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Abstract: Geographic information systems (GIS) provide an enhanced
enviranment for analysis, evaluation and decision-making in many areas of
urban and regional planning. The emergence of GIS has enabled significant
advances to be made in the storage, retrieval, processing and presentation of
large amounts of geographically referenced data. However, in applying GIS to
the delivery of transportation services, a great deal of additional research and
development has to be mobilized to exploit the potential of GIS technology for
routing transportation vehicles, especially in dealing with real-time inputs in
dynamic settings. As the first step, this paper demionstrates the feasibility of
adding functional modules to GIS in order to process on-line spatial
information to update road networks, fo locate them, o incorporate real-time
inputs of the services requested, and to perform on-screen routing operations.
Although still being limited to a single-vehicle/multiple-location case, a
profotype computerized routing system is used to describe the structure of a
hierarchical, integrated spatial data model for transportation networks; simple
heuristic algorithms are used for handling simple, dynamic routings.

S ervice vehicles running on
a transportation network

can be routed by different meth-
ods. Static routings refer to the
routes and schedules that ser-
vice vehicles follow when the
numbers and the locations of
the requested services are all
known prior to operations., Ex-
amples for static routings in-
clude routings for public or
school buses, garbage collection
trucks, scheduled ships and air-
craft. Alternatively, dynamic
routings refer to last-minute de-
sign and execution of routes for
service vehicles that are en
route. Examples in this case in-
clude taxicabs, dial-a-ride ser-
vices, delivery trucks, unsched-
uled ships and aircraft.

_ There is no single algo-
rithm to solve all vehicle rout-
Ing problems. Appropriate algo-

rithms depend on the types of
service vehicles and their set-
tings. For example, algorithms
for routing school buses will not
perform as well for routing gar-
bage trucks or taxicabs. Because
of this complexity, there exists a
large body of literature on prob-
lems of vehicle routing. Good
reviews are available in Lin and
Kernighan (1973), Mole (1979),
Bodin et ai. {1983), Christofides
(1985), Bott and Ballou (1986),
Golden and Assad (1987).
Dynamic routing prob-
lems require special attention
for processing real-time inputs
and are more critical in time
constraints than are static prob-
lems; thus they compose their
own research area. Literature on
dynamic vehicle routing prob-
lems can be found in reviews
scattered in several related
fields: Psaraftis (1980), Larson

and Odoni (1980), Brown and
Graves (1981), Bell et al. (1983),
Psaraftis (1983), Powell (1985),
Sexton and Bodin (1985), Desro-
siers, Dumas and Soumis
(1986), Bertsekas and Gallager
(1987), Golden and Assad (1988).
This paper first discusses
the basic differences between
static and dynamic vehicle rout-
ing problems. Special character-
istics and requirements for sim-
ple dynamic settings are
reviewed as the basis for con-
structing a computerized system
for dynamic routings. A hierar-
chical data model which inte-
grates network and related in-
formation into a spatial
database is described also for
this purpose. As an example, a
prototype system is presented to
demonstrate the concepts devel-
oped in this paper. The dynamic
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settings in this paper emphasize
the handling of the real-time in-
puts.

It is, of course, impossi-
ble to include all types of ser-
vice vehicles and various set-
tings (such as time window,
queuing considerations, driver
work rules, vehicle capacity,
etc.} in this discussion, How-
ever, this paper, hopefully, will
initiate ideas and stimulate the
construction of systems that
deal with other real-world con-
straints in models.

Dynamic Vehicle
Routing

Dynamic vehicle rout-
ings can be defined as the dis-
patching of vehicles to satisfy
multiple demands for services
that evolve in a real-time (dy-
namic) fashion. Vehicles in this
category include taxicabs, deliv-
ery trucks, ships, aircraft, etc.
Services by these vehicles usu-
ally include picking up, deliver-
ing and dropping off passengers
(or goods) at some stops in a
transportation network. Routes
are represented by a series of
connected network links, e.g.,
street blocks in a transportation
network. Inputs to a dynamic
vehicle routing problem include
the nature of service, the loca-
tions and the time of services
requested. Example networks
may be street networks or voy-
age networks for ships or air-
craft. Stops in a network to be
included in the vehicle routes
may be pre-fixed, or non-fixed.
Stops may be known prior fo
routing operations or may not
be known in advance. If not
known in advance, they will be-
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come real-time inputs during
route execution. The format of
inputs to the vehicle routing
system determines the nature of
a routing problem.

If the assumed inputs,
the numbers and the locations
of the requested services, to a
vehicle routing problem do not
change, either during the execu-
tion of the algorithm that solves
it or during the eventual execu-
tion of the route, it is said to be
a static vehicle routing problem.
Alternatively, inputs may (and
generally will) change (or be
updated) during the execution
of the algorithm and/or the
eventual execution of the route
in a dynamic setting. It should
be noted that algorithm execu-
tion and route execution are
processes that evolve concur-
rently in a dynamic situation.

There are many differ-
ences between static and dy-
namic vehicle routing problems.
In a dynamic situation, the time
dimension usually is essential
and the routing problems may
be open-ended. Future informa-
tion may be imprecise or un-
known prior to routings or the
execution of routes. Therefore,
an efficient information update
mechanism is essential. In addi-
tion to the time constraints, re-
sequencing and re-assignment
decisions may be warranted
because of real-time inputs.
Usually, fast computation speed
and fast on-line access to the
system and to the database are
necessary.

A static routing system
has the luxury of knowing all
inputs, i.e., customer requests,
cancellations, etc., in advance.
Solution speed is less critical,
however; in a dynamic setting,
the routing system is subject to

imprecise or unknown inputs as
well as greater time constraints.
In many situations, a dynamic
routing system would be forced
to adapt heuristic procedures
(mostly local re-routings) to ac-
commodate real-time inputs for
quicker solutions which are
sometimes not as optimal.

Human Interaction and
Re-start Capability

To incorporate the real-
time input setting, a dynamic
routing system needs to be in-
teractive with its users (for ex-
ample, vehicle dispatchers). A
static routing system may be
run in batch mode but a dy-
namic routing system needs to
have human interaction, or even
intervention, not only because
of real-time inputs but also be-
cause of greater system control
by the human. Some obvious,
“quick-and-dirty” routing exe-
cutions may be performed by
experienced dispatchers to avoid
otherwise lengthy computation
time. A system may become
“hung up” with an extreme sit-
uation, e.g., a request that is lo-
cated geographically far away
from all other requests. If it
would be excessively nonprofit-
able for the system to include
this request at a particular time,
it would be deferred (or denied)
by the system operator indefi-
nitely so that other requests
may be served more efficiently.
“Human in loop” would allow
system users to overwrite a
computer at will and to re-start
the system whenever it is neces-
sary. It is also necessary that
dynamic routing systems have
the capabilities of efficiently up-
dating any routes and schedules



at any time within the execution
of a plan, without compromis-
ing key decisions already made.

Hierarchical Data Structure
and User-Friendly Interface

Besides the need for hu-
man interaction and the re-start
capability, a hierarchical data
structure and a user-friendly in-
terface of a routing system are
also extremely important for a
dynamic routing system. In a
dynamic setting, the first step in
routings is usually to identify
the locations of the service re-
quests within the transportation
network. A hierarchical data
structure allows the routing sys-
tem to search for the location of
any service request only
through those relevant data (of
the specific level of aggrega-
tion). It would drastically reduce
the computation time required.
Data links, i.e., street blocks,
and point data are usually pre-
processed and organized into
different levels within the hier-
archy. When performing routing
operations, relevant data links
or locations can then be identi-
fied with quick and direct
searches.

In practice, the hierarchi-
cal data structure can be imple-
mented in many formats. A
simple example for implement-
ing this concept is to utilize GIS
editing routines to attach each
network link (e.g., street block)
with a hierarchical code: the
freeways and the major arterial
routes are associated with
higher hierarchical codes and
local street blocks are associated
with lower hierarchical codes.
Additional criteria such as num-
ber of lanes can be used to fur-

ther classify link codes. For
routes of shorter distances, local
street blocks are used. Routes of
longer distances {e.g., covering a
large metropolitan area) can be
computed on a system which
includes only the freeways and
the major arterial routes and
then connect the requests for
services by locally loading the
location to the nearest arterial
routes.

A user-friendly vehicle
routing system implies a system
that is easy to operate; for ex-
ample, a system with graphic
display to assist users in con-
structing spatial interrelations
among information used in the
system will be preferred to a
system with only text ouput.
Static routing procedures typi-
cally are not organized in an in-
teractive environment as they
usually run in batch mode with
fixed input/output formats.
Routing procedures in a dy-
namic setting, however, are very
different and require a higher
degree of interaction between
the system and the operators.

Several unique features
of an interactive system describe
a user-friendly dynamic routing
system. First of all, a graphic
display is a must in a dynamic
routing system so that users can
quickly and visually construct
spatial relationships among all
information used. Decisions
such as arranging priority of re-
quested services by their relative
locations to an existing route
can be simplified through visual
inspection. Otherwise, lengthy
computation may be necessary
for this purpose, and therefore
prolong the response time by
the system. Secondly, flexible
input formats are also much
preferred in a dynamic routing

system as they reduce the input
preparation time.

Different ways to input
service requests can significantly
affect the efficiency of the rout-
ing system. For example, by
pointing to points on screen
with a mouse rather than by
typing in coordinates of the
points will obviously result in
tremendous savings in both
preparation time and computa-
tion time. Finally, a menu-
driven system interface is much
preferred if compared with a
command-driven system. The
format of a menu-driven user
interface does not require users
to memorize many command
formats and parameters. Op-
tions of operations are usually
listed in the menu for users to
make decisions. Training time
for using the system is therefore
drastically reduced.

In dynamic vehicle rout-
ing procedures, the information
management and user interface
issues are much more important
than in static routing proce-
dures. An efficient dynamic
routing procedure implies more
than just an efficient core rout-
ing operation. Actually, the core
operation itself must be de-
signed in such a way that the
above features concerning hu-
man interaction, re-start capabil-
ity, and user-friendliness can be
easily implemented.

If more advanced fea-
tures are to be included, an
interactive user interface can be
used to improve the user’s
decision-making process during
routing operations. For example,
a system may suggest alterna-
tive routes to users after analyz-
ing routing information. The
users could choose among them
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according to their purposes and
experience. Moreover, route
evaluation is possible when a
system allows users to dramati-
cally change a pre-set route and
then evaluate the changed route
against the optimal route, Users
of such systems would be able
to learn from the experience.

In summary, static and
dynamic routings differ in how
inputs are processed, in system
response time, in system design
and requirements. With these
differences, one can expect the
algorithms for dynamic routings
to be unique from the static
routing algorithms. However,
there have not been enough dy-
namic algorithms developed for
general dynamic routing pur-
pose. In practice, dynamic rout-
ings usually adopt some of the
static routing algorithms and
run them in iterations to accom-
modate real-time inputs. Specifi-
cally, a static routing algorithm
is used to generate an initial so-
lution, and then the system re-
lies on repeated operations for
all subsequent input updates. In
the next section we will discuss
two ways to adopt static algo-
rithms into a dynamic setting,

Algorithms for Dynamic
Routings

Most dynamic vehicle al-
gorithms were developed for
vehicle allocation rather than
specifically for routing purposes.
In practice, a dynamic vehicle
routing system usually adopts
static routing algorithms and
run them again every time a
real-time input is received. Usu-
ally, the adopted algorithm
must undergo a significant de-
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gree of re-design, most of it
heuristic, to be tailored to the
nature of the dynamic scenario.

Adoption of Static Routing
Algorithms

The first and the most
common approach to adopt
static routing algorithms into a
dynamic setting is to re-run the
static routing procedures vir-
tually from scratch each time a
(significant) revision of the input
occurs. For example, a new in-
put or request appears, or an-
other one cancels the request, or
a vehicle breaks down, etc.

This approach may ap-
proximate more optimal solu-
tions than the heuristic ap-
proach (to be described later)
but will certainly take up more
computation time. This will lead
to delay in response time from
system to users. Depending on
the types of routed vehicles and
the size of the transportation
network, delay may range from
insignificant to very significant.
But in general, for a dynamic
system which routes real-time
inputs, this delay of responding
time may be very undesirable.

Dynamic Routing with
Heuristic Algorithms

An alternative and more
realistic approach to the adop-
tion of the static routing algo-
rithms would be to handle dy-
namic input updates via a series
of “local” operations, applied
via the execution of an inser-
tion/deletion heuristic (possibly
followed by an interchange heu-
ristic), after the static core algo-
rithm is run. This would involve
running the static algorithm just
to initialize the process {for ex-

ample, once a day), and rely on
“local” operations for all subse-
quent input updates.

Local operations provide
a reasonable way to handle dy-
namic input data. The principal
advantage of local operations is
the execution speed. Because it
only revises established routes
locally, it avoids wasting com-
putational time to check other
parts of the transportation net-
work that are not relevant to
the current input. It should be
noted, however, that local re-
routings work well when the
number of new service requests
is relatively small with respect
to the number of service re-
quests included in an existing
route. But as the number of new
requests increases relative to the
number of known points for the
existing route, the performance
of local re-routings will be dete-
riorated. Furthermore, the spa-
tial density of the service
requests also affects the per-
formance of local re-routings.
Lower density transportation
networks usually are more suit-
able for local re-routings. Also,
the local re-routing algorithms
work well for the situation of
single-vehicle/multiple-location
route, but may not work as well
for multiple-vehicle/multiple-
location situations.

Another issue concerning
the heuristic approach of using
the local re-routing algorithm is
the tradeoffs between comput-
ing time saved and the possibil-
ity of obtaining optimal routes,
For example, the local re-routing
algorithm can be modified to al-
low users to specify different
numbers of points on the exist-
ing route to be included for re-
routing, One extreme is as the



aforementioned situation
wherein a single new request is
inserted into an existing pair of

oints. Another extreme is to in-
clude all points in the re-routing.
This implies a total re-routing
and naturally will require more
intensive computation. Users of
such systems will have to make
decisions in terms of the trade-
offs between saving computation
time and obtaining optimal solu-
tions, according to their own
objectives.

Dynamic Routing
With GIS

A vehicle routing system
is currently being tested by the
author based on concepts de-
scribed so far. The earlier ver-
sion of the system was designed
for county-level governmental
entities for various static-routing
purposes: school buses, garbage
collection trucks, etc. Later it
was modified and enhanced to
process dynamic routings for
service vehicles such as delivery
trucks. This system is described
here as a demonstration. In its
current version, the system is
capable of routing one vehicle
at a time with real-time inputs.
The local re-routing algorithm
uses only one point at each side
of the new request for modify-
Ing an existing route with re-
spect to a real-time input. Al-
though it is capable of
performing both static and dy-
namic routing operations, it is
primarily developed for simple
dynamic routings for delivery
vehicles. Dynamic routings with
other constraints, such as time
windows, vehicle capacities, and
others, will require further ef-

forts to customize the system in
the future.

The prototype system
consists of a database and sev-
eral modules: a NETWORK
database which integrates both
spatial and non-spatial data for
the routing system; other mod-
ules for routing operations in-
clude ROUTE BUILDER,
ROUTE MODIFIER, and
ROUTE REPORTER. All routing
modules share the spatial data-
base, NETWORK.

An Integrated Database

The data required by the
prototype dynamic routing sys-
tem can be classified into two
broad categories: graphic (spa-
tial) and tabular (non-spatial)
data. Graphic data refer to coor-
dinates and their spatial rela-
tionships in a transportation
network. Each data link repre-
sents a street block in the net-
work. A series of coordinate
pairs describes the positions and
directions of the link. The spa-
tial relationships among data
links refer to how these links
are interconnected in the net-
work.

Tabular data refer to the
information associated with data
links in the transportation net-
work. Each data link can be as-
sociated with a number of attri-
butes such as number of lanes,
one/two-way street, traffic
flows, the distance of the link,
number of houses located along
the link, the range of their ad-
dresses, and others.

Graphic and tabular
data, which may be stored in
separate files, can be integrated
into a GIS. GIS provides an en-

hanced environment for analy-
sis, evaluation and decision-

making in many application
areas by integrating both tabular
and graphic data. Once the data
are organized into a spatial
database, functional modules
can be added to the GIS to
carry out tasks. In our case, the
functional modules added are
the ROUTE BUILDER, the
ROUTE MODIFIER, and the
ROUTE REPORTER.

Using GIS, other tabular
data for fleet management also
can be incorporated into the
database if desired. Maintenance
records, fuel-consumption rec-
ords, personnel records and
other scheduling information
can also be integrated.

NETWORK Database

The database, NET-
WORK, integrates both graphic
and tabular data of the trans-
portation network. GIS editors
are used to input, edit, append,
sort, or display data. An inter-
face establishes the linkages be-
tween two groups of data. The
structure of the database of the
prototype system is given in
Figure 1.

In the prototype data-
base, a transportation network
is stored by links. Each link is
stored as a record in the link
file. Each record contains link
identification, coordinate point-
ers, hierarchical codes, and
other attributes. While each link
is defined by an “ID,” its posi-
tions and directions are defined
by a series of coordinate pairs.
Coordinate pointers, recorded as
two attributes for each link,
point to the beginning and the
ending positions of coordinate
pairs in the coordinate file. A
series of coordinate pairs can be
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FIGURE 1.
NETWORK Database.

Record Number

Data link ID

b

Coordinate pointer (begin]

Coordinate pointer [end)

Data link heirarchy code

| Link
File '—{ Data link length
— From link ID
To link ID
From address no.
To address no.
Network Other attributes
Database | | No. of lanes
Tratfic flow
One / two way
— ete.
Coordinate Record no.
File Longitude (or x-coordinate)

extracted from the coordinate
file to describe the link’s posi-
tion and direction, The hierar-
chical codes of the network
links provide means for routing
at various “resolutions.” Experi-
ence suggests that higher, hier-
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Latitude (or y-coordinate)

archical network links can be
used to construct route seg-
ments between distant service
requests. Many features can be
recorded as additional attributes
for each link. In the prototype
system, each link record con-
tains link (street) name, link’s
length, address ranges, etc.

Functional Modules for
Routings

The actual routing proce-
dures can be conducted by add-
ing function modules to a GIS.
In addition to GIS editors,
which may be used to input
and edit street networks, the de-
sign and modification of routes
in the prototype system is
achieved by adding three mod-
ules: a ROUTE BUILDER, a
ROUTE MODIFIER, and a
ROUTE REPORTER. The struc-
ture and functions of these three
modules are shown in Figure 2.
The routing procedures begin
by a static routing with the
ROUTE BUILDER. Using infor-
mation (of service requests) ini-
tially available, an initial route
is established. The execution
can be started any time after
this point, depending on the ar-
rival of real-time inputs. Upon
receiving real-time inputs, the
system switches to the ROUTE
MODIFIER to perform “local”
re-routing and re-sequencing.
Real-time inputs are incorpo-
rated accordingly. A new re-
quest can be inserted to the
existing routes and any cancel-
lation can be deleted from the
existing routes.

The algorithms used for
local re-routings perform quick
insertions or deletions on exist-
ing routes. They are not de-
signed to re-route the entire set
of updated requests with the
entire transportation network.
As the local re-routing algo-
rithm deals with only part of
the entire transportation net-
work, the response time is dra-
matically reduced. However, it
should be noted that routes de-
signed in this manner some-



FIGURE 2.
Functional Modules And GIS.
DBMS for tabulate data|
GIS Network digitizer | -
[ | Editors Network Imponer] [ Fosition
Network editor l— Edt
Append
-— Sont
Display
Save / retrieval

{Route Builders|—Static Routing Core

Dynamic
Routing w/ [
GIS

times are not always optimal if
compared with the routes de-
signed by applying static rout-
ings from scratch every time a
new request is incorporated.
Both insertion and dele-
tion procedures perform local

re-routing by the following

steps (also shown in Figure 2):

1) Locate the request in the

path sequence of the identi-

fied route;

2) Identify the two neighboring

Route ||| Insen
Modifier Requests
|| Delete
Requesm Shortest path proceduresJ
Update paths |
Route Tabulate output
Reporter | LiGraphic output

stops (closest to the location
of the request) in the path
sequence;
3) For insertion:
a) Compute the shortest
paths from the request loca-
tion to the two neighbor
stops;
b) Delete the path between
two neighbor stops from
route;
¢) Replace with two shortest
paths (from the location of
request to two neighbor
stops);
4) For deletion:
a) Delete the paths between
the location of request to
two neighbor stops;
b) Compute the shortest
path between the two
neighbor stops and add it to
the route;
5) Ready for the next real-time
input.

In addition to the
ROUTE BUILDER and the
ROUTE MODIFIER, a ROUTE
REPORTER is implemented to
produce output in both graphic
and tabular forms. A map on
which the designed routes are
highlighted can be plotted on
screen. Figure 3 demonstrates
an example from the prototype
system. Street links included in
the route are highlighted by a
different color. Function keys of-
fer various options a user can
select during routing operations.
Route statistics, e.g., lengths,
number of service requests cov-
ered, number of U-turns, left
turns included, also can be re-
ported. If preferred, a listing of
street names can be generated
to accompany the graphic re-
ports (Table 1}.
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Conclusions and Future
Research Issues

In recent years, major
developments have occurred in
two areas: geographic informa-
tion systems, and vehicle loca-
tion and tracking. Both are ex-
pected to impact routing and
dispatching significantly. With-
out GIS to provide an interac-
tive, integrated environment for
vehicle routings, routing proce-
dures are limited to mostly
static settings or their simple it-
erations. Processing tabular and
graphic data with GIS, dynamic
routings become feasible and
have the potential for a wider
range of applications.

In the preceding sec-
tions, several key differences be-
tween static and dynamic vehi-
cle routing problems are
discussed. In general, solution-
speed time constraints in a static
setting are less critical than that
in a dynamic setting. Dynamic
routing problems in some situa-
tions have different emphases
than those of static routing
problems. As a result, routing
procedures are also conceptually
different. For a dynamic routing
system, achieving routings in
less time while satisfying certain
profit-driven criteria seems to be
more important than achieving
an optimal route of the least op-
eration cost as in the case of
static routings.

It should be noted that
in applying these concepts for
practical applications, a comput-
erized routing system would
have to be tailored to meet the
specific settings for each particu-
lar application. This involves in-
corporating specific constraints
into the computerized routing
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FIGURE 3.

Prototype Dynamic Routing System (Graphic Display).

F2:all-off F3:puto
F8:Plot

Fi:4ll-on
Fo:New-Route F7:Jump

F4:Manual FS :Backup
F9:Print&Save F18:Quit
information
Left Turn: 1
Right Turn: 14
U Turn: 7
Stops in Beat: 1461

Stops Collected: 304
Distance in Beat: 24594
Distance Covered: 4829
Total Turns: 22
Cursor at:
2680 1138
Status

Keys Activated:
Fi, F4, F8 {0 F18

R side CONUAY IR

TABLE 1. Prototype Dynamic Routing System (Tabular Qutput).

Street From
BRADLEY AV JALNA_BV
JALNA BV  CONWA_DR
CONWAY DR JALNA_BV
CONHAY CT  CONWA_DR
CONWAY cT CONWA_DR
CONWAY DR CONWA_CT
CONWAY DR CONWA_LN
CONWAY LN  CONWA_DR
CONWAY IN  CONWA_DR
CONWAY DR  CONWA_LN
CONWAY DR JALNA_BV
JALNA BV  CONWA_DR
JALNA BV
JALNA BV  CHESW_CI
CONWAY DR CHESW_CI
CHESWICK CI  CONWA_DR
SARAH CR  CHESW CI
CHESWICK CI  SARAH_CR
CHESWICK CI  CONWA_DR
SARAH CR  SARAH CT
SARAH CT  SARAK_CR
SARAH CT  SARAH_CR
SARAH CR CHESW_CI
CHESWICH CI  SARAH _CR
CONWA_DR

CHESWICK______ __ cI

systems. A number of possible
constraints in routing systems
have been treated to various de-
grees of success in the literature
of operations research and

To Side stops Next turn
LON__MUN right o right
BRADL AV right 0 right
CONWA_CT  right 29 right
right 5 U turn

right 0 right
JALNA_BV right 46 U turn
JALNA_BV right 0 right
CONWA_DR right 25 U turn
CONWA_DR right 25 right
CONWA_LN Tight 23 ahead
CONWA_LN right 5 right
CONWA_DR  right 26 U turn
CHESW_CI right 5 ahead
CONWA_DR right 19 right
JALNA_BV right 8 right
SARAH CR right 1 right
CHESW CI  right 24 right
JALNA_BV  right 4 U turn

JALNA_ BV right 10 left
CHESW _CI right 1 right
” right 7 U turn
right o right

SARAH CT right 7 right
SARAH_CR right 16 U turn
right 18 ahead

JALNA BV

transportation management.
These constraints include time
windows, driver work rules, ve-
hicle capacity constraints, and



others. What constraints and
how to incorporate them into a
dynamic routing system are in-
deed pragmatic issues for future
research.

Another direction for fu-
ture research is to improve the
system so that routing informa-
tion can be analyzed and pre-
sented to the user in a form that
will facilitate improved decision-
making. For example, the com-
puterized routing system will
suggest alternative routes; the
users can choose one that best
serves the user’s purpose and
experience. Another option will
allow users to alter a pre-set
route dramatically. The system
could evaluate the change
against the final chosen route
(after the dynamic modification)
or against an optimal route
computed post hoc and show
how the route could have been
improved. A wide range of sim-
ilar conditions can be easily
identified for future research.

In summary, the use of
GIS in a dynamic routing sys-
tem allows the routing efforis to
be performed with a hierarchi-
cal structure, and that dramati-
cally improves the computation
speed of routings by bypassing
the irrelevant parts of the net-

work. In addition, the ability of
GIS to process geographic infor-
mation, together with tabular
and graphic information, allows
users to enter, edit, and to dis-
play transportation networks ef-
ficiently. Interaction among sys-
tem and users via GIS graphic
displays makes routing systems
more user-friendly with quick
realization of spatial interrela-
tionships for the system opera-
tors. Finally, adding functional
modules to GIS not only en-
hances GIS functionality but
also expands feasible application
areas for GIS.
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