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Abstract

This paper describes the design of a macroscopic traffic simulator using
Geographical Information System (GIS) and its implementation for per-
formance evaluation of different IVHS route guidance strategies. The
GIS and the associated routing algorithms are intended for deployment
in the NY/NJ metropolitan area by TRANSCOM. The GIS allows flexi-
ble display of a host of traffic parameters and selection of control
actions. Besides GIS and control algorithms, a simulator is implemented
to replace the traffic measurements for secondary road network (or even
the main traffic arteries in the early phase of the IVHS implementation).
The role of the simulator as a tool for designing different control algo-
rithms is also mentioned. The simulator operates by iteratively updating
all the densities on all the included roads. The relations for each road are
based on well known vehicular traffic models (such as Greenshield’s).
The dependence between the traffic parameters on different roads is
incorporated via relations between a road’s traffic parameters and those
of its entrance and exit roads.

1.0 Introduction

The current research is conducted to support TRANSCOM'’s incident
detection and congestion monitoring project based on the Electronic Toll
and. Traffic Management (ETTM)? technology in the New Jersey and
Staten Island corridor (figure 3). The focus of our research is to provide
an integral graphical traffic management software tool to facilitate the
process of incident management, route recommendation, and traffic
information database management. There is a quickly growing literature
on traffic management and IVHS. See, for example, [1], [2], [3]. Section
2.0 briefly describes the ETTM system.

Traffic management systems entail high level of integration of computer
and communication technologies as well as the interaction of a human
operator. To study the impact of such a system on the actual traffic net-
work, an experimental software tool is under development that provides
the necessary functionality for traffic analysis and management. At
present, the integral parts of the tool consist of a convenient graphical
user interface to support operator activities, a Geographical Information
System that facilitates the display of road maps, and a simulator that
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models the behavior of actual traffic conditions. In the future, we will
also include a route guidance module that generates the necessary con-
trol strategies to relieve incident of heavy traffic. To assist in the above
effort, a separate software study tool is being constructed. It is built to
achieve two purposes. First, it is built to help analyze the effect of differ-
ent route guidance control actions on a hypothetical basis before the
result of the study is incorporated into the original software tool. Second,
the study tool implements a software structure that provides a guideline
for the final implementation.

The current software has been implemented with a GUI/GIS system as
well as a simulator for traffic analysis. It is designed in such a way that it
does not require the user to understand either software architecture or
traffic flow fundamentals. The platform for the graphical user interface
(GUI) and the Geographical Information (GIS) is HOOPS, which is a X/
Motit like graphic package. All software has been developed on a SUN
SPARC station2. Section 3.0 describes the overall architecture of the
tool with emphasis on the current versions of the various input modules
as well as the GUI/GIS system.

A special feature of the route guidance module is that it will support
multiple user-selected traffic control criteria in making routing decisions.
This will facilitate the control decision making process which is often a
complex process with diverse optimization requirements. Section 4.0
describes the route guidance module.

The simulator is built to support a variety of traffic models, for instance,
the Greenshield model. It utilizes a macroscopic simulation technique
with a street segment being the basic unit of simulation. Section 5.0
details the simulator and its embedded traffic modeling capabilities.

Section 6.0 concludes the paper by giving an example of the usefulness
of the tool.

2.0 ETTM and its application in IVHS

There are several methods for measuring traffic flow and mean speed in

highways. Among the conventional methods are inductive loop detec-
tion systems and video detection systems. Each of these methods have

2. Dept. of ECE, Rutgers Univ. 3. Dept. of ECE, CUNY. 4. Dept. of CE, Rutgers Univ.

5. To be engineered by Faradyne Systems, Inc.

0-7803-1235-X/93/$3.00 © 1993 IEEE

|EEE - [EE Vehicle Navigation & Information Systems Conference, Ottawa - VNIS 93

367



some drawbacks. Inductive loop detection systems are expensive to
maintain and not completely reliable. Video detection systems may need
significant communication capability and reliable image processing
algorithms to handle the video frames, detect any traffic anomaly, and
trigger an alarm if necessary.

The system under study for implementation in the NJ/NY area is based
on ETTM technology. ETTM tags are to be installed in a fraction of cars
in the area. It is expected that more people will subscribe to this service
as time goes by, so that eventually a significant fraction of the vehicular
traffic in the area will be equipped with these tags. There will also be a
sufficient number of ETTM detectors on the roadside. A number of these
will be installed at the tolls gates. The main function of the ETTM detec-
tors will be automatic toll collection for cars which subscribe to the ser-
vice. The remaining ETTM detectors are used for traffic flow
monitoring. They essentially measure the travel time of a vehicle
equipped with an ETTM tag between two successive ETTM detectors.
From these measurements one can deduce the traffic flow and mean
speed for all vehicles on the road, whether they are equipped with ETTM
tags or not. This is a nontrivial detection and estimation problem. The
ETTM system is also expected to detect nonrecurrent incidents such as
car accidents. The detection and estimation algorithms will have as their
input the raw and/or processed travel time measurements made by the
ETTM tags, historical data on normal travel times on that segment of the
road and on that particular time of the day, and also some information
about the fraction of the cars with ETTM tags traveling on that road.

Like any other detection problem, one would like to maximize the prob-
ability of detecting the incidents and yet not have too many false alarms.
It is also important to be able to detect incidents in a short period of time
from their occurrences, so that actions are taken to correct the situation
in a timely manner. It is clear that the system performance will improve
with the number of vehicles subscribing to ETTM tags and with the
number of ETTM detectors. To have more cars equipped with ETTM
tags requires a better market penetration of this technology in the vehic-
ular traffic in the region. To have more ETTM detectors, so that they
may be installed at smaller distances from each other, will increase both
the initial cost of the system and the future maintenance cost.

Solving the detection and estimation problem with known number and
location of the ETTM detectors and known fraction of traffic equipped
with ETTM tags is a difficult task. One needs to assume a reasonable
stochastic model for the problem, somehow infuse the historical data
available into the problem formulation, and then use good engineering
judgement and approximations to solve the problem. A less difficult task
is the updating of the historical data as the traffic patterns in the region
change and more traffic data becomes available. Some solutions for
these problems have been proposed in the TRANSCOM’s System for
Managing Incidents and Traffic (TRANSIT), but more work has to be
done to find more comprehensive solutions.

3.0 Input and GUI/GIS Modules

Figure 4 shows the block level diagram of the study tool. It consists of
the static, dynamic and historical data input modules, the predicted traf-
fic input module, the data preprocessing module, the incident module,
the traffic info display module, the route guidance module, and the simu-
lation module. Figure 5 is a detail diagram ot the route guidance module.

The following is a discussion of all the modules except the route guid-
ance and simulation modules which will be the topics of the next two
sections.

3.1 Static Info Database

The static information database is an input module that deals with the
storage and retrieval of the static network information. It includes a geo-
graphical representation of the network, links capacity information, link
speed limits, reader locations, etc. The static information database is not
updated during the operation cycle.

3.2 Historical Info Database

The historical information database deals with past link state data such
as link volume and speed according to multiple time of the day. The his-
torical data are updated periodically by the data preprocessing module.

3.3 Dynamic Input Module

The Dynamic data input module reads in real time data such as current
link volume and velocity. These data originate from the road side readers
and are assumed to have been averaged such that they are suitable for
further processing.

3.4 Predicted Traffic Module

The predicted traffic module is the feedback input module that takes the
analytical results of the route guidance module and the simulation mod-
ules and feeds them as input to the the system for further processing.
This makes the effect of past control decisions available for future analy-
sis.

3.5 Data Preprocessing Module

The data preprocessing module is responsible for the preprocessing of
data from all the above three input modules. Typically, the real time data
collected through the dynamic data module will have a certain degree of
error that needs to be calibrated. One possible way this is done is to pass
the real time data through a filter that exponentially weighs the impor-
tance of the data so that more weight is associated with the most current
data and less weight is given to older data. Another way to ensure the
usefulness of the real time data is to weigh them against the historical
data using a similar scheme. The data preprocessing module monitors
the discrepancy between the real time data and the historical data and
updates the latter when a consistent difference between the two data sets
is noted.

3.6 Incident Module

The incident module pinpoints the location of a traffic incident. An oper-
ator can manually input the incident through an operator report. Relevant
data such as an estimate of the reduced capacity on the incident link is
also an input here.
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3.7 Traffic Display Module

The system provides a information retrieval capability through the traffic
information module. This module provides the operator with informa-
tion like travel time estimation, static and dynamic data display, incident
location display, and route recommendation display, etc. This informa-
tion is made easily accessible to facilitate the operator’s interaction with
the system.

At present, the current software has implemented a GUI and GIS as
shown in figure 1. The GUI has provided a user-friendly environment
which supports traffic condition display and user command execution,
The large window in the center, called the situation window, is where the
road maps and the related traffic conditions and reports are displayed. It
has menus and buttons around it which correspond to different actions
and requests that are available to the user.

The map which is seen in the situation window in figure 1 is a street map
of Manhattan in New York City. The underlying system is a GIS tool
which displays road networks. Maps from external sources, such as the
United States Geological Survey (USGS), can be imported. In case such
maps are not available, the GIS module will allow a user to create a road
network using its GIS editor. The user must provide the coordinates (fed
into the situation window using the mouse) and the street type, i.e., road
width, number of lanes, etc. (typed in an interactive dialog box). Modifi-
cation to existing maps are also allowed using the map editor.

4.0 Route Guidance Module

* 4.1 User Iterative Incident Routing

Traffic incident management deals with the deployment of traffic control
strategies that help alleviate heavy traffic condition at the occurrence of
traffic incidents. An effective means of incident control strategy is to
inform travellers of alternate pathways before entering the congestion
area. To do so, the location of the incident is first detected. Traffic condi-
tions on all monitored streets are gathered. At this point, the data that are
collected will be processed and a set of alternative paths will be com-
puted. The routing information will then be disseminated to the drivers
through variable road signs or in-vehicle communication systems if they
are available.

The process of computation of the alternate paths is an interactive pro-
cess which requires flexibility. The choice of an appropriate routing
strategy can be chosen from a set of possible strategies each based on a
specific criterion. At each step, a routing criteria will be specified and the
corresponding alternate paths will be generated. The merit of this control
decision will be evaluated according to some acceptance criteria which
determines whether it is acceptable. If it is not acceptable, the user will
choose another routing criteria and repeat the above process until an
acceptable control strategy is discovered.

Human and system interoperability is essential in the incident manage-
ment process. It is very often not clear whether a particular controi crite-
ria will satisfy all the requirements imposed by the system and the users
of the system. For instance, as will be discussed later, a routing algo-
rithm may minimize total system traffic delay but may result in high
individual user traffic delay. In addition, if the driver’s perception of an
optimal route is determined by the distance travelled and fuel consump-
tion, routing them onto routes that exhibits minimal delay time but long

travel distance may not seem to be a good choice as perceived by the
drivers. The involvement of an operator in the decision process will
allow the incorporation of human intuition which in turn will enhance
the quality of the service provided.

4.2 Route Guidance Module

The route guidance module allows the user to select the criteria for a
control action and execute the relevant routing algorithm. The module is
further partitioned into multiple sub-modules as shown in figure 5. They
are the criteria setup sub-module, O-D state sub-module, link state sub-
module, shortest path routing sub-module, the flow optimization sub-
module, and the manual routing sub-module. We shall describe the struc-
ture of the route guidance module here and section 4.0 will give further
details of the module.

4.2.1 O-D State Sub-module

To assist diversion of traffic, one needs to estimate the traffic that is
expected to flow into the incident link so that they can be diverted early

on before reaching the incident point. The O-D estimation sub-module

obtains an approximation of this congestion traffic to facilitate the rout-

ing algorithms described below.

4.2.2 Link State Sub-module

Algorithms that.do not require O-D information make use of link state
information to carry out the path finding procedure. An example of this
are those algorithms that belong to the category of the shortest path algo-
rithm.

4.2.3 Criteria Setup Sub-module

The criteria setup sub-module allows the operator to specify the set of
parameters and the objectives for route guidance. For example, one can
optimize individual travel delay or total system delay, to specify the
number of alternate paths to be generated and to determine whether
delay or distance travelled are to be minimized, ete.

It is uncertain whether one should use the same routing criteria under
different traffic conditions. For instance, during light to medium traffic,
it might seem reasonable to optimize individual user delay. However,
when traffic is heavy, it might seem advisable to optimize system delay.
In addition, there are occasions in which drivers might base their judge-
ment of a good route on the actual physical distance travelled. Providing
an alternate route that optimizes delay but requires long distance travel
might subject the system to driver’s questioning of the decision’s integ-
rity.

This module provides a convenient interface to specify routing criteria.

4.2.4 Shortest Path Routing Sub-module

The tool provides a set of routing algorithms such as shortest path algo-
rithms based on the concept of link weights. The weight of a link could
be the estimated travel delay or physical distance of the link. An efficient
shortest path algorithm is Dijkstra’s k-shortest path algorithm [4].

[EEE - IEE Vehicle Navigation & Information Systems Conference, Ottawa - VNIS '93

369



4.2.5 Flow Optimization Routing Sub-module

Another category of routing algorithms are the flow optimizing algo-
rithms. Examples are the Frank-Wolf algorithm [5] and the gradient pro-
jection algorithm [6]. These set of algorithms relies on the concept of
multiple path flows and cost of traffic. Traffic can be thought of as flow
which can be diverted among the chosen paths between an OD pair gen-
erated in the O-D estimation module. Optimal assignment of flow into
these paths results in a reduced cost of traffic.

4.2.6 Manual Routing Sub-module

Beside studying traffic conditions with the above well-known automatic
routing methods, one can manually assign traffic and evaluate the effect
of the assignment. As stated above, traffic routing is viewed as an itera-
tive process. Allowing leeway to manually assign traffic makes the pro-
cess more flexible.

5.0 Simulation Module

After the discussion on the structure of the software tool and the func-
tionalities of the route guidance module, we will now turn our attention
to the simulation module. This module enables the tool to handle the
dynamic nature of the traffic network by realizing a realistic traffic
model based on macroscopic traffic quantities, such as density and
speed, and an iterative updating mechanism to simulate the traffic action..
We will describe the traffic model that the simulator implements and
how it is used to simulate traffic.

5.1 Traffic Prediction Module

The traffic prediction module provides facility to predict and evaluate
the current routing strategy. It applies the current strategy to the network
and predicts the outcome of such a strategy given the current state of the
network. It provides the basis to accept or reject the control strategy. If
the strategy is accepted, it is recommended to the network operator for
deployment. If it fails, the operator will generate a new strategy with the
route guidance module. The generation of a good control strategy is an
iterative process.

5.2 Traffic Model

On the map, streets are laid out as networks of arbitrary connected and
oriented street segments. We will be interested in the “macroscopic traf-
fic models” in which a group of cars in a segment are treated as a unit.
The three parameters that specify the vehicle traffic are speed, v [m/sec-
ond]; density defined as the number of vehicles occupying a unit length
of road, k [vehicles/m], and volume defined as the number of vehicles
per second passing a certain point on the road, g [vehicles/second]. Each
of these parameters is defined for a segment.

Assuming that all the vehicles in the segment have equal speed, the vehi-
cle volume is given by:

g = kv (EQ1)

Intuitively, it is clear that as the vehicle density goes up (the street
becomes congested) the corresponding speed must go down. It is shown
in [7] that models based on an extension of classical fluid models repre-

sent well, in some cases, the relation between the speed and density. The
“dynamic equation” of a fluid can be written as:

ik ox

where x is the distance along the road and (P is a nonnegative constant
with the dimension of speed.

Since the assumption that the traffic behaves as a classical fluid is too

restrictive [8], we are using a more general set of models given by:

Ei_v = _(92 k”%
Ox

7 (EQ2)

where () is a nonnegative constant, and » is the traffic model parameter.
Solving (EQ 2) for v we have:

ginthr2 p (4172
—ee—— (1~ (— -1
) (n+1) (1 (kc) )’”¢
kC
olog () ,n=—1 (E3Q)

where ((pkc(” +1) /2) / (n + 1) (free running speed) is the speed at
k=0and kc is the density at which v = 0 ..

For different values of n we have different macroscopic traffic models
[1,2]:

a. Greenshield’s or linear model (n = 1)

b. Greenberg’s model (n = —1)
c. Drew’s models (n € [—1/2,1/2])

as well as by using any combination of above for different density ranges
- multiregime models. Usually, for single regime models v = min[free
running speed, street speed limit]. The simulator can accommodate these
models, appropriate for different traffic conditions.

5.3 Traffic Simulation

The simulator operates by iteratively updating all the densities in the fol-
lowing manner. The relations between traffic parameters given in the
previous section are valid for one street segment. In a larger street pat-
tern, the dependence between the parameters in neighboring segments
needs to be considered. As an example in figure 2, we show a typical
street. Assuming that all the streets are one-way streets (or equivalently,
that the vehicle can turn from A into 01 s 02 , O, and O, in this
example, or up to O, , in general) it is clear that the velocity in A will
depend on the traffic density in these strects (as well as on the density in
A) and also on the vehicle turning probability. On the other hand, the
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density in street A depends on the input flow into the street and can be
written as:

k) = min[kA’C, k7D — U1

+r({akd D = 1,2,..,,N}):| (EQ4)

where N is the number of streets entering street A (in Figure 5, N = 4), j
is the simulation step, Ak is the street density change caused by enter-
ing an exiting traffic and & A c is the

maximum density in street A. Note that, in general, N can include also U-
turn from street A. :

The street density change is related to the flow by:
0N, W
o - b
Akp? = qp = A
i i

by, A
1 l

where [, is the street length and At is the time interval of one simula-
tion step?

The functional dependence f is given as a linear function of the Ak 7
i

N
F({ak 1) = Y sk (EQ5)
12 l:l 2 z

‘where P; is the probability of a vehicle making a turn into street A
from street! i Similarly, vehicle speed is given by:where M is the num-

v[(‘j) = min[v (kA, oA 0 kﬁi)),,

({vlho o0, 0 kg;)},i= L2, M) ] (5Q6)

ber of streets exiting street A (including the U-turns), and
v(ky o vg k) isdefined by (BQ3)

with kc = kA,c and vg = VA,O and g() is taken to

have the same functional form as f() but is a function of M variables,
rather than N (it is a function of M exiting streets).

After each density update by (EQ 4), the speeds are updated using (EQ
6).

Extension of the simulation model for a general case of a two-way street
is done by considering each direction as a separate one-way segment for
each two-way street, with U-turn probability at each intersection (for the
U-turn at each two-way intersection particular Ii is equal to one of the
0:s).
J

6.0 Conclusion

To demonstrate how the tool might be utilized to manage traffic, we will
look at an example. In 4.0 we discussed the structure of the final system.
We will therefore use it in the following description.

We will have information such as the network map, the link capacities,
and the historical link state data, etc. These data will be stored in the
static and historical databases. Real-time data is then read from the real-
time input module. The operator will use the preprocessing module to
weigh the real-time data according to a chosen scheme. When an inci-
dent is reported, it is input to the software through the incident module.
A dialog box is used to enter either a numerical value representing the
intensity of the congestion at the location of the incident or simply to
indicate the degree of congestion by light, moderate or heavy traffic
using a color coding scheme.

After all the necessary inputs were made, we then turn to the route guid-
ance module. With regard to the traffic situation, the operator will select
the criteria for route recommendation. Feasible criteria are minimizing
individual driver’s delay, minimizing system’s delay, minimizing indi-
vidual travel distance, etc. Experience and intuition are required here in
the specification process. The operator might choose to select his own
alternate paths to divert traffic or use the shortest path sub-module rou-
tines to automatically generate them. After that, the operator might want
to manually assign traffic into the alternate paths or use the flow optimi-
zation sub-module routines to perform optimal traffic assignment.

The operator is provided with two mechanisms to evaluate the merit of
the routing strategy chosen. First, he will be shown the effect of the static
traffic assignment process by using the display module. Numerical or
color coded displays are available to exhibit the state of traffic after the
assignment. Secondly, the operator could input the route recommenda-
tion data (the alternate paths and the amount of traffic diversion) into the
simulation module, execute the simulation for a particular number of
time steps and obtain a dynamic result. Based on the judgement of the
operator, he will decide whether the selected strategy is acceptable for
deployment or not.

To summarize, a simulation based graphical software tool which pro-
vides a convenient GUI/GIS interface and efficient control strategy gen-
eration module for traffic management is presented. The tool allows
flexible selection of control strategy criteria to be utilized in the control
strategy generation process. It allows both static and dynamic control
strategy evaluation. The generation of a good strategy requires an itera-
tive process where a new strategy is generated at each step until one that
is acceptable according to the specified acceptance criteria is found. The
simulation adapts a macroscopic traffic model which relates traffic
parameters among different segments of the road. It relies on a time step
updating mechanism to model traffic flow.
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