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ABSTRACT

Electrical circuit simulation of vehicular traffic 
flow is an expedient means of evaluating the redistribution 
of traffic flow created by a disturbance in the normal high
way system. Vehicular traffic flow and electrical current 
flow have similar characteristics. They are both dependent 
on a motivating force or pressure to create the flow, and 
both have frictional factors or resistance which oppose the 
flow. Whereas vehicular traffic flow is not a natural phe
nomenon and therefore does not obey natural laws, electrical 
current flow can be described and evaluated through Ohm's 
Law as supplemented by Kirchoff's Current Law.

The simulation model consists of potentiometers and 
connecting circuitry arranged to represent an actual highway 
system. Through calibration procedures the current flow in 
each branch is adjusted to represent the vehicular traffic 
flow on the highway system. Once calibrated, changes can. be 
introduced into the circuitry of the model and the resulting 
redistribution of current flow determined. Comparison of the 
model's redistribution of traffic flow to actual and hypo
thetical cases indicate that electrical simulation models can 
adequately simulate actual traffic flow redistribution 
patterns.



CHAPTER I

INTRODUCTION

Electrical circuit simulation of network traffic 
flow offers a new approach to the study and management of 
vehicular transportation systems = New approaches are 
necessary to meet the demands created by a phenomenal growth 
period experienced by this mode- The automobile vehicle is 
currently the dominant mode of transportation for most urban 
areas in the United States. Including trucks, buses, and 
passenger vehicles, the majority of all person trips and of 
all tonnage moved in urban areas each year is transported 
by this mode (1,pp.53,54; 2,p.5). Total vehicular miles 
driven now exceeds one trillion miles annually with more 
than one-half being driven on urban streets, which represent 
about sixteen percent of the total mileage of streets and 
highways (1,pp.56,58).

. The automobile will probably remain the primary mode 
of transportation for the next few*decades. Although the 
possibility of revolutionary developments can not be ruled 
out, according to Ylvisaker, the lead time of any new form 
of transportation is easily 10 to 20 years (2,p.9). With 
over one hundred million vehicles in the United States, even
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technical innovations take about a decade to phase in 
(2,p„3). The automobile, by virtue of sheer numbers, along 
with its inherent advantages of mobility, convenience, and 
privacy, has changed the life style of millions of people. 
Yet, as Francis Turner, Federal Highway Administrator, 
stated:

"It is apparent that people want the nearly 
infinite flexibility of the automobile and 
highway network that permits each indididual 
to program his own movement rather than to 
be forced to conform to some rigid schedule 
of time and routing that may suit some of his 
needs but will not suit all or a majority of 
them (2,p.3)."

Statement of Problem

The privacy, convenience, and freedom of mobility

expanded choices available to individuals in choosing their 
own life styles. In turn, the magnitude of automobiles has 
placed a large burden on the highway networks of urban areas 
and their ability to cope with the problems of congestion.

The nearly infinite flexibility of the automobile as 
mentioned by Turner is an operational nightmare to the 
traffic engineer. Traffic engineers are employed to effi
ciently design and operate the traffic system. Among their 
tools are regulations, signs, paint, and signals. They can, 
by counting vehicles, determine the volume of traffic on a 
given highway and through statistical procedures project

provided by the automobile has made possible the greatly



them into the future. Although traffic flow on highway net
works can be established in terms of present or past traffic 
volumes there is no practical means of predicting the effect 
that a modification to part of the network will have on the 
remainder. There exists a great need for a practical method 
for predicting the magnitude and extent that a modification 
to a highway network will have on the traffic flow through 
the network.

The urban highway network exists in an uneasy state of 
equilibrium, a state which is highly unpredieatable by intu
itive methods alone. Somewhat similiar to the open channel 
flow of water which when blocked overflows its container, 
traffic on an urban street when blocked will overflow onto 
the sidestreets. Unlike the water which must adhere to 
natural laws and therefore can travel only downhill, traffic 
flow becomes limited only by the availability of alternate 
routes. Subsequent blockages or traffic jams frequently 
occur but are difficult to predict because of the combi
nations of choices available to the driver.

Modifications to the network are common occurences. 
These changes might result from construction projects, 
parades, fires, etc. They even are sometimes caused by the 
traffic engineer and governing body through revisions of 
regulations such as one-way streets and reversible traffic 
lanes. Trial and error procedures are commonly the only
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means of evaluating a change. However, the costs associ
ated with trial and error procedures seriously restrict 
their effectiveness as a satisfactory means of testing pro
posed schemes. They are costly not only to the agency per
forming the test, but also to the motorists.

The simulation model proposed herein offers the 
flexibility of removing the trial and error testing proced
ures from the field to the office. In this way the motorist 
is not inconvenienced or endangered, and study costs can be 
lowered through reductions in study time, personnel and 
equipment. Finally, a greater number of tests can be under
taken thereby increasing the possibility of obtaining an 
optimal solution.

Although the simulation model was initially con
ceived as a working tool for management of traffic flow 
through a network, it also would appear to be of considerable 
benefit as an academic teaching aid. Thus, the model ful
fills a two-fold purpose: 1) as a means of testing pro
posals prior to actual implementation; and 2) as a teaching 
aid to demonstrate to students the possible effect changes 
made to a highway network might have on traffic flow.
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Definition of Objectives

The study objectives of this work were:
1. To develop a practical working model capable of 

predicting the redistribution of network traffic 
flow as brought about by modifications to the 
network.

2. To prepare a workable method for calibrating and 
operating the. model.

3. To compare the accuracy of the predicted network 
traffic flow to actual traffic flow data.

Research Approach

The research plan for this project was designed to 
produce a practical working model for the study and manage
ment of network traffic flow. The following constraints for 
the model were established:

1. The model must have a low initial cost as well as 
as a low operating cost.

2. It must be of a nature whereby it could be made 
readily available to the user,

3. Calibration and operating.techniques must be 
designed for use by technicians.

4. Data for calibration purposes must be readily 
available or obtained at low cost.



5. The model must be able to reproduce actual 
occurrences within reasonable bounds.

To meet these five constraints, the research project 
was organized into three principle parts: 1) construction,
2) operation, and 3) evaluation. Constraint number one 
pertaining to cost, and constraint number two regarding 
workability, dictated the size and equipment for the model. 
To reduce the overall cost of the model only standard 
electrical equipment was used. In determining size,, the 
role of the model was considered. The role of the model 
was conceived as being somewhat similar to that of a desk 
calculator. Because of its availability, the desk calcula
tor becomes an invaluable tool in solving mathematical prob
lems within a certain range. Simple problems can quickly be 
worked out manually whereas extremely tedious or complex 
problems are best suited for a solution on a digital com
puter. Likewise, single intersection problems should be 
solved manually and large regional type comprehensive trans
portation studies will still require a digital computer. 
However, there are many everyday vehicular traffic network 
problems which could be solved on an electrical circuit 
simulation model if the model was readily available. Conse
quently, to be a practical working tool, the size of the 
model must be such that it can be kept in or near the office.
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The second part of the project was devoted to the 

operation of the model. This section was subdivided into 
operating techniques and traffic data. The goal in develop
ing the operating techniques (which includes calibration of 
the model) was that they be suitable for use by technicians, 
thereby freeing the engineer for other work. Both calibra
tion and operating procedures were developed by trial and 
error. Numerical techniques for solving the calibration 
settings would be too time-consuming and would defeat the 
purpose of the model.

Traffic data for use in the model was based on the 
following conditions:

1. The network traffic flow data must be available 
as time and budget limitations would not permit 
collecting new data.

2. The data must be in a form sufficient to describe 
an initial condition and a final condition after 
a modification to the network had taken place.

3. Events between the initial and final conditions 
should not be of a nature as to invalidate the 
final condition, such as data collected before 
and after WW II.

4. The data used for validating the model must be of 
the same type as commonly or readily available to 

local communities at relatively low costs.



It was necessary to use existing sets of data to 
evaluate the model due to the complexity and expense re
quired to collect new data. To evaluate the redistribution 
of traffic flow brought about by a change in the network 
would require the permission of governmental officials to 
shut down a part of the network. A crew of considerable 
size would be necessary to collect the data before and after 
the change. A search for existing data suitable for eval
uation produced very few acceptable sets of data. Huber, 
et al., were also frustrated in their traffic flow study by 
a lack of before and after data (3,p.6). Whereas a consider 
able number of studies of network traffic flow are under
taken for the before condition, few follow-up studies are 
taken of the after condition. Two sets of data were 
obtained and used for evaluating the model.

The final part of the project entailed evaluating 
the calibration procedures and the ability of the model to 
redistribute traffic throughout network after a change had 
been made in the network. The calibration procedures were 
evaluated in terms of time and effort required to obtain 
convergence to desired values. Evaluation of the model's 
ability to redistribute traffic was based on a statistical 
comparison of model results to actual before and after 
traffic patterns.



CHAPTER II

THEORY OF THE MODEL

Most urban areas today are dependent on one or more 
modes of transportation for their economic well being and 
sometimes even for their very existence - Regardless of mode, 
transportation can not be stored; it exists only during the 
time of transport and ceases to exist at the end of a trip.
To create a trip requires the presence of three fundamental 
factors: 1) a mode of transport, 2) a medium of transport,
and 3) a trip purpose. For the purpose of this model, the 
automotive vehicle was established as the mode of transport 
with the highway network being the medium.

Network traffic flow, the movement of vehicles 
through the highway system, can be simulated by mathematical 
models or through analogy. The method used for this model 
was analogy, wherein the hetwork traffic flow was assumed to 
have similar characteristics to the flow of an electrical 
current through a circuit; in particular, both tend to follow 
the path of least resistance. The basis for this hypothesis 
was that network traffic flow and electrical flow are both 
subject to pressures which induce flow and resistances which 
impede flow. The theory of the model states that when a 
change is introduced into the electrical circuitry Of the
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model, the flow of current through the model will redis
tribute in a fashion analogous to that which occurs in a 
traffic stream.

Historical Background

The prediction of network traffic flow by simula
tion is of recent origin. Early attempts at traffic analy
sis were concerned only with volume counts, the. first being 
made in the United States in 1885 (4,p.3). Chicago in 1916 
conducted one of the first large scale cordon-line counts 
(4,p.3). In 1923, with the. introduction of the first auto
matic counters, traffic volume counts became a standard 
traffic evaluation tool extensively used by states and urban 
areas. By the end of 1928 transportation surveys had been 
completed in seven states and two metropolitan areas (4,p.7).

VThese studies included origin and destination (O and D) 
studies, truck weights, trip purpose, and a variety of other 
information relating to traffic movement. From this data 
the foundations for the forthcoming, highway planning stud
ies were laid.

In the early 1930's engineers and economists realized 
that to efficiently and economically plan a highway system 
more and better information would be needed. Through the 
Federal Aid Highway Act of 1936, one and a half percent of 
the Federal aid funds could be used for highway planning
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and research. Using these funds, state-wide planning 
studies were started in forty states. These studies 
attempted to provide data for sound highway planning and to 
estimate the cost of necessary improvements to correct 
critical deficiencies in the highway systems. In reviewing 
the literature of this era it was noted that although mas
sive amounts of data relating to network traffic flow were 
collected, analysis of the data was primarily restricted to 
tabulation and pictorial flow map presentations.

During the early war years (1941 - 42) origin and 
destination information began to be used for predicting by
pass traffic in cities. Prior to this time the primary use 
of these 0 and D studies had been for preparing desire line 
graphs, which pictorially depict traffic volumes by band 
widths. By the end of the war this method was becoming 
widespread. One of the first reports ever made in which 
flow bands were used to aid in the location of an express
way was prepared by H. W. Lochner and Company for the City 
of Louisville, Kentucky in 1944 (4,p.181). During the next 
six years, many states and cities followed suit, undertak- • 
ing massive origin and destination studies. Many of these 
studies were combined with other surveys such as time-delay, 
parking, and physical inventories. It was not until about 
1948 that an apparent trend began to appear in using this 
ifiassive amount of data to analyze specific routes and to 
predict traffic movements (4,pp.234-245).
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Entering the 1950 * s traffic assignment became an 

important tool in highway planning. Traffic assignment, the 
estimated allocation of traffic flow to a transportation 
facility, was used to serve as:

1. a method of testing expressway proposals for 
their ability to serve the needs of an area.

2. a basis for determination of the best location 
for an expressway.

3. a means of establishing criteria necessary for 
geometric design.

4. a basis for benefit-cost appraisal of a system.
5. a tool in establishing construction priorities 

(4, p . 8) .
Considerable auxiliary studies and surveys were necessary 
before a traffic assignment could be made. Some of these 
studies included: origin and destination, time-delay, .
traffic volume, inventories of existing facilities, and 
land use studies. Once all data had been collected and i
compiled the laborious task of hand assigning the traffic 
to the system began.

These early assignments required: manually tracing 
and accumulating the traffic over the system in accordance 
with the demands as generaged by the 0 and D study. The 
assigned routes were generally on a leased time basis; .but
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safety, congestion, tolls, and other factors were con
sidered. For assignments to expressways, diversion curves 
relating distance, speed, and time ratios were developed 
(5,p.190). The diversion curves helped speed up the pro
cess by reducing decision time, but traffic assignments 
remained a laborious, time consuming, and expensive task 
until the advent of the electronic computer.

Computer techniques became available for traffic 
simulation in the early 1950's (6,p.73).. With high speed 
electronic computers, mathematical simulation of traffic 
flow became a practical reality for the first time and soon . 
outmoded hand tabulation methods. While a complete dis
cussion of the many diverse computer techniques for flow 
analysis is beyond the scope of this dissertation, a brief 
history and review is necessary to appreciate the simplicity 
of electrical circuit simulation of network traffic flow.

Comprehensive transportation studies became manda
tory in 1962 for all urban areas over 50,000 population if , 
the area was to continue receiving Federal-aid funds (7,p.l). 
The Detroit Metropolitan Area Study was the first of the 
large comprehensive studies, having its inception in 1954 
(8,p.44). The Detroit Study was soon followed by the 
Chicago Area Transportation Study (CATS) and the Pittsburg 
Area Transportation Study (PATS) (9,p.A-2). Gradually the 
methodology for conducting comprehensive transportation
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studies has evolved from the diverse ways of these earlier 
studies into what might be called a. standard format.

The urban travel forecasting process now consists of 
four intergrated steps: 1) the inventories, 2) the analy
sis of existing conditions and calibration of forecasting 
techniques, 3) the forecast, and 4) systems analysis 
(10,p.I-l).

I. Inventory
1. Location of streets to be included in model
2. Physical dimensions

a. Length
b. Width
c. Number of lanes 1

3. Average speed in both peak and off-peak, hours
4. Data necessary for capacity calculations

a. Signalization -
b. Parking restrictions 

. c. Direction of travel
5. Existing traffic volumes

a. Street volumes
b. Internal cordon counts
c. External cordon counts

II. Socio-Economic and Land Use Data
1. Population by age group



2. Average family income
3. Labor force
4. Employment by industry and occupation
5. Land area by type
6. Car ownership
7. Number of dwelling units

III. Travel patterns
1. Zohe-^to-zone movements by trip purpose 

(origin and destination)
a. Work
b. Business
c. School
d. Social
e. Recreational
f. Medical

2. Zone-to-zone movement by vehicle type
a. Automobile ..
b. Truck
c. Taxi.
d . . Mass transit

The data collected in the studies, as previously out
lined, form the basis for preparing the simulated street net
work and the trips to be distributed over that network. The 
mathematical network consists of centroids, nodes, and links. 
A centroid is the locus for all traffic generated from or
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attracted to a traffic enumeration zone. From a centroid, 
traffic is loaded onto a network at a node which is a 
junction point between two or more links. Links are the 
connection between nodes and represent the street system. A 
link has a length, a defined or computed travel speed, and 
may or may not have a capacity restraint. The completed net
work must be checked for improper coding, illogical minimum 
time paths, and travel times.

The assignment of trips to the network is done in 
conjunction with a traffic distribution model. The mathe
matical distribution model estimates the zonal trip inter
changes in relation to the type and extent of transportation 
facilities available, land use, and socio-economic consider
ations (10,p.1-3). Of the many proposed distribution models 
the following are perhaps the best known:

1. Gravity Model
2. Competing Opportunities Model
3. Intervening Opportunities Model
4. Fratar

The Gravity Model was, as its name implies, adapted from the 
gravitational concept, as advanced by Newton in 1686 (9,p.1-9). 
It postulates that trip interchange between zones is depend
ent upon the relative attraction of each of the zones and 
upon some function of the spatial separation between zones 
(9,p.1-9). The Competing Opportunities Model concept states



that the probability of a trip that originates in one zone, 
finding a destination in another zone, is the ratio of the 
trip destinations in the other zone to the trip destination 
between the zone of origin and the same time band which con
tains the zone of destination (9,p.1-6). The Intervening 
Opportunities Model has been used in Chicago, Pittsburgh, 
Buffalo, and elsewhere (9,p.1-3). It is also a probability 
model based on the premise that in urban travel, total travel 
time from a point is minimized, subject to the condition that 
every destination has a stated probability of being accepted. 
"The model states that the probability of a trip originating 
in one zone, finding a destination in another zone is propor
tional to the possible trip destinations in the other zone 
and to the number of trip origins which have not previously 
found a destination" (9,p.1-3). In comparison to the pre
viously described models , Fratar is perhaps the simplest.
It is a growth factor technique wherein trips determined by 
the surveys are factored either up or down in accord with 
the potential growth of the zone to which the trip is 
attracted (9,p.III-4).

Regardless of which of the trip distribution models 
are used, considerable manual labor is involved in preparing 
the data for computer simulation. Before any of the distri
bution models can be, used, all data, including the network, 
must be coded, keypunched, verified, edited, and assembled.
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Only after all data are in acceptable form for computer use 
can any simulations of traffic flow be made. The simulation 
process in brief consists of the distribution model distri
buting all trips on a zone-to-zone basis. These trips are 
assigned a route (trip assignment) through the network and 
summed. At the1end of a run, the trips are printed out on a 
zone-to-zone basis with accumulations including turning move
ments shown for all links in the network. Information from 
these printouts are hand tabulated (posted) onto maps of the 
network. .

Traffic Flow Theory

. The term traffic flow has been widely used but re
mains subject to a wide variety Of interpretations. The 
Highway Capacity Manual defines "rate of flow", "interrupted 
flow", and "uninterrupted flow" (ll,pp„16,17). These defin
itions suggest by the words "interrupted" and "uninterrupted" 
that traffic flow is a term not only of quantity but of 
quality also. Berry in The Traffic Engineering Handbook 
appears to use traffic flow as being synonymous with volume 
(12,pp.147-222). Whereas this model will be restricted to 
quantity rather than quality of flow, the term traffic flow 
herein will mean a volume of traffic per given time period.

The study of network traffic flow can be divided into 
three segments: 1) factors which create trips, 2) traffic
volumes, and 3) resistances which impede the flow of traffic.
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According to Schmidt and Campbell;
"Man has many motivations for travel= His 
gregarious instinct, his inherent curiosity, 
his socio-economic requirements, and many 
other tangible, physical, and psychological 
factors combine to provide motivating in
fluences— to push and to pull, and to put him 
on the go (13,p.1)."

"Prime factors affecting traffic movement in
clude trip purpose, opportunity, length of 
trip, freedom of movement, and economic level1 
of vehicle owner. Other factors contribute to 
influence the magnitude of frequency, directions 
and distance (13,p.3)."

Thus at any given point in time there will be a volume of 
traffic moving through a highway network which in all prob
ability will be less than the potential traffic which might 
exist if all conditions were ideal. The reasons for less 
than ideal conditions are as varied as the initial motivation 
for the trip and include lack of motivation, inclement 
weather, time of day, and even the traffic stream itself by 
being congested.

The volume of traffic passing a given point during a 
given interval consists of the sum of individual drivers who 
by choice or design arrive at that point during a given time 
period. When modifications are introduced into a highway 
network, the normal daily traffic pattern will be altered. 
The change in volume on a link of the network can be sub
divided into the following components:
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1. Diverted traffic which has changed from its 

original path to another route without a change 
in origin, destination, or mode of travel.

2. Converted traffic which has made a change in 
mode of travel.

3. Induced traffic which did not previously exist, 
but resulted from a new or improved facility.

4. Shifted traffic created by shifts in origins or 
destination, usually caused by changes in land 
use.

5. Facility-created traffic generated by the facil
ity.

6. Translated traffic having a change of mode en- 
route (13,p.5).

Predictions of changes in network traffic flow pat
terns have generally been based on origin and destination 
studies. 0 and D studies by either the roadside interview 
or home interview methods are time consuming and costly. In 
turn, they are historical records .of. terminal points and do 
not normally specify routes actually usedi Predictions of 
network traffic flow to be expected as the result of a 
change to the system requires the use of a method for assign
ing traffic to a given route.

Traffic Assignment.

According to Smock: "Before the introduction of
traffic assignment, highway planning tended to proceed on
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the basis of estimates of percentage increases in the loads 
to be carried by individual existing roads (14,p. 12)." Smock 
also agrees with Mladinov and Hansen (15,p.60) and others that 
traffic assignment as a viable tool began with the advent of 
the 0 and D study. These earlier traffic assignments were 
undertaken manually and as confirmed by Carroll were always 
time consuming and a tedious process (16,p.76).

From the early manual assignment methods of the 
1940 Vs, traffic assignments apparently moved directly into 
machine processing as reported by Campbell (17,p.27). No 
mention, direct or indirect; could be found relating to the 
use of electrical simulator models. Campbell in 1956 stated 
that experimentation and research leading to a traffic simu
lation model was needed (17,p.41). Various simulation models, 
as discussed earlier in this chapter, were finally developed 
for use on the electronic digital computer,

Regardless of the process used, i.e., manual, machine 
or electronic computer, traffic assignments have been de
pendent on O and D information. The two trip ends would be 
identified and with present methods distributed by one of the 
distribution models. Two methods are in general use for 
assigning the trips to a given route. They are 1) all or 
nothing, and .2) diversion curves. The all or nothing meth
ods assigns all traffic to the route having the least travel . 
time, least travel cost, or least distance, whichever was set
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as the basic criteria (18,p.1). For example: if least
travel time was set as the basic criteria, under the all- or - 
nothing approach all traffic between two zones served by a 
proposed freeway would be assigned to the new facility. His
torical records indicate that no matter how much time will be 
saved there will be some "non-users" of the new freeway 
(18,p. 2) „ Diversion curves, based on historical records, 
provide an estimate of the percentage of traffic that will be 
diverted to the new facility as determined by the ratio of the 
basic criteria of the new facility to the old.

Because of the massive amount of data and time re
quired to undertake a traffic assignment of a highway net
work, most assignments are made as forecasts (usually twenty 
years) to aid planners and design engineers. Campbell re
ports that for one city the assignment took over a year to 
complete (17,p.27). Few studies have been undertaken to 
check the validity of the assignment process with time. One 
such study by Huber, et al, in 1968 was reduced, to two use- 
able sets of data with approximately one hundred other stu
dies being rejected for one or more of the following reasons:

1. Failure.to build or complete the system.
2. Scanty information about the base year.
3. Absence of follow-up studies.

.. 4. Incompatability of data where before and after 
studies had been made (3,p.6).
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Errors in the assignment procedures varied, as shown, for 
example, by Table 53 of that report, from ’-494%. to +25.5% 
(3,p.58) .• The sources of error were considered to be many, 
ranging from errors in the basic 0 and D data to and includ
ing the estimates of future population and economic activity„ 
It perhaps can best be summed up by their remark that 
"traffic assignment is considered to be more of an art than 
a science (3,p.58)."

Traffic assignment techniques currently are dependent 
on historical data and do not sufficiently account for human 
behavior. The reasons for an individual driver's choice of 
route are as varied as their initial motivation for the trip. 
To attempt to enumerate all the human behavior variables 
associated with a choice of route would be a task, which if 
not impossible, would be one suitable only for comprehensive 
studies of large scope and duration. The magnitude and 
nature of these variables preclude attempting to determine 
them for normal evexyday operational work in prediction 
changes in network traffic flow patterns caused by a modifi
cation to the system.

The electric circuit simulation of traffic flow 
through a network removes the need for the massive, time- 
consuming amounts of data currently required by existing 
methods. Through using only traffic volumes counts and 
turning movements, a model can be kept current and ready 
for use. *
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Volume Studies

Traffic volumes are the basic unit of measurement 
used to define network traffic flow patterns. Other units 
have been used. Haynes found that density, or concentration, 
was an independent element of the traffic stream (19,p.78). 
Acceleration noise defined as the root-mean-square of the 
acceleration of a vehicle was successfully used by Humphrey 
to measure the interaction between driver, road, and traffic 
condition (20,p.2). Speed-volume studies were undertaken 
utilizing motion picture techniques by Keese, Pinnell, and 
McCasland (21,.pp<: 73-131) . Other types of studies including 
the floating-car technique have been used by others, but 
the basic volume count of traffic remains the universal 
traffic engineering tool available to all.

Traffic volumes are obtained through hand talleys 
using pencil and paper; manually operated mechanical count
ers; and automatic counters. Whereas in the manual methods 
the recorder serves as the vehicle detector, other forms of 
vehicle detection must be used with an automatic counter. 
Detection devices commonly used today include actuation by 
pneumatic means, electric eye, sonar, radar, and magnetic 
flux. In each case the detector actuates the counter which 
records the event on a dial, printed tape, or punched tape 
machines record the events according to a predetermined time 
interval.
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Traffic volumes generally follow three cyclical vari

ations: hourly, daily, and seasonal. Of the three, hourly
variations are the most pronounced. A typical hourly traffic 
variation for a weekday is shown in Figure 1A. Traffic 
volumes for an average day start to increase at about .6:00 
a.m., reach a peak by 9:00 a.m. and taper off somewhat until 
about noon when traffic volumes begin to increase again. 
Afternoon traffic volumes are usually higher than morning 
hours due to a steady accumulation of trips during the day. 
This accumulation of trips accounts for the steady rise in 
volume in late afternoon reaching the major peak volume of 
the day between 4:30 and 6:30 p.m. , for most areas. After., 
the dinner hour traffic, a minor peak is frequently noted 
shortly after the last of the entertainment centers close 
at 12:00 or 1:00 a.m.

Characteristic curves of weekly traffic fluctuations 
are shown in Figure IB. The pattern tends to sag on mid
week days and increase oh Monday, Friday, and Saturday.
Monday and Friday increases are attributed to salesmen, 
truckers, and other traveling workers leaving from and re
turning to their homes. Saturday traffic volume increases 
are due primarily to shopping, social, and recreational 
trips.

Seasonal travel pattern characteristics are shown in 
Figure 1C. Variations by season are dependent on
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geographical and recreational considerations. Traffic vol
umes in northern areas such as New England usually have 
peak traffic volumes occurring in July and August and minimum 
volumes in January and -February. Southern climates, Tucson, 
Arizona, for example, reverse the process exhibiting peak 
volumes during the winter months and minimum volumes during 
the summer. Air conditioning for automobiles and develop
ment of winter sports may in the future have a tendency to 
reduce the peak seasonal variations.

Whereas the cyclical variations of traffic volumes 
are important, maximum hourly traffic and average daily 
traffic are the values most commonly employed in operation, 
design, and planning (10,p.80). Maximum hourly volumes are 
determined from inspection of traffic count data and are ex
pressed as peak, hour volume (PHV) with units of vehicles per 
hour. Average daily traffic (ADT) is determined by dividing 
the total traffic counted for one year by 3-65 days and has 
units of vehicles per twenty-four hours. Traffic volumes, 
PHV, and ADT, are the aggregate demand for the use of the 
highway facility. The ability of the facility to handle a 
predicted or measured traffic demand is a function of the 
capacity of the facility. '

Capacity

The capacity of a highway is a measure of its 
ability to accommodate traffic and is defined as:" . . .,
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the maximum number of vehiples which have a reasonable 
expectation of passing, over a given section of a lane or 
a roadway in one direction (or in both directions for a 
two lane or a three lane highway) during a given time period 
under prevailing roadway and traffic conditions (11,p.5)
Under ideal conditions the capacity of a multilane highway is 
considered to be 2,000 passenger vehicles per hour per lane 
(11,p.76)» Factors which reduce capacity include trucks, 
width of roadway, horizontal obstructions, parked vehicles, 
and the. traffic stream itself. There is a definite relation
ship between capacity and speed. As speed increases from 
zero, capacity increases, and reaches a maximum at approxi
mately 35 MPH where the headway (spacing) between vehicles 
increases, resulting in decreased capacity. Qualitative 
measures of the effect of the factors, including speed, which z 
govern capacity are stated in terms of levels of service.

Six levels of service identify speed and volume 
conditions (11,p.80). They are designated as levels of ser
vice A through F and are defined as follows;

A. Condition of free flow with low volumes and high 
speeds ?

B. Zone of stable flow, operating speed somewhat 
restricted; -

C. Speeds and maneuverability closely controlled by 
higher volumes;
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D. Approaches unstable flow, with tolerable speeds 

although considerably affected by changes in 
operating conditions;

E . Unstable flow, with stoppages of momentary dur
ations;

F. Forced flow conditions at low speed.
Levels of service are determined for any given section of 
highway through their operating speed —  v/c ratio, demand 
volume to capacity, relationship. Operating speed is defined 
as the highest speed at which a driver can travel on a given 
highway under favorable weather conditions and under prevail
ing traffic conditions without at any time exceeding the safe 
speed as determined by the design speed on a section by sect
ion basis (11,p.15). The v/c ratio, equals the existing or 
predicted traffic volume on a section of highway divided by 
the capacity of that Section. Capacity is computed by multi
plying 2,000 VPH by appropriate factors based on conditions 
less than ideal. From reference (11,p.294) it can be stated 
as:

c = 2,000 NWTC

in which
c = capacity (mixed vehicles per hour one direction)
N = number of lanes in one direction (dimensionless)
W = adjustment for lane width and lateral clearance 

(dimensionless)
Tc = truck factor (equivalent automobiles per truck)
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Other factors such as those for grades, parked vehicles, 
traffic signals, etc. are applied as required to adjust the 
capacity of the section in accord with frictional factors 
which exist on or along that section.

Traffic Flow

Traffic flow (volume per given time period), because 
it does not obey natural laws, can not be predicted with abso
lute certainty. Actual traffic flow can be measured by manual 
counts or mechanical vehicle counters. Boundary conditions 
can be estimated for a given section of highway through 
capacity and level of service analyses. While the actual 
counts give a measure of present conditions and capacity 
gives estimates of the maximum condition, neither method 
furnishes a direct means of estimating future traffic flow.

The smallest increment of traffic flow is the indi
vidual trip. Regardless of purpose, each trip has one thing 
in common with all others, in that each, by definition, must 
have two ends; i.e., an origin and a destination. Between the 
two trip ends, the individual trips will vary: according to 
routes taken, travel speed, and length of trip. Except when 
a driver might be restricted to a specific route by a bridge 
or tunnel crossing, he will normally have a wide range of 
routes to choose from. Variables influencing a driver's 
choice of route are also practically limitless and include 
all of the permutations evolving from the physical
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characteristics of the facility such as speed limits and one
way streets; and the realm of purely personal preference 
including personal stress and aesthetics. The aggregate sum 
of these variables combine to form the impetus for the num
ber of trips which might occur between two points.

At any given point in time there exists a potential 
number of trips between two points, but all of which will not 
occur. Some will be cancelled because of insufficient moti
vation, and others because of time of day, weather, traffic 
volumes, etc.. The trips that do occur become the traffic 
flow. The causes which create a reduction from potential to 
actual traffic flow can, with few exceptions, such as me
chanical failure, can be attributed to human behavior. 
Therefore, it can be stated that traffic flow is dependent 
on human behavior and consequently predictions regarding 
traffic flow are subject to human behavioral characteristics.

Standard traffic flow equations, for example as 
given in the "Traffic Engineering Handbook", indicate such 
relationships as speed-density to traffic flow (12,pp.l79- 
182). Traffic flow equations could not be found which indi
cated relationship between human behavior and traffic flow. 
Since this relationship of human behavior to traffic flow is 
so complex, it would be extremely difficult if not impossible 
to express in equation form. Even if such a traffic flow .
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equation could be written, the predictive formula would 
still remain subject to the limits of prediction of human 
behavior.

Electrical Theory

When an electrical source of energy is connected to 
a wire in such a manner as to form a complete circuit, a 
current will flow through that wire. The potential differ
ence between the terminal or any two points in the circuit 
is the force required to transport the electricity between 
the two points and is measured in volts. The magnitude of 
flow of electricity, the current, is measured in amperes. 
Opposing the current is the resistance of the. conductor to 
the flow of current. Resistance is defined as the ratio of 
potential difference to current and is measured in ohms 
(22,p.3).

In a circuit consisting of only resistors, voltage, 
resistance, and current obey a principle known as Ohm's Law: 
"The ratio of the potential difference to the current is a 
constant" (22,p.47). Ohm's Law can be written as follows:

V = IR
where

V = voltage (volts)
I = current (amps)
R = resistance (ohms)
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Ohm's Law furnishes the basis for the study of circuits con
taining only resistance and is applicable to an entire cir
cuit or to any part of a circuit that does not contain a 
source or a sink of current (22,p.66).

A circuit can be composed of resistors in series, in 
parallel, or both series and parallel. When a circuit con
sists of resistors in series only (Figure 2A) the following 
conditions prevail:

1. The current in all parts of a series circuit is 
the same.

2. The voltage across a group of resistors connected 
in series is equal to the sum of voltage across 
the individual resistors.

3. The total resistance of a group of conductors 
connected in series is equal to the sum of the 
individual resistance.

In reference to Figure 2A the above statements can be writ
ten as:

I = constant

V 1 = IR1 V 2 = IR2 V3 = IR3 
V = IR, + IR, + IR, or V = V- + V- + V 3

and

I = «! + R2 + R3 
therefore

R = R1 + R2 + R3
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For parallel connection of resistors (Figure 2B) conditions 
change somewhat.

1. The currents in the various resistors are differ
ent and are inversely proportional to the resis
tance. The total current (I) equals the sum of 
the currents.

2. The voltage across each resistor of a parallel
combination is the same across any other resis
tor. Plus, the voltage across each separate re
sistor is identical with the voltage across the 
whole group considered as a unit.

3. The reciprocal of the total resistance of a num
ber of resistors connected in parallel is equal
to the sum of the reciprocals of the separate 
resistances.

This can be written as:
Since V is constant
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Therefore:
1 _ 1 , 1  , 1
R R 1 R 2 r 3

When a circuit contains resistors in both series and 
parallel (Figure 2C) the stated relationships remain valid. 
Such a system is termed a network and can be solved by re
solving the component parts into equivalent resistances. 
Unfortunately, circuits containing only resistance can be
come extremely complex, requiring the solution of a large 
number of simultaneous equations. This problem also occurs 
in the network necessary for traffic simulation.

Solutions to electrical circuits containing only re
sistances are obtained through Ohm's Law. In solving elec
trical networks, Ohm's Law is further supplemented by 
Kirchoff's Current Law and its corollary. Kirchoff's Cur
rent Law states: "The sum of instantaneous currents at a
junction must equal the sum of the instantaneous currents 
leaving the junction (23,p. 310)." Together, Ohm's Law and 
Kirchoff's Current Law provide the means for solving electri
cal circuits containing resistors in series, parallel, and 
combinations of resistors in series and parallel. The re
lationship between voltage, current, and resistance as 
stated by Ohm's Law in conjunction with Kirchoff's Current
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Law regarding the flow of current at a junction point form 
the basis for the traffic flow simulation mode.

Electrical Circuit Model

Through simulation, studies of the network traffic 
flow can be transferred from the field to the office and com
pressed in scale and time. Three simulation techniques were 
investigated as a basis for this model. They were 1) man
ual methods, 2) simulation by mathematical formulation with 
solution through use of digital computers, and 3) simulation 
by analogy. Manual techniques were found to be highly labor
ious, time consuming, and the accuracy of the method de
creased rapidly with an increase in complexity of the net
work. Mathematical simulation models for solving.traffic 
flow problems have been developed and used successfully as 
shown earlier in Chapter II, and as reported by Wagner, 
Barnes, and Gerlough (24,pp.7-10). The two major points 
considered to be detrimental to simulation by digital com
puter techniques were 1) excessive amount and cost of data 
required, and 2) availability of the computer for everyday 
operational problems. This approach was considered to be 
effective for large scale planning studies but was not, at . 
present, suitable for normal everyday type operational work. 
The remaining method, simulation by analogy, was considered 
to meet the availability requirement, if a model could be 
produced within the cost and scale constraints.
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"Analogy models", as defined by Truitt and Rogers, 

"are devices that behave in a fashion analogous to others... 
They are not models in the sense of scale models. They bear 
no resemblence to the primary system except that some charac
teristics of the one, changes in a manner analogous to the 
variations of some characteristic of the other (25,p.7)."
The common home thermostat can be considered an example of 
an analog model. The thermostat maintains the house temper
ature within tolerable, limits in a manner analogous to human 
behavior.

Drew and Keese have presented an analogy between 
traffic flow and fluid flow (26,p.14). Their theory regards 
traffic flow as a one-dimensional compressible fluid, how
ever no mention was made of any working models based on this 
theory.

No reference could be found where any attempt had 
been made to simulate network traffic flow by analogy to the 
flow of current through an electrical circuit. Considerable 
work in this area has been done in regards to ground water. 
Luthin, as early as 1953, reported on using an electrical 
resistance model for solving drainage problems (27,pp.259- 
274).. His model was based on the analogy of hydraulic head 
to voltage drop, rate of flow to current flow, and perme
ability to resistance. Using as many as 374 variable
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resistors arranged in a square grid system, each resistor 
was set to a predetermined value. The voltage drop between 
two points became a measure of the:hydraulic head loss. 
Bouwer, in 1962, used the same approach but increased the 
size of his model to 2,000 variable resistors .(28 fpp.15-36). 
The models appeared to give satisfactory results, but be
cause of the need to compute the resistances were quite awk
ward to use.

The earlier successes of the electrical resistance 
model proved the validity of groundwater simulation of net
works by electrical analogy. In transferring electrical 
flow analogy into a traffic flow model the basic hypothesis 
was that vehicular traffic tends to follow a path of least 
resistance. Thus/ by assuming that network traffic flow and 
electrical flow behave in a similar fashion,, electrical flow 
through a circuit can be used to simulate network traffic 
flow. The similarities between electrical flow and vehicular 
flow are shown by a comparison of electromotive force to 
potential vehicular traffic? current flow to traffic flow? 
and resistance to highway capacity.

The electromotive force (EMF) or potential differ
ence between two points was assumed to be analogous to vehic
ular trip generation. A vehicular trip will be generated 
only when the attractiveness between the two points creates 
sufficient motivation to create the trip. With an
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electrical current flow in amperes was considered to be 
analogous to vehicular traffic volumes, In the same respect
the combination of frictional factors as described in the

\
discussion of highway capacity and human behavior are simi
lar to electrical circuit resistance as both are measures of 
a retarding effect.

Other similarities between the flow of electrical 
current through a circuit and network traffic flow also 
exist. They are:

1. Given a set boundary and a sufficient time 
interval, it can be assumed that the vehicles 
entering an area will equal the vehicles leaving. 
the area. Neglecting heat losses this condition 
also remains true for electrical current flow 
through circuits.

2. The sum of all vehicles entering an. intersection 
must equal the sum leaving that intersection. 
Kirchoff's Law and its corollary hold that the 
sum of the currents entering and leaving a junct
ion must be equal. Traffic and current behave 
accordingly in this respect.

3. In considering any segment of a highway network 
traffic flow can be reduced by adding "friction
al factors.11 These factors might be reductions 
in lane width, parking, or many assorted other
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elements.. Electrical current flow, in accordance
with Ohm's Law reacts in the same manner.

The simularities between electrical current flow and 
vehicular traffic.flow form the basis for the hypothesis 
that: electrical current flow through a circuit can be used
to simulate the flow of vehicular traffic through a highway 
network. If this hypothesis is true, an electrical circuit 
simulation model could be constructed and used to determine 
the redistribution of vehicular traffic flow that might be 
expected to occur when a change is made in the highway net
work .

Users of the Model

The electrical circuit simulation model, by reducing 
the amount of data required for the study of network traffic 
flow and by being readily accessible, provides both practic
ing traffic engineers and educators with a practical working 
tool. Data required for operating the model consists of 
traffic turning movement volume counts which are normally 
available or can readily be obtained at minimal cost. Once 
a model has been constructed it is available on demand.

In either case, i.e., actual practice or academic 
exercise, the starting point becomes one of defining the . 
area to be.studied. The system must be defined as to the



number of streets and intersections to be modeled. All 
turning movements must be determined as well as all points 
of ingress and egress to the model. Having determined the 
configuration of the model, it can be constructed in a few 
hours. Initial turning movement.data would be obtained from 
previous field studies, new studies, or estimated. The time 
required for data collection would depend on which approach 
was used.

The primary advantages of this model occur after it 
has been constructed and calibrated to a given condition, at 
this point it would then be readily available for use. A 
traffic engineer would have instant access and could conceiv
ably evaluate several alternate network configurations before 
reaching a decision regarding changes in the system.

To the educator, an electrical circuit simulation 
model provides an inexpensive means of introducing students 
to network traffic flow theory. Through having the students 
establish the system, construct the model, and collect the 
data, they are brought into physical contact with the trans
portation system. While operating the model the student 
should become more aware of the sensitivity of such a system. 
For example, the classroom assignment could be as follows:

Investigate the redistribution of traffic flow 
in the CBD of Central City created by convert
ing Main Street and Bridge Street to a one-way 
couplet. Your street network must contain the



intersection of Main Street and Bridge Street 
with A, B, C, and D Streets. Estimates of 
traffic flow volumes shall be made by the manual 
approach method and through use of an electrical 
circuit simulation model.

Although in this assignment the system has been defined, the 
student must make a decision as to to points of loading. In 
working the assignment the student would become aware of the 
problems involving data reduction, the sensitivity of a high
way network to change, and the concept of capacity. The 
educator in turn has the opportunity to work with the student 
and to be available for answering questions as they arise.

While only one example is given, the list of problems 
would be limited only by the. imagination of the instructor.
In any case, the model provides the educator with an inex
pensive tool with very low operating' costs and one which is 
immediately available. In addition, the need for large ex
pensive amounts of data has been eliminated.

Summary

Traffic assignment techniques apparently proceeded 
from manual methods, to data processing machines, and then 
on to the electronic digital computers as no mention could 
be found in the literature regarding the use of other forms 
of simulation models. Current assignment methods require 
the use of 0 and D data to provide trip ends which are then
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distributed by a distribution model. All-or-nothing, or 
diversion curve techniques, are then used to assign the 
trips to a route. By considering the electrical flow of cur
rent through a cir'tuit to be analogous to the vehicular flow 
of traffic through a network, an electrical circuit simula
tion model could be used for traffic assignment purposes.
The basic traffic data would be volume and turning movement 
counts, thereby reducing the amount and cost of data. If 
such a model could be built and operated at a low cost, it 
could be made readily available to engineers and educators 
for the everyday type of operational study and management 
needed to operate and plan a highway network.



CHAPTER III

CONSTRUCTION, OPERATION, AND EVALUATION 
OF THE MODEL

The primary goal of this research was to develop a
model for simulating the distribution of network traffic
flow. The basic concept of the model was that of an elec
trical circuit depicting the highway with an electrical
current simulating traffic flow. This concept was based on 
the assumption that network traffic flow behaves in a manner 
similiar to the flow of electricity through a circuit; i.e., 
that both tend to follow paths of least resistance.

Construction of the Model

The electrical, circuit simulation model can be sub
divided into four basic components:

. (1) circuitry
(2) hardware
(3) power supply
(4) housing.

In designing the model each component was evaluated accord- 
ing to the constraints of safety, cost, and workability. 
Safety, for example, dictated that voltage and current be 
maintained at low enough levels such that there would be no

. ' ■■ 45 ■ , ■
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danger from electrical shock at any point on the model= Low 
first cost as well as low operating costs were considered 
necessary for the model to be competetive with computer tech
niques . Workability, which also includes operational ease 
was considered to be the largest single factor in determin
ing the success of the model. To be successful the model 
must be of a size suitable for everyday use and have opera
tional capabilities competetive with computer usage.

The model contains a circuit consisting of potentio
meters (variable resistors) connected by wires with terminals 
interspersed where necessary. By connecting the circuit to a 
power supply unit an electrical current flows through the 
circuit and simulates the movement of traffic. The magnitude 
of the current in each branch or link of the circuit can be
determined through the use of an ammeter.

Housing for the initial model was constructed of 
pegboard forming the top and bottom of an approximately 4 1 x 
4' box with 1" by 4" wood sides. The top was hinged at one 
end to provide access for wiring the circuit. For this model 
the box was painted white and a diagramatic sketch of the 
street network to be tested was drawn on the top surface.
The street network was color coded for ease in identifying 
turning movements and directional flow (see Figure 3).

Insulated copper wire of number 20 size was used for
the circuit and leads to the power supply. All junction
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Fig. 3. Photographs of South Portland Simulation 
Model



points and terminals were made with brass nuts and bolts in
sulated from the pegboard by fiber washers- The use of bolts 
facilitated making changes to the network and provided a 
means of breaking the circuit for insertion of the ammeter.
At all terminal locations .i.e., where ammeter readings were 
desired, two bolts were located in consecutive spaces and the 
connection between the bolts was made on the top surface.
All other wiring was on the bottom side.

Potentiometers used in these models were linear taper 
having a variable resistance ranging up to a maximum of 20 
ohms. They were rated at 5 watts. One half inch holes were 
drilled in the pegboard at each location where a potentio
meter was to be installed. The potentiometers were installed 
with the resistor portion on the backside, of the pegboard and 
were attached by a nut screwed onto the threaded sleeve. 
Connecting wires were soldered to the potentiometer leads.

As the circuit was partially exposed, such, as at the 
terminals and potentiometers, the danger of shock dictated 
the range of current which could be used in operating the 
model. The magnitude of current which can be dangerous to 
a human being varies with the resistance of the individual 
and their connection to ground. According to Roberge and
Wedlock, currents in excess of 0.01 amps passing through the 
body are necessary to injure a person (29,pp.1-2). Fortu
nately, they also state that human skin is not a good



49
conductor of electricity, averaging about 6,000 ohms resis
tance, with 50,000 ohms having been recorded„ With an aver
age resistance of 6,000 ohms, according to Ohm's Law 600 
volts would be necessary to force a current of 0.01 amps 
through a human body. Thus in investigating possible means 
of obtaining a source of direct current (D.G.) for operating 
the model, the standard power supply units having a maximum 
output of 1.5 amps at 30 volts were Considered to meet the 
safety constraints. These standard power supply units con
vert the alternating line current, A.C., to direct current, 
D.G.

Another restraint in developing the. model was imposed 
by equipment limitations. Each potentiometer was rated by 
the manufacturer in accordance with its maximum capability 
for dissipating energy. To protect the equipment against 
damage, the power in each line had to be maintained at levels 
below the equipment ratings. Power, voltage times current 
over a given time, can be computed from the following equa
tion:

W = VI
where

W = power in watts 
V = voltage in volts 
I = amperage in amps 

Using the above equation the maximum power available from
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the power supply unit can be computed; for example, the 
power supply unit used in testing this model was capable of 
furnishing 30 volts at 1.5 amps.
Thus with:

W = VI
when

V = 30 volts and 1 = 1 . 5  amps 
W = 30 x 1.5 = 45 watts

shows that the power supply had a capability of furnishing 
45 watts of power to the model. The total available power 
could not be utilized as the maximum rating, for the potent
iometer limited them to five watts. With the limitation of 
five watts of power and 1.5 amps, the maximum voltage per
mitted by these restrictions was computed as follows:

W = VI
when

W = 5 watts and 1 = 1 . 5  amps

V = f = 2^5 = 3.33 volts

The maximum voltage of 3.33 volts in conjunction with 1.5 
amps satisfies the equipment restraint of 5 watts at any 
given point in the electric circuit. However, higher volt
ages can be used because, although the voltage across paral
lel circuits is equal, the current divides among the paths. 
Since the current in any path will be less than the total 
current, the maximum voltage for the model can be higher



than 3,33 volts, and a reasonable voltage-amperage relation
ship can be established.

Minimum amperage to be used in the model was set by 
the availability of measuring equipment. In this case, the 
ammeter. The smallest scale available on the meter was 1.5 
amps maximum, which was further subdivided into tenths and 
hundreds. Attempting to measure amperage to greater accuracy 
than 0.01 for a circuit of this nature should not be en
couraged as the wire-wound potentiometers can not be adjusted 
to that degree of accuracy. The working range for amperage 
should be maintained between 0.01 - 2.0 amps based on con
siderations of safety and measurable quantities.

Having, determined the hardware to be used on the model, 
schematic drawings were made of the traffic movements to be 
simulated and the corresponding electrical circuit as shown 
by Figure 4A and 4B. Figure 4A indicates all turning move
ments possible at a four-legged intersection. Starting at 
point A of Figure 4A, it would be possible for a driver to 
either continue straight to D, turn right to B or turn left 
to F. Point D in contrast to the divisional point A re
presents a point of merging. Traffic from A, C, and G be
come additive at this point to form the total link traffic 
of D - I. Figure B represents the electrical circuit, 
necessary to simulate the traffic movements. Junction 
point 1 corresponds to traffic point A. The electrical
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current flows up to the point 1 and divides among the 
branches 1-2, 1-4 and 1-6 in accord with the relative resist
ance of each branch. Potentiometers are necessary on each of 
the branches to regulate the flow oi current through that 
branch. As with point F of the traffic movement diagram, 
points 6 represents the junction of current flows 1-6, 3-6, 
and 5-6 which in turn becomes the total amperage flow between 
points 6 and 11, Once the basic electric circuit schematic 
was completed, the location of all potentiometers, junction 
points, and terminals were located on the sketch.

To construct the actual circuit from the sketch re
quired scaling the sketch to fit the pegboard. All junction 
points were located on the pegboard and bolts were inserted. 
Links which did not require terminals or potentiometers were 
wired, thus forming the basic outline of the complete circuit 
The terminal bolts Were then located and inserted utilizing 
the pegboard holes wherever practical. Holes were drilled 
and the potentiometers were installed. Final wiring included 
soldering leads to the potentiometers, connecting the leads 
to the terminals, junction points, and boundary junction 
points. The boundary junction points were connected in 
parallel, i.e., all inbound (+) links originated at a common 
point, as did all outbound links (-). Leads from the common 
points (+ and -) were then attached to the power supply units.
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. Operation of Model

The development of operational techniques of the 
model involved determination of traffic data to be used, 
resolution of traffic data into useable form, and develop
ment of calibration techniques. The operational goal for the 
model was to obtain the desired proportionality between cur
rent flow in the circuit and the network traffic flow to be 
modeled with a minimum amount of effort and time.

Data depicting the movement of traffic through a net
work can, in general, be classified into two broad catego
ries, 1) actual traffic counts taken at specific points along 
the route, and .2) surveys which indicate only origins and 
destinations, not actual routes driven. Actual traffic vol
ume and turning movement counts are normally undertaken by 
most communities on a regular schedule. 0 and D studies, as 
explained in Chapter II, are expensive and usually are under
taken only for special studies. Consequently, traffic volume 
counts with turning movements at intersections were selected 
as the basic network traffic flow data for calibration pur
poses.

Calibration of the model entailed adjusting each po
tentiometer such that the current flowing through that branch 
would be proportional to the traffic flow of the highway net
work. However, before a proportionality factor could be 
determined the basic traffic data was checked for agreement
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between intersections. Sinde traffic may enter or leave be
tween intersections, and since generally the studies are not 
undertaken simultaneously, some discrepancy in traffic counts 
will normally be noted between intersections. Consequently 
the traffic count data was adjusted such that the total traf
fic volume leaving an intersection would agree with the total 
traffic volume entering the next contiguous intersection. 
Normally, these variations are small and the adjustment easi
ly handled by adding or subtracting a few vehicles to obtain 
agreement. A final check on traffic flow was made by compar
ing the sum of all inbound traffic to the total of all out
bound traffic. If the two totals are not in agreement, ad
justments must be made to one or both in order to meet the 
basic constraint that: total traffic entering the system
must equal the total traffic leaving the system.

For ease in .recording the electrical readouts, it is 
suggested that the network be coded at this time. Standard 
departmental procedures should be used. However, if none are 
available, the following procedure is suggested. Under this 
system a four-digit code is used; the first two digits, estab
lish the intersection, the third digit signifies the direc
tion, and the fourth the turning movement. Each direction,
i.e.,north, south, east, and west is assigned a code. North 
and south are coded as odd numbers while east and west are 
assigned even numbers. This method follows standard highway
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practice for numbered highway routes. Each turning movement 
is also assigned a coded number, with straight through being 
0, right turns 1, left turns 2. For example? the coded num
ber, 4431, would represent the southbound traffic making a 
right turn at intersection number 44. This system affords
the flexibility of handling ten intersections (0__, 9__) with
three digits, or ninety-nine intersections with four digits. 
This coding system can also be expanded to handle intersec
tions with greater than four legs by increasing the direc
tional and turning movement code.

The proportionality factor (ratio of traffic volume 
to amperage) was based on the analogy that traffic flow in
bound equals that which is outbound, and that the current en
tering the circuit (+) equals that leaving the circuit (-).
In the first case the traffic volumes were adjusted to be 
equal and in the second the electrical losses were assumed to 
be negligible. Three restraints govern the range of the fac
tor. They are:

1. It must be small enough to insure amperages con
sistent with safe operation.

2. The amperage and voltage to be carried within 
each link must not exceed the power rating of the
.potentiometers.

3. It must be sufficiently large to be measured with 
reasonable accuracy.



8. Connect power .gupply unit to model and with amp
erage set at level required to simulate traffic 
flow in network, check model for short circuits.

9. Select any inbound boundary point as a starting 
location and sequentially adjust all other in- . 
bound boundary points to desired reading. Main
tain total amperage at all times by adjusting 
power supply unit. Continue sequentially until 
all boundary conditions are set at desired read
ings.

10. Proceeding inward from the boundary conditions, 
adjust each potentiometer in turn to approximate
ly its correct reading.

11. Check (adjust if necessary) boundary conditions.
12. Continue steps ten and elevert until all potentio

meters are adjusted to desired readings. Approx
imately three iterations will normally be required.

Note: All readings are taken by an ammeter inserted
into the circuit beyond the potentiometer. Alliga
tor-type clamps were used in the initial model but 
were discarded in favor of a .spring-type circuit 
opening mechanism.

There exists for a complex circuit of this nature a 
number, possibly an infinite number, of solutions satisfy
ing Ohm's Law. For Ohm's Law (V = IR) to be valid, any
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be 200 vehicles/0.01 amp, resulting in a total amperage of 
1.29 amps.

,Calibration.Procedures

The goal of this calibration procedure is to reduce 
the number of iteration of resistor adjustments necessary to 
obtain convergence of the current to the simulated traffic 
flow. The following procedures, depicted by the flow 
chart. Figure 5 S 6, were found through experimentation to 
be satisfactory.

1. Code all turning movements.
2. Adjust turning movement counts to obtain contin

uity between intersections.
3. Check total of inbound traffic (entering model) 

to outbound traffic (leaving model), total in
bound must equal total outbound.

4. Determine proportionality factor (ratio of traf
fic volume to amperage). Adjust factor for work
ability.

5. Convert traffic counts to amperage by multiply
ing by proportionality factor. Check total am
perage in versus total amperage out (adjust if 
necessary).

6. Set all inbound boundary potentiometers at maxi
mum resistance.

7. Set all internal and outbound potentiometers at 
minimum resistance.
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With respect to the three restraints, restraint num

ber one relating to safety was met by establishing the maxi
mum allowable amperage at 1=5 amps. Restraint number two, 
based on the 5 watt power ratings of the potentiometers, 
was calculated to be 3.33 volts at 1.5 amps. The final re
straint regarding accuracy of measurements was determined by 
the lower range of the ammeter which was 0.01 amps. Thus/ 
the upper limits for the model were established to be 1.5 amps 
at 3.33 volts to be measured in increments of 0.01 amps.

The proportionality factor was established as the 
traffic volume represented by each 0.01 amp. Since the total 
traffic volume inbound equals the total traffic outbound, and 
the total current in equals the total current out; the ratio 
of total traffic to total current in either direction equals 
the proportionality factor. To simplify converting traffic 
volumes to amperage and vice versa, the factor should be set 
with their conversions in mind. For example, assume total 
inbound traffic equals 25,800 vehicles per unit of time. 
Maximum allowable amperage equals 1.5 amps. Thus, one solu
tion would be to divide the 25,800 vehicles by 1.5 amps to 
obtain 17,200 vehicles/amp, or 172 vehicles/0.01 amps. This 
ratio would be awkward to convert and would require operating 
the equipment at its maximum limits. Therefore a more real
istic factor would be to increase the vehicles/0 = 01 amps and 
thereby decrease total amperage. A reasonable figure might



60

S K E T C H  MODEL 
CODE ALL TURNING 

M O V E M E N TS

\ /

p>-
ADJUST ALL TURNING 

MOVEMENTS FOR 
C O N T IN U IT Y

\

/  Nqxro

/

talX
O IJ X

/Y E S

^  N N  =

\

r> -
C O N VERT TRAFFIC  

VOLUMES TO AMPS 
(TRAFFIC VOLxPROPF)

\

^  N O x ^ r n -

/

F XfalXoû x
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change in resistance must be accompanied by a corresponding 
change in I or V. In operating the simulation model, I (am
perage) is held constant and V (voltage) is allowed to fluc
tuate with R (ohms)- Thus, as any potentiometer is adjusted, 
the increased or decreased resistance in that segrtient of the 
circuit will result in a change in current flow (amps)- In
troducing additional resistance to a segment of the circuit 
ahead (direction of current flow) of a potentiometer will ap
pear to aid in obtaining a desired amperage setting- Occa
sionally this procedure would work, but generally it defeats 
its purpose by introducing added resistance to a leg (link) 
previously adjusted. This added resistance often creates a 
situation in which the potential difference across that link 
drops to zero (or goes negative) resulting in zero current 
flow. Whenever a zero current flow condition Was encountered 
an attempt was made to reduce the resistance ahead of that 
point until a current starts to flow. In some rare cases, 
particularly for internal links, where a very low amperage 
should join a very high one, the problem becomes insur
mountable with some loss of accuracy resulting.



Evaluation of the Model

Evaluation of the hypothesis that an electrical 
circuit simulation model could be used to determine the 
redistribution of vehicular traffic flow was conducted in 
three phases which were:

Phase I : Preliminary evaluation of the
redistribution of traffic flow 
at a junction point.

Phase II: Evaluation of the calibration
procedures.

Phase III: Evaluation of the operational
concepts and comparison of model 
results to actual traffic flow 
data.

Phase I

The purpose of Phase I was to evaluate the model in 
its simplest form and determine if on a logical basis the 
model could be expected to redistribute an electrical cur
rent in a manner similar to that of vehicular traffic flows. 
The model was considered to be a single junction point with 
an input lead dividing into three branches. If electrical 
circuit theory coupled with a basic test should indicate
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that a logical comparison did in effect exist, it would be 
considered sufficient evidence to warrant further testing of 
the model.

The single junction point configuration would be 
analagous to one approach leg of a normal four-way inter
section. A driver approaching such an intersection has 
three options: (1) proceed straight through; (2) turn left;
and (3) turn right. If for some reason one of the options 
should be restricted, the driver must by necessity choose a 
secondary route. The net result will be a redistribution of 
traffic flow in that area. For this phase of the evaluation 
of the model to be successful, the redistribution of current, 
flow must simulate a theoretical redistribution of traffic 
flow in a reasonable manner.

Phase II

Phase II consisted of an evaluation of the calibra
tion procedures developed for operation of the model. This 
evaluation was developed to determine: (1) if a full size
model could be calibrated to a stated condition; and (2) if 
the calibration procedures could be completed in a reasonable 
amount of time with a reasonable amount of effort. The 
major problem associated with calibrating the model results 
from the change in total resistance within the model when
ever a potentiometer is adjusted to meet a given condition.
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Due to the complexity of the model1s circuit it becomes 
difficult to predict the resulting effect an adjustment to a 
potentiometer at one point will have on the overall model. 
Without a specific procedure developed to produce convergence 
of current flow to a desired state, divergence may occur 
making it impossible to calibrate the model.

.Phase III

Phase III of the evaluation of the electrical cir
cuit simulation model was developed to test operational con
cepts as well as the basic hypothesis that an electrical 
current could be used to simulate the flow of vehicular traf
fic. Six major areas requiring consideration or evaluation 
were isolated. They were:

1. Reduction in total amperage due to heat loss, 
equipment limits, and human error;

2. Determination of the value of total amperage 
to be used in the after study;

3. Evaluation of the redistribution of current
with respect to total amperage;

4. Establishing of a procedure for introducing
new circuits after calibration;

5. Evaluation of the hypothesis that an electrical 
current flow can be used to simulate traffic 
flow, and;
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6. Evaluation of results obtained from the 

model in terms of highway capacity.

First on the list of items to be evaluated was the 
reduction in total amperage due to heat loss, equipment 
limits, and human error. It was expected that a reduction 
in amperage would result from heat loss due to the resis
tances of the circuit wires, the potentiometers, and the 
ammeter. Other losses could result from inherent inaccura
cies of the ammeter and the possibility of human error in 
reading and recording results. Total model losses would be 
equal to the sum of the individual losses as determined by 
computing the difference between the total amperage entering 
and leaving the model. The total model loss was. not expected 
to be significant.

The next three evaluation areas, pertain to the 
operation of the model. These areas involved: the need to
determine the value of total amperage required for operating 
the model after a change has been made in the circuit; the 
redistribution of current flow with respect to total amper
age; and the procedure to be used in introducing new circuits 
into the model.

In the normal operation of the model following the 
calibration procedure the circuit would be modified to simu
late a change in the network. A change in the model would
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then be made in the form of either an addition or a deletion 
to the 'original calibrated circuit. This modification to 
the circuit would probably change the total resistance of 
the circuit and would, if voltage was held constant, result 
in a chahge in total amperage entering the model. Since . 
total"amperage is equal.to total vehicles entering the model, 
if the model is to accurately simulate a given or expected 
event, total amperage, must be reset to the value required 
for simulation or a new volume to amperage conversion factor 
must be computed. Normally this would not present a problem 
as total amperage would be reset to the calibration figure, 
since it could be assumed that total traffic for the after 
study would be equal to total traffic as determined by the 
before study. However, in cases where it would be known 
that total traffic for the after study was not equal to the 
before study, total amperage must be estimated.

Although the model can not be expected to have 
predictive powers, it was deemed necessary to evaluate the 
redistribution of current with respect to total amperage.
If the redistribution of current varies with total amperage, 
then the value of total amperage becomes critical, for any . 
change would influence the redistribution of current through 
the circuit. However, if the redistribution of current is 
not influenced by total amperage, then total amperage could
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be permitted to vary with the simulated traffic flows being 
adjusted by multiplying them by the ratio of total amperage 
required for simulation to the total amperage actually used 
in the test.

Changes made to the circuit in the form of additions 
after the calibration process present an additional problem. 
Whereas a deletion to the circuit would entail the removal 
of part of the circuit which existed in the calibrated model 
the addition would not have existed at the time of calibra
tion and therefore would not have been calibrated. The 
potentiometer governing the flow of current through the 
addition, such as a simulated by-pass, would be randomly set 
and could not on that basis be expected to produce reason^ 
able results. Consequently, where additions to the model are 
required, manual adjustments must be made at that point. The 
adjustments would have to be based on a manual assignment or 
estimate of traffic to that route. The model would then 
redistribute the simulated traffic flow in accord with the 
adjustment.

As the simulated redistribution of traffic flow was 
not expected to be in complete agreement with ,the actual con
ditions it was deemed necessary to compare the simulated 
traffic flow pattern to the actual case through the use of 
statistical procedures. It was assumed that if perfect



correlation between simulated and actual traffic flows 
should be attained, all data points would fall on a straight 
line having a slope of unity and an intercept of zero. The 
results as obtained from the statistical analysis would indi
cate how well the results from the simulation model compared 
to actual conditions and in turn would indicate the validity 
of the hypothesis that an electrical current could be used 
to simulate traffic flow.

Providing the statistical tests indicated that the 
model did indeed appear to simulate actual traffic flow con
ditions, any discrepancies between actual values and model 
results would have to be evaluated on the basis of allowable 
error. Considering the intent of the model, an allowable 
error was defined as any error which would not require a 
drastic change in the highway system. For example, a model 
error in predicting traffic volume would not be considered 
to be serious unless it was of a magnitude requiring addi
tional travel lanes. The measure of allowable error was 
thus set as the difference between the actual volume of a 
street and the capacity of that street.

The testing procedures established to evaluate the model 
in accord with the six evaluation areas previously listed 
were as follows:



Determination of model losses.
To test the assumption that total 

current loss due to heat, equipment limi
tations, and human error would be negligible, 
the sum of the currents entering the model 
would be compared to the sum of the currents 
leaving the model. The total model loss to 
be equal to the difference between the sums 
and to be considered insufficient if it was 
less than or equal to ten-percent of the total 
entering current.

Determination of the value of total amperage 
to be used in the after study.

Since the model does not have predictive 
powers the.accuracy, of results would be depend
ent on the total amperage used when operating 
the model. Total amperage used in the cali
bration process can normally be assumed to be 
the same for the after condition. Where a known 
discrepancy exists or an estimated increase or 
decrease in traffic flow is to be evaluated, 
total amperage must be adjusted to fit the con
dition. The adjustment would be based on the 
modified traffic flow volume and would be man
ually set.



Establishing a procedure for introducing new 
circuits after calibration.

As new additions made in the circuit 
following calibration would not have been pre
viously calibrated., manual adjustments must 
be made to the new circuit before the model can 
be expected to perform satisfactorily. The. 
suggested procedure would be to estimate the 
traffic on the added link and to manually adjust 
the controlling potentiometer in order to 
achieve the flow of current through the new link 
necessary to simulate the desired condition.

Evaluation of the redistribution of current with 
respect to total amperage.

The procedure established to determine if 
the redistribution of current varied with re
spect to total amperage was to operate the same 
calibrated model at two different levels of 
amperage. The model would be calibrated to a 
given before condition. Then by operating the 
model first at a total amperage lower then that 
necessary to simulate the actual condition and 
secondly at a higher then necessary amperage, 
two sets of data could be collected. Through



factoring both the high and low value sets 
of dafa to a common base (for example, to the 
value necessary to depict actual traffic flow) 
the factored data could be compared to the ac
tual traffic, flow data. If the factored data 
was essentially in agreement with the actual 
traffic flow data it could be assumed that the 
redistribution of current did not vary with 
respect to total amperage.

Evaluation of the hypothesis that electrical 
current flow can be used to simulate vehicular 
traffic flow.

Statistical procedures used to test the - 
hypothesis that an electrical current could be 
used to simulate vehicular traffic flow were:

1. A regression of test values (Y) on 
actual values (X).

2. A 1t ' test to determine if the slope . 
of the regression equation was sig
nificantly different from unity.

3. A test of the degree of precision of 
predictions by ude of the coefficient 
of determination (R^).



The regression equations were used to provide 
a means of accounting for the variation in test 
values (Y) in terms of actual values (X). To 
determine how well a straight line explains the 
relationship between the two variables Y and X 
the method of least squares was used to deter
mine the regression line of Y on X. The equation 
used for the least square regression line was:

where a^ and a^ were obtained from the nor
mal equations

a^ = Y intercept
a^ = slope of the line
Y = test values
X = actual values
N = number of observations.

(30,p.242)

a0
(IY) (£X2) - (EX) (ZXY) 

NZX2 - (IX) 2
(30,p.242)

a1
NZXY ~ (IX) (ZY) 

NZX2 - (IX) 2
(30,p.242)

and
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The standard error of estimate sYx' Y 
on X was computed from the following equation 
using the same notations as given above:

The standard error of estimate gives an indi
cation of point scatter about the line. How
ever if perfect linear correlation exists 
between Y and X all data points would fall 
on a straight line, having a slope of unity.

A 't ' test was used to predict if the 
slope of the regression line was statistically 
different from unity. According to Fryer, the 
true regression coefficient which was estimated 
as a^ follows a 't ' distribution with n-2 de
grees of Freedom (31,p.226). Therefore, tests 
of hypotheses and confidence intervals regarding 
the parameter a^ can be determined from the 
following equation:

(30,p.243)

t
(a1 - 1)

with N-2 DF (31,p.220)



Through use of standard 't 1 test tables, 
confidence limits can be specified for 
the slope of a regression line equal to 
unity.

2The coefficient of determination, R ,
indicates the degree of precision of the
predicated values. The coefficient of
determination was used as an index of the
degree to which the variability of test
results were accounted. Defined as the
ratio of the explained variation to the
total variation, the ratio has a range of 

20<R <1.0. At a ratio of one, the total
variation has been explained and as the
ratio decreases from one towards zero less
and less of the total variation has been 

2explained. R was computed from the fol
lowing equation:
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where:

2R = coefficient of determination 
x = X - X, and X = —

y = Y - Y, and Y = -|p

6. Evaluation of the model ini terms of highway
capacity.

Assuming that the model would not be 
able to simulate traffic flows with complete 
accuracy, it was deemed necessary to deter
mine acceptable error limits. As discussed 
in an earlier chapter the capacity of a given 
street varies in accord with many factors, one 
of the primary ones being speed. Table I, 
Highway Capacities was developed from the 1965 
Highway Capacity Manual on the basis of a high 
and low range of capacities. The low capacity 
column was based on high speeds and would be 
equivalent to Level of Service A. The high 
capacity column would be about Level of Service 
D with speeds in the range of 30 to 35 mph. 
Since capacity is normally stated in hourly
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TABLE I
HIGHWAY CAPACITY

Number of Capacity
One-way
Lanes Low (APT)   High (APT) '

1 666 3,333
2 4,000 13,333
3 6,000 20,000
4 8,000 26,000
5 10,000 33,333
6 12,000 40,000

Notes Values given in table are based on the Highway 
Capacity Manual (HRB SR#87) and adjusted to ADT 
by assuming capacity equal to PHV (PHV = 0.15 ADT).



volume, the values were converted to ADT by 
assuming that the peak hour volume (PHV) 
would approach capacity. From AASHO recom
mendations PHV was taken as 15% of ADT and 
thus the hourly capacity values were con
verted to ADT by dividing them by 0.15 (32, 
pp. 55-56). In evaluating simulation errors 
with respect to capacity the procedure would 
be to determine the number of one-way lanes 
required by the simulation and compare that 
value to the number required by the actual 
traffic volumes. If the number of one-way 
lanes as required by the simulation model re
sults are in agreement with the number re
quired for actual traffic flows, the simulation 
would be considered successful. If the simu
lation error exceeds the number of lanes required 
it would, be deemed a significant error.

Thus, in summary, the evaluation of the model can be 
described as a series of steps with each step becoming pro
gressively more stringent. Phase I testing was developed to 
indicate if the model was feasible in its simplest form.
Phase II evaluation of the calibration procedures was devel
oped to determine if the model was indeed operable. The
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third and last phase involved evaluation of operational con
cepts as well as the statistical testing of the hypothesis 
that an electrical current flow would be used to simulate 
vehicular traffic flow. Finally an evaluation of the model 
based on allowable error would.be undertaken as a test of 
the workability of the model.



CHAPTER IV

SOUTH PORTLAND AND NEW CASTLE COUNTY 
SIMULATION MODELS

Whereas electrical current flow through a circuit 
obeys natural laws and is predictable, traffic flow through 
a network is subject to the vagaries of human behavior and 
consequently can only be estimated. Thus, any tests of the 
assumption that the electrical flow of Current through a 
circuit can be used to simulate the flow of vehicles in a 
network can not be based on natural laws instead it should 
be based on a comparison of model results to actual traffic 
flow data.

A before and after type of study would provide the 
traffic flow data, subject to the condition that a definite 
physical change had been made in the network between the two 
studies„ Such studies are expensive and time consuming; 
consequently, few are undertaken. Two such studies were lo
cated; one in South Portland, Maine and the second in New 
Castle County, Delaware. The South Portland study involved 
a by-pass route and could be considered to be an example of 
an addition to an existing highway network. The New Castle 
County study involved the removal of several alternate paths
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and thus represents a deletion to a system. Together the 
two studies provided the basic means used for evaluating the 
simulation model.

South Portland Simulation Model

The traffic flow data used in this series of tests 
were collected by the Maine State Highway Commission In rela
tion to a proposed bypass connection in the City of South 
Portland, Maine. The original traffic data were collected 
in 1962 and was followed by a second study after completion 
of the bypass in 1966 (33,p.2)

The City of South Portland, Maine is located on the 
southwestern side of Casco Bay. With a 1960 population of 
22,788, South Portland contains approximately 16 percent of 
the total population of Greater Portland, the largest metro-. 
politan area in Maine, and the northern terminus of the 
Atlantic Seaboard Megalopolis (7,p.2). Traffic congestion 
in the Knightville area (model area) was considered to be a 
significant problem particularly during rush hours. In 1962 
the existing street system consisted primarily of Broadway, 
Ocean, and Cottage (Figure 7). The northern end of Ocean 
connected to the "Million Dollar Bridge," one of two bridges 
to Portland. The southern end of Ocean and Cottage both
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Fig. 7. 1962 South Portland Study Area Street System
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lead to a major bedroom community, Cape Elizabeth. Broadway 
furnishes the major connection to U.S. Route 1, the Maine 
Turnpike, and hence all points south. The eastern end of 
Broadway serves a moderately large industrial area. Located 
within the Knightville area, primarily between Ocean and 
Cottage, is the South Portland CBD, including municipal 
buildings and a high school.

At the time of the original study in 1962 traffic 
flow in this area was as shown by arrows in Figure 8. Ocean 
from Broadway to Cottage was•one-way southbound, and Cottage 
from Ocean to Broadway was one-way northbound. Broadway had 
two-way traffic, except between Ocean and Cottage where it 
was restricted to one-way eastbound. Commerce Street was 
two-way, but carried only local traffic of relatively insig
nificant volumes. Hinkley Drive and Market Street afforded 
cross paths between the one-way couplets.

Late in 1965 a bypass was opened to traffic. This 
bypass (Figure 9) consisted of a new link between the end of 
the bridge and Commerce Street; the whole section was renamed 
Waterman Drive. Waterman Drive was designed for one-way 
southbound traffic. Both Ocean and Cottage Streets became 
one-way northbound from Broadway to the bridge. Broadway 
became one-way eastbound for the entire distance from Water
man Drive to Cottage (Figure 10).
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The streets to be included on the model were deter

mined on the basis of traffic volumes. They were Broadway, 
Ocean, Cottage, Market, Hinkley, and Commerce (Waterman 
Drive). Other streets such as A,B,C,D, and E handled only 
local or insignificant volumes of traffic and were ommitted 
as were the eastbound traffic flows on Market and Hinkley. 
Figure 11 shows the 19 62 South Portland street system and 
Figure 12 the 1966 street system as adjusted for the simu
lation model. On both figures all intersections are numbered 
as indicated by the circles. Following the numbering pro
cedure previously established, the code for each turning 
movement can be quickly determined. For example: traffic
entering the model on Cotttage at Broadway and proceeding 
North would be coded 0110. The first two digits (01) speci
fying the intersection; the last two digits (10) indicating 
(as shown by the insert in Figure 11 and 12) that the traffic 
was headed North and proceeding straight through the inter
section. All traffic movements and traffic volumes for the 
1962 and 1966 models are shown by Figures 13 and 14.

The changes in the 1962 model necessary to simulate 
the new (1966) traffic flow patterns consisted of:

A. the addition of Waterman Drive;
B. the deletion of two-way traffic on Broadway 

between Ocean and Commerce and;
C. the reversal of traffic flow on Ocean.
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These changes were incorporated (as shown by Figures 12 & 16) 
into the model by the addition of a new circuit from inter
section three to intersection four which depicted Waterman 
Drive and the disconnecting of the circuit which formerly 
simulated Ocean. In comparing the 1962 model (Figures 11 & 
16) with the 1966 model (Figures 12 & 16) it can be noted 
that for the latter model Ocean and Cottage were combined. 
This became necessary as the traffic on Ocean in 1962 was 
one-way southbound; hence, a circuit did not exist or could 
one be calibrated for a 1962 northbound traffic flow pattern.. 
Since Cottage was calibrated for the 1962 northbound con
dition and was a parallel route, for the 1966 model the traf
fic on Ocean and Cottage were combined and considered to be 
traveling over only Cottage.

Completing construction of the 1962 South Portland 
model as shown by the circuit diagram in Figure 15, the first 
major Phase II test of the model was undertaken. This test 
was the evaluation of the calibration procedures. Data for 
the calibration was the 1962 traffic volumes (adjusted for 
continuity between intersections) as given in Table II and 
converted to amperage. A proportionality factor of 250 vehi
cles per twelve hours to 0.01 amps was used. Following the 
calibration procedures as set forth in Chapter III each po
tentiometer was adjusted to simulate the 1962 traffic flow 
at all points on the model.
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Fig. 15 Electrical Circuit for 1962 South Portland 
Simulation Model
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Fig. 16 Electrical Circuit for 1966 South Portland 
Simulation Model
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TABLE II

SOUTH PORTLAND ADJUSTED TRAFFIC DATA

Location 1962 1966
Code Traffic Volume Traffic Volume
0110 . 5561 6293
0112 1000
0120 3544 3908
0121 1599 6478
0122 .1536 3749
0130 6256
0131 3139 —
0132 1750
0141 3871 4047
0210 9510 11364
0212 1458 2725
0230 . 11145
0231 1018 —
0310 9510 11364
0330 12163
0331 —  10562
0430 —  10562
0442 2476 2725
0520 3894 5278
0531 1441 . 4430
0532 1035 8857

NOTE: Traffic Count Data represent 12 hour volumes
as furnished by the Maine State Highway Com
mission.
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In preparation for the next series of tests the cali

brated model was altered to fit the configuration of the 1966 
network as shown by the circuit diagram in Figure 16. A 
branch representing Waterman Drive was connected from Ocean 
to Commerce. All leads which previously permitted a simula
tion of southbound traffic on Ocean toward Broadway were 
disconnected. Broadway simulation circuits were adjusted to 
discontinue all two-way traffic on that street. Upon com
pletion of these adjustments a series of tests referred to 
as I, II, and III were undertaken.

New Castle County Model

The primary objective of the New Castle County 
testing was to evaluate the electrical simulation model 
ability to redistribute network traffic flow only when < 
deletions were made to the circuit. The secondary objective 
was to compare the results of this test to those obtained by 
a standard procedure using digital computer techniques. Only 
one test was performed in comparison to the three- on the 
South Portland network. The test consisted of calibrating 
the model to the basic condition, deleting a series of turns 
at the interchange and comparing the results statistically to 
the digital computer results.
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The traffic flow data used in this test were 

developed by the Delaware Department of Transportation, 
Division of Highways for the 1985 recommended plan of New 
Castle County. Base test data represent traffic flow from 
the 1985 recommended plan network number 320 with the alter
nate condition data from network number 322, as given in 
Table III. Computerized traffic assignments were accomp
lished utilizing the Bureau of Public Roads traffic assign
ment programs with the trip distribution through the Gravity 
Trip Distribution Model (34,p.11).

New Castle County, Delaware is the First State's 
most northern and populated county. With a total state
wide population of approximately 526,000 people, about 
366,000 reside within New Castle County (35,p.2). Wilming
ton is the state's largest city with about 85,000 people and 
Newark is the second largest with about 20,000. The major
ity of people in New Castle County (about 240,000 of the 
total population) reside in unincorporated portions in the 
county. Transportation within the county is primarily by 
automobile with some very minor bus travel.

Currently Interstate 95 and the Kirkwood Highway 
serve as the major east-west highway corridors for the county 
(Figure 17). North-South traffic in the Newark area is 
served by a two-lane roadway, State Route 896. The
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Computer 
Node No.

3656
3655

1347

3654
3806

1742

TABLE III

NEW CASTLE COUNTY TRAFFIC DATA

Location Network 320 Network 322
Code Traffic Vol. (APT) Traffic Vol. (APT)
0110 13020 14415
0111 53.6 6 4612
0210 1917 4612
0211 1138
0212 2311 —  —

0220 .17935 13935
0222 6043 . —  —

0231 4933 ----

0232 1071 —  —

0240 18582 13935
0241 5249 —

0310 4074 0
0311 9135 2090
0312 0 2522
0320 7329 12048
0321 0 ----

0322 . 4674 8386
0340 9094 17130
0341 205 622
0342 6004 — —
0430 13393 . 14306
0431 9728 8421
0511 477 — —

0512 5796
0520 18935 13935
0521 4320 --
0530: 4157 8421
0531 1005 —

0532 4566 —

0540 19343 13935
0542 6483 —

0620 12003 19524
0621 3003 4176
0622 6273 —

0630 4818 0
0631 10142 7511
0632 0 910
0640 8207 17891
0641 : 0
0642 887 1761



SCALE IN M IL E S

Fig. 17. Map of New Castle County, Delaware
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remainder of the north-south traffic is fragmented among 
many small roads. Projections made for the 1985 Plan indi
cate a large traffic demand just south of Newark. This pro
jected demand to occur on the proposed U.S. 301 connector 
(Newark to Wilmington), State Route 273, and Chestnut Hill 
Road.

In the original 1985 assignment (network 320) a 
complete interchange was modeled for the 301 connector. Route 
273, and the Chestnut Hill Road. At a later date a second 
assignment was made (Network 322) in which all connections to 
and from Route 273 were deleted from the model. A schematic 
drawing of the interchange portion of network 320 is shown by 
Figure 18 and of network 322 by Figure 19. This case study 
represents an unusual situation where two digital computer 
simulations were made using essentially the same network with 
the exception of only one major difference.

Traffic data for the New Castle County Test did not 
require adjustment. Computer simulation data has an advan
tage over actual traffic data in so far as it is made to 
agree; i.e., in comparison to traffic counts where discrep
ancies are frequently found in traffic volume counts, com
puter techniques insure one hundred percent agreement between 
turning movement counts as well as total volume entering and 
leaving the study area. The configuration of traffic move
ments permited by network 320 is shown by Figure 18 and the 
alternate network 322 by Figure 19.



101

(0341) 2 0 5 X  +  
(0 3 4 0 )9 0 9 4  X
(0 3 4 2 )6 0 0 4  X

lo 5 3 0 )  4157  
(0 5 3 2 )  4566 (0431) 9 7 2 8 ^

( 0 6 4 0 )  
/ r - ( 0 6 4 2 ) CHESTNUT HILL RD.

(0 3 2 2 )4 6 7 4
(0 3 2 0 )7 3 2 9
(0 3 2 1 )  0  - *

^(0311)9135 +  
f (0310)4074+  
*1 (0312) O

X ( 0 I I1 )  5 3 6 6

2 3 I I - 5 1917^  
I 138

(0212) (0210) 
+ (0211)

6273  .
X ( 0 6 2 2 ) - f  

12 0 0 3  
X (0 6 2 0 ) *>  

3 0 0 3  
+  X ( 0 6 2 I  )•>

NOTE:
TRAFFIC VOLUMES 
ARE IN ADT  
( ) = LOCATION CODE 
X = 4NB0UND TRAFFIC 
+  = OUTBOUND TRAFFIC

Fig. 18. New Castle County Network 320



102

* < "

^ ^ ( 0640)17891 + 
# - (0 6 4 2 )  1761 +

* - (0 3 4 1 )  6 2 2 X +  
CHESTNUT H ILL  RD. I - ( 0 3 4 0 ) I 7 I 3 0 X

+  (03  2 2 ) 8 3 8 6 - 'X 1 9 5 2 4  
( 0 6 2 0 ) *  
417 6  

+ X ( 0 6 2 I H

+ (0 3 2 0 )1 2 0 4 % *

n o t e :
TRAFFIC VOLUMES 
ARE IN ADT 
( ) = LOCATION CODE
X = INBOUND TRAFFIC  
+ -  OUTBOUND TRAFFIC

Fig. 19. New Castle County Network 322



103
A new model was constructed in the configuration of 

the Route 273-301 connector interchange portion of network 
320. In comparison to the South Portland model testing 
which compared results of simulated traffic flow to actual 
traffic counts at fourteen points, the New Castle County 
model had twenty-four points for comparison purposes (Figure 
20)„ Calibration procedures as set forth in Chapter III and 
as used in the South Portland testing were followed.

Upon completion of the calibration procedures, all 
connections from Route 273 to or from the Chestnut Hill Road 
and the 301 connector were disconnected. This effectively 
removed half of the circuit as sixteen of the original forty 
points were disconnected. Traffic flow for both network 320 
and network 322 were assumed equal, therefore requiring no

t •

adjustment in total amperage. Because of the increase in 
total resistance of the circuit, total amperage had been re
duced and was reset at the power supply unit to conform with 
the initial calibration figure. Readings were taken and 
recorded for all links in the network.



Fig. 20. Electrical Circuit for New Castle County 
Simulation Model



CHAPTER V

ANALYSIS AND DISCUSSION OF 
EXPERIMENTAL RESULTS

The primary objective of this project was to develop 
a practical working model capable of predicting the redistri
bution of network traffic, flow brought about by modifications 
made in the highway network. To further define a practical 
working model would be to state that the model need not re
produce an historical event with 100% accuracy, for network 
travel flow being dependent on the vagaries of human behavior 
constantly changes. The measure of success of a traffic 
flow simulation model should be its ability to predict 
changes within reasonable bounds.

Evaluation of the electrical simulation model was 
conducted in three phases: 1) preliminary demonstration;
2) evaluation of calibration procedures; and 3) evaluation 
of operational and theoretical concepts of the model by 
statistical, procedures. Each phase consisted of one or more 
tests with the test becoming progressively more stringent

105
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Phase I

The purpose of Phase I was to determine if a model 
in the simplest form would redistribute an electrical cur
rent in a manner similar to traffic flow. To evaluate the 
assumption that an electrical current flow would redistri
bute over a circuit in. a manner similar to traffic, a model 
in its simplest form was considered. Such a model would 
consist of a single junction point with an input lead divid
ing into three branches. Each branch would represent an 
alternate route.

To determine what the simulated redistribution of 
traffic flow would be if one branch (route) was to be dis
connected (closed) each branch was arbitrarily assigned a 
traffic volume in amps. Leg A was set equal to 1.0 amps, 
leg B was set equal to 4.0 amps, and leg C was set at 1.0 
amps. Assuming the following resistances of = 4 ohms,
R.B = 1 ohms, and = 4 ohms then V would be equal to 4 
volts. If leg A  was to be disconnected and if I (total 
amperage) was to be reset to the original value of 6 amps 
the resulting redistribution of current, would be: leg
B = 4.8 amps and leg C = 1.2 amps.

The predicted redistribution of electrical current 
does not take place on an all or nothing basis. The 1.0 
amps was redistributed with 0.80 amps going to leg B and
0.20 amps going to leg C. In comparing this to what might
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be expected with vehicular traffic flow the following simi
larity was noted; i.e., that, as previously discussed, 
vehicular traffic flows will not in general redistribute , 
among new facilities on an all or nothing basis. In traffic 
assignment work it has become necessary to use diversion 
curves to estimate the redistribution of vehicular traffic 
flows. Thus, if the relative change in resistance of the 
circuits should approximate the factors controlling the 
redistribution of vehicular traffic flows, then the elec
trical circuit simulation model might prove to be successful. 
Although Phase I could not by itself be considered a test of 
the validity of the simulation model it was considered to be 
a sufficient indication that further testing was warranted.

Phase II

The purpose of Phase II was to determine 1) if a 
full size model could be calibrated to a given condition; 
and 2) if the calibration procedure could be completed in 
a reasonable amount of time with a reasonable amount of 
effort. This test was conducted on the 1962 South Portland 
model using calibration procedures as set forth in Chapter 
III. Data for the calibration consisted of the 1962 South 
Portland adjusted traffic counts as given in Table II. Total 
amperage required for the calibration was 1.06 amps.
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TABLE IV
SOUTH PORTLAND EXPERIMENTAL RESULTS 

Cali-
Location

Code
Actual
1962

bration
1962

Required
1966

Test 1 
Â j= 1.01

Test 2 
A^.=l .12

Test 
A ^ l .

0110 0.22 0.22 0.25 0.22 0.25 0.25
0112 0.04 0.04 - — — — — ’
0120 • 0.14 0.13 0.16 0.24 0.26 0.25
0121 0.06 0.06 0.26 0.12 0.12 0.11
0122 0.06 0.06 0.15 0.19 0.20 0.16
0130 0.25 0.25 — — — —— —
0131 ■: 0.13 . 0.11 — - :- —
0132 0.07 0.07 — - . —
0141 0.15 0.15 0.16 0.15 0.17 0.17
0210 0.38 0.38 0.45 0.47 0.51 0.49
0212 0.06 0.06 0.11 0.05 0.06 0.07
0230 0.45 . 0.44 — — - — .--
0231 0.04 0.04 -- -- -
0310 0.38 : 0.38 0.45 0.47 0.51 0.49
0330 0.49 0.49 —— — — '— • —
0331 ■ — — 0.42 0.47 0.52 0.42
0430 -■ — — 0.42 0.47 0.52 0.42
0442 0.10 0.10 0.11 0.05 0.06 0.07
0520 0.16 0.16 0.21 0.17 0.18 0.20
0531 0.06 0.05 0.18 0.11 0.12 0.10
0532 0.04 0.04 0.35 0.40 0.44 0.36

NOTE: Figures shown are in amps with 0.01 amps representing
257 vehicles for Test 1
232 vehicles for Test 2
250 vehicles for Test 3 and calibration
Traffic volumes are given in Table II
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In accordance with the calibration procedure as 

given in Chapter III, the boundary potentiometers were ad
justed first, gradually working inward. Convergence of 
electrical current to desired values was obtained in three 
iterations with a total elapsed time of less than one-half 
hour. Results of the calibration are given in Table IV, 
from which it can be noted that fifteen of the nineteen val
ues were Obtained with one hundred percent accuracy. Of the 
remaining four, three were low by 0.01 amps, and one by 0.02 
amps. Thus, of the total 1.06 amps distributed over the 
model 1.01 amps. or 95 percent, were in total agreement with 
the data; and only 0.05 amps varied. Of the total variation 
maximum variation was only 0.02 amps.

Three explanations for the variation appear reason
a b l e —  1) operator error, 2) equipment limits, 3) in
ability of the model. In regards to errors from source one, 
at some point in the calibration procedure the operator must 
decide to continue adjusting the potentiometers or accept 
the results at that time. It is therefore possible that fur
ther iterations would have produced a perfect calibration; 
however such fine tuning might not be warranted in terms of 
time spent to produce it. Errors from source two can be 
introduced through rough, worn, or burnt spots in the poten
tiometers. The potentiometers used in this study were wire- 
wound with a linear taper. On occasion, this fine wire
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resistor did exhibit rough spots resulting in extreme diffi
culties in arriving at some desired settings. Improved hard
ware for future models should eliminate this problem. While 
source three, the model itself, cannot be entirely ruled out, 
source one and two, or a combiantion thereof, appears more 
likely. There does exist the possibility within the model 
that potential differences between a junction point and the 
ends of the branches may not be sufficient to obtain a flow 
of current at a given magnitude through a given branch. 
Considering that the major error was only 0.02 amps and that 
95 percent were in complete agreement, the calibration of 
the model was considered to be a success.

South Portland Phase III

The South Portland Phase III tests were developed 
to meet the six evaluation objectives as previously dis
cussed. All tests were conducted on the South Portland 
model as calibrated to the 19 62 before condition and modi
fied to meet the 1966 after condition. In establishing the 
testing procedures to meet the evaluation objectives the 
following problem areas were delineated:

1. That as a result of the time lag (four years) 
between the before and after study, traffic 
volumes had changed within the study area;
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2. That because a circuit for northbound 

traffic on Ocean did not exist in the
1962 model an adjustment would be necessary 
to include it, in the 1966 version and;

3. That because Waterman Drive did not exist 
in the 1962 model, traffic flow on that
segment would have to be estimated and
manually set.

The problem associated with time lag would not occur 
in the normal operation of the model as it would usually be
assumed that the total traffic volume had not been drastic
ally altered between the two test periods. This assumption 
could not be made in this case as a time lag and difference 
in traffic volumes were known to exist. In considering the 
two possibilities: i.e., of operating the model with 1962
traffic volumes (1.06 amps) for the 1966 condition or ad
justing total amperage to the equivalent 1966 traffic flow 
condition (1.04 amps), the second possibility was chosen for 
the final test. Through this choice, it was felt that since 
the total current entering the model would be that necessary. 
for simulation it would be possible to evaluate the concept, 
of the simulation model rather then the problems associated 
with predicting future traffic volumes.
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The adjustment for Ocean (north) was based on the 

assumption that since Ocean and Cottage were parallel routes 
they could logically be combined. Thus, all electrical cur
rent flow for the two streets would be carried by Cottage 
and would be compared to the sum of traffic flow on Ocean 
and Cottage. No adjustment would be required in the model. 
For the new segment of Waterman Drive, the assumption was 
made that since it was the only route south from the Million 
Dollar Bridge the traffic volume should approximate that 
which was formerly carried by Ocean (south). This adjustment 
would be manually set.

The remaining evaluation objectives: 1) model
losses; 2) redistribution of current flow with respect to 
total amperage, and 3) analysis of hypothesis were met 
through a series of three tests. Each of the three tests 
were conducted On the South Portland model as calibrated to 
the 1962 condition and modified to the 1966 condition. The 
first two tests were undertaken to determine if the redistri
bution of current varied in accord with changes in total 
amperage. The final test was undertaken to evaluate the pro
cedures for adding-deleting parts of the circuit and for 
determination of the value of total amperage to be used in 
the after study. The three tests were:
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Test I
Total amperage was allowed to vary in 
accord with the change in total resistance. 
It was expected that because of the inverse 
relationship, the new circuit (Waterman 
Drive) would cause an overall reduction in 
total resistance in the model. With voltage 
held constant, total amperage would have to 
decrease to meet the requirements of V = IR.

Test II
For Test II only total amperage was changed 
from the conditions established for Test I. 
Total amperage was arbitrarily set at a 
value higher than that necessary to simulate 
the 1966 condition.

Test III
As a result of Test I and Test II it was 
noted"that the new segment of Waterman 
Drive did not react in accord with esti
mated traffic volumes. Consequently, the 
potentiometer governing that segment (0331) 
was by-passed and replaced by (0330) which 
had been calibrated for southbound traffic
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on Ocean. Total amperage, as per the pre- 

. vious discussion was set at the value needed 
to simulate the actual 1966 traffic flow 
pattern.

Following each of the three tests, the sum of the 
amperage entering the model was compared to the sum of the 
amperage leaving the model to determine if the loss was. less 
than or equal to ten percent of total amperage. A total 
loss greater than ten percent was considered to be excessive 
and would warrant re-running of the test after cooling the 
model and completion of a check of the circuit for loose 
connections. Less than ten percent error would he considered 
within reason, subject to further evaluation procedures. 
Access and egress points for calculating total amperage for 
the South Portland model were:

IN OUT
0110 0112
0112 0120
0141 0121
0330 0130
0520 0531

For the series of three tests the South Portland 
model was calibrated to the 1962 condition (1.06 Amps total) 
and modified to be in agreement with the 1965 configuration. 
In Test I, total amperage.was allowed (voltage held constant)
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to change in accord with the change in resistance of the 
model. The addition of Waterman Drive and reversal of traf
fic on Ocean was expected to reduce resistance in some sec
tions and thereby, because of the inverse effect of parallel 
circuits increase total resistance. The net expected re
sults would be a drop in total amperage as the voltage was 
held constant. Total amperage did decrease from the 1.04 
amps required to simulate the actual 1966 traffic conditions 
to 1.01 amps. Readings were taken on all links with the re
sult as given in Table IV.

Total amperage loss for Test I as computed from the 
values given in Table V was 0.07 amps. As this represented 
a loss of about seven percent, which was less than the ten 
percent criteria, the model was considered to be operating 
satisfactorily and indicated that further testing was war
ranted .

Test II of the South Portland series was conducted 
with total amperage set at a rate in excess of that required 
to simulate the basic data (1.12 amps as compared to 1.04 
amps). Readings were taken for all simulated traffic move
ments with the results as given in Table IV, Test II. The 
intent of this test, was to determine if the redistribution 
of traffic flow varied when total amperage was higher than 
necessary to reproduce actual traffic flow patterns.
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TABLE V ,

SOUTH PORTLAND MODEL LOSSES
1962 1966

Point Calibration Required Test 1 Test 2 Test 3
Inbound

0110 0.22 0.25 0.22 0.25 0.25
0112 0.04 —— —  —  —
0141 0.15 0.16 0.15 0.17 0.17
0330 0.49 —  —  —  —
0331 —  0.42 . 0.47 0.52 0.42
0520 0.16 0.21 0.17 0.18 0.20
Total 1.06 1.04 1.01 1.12 1.04

Outbound
0112 0.04 —  —  —  —
0120 0.13 0.16 0.24 0.26 0.25
0121 0.06 0.26 0.12 0.12 0.11
0130 0.25 —  —  —
0131 0.11 — • —  —  —
0210 0.38 0.45 0.47 0.51 0.49
0531 0.05 0.18 0.11 0.12 0.10
Total 1.02 1.05 0.94 1.01 0.95
Loss — 0.04 —  —0.07 —0.11 —0.09
% 4 —  7 9.8 8.6

NOTE: Figures shown are in ampSi
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In order to determine if the redistribution of 

current varied with total amperage, both sets of data 
(Test I and Test II) were factored to a common base amperage „ 
The common base was set at 1.04 amps. This value was chosen 
as it represented the total amperage necessary to simulate 
the 1966 traffic flow patterns and because it fell between 
the two sets of data. The adjustment factor was set equal 
to the total amperage necessary to simulate the 1966 traffic 
flow. For Test I the factor was 1.04/1.01 or 1.03 and for 
Test,II it was 1.04/1.12 or 0.93. Test results and factored 
values are given in Table VI.

A comparison of unfactored to factored test results 
indicates that the redistribution of electrical current does 
not vary with total amperage. Before factoring, thirteen of 
the fourteen data points varied between 0.01 amps and 0.05 
amps. After factoring the difference between the two sets 
of data was reduced to a maximum of 0.013 amps at one point 
with only three points varying by 0.01 amps or greater.
Since the comparison of factored values was so close, it was 
concluded that the redistribution of electrical current 
through a circuit did not vary with total amperage and con
sequently the model could be operated at different levels, of 
total amperage if a new proportionality factor was computed 
for each level.
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TABLE. VI

SOUTH PORTLAND FACTORED RESULTS

Point Test 1 Factored Test 2 Factored Difference
0110 0.22 0.227 0.25 0.232 0.005
0120 0.24 0.247 0.26 0.241 0. 006
0121 0.12 0.124 0.12 0.111 0.013
0122 0.19 0.196 0.20 0.186 0.010
0141 0.15 0.154 0.17 0.158 0.004
0210 0.47 0.484 0.51 0.474 0.Q07
0212 0.05 0.051 0.06 0.056 0.005
0310 0.47 0.484 0.51 0.474 • 0.010
0331 0.47 0.484 0.52 0.483 0.001
0430 0.47 0.484 0.52 0.483 . 0.001
0442 0.05 0.051 0.06 0.056 0.005
0520 0.17 0.175 0.18 0.167 0.008
0531 0.11 0.113 0.12 0.111 0.002
0532 0.40 0.412 0.44 0.409 0.003

NOTE: Factor for Test 1 = 1.04/1.01 
Factor for Test 2 = 1.04/1.12 
All values are in amps.
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In examining the results of Test I and II it was 

noted that the section (0331) of the circuit simulating 
Waterman Drive was acting somewhat as a short circuit. This 
was as expected and discussed in Chapter IV for that section 
was not part of the calibrated model and therefore would not 
be expected to give reasonable results. Consequently, a ■ 
third test. Test III, was devised based on the following 
assumptions:

1. That when an addition is made following 
the calibration of the model, the traffic 
flow through that section must be estimated 
and manually set. In this case, the added 
section (0331) would be comparable to former 
section 0330 as both represent the only exit 
from the Million Dollar Bridge. Since section 
0330 was in the calibrated model, the cir
cuitry was adjusted to include it rather then

. manually adjust potentiometer 0331.

2. It can be assumed that in normal operation of 
the model that a significant change in total 
traffic flow entering the study area will not 
occur between the time set for calibrating 
the model and the test time. However, since a

; time lapse was known to exist for this set of 
before and after data, it was felt that Test III
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must be run at the total amperage necessary 
to simulate the total traffic. This value 
of total amperage was 1.04 amps.

Test III of the South Portland series was thus con
ducted with potentiometer 0330 being substituted for poten
tiometer 0331 and with a total amperage equal to 1.04 amps. 
Readings were taken and recorded at all points with the 
results as given in Table IV, Test III.

Correlation of model results to actual traffic 
flow data was based on a least square regression of test 
values (Y) on actual values (X). The results of all three 
tests plus the factored results of Test I and II were exam
ined as shown by Table VII. The regression equations for 
the South Portland tests were:

Test I Y = -0.0588 + 1.1848X
Test II Y = -0.0639 + 1.3081X
Test III Y = -0.0379 >  1.1115X
Factored Y = -0.0593 + 1.2147X

as can be noted from Figure 21 all test results did not fall 
on the regression lines. If perfect correlation of test 
results to actual traffic flow data had been achieved all 
points would lie on a line having a slope of unity and an 
origin of zero.
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A 't ' test was used to test the hypothesis that the 

slopes of the regression lines, were equal to unity:

Hq (a1 = 1); H1 (a1 ^ 1)

Of the four tests (see Table VII) only test number three 
was not significant at the 0=05 level. This indicates that 
the slope of the regression line for Test III was not sig
nificantly different from unity. Since Test III was the 
only one with results in agreement with the hypothesis, the 
conclusion was made that when properly adjusted the model 
apparently can adequately simulate the redistribution of 
traffic flow through a network. Tests I, II and Factored 
being significantly different would indicate that the model 
is not capable of handling additions to the., ̂ network without 
manual adjustment.

2The coefficient of determination, R , was computed 
for each test as an index of the precision of predictions 
given by the test results. As given in Table VII, was
computed to be 88% for Tests I, II, and Factored and 87% for 
Test III. This indicated that the correlation of test re
sults to actual data was good with 87% or over of the vari
ability being accounted for by the regression equations. 
Whereas Test III with R^ equal to 87% and 't 1 test for slope
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TABLE VII 

STATISTICAL TEST RESULTS
South Portland New Castle

Test 1 Test 2 Test 3 Factored County

Ao -0.059 -0.064 -0.037 —0.061 -0.00006

A 1 1.19 1.31 1.11 1.21 1.05
T 3. 65 5.08 2.09 3.81 0.569
R2 0.883 0.877 0.870 . 0.877 0.715
syx 0.059 0.066 0.057 0.061 0.040
2X 3.68 3.68 3.68 3.68 1.98
ZY 3.58 3.92 3.56 3.64 2.07
EXY 1.20 1.31 1.18 1.22 0.256
EX2 1.18 1.18 1.18 1.18 0.245
EY2 1.27 1.52 1.21 1.31 0.303
N . 14- 14 14 14 24
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equal to unity being non-significant indicated that for 
Test III conditions the model did indeed redistribute the 
network traffic flow with a great deal of precision.

Statistically Test III was considered successful, 
but to be usable the errors in prediction must be within 
acceptable bounds. Allowable errors as described in Chapter 
III vary in accord with traffic volume and number of lanes.
In determining the acceptability of error the apparent cause 
of error was investigated. Three categories of probable 
cause were considered (1) inability of the model, (2) human 
error, (3) inherent error such as heat losses, faulty wiring, 
etc

The redistribution of network traffic flow by the 
model for South Portland Test III resulted in 9 of 14 points 
being within +10% of actual traffic data. As shown by 
Table VIII maximum error occured at point 0121 with a com
pensating error at point 0120. The cause of this error was 
apparently outside the bounds of the model. During the 
calibration data year, 1962, the major route to a high traf
fic generator was via point 0120. Between 1962 and 1966 a 
new highway connecting the generator into point 0121 was 
constructed and opened to traffic. Consequently a shift in 
traffic usage occured between points 0120 and 0121. The
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TABLE VIII

SOUTH PORTLAND TEST NO. 3 
Model 1966. Actual 1966 ' Difference

Point (Amps) (Volume) (Amps) (Volume) (Amps) (Volume) (%
0110 0.25 6250 0.25 6250 0.00 0 0
0120 0.25 6250 0.16 4000 +0.09 .+ 2250 +56
0121 0.11 2750 0.26 . 6500 -0.15 -3750 -58
0122 0.16 4000 0.15 3750 + 0.01 + 250 + 7
0141 0.17 4250 0.16 4000 + 0.01 + 250 + 6
0210 0.49 12250 0.45 11250 + 0.04 + 1000 + 9
0212 0.07 1750 0.11 2750 -0.04 -1000 -3 6
0310 0.49 12250 0.45 11250 oo + 1000 + 9
0331 0.42 10500 0.42 10500 0.00 0 0
0430 0.42 10500 0.42 10500 0.00 0 0
0442 0.07 1750 0.11 2750 — 0.04 -1000 -36
0520 0.20 5000 0.21 5250 -0.01 - 250 - 5
0531 0.10 2500 0.18 4500 -0.08 . -2000 -44
0532 0.36 9000 0.35 8750 + 0.01 + 250 + 3

Note; 0.01 amps equals 250 vehicles.
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event causing the shift in traffic being outside the bound
ary of the model, it was unable to correctly redistribute 
the simulated traffic volumes.

In terms of traffic volumes, point 0121 with a simu
lated traffic volume of 2750 ADT was in error by a -3750 ADT 
when compared to the 1966 data of 6500 ADT. At point 0120 
the model simulated 6250 ADT whereas actual count was only 
4000 ADT.for an error of +2250 ADT. Both sections 0120 and 
0121 had two (one-way) lanes which from Table I would have a 
capacity range from 4000 ADT to 13,333 ADT. The simulated 
traffic volume of 2750 ADT for point 0121 when compared to 
the minimum capacity value of 4000 ADT would indicate that 
two lanes would be more than adequate. With an actual traf
fic volume of 6500 ADT, the section would actually be at 
just above capacity but would be able to function properly
at a reduced speed. For point 0120, the reverse case would

< - '

be true. In either case the traffic volume could be ade
quately handled by the existing facilities.

Whereas the cause of the model error at points 0120 
and 0121 were created by events outside the boundary area of 
the model, no apparent reason could be found for the error at 
sections 0210-0212. At that.point, total amperage entering 
the junction point was equal to that leaving. However, at
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the junction point 0.04 amps in excess was attracted to sec
tion 0210 leaving section 0212 short by 0.04 amps. For sec
tion 0210 the 0.04 amps or +1000 ADT error (12,250 vehicles 
simulated; 11,250 vehicles actual) with six lanes represents, 
an insignificant error. The 1,000 vehicle error on the two 
lanes of section 0212 represents a 36% error; yet in terms 
of capacity it too was not critical. Both simulated and 
actual traffic counts were below capacity and therefore not 
considered to be a serious problem.

The next major point of error was at section 0442 
and consisted of the same error as originated at section 
0212. As this was a carry through error without change, the 
above discussion also covers this error. Continuing On 
through the circuit, section 0531 was in error by -0.08 amps 
or -2000 vehicles. Half of that error, -0.04 amps, can be 
attributed to the carry through error with the remainder to 
error sources one and two. A loss, of 0.03 amps occured be
tween section (0430-0442) and section (0531-0532). The sum 
of amperages entering the 0531-0532 section was 0.49 amps ■ 
yet the sum leaving 0531-0532xwas only 0.46 amps. The 
remaining 0.01 amp went to section 0532. Thus the total loss 
Of 0.08 amps can be accounted for by the 0.04 amp carry 
through loss, a 0.03 amp loss from source two and 0.01 amp 
loss from source one. In terms of ADT, the 2000 vehicle
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shortage on the two lane section indicate traffic volumes 
far below capacity whereas actual volume was 4500 vehicles 
or just above capacity.^ Since the error does not require 
additional lanes, it was not considered critical for the 
intended purpose of the model.

New Castle County Phase III

The New Castle County Test was developed to indicate 
the redistribution of network traffic flow when only dele
tions are made in the model. As the basic traffic data for 
this test was obtained from a digital- computer simulation, a 
comparison of the two methods could also be made. Calibra
tion of the model was conducted using the procedures pre
viously discussed. Satisfactory calibration of the model 
was achieved in three iterations. Total, amperage required 
for calibration was- 1.25. amps which was obtained by adjust
ing the power supply unit to that value. Readings were 
taken at all potentiometer locations and recorded with the 
results as given in Table IX.

The calibration process was considered to be success
ful as maximum error was only 0.01 amps occuring at only six 
of the forty locations and total model loss was less than 
ten percent as shown by Table X. As it would be impossible 
to operate the model under normal circumstances without any
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Computer 
Node N o .

3656

1347

3654
3806

1742

TABLE IX
NEW CASTLE COUNTY EXPERIMENTAL RESULTS

Location Network 320 Network 3 22
Code Actual Calibration Actual Model
0110 0.13 0.12 0 . 14 0.15
0111 0.05 0.05 0.05 0.05
0210 0.02 0.02 0.05 0.05
0211 0.01 0.01 —  — — —
0212 0.02 0.02 —  — — —
0220 0.18 0.18 0.14 0.23
0222 0.06 0.06 —  — — —
0231 0.05 0.05 :— --
0232 : 0.01 0.01 ■ — --
0240 0.19 0.19 0.14 0.23
0241 0.05 0.05 -
0310 0.04 0.03 0.00 0.01
0311 0.09 0.09 0.02 0.03
0312 0.00 0.00 0.03 0.00
0320 0.07 0.08 0.12 0.10
0321 0.00 0.00 — - -
0322 0.05 0.05 0.08 0.03
0340 0.09 0.09 0.17 0.11
0341 0.01 0.01 0. 01 0.03
0342 0.06 0.06 --
0430 0.13 0.13 0 . 14 0.17
0431 0.10 0.10 0.08 0.08
0511 0.01 . 0.01 - - —  —  .
0512 ' 0.06 0.06 —  — - -
0520 0.19 0.19 HO 0.23
0521 0.04 0.05 —  — - -
0530 0.04 0. 04 0 . 08 0.08
0531 0.01 0.01 - —  — —  —
0532 0.05 0.05 —  — —  —
0540 0.19 0.20 0.14 0.21
0542 0.06 0.07 — —  —
0620 0.12 0.12 0.20 0.14
0621 0.03 0.03 0.04 0.04
0622 0.06 0.06 —  — - -
0630 0.05 0.05 0.00 0.02
0631 0.10 0.10 0.08 0.04
0632 0.00 . 0.00 0.01 0.00
0640 0.08 0.08 , 0.18 0.09
0641 0.00 0.00 —  — — —
0642 0.01 0.01 0.02 HOO

NOTE: Results are given in amps with 0.01 amps equal to
1000 ADT.
Traffic volumes are given Table III.



TABLE X
NEW CASTLE COUNTY

INBOUND
Network 320 Network' 322

Loca
tion ; 
Code Actual

Cali
bra
tion ' Actual Mode!

0110 0.13 0.12 0.14 0.15
0111 0.05 0.05 0.05 0.05
0240 0.19 0.19 0.14 0.2
0241 0.05 0.05 ---- . —

0340 0.09 0.09 0.17 0.11
0341 0.01 0.01 0.01 0.03
0342 0.06 0.06 ---- —
0430 0.13 0.13 0.14 0.17
0431 0.10 0.10 0.08 0.08
0520 0.19 0.19 0.14 0.23
0521 0.04 . 0.05 —  — -
0620 0.12 0.12 0.20 0.14
0621 0.03 0.03 0.04 0.04
0622 0.06 0.06 — ■ —
Total 1.25 1.25 1.11 1.23
Loss 0 0.02

1.6

NOTE: Values given are in Amps with
0.01 Amps - 1000 ADT.

LOSSES
OUTBOUND

Network 320 Network 322
Cali-
bra-

Code Actual tion Actual Model.
0110 0.13 0.12 i—I O 0.150211 0.01 0.01 - — —•
0220 0.18 0.18 0.14 0.23
0232 0.01 0.01 — T- ■
0310 0.04 0.03 0.00 0.01
0311 0.09 0.09 0.02 0.03
032 0 0.07 0.08 0.12 0.10
0322 0.05 0.05 0.08 0.03
0341 0.01 0.01 0.01 0.03
0430 0.13 0.13 0.14 0.17
0512 0.06 0.06 — —
0531 0.01 0.01 - — —,

0540 0.19 0.20 0.14 0.21
0621 0.03 0.03 0.04 0.04
0630 0.05 0.05 0.00 0.02
0631 0.10 . 0.10 0.08 0.04
0640 0.08 0.08 0.18 0.09
0642 0.01 0.01 0.02 0.01
Total 1.25 1.25 1.11 1.16
Loss 0 0.09
• % 0 7.2 130
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electrical current loss due to heat, the high readings at 
such points as 032 0 and 0540 compensated for the heat losses. 
The resulting effect was to give a zero model loss for the 
calibration as shown by Table X.

Following the calibration of the New Castle County 
simulation model all connections (ramps) from the 301 Con
nector and Chestnut Hill Road to Route 273 were disconnected. 
The new configuration essentially portrays a diamond inter
change consisting of the 301 Connector and Chestnut Hill 
Road. Access to Route 273 not being permitted.

As stated in a previous chapter total traffic enter
ing the model was assumed to be equal for both networks.
With the power supply unit adjusted to the 1.25 amps necess-r 
ary for simulation of Network 320 traffic conditions, read
ings were taken at all points on the Network 322. The re
corded results are given in Table IX. A slight- discrepancy 
can be noted in Table X regarding the total inbound amperage 
of 1.23 amps for Network 322 as compared to the required 
1.25 amps of Network 320. This discrepancy probably result
ed from an inaccurate setting of the power supply unit or it 
might have resulted from a misreading of any one of the in
bound readings. As it represented an error of only 1.6 per
cent of total inbound amperage and when factored (1.25/1.23) 
was not large enough to change any reading by 0.01 amps, the 
error was considered to be insignificant.



Total model loss as shown by Table X for the Network 
322 was 0.07 amps which represented an error of 5.7 percent 
of the total inbound amperage. The total model error due to 
electrical current loss being below the ten percent criteria 
was considered to be insignificant pending further evalua
tion.

The calibration process and conversion to Network 
322 being considered successful to this point, a statisti
cal analysis was undertaken with the results as given in 
Table VII. The regression line equation for Y (Model Net
work 322) on X (Actual Network 322) was determined to be

Y = -0.00006 + 1.05X »

A 1t 1 test for slope of the regression line being equal 
to unity was not significant at the 0.05 level. This indi
cated that the slope of the regression line was not statisti
cally different from unity. Figure 22 shows the relationship 
of Y ' (model results) to X (actual).

The coefficient of determination, , as computed
from the New Castle County test results was 0.715 or 72%.
This indicated that although the regression line was not
statistically different from unity, considerable variability
within the results was not statistically explained. The 
2R of 72% while not considered to be extremely good was 

deemed adequate pending further analysis of allowable errors.
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In addition to the three explanations given for the 

variation in the South Portland model: i.e., 1) operator
error, 2) equipment limits, 3) inability of the model, a
fourth explanation must be explored for the New Castle 
County model. This new area involved the assumption that 
the traffic volumes entering Network 320 were equal to those 
entering Network 322. Since there was no logical way of 
predicting a difference in traffic volumes based on the 
available data the assumption would appear to be a logical 
one. However, the assumption was not valid. As shown in 
Table XI, the predicted total inbound traffic volume for 
Network 320 was 125,000 ADT. Because in an actual situation 
there would be no way of having prior knowledge that a dif
ference would exist, the continuing analysis was based on 
the assumption that they were equal.

Starting with Route 273 (0240-0540) and (0520-0220) 
a discrepancy of +0.09 amps at 0220, 0240, and 0520 can be 
noted as well as an average of +0.07 amps at 0540. Although 
the electrical circulation model did not respond in accord
ance with the digital computer model it did react in a logi
cal fashion with respect to vehicular traffic flows. When 
the model was changed from the Network 320 configuration to 
that of Network 322, Route .273 became a through route there
by reducing traffic resistances due to turning movements. 
Although individual resistors in that circuit were not



TABLE XI

NEW CASTLE COUNTY TRAFFIC DATA 
Model Actual Difference

Point (Amps) (Volume) (Amps) , (Volume) (Amps) (Volume) (%) % of Total
0110 : .15 15000 .14 14000 + .01 +1000 +7 . O CO

0111 .05 5000 .05 5000 0 0 0 0
0210 .05 • 5000 .05 5000 0 0 0 0
0220 .23 23000 .14 14000 + .09 +9000 + 64 7.2
0240 .23 23000 . 14 14000 + .09 + 9000 + 64 7.2
0310 .01 . 1000 0 0 + .01 '+1000 - 0.8
0311 .03 . 3000 .02 2000 + .01 + 1000 + 50 0.8
0312 • 0. 0 .03 3000 0 0 0 0
0320 .10 10000 .12 12000 -.02 -2000 -17 —1.6
0322 .03 3000 .08 8000 -.05 -5000 -63 —4 .0
0340 .11 ilooo .17 17000 — .06 — 6000 -35 —4.8
0341 .03 3000 .01 1000 + .02 + 2000 + 200 1.6
0430 .17 17000 .14 14000 + .03 + 3000 + 21 2.4
0431 .08 8000 .08 8000 0 0 0 0
0520 .23 23000 .14 14000 + .09 + 9000 + 64 7.2
0530 .08 8000 .08 8000 0 0 0 0
0540 .21 21000 .14 14000 + .07 + 7000 + 50 5.6
0620 .14 14000 .20 20000 -.06 -6000 -30 -4.8
0621 .04 4000 .04 4000 o 0 0 0
0630 . .02 2000 0 0 + .02 + 2000 1.6
0631 .04 4000 .08 8000 -.04 -4000 -50 -3.2
0632 0 0 .01 1000 -.01 -1000 -100 -0.8
0640 .09 9000 .10 10000 -.01 -1000 -10 -0.8
0642 .01 1000 .02 2000 — .01 -100 0 -50 -0.8
NOTE; Traffic Volumes are in terms of ADT with 0.01 amps equal to 1000 vehicles.
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changed, the overall resistance of that part of the circuit 
must have decreased in order for the amperage passing 
through it to have increased. Which like an actual highway, 
when frictional resistances are decreased, increase in traf
fic volumes will generally be observed.

A corresponding decrease in simulated traffic volumes 
was noted for the Chestnut Hill Road (0340-0640) and (0620- 
0320). At both inbound locations (0340 and 0620) the model 
had simulated increased traffic volumes but in both cases it 
was not as great an increase as projected by the digital com
puter model. The switch in traffic volumes between Route 
273 and Chestnut Hill Road reflect a limitation of the elec
trical circuit simulation model. Whereas the digital com
puter simulation procedure did treat a larger area as a 
whole, the electrical circuit simulation model was restrict
ed to only one small part of the whole. Consequently, 
while the digital computer model was adjusting the traffic 
volumes between Route 273 and the Chestnut Hill Road in re
gards to all factors, the electrical circuit simulation 
model was restricted to only redistributing the simulated 
volumes within the confines of its modeled area. Being with
out predictive powers and having the ability to redistribute 
the simulated traffic volumes only in accord with the rela
tive change in resistance of the circuits, . it was unable to
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account for influences on the traffic stream which occurred 
outside of the boundary of the model.

Other discrepancies such as at 0631 which was low 
by -0.04 amps was attributed to a combination of human error 
and equipment limitations. The sum of links 0630, 0631, and 
0632 should have been equal to the 0.08 amps as recorded at 
0530. The sum was only 0.06 amps indicating a loss from mis
reading of the ammeter, recording of the value, or equipment 
losses due to heat, faulty wiring, etc.. With point 0630 
being in excess by 0.02 amps, the net loss at point 0631 was 
-0.04 amps.

In terms of allowable error as based on Table I 
Highway Capacities, most of the errors were not significant. 
Starting with the +0.09 amps or 9,000 ADT excess in both 
directions on Route 272 (0240-0540 and 0520-0220), the pro
jected value of 23,000 ADT would require a minimum of four 
lanes in each direction. The computer prediction of 14,000 
ADT would require only three lanes per direction. A corres
ponding reduction in need of lanes was noted for the Chestnut 
Hill road (0340-0640) and (0620-0320). All other sections 
were in the same range for both models.

Model error, or the difference between model results 
and the base condition is given in Table XI both as percent
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difference of link value compared to link value and as link 
value compared to total inbound traffic. In comparing the 
percent difference on a link-to-link basis it can be noted 
that while some were predicted exactly (zero percent differ
ence) others ranged into what might at first be considered 
excessive. The highest of these differences was +200% 
created by a model overage of 0.02 amps at point 0341. In 
terms of simulated traffic, 3000 ADT was simulated by the 
model instead of 1000 ADT. Which for design or planning 
purposes would be insignificant. Indeed when the difference 
is approached as a percent difference in terms of the total 
traffic simulated, the error is only 1.6%. All differences 
when expressed in terms of total traffic (inbound) exhibited 
less then 10% error.

.• Summary

Preliminary testing of the model (Phase I) indicated 
that the electrical circuit simulation model did perform 
satisfactorily at that level and that full scale testing was. 
warranted« Phase II testing of the simulation model indi
cated that the calibration procedures were satisfactory and 
that the models could be calibrated within the constraints of 
time and effort. Phase III testing indicated that: 1)
total current losses are apparently insignificant; 2) that
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the redistribution of electrical current through the circuit 
is apparently independent of total amperage; 3) that when 
additions are made to the model after calibration, the traf
fic flow on the new link must be estimated and manually set 
and; 4) the statistical evaluation indicated that the elec
trical simulation model did redistribute electrical current 
flows in a manner similar to vehicular traffic flows. An 
evaluation of variations between test results and actual con
ditions for both the South Portland and New Castle County 
tests indicated that bn the basis of capacity both models 
did indeed adequately simulate the redistributed traffic flow 
patterns. .



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The objective of this project was to develop an elec
trical circuit simulation model for the study and manage
ment of vehicular traffic flow in a highway network. A lit
erature search indicated that this approach had been used in 
the field of water resources but no mention could be found in 
relation to vehicular traffic flow. Two. models were con
structed, South Portland and New Castle County. Both models 
were calibrated to a given "before" set of^data, a signifi
cant alteration was made to the network, and the resultant 
redistribution of network traffic flow was determined. A 
statistical evaluation of the results was undertaken.

Conclusions

The electrical circuit simulation model appears to 
be a reasonable, inexpensive method for predicting the redis
tribution of vehicular traffic flow through a highway net
work . .

Two points of major interest during the construction 
and evaluation of the model were the cost of time and mater
ials. The model proved to be quite inexpensive with the 
largest single cost being for the power supply unit and

140'
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ammeter„ Approximate cost (1972) of that equipment would be 
in the order of 200 to 250 dollars. For the model itself, 
the cost of the pegboard backing and other equipment exclu
sive of the potentiometers was negligible. The potentio
meters were less than one dollar apiece. With twelve re- . 
quired to simulate all turns at one intersection, the cost 
per intersection would be in the order of ten to fifteen dol
lars. Thus a rough estimate of the cost of a complete fifty 
intersection model would be in the order of nine hundred dol
lars .

Cost of electricity for operating the model would be 
negligible as the model would draw only one amp at about six 
volts. Time costs for a technician to operate the model can 
be estimated by multiplying their rate per hour times an 
estimated three interations for calibration with each inter- 
ation requiring about 30 seconds per potentiometer. Thus, a 
model consisting of 120 potentiometers should be fully cali
brated in about three hours. A calibrated model would then 
be immediately available for new studies and would require 
only the time necessary to make the necessary alternations, 
connect the meter into the circuit, and record new values. 
From the experience gained from constructing and operating 
the model used in this project, it was concluded that both 
the fixed cost and operational costs would be reasonable.

Results obtained from the models as tested herein 
tend to indicate that the theory of the model was correct
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within certain limitations. The theory of the model was 
stated as: a flow of current through an electrical circuit
simulation model will redistribute in a fashion analagous 
to that which occurs in a traffic stream. The theory was 
based on the hypothesis that network traffic flow and elec
trical current flow are subject to pressures which induce 
flow and resistances which impede flow.

The South Portland Tests indicated.that the electri
cal circuit simulation model did indeed respond in a manner 
similar to actual traffic flow. As indicated by the statisti
cal testing procedures, and a comparison of test data to 
actual counts the model was. able to adequately reproduce an 
actual occurrence.

The New Castle County Tests were not as positive as 
the South Portland tests. As this test was based on the 
ability of the electrical circuit simulation model to re
produce a digital computer simulation, the conclusions re
garding actual traffic flow can not be stated as positively 
as for the South Portland test. The model did quite adequ
ately simulate the computer model results as shown by the 1t 1 
test and coefficient of determination^ The major differ
ence which occurred in the shift of traffic from Chestnut 
Hill Road to Route 273 indicates influences outside the 
boundary of the model.
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In both the South Portland and New Gastie County 

tests, influences outside the boundary of the model appeared 
to influence the results. The construction of the new route 
caused a shift in traffic in the South Portland data which 
the model was unable to predict. In the New Castle County 
test, the computer model covering the entire county appar
ently shifted the traffic at points remote from the area 
covered by the simulation model. It was concluded that 
accuracy of results can be influenced by events outside the 
boundary conditions of the model. In future use of the 
model an attempt must be made to recognize and isolate events 
outside the model boundary or extend the boundary of the 
model to include such events as will influence the results.

Limitations as to the maximum size of models could 
not be obtained experimentally due to a lack of equipment. 
Maximum size of a model would be dependent on workability 
factors and electrical losses from heat, etc.. From the 
viewpoint of workability,. size would be the most important 
criteria. Placing a width of constraint of four feet on the 
model would require the operator, to reach only a maximum of 
two feet from each side. Maximum length of the model would 
depend on available office space. Assuming a model shaped as 
a U formed of 4 1 x 8 1 sheets of pegboard, this configuration 
would have a surface area of 106 square feet and estimating 
four feet of working area around the outside edge would re
quire about 235 square feet of floor space. The above
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configuration with present equipment requiring about four 
square feet per complete intersection, could contain 24

intersections. By using miniaturized pre-fabricated modules 
the size of the model could be reduced allowing more inter
sections to be included. Further work will be needed in 
attempting to reduce the physical size requirements of the 
model and thereby increase the number of intersections 
which could be modelled.

In its present form the model does not have the cap
ability through which traffic can be introduced or removed 
from the network other than at the access and exit points.
The possibility of using capacitors or other equipment for 
sources and sinks of energy to simulate parking lots, etc. 
should be further investigated. The model as it exists now 
does not have this capability and therefore should be 
limited for use in homogenous areas where the traffic flow is 
not drastically altered by fluctuations in traffic demand be
tween points.

A summary of conclusions follow.
1. Traffic flow can be simulated by the electrical 

flow of current through a circuit to a degree of 
accuracy sufficient to aid in everyday decision 
making,

2. An electrical circuit simulation model can be



constructed within time and cost constraints low 
enough to make it readily available to practice • 
ing engineers and educators.

3. Operational costs are minimal.
4. Events outside the boundary conditions of the model 

may influence results. An attempt must be made to 
recognize and isolate such events or to extend the 
boundary of the model to include them.

Recommendations
The results of this study can only be fully evaluated 

by further investigations to determine the range of applica
bility. Research extending this study should investigate the 
following:

1. Development of a means through which traffic flow 
in the model can be presented visually. Lights 
varying in intensity with the current might be a

. possibility if sufficient variations can be obtain
ed to be perceived.

2. Development of an improved method for breaking the 
circuit where ammeter readings are necessary. Al
ligator clips as used in this study require four 
distinct clippings movements. A spring loaded
switch through which a wedge-shaped terminal at-

. - • «

tached to the ammeter leads would facilitate 
taking readings.
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3. Additional testing should be undertaken to deter

mine the maximum number of intersections that, can 
be included in a single model.

4. Continued investigation to determine the model's 
ability to simulate traffic flow disruption cre
ated by specific high demand generators; i.e., 
sporting events, parades> and shopping centers. 
Additional sources of power in conjunction with 
electrical sinks might be used to simulate the 
large additions or deletions to the traffic flow.

5. A search for improved hardware should be under
taken in an attempt to reduce electrical losses 
within the model.
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