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Abstract. Planning and aptimizing urban traffic is a difficult problem, with considerable e@nomic and
social impacts. The devel opment of suitable software todsto aid municipal governments to control andto
improve the traffic flow is urgent due to the increasing number of vehicles in urban areas. However, the
development of this kind of software represents a grea challenge since the problems to be dealt with in
this domain are bath computationally and mathematically complex. This article presents a geographic
application software as a feasible solution for this problem. The solution is geared towards Brazilian
medium to large citi es and is based on a mathematicd mode of the urban traffic. Thismodel is sored in a
geographic database and allows the user of the software (typically a traffic enginee) to seach for
dternative solutions for traffic problems. The software can provide optima solutions for an important
family of traffic prodems, namely the Traffic Equilibrium Problem (TEP). This family involves the
common hashing problems (e.g. traffic bottleneds) as well as more sophisticated problems like vehicles
poll ution minimization. We have developed a prototype of the software and its solutions for the TEP were

empiricdly validated againg real traffic datafrom Goiania, capital of the Brazilian state of Goias.

1 Introduction

Geographic information systems (GIS) deal with geo-
referenced information to describe  entities and
phenomena that are associated to the Earth. GIS allow
the development of user application software to
improve access to the knowledge embedded in
geographic databases. Therefore, a Geographic
Application is a software built on top of GIS to
manipulate geo-referenced data according to a user’s
spedfic requirements.

For example, Environmental  Geographic
Applications indude software that allows users to
understand, control and rationally use natura resources
(such as minera resources). These applicaions aso
deal with previson and prevention of immediate
environmental problems (such as storms and floads).

Ancther caegory of geographic applicaions,
called Urban Applications, has a basic purpose of
organizing, adminigtrating and dstributing adequately
the infra-structure and public service in urban zones.
This text presents a geographic appli cation software in
thislagt caegory.

Spedfically, the problem we deal with is planning
of, control of, and optimization of urban traffic in
(medium to large size) Brazilian cities. In this context
we e&amine the Traffic Equilibrium Problem (TEP)
with its variations [1,6]. The solution of this problem
involves, besides other aspeds, the mathematical
modeling of traffic flow in the urban zone [8,9] and
optimization of certain variables with resped to this
model [10,14].

The tremendous complexity of the mathematical
modeling of traffic flow in a large Brazilian city turns
imposshle any modeling without computer support.
However, in gpite of the eonomic, socia and
technological relevance of the TEP, there ae few
references in the literature that trea the subjed in the
perspedive of Computation. Moreover, to the best of
our knowledge, there is no available software in the
market which alow city administrators and traffic
engineers to successfully model Brazlian urban
structure and thus lve their problems. Existing
software, such as Emme/2 [7], are biased to the traffic
conditions of North America, which are very different
from Brazilian traffic conditions.

This text presents a proposal which deals with the
TEP from a computational point of view, through a
geographic application software. The basic ideaof this
software is to define an adequate database for the
complexity of mathematicd modeling the Brazilian
urban structure of streds and intersedions, with traffic
lights, restrictions on permisson to maneuver and
interaction between different flows of traffic.

In the prototype of the software we have
developed, the mncept of network is the basis of the
mathematica modd of the TEP. Streds, avenues and
highways are represented by a digraph with each arc
asociated to a function t, which expresss the
necessry time to travel between its endpoints in
function of various factors guch as distance, intengty of
traffic flow, number of lanes, and duration of traffic
lights. In the proposed graph, the nodes between which
each arc is placed will normally be intersedions with



other flows of traffic. This graph model was mapped
into a geographic database, and by asociating
geographic coordinates to the nodes we have alowed a
graphical visualization and an easier comprehension of
the solutions oktained by applying the mathematical
model.

The remainder of this paper presents a genera
vision of the geographic application software that was
developed, showing how this software culd ad in
planning and control of urban traffic, with the varied
uses of the TEP. Sedion 2 formaly defines the TEP.
Sedion 3 presents a cmputational view of the TEP,
se&king a correspondence between the mathematicd
model and the database information with resped to the
implementation of the software for its lution. Sedion
4 describes the software prototype that was developed
and Sedion 5 dealswith afew conclusions.

2 TheTraffic Equilibrium Problem (TEP)

The Traffic Equilibrium Problem (TEP) is defined as
the problem of predicting the urban traffic flow that
will result from numerous vehicles of various types
trying each one to minimize its time of travel from an
origin to a given destination [13].

The solution of the TEP involves smulation of the
traffic flow in the dty, being either the present traffic
flow or that which would result from some proposed
urban reform. In this way the solution of the TEP aids
in planning and controal of urban traffic.

The flow of vehicles modeled in the TEP neels to
satisfy two rules  as to corredly modd the real
conditi ons of traffic:

1. Theflow is anon-negative real number;

2. The flow should obey Wardrop’s condition [4]:
“Every motorist travels by a route from which no one
may unilateraly alter, reducing higher time of
journey.”

Wardrop’s condition implies that each driver
intends, individualy, to minimize higher travel time.
Thus we suppose that the majority of the motorists are
familiar with the eisting gptions asto travelling from a
certain origin to some destination, and that they will
use that knowledge to minimize their travel time.

In this snse, the TEP is a probem of
simultaneous minimization of time or cost of travel by
thousands of drivers, with interaction among these
people [6]. It is not, therefore, a sSimple minimization
probem. It is clasdfied as a variational inequality on a
large scde [14], and does not satisfy the mathematicd
conditi ons which guarantee aunique solution.

The mathematical solution of the TEP consigts of
utilizing a digraph with the assciated functions t,
mentioned in Sedion 1 to simulate the existing (or
predicted) conditions of urban structure. So we
consider adigraph D = (V,A) with m nodesand n arcs.
The streds, avenues, etc. are acs and their connedions
and intersedions are nodes. We associate to this graph
avedor d of demands, representing the vehicles which

intend to travel from origin to destination (O-D) in the
prefixed timeinterval. To each arc will be associated a
flow x, that is, the number of vehicles to trangt on that
arcin thetime interval. The time to travel over the arc
awill be governed by afunction t,.

The solution to the TEP consists of information as
to how the traffic will flow asthe community of drivers
seek to individualy minimize their travel times (total
times). The @lculated flows will converge to certain
limit values after a number of iterations, and the values
found will serve to help take dedsions asto how to best
organize the mnditions of traffic flow, including
dedsions as to whether cetain streds should be one
way or two way, whether or not traffic lights should be
instaled, whether certain maneuvers should be
permitted or not, anong ahers[15].

2.1 Mathematical Definition of the TEP

Consider then a digraph D = (V,A) with m nodes and n
arcs. As said above, the acs represent blocks of streds,
avenues, etc. and the nodes their intersedions.

Asxciated to the digraph is a vedor d of
demands, d = {(r;, S), 1 £ £ k}, representing the
number of vehicles to drive from a cetain point of
origin to a cetain destination (in k pairs) in the time
interval for sudy.

To each arc a will be assciated atraffic flow X,.
Finadly, the time to travel over each arc will be
determined by the function t, = t(x, d, G, where G
corresponds to various factors such as length of arc,
number of lanes, and characteristics of traffic lights (if
they exist), and x is the traffic flow as a vedor in R™,
and d 1 R. We alled the functions t:R" => R in
one non-linea application alone, t:R" => R".

Let K be the number of routes C; from all origins
to all corresponding destinations on the digraph D. Dis
anx K binary matrix of arc-routes sich that:

D=1 iftheac a1 (route) C;
D; =0 otherwise

We group together the routes which refer to a
cetan origin-destination pair (r;, §) as part of the
matrix, D'® so that D:[lj151 Yy, 1o 5 ].

We assciate to each route C; a traffic flow fj and
write f = (fy, ...fy). Definethek xK matrix L so that:

Ly =1 if Cjisarouteof thei™ demand O-D;
Lj=0 otherwise.

The TEP has four conditions imposed:

(1)  x=Df
2  d=Lf
@ fiso 1Ei£K
@  x30, 1£j£n

being d initially a fixed vedor of demand. Given d and
L, avedor of flux on routes f isviable if the conditions
(2) and (3) hold. The matrix D determines x. In these
conditions, and satisfying (4), x is said to be a viable



flux, which means that it attends demand and is non-
negative. The set of all viable fluxes is compact and
convex in R", and is thus a limited set k. (1) and (2)
imply that this st is a mnvex polytope, the equivalent
to a convex polyhedron of dimension (large) r. Notice
that if x, and x, are bath viable, then al fluxes | x, +
(1- 1 )x, areviable, forall | T [0, 1], so that the set is
in fact identicd in behavior to a polyhedron.

Weall T°=(T"™, ... T™)T thecost vector for
the O-D pair (r, s). Therefore:

(58) T*™=[DY"t
(5b) T=[D"t

Considering the components T, determined for
certain viable f* , Wardrop' s condition wil | be satisfied
forfif T™ >T" impliesthat =0 for al i,]j,
(r,9). Given aviable flux f, let us be the minimum
time on the rresponding O-D pair (r,5). f satisfies
Wardrop’s condition if

63 T° —us30 foral i, (r,s)
() f(T™ —ug9=0 forali,(r,s

Each vedor f determines uniquely a cost vedor
T(f). Let F be a viable vedor which satisfies
Wardrop’s condition, i. e, that is a solution of the TEP.
Thetotal cost will be T(F).F. If wefix thevedor T(F)
and consider the conditions (6a) and (6b) satisfied, the
total cost T(F).F will be lessthan that of any other
product T(F).f, where f is a viable flow on routes.
Thus:

@ T(F).f 3 T(F).F for al viablef, or

(8 T(F).fF—-F) 30 forallviadlef

If we apply the rdations of (1) and (5b), the
inequality (8) can be expressd as

9) t(x). (x-X) 30 foral xink.

With this, we have therefore shown that the TEP

may be epressd as the problem of finding a flux x*
ink such that

t(x).(x=x)2 0 foral xink
st. x = Df

d=L.f
(20 X %0 for LEi£En

The solution for this problem is based on Sheffi’s
algorithm [13], which proposes one iteration of the
Frank-Wolf algorithm [4] in each of its iterations
(approximate solutions) with subsequent corredion of
values of x. We have k asthe set of viable fluxes; y
as a viable flux which minimizes the traffic times with
time per arc fixed; and a as the parameter in which
there is minimization.

Step1 i:=0. Find x T k
Step 2 Calculate t; = t(x)

Step 3 Attribute these times and find minimum
timeroutes for each demand (O-D)

Step 4 Solvefor a; in
min z(,sz):én c‘;“"w(y“"X“")ta(xi,...,x;,l,w,xL1+1 ..... X ydw
a=l
obtaining a; with 0 £a; £ 1
Step 5
Step 6

Put Xiy1 := X + ai(yi —Xi)

Test for convergence If not satisfied, let
i:=i+1landgoto Step 2.

Step 3 uses Dijkstra’'s agorithm for finding
minimal path in valued digraphs, with modifications for
pendizing cetan maneuvers or prohibiting aher
maneuvers, typical of traffic flow in Brazil. Step 4 uses
as method the Golden Sedion Seach. As the function
to be minimized changes in each step, Step 6 isin fact
mathematicdly badly defined and in practice various
methods of measuring convergence ae used.

For enginegs who plan traffic, the complexity of
the TEP is enormous. The conditions of traffic flow
trandate into non-convex functions, which imply that
there is no formal mathematical guarantee of
convergence or even existence of a solution. To bypass
these difficulties we developed a geographic
application  software  which  encapsulates  the
mathematicd complexity of the problem. The wrner
stone of this oftware is a geographic database model,
described in the next sedion.

3 A Geographic Database Model for the TEP

The mathematical model described in the previous
sedion formally solves the TEP. The solutions given
by the model were cmmpared to samples of real traffic
flows in Goiania, capital of the state of Goiés, which
confirmed the @rrednessof the solutions. However, a
software solution for this problem has to deal with
threeadditiona questions:

the implementation of the mathematical modd!;

the visualization and manipulation of the

geographic data associated to the urban network

and to the flow of vehiclesin this network;

the dficient storage andretrieval of these data.

Although these questions may be considered
independently, this is not advisable since there is a
strong correlation among their posshle solutions. Our
approach was to ded with the threeisalesin a mmmon
framework: a geographic database @ntaining dl the
mandatory information to solve the TEP. The schema
of this database defines the relationships between the
mathematicd algorithms that solve the TEP and those
algorithms that aim to dfer a suitable visualization of
the data and the @rrespondent solutions.

Our software was designed to be a geo-processng
software tod to solve variants of TEP, taking into
acocount the requirements of users who work in the
management and planning o vehicle traffic in
Brazilian urban areas. The goal of the software is to
aid in the detedion and prevention of problems in the



traffic system through the momparison of different TEP
scenariosin agiven city region.

3.1 Modeling Traffic Flow in Brazilian Networks

The mathematical modd of TEP, defined in Sedion 2,
asciates to each dred segment a traffic function.
However, empirical tests showed that idiosyncrasies of
each population have influence on the definition of this
function. Thetraditional modeling approach is based on
generic hypothesis, such as that the traffic is defined in
terms of preferential ways and semaphores. This
hypothesis may hold for many countries, but in Brazil
the reality of most cities is more complex. Indedd, in
Brazilian cities there ae two main groups of traffic
contrals, which may be used to define the traffic
functionsin our mathematical model for TEP:

Group 1: controls based on the diredion of the
traffic flow, that cen be one-way or two-way. In
the latter case, another factor is related to the
separation of the two diredions of the traffic
flow. Therefore, there ae threesubgroups:
0 one-way;
o digoint two-way, where traffic lanes
with opposite diredions are mutually
isol ated;

0 overlapping two-way, where thereisno
physical separation between opposite
lane diredions.

Group 2: defines the kind d influence that one
stred has on other dreds in an intersedion,
which may be:

o preferential;

0 based on semaphore;

0 not preferential;

0 based on rotator (e.g., asquare).

The function associated to each road segment is
influenced by both groups of controls. The cmmbination
of these groups give rise to twelve types of streds,
athough some types may share the same traffic
function. Table 1 shows the euations for computing
the time to travel in each type of stred. The ejuations
are based on five parameters:

length, the extension of the stred segment;
volau: thetraffic flow in the stred;

ul2: the gandard maximum velocity in the
stred;

ul3: the traffic flow in the opposite diredion in
overlapping two-way streds,

lanes: the number of lanes of the stred.

Type 1 —Digoint preferential two-way and Type 2 —One-way preferential

6* Iength 6* Iengthae 50+25*ul2 9
ul2 ul2 7500 faixas*ul2 g

fdl= *volau®®

Type 3 — Overlapping two-way preferential

* *
fd 3 = 6 * length + 6 * length &

50 + 2.5*ul 2

3.8 s
38 1,5x10 * ul 3* volau

ul 2 ul 2 '(E

7500 * faixas * ul 2

)

9
E, faixas - 0,5

Type 4 —Digoint two-way with semaphore aad Type 5 — One-way with semaphore

aﬁ*length u|1206e & 50+ 2.5*ul2

fd4=

.38

0
= = *volau*®~
ul2 2 gg 57500‘ faixast (1- ull)* ul2 -

2

where ullisthetimeinterval when the semaphoreis closed.

Type 6 — Overlapping two-way with semaphore

a6 * length uI 1? o

50 +2.5*ul2 o] 3.8

3,8
¢ 1,5x10 "% * ul 3* volau
= *volau +

fdszg

ul 2 g7500 * faixas * (1- ull)* ul 2

where ullisthetimeinterval when the semaphoreis closed.

)

faixas - 0,5

Type 7 — Digoint two-way without preference Type 8 — One-way without preference Type 10 — Digoint
two-way based on rotator, and Type 11 — One-way based on rotator.

6*length _6*lengthze 50+25*ul2 ¢

fd7= f " =
ul2 ul2 7500 faixas  ul2 g

where ullisthetraffic flow on the preferential stred.

*volau*® + 2x10 ° * ul1?®

Type 9: Overlapping two-way without preference and Type 12 —Overlapping two-way based on rotator

*

* * * .38
fd9:6 Iength+6 Iength.(ée7 50+25*ul2 O

ul2 ul2 500 faixas* ul2

volau*® +

where ull isthetraffic flow on the preferential stred.

8 % *
15x10°*ul3 volau) 2300 * Ul12®
faixas- 0,5

Table 1 Functionsto estimate the flow in the different types of Brazilian streds.




The paameters of these euations were
empiricdly adjusted according to red traffic data
colleded in Goidnia-GO. Thisis a representative dty
with more than one million inhabitants and having the
second highest relation of vehicle per habitant among
the BraZlian states capitals.

3.2 The Geographic Database Schema

The schema of the geographic database designed for
the geographic application software that implements
the TEP solution results from the mapping of the
mathematicad mode described in Sedion 2, taking
into account the idiosyncrasies of the Brazilian cities
discussd in the previous sdion. The schema has
four main sources of information:

i) Stred data: the database stores not only the
name of the stred, but also the properties of
each segment of the stred, such as
semaphores, number of lanes, origin,
destination, type (according to the taxonomy
described in Sedion 3.1, which is esential to
calculate the travel time for each demand),
length, allowed speed, and the set of streds
that influencethe given dred;

i) Demand data: al the posshle demands of
flow are modeled and stored in a data
structure omposed of origins, destinations,
and the number of vehicles that are willing to
travel from a given origin to each
destination;

iii ) Parameters data: the values which adjust the
model and are used in the optimization
functions, such as the number of times that
the minimization function will be applied,
the exponent to the road segments’ functions,
and the degree of convergence to the
stopping criterig;

iv) Penalization data: the rules that are applied
to each scenario o traffic modding. The
database stores, for each travelling vehicle,
the previous node, the current node and the
next node that it will accessin its way from
its origin to its destination. Through these
parameters the software may not only define
congtraints, but also penadizations for the
travelling vehicles, depending on the path
they arefoll owing.

All these data ae necessary and sufficient to
solve the TEP in the context of Brazlian cities.
Besides that, the geo-referenced perspedive of the
traffic network adlows the @nstruction of
sophisticated graphic interfaces to help the user
understand the results produced by the software as
solutions for the TEP.

Figure 1 presents a smplified version of the
schema of the geographic database, using an Entity-
Relationship notation. This shema stores traffic data
for a singe dty, which is divided into Districts. A

Stred isaweak entity sincein Brazilian cities distinct
digtricts may have streds with the same name.
Moreover, a stred may have aternative names (often
there is an official name and a popular name for a
given stred).

Streds are divided into Segments, which are the
basic building Hock of our geographic database. A
stred segment has a Node as origin and destination,
according to the direded graph of out mathematical
model. The schema defines the possble paths via the
“allow access to” reationship, which aso defines
pendlizations for moving from one segment to
another.

The twelve types of stred segments are
represented in the schema & an speddizaion
hierarchy (partially shown in Figure 1, due to space
limitations), and the mutual influence anong
segments are defined through the “influence’
reaursve relationship.

The demand matrix of the mathematicd model is
represented in the database schema by the rearsive
relationship “have demand to” of the Node aentity. An
instance of this relationship forms a pair of nodes
(origin, destination). The “minimal path” relationship
shows the stred segments that belong to the minimal
path for this pair (that is, the minima path to go from
the given origin to the given destination).

Parameters data ae sored in the Information
entity. The identifier for this entity is the number of
the arrent iteration of the TEP resol ution a gorithm.

4 Thelmplementation of the TEP Software

We developed a prototype to verify and to validate
the viahility of the computational solution proposed
for the TEP. In this sdion we describe the
architedure behind the prototype and show how this
architedure was used on the prototype's
implementation.

4.1 The Geographic Software Architecture

The four magor components of the software
architedure ae shown in Figure 2, where an arrow
indicates a dependency of the pointed component .

Our Geographic Applicaion Software is lit
into two components: the User Interface and the TEP
Resolution. Moreover, in our architedure the GIS is
logically separated from the Geographic DBMS. Both
partitions follow the same principle: modularity and
independence improve maintainability.

Our architedure is based on the approach
defined in [11] for deaupling the user interface from
the applicdion in geographic software. The main
advantage of this architedure is that it alows the
independent definition and evolution of the user
interface and the main application components. This
is a very important factor for the maintainability of
geographic applicaions since bath components are
typically complex.
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Figure 1 Geographic Database Schema for Planning Urban Traffic Flow

By default, owr architedure demands only
conventiona (i.e., relationa) capabilities from the
DBMS, which should act as a conventional database
server for the other components. However, many
existing GIS provide their own proprietary DBMS,
and in this case the two components may be cll apsed
in the achitedure.

The TEP Resolution is completely independent
from the GIS, dnce it only deals with the
mathematicd modd presented in Sedion 2. Thus, it
relies only on the reational capability of the
Geographic DBMS. The TEP Resolution retrieves the
(conventional) data from the DBMS, solves the TEP,
and gores the solution data back on the DBMS, using
the database schema described in Sedion 3.

According to the GI S architedure, it may use the
GDBMS as a server for its own geographic data, or as
an external storage (in this case, the GIS have to
import the solution data from the DBMS in order to
make it available for the TEP User Interface). The
GIS allows the user to start the TEP Resolution from
the TEP User Interface Component. The latter relies
on the sophisticated graphic manipulation capabilities
of the GIS for the visualization and interaction with
the TEP solution data. There is, therefore, a strong
dependency between the TEP User Interface and the
underlying GIS.

It is worth noting that the independence between
the @mponents does not compromise the logical

unity of the geographic application system because all
the cmponents share a ommon database schema.

TEP User
<4—»| Interface
User l

GIS
TEP Geographic
Resolution > DBMS

Figure 2 Architedure for the TEP Sftware

4.2 Using the Geogr aphic Softwar e Prototype

In our prototype, the user interacts only with the TEP
User Interface as it is prescribed in the geographic
software achitedure. This user interface ®mponent
was implemented with the Avenue language [2] on
top of the ArcView GIS. In our prototype we used the
PostgreSQL DBMS [12] to dsore bah the
conventional and the geographic data since, in the
prototype, the geographic data were limited to
geographic coordinates for nodes and smple line
segmentsfor streds. The ArcView GI S facili ties were



used only to the interactive manipulation of maps
(zooming and panning, for instance).

As the user updates the geographic data (traffic
network or demand vedors, for instance), the TEP
User Interface asks the GIS to forward the
modifications to the underlying DBMS, via
PostgreSQL’s ODBC API.

After inserting the geographic model’s data, the
user may start the TEP Resolution component, which
in our prototype implements the TEP solution using
the C programming language. The ArcView GIS
all ows the exeaution of external applications, defining
an APl to exchange data with these eterna
applications. The TEP Resolution component
accesses the geographic database in the PostgreSQL
DBMS using embedded SQL statements and the
ODBC protocal.

As we mentioned before, the main advantage of
this architedure is the independence of the
components. For example, if one wishes to replace

the DBMS in our prototype, the only requirement is
that the new DBMS must provide a C compiler and
must support ODBC.

Figure 3 presents the main window of the TEP
User Interface prototype, showing real data from a
digtrict of Goidnia-GO. This window all ows the user
to andyze the results generated by the TEP
Resolution component. The window presents two
digtinct views of the solution for the TEP on the given
traffic network. The top view shows the flow of
vehicles in each segment for a given solution of the
TEP (calculated by the TEP Resolution component).
The battom view shows the time neeled to traverse
each segment in this solution. These views are
esentid for the planning activities, and are used
simultaneously by the experts in traffic planning.
Since it is an ArcView applicaion, the prototype
automaticdly inherits the GIS abilities and tods to
manipulate graphics and maps.

Figure 3 The TEP User Interfacewith two views of the solution for a TEP scenario.



5 Conclusions

The Traffic Equilibrium Problem (TEP), defined over
an urban stred network, aims at the simulation of the
vehicles' flow, given cetain demand conditions and
congtraints. The solution for the TEP deds with a
complex mathematicd model and is of grea
importance for medium and large dties. These dties
have to control their traffic flow continuously to
avoid bottlenecks and to improve the traffic
conditi ons.

This paper presented a forma definition for the
TEP and a @rresponding mathematicd solution. This
solution is geaed towards the idiosyncrasies of
Brazilian cities and is in the kernd of a geographic
application software that makes it easy for the usersto
solve different ingances of the TEP.

A prototype of the designed software was
implemented [3] using a geographic database schema
as a framework. We believe that this work is of great
interest for the Brazlian cities administrators, since
our solution takes it acoount the idiosyncrasies of the
traffic in these dties.

Possble extensions to the work described here
includes the improvement of the definition of the
demands data. Ingead o being inserted by the user,
the demands matrixes could be derived from other
data, such as the number of vehiclesin a given region,
and the points of interest dong the aty.

Ancther posshle extension to the software we
proposed would be theinclusion of solutions for other
variations of TEP, such as those described in
[5,13,14].
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