE IS IN ERROR?)
CHECK = 1
IFCCHEC K NE.OIRETURN
IBOMB = NUMBER OF 5 SEL INTERVALS AFTER WHICH PROGRAM WILL
BE ABORTED
IBOMB = BOMB*,2 - .01

INITIALIZE VARIABLES

IFOL = 0

JSEC=0

NCARSM = NCARS

IF{ NCARS .GT. 100 ) NCARSM = 100
VSTARX=VSTART

00 701 I=1,10

HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HI KA
HIWA
HIWA
HIWA
HIWA
HI WA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HINWA
HIMA
HIWA
HIWA
HIMA
HIWA
HINWA

380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740

1€1



SPACE(I} = 0.0 HIWA 750

701  TSPACE(I) = 0.0 HIMA 760
¢ HIWA 770
c IFLAG3 = COUNTER FOR PRINTING XCAR, VCAR, ANOW, IMODE HIWA 780
c HIWA 790
IFLAG3 =-1 HIWA 800
TOTALT = O. HIWA 810
NFEET = 5280 * NMILE HIWA 820
FNFEET = FLCAT (NFEET) HIWA 830
XFEET = FLCAT (NFEET.) # 1.2 HIWA 840
KSIGN=5+ ¥TAUS + 1.5 HIWA 850
c HIWA 860
c HERE TRAVEL(I) IS TIME WHEN I-TH CAR ENTERS FIGHWAY HIWA 870
c LATER TRAVEL(I4 STORES TRAVEL TIME FOR I-TH CAR HIWA 880
c HIWA 890
TRAVEL{l} = O, HIWA 900
ITEN=10#NMILE HIWA 910
ITENP = ITEN + 1 HIWA 920
ITENM=1TEN-1 HINA 930
ITEND2=1 TEN/2 HINA 940
CYCLEA = 1 HIWA 950
CARA = 1 HIWA 960
CYCLEL = 1 HIWA 970
CARONE = 1 HIWA 980
CYCLEZ = 1 HIWA 990
CARZ = 1 HIWA 1000
DC 704 I=1,ITEN HIWA 1010
NET (10=528%] HIWA 1020
LSIGN(I ) =OFF HIWA 1030
N SON (I} =0 HIWA 1040
NSFULL (1 )=0 HIWA 1C50C
DC 704 J=1o7 HIWA 1060
VSIGN{T ¢ J}=9. E10 HIWA 1070
NDUT ¢ 31 =0 HIWNA 1080
704  VD{I,J)=9.E10 HIWA 1090
DO 700 I = 15 NCARS HIWA 1100

CECT(I} = O HIWA 111C

(498



ANOW(L) = O. HIWA 1120
IBRNCH(I) = 1 HIWA 1130
JSTOP(1I} = O. HIWA 1140
ATOTAL(I) = 0. HINA 1150

700 CONTINUE HIWA 1160
IBRNCH{ 1) = 6 HIWA 1170

HTEST =3, *HBAR-1.3 HIWA 1180

C HIWA 1190
c TIME STARTS WHEN FIRST CAR ENTERS THE HIGHWAY HIWA 1200
C HIWA 1210
TNOW = 0. HIWA 1220

c HIWA 1230
C INITIALIZ2E POSITION & VELOCITY FOR CAR 1 HIWA 1240
C HIWA 1250
DO 703 J = 1y 11 HIWA 1260
XCAR{(12-J}=VSTART * 2*FLCAT{J-11) HIWA 127C

703 VCAR{(12-J) = VSTART HIWA 1280
C HIWA 1290
C IMAX SPECHFIES NUMBER COF VEHICLES FCR PRINTOUT EVERY NCPRNT CYCLES HIWA 1300
C : HIWA 1310
IMAX = 20 HIWA 1320
IFINCARS .LT. 20% IMAX = NCARS HIWA 1330

c HIWA 1340
c START OF MAJOR DO-LCUOPS HIWA 1350
c HIWA 1360
DO 3000 I30SEC = 1, 120 HIMA 1370

DO 3000 I30SEC =14y 2 HIWA 1380

DO 2C00 ISSEC = 29 7 HIWA 139C

c HIWA 1400
INOW=FLOAT(IFIX(TNOW+,002}1)+.,00002 HIWA 1410

IF{ TNOW +LTe TXPR2 oCRo¢ NOPRNT .EC. NGPRZ2 ) GO TCO 1707 HIWA 1420
IFLAG3= ~1 HIWA 1430
NOPRNT = NOPR2 HIWA 1440

17C7 CONTINUE HIWA 1450
Ive = 0 HIWA 1460

JVSET = 0 HIWA 1470

IFCIVPRNY EQ. 0! GC ¥I0 707 HIWA 1480
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IF{TNOM LTes TVl +OR. TNOW .GT., TV2) GO YO 7C7 HINA 1490

IVP = 1 HINA 1500

DO 706 J = 1,5 HIMA 1510

DO 706 I = 1, NCARSM HIWA 1520

7C6 IVSEC(I,4) = 15999 HIWA 1530
707 ISIGN=I5SEC-1 HIMA 1540
IFCISIGNeEQe 1) ISIGN=7 HIWA 1550

c HIMA 1560
c INITIALIZE ND AND VD FOR CURRENT VALUE OF ISSEC HIWA 1570
c HINA 1580
DO 410 G=1,ITEN HIWA 1590

NDC T ,I1SSEC)=ND{ 1, ISIGN) HIWA 1600

410 VD{I,ISSEC)=VD(I,ISIGN) HIWA 161C
c HIWA 1620
IFCCARONE <NE.CARZ o+ANDs TNOWoGE+TXPRNT ANDe NOPRNT oLT. 6 o+AND, HIWA 1630

2 CARA .LE. IMAX ) WRITEL6;,7CS5) HIWA 1640

705 FORMAT{1H1) HIMA 1650
c HIWA 1660
DO 1000 IFIFTH = L, 25 HIWA 1670

c HIWA 1680
c HIWA 1690
IFECARA .GE. IMAX) GO TO §65 HIWA 1700
IFLAG3 = IFLAG3 ¢ 1 HIWA 1710
IFCIFLAG3.LY JNOPRNT ) GC TO 995 HIWA 1720
IFLAG3 = 0 HIWA 1730

IFC TNOW oLTe TXPRNT «OR. CARCNE oEG. CARZ ) GO TO 995 HIWA 1740

C HIMA 1750
C PRINT SPACING, VELCCITY, ACCELes & IBRANCF EVERY NOPRNT HIWA 1760
C CYCLES HIWA 1770
c HIWA 1780
c HIWA 1790
C SET VELOCITY AND SPACING FCR THOSE CARS NOT ON HIWAY AT TNOW HIWA 1800
c HIWA 1810
DO 9S1 J=1,CARA HIWA 1820

VV(J) = 10.E10 : HIWA 1830
IX{J#=9999999 HIWA 1840

661 IDX{(J} =0 HIWA 1850

PeT



IF(CARZ .67 IMAX) GC TO 993 HIMA 1860

DO 992 J = CARZ, IMAX HIWA 1870

VV{J) = 10.E10 HIWA 1880
IX(JI=10.E10 HIWA 1890C

992 IDXt(J) = O HIMA 1900
993 CONTINUE : HIWA 1910
c HIWA 1920
CALL STEPH UTNOW, MINes ESEL; SEC) HIWA 1930

HIWA 1940

XCAR1 = XCAR({CYCLEA) HIWA 165C
J=CARA HIWA 1960
VV{CARA }=VCAR(LYCLEA) HIWA 1970
IXCQCARA) = XCARI(CYCLEA) +0.5 HIWA 1980
ICXCCARA)I=XCAR(LYCLEAZ + Qo5 HINWA 1990
I=CYCLEA HIWA 2000

960 I =1 + 11 HIWA 2010
J=J4+ 1 HINA 2020

{F{I .GT. 3850) I = I - 3850 HIMA 2030

IDX€ J}) = XCAR1 - XCAR({1) ¢+ .5 HIWA 2040

IX(J) = XCAR{LI} + o5 HIWA 2050

VViJd = VCAR{I) HIWA 2060

XCAR1 = XCAR(I! HIWA 2070

IFCJ «LTe CARZ oANDe J oLT. IMAX) GO TO 9SC HIWA 2080
WRITE(6,692) ({1BRNCH{I!s I=1yIMAX) HIWA 2050
WRITE(6,691) (ANCWI(Id,I=1,1MAX]) HIWA 2100
WRITE{(6¢690} MINy ISEC, SEC, (ICX{I),I=1, IMAX) HIWA 2110
IF{PRINTX +EQe 1) WRITEL6y692) (IX{I)sI=1y IMAX) HIWA 2120
WRITE(6,691)LVV{IdeI=1¢IMAX) HIWA 2130

690 FORMATI(//3H T=91291t=911¢sF3els18¢1SI¢E} HIWA 2140
691 FORMAT{12X;20F6.1) HIWA 2150
692 FORMAT(12X42016) HIWA 2160
c HIWA 2170
c COMPUTE ACCELERATICN FCR T = TNOh HIWA 2180
c COMPUTE VELOCITY AND PGSITICN FCR T = TNOW + .2 HIWA 2190
C HIWA 2200
995 [IF(IVP .EQ. 0) GO TO 100 HIWA 2210

JVSET=0 HIWA 2220

GET



OO

100

101

102

OO0

103
104

108
109

IFUIFIFTH/S*5,NE.IFIFTH) GC TC 100
JVSET=1
JSEC=JSEC+1

FIND NEW X, V OF LEAD LAR

CYCLEA=CYLLEA - 1
IF{ CYCLEA .EQ. O 4
CYCLELl = CYCLEL  §
CYCLEZ = CYCLEZ 1

IF { CYCLEL - NEo O ) GO TO 1C2

DO 101 &4 = 1, 11

XCAR(I¢3850) = XCARALI)
VCAR(I+3850) = VCARI(I)

CYCLEL = 3850

IFC CYCLEZ +ECo O ) CYCLLEZ = 3850
CALL F3

LYCLEA=3850

FINC NEW Xy V OF THE CTHER CARS

CARNOW=CARDONE

IF(CYCLE]l .EC. CYCLEZ) 60 T0 107

IF ¢ CYCLELl .GT. CYCLEZ 4 GO TO 102
I = CYCLEL

GO YO 106

I = CYCLEL

I =14¢11

IF(I .GT. 3850. GO TO 1G5

IF€]1 «NE. 3850) GO TC 109

DO 108 J =1, 11

XCAR(J#3850) = XCAR(J)

VCAR{J+3850! = VCAR(J}

CARNO =1 - 11

CARNOW=CARNCW+1

CALL GLUCARNC, I
IF{XCAR{I}.GT.FNFEET) GO TO 104
IF(VCAR{I}cEQeOo! JSTOP(CARNOWI=JSTCP(CARNCHW) +1

HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HI WA
HIWA
HINWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA

2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2417¢C
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
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137

096¢
0s6¢c
0%6¢c
oe6e
0262
0162
006¢
0682
41:2:4
oLse
098¢
0s8c
o¥8c
oe8e
028¢
o8¢
008¢
o6l
08L2
oLLe
09Le
oste
0%2¢
oelLc
0ctLe
otrLe
00Le
0692
089¢
0L9¢
0992
0692
0%92
0€es2
0292
0192
009¢

VMIH
VMIH
VMIH
VMIH
VM IH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VYMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
VMIH
WYMIH
VMIH
VRIH
VMIH
VMIH
VMIH
wiH

T + vdvd = vyvd

O0ET Of 09 ( SYVIN°®I3I*® vivdI)dl
{ V3VI)ITIAVYL + 1VIOL = 17W101
f G°0 + (VITIAZPUVIA IXIdH = (VHVIILINOA L

(100°+ MONI%*°G)X
f VIVIPTIIAVAL - MONIL =

I3dH=({VdVI )L EIX3T
¢ VvivI)I3AviL

AVMHOIH NO ¥VD Hi- vdvd 40 3WI1 13AVYL = ¢ VYVI)}T3AVEL 3¥3H

102 0L 09 € 1334N3 °171° (V3TJAZ)YVIX )14l

AVMHOTIH 341 S3AV3ITF dVI V

4
INIL
068¢ = Z3TIAJ (0

Zax(MONYVYI IMONY + (MONAVI)TVIOLIV =

® 4+ MONL = MONL
INIW3IYINI
*B3° Z3MIAI) I

901 0L 09
{MONYVI}IVLIOLY
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201

202

aNalel

203

204

206

XOUT = XCAR(CYCLEA}

CYCLEA = CVYCLEA + 11

IFCCYCLEA .GT., 3850) CYCLEA = CYCLEA - 3850
IDXCUT(CARA) = HFIX( XOWT ~ XCAR(CYCLEA) & 0.5 )
CONT INUE

IF& XCAR(CYCLEL).L¥. XFEET ) GO TO 202

CARONE = CARONE + 1

CYCLEL = CYCLELl ¢ 11

IF(CYCLE]l .GY¥, 3850) CYCLEl = CYCLELl - 3850

IFQ CARZ .EQ. NCARS ) GO TO 2C5
IF(XCAR(CYCLEZ) oL T .HORVECARZ+L)*VCAR(LYCLEZ)+20.) GO TO 1000

A CAR HAS ENTERED THE HIGHWAY WITHIN THE LAST .2 SECONDS

DFOL=HDRV{CARZ+1 )*VCAR(CYCLEZ)+20.

CARZ = CARZ + 1

TRAVEL{CARLZ)=TNOW

CYCLEZ = CYCLEZ+ 11

IF ¢ CARZ - CARONE .6E. 350 ) GC 7O SCl
UPDATE ND AND SET CECT FOR ENTERING CAR

CECT(CARZ) =1

NDC1,ISSEC)=ND{l-I5SEC) ¢l

IF ( CYCLEZ .GT, 3850 ) GL 7Q 204
DO 203 J =1, 11 .
I = CYCLEZ «+ J - 1

XCAR(I) = XCARC(I-11) -DFOL
VCAR(L) = WARI(I-11)

VSTARX = VCARC(LYCLEZ)

GO TO 205

CYCLEZ = LYCLEZ -~ 3850

DC 206 4 = 1, 11

I = CYCLEZ ¢« J -1

XCAR¢I) = XCAR{1+3839) - DFOL
VCAR(I) = VCAR(I+3829)

VSTARX = VCAR(CYCLEZ)

HIWA
HIWA
HIWA
HIWA
HIWA
HINA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HI WA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA

2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
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o000 e XzXsl

205 CONT INUE
1000 CONTINUE

DO THIS EVER¥ 5 SECONDS

FOR PURPOSES OF EASE IN READING PRINTOUT
SET VDUIL,ISSEC) = 9.E10 IF NO CARS ARE CN PREVIOUS SECTIONS

IF( NDUl, ISSEC) .NE. O 3 GO TO 321
00 320 I=2,ITEN ‘
IFQ ND(IISSEC) .NEe. C ) GO JO 321
320 VDU(I-1,I5SEC) = 9.E10
VDUITEN,ISSEC) = 9.ELO
321 CONTINUE

CHANGE SIGNS

IFC CONTRL .EQe 1 ) CALL SETSGN

PRINTING OF VELOCITY OF ALL CARS -- IF IVPRNT = 1

IFCIVP «EQ.0) GO TC 1959
NTS=IFIX{TNOW+,001)
NT4=NT5-1

NT3=NT4-1

NT2=NT3-1

NT1=NT2-1

WRITE(65:2500 NTLoNT2oNT3yNT4 NTS5 ¢NTLNT2,NT34NT 4y NT5

250 FORMAT(1H1,60Xo°VELCCITY® /7 37Xy?NEGATIVE VALUE MEANS CAR IS RESP

20NDING TO A SIGN?® /7 99X, 5(2T=24313,5X)y 15X,
LZ=5C

IF(CARZ .LT.50)1L2=CARZ

DO 253 I=1.L2

S(*T=",1335XY //7)

HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIKWA
HIWA
HINA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HI WA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HI WA
HIWA
HIWA
HINA
HIWA

3340

3350
3360
3370
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
356C
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
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c
C

'2XsXaXaXs il

WRITEC(6,251) 1o(IVSEC{Id)9d=1+5)
251 FORMATL1X13,6Xe5(14+6X))

IPL=1+50

IF(IPL.GT. CARZ) GO TO 253

WRITE(692527 IPLe(IVSECLIPL4JD ¢d4=1+5)
252 FORMAT(1H#96TXgI394Xe5( 1496X))
253 CONTINUE

JSEC=0

1999 180MB = IBOMB - 1
IFUIBONB LT. 0) REJURN
2000 CONTINUE

DO THIS EVERY .30 SECONDS
WRITE ND & VD & VSIGN

CALL STEPH(TNOW ¢MIN,ISEC, SEC)
WRITE(H4+680) MIN, ISEC, SEC
660 FORMAT{1H1:10X%%%% TIME =°,13,* MINo® s12,F3.1,°

1 6(* ND VD VSIGN )¢ FEET/)
IB8B = XCAR(CYCLEZ)/528.0 + 1.0
188=188-7

IFUIBB.L Tl 1BB=1

IAA = XCAR(CYCLEA)/528.0 + 1.0

DO 681 1 = IBBs LAA

X = FLCAT{I2/10,

IIX = 1 * 528
ID{2)=VD(1,2)%,6818182¢+.00C01
ZD{34=V0{I+3)%,6818182¢.,C0C1
IDU4)=VDil+4)*%.6818182¢,0001
ID{5)=VDil¢5)%,6€18182+,0001
ZD(6N=VD{1+6)*%,68181¢E2+.CCCl
ICET7)=VvD( 1T )1%*.,6818182+.CC0O1
ZSIGN(2)=VSIGN(I ¢2)*.683

SEC.*//75H MILE,

HINWA
HIWA
HIWA
HIMA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HINWA
HIWA

3710
3720
3730
3740
3750
3760

3770

3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880

3890

3900
3910
3920
3930
3940
3450
3960
3970
3980
3990
4000
4010
4020
4030
4040
4050
4060
4070

ov1



684

681

O o000

219
3600
603

1300

901
604

ZSEIGN{3)=VSIGNLI 3)*,683

ZSIGNI4 )=VSIGNL I ¢4 )%, 683

ZSIGN(5) =VSAGN( 1,58%,683

ISIGN{6)=VSIGN(1,6)%,683

ZSIGN(T)=VSIGN(I ¢7) #,683

WRETE(64684) Xy (ND{I9J)eZD{J)9ISIEGN{J)oJd=24T),11IX
FORMATOL1X oFoel 68 14:2Xel4e3Xo1394Xds15)

VSAGN( I,1)=VSIGNLI ,7)

CONTINUE

D0 219 I =1,y ITEN

ND(I414 = ND(K:7)

VOU{Iel) = VDU(L,7)

CONTINUE

WRITE($5,603)

FORMAT{/7/18H #®* ONE HOUR IS UP)
RETURN

ALL CARS HAVE LEFT THE HIGHWAY

CALL FENISH

RE TURN

WRITE(6,4604)

FORMATL(/720H ** 350 CARS ON ROAC)
RETURN

END

HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HUWA
HIWA
HIwA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA

HIWA

HIWA
HiNWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA

4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
€270
4280
4290
4300
4310
4320
4330
4340
4350

191



C
c
c

601

612

SUBROUT INE TITLE
IMPLICIT INTEGER(C;I-N)
INTEGER®2 IBRNCH; IDMODE ¢ JSEC y JVSET9IVSEC{10045) s CECT,COMPLY

INTEGER CONo OFF ¢+ ENTER
COMMON 7 AAAAAAZ NCARSyNMILEsVSTART 4T XPRNT, IBRNCH(3500,
1 CARNOW, NOPRNT ¢ CONTRL ¢ONyOFF¢ BETA9 TAUS ¢KS IGNLSIGN(100),

2 HBARJHORVI3500,COMPLYL350),VSIGN{LOOe7)

COMMON /7BBBBBB/TF3(5)¢AF3( %) ¢ BASEy NREPyNREPI,VI3

COMMON /7CCCCCC/CBUGLCROUNDsSGNC

COMMON /GGGGGG/# ESIGNoJSECJVSETyIVSEC, IVPI FENP,CECT{350)
COMMON /TTIFITT/ IOMODE(3504, TAUA,TAUD,VLIMITyKA,KD

COMMON /2721117 ENTERyQHOURsHMIN,HMOCE, IRy HBAR2¢ PCNPLY(PCMP
COMMON 7 KKKKKK/ESIG2+ETSTOPe ETOTLTy EPER,EPCNP, IEVAV 1,y IEDX, NENS,
2 JENS +EQeESPACE(10),4RR1

Y =.5280,.,/73600.

KA = 5,%TAUA ¢ 1.5

KD = 5.%TAUD ¢ 1.5

WRITE(64601) NMILE, NCARS

FORMAT{1H]1 420X ¢*#*%* HIGHWAY SIMULATION PROGRAM ®%%9//4Xe*INPUT DAT
1A FOR THIS RUN'/10X ¢*NMILE =%9144* = LENGTH OF HIGHWAY IN MILES‘/
2 10Xe*NCARS =%9144* = JOTAL : NUMBER OF CARS TO ENTER THE HIGHWAY?*)

VSTART = VI3»
VWEMI T=VSTART+14,667
BASE = 0.0

NREPI=0Q

PRINT HEADING FOR F3

WRITE{(6+612) TF3,AF3sNREP,VI3
FORMAT(1HO¢5X, ° THIS RUN USES SUBRCUTINE F3°/7/7

2 6Xy "TF3 (I} =% y5F1242///
3 6Xy AF3( 1) =¢44F12,2/7//
4 6 Xy ONREP =°,15/7/
5 6Xo "INITIAL VELOCITY = VI3 =°4F8ele? MI/HR®///)
TF3(1l) = TF3(1} - 0.02#RR1
TF3(2) = TF3{2} - 0.C2*%RR1
TF3{(3) = TF3{(3} - 0.02%RR1

TI¥L:

TIW
TITL
TIFL
TITL
TITL
TITL
TIFL
TITL
TITL
TITL
TITL
TI¥L
TIFL
TIFL
TITL
TiTL
TITL
TITL
TITL
TITL
TITL
TITL
TITL
VITL
TITL
TITL
TITL
TITL
TITL
TITL

TITL

TEIFL
TIFL
TITL
TITL
TITL

10

30
40
50
60
70
80
90
100
110
120
130
140
150

160
170

180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370

vl



(aNeNgl

201

103
104

620

TF3L4A
TF3¢(5)
RR1 = 0.0

TF3(4) - 0.02%RR1
TF3(5) - 0.02#%RR1

how

QSEC = QHOUR/3600.

HBAR = Lo/QSEC - 20./VSTART
HDRV (1) = .C.

IDMODEC(1) = O

DO 201 I = 24 NCARS
IDMODE(I} = O

HDRV(I) = HBAR

CONTINUE

JFCENTER.EQ. 0} GO TO 999
IF(ENTER «GT, 1) GO TO 999

HEADWAY FACTORS COMPUTEL

TBAR=1.,/QSEC

HEIGHT=24,7 (3., *HBAR~2, *HMIN-HMODE )

HMAX=3, *HBAR-HMI N~-HMODE

HRVSUM=0, l

SET IS=IR === SAME STARTING VALUE FOR ALL RUNS

IS=IR

DO 104 I = 27 NCARS

CALL RANDU{IS,I¥Y,Z)

IS = 1Y

IF{ZeGT o BMODE-HMIND/ (HMAX-HMIN)) GO 7O 103

HDRVL] ) =SQRT { {HMAX=HMIN) * (HMODE-HMINJ)*Z )+HMIN

GO T0 104

HDRV(I)= -SQRTE{HMAX-HMCDE}* (HNAX-FMIN)*(1,-2)) ¢HMAX
HRVSUM=HRVSUM+HDRV ( 1}

HBAR2=HRVSUM /FLOAT(NCARS-1)

WRITE(6:620) QHCUR, TBAR,HBAR,HBAR2 ;HMIN; HMCDE ; HMAX o HEIGHT
FORMAT(*0OTHIS RUN IS MADE WITH RANCOMLY GENERATED HEADWAYS®///
2 5X*QHOUR AVERAGE FLOW =Y 3F5.0¢" VEHICLES/HOUR */
3 5X¢"TBAR 1/QSEC = AVGe TIME HEADWAY =9%.F5,2¢% SECONDS*/
4 S5X9'HBAR AVERAGE HEADWAY FACTOR DESIRED =9,F643/

TITL
TITL
TITFL
TITL
TITL
TITL
TIFL
TITL
TITE

TITL

TITL
TITL

TITL.

TITL
TITL
TITL
TITL
TIFL
TITL
TITL
TITL
TITL
TITL
TIVL
TITL
TIL
TITL
TITL
TI¥L
TITL
TITL
TITL
TITL
TITL
TITL
TITL
TITL

380
390
€00
410
420
430
440
450
460
470
480
€90

500
510 .

520
530
540
550
560

570 .

580
590
600
610
620
630
640
650
660
61C
680
690
70C

710
720

730
740

(£
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630

999

105

9999

5Xe*HBAR2 = AVERAGE HEADWAY FACTOR GENERATED ='¢F6.37/7/
* FOR THE DENSTIY FUNCTION USED*//

Pao~N0w

SXe HMIN = MINIMUM HEADWAY FACTOR ='4F5.,2¢* (GIVENMY/
SXe "HMODE = MODAL HEADWAY FACTOR ="9F5e2¢* {GIVENIT®/
5 Xy “HMAX = MAXIMUM HEADWAY FACTOR =®,F5.2¢' (CALCWLATED?*/

SXe 'HEIGHT
WRI TEL6,630)

MAX OF DENSITY FUNCTEGQN ='yF6e3¢' (CALCULATED)*///)

FORMATL////24XeF(H)/

2 25Xgt et/
3. 19X o *HE IGHT# */
4 25Xe®*+¢ 4 LOXo? % 80 3y
5 25X %% ' 48X, *% 00 */
6 25Xt 40 46X e ¥ 000 ,8Xy "%/
7 25X 344 HEE At E A G H A LGB 4K G4 HY/
8 28X9 *HMIN?® o4X y* HMODE"® 48Xy *HMAX*/ /1H1)
IF( CONTRL .EQe. O ) GO ¥O 9999

COMPUTE SIGN COMPLIANCE FACTCR FOR EACH DRIVER

CMP=0

1S =2%IR~-37

DO 105 I=2,NCARS

CALL RANDULIS,1Y,2)

IS=1Y

CCMPLYLI}=0

IF( 2 +LTe PCMPLY } COMALY (d2=1
CMP=CMP+COMPLY(I)

PCMP=FLOATACMP )/ FLOAT (NCARS-1)

RETURN

END

TITL
TITL
TIFL
TLF¥L
TITL
TITL
TETL

TIFL

TITL

TITL
TITL
TIW .

TITL
TITL
TITL
TIFL
TIFL
TITL
TITL
TITL
TITL
TITL
TITL
TITL
TITL
TITL
TiTL
TITL
TITL
TI¥L

750

770
780
790
800
810
820
830
840
850
860
870
880

900
910
92¢C
930

950
960
970
980
990
1C00
1010
1020
1030
1C4C

Pri
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OO0

OO0

OO

Aano

IDMODE = 1 MAX DECEtL . NOT LIMITED SINCE SPACING IS Gl 380

UNSAFE Gl 390

: Gl 400

AAA = NEWw VALUE OF ACCEL. FCR {CARNOW-1)-TH CAR Gl 410

Gl 420

COMPUTE ACTUAL & DESIRED SPACINGS Gl 430

Gl 440

H = HDRV{CARNOW) 61 450
DELYAV = VCAR(CARFOL+#1l) - VCAR{CARNG+1J Gl 460
SA = XCAR{CARNO#1) - XCAR(CARFOL+1) - 20. Gl 470
SD = H*VCARA CARNO+1) Gl 480
DA = SA ¢ 20, Gl 490
DD = SD + 20, Gl 500
SAOVSD = 1.0 Gl 510
IF(SD «GTe 5.080 SAOVSD = SA/SD Gl 520
AAA = ANOW(CARNOW-1) Gl 530
Gl 540

SEE WHICH MODE THIS CAR WAS IN (LAST TIME) Gl 550

61 560

IF{ IBRNCH{CARNOW) .GT. 50 ) IBRNCH{CARNOW) = IBRNCHICARNOM) - S50 Gl 570
IBR = IBRNCH{CARNOW) G1 580
ASSIGN 300 70 IBACK Gl 590
IF(IBR +GE. 10) GO 10 7000 Gl 600
Gl 610

LAST TIME CAR WAS IN DISTANCE DETECTICN MODE (MODE ZERD) Gl 620
CHECK TO SEE IF CAR REMAJINS IN DISTANCE DETECTION MODE Gl 630

Gl 640

IF( ABS(AAA) oLEs le) GC TC {(19292+495)+1I8R Gl 650
IF{ IBR .NE. 1 )} GO TO 250 Gl 660
IBRNCH{CARNOW} = 10 Gl 670
GC TC 7001 61 680
250 IF{AAA LT, ~1l.) GO TC 252 Gl 690
Gl 700

CAR AHEAC HAS ACCELERATICN oGTe +1le0 Gl 710

Gl 720

IF{IBR «EQe 2) GO 7O 2 G1 730

IF{IBR EQe. & GC TC 5 Gl 740

9% 1



(s XeN gl

e Xz XX Xgl

OO0

aXaNel

254

252

256

258

ASSIGN 254 TO IBACK

GO0 TO 7001

IFCACF +GT. 2.0) GO TG 258
IF(IBR +EQ. 4) GO TO ¢

60 T0 3

CAR AHEAD HAS ACCELERAT ICN .iLT, -1.0

IF(IBR .EQ. 3) GO TQ 3

IF(IBR +EQ. &) GO TO 4

ASSIGN 256 TO IBACK

GO TO 7001

IFA{AMCF LT, ANOW(CARNOW) ) GC TC 258
IFWBR +EQs 2) GO TO 2

G0 T0 5
IBRNCHCCARNGCN )
GO TO 300

10

4GP 4444440 3G 44 44 243 R AL 4G 42 4B S G 44 4

¢ ENTER DISTANCE DETECTION MODE +
FEEIIRE LG L4 AL EEEEE 4 ELE LIS LG RE GRS

CONT INUE

Q = DA/DD

IF{Q oLVe 0085 ¢ 1.7(VCAR(CARNC+1)+10.,)) GO TO 2
IFAC «GTe 1.2) GO TO 4 »

ACTUAL SPACING wWITHIN O.1 OF DESIRED SPACING
ANOW(CARNOMW) =0,
IBRNCH{LCARNOW) =1
GO TO 990

FOLLOWING TOO CLOSE

CONT INUE
IFCDELTAV +GTe. 0.) GO TO 22

890

900 .

920
930
940
950
960
970
980
990
1000
1010

1020

1030
1040
1050
106C
1070
1080
1090
1100
1110

Ll
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21

OO

22

e X2 n]

2XalgKg]

TOO CLOSE BUT SEPARATION IS INCREASING
IFEDO~DA .GT. o25%*DELTAV*DELIAV) GC TO 22

TOO CLOSE ~= V2 oLT. V1 -- ACCELERATE UNTIL V2 = V1l

ANDW(CARNCWY =
IBRNCH{CARNOW)

L)
°

.60 TO 990

TOO CLOSE ~— DECELERATE BY ENGINE BRAKING - FOOT OFF GAS
USE 80 PER-CENT OF FULL ENGINE BRAKING

ANOW(CARNON) = (-0,03114286*VCARICARFOL*1) - 0,38955)%0.80
IFCEVCAR(CARFOL#1) <dTe. 27.629) ANOWCCARNOM}) = -1.0
IBRNCHC(CARNOW) = 2

GC T0 990

CONTINVE

IC(DELTAV LT -¢2) GG TO 21

ANOWCCARNOW) = 0,

IBRNCHC(CARNONW) =1

G0 T 990

FOLLOWING TOO FAR

CONTINUE
IFtDELTAV oLEe Oe) GO TO 42

COMPUTE CHANGE IN SPACING THAT WOULD RESWLT
IF DRIVER STOPPED ACCEL ERATING AT TNOW

SAMSD = SA - SD

IFC VCAR(CARFOL+1l) oLE. 27.629) GO TO 46

IFC VCAR{CARNO+1l:) LT 27e629) GC TO 45

BPAV]1 = (0,03114286*VCAR(LARNO¢]1) ¢ C,38955)%C.80

ARG ={GC¢ 03114286 * VCAR{(CARFOL+1) + 0,.28955) / BPAV1*0,80

1120
1130
1140
115¢C
1160
1170
1180
1190

1200 .

1210
1220
1230
1240
1250

1260 .

1270
1280
1290
1300
1310

1320 .

1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480

8v1
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45

46

47

41

&2

DS2=A DEL TAV-BPAVL#ALCGUARGI/.03114286/.807.03114286/ .8
GO 10 47

BPAV] = (.03114286%27.629 ¢ 0.38955)#%0,80

ARG =(0.03114286 * VCAR(CARFOL+1) + 0.38955) /7 BPAV1*0.80

DS2 = ( VCAR(CARFCOL#1).- 27.629 -BPAV]1 * ALCGI{ARG) / 0.80/

1 0.031142860/.0311428£/.8 + (27,629 —VCARCCARNO#13) #{ 27,629~
2 VCAR(CARNO+13)%0,.5

GG TO 47

DS2=-DELTAV¥ .2 = ,2%,2%,.5

SHOULD DRIVER REMCVE RGOT FROM GAS NOW?
If{ SAMSD .6T+ DS2 ) GO TO 42
USE 80 PER-CENT OF FULL ENGINE BRAKING

ANOWCCARNOW) = {-0.0311428 6*VCAR(CARFOL+1) - 0.38955)%0,80
IF(VCAR(CARFOL+L1) oLT. 27.625) ANOW(CARNOW) =-1.0
IBRNCH(CARNOW® = 5
GO 70 990
ANOWCCARNO W = 2,
IF{ DELTAV .GT«o12.0 ) ANOWLCARNOW)I=0.
IBRNCH(CARNON) = 4
GC TC 990
FOOT OFF GAS —-— V2 +GTe. V1 —-- STAY IN MODE 5 UNTIL V2=Vl

(APPROX. )

CONTINUE

IF(DELTAV ,GTe —o1*ANOWL{CARNOW) ) GO TO 41
ANOMCCARNOM) = 0.

{BRNCH(CARNOW) =1

GO TO 990

- END OF DD MODE -

LAST TIME CAR WAS IN CAR-FOLLOWING MODE

1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700

1710

1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850

6%1



7000 IF (ABS1AAA) 4 GTe 1e) IBRNCH{LARNOW) = S

OO

OO

7002
7001

e Xl nl

OMOAOO

1

IBRNCH{CARNONW! = IBRNLHECARNOWI + 1
IFC IBRNCHU(CARNCW) .iT. 172 GO 7O 7001

CHECK IF ANOW IS Oe.Ke FOR CARNOW~TH CAR TO ENTER DD MODE

IF{ANOWICARNOW)eLT o (—603114286 *VCAR(CARFCL+1)-,38555)%,8,CR.
ANOW (CARNOW) «GTo2.) GO TO 7002

IF(ABS{DELTAV)/{SA+1le2/1SA%le) oGTe 2.E-4) GC TO 7002
IBRNCH{CARNOW) = 1
GO Y0 1

444443344 P L A G E L 4 AL E LR L E LGSR

+ ENTER CAR FOLLOWING MCDE (MCDE ONE) +

R R Y e R R R s
IBRNCH{CARNOW) = IBRNCHECARNOW) - 1
DELVD = VCAR(CARNO#KD) - VCAR(CARFCL+KC)
DELVA = VCAR(CARNO#KA) ~ VCAR{(CARFOL #KA)D
IF(CELVD.LT.0.) GO TO 102
IF{DELVA.LT.0.) GO TO 101

CAR EXPECTENG TO ACCELERATE

AMAX = 1244 = 0.0913*%*VLARC(LARFOL ¢1)

ACF = AMAX

IF{DELVA.L T2, ¥AMAX®H ) ACF = DELVA/H¥*(le—+25/H*DELVA/AMAX)
IF (ACF .6T. 2.0) GO TO 93

IN CoFe MODE AND ANCW{(CARNONW) <GEe Oe¢ - sAND. LT, 2.0
CHECK IF ACCEL. SHCULD BE INCREASED DUE

TO LARGE FOLLOWING DISTANCE.

ADD TERM TO ACCEL. IF SA/SD «.6T. 1.2

IF{ SAOVSD L Te 1.2) GO TO 94

FA = 2.0

IFESAQVSD +LTs le4d FA = {(SAOVSD-1.2)%*10,
IF(ACF ,GT, FA) GO TQ 93

ACF = FA

1860
1870
1880
1890
1900
1910
192C
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220

0ST
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93
94

101

oo

102

107

108

oo

105

103
104
106

CORRECT ACCELe IF SA/SD oLVTe 1le6 oANDe. ANOWCCARNOW-1} .1T. O.

+AND. DELTAV GT. O.

IF(SAOVSD .GTe 1.6) GO TO 10€0

IF{ DELTAV (LTe Oe «ORe AAA 6T, O. ) GO TO 1000
IF{AAA LT =-440) GC TC 101

ACF = {1le0 ¢ AAA/4.O!*ACF

GO 70 1000

ACF = 0.

GO ¥0 1000

CAR EXPECTING TO DECELERATE

FACTOR = 1.0

IF{ VCAR{CARNO+l) .LE. 20.0 )} GO TO 107

ACY = 20,0 / VLAR({CARNO+1}4

FACTOR = AQV + {(l.-AOVJ)/SAOVSD

PDELVD = FACTOR * DELVD/H

IFCAAA (GEs O¢ «CRe¢ SAOVSD oGTe le6) GO TO 108

PDELVD = PDELVD + SQRT({1.6-SA0VSD)/9.6) *AAA

IF(PDELVD .GE. -10.) GO 7C 103

SSAFE = 1/(2%AMAX)I*( V1#%2 - VZ*¥2 + (AMAX-A2)%*
{ 2%V2%4TAUL A2%TAU%*X2)
HERE TAU = 0.45 SEC.

IFd IDMODE{CARNOW) o.EQe 1) GO TO 104

SSAFE = Le/48.%IVCAR(CARFOL#10%%2 ~ VCARI(CARNO+1)%%2 + {24.,#ANOW
LCARNOW) ) {9 *VCAR{(CARFOL+13+0,2025%*ANOW(CARNGW) ) )

TIF{SALT.SSAFE) GO T0 105

ACF =.-10.

GO YO 106
IDMODE(CARNOW)
GO TO 104
IDMODE(CARNOW) =0

ACF = PDELVD

IFA DELTAV oGTe O <ORe AAA LT, O, )} GO TO 1000
IFC AAA ,GT. 4.0 ) GO T0 101

1

2230
2240
2250
2260
2270
2280
2290
2300
2310
232¢C
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590

161
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C
c

c
C
3

(g} aXaNe

(g

OO N (g

ACF = ( 1.0 - AAA/4.,0 J*ACF

e coo D e 5 € T E D W — . €D -

- END OF CF MODE -

e - €D D o 3 £ O ED D T I D B ED € T M €3 T AT - D

1000 CONTINUE

*%
k¥

x%
*%
00

990

980

985

GC TO IBACK,(254+256,300)

ANOW(CARNOW) = ACF
SRR RE R R R RE R R TR EE Rk kE Rk kK Rk kg Xk
* COMPUTE ACCELERAZION DUE TO SIGNS *
FRENEEEEREE AR R SRR R R KRR kR kR EE R KKKk
IF( CONTRLeEGeO oOR. COMPLY (CARNOW).EQ.0 ) GO TO S92
LOCATE SIGN THAT DRIVER SAW TAUS SECONDS AGO
NSIGN = XCAR(CARFOL + KSIGN)/S2€. + 1.
IF{ NSIGN «LTe 1 } GC TO SS2
IF( NSIGN «GTe ITEN ) GO TO 992
WAS VSIGN CHANGED WITHIN LAST TAUS SECONDS
IF{ IFIFTH +LTe KSIGN ) GO TG $80
VSIGN WAS NOT CHANGED WITHIN LAST TAUS SECONDS
IFC LSIGN(NSIGN) .EQe OFF 2 GO TO S92
MSIGN = EISIGN
GO 10 985
VSIGN WAS CHANGED MITHIN LAST TAUS SECONDS
MSIGN = ISIGN - 1
IFU MSIGN oEQe 1 ) MSIGN = 7
WAS NSIGN ON DURING PREVIOUS 5 SEC INTERVAL
IFt VSUGN(NSIGN;MSIGN) «GT. 1.E8 ) GO TO 992

ASIGN = ACCELERATICN DUE TC SIGNS

ASIGN = BETA*( VSIGNINSIGN,MSIGN)-VCARCCARFOL*KSIGN)Y
IFL ASIGN .GE. ANOW(CARNOW) ) GO TO 992

IFCL=1

ANOSW (CARNONW ) =AS IGN

2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
279C
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
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992

510

991

oo

200

600

601

IBRNCHECARNGCW) = IBRNCH{CARNOM) + 50

AERSREEXBRRRRRR R AR R EEE R SRR EEER AR TR RS EEE R K S F XS R TR

UPDATE SECTION -— ANOW{CARNCOW) HAS JUST BEEN COMPUTED
FANAEERRER AR FRRR RSB RR S SR SRR LR S X EABE RN AR R AR KR KX KRB RER R &

VCAR{CARFOL) = VCARICARFOL#13 + 2%*ANOW(CARNONW)
IFEVCAR{CARFOL) LT VLIMIT) GO TO 510
ANDWECARNOW} = VLIMIT-VCAR(CARFOL +1!})%5,

VCAR (CARFOL ! =VLIMIT

GO T0 991

IF{VCAR{CARFOL) +GE. Oe? GC TC 991

VCARCCARFOL! = 0.

ANOW(CARNONW! = =5,*#VCAR(CARFCL+1)

XCAR{CARFOL} =XCAR(CARFCL+14+VCAR(LARFOL+1)%*,2 & ,02%ANOW{CARNONW}

IF(XCARSCARNG} - XCAR{CARFCL) o.GEo 2Co} GO TO 200

XCARCCARFOL) = XCARCCARNG) -~ 20,

VCARICARFCLY = S.*{XCARJICARFCLI-XCARC(CARFOL#1}}

ANCWCCARNOWS = S5.*%{VCAR{CARFOL) - VCAR{CARFOL#1)}
UPDATE ND AND VD -~ LETECTCR INFORMATICN

Cl=CECT(CARNOW)
C2=XCAR{CARFOL }/528. ¢ 1.
IFEC2 .EQ. Cl) GO T0 601
CECT(CARNOWS =C2

IF(C2 6T, ITENP) GC TC 601
NDIC1,ISSEC)=ND{C1l,IS5SEC) - 1
VDLC1l E5SEC)=VCAR(CARFOL)
IFEC2 .EQ. ITENP) GO TO 601
ND(C2y ISSEC)=NDAC2,I5SEC) + 1

IFCMOD{CARNON ¢410) e NEeO+sOR+CARNOW.LT,CARA) GO TO 602
JSP = CARNOW/10

SPACE(JSP) = SPACE( JSP) ¢+ XCARCCARNC) - XCAR{CARFOL)
TSPACE(J4SP) = TSPACE(JSP) & 1.0

2970
2980
2990
3000
301C
3020
3030
3040
3050
3060
3070
308¢C
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
332¢
3330
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602 IF{JVSET .EQe O +ORe CARNOW .GTo 100) RETURN Gl

3340
IVSEC{CARNOWJSEC) = HFIX(VCARC(CARFCL) & ,5) 6l 3350
IF{IFCLeECeL) IVSECUCARNOW¢JSEC )==IVSEC(CARNCW,JSEC) Gl 33¢0
IFCL = 0 Gl 3370
RE TURN Gl 3380
END Gl 3390

1441



50

100

SUBROUYINE

ZAP

INTEGER ENTER

COMMON /KKKKKK/ESIG2sETSTOP ¢ETOTLT 4EPEREPCMP, IEVAVL ;IEDX(NENS,
JENS+EQo ESPACEC10) 4RR1

CCMMCN /MMMMMM/TIVPRNT 9TV1¢TV29 IFIFTH,IFOL¢SPACEC10), TSPACEL10)

COMMON /Z2Z111/INTERQHOUR sHMINyHMCDE IR,

2

DIMENS ION IRENS{10)

DATA IRENS/662739,:688379,362591+443107,967765:619915,727273,
866531 +206831¢747259/

2

RR1 = 1.0
£ESI1G2=0.
ETSTOP=0,
ETOTLT=0.
EQ=0.
EPER=0,
EPCMP=0,
IEVAV1=0
I1EDX=0
IFLIVPRNT

«EQ.

DO 50 1I= 1,10

ESPACE(I) = 0.0

) IVSAVE =

DO 100 JENS=1,NENS
IR=IRENSUC JENS)

CALL TITLE
CALL HIWAY
IVPRNT = 0
CONTINUE
IF{ IVSAVE
RETURN

END

+EQ.

L 3 IVPRNT =

1

HBARZ s PCMPLY ,PCMP

LAP
ZAP
AP
ZAP
LAP
ZAP
ZAP
LApP
ZAP
ZAP
ZAP
ZAP
AP
LAP
ZAP
LAP
ZAP
ZAP
ZAP
ZAP
ZAP
LAP
ZAP
ZAP
LAP
LAP
ZAP
ZAP
ZAP
ZAP

ZAP -

10

30
40
50

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310

GSsI



900

914
200

901

201

OOOOO

SUBROUTEINE SETSGN

IMPLICIT INTEGERLC,d-N)

INTEGER®2 NDoIBRNCHyNSONy NSFULL oA MTAGELO0D . COMPLY

INTEGER ONy OFF

DIMENSION HOKKE1002

COMMON XCAR(3861), VCAR (38614 yANOW{(350) CYCLEL1,CARONE; TNOW, CARA,
1 CARZ, CYCLEZ, CYCLEA

COMMON 7 AAAAAA/ NCARSyNMILEsVSTART (TXPRNT, IBRNCH{350),
1 CARNOW, NOPRNT yCONTRL ¢ONyOFF ¢BETA, TAUSyKSIGNyLSIGNE100),
2 HBAR,HDRV(350) yCOMPLY{350) +VSIGN(100,7)}

CCMMCN /CCCCCC/CBUGL +CRCUND(SGNC

COMMON/NNNNNN /I TEN o ITENM (ITEND2 :ND{ 100,74 I 5SEC,VD{100,57)
COMMON 7/ ULUWUUZ NSON{LOO) o NSFLLL(L100) oNFT{100)s HTESTyVSTARX
DATA Y/7.333333/

IF( CBUGl «EQ¢. O ) GO TC 2Cl

CALL STEPH({ TNOWMIN,ISEC,SEC }

WRITE(6¢900iMIN ISEC,SEC

FORMATU{LHL s T=0,12,"-2 11 F3el4/7//1}

DO 200 K=1,NMILE

K2 = 10%K

Kl = K2 - 9

IFd K «EQe 6 ) WRITE(6,9143

FORMAT( 1H1)}

WRITE(6 990104 K oI=KLoK22y (IeI=KLoK2)y (NC(Iy ISSEC)seI=K1sK2),
LUVD(Is ISSEC) ¢I=KL 4K2) oA NFT (1) I=KL,K2)
FORMAT(3Xo10010Xe 'S oI20/1X o %% ,10(12X % %) /1X,*%%,1041X, *SECT ION
1991291 Xo®® %) /1 Xy %% J10d3X o*ND="9I12,4X,**')/3X,10(8XyF5.1)/
2 3X.1008XeI5)777/)

CONTINUE

LOCATE SECTION OCCUPIED BY FIRST CAR AND BY LAST CAR
LAST CAR ON SECTION NL -
FIRST CAR CN SECTION NF

NL=XCAR(CYCLEZ#/528.+¢1.
NF=XCAR(CYCLEA)/528.¢1.
IF{ CBUGL.EQse 1 ) WRITE(64S10INF4NL

SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS
SEVS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEVS
SETS
SETS
SEYS
SETS
SETS

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
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910

e XaN gl

() OO

'aXaksXal

(aNalel

300

310

902

320

903

FORMATALX, *FIRST CAR IS ON SECTION*,13,° LAST CAR IS ON SECTION®
1,13}

SET AiL SIGNS OFF

D0 300 I=1,ITEN
LMTAG(I) = 9999
VSIGN{I,ISSECI=1.El10Q
LSIGNUI }=0FF

CHECK IF SIGN 1 SHCOULD BE SETY
ARE THERE ANY CARS ON SECTION 1

IF(CARZ.EQoNCARSsORNL ocNEe 14OR NF.EC.1) GO YO 320
SECTION 1 IS NOT EMPTY
IFEVSTARXGT ¢VD(1; ISSECReANDVD (2 ISSEC) o CE4VD{ 1, I5SECHIGC VO 310
GO TO 320
SET SIGN 1
VSIGN{1l «I5SECI=VD(1,15SEC)
LSIGN(1)=0ON
NSON{L)= NSON{(1)+l
LMTAG(1) = VD(1l,15S€EC)
IF€ CBUGl «EQe 1 ) WRITE(6,902) VSIGN(1,I5SECYH
FORMAT{1X°SIGN 1 IS SET TO*,+F5.1)

LOOK FOR LOCAL MINIMUM
FIRST CHECKPCINT IS VCANL#1l)

LM=NL+1
IF( CBUGLl +EQe 1 <AND. ASIGN{1) <ECe OFF) WRITE(6,5C3)
FORMATL1X,*SIGN 1 WILL NOT BE SETY)

DETERMINE LAST CHECKPUINT LMLAST

LMLAST=NF~-1
IF (CARAeNEel oANDe NF.EQCITEN) LMLAST=NF

SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETYS
SETS
SETS
SEYS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS
SETS
SETS
SETS
SETS

380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720

730

740

LST



c ARE THERE MORE CETECTORS TO BE CHECKED? SE¥S 1750

C SETS 760
IFCLMLAST-LM.LE.~1) GO TO 600 SETS 770

C SETS 780
IFC CBUGL +EQe 1 ) WRITE(64904) LM SETS 790

904 FORMATU{1X."CHECK FOR LOCAL MINIMUM STARTING AT VD(®412,93°) SETS 800
IFL CBUGL +EQe 1 ) WRIFE(65905) LMLAST SETS 810

905 FORMAT{1Xo°LAST CHECKPOINT IS VD{°oI3,°2°//7 3 SETS 820
c SETS 830
c SETS 840
c CHECK FCR LCCAL MINIMA FROM STATIONS LW TO LMLAST SETS 850
C SETS 860
DO 500 I=LM,LMLAST SETS 870
IF{{14EQ.LMLAST}) GO TO 330 SETS 880
IFEVO(I-1¢ ISSEC)oGT VDL I ISSEC)ANDVD({I+1¢I5SEC)GE.VD(L,ISSEC)) SETS 890

2 GG TO 340 SETS 900

GG TC 500 SETS 910

C CHECK FOR LOCAL MINIMUM FOR VD(LMLAST,IS5SEC) SETS 920
330 IFCEVDUIgISSEC)eLTVD(I-1¢I5SEC)} GO TO 340 SETS 930
GO T0 500 SETS 940

c SETS 950
c LOCAL MINIMUM FOUND -- SET SIGNS BACK TO SIGN 1 OR SIGN Ntel SETS 960
c SETS 970
340 NBEGIN=NL¢1 ‘ SETS 980
IFILSIGN(1)+EQ.ON) NBEGIN=1 SETS 990

c SETS 1000
C SETS 1010
IFC CBUGL +EQe 1 ) MRIEITE(64506) 1NBEGIN SETS 1020

906 FORMATE 1X,°LOCAL MIN. FOUND AT VD(*,I3,°), SET SIGNS BACK TO SIGN SETS 1030
1°,14) SETS 1040

D0 400 J=NBEGIN,I SETS 1050
JJ=I#NBEGIN-J SETS 1060

C ' SETS 1070
c CHECK LMTAG{JJ) —— NWAS SIGN JJ PREVIOUSLY .CONSIDERED SETS 1080
C DUE TO LOCAL MINIMUM OF SMALLER VALUE FURTHER UPSTREAM SETS 1090
C SETS 1100

IFd LNTAG(JJ) LT, VDU{ILI5SEC) ) GC TO 384 ' SETS 1110

861



oo [aNeNel 2XzXKake!

941
341

SKIP SIGN SETTING AT LOCAL MINIMUM
IF{ J +EQ. NBEGIN ) GO TO 385

LMTAG{J4J) NOT CHANGED FOR SIGN LOCATED AT LOCAL MINIMUM
LMTAGUJJ) = VC{I,I5SEC)

CALCULATIONS FOR SETTING JJ-TH SIGN
IF(JJeGTold VIMI=VD(JJI=141I5SEC)
IF{JJeEQsl} VIMLI=VSTARX

COMPUTE INITIAL SPACING CVER THE JCARS VEHICLES
KK=I-=JJ+1
S1=F LOAT(KK]} *¥528,

COMPUTE ESTIMATED FINAL SPACING
S2 = 0,

Ky = 0

DO 393 K=JJ,l

KJ=KJ¢ 1

ND4=ND {Ko ISSEC)

FND4 =FLOAT{ND4}

VDOK=VDUK.I5SEC)

IF{ K +EQe 1 ) VDM=VSTARX

IFl K oNEs 1 3 VDM=VD(K-141I5SEC)

VKBAR={ VOK+VDM )} ¥ .5

IF{ NO4 oGT. 15 ORe VDK LT 1Ce )} GO TO 391
IF{ NDO4 .EQ. O ) GO TO 396

HDK={528./FND4 - 20.) 7/VKBAR
IFIHDK LT LHTESTIGO TEC 2841

HDK=HTEST

IF(CBUG1.EQ.1d MRITE(69541) K

FORMATL® *,t&%xx HOK('¢12,') IS TOO LARGEe«es REPLACED BY HYEST")
HOKK{KJ) =HDK

DK={HDK*VD({1 ¢ ISSEC )+20. ) *FND4

GO0 TO 392

SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
131¢C
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480

66T



366

361

392
363

374
930

3717
921

3715
376

922

HDKKEKJ) = 0,

DK = 0.

GO 710 392

DK=(HBAR*VDE [ ¢ ISSEC)+20.,)*FND4%

HDKK(KJ)=HBAR

$2=52+DK

CONTINUE

COMPUTE OPT.IMUM ACCELERATION CON SECTION JJ (NEGATIVE)

DV = VIM1=-VD{(I¢15SEC)

IF(DV +LEe O0¢) GO TO 374

DV2=DV*DV

DS = §2 = S1

IFID0S.GT.0.) GC TO 3277

TSIGN = - DS * 2, / DV

AOPT =-DV/TSIGN

COMPUTE SETTING FOR JJ=TH SIGN

SARG = VIMI#VIM]l + SGNC*AQPT

IF{SARG .GTe 04! GC TC 375

VSJdJd = 0,

GO T0 376

IF{CBUGL «EQe 1) WRITE(6+930) JJsIsDV
FORMAT {9X  '!SIGN®gI44* NOT SET SINCE DV=VIMI=VD{%413,4°%)=",Fbely
2 ¢ IS NEGATIVEC // '}

GO TO 400

IF{CBUGLl.EQecl) WRITE(6+921) JJDS

FORMAT (9Xo9SIGN®y I3¢¢ NOT SET SINCE DS = S2 = SL =%4F5.,1%
2 % 1S POSITIVE"//)

GO TO 400

VSdJd = SQRT(SARG)

CONTINUE

TMIN=528. 7/ VDM

IF(TSIGN.GT.TMIN) GC TC 397

WRITE(69922) 4JeTNOM TSIGNTMIN.CV,LS¢S1,A0PYT,VSJJ
FORMATY /1Xgl250 °%?) o/ 1X o 'SIGN 133X e TNOW=? s FBo193Xy 'TSIGN=?,
2 FS5.,1,°¢ LT, TMIN=",F5.193X9'DV=°9F5.1o3x9'DS=',F5.O.
3 3Xe?SLl = yF 603X A0PT=? gFHe2 93X o' VSJJ(TENTL)=2,F5,19% FT/SEC?)
VSJJ=VDI(JJ+I5SEC)

SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETYS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS

1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
163C
1640
1650
1660
1670
1680
1650
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850

091



923

397

915

916

917

202

911

380

912

381
913
385
920

384

WRITE(69923) JdeVSJJ

FCRMAT (1 X °SET SIGN®y I34® TO*sFS.19? FY/SEC = VALUE FROM DEVECTOR
2AT LOCATION OF SIGN®/1Xel25€°%°)/ )

IF(

CBUGL .EQ.

JIN = 44 - 1
WRITE(64915) JJodJMoVIMLVEL I¢ISSEC) S1eS2¢DS

FORMAT {6X+*NOW SETTING SIGN®,I3,° FOR IMAGINARY CAR LOCATED AT SIG
2N I3 79X, "ASSUMED IENITIAL VELCCITY =% ;FS5,14° AND ASSUMED FINAL V
BELOCETY =93FS51 /11X INITIAL SPACING =¢,F 6.0+ FEET AND®
4 ¢ FINAL SPACING =° ¢jF640¢? FEET?¢5X4°52 = S1 =9 F6.0)

WRI

TE(6,916)

0 ) GO TO 2¢2

€ TAHOKK{IA~-JJ+1d,y, JA=Jdol )}

FORMATY (11X T7(OH{5I2¢°)="9F4e243X} ) )

WRETEC 699171 DVeDV24TSIGN(AOPT; SARG,VSJJ
FORMAT!

211 X9 ?DV =1 F6e2¢® FTI/SEC? (SX o DVHDV ="' 3FTe2¢® TSIGN=® FSele® SEC,*
395X "A0PT =°,F602¢" FT/ISELH %%2¢ ;5X, "SARG ="9FBes1/ 9Xy*COMPUYED SI -

4GN

SETTING = V

CONTINLUE

IFL
IF¢

VSdJ LT,
CBUGLl <EQ.

SJJd =% Fbely " FT/SECY)

vIiML ) GO TG 380
1 ) WRITEL65911)

FORMATL(6X,*SIGN NOT SET BECAUSE COMPUTED SETTING IS GREATER THAN S
2PEED OF CAR 528 FEET UPSTREAM® // )

GO
IF(
IF{

T0 400
VSJU LT,
CBUGL .EQ.

VSIGNLJJI5SEC) ) GC TO 381
1 } WRITE(64912)

FORMAT {6Xy * SIGN NOT SET BECAUSE COMPUTED SEYTING IS GREATER THAN P
2REVIOUS SETTING® // )}

GO
IF
IF(

TO 40C
ND{(JJ5I5SE
CBUGLl .EQ.

Ch .NE. O ) GO TO 382
1 ) SRITE(6,913) JJ

FORMAT{6X,°SIGN NOT SET BECAUSE THERE ARE NO CARS ON SECTEON®.13 /

2/ )

GO TC 400

IF(

CBUG1 .EQ.

1 ) WRITE(6+920)

FORNAT(1X,°SKIP SETTING OF SIGN LOCATED AT LOCAL MINIMUM‘//)
GO T0 400

IFS

CBUG! .EQ.

1 ) WRITE(69918) JJ,LMTAG(JJ)

SEYS 1860
SETS 1870
SETS 1880
SETS 1890
SEVS 1900
SEVS 1910
SETS 1920
SETS 1930
SETS 1940
SETS 1950
SETS 1960
SETS 1970
SETS 1980
SETS 1990
SETS 2000
SETS 2010
SETS 2020
SETS 2030
SETS 2040
SEVS 2050
SETS 2060
SETS 2070
SETS 2080
SETS 2090
SETS 2100
SETS 2110
SETS 2120
SETS 2130
SEVS 2140
SETS 2150
SETS 2160
SE¥S 2170
SETS 2180
SETS 2190
SEYS 2200
SETS 2210
SETS 2220

- -

191



918

382

9C8
909
383
931

203

400
5CO
600

700

OMA

801

FCORMAT{6X¢*SIGN®,J3,¢ HAS BEEN PREVIOUSLY CONSIDERED DUE TO

LOCAL

2MINIMUN FURTHER UPSTREAM OF SMALLER VALUE, Te€e%9l4s® FT/SEC® //

3

1Xov & STOP SCANNING SIGNS AND LGCK FOR OTHER LOCe MINIMA FURTHER

4 DOWNSTREAM® // )

2

GO 10 500

SET J3-TH SIGN
VSIGNCJJ,I5SECI=VSJJ
IF{ CBUGL .EQ. O ) GO TO 383
IF{ LSIGNC(JJI) .EQ. OFF) WRITE{6,908) JJ,VSJIJ
IF( LSIGN(JJ) +EQe CON ) WRITEL6,909)JJeVSdJ
FORMATU{11Xo"SET SIGN®¢lI3;" T0°9yFboll/ )
FORMATE{L11 Xy "RE=SET SIGN® ¢i3,° TO®4F6.1// )

IFCIeNEeJJ eORe VSJJeGToVDI(JJy ISSEC)—-2.) GO TO 203

VSIGN{ JJoISSECI=VD(JJ,ISSEL)-2,
IF(CBUGLl.ECs 1) WRITE(6¢931) JJ+VSIGN(JJ,ISSEC)

FORMATE11Xs°SIGN®yI%e° IS AT LOCAL MINIMUM. RE-SET SIGN TOY,

Féelf? )
CONTINUE
IFC LSIGN(JJ) +EQe ON ) GG TC 400
LSIGN{JJ)=0ON
NSON{JJ) = NSON(JJ)+1
CONF INUE
CONTINUE
DO 700 I=1,ITEN
IF{ NDUI,ISSEC) .EQ. O ) GC ¥C 700
NSFULL (I)= NSFULL(I)+1
CONTINUE
IFC CRCUND +EQe O ) GO TO S50

ROUND SIGN SETTING -- POSSIBLY SET SOME OFF

IFECBUGL .EQs 1) WRITEC6,801)
FORMAT( 1X,°RESULTS COF ROUNDING*/
DO 720 1=1,ITEN

VSIG=VSIGNL I ¢I5SEC)

IF(LSIGNAI} «EQ. OFF !} GO TO 720

IF{ I +EQe 1 ) VIM=VSIARX

SETS
SETS
SEYS
SETS
SETS
SETS
SETS
SETS
SErS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS
SETS
SETS
SETS
SETS
SETS
SETS
SEYS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS
SETS

2230
2240
2250
2260
2270
2280
229¢C
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590

291



163

0162
0062
0682
0882
oL82
0982
0s8¢2
0%8¢
0€8e
0z28e
12 8:74
008¢
o6l
0822
oLeLe
o9Le
osi¢
o¥L2
oesLe
ozLe
owe
00L2
0692
0892
0292
0992
0s9¢
0992
0€92
0292
0192
0092

$13S
S L3S
S13S
Si3S
S$13S
$13S
Si3S
S13S
$13S
$13§
$13S
S13S
S13S
$13S
$13S
$13S
S13S
$13S
S13S
S13S
$13S
$13S
$13S
S$13S
S$i3S
si3S
$13S
$13S
Si3S
$13S
$13S
S13S
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OO

111

SUBROUTINE STEPHIXUN¢Ilel2,FF1)
XIN = INPUT IN SECONDS
I1 = # OF MINUTES
12 = # OF 10 SECONDS
FTl = . SECONOS & FRACT ION CF SECOND

Il= XIN /7 60. ¢,0001

F = XIN - 60.*FLOATLI1)
I2=F / 10,

FTl= F - 10.*FLOAT(12)

IFC FTL oJLEe 0.0 ) FT1l = ¢0,0
IF(FTLl.LT, 9.95) GO TO 111
FT1l = 0.0

f2=12+1

IF(12- .LE. 5) GO TO 111

12 =0

Il =[]l ¢ 1

RETURN

END

STEP
STEP
STE

STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP

STEr

STEP
STEP
STEP

91



SUBROUTINE F3 . F3 10

ACOONOOONO

IMPLICIT INTEGER {C,i-N) €3 20
INVEGER*2 JSEC, JVSET, IVSECL100¢5)¢CECT,IBRNCHCOMPLY . 3 30
INTEGER ON, OFF F3 40
COMMON XCAR&38610,VCAR(3861) s ANOM{ 350) CYCLE 1,CARONE <TNON(CARA,  F3 50

1 CARZ, CYCLEZ+ CYCLEA F3 60
COMMON 7 AAAAAA/ NCARS ¢NMEILE+VSTART T XPRNT, IBRNCH(350), F3 10
1L CARNOW, NOPRNT . CONTRL sON¢OFFeBETA, TAUS,KSIGN,LSIGN(100),  F3- 80
2 HBARJHDRVE3508 COMPLY{350)  VSIGN (1007 F3 90
COMMON /B8BBBB/TF3(5)¢AF3(4)eBASENREP NREPI,VI3 £3 100
COMMON /GGGGGG/ ISIGNeJSEC,JVSET, IVSECeIVPy ITENP CECT(350) F3 113A
‘ F3 12

THIS SUBROUTINE UPDATES THE CARONE-TH CAR F3 130
IeEe THE FURTHEST CAR ON HIGHWAY OR EXTENSION £3. 140
F3 150 .
LEAD CAR GOES ACCORDING TO CONSTANTS TE3(1) AND AF3(I) F3 160
TNOW REPRESENTS OLO VIME F3 170 .
COMPUTED VALUE OF *ACC* REPRESENTS ACCELs AT TNOW F3 180 .
COMPUTED VALUES OF 'XCAR® & 'VCAR® ARE FOR T=TNOWe,2 €3 133

F3 2
IF{ .CARDNE «NE. 1 3 GO TO 60 F3- 210
50 IF{ TNOWeGToTF3(1) .AND. NREPI.NE.NREP ) GO ¥O 100 F3 220
60 ANCW (CARONE)=0, F3 230
GO TO 600 .. F3. 240

100 IF( TNOW GT. TF3{2)+BASE 4 G0 70 200 | F3. 250
ANOW (CARONE ) =AF3(1) £3 260
GO TO 600 . F3 270

2CC IF( TNOw +GT. TF3(30+4BASE ) GO TO 2C0 F3 280
ANOW (CARCNE) = AF342) . F3 290
GO TO 600 F3 300

300 IF( TNOW «GT. TF3(4)¢BASE 4 GO TO 400 F3 310
ANOW(CARONE) =AF3 (3) F3. 320
GO TO 600 | F3 330

400 IFC TNOm +GT. TF3(5)4BASE 4 GC TC 5C0 F3 340
ANOW (CARONE)=AF3 (4) F3 350
G0 TO 6CO F3 360

500 NREPI = NREPI + 1 F3 370

691



600

o O00

BASE = .BASE + TF3(5) - TE3{1)
60 TO 50
UPDATE XCAR AND VCAR
VCARACYCLEL) =VCARCCYLLEL®*]1) ¢+ ANOW(CARONE)*0.2

XCAR(CYCLEL} = XCARACYCLEL+1) ¢ VCAR(CVCLEL+#1)%0,2 ¢ ANOW(CARONE)*
2 0.02
UPDATE DETECTORS

CALL NOVD

IF(SVSET +EQe 0.O0Re CARONE .GTe. 1004 RETURN

IVSECCCARONE ¢ JSEC) = HFIX(VCAR(LYCLEL) ¢«0.5)

RE TURN

END

380
390
400

410
30

%40
450

470

480 .

490
500
510
520

991



e Xakaknl

600
601

SUBROUTINE NDVO

UPDATE NDO AND VD —- DETECTOR INFORMATION
THIS SUBROUTINE IS CALLED BY F3

IMPLICLY INTEGER (CoI-Nd

INTEGER*2 NDo CECTo¢JSECJVSETIVSEL(10C.51

COMNON XCARC38614¢VCARE3861)+ANON(3508CYCLE1,CARONE, TNOW,CARA,
2 CARZ,CYCLEZ,CYCLEA

COMMEON /GGGOGG/ ISIGNeJSECeJVSETHIVSECoIVPo ITENPCECTE3S0D
COMMON/ NNNNNN/ ITENy ITENMy ITEND2oND{100,7) ¢ ISSECe VD{ 100, 7}
Cl = CECT(CARONE)

C2=XCAR(CWCLEL} /528, & 1.

IF(C2 .EQ. Cl) GO TO 601

CECT(CARONE) = C2

IF(C2 .GT. ITENP) GO TO 601

IF(C2 .EQ. 1) GO TO 600

ND(C1,I5SECd = ND(C1l,I5SECd - 1

VD{Cl,I5SECI = VCAR(CYCLELlJ

IF4C2 .EQs ITENP) GO TO 601

NDEC2,I5SEC) = ND(C2,I5SEC) + 1

CONT INUE

RETURN

END

NDVD
NDVD
NOVD
NOVD
NOVD
NOVD
NOVD

ND VD
NOVD
NDVD
NDVD
NOVD
NDVOD
NOVD
NOVD
NOVD
NOVO
NOVOD
NDVD
NOVD
NOVD
NOVOD
NDVD

10

40

50
60
- 70
80
90
100
110
120
130
140

160
170
180
190
200
210
220
230
240

L91



C

SUBROUT INE FINISH

IMPLEICIT INTEGER (C.I-N)

INTEGER®2 JSTOP, JEXIT, ND,COMPLY

INTEGER*2 IDXOUT(350),IVOUTE2502IBRNCHy NSCNoNSFULL

INTEGER ONy, OFRFy ENTER

COMNON 7 AAAAAAZ NCARSe NMILE.VSTART ¢TXPRNT, IBRNCH(350),
1 CARNOW, NOPRNT ¢ CONTRL yONsOFF ¢ BETA, TAUSKSIGN,LSIGNC(100D,
2 HBARJHDRV{(350) COMPLYL350),VSIGN{100, 7

COMMON /88BBBB/TF3(5) sAF3( %) +BASE,NREPNREPI,VI3

COMMEN /CCCCCC/7CRBUGL yCROUNDSGNC

COMMON /FFFFFFA/TOTALT JATOTALL350) ,TRAVEL(35C),JEXIT(350),

1 JSTOPL350) 1DXOUT, I VQUT . .
COMMON /KKKKKK/ESIG2¢ETSTGPoEVCTLT¢EPEREPCMP,y IEVAVL,IEOXNENS,
2 JENS +EQ.ESPACE(L10) 4RR1

COMMON /MMMMMM/IVPRNT oT V1 ¢TV2+IFIFTHoIFOL,SPACE(10),TSPACE(10)
COMMON/NNNNNN/ITENo ETENMo ETEND2oND(100¢ 704 ISSEC,VD(10047)

COMMON /UMUUUU/ NSONC100) ¢NSFULLLE 100D ¢NFTCLCO)yHTEST, VSTARX
COMMON /212211124 ENTER, QHOURyHMIN,HMODE IRy HBARZ2, PCMPLYPCMP

IF(NENSeGT oL IWRITEL 694984 JENSoNENS
498 FORMAT(LHL,*THIS RUN IS NUMBER? 412+* CF AN ENSEMBLE OF*,124° RUNS®
2 )
IFINENS+EQel) WRIFEL64499)
€99 FORMAT(1H1)
WR ITE(5¢500) NCARS oNMILE
500 FORMATELX »°THIS RUN 4S MADE WITH® ,14+* CARS FOR®yI3, * MILES®)
WRITE(64503)
503 FORMAT(/1X,*THE LEAD CAR UNDERGOES REPETITIVE MANEUVERS USING SUBR
20UTINE F3°*)
IFC ENTER .EQ. 1 ) GO TO 505
PARMX=HBAR *VSTART+20.
PARMT=HBAR+20¢ /VSTART
PARMQ=VSTART/PARMX*3600.
QQ=P ARMQ
WRI TEL6+5040) ENTER
5040 FORMATC( /71Xy *ENTER=*,12J
WRITE(6,504) PARMX ,PARMT ,PARMQ

FINI
FINE

FINI
FINI -

FINI
FINI
FINI

FINI

FINI

FINI -
FINI -

FINI
FINI

FINI -

FINT

FANI -

FINI
FINI
FINI
FINI

FINT -

FINI
FINI
FINI
FINI

FINI -

FINI

FINT
FINI

F INI

FINI -
FINI -
FINI -
FINI -
FINI

FINI

FINI -

180

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370

891



c

\\
504 FORMAT{ 1Xo'C>RS ENTER THE HIGHWAY AT EQUAL SPACING OF', F6el.

2 * FEET (TIME HSADWAY =%, Fb6.2,*

3 o F6 0y VEHIHR\ )
GO0 T0 507

5C5 TBARZ’HBAR2+20.IV\{ART

QBAR2=3600.4 TBAR2
QQ=QBAR2
PARHXZ*HBARZ‘VSTART*’
WRITE(6,5060 HBAR2 T3

3E SPACING OF*, Fb6e.l,

0.

SEC)y CORRESPONDING VO A FLOW OF?

ARZ'PARHXZoQBAR
506 FORMAT{//1X9*CARS ENTZR THE HIGHWAY WIT4 RANDOM SPACINGS € HBAR2 =
2% F5«2¢ * )} WITH AVERAGE TIME HEADWAY TBARZ =%y £5.2y ' y» AVERRAG

* FEET*

GAR2 ='y F6e0y °* VEH/HR® )
507 IFt CONTRL +.EQe 1 ) GO TG 509

WRITE(64508) CONTRL

/

1Xy *CORAESPONDING TO A FLOW OF Q8

508 FORMATL//LX+*CONTRL ='4i2+* THIS RUN IS WITHOUT SIGN CONTROL® 1§

G0 TO 514
509 WRIFE(6,5051) CONTRL
5091 FORMATU(//1X¢"CONIRL =

510 FORMATE/L1X., *CROUND =
20UNDING* )

*o12,¢
'y 12,

THIS RUN IS WIF¥H SIGN CONTROL® )
IFC CROUND .EQe 0O 4 WRITE(6¢510) CROUND

33X,

*EXACT SIGN SETTINGS USED —- NO R

IF{ CROUND «NEe 0 ) WRITEd6,45112 CROUND,CROUND
511 FORMATL/1X,*CROUND =®41243Xs*SIGNS ROUNDED USING ALGORITHM®,12)

WRITE(%,517)  SGNC

517 FORMAT(//1X+*SGNC =0 (FTele3X* VALUE OF CONSTANT USED TO COMPUTE

2SIGN SETTINGS® )
514 CONTINUE

TAVG = TOTALT /7 NCARS

I0X0UT(1) = 0O

ISUMV = [VOUT (1)

ISUMDX = IDXOUT(1)

DC 8C3 I = 24 NCARS

ISUMV = ISUMV + IVOUT
803 ISUMDX = ISUMDX ¢+ IDX

IVAVG = ISUMV/NCARS

(1)
cutT(I)

e

FANI
FINI
FINI

FINI -
FINI -

FINI
FINI
FINI
FINI

FINI

FINI

t

FINI -
FINI -
FINI -

FINI
FENI

FINI -

FINI
FIN{
FINIK

FINI -

FINI

FINI -

FINI -

FINI -

FINT

FINI -

FINI -

FINI
FINI

FINI -

FINI

FINI -
FINI -

FINI
FINI
FINI

Ll

610
620
630
640

650 .

660
670
680
690
700
710

720

730
740

691



611

804

607

602

605

ZIG=IVAVG

LI1G=216%*2600./5280.

IVAVGL =216

IDXAVG = ISUMDX/{NCARS-1)

WRETEL64+611)

FORMATY (1HL 965Xy *STOPPED® 410X o *SPEED AT EXIT*y 8X, *SPACING®
1 +TXy *HDRV?*
2/6TX ' TIME?® y12X o *FT/SEC MI/HR'y TXy*EXIT® 43Xy *ENTER®/ )
TSTOPT=0,

DO 804 I -= 1,NCARS

CALL STEPH{TRAVEL(I),IT i,ITd1,FT1)

JEXI = JEXIT(I)

TEXIT = FLOAT(JEXI ¥/5.

CALL STEPHITEXIT 21 1T2,1T22,FT 20

JSTO = JSTOPLI)

TSYOP = FLOAT(JSTO /5.

TSTOPT=TSTCPT+TSTOP

CALL STEPHITSTOP 2IT3,1T33,FT3)

174 = IvOouT(l)

IT4 = IFIX{ 274%360C./5280.#.,5 )

HEADIN = HORV{I)*VSTART ¢ 20.

WRITE(64607) I, ITl,e IT1l1l, FT1 ,IT2, 1722, FV2, 173, 1733,
1 TVOUT(I)¢IT4IDXCUT(I4+HEADINJHDRV(I)

FORMATA®* CAR(°124°3 TCOK®31341H-9IlsF3e198Xe*TIME OF EXIT =",1I3,
11H- 31 19F 30 1913X3135dH-yIReF3el s IXyI6 ¢3X9I5 ¢5Xe16 +FTe05F8.2)

CALL STEPH(TOTALT I TLiT1lLl,yFTL)
CALL STEPHI(TAVG,IT2,1T722,FT2)
ITll = 10%IT11 + FT1

FT2 = 10%1722 + FT2

WRITE(6+602) IT1, IF¥FLl, IT2, FT2, IVAVG, IVAVGl, IDXAVG, TSTOPT
FORMATU(//° TOTAL TRAVEL TIME ="415y* MINe®9y13,* SEC.'//°' AVERAGE T
IRAVEL TIME =9,164' MINo? FSelys' SEC.*//* AVERAGE SPEED AT EXIT =°,
216 49 FY/SEC =316 +° MI/HRY//*% AVERAGE SPACING AT EXIT =%,16

3 ¢ FTo°/7° TOTAL STOPPED TIME =',F6ely* SECONDS®)
WRIVE(6,4605)

FORMAT{ 1H1 y10X ¢ ACCELERATICN® y20X,* STANDARD DEVIATICON'/14X, *NOISE®

F13,

FINI -

FINI

FINI -
FINI -

FINI
FINI
FINI
FINI
FINI
FINI
FENI
FINI

FINT -

FINI
FINI
FINT
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
F INI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI

1/7/712X.°SIGMA #82% ;28X SIGMA® /9X 3 *(FT/SEC-SEC)*%¥29, 14X, *(FT/SEC-SEC FINI

750 .

760
170
780
790
800
810
820
830
840
850
860
870
88¢
890
<00
910
920
930
940
950
960
970
980
990
1000
1010

‘1020
-1030

1040
1050

-1060

1070

1080
‘1090

1100
110

oLt



N
T 20" 93 X4 (UNIFS OF GI*/4 FINL-1120

- T5162 = 0. FINI 1130
>~ DO b35 I = 24y NCARS FINI 1140
7 JSTO = ySTOP(1d FINI -1150
TSTOP=FLCAT( JSTO)/ 5. FINI 1160
JEXI = JEXuV(ID FINI 1170
YEXIT = FLOAVYIEXI) /7 5. FINI 1180
SIGMA2 = (2/{TETIT-TF341)-TSTOP)SATOTAL(I} FINI 1190
SIGMA = SQRTL(SIGANr2) FINT 1200

GS = SIGMA 7 32.174 . FINI 1220
TSIG2 = TSIG2 + SIGMAZ - . FINI 1220
WRITE(6,606) Iy SIGMA2, Sior2. GS | FENI 1230

606 FORMATI® CAR'1I34F1263+F29.49F14.2) FINI 1240
805 CONTINUE FINI 1250
AVSIG2 = TSIG2/FLOAT(NLARS-1) FINI 1260
AVSIG = SQRTUAVSIG2]) FINI 1270
AVSIGL = AVSIG/32,174 FINL 1280
WRITE(6,608) TSIG2, AVSIG2s AVSIG, AVSIGL FINI 1290

608 FCRMAT(//° TSIG2 = TOTAL ACCe NGISE (EXCLULING CAR ‘1) =*4FB8s3,4°* (F FINI 1300
1T/SEC-SEC) **2°//¢ AVSIG2 = TSIG2/(NCARS-1) = AVER. ACC, NOISE =, FINI 1310
2FT7e3y" (FY/SEC-SEC) #%2°//°* AVSIG = SQRT(AVSIC2) = STANDARD DEVIATI FINI 1320

30N OF ACCe NOISE =® 4F6e3," FT/SEC-SEC ='3F54¢3:° G*) FINI 1330
WRITFE(64906) FINI 1340

906 FORMATU1H1,'AVERAGE SPACING FCR EVERY TENTH VEHYCLE?®*//) FINI 1350
IND = NCARS/10 ' FINE 1360

DO 610 JSP = 1,IND FINT 1370
SPACELJ4SP) = SPACE(JSP)/TSPACELJSP) FINI 1380
JCAR = JSP=*10 FINI 1390
WRITE(6,907) JCAR,SPACE(JUSF) FANI 1400

9C7T FORMATI3X¢°CAR 914 ¢3Xo9°AVe SFACING ="'y FT7e2y¢ FToe®) FINI -1410
610 ESPACE(JSP) = ESPACE(JSP) + SPACE(JSP) FINI - 1420
IFy CONTRL .EQe O ) GC TO 704 FINI 1430
WRITE(6,900) FINI 1440

SCO FORMAT(1H1423Xe*DUTY CYCLE FOR ADVISORY SIGNS®*//2X, *DUTY CYCLE FINI 1450
2= 100 * (TIME SIGN K IS ONJ / (TIME SECTION K IS NON-EMPTY)*' /// FINI 1460
3 17TXe °NUMBER OF 5 SECe INTERVALS®' ¢ FINI 1470

4 10Xy "SIGN®¢6Xy "SIGN® ¢48Xs*SECTION IS®, 5Xe*DUTY CYCLE SIGNY/ FINI 1480

LT



700
901

902

903

904
9CS

704

5 9X¢ *NUMBER
INN1=0
INN2=0
DC 700 I=1,1ITEN
INl= NSON(I}
IN2= NSFULL(I)

IS ON

PER= FLCATUINLI/FLOAT(IN2} * 100,

INN1=INN1¢IN1
INN2=INN2+IN2
WRITE(6+901)
FORMATC 11X,

I, IN1, IN2,

WRITEC(6,902) PER

FORMATL /771Xy * (SIGN-CN TIMEd 7 (SECTION NON-EMPTY TIME) * 100 =9,

2 F6ely ' (PERCENT)® )
WRI TE( 649031}

FORMATC1H]1 340X o "COMPLIANCE FACTCRS®*/6CX,° FACTOR=1
CAR IGNORES SIGN'//1X,5ESCAR NO.

2GN*/760X¢ *FAC TOR=0
3 /7

PER,
I3, 6Xo 13, 11X, I3,
PER=FLOAT{ INN1)/FLOAT{INN22%100,

NON-ENPTY

I

(PERCENT)

10Xy Féely TX,y I3 3

WRETE(6+904) (I1,COMPLY(I) ¢d=29NCARS)

FORMAT ((3Xo50I3¢7X911912X) )2
WRITE(64905) PCMPLY (PCMP
FORMAT(//7/1Xs"PCMPLY ="gF543,°
2S'/ 1Xo*PCMP ="yF5e3¢°
IF{ NENS +EQ. 1 )} RETURN
ESIG2 = ESIG2 + AVSIG2
EYSTCP ETSTCP + TSTGPT
ETOTLY ETOTLT &« TCTALT
EQ = EQ + QQ

IEVAVL = JTEVAV1 + IVAVG1
EPER = EPER + PER

EPCMP = EPCNMP + PCMP
IEDX = 1EDX + IDXAVG

IF{ JENS oLTe NENS ) RETURN
COMPUTE ENSEMBLE AVERAGES

FNENS = FLOAT(NENS)

ESIG2 = ESIG2/FNENS

ACTULAL

OESIREC FRACTION CF COMPLVYING CAR

FRACTION OF COMPLYING CARS*)

CAR FOLLOWS SI
FACTOR ¢, 7X)

FINI
FINI
FIM
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINT
FINI
FINI
FINI
FINI
FINI
FINE
FINI
FINI
FINI
FINI
FINI
F INI
FINI
FINI
FINI
FINI
FINI

FINI -

FINT
FINI
FENI
FINI
FINI
FINI

NUMBER*/7) FINd 1490

1500
-1510
1520
-1530
1540
1550
1560
‘1570
1580
-1590
1600
1610
1620
1630
1640
165C
1660
1670
‘168C
1690
1700
1710
1720
‘1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
-1830
184C
1850

oLl



699

707

T06
7C5
7C1

702

1C3

ETSTOP ETSTOP/FNENS
ETCTLY ETOTLT/ FNENS
EQ = EQ/FNENS
IEVAV1l = FLOATHIEVAV1)ZFNENS + Q.5
EPER = EPER/FNENS
EPCMP = EPCMP/FNENS
IEDX = FLOAT(IEDX)/FNENS ¢ 0.5
WRITE HEAUING LESCRIBING ENSEMBLE OF RUNS
WRITE( 646590 NENSyNCARSJNMILE, ENTER,EQsCONTRL
FORMAT( 1H1 y20X o *ENSEMBLE STATISTICS FOR® ,12,* RUNS®//

2 1Xe*NCARS='4l4 / * NMILE=?,13 / ° SUBROUTINE F3°%,
3

°* USED FOR LEAD CAR? /7 ° ENTER=',12 /

4 ° Q=%4F6.0 / ° CONTRL=*,12 )

WRITE(6,707)
FORMAT(//° AV, SPACING FCGR EVERY TENTH CAR?®)
DO 705 I=1,IND
JCAR = 1%*10
ESPACEU(I} = ESPACE(I1)/FNENS
WRIFE(6,706) JCAR,ESPACE(I])
FORMAT (5X 4 *CAR? ;I 4, * AV, SPALINC =% ,F7.2)
CON TINUE
IFCCONTRL.EQ.1) MRITEL6:701) SGNC
FCRMAT(/1X¢®SGNC=*,F6.0)
WRITE ENSEMBLE AVERAGES
WRITE(6¢702) ESIG2yETSTOP(ETOTLYIEVAVL,L1EDX

FORMATE///10X*ENSEMBLE AVERAGES® //1Xy¢SIGMA SQUARED=",F6.3//
2 1Xy®TOTAL STOPPED TIME =°,Féely' SEC.*//
3 1Xy°TOTAL TRAVEL TIME =9 4F7T.1¢*' SECe*'//
4 1X,°AVe SPEED AT EXIT =%*gl4e® MI/HR® //

S 1Xy°AVe SPACING AT EXIT =?9I44® FTe* //)

IF{ CONTRL +EQe O ) RETURN

WRITE(6,4703) EPER, EPCMP

FCRMATI1Xe*SIGN OUTY LYCLE=*4FSely® PER-CENT*//

2 1Xy;*COMPLIANCE FACTOR=*,F6¢3 )

RETULRN
END

FINI -
FINI -
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
F INI
FINT
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINT
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI -
FINI -
FINI

1860
1870
1880
1890
1900
1910

1920
-1930

1940
1950
1960

-1970
1980

1990
2000

-2010

2020
2030

2040

2050

2060

2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210

€LT
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