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Abstract: Advances in information technology have made possible the reai-
time control of truck, barge, and ship movement of hazardous materials. This
paper will describe a command and control center for the monitoring via satel-
lite of the flow of these materials. A DSS has been developed to support the
problem-solving and decision-making process required in the event of an emer-
gency situation. The ramifications for public and private organizations are also

discussed.

M anaging the transporta-
tion of hazardous mate-
rials is typically separated into
activities designed to prevent
accidents and mitigate the con-
sequences, i.e., pre-event ac-
tions, and those focused on
emergency response and recov-
ery, L.e., post-event actions. Pre-
event actions are designed to re-
duce the risks before the ship-
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ment, whereas post-event ac-
tions seek quick and efficient
ways to minimize impacts in
cases of accidents and other dis-
ruptions. Moreover, different or-
ganizations manage the differ-
ent activities. Federal and state
transportation agencies empha-
size pre-event actions, while
emergency organizations, typi-
cally local fire and police, are

responsible for response and, in
some cases, clean-up. None of
these organizations is responsi-
ble for managing the safety con-
siderations during the period
when the cargo is en route,
leaving a gap in the risk man-
agement system, We propose to
address this gap by a new ap-
proach: real-time transit con-
trol.



The recent introduction of ad-
vanced location and communi-
cations technology makes opera-
tional management of mobile
units feasible. The command
and control centers (headquar-
ters) know the exact locations of
the vehicles and two-way com-
munications between vehicles
and headquarters provide the
basis for a new managerial ap-
proach in monitoring and dis-
patching. The major break-
through in location and
communications technology is
due to satellite systems which
become available for commer-
cial purposes. The U.S. Depart-
ment of Transportation points
out in its February 1990 report
(U.S. Dept. of Transportation):

The United States has led the world
in developing a satellite-based Global
Positioning System (GPS) to check the
position of vehicles and cargoes in
the air, on the highway and rail-
roads, and in shipping lanes. Yet we
have only just begun to tap the po-
tential of electronics to help route ve-
hicles more efficiently and safely. Im-
proved communications through
electronic data transmission are pro-
ducing better information, greater
control of vehicles and systems, and
increased efficiency. We will soon see
fiber optics transmit electronic data
and images across the country at a
speed equivalent fo 50,000 typed
pages per second. New high-perform-
ance computing systems will permit
calculations necessary for more sensi-
tive weather forecasting and will im-
prove the control and operation of
advanced aircraft.

Considering the need for op-
erational support in risk assess-
ment and decision-making in
hazardous material transporta-

tion and the latest advance-
ments in information and navi-
gation technology, we believe
that the time is appropriate to
address the problem of real-time
transit control for hazardous
material shipments.

STATE OF THE ART IN
REAL-TIME TRANSIT
CONTROL

Real-time transit control in air,
water, and land shipment have
different historical backgrounds.
The most advanced real-time
control systems stem from air
traffic and address mainly issues
of safety. The maritime industry
introduced transit control for
navigation purposes. Railroad
Operations require transit control
for scheduling purposes, and
trucking companies are begin-
ning to use this technology for
optimization of fleet manage-
Iment operations, including rout-
ing (Beroggi and Wallace 1991).

There are two aspects to
safety in transit control. The
highest priority is typically
given to protecting passengers
using the transportation mode.
The environment that may be af-
fected by the mode is consid-
ered second—if at all. Therefore,
traditional safety methods fo-
cused on internal safety, while
safety in the transportation of
hazardous materials is primarily
concerned with external safety.
The objective in external safety
is to reduce the risks to individ-
uals who may be unaware of
the hazard.

Safety aspects in air traffic are
directed towards internal safety.
This is because the risks to the
environment are very small

compared to the risks the pas-
sengers face. In addition to
safety, scheduling and routing
are, for public air transport, the
most important control mea-
sures. Real-time control in rail
transport has a strong historical
background. Satellite control
systems are now being intro-
duced to improve safety and
productivity of railroad opera-
tions (Burns and Turner 1989).
The culture in the maritime in-
dustry has hindered the adop-
tion of technological advances
such as satellite navigational
systems that would make transit
control possible (Harrald et al.
1990; Perrow 1984). In addition,
routing and scheduling focus on
productivity, all too often ne-
glecting aspects of safety.

The least developed section
of the transportation industry in
terms of transit control is truck-
ing. Schedules are set by de-
mand and can usually only be
changed when the drivers call
in from a public phone, Routing
decisions are typically made by
the drivers with little external
assistance. Some private compa-
nies have started to implement
satellite-based tracking systems
to reduce deadhead miles and
improve productivity (Morentz
1988).

The objective of real-time
transit control for hazardous
material transportation is to im-
prove external safety without
compromising either internal
safety or the economic aspects.
This objective can only be
achieved by dispatcher con-
trolled, dynamic scheduling and
routing. Such real-time transit is
found in air, and to some extent
in rail transportation. Table 1
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shows an overview of the state
of the art in transit control for
the different modes. An “X’’ de-
notes that it is used today, and
an “(X)” that it is used only
partially.

INFORMATION
TECHNOLOGY AND
REAL-TIME TRANSIT
CONTROL

Several satellite systems which
support location and communi-
cations between mobile units
and the headquarters are now
commercially available, The
Global Positioning System
(GPS) by the U.S. Department
of Defense is a constellation of
radio navigation satellites that
provides extremely high loca-
tion accuracy 24 hours a day,
world-wide. Data about vehicle
location, travel speed, fuel,
cargo, etc. can be transferred to
the headquarters using UHF/
VHEF satellites. The GEOSTAR
system addresses specifically
tasks of fleet management. It
covers the United States and
South America with the Radio
Determination Satellite System
(RDSS). The system features lo-
cation accuracy 10-100 meters,
round-the-clock operation, real-
time location, navigation, com-
munications, and frequent loca-
tion update. The European
counterpart, LOCSTAR, is
planned to be operational be-
ginning 1992.

The three major features of
satellite tracking systems are:

1) Location sensors at the mobile
units,

2) Communications links between
the mobile units and the head-
quarters, and
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TABLE 1,
An overview of the state of the art in transit control for various modes.
Tasks Safety Scheduling Routing
Modes internal  External Demand Time Driver Dispatcher
Publig X X X
Alr
Private X X X
Inland {X) X X
Water pff.Shore (X) X X
Open Water X X
Truck (X) {(X) X X
Land
Train X (X) X X

3) Data processors and user inter-
faces in the mobile units and at
the headquarters.

The locations of the vehicles
carrying hazardous materials
can be determined at any time
by satellite technology with
high accuracy. Data input and
output are done via a special
keyboard or by voice. The im-
portance of natural language-
based interfaces for advanced
monitoring and communications
has been studied for air traffic
management, as well as for land
and sea-based control (Hopkin
1989). Sensors installed on the
vehicle or ship collect data
about the status of the hazard-
ous material and the driver or
crew. The real-time data transfer
between vehicles and headquar-
ters can now be done via satel-
lite. The locations of the vehi-
cles are displayed on a map-like
screen at the headquarters. Due
to the amount of real-time in-
formation provided by this new
technology, a variety of mana-
gerial concerns can be ad-

dressed which could not be
done with traditional dispatch-
ing. For example, there can be
more efficient scheduling and
routing, as well as more respon-
sive emergency management.
Figure 1 shows the basic con-
cept of real-time information
and decision management.

While location and communi-
cations are in the process of be-
coming feasible world-wide and
the hardware costs are steadily
dropping, information manage-
ment at the headquarters is still
in its infancy. The commercially
available software packages that
support these satellite tracking
systems address, typically, mes-
saging (sending messages via
keyboard), reporting (automatic
printing of reports), vehicle po-
sitioning /mapping (location of
vehicle on a map in different
colors for different status and
overlay of customized maps),
and vehicle tracking (display of
travelled route).

Missing features are advanced
data analysis capabilities for
real-time data as well as for



static and dynamic databases
about the transportation system,
The data analysis tasks can be
divided into geographical data
analysis, route selection algo-
rithms, and reasoning models. Al-
though these three tasks have
been incorporated to different
extents into GIS and Decision
Support Systems (DSS), the
connection between DSS or GIS
and satellite systems has not yet
been addressed thoroughly (Ber-
oggi and Wallace, forthcoming).

DECISION TASKS AND
VARIABLES OF CONTROL

Real-time transit control of haz-
ardous material transportation is
defined as the set of activities
designed to monitor and guide
the hazardous material ship-
ments in a transportation sys-
tem from their origin to their
destination. Transit control is
performed by a dispatcher at
the headquarters. The dis-
patcher monitors on a large
screen the movement of the ve-
hicles, the data on their status,
and that of the environment
(Beroggi and Wallace 1991).

Changes in environmental
and vehicle conditions can be
anticipated or unexpected. An
event that causes a change in
the environment or in the vehi-
cles’ conditions are called real-
time events (RTE). RTE seldom
occur, but when they do the
dispatcher must have quick and
efficient support in risk assess-
ment and route guidance. RTE
can last for a few hours up to a
few days. Figure 2 shows the
different classes for real-time
events,

The dispatcher menitors vehi-
cles and environment for any

FIGURE 1.

Conceptualization of real-time information and decision management.
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RTE that are perceived to affect
either safety or transportation
costs. These tasks, which will be
referred to as generic tasks, are
classified as either sensing or
reasoning (Beroggi and Wallace
1991). Sensing refers to monitor-
ing the transportation system
for RTE, including periodic
checks, measurements, cargo
control, and environment sur-
veillance. The analysis required
for tasks such as risk assess-

FIGURE 2.
Different classes for real-time events.
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ance, is referred to as Reasoning.

The model for transit control,
shown in Figure 3, delineates
three classes of control variables
based on their degree of flexibil-
ity: general, specific and de-
tailed. The most general varia-
bles, and those with limited
flexibility for the dispatcher, are
technology, culture, ownership,
and regulations. They are usu-
ally constant for the transit
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phase but are very important
management strategies. The in-
troduction of real-time transit
control in hazardous material
transportation will have an im-
portant impact on regulation
and responsibility concerning is-
sues of safety. Regulations pro-
moting safety are general in
scope, This often results in con-
tradicting interpretations by dif-
ferent communities which cause
serious managerial problems for
shipping companies. Real-time
transit control provides the
means for operational manage-
ment, so that safety issues can
now be addressed on the opera-
tional level. This will shift the
focus from prescriptive dispatch-
ing to predictive control, since

FIGURE 3.
Generic tasks and variables of control.

the dispatcher knows the actual
locations of all the shipments
and he or she can change the
routes in real time.

As the degree of flexibility in-
creases, the control variables be-
come more specific such as the
material being transported, and
its origin and destination. The
most detailed control variables
are the environment, the state

of the material, the condition of

the driver (or pilot or captain),
and the state of the vehicle, and
are highly variable in time. The
detailed variables of control are
also referred to as real-time
events. The generic tasks and
the variables of control are
shown in Figure 3.
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The two tasks that have been
addressed within this research
are risk/cost assessment and
route guidance for hazardous
material transportation. The
purpose of the control center is
to support drivers in cases of
RTE which are perceived as se-
rious changes in safety or oper-
ating costs. Most of the time,
however, the dispatcher is
merely monitoring the move-
ment of the hazardous material
units on a large screen, without
active intervention.

Given the continuous update
of real-time data and informa-
tion, the tasks and the decision
processes involved in monitor-
ing, risk /cost assessment, and
route selection must be ana-
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lyzed from a dynamic point of
view. The dispatcher changes
from the monitoring task to the
risk /cost assessment task only if
a RTE seems to affect safety or
transportation costs. The occur-
rence of RTE, such as bad
weather or traffic accidents, is
unpredictable. Data and infor-
mation about the event can be
very limited both in quantity
and quality. The first task is
therefore to filter and process
any incoming information, De-
pending on the results, the dis-
patcher might decide to imme-
diately alert all vehicles or only
those that may be affected by
the RTE. A vehicle is affected
by a RTE if its planned route
goes through the region affected
by the RTE,

An important parameter is
the time it takes the vehicles to
reach the region affected by the
RTE. If the vehicles far away
from the region are affected by
a storm, the dispatcher can
postpone decisions, while he or
she must act fast if the vehicles
are close or already within the
region.

After risks and costs of the af-
fected links have been assessed,
the system computers new opti-
mal routes for the affected vehi-
cles. It can then produce three
types of results. First, it can sug-
gest stopping certain vehicles
and waiting until the RTE is
over, second it can suggest re-
routing certain vehicles to avoid
hazardous driving conditions,
and third it can suggest for
some vehicles continuing the
shipment on the planned route
if the RTE is not too dangerous.
The updated routes are then
transferred to the drivers.

OPERATIONAL RISK
ASSESSMENT AND
DECISION SUPPORT

Potentially catastrophic situa-
tions such as real-time events
occur relatively infrequently, but
when they occur, the dispatcher
must act under great stress. He
or she must assess the effects of
these events on transportation
costs and safety and analyze
routing alternatives for the vehi-
cles. The information available
to assess risks and costs will
usually be incomplete and inac-
curate. This implies that a deci-
sion model for real-time deci-
sion-making must consider
human limitations in assessment
and choice under uncertainty
and time constraints. Past re-
search shows that under stress
and time pressure, decision-
makers tend to make biased as-
sessments, and choices are

FIGURE 4.
Model for real-time decision-making,
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of entities are bridges, intersec-
tions, and road segments in ur-
ban areas. It is further assumed
that the dispatcher sees the
route selection problem as a
network problem with the links
as the decision variables. Due to
the high uncertainty in risk as-
sessment, it is assumed that the
dispatcher feels more comfort-
able assigning risk-entities to
well defined ordinal preference
classes rather than assessing
them numerically. Costs are ex-
pressed in dollars, except if they
are “too high” or if they can be
neglected. In addition, it is as-
sumed that the dispatcher has
limitations in assessing prefer-
ences for compound entities.

The problem-specific interpre-
tations of these assumptions de-
fine both the basis for prefer-
ence assessment and the
assessment spectrum for risk
and cost preferences. The dis-
patcher must assign each entity
to one element of the assess-
ment spectrum. The preference
of a route is the “sum” of the
link-preferences, where “‘sum”
is defined according to a reason-
ing logic constituted by a prefer-
ence algebra and two sets of ax-
ioms. The algorithm chooses the
optimal route (considering the
two criteria of risk and cost)
from the origin of the vehicle to
its planned destination by com-
bining links according to the
following priorities:

1} It never takes a ‘closed’ link;

2) Among the ‘open’ links, it
avoids as much as possible the
high-risk links;

3) If there are no high-risk links
(or for ties), it takes the most
economical route; and
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4} If there are still ties, it avoids as
much as possible the low-risk
links.

Based on the preference algebra,
a mathematical description can
be given. Each link on the
transportation network is char-
acterized by an overall link
preference which depends on
the cargo and the time the ship-
ment is expected to be on the
link.

Let n be the number of nodes
on the network, (¥ (c,t) the
preference for the link L; due to
the attribute Y’ of the k-th en-
tity, given the cargo (c) and the
time (t). The x; are the decision
variables, which are 1 if the link
L, is chosen for the final route
and 0 otherwise. Then, the ob-
jective function for the opera-
tional routing problem is the
following;:

n n

maximize z Z 2

im1 =1 kel
x; @ (e, t); Ye[Risk, Cost}

The objective function states
that the optimal route is the one
with highest preference. It can
be proven that the optimal
route is the one with lowest
preference class being maximal;
in cases of ties (several routes
have identical lowest preference
class), the route with the least
number of elements out of this
preference class is the most pre-
ferred one. The first summation
over ‘k’ is the overall preference
for each link L;; the other two
summations over ‘n’ are for the
total network preference, where
‘n’ is the number of nodes,

The characteristic of this
novel route-selection model is
that it computes optimal routes

according to outstanding and
not weighted characteristics,
Traditional strategic models
compute optimal routes by con-
sidering simultaneously cost and
risk aspects. For this operational
model, however, risk and cost
assessment is based on ordinal
and cardinal values and the
preference algebra uses conse-
quently a mixed calculus. In ad-
dition, the axioms of the prefer-
ence algebra, which are derived
from the cognitive assumptions,
result in a calculus that does not
involve trading off risks and
costs but only considers
whether risks dominate costs or
vice versa. It can further be
shown that this approach is in
full compliance with the tradi-
tional principles of decision-
making under uncertainty (Ber-
oggi and Wallace 1991).

A PROTOTYPE
DECISION SUPPORT
SYSTEM FOR REAL-
TIME CONTROL

We developed a prototype DSS
for real-time control of hazard-
ous material transportation that
supports a dispatcher of a truck
fleet in assessing hazardous
driving conditions and selecting
safe and cost-effective routes.
The system incorporates graphi-
cal display and analysis, deci-
sion and reasoning models, and
voice output. Our focus was on
the design of the DSS and the
incorporation of decision algo-
rithms. Real-time data input is
therefore simulated but the DSS
could easily be connected to a
satellite tracking system.

The prototype DSS is written
in an hypermedia environment



which allows the combination
of text, graphics, audio, and
video. The object-oriented pro-
gramming structure of hyperme-
dia has advantages over sequen-
tial processing. It offers more
flexibility and power in the de-
velopment as well as in the exe-
cution phase. The hypermedia
environment used for this DSS
is Apple’s HyperCard. The DSS
is written on a Macintosh
SE/30. Besides having all the
advantages of hypermedia,
HyperCard supports text pro-
cessing and drawing,. In addi-
tion, it offers its own fully de-
veloped programming language,
called Hypertalk which can also
read and write data to other
files and control other programs.
The modular structure of the
programming environment and
the available high-level com-
mands significantly reduce both
the development time and the
chances of error. If execution
speed must be improved, proce-
dures are compiled in lower
level languages and integrated
in HyperCard as external com-
mands (XCMD). With the recent
release of HyperCard 2.0, exe-
cution speed has been improved
significantly since it compiles
the scripts in memory. Hyper-
Card is especially suited for
control tasks, In conjunction
with Macintosh’s serial port, it
is capable of transmitting and
receiving control codes and
data. These capabilities provide
the basis for connecting this
DSS easily to a satellite system.
Another advantage of develop-
ing the DSS on the PC level is
that hardware costs are low and
the DSS has a high portability.
This makes testing and imple-
mentation of the DSS into com-

FIGURE 5.
Monitoring screen with road network.
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panies’ headquarters easier to
achieve (Belardo et al. 1984).

A transportation network
from the Capital District region
of New York State has been
chosen. The road network con-
sists of 69 links. In order to al-
low for various transportation
environments, selected high-
ways, rural, and inner-city roads
have been considered. Three ve-
hicles have been chosen for this
prototype. The monitoring
screen shows the road network
on which the three vehicles
move, Information about the
road links and vehicles can be
obtained by clicking on them.
Figure 5 shows the monitoring
screen.

By clicking on the buttons on
the right of the map, different
menus are activated, such as in-
itializing vehicles, monitoring,
defining and deleting RTE, risk
and cost assessment, routing,
and information transfer to the

vehicles. The monitoring or the
movement of the vehicles can
be activated or deactivated by
clicking on the button ““Moni-
tor.” Before any other tasks can
be done, the monitoring process
must be interrupted. The button
underneath the monitoring but-
ton allows the user to define or
delete real-time events or to ob-
tain information about them. If
the field above the button “Non
Assessed RTE” is “Yes” and
blinking, then a RTE has been
located (region and name are
defined and affected vehicles
determined) or deleted, but the
affected links have not been as-
sessed yet. The field underneath
the button ““Assessed RTE”
shows “Yes” if there are any as-
sessed RTE and “No” other-
wise, The next button under-
neath is clicked when a vehicle
has to be routed or rerouted.
The “Dispatch” button is
clicked when a new route must
be transferred to a vehicle.
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Each vehicle has a card re-
served on which information
about the vehicle is held. This
includes start time, origin, desti-
nation, cargo, planned route,
and the real-time events affect-
ing the vehicle’s route, if there
are any. After the vehicle is ini-
tialized, the optimal route can
be determined. Routing and re-
routing can be done using the
whole network or only a sub-
network which has to be de-
fined by the dispatcher. Choos-
ing a sub-network allows a dis-
patcher to exclude certain links
from the optimal route.

This DSS has been presented
to experienced dispatchers for a
practical assessment. The re-
sponse was in general quite
positive and resulted in useful
suggestions that will help im-
prove the next step of our re-
search—a large scale pilot study.
We intend to equip a truck fleet
with this technology and to
monitor and guide the ship-
ments from a central control
unit. The objective is to gain
more insight into managerial as-
pects and to show that this new
approach does contribute to the
safe shipment of hazardous ma-
terials.

CONCLUSIONS

Improving safety in the trans-
portation of hazardous materials
has traditionally focused on pre-
vention and mitigation, and re-
sponse and recovery. These pre-
and post-event actions were all
that were available, until recent
technological advances made
real-time transit control an im-
plementable safety measure.
These advances proved its feasi-
bility and first applications of
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satellite-based tracking systems
in the trucking industry showed
its realism. We therefore devel-
oped a decision-support system
that helps a dispatcher of a
truck fleet to assess hazardous
driving conditions and select
safe and cost effective routes,
The risk and cost assessment
models consider the dispatcher’s
information processing limita-
tions under stress and time con-
straints.

The increasing amount and
complexity of hazardous mate-
rials in conjunction with eco-
nomic changes, such as the
opening of borders in the new
Europe, will create new prob-
lems that cannot be addressed
in a purely strategic sense. The
transportation of hazardous ma-
terials across political bounda-
ries with diverse regulations will
heighten the public’s growing
concern about the potentially
catastrophic impact of accidents
involving these materials. In ad-
dition, the carriers and owners
are seeing this concern ex-
pressed in increased costs.
These costs plus damages that
cannot be easily quantified in
economic terms will bring about
a public demand for more con-
trol of the transportation of haz-
ardous materials.

The development and use of
prevention and mitigation, and
emergency response and recov-
ery are the traditional strategies
for managing the transportation
of hazardous materials. We
claim that the technology is
now available to shift the focus
to a new paradigm-the devel-
opment of a real-time transit
control system to help ensure
the safe and economic transpor-
tation of hazardous materials.
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