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Abstract. Most traditional service delivery models were developed to solve single objective problems. 
While the disaster recovery task usually needed the consideration of multiple objectives (e.g. the total 
waiting time, the total weighted time of travelling, the fairness of resource distribution). Therefore, 
the traditional models can't completely support the disaster recovery task. In the real world, the 
assignments of service delivery are always performed by the vehicle dispatchers or truck drivers based 
on their experiences. However, the intuitive assignment methods are lacking a mathematic basis. They 
may be efficient but not necessarily effective. In order to provide an efficient and effective decision 
support system, this study has focused on the general expression of performances for service delivery 
and modifies the traditional delivery models by rule-inference techniques. The objective of this paper 
is to describe how a decision support system has been developed to achieve the performance 
requirement in emergency service delivery tasks, while traditional routing algorithms are modified and 
software techniques are utilized under a PC-based environment. Furthermore, some directions for 
future improvement are proposed. 

Key words. Decision support system, disaster mitigation and recovery, Geographic Information 
System (GIS), service delivery. 

Introduction 

In an urban area, a place of concentrated population and economic activity, 
preparation for handling disasters is critical as large scale disasters often cause 
tremendous loss. The disaster management problems encountered are often 
semi-structure, non-deterministic and highly time-constrainted in nature. Dealing 
with the highly complex decision making process, this paper focused on develop- 
ing a decision support system to aid effective service delivery for disaster 
mitigation and recovery. The proposed system attempts to solve real world 
problems by means of geographic information system (GIS). In this way, 
decisions can be made by direct involvement and interaction of the decision 
maker with the system's database and models, along with accurate geographic 
information. As a result, swift and effective solutions can be generated in a short 
time, reducing disaster related loss. 
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In examining the service delivery problem, methodologies, models and their 
limitations are reviewed. Conventional heuristics and algorithms are improved, 
and an interactive man-machine architecture is developed. Ultimately a highly 
operational service delivery decision support system practicable in multiple 
criteria decision making is implemented into an integrated environment. Lastly, a 
comprehensive example is given to explain the architecture and operations 
introduced throughout the research. 

Review: the problem domain 

The service delivery problem is evident in everyday life. It has different forms of 
applications in various aspects, such as garbage collection, newspaper delivery, 
and mail delivery. Each has different constraints and objective functions. The 
problem has been largely discussed as a Vehicle Routing Problem (VRP) or 
Traveling Salesman Problem (TSP). Numerous methods have been developed 
and applied, to improve the optimization and practicability of solutions. 

The disaster handling problem is one of the most complicated service delivery 
problems. The disaster handling decision support system deals with spatial and 
discrete networks of transportation in the urban area, striving for optimization of 
multiple targets, such as total distance, waiting time, and total weighted traveling 
time, herewith dealing with the actual environment having one-way streets, left or 
right turn restriction, different constraints on vehicle type and capacity, route 
length etc. Thus, powerful and efficient problem solving ability is critical for such 
a system. In addition, a good disaster mitigation and recovery system requires a 
flexible account for further expansion of data and model, while user-friendliness 
facilitates man-machine interaction for average users. 

In the last 30 years after Dantzig and Ramser [5], many methodologies have 
been developed to solve the service delivery problem. The following is a review of 
the models and techniques. They are divided into the three groups. 

a) Mathematical analysis. Mathematical Analysis includes methods such as Branch 
and Bound, Integer Programming, and Dynamic Programming. Scholars which 
discuss the Branch and Bound method, such as in [1], many focus on improving 
the efficiency of the optimization process. 

Integer programming converts the problem into a problem in the domain of 
set-partitioning and set-covering, using an objective function and constraints to 
obtain a solution [6,7]. The constraints become very complicated as the actual 
environment is considered. As for Dynamic Programming, its basic concept is 
from Bellman's principle of optimality [8], and has been applied on the TSP 
problem [1]. Three of the methods can give the optimal solution. However, they 
are rarely used as the problem is NP-complete. 

b) Heuristic methods. Heuristic methods give sub optimal solutions, and has 



DEVELOPMENT OF A DECISION SUPPORT SYSTEM 117 

successfully overcome some difficulties of mathematical analysis. According to 
Golden [9], heuristic methods can be divided into several categories: Saving or 
Insertion [2,5], Cluster First-Route method [10], Route First-Cluster second, and 
Improvement or Exchange [3]. Among these methods, the saving algorithm 
proposed by G.Clarke & J.W. Wright [5] in 1964 has been widely used as various 
constraints can easily be taken into consideration. 

c) Man-Machine interaction methods. Man-Machine Interaction methods have the 
advantage of solving semi-structured problems based on human experience, 
improving the system's efficiency through man-machine interaction and providing 
more practical solutions as the user can participate in providing more realistic 
constraints [11,12]. This method is getting more important as the use of 
microcomputers has become popular. 

Though previously mentioned methods have been successful in theoretically 
created problems, they have the limitation of only partially solving the problem in 
practical applications, because the problem is complex in nature, and the 
optimization requirements are not bounded to just one kind. To handle such large 
and complicated problem solving, A . A .  Assad made provisions for extending 
these methods [13] that enhance the heuristics' abilities in a way that they can 
cope with problems with complex constraints. On the other hand, as Rousseau 
mentioned [14], no single method can solve all of the service delivery problems as 
they have different characteristics. Rousseau thus proposed a general concept 
represented by means of a shell. 

His shell has three basic components: objects (origin, stop, route and vehicle), 
basic operators (init, add, merge and exchange) and selection, in which the user 
controls the selection of operations towards objects. Thus, using the interactions 
of the three components, humans take part in the problem solving process. This 
concept has been amplified, along with the concept of Assad, in this research into 
a sophisticated environment integrating several other components as shall be 
presented in the next section. 

SYSTEM ARCHITECTURE 

The architecture of the system is based on the concept of DDM (Dialogue, Model 
Base, Database) proposed by Sprague in 1980, (Figure 1) and the concept of Shell 
described earlier. 

The DDM methodology has many advantages: easy to learn, direct manipula- 
tion, user-friendly interface and fully interactive. The Dialogue part is especially 
important to solve problems that are not programmable. The system emphasizes 
total quality and integrity of the whole problem solving process instead of merely 
concentrating on the efficiency of algorithms. 

The DSS proposed here has integrated GIS, expert systems, heuristic and 
man-machine models, simulation and multiple criteria evaluation model into an 
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Fig. 1. The DDM (Device Dialogue & Model) architecture. 

environment which supports judgements in emergency service delivery. Figure 2 
shows overall architecture and components of the DSS. Each component is 
described as follows. 

(a) Geographic Information System (GIS). GIS is generally a powerful tool with 
advantages such as great ability to handle spatial and non-spatial data [15], 
providing interactive information exchange, and high quality precision for 
calculation and graphics representation. Scholars have shown great interest in the 
potential for applying GIS to the service delivery problems [2, 7, 9]. 

In this system, taking advantage of GIS' salient features, it has been applied as 
a basis of the database management system, providing flexible data modification 
and appendage, thus attaining real-time interaction between the user and the 
database. Considering part of the GIS utilizes procedural language, which might 
cause difficulties for its user, a highly user-friendly interface has been built upon 
the GIS database to ensure good man-machine communications. This way, the 
GIS' underlying eff• and ability becomes clear to the decision maker. 

(b) The Heuristic Model. The conventional heuristic models used in this system 
are saving algorithm [3] and the 2-optimum edge exchange procedure [10]. In 
processing the routes, saving algorithm efficiently merges routes to lower the 
number of vehicles and cost of service delivery. As for the 2-opt method, it is 
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responsible for resequencing the order of traversal to obtain a low cost delivery 
route. Constraints set by the decision maker are inferenced by both of the 
optimization processes, providing more realistic and intelligent solutions. Both 
algorithms are adjusted to incorporate the inference machine into the model. 

(c) Expert System (ES). The expert system goes hand in hand with the heuristic 
model for an optimized solution. The ES uses backward chaining to match rules 
in the knowledge base. The rules in the knowledge base use rule-based knowledge 
representation, which will be described in the next section. One of the greatest 
advantages of this module is that the experiences and knowledge can easily be 
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built into the knowledge base. With the expert system inferencing ability and 
flexibility, feasible results can be generated. 

(d) Man-machine model. The man-machine approach in this system is an 
extension of the "Shell" concept. Different from the expert system participation 
in the solution generating process described above, in which the expertise has 
been built into a knowledge base, it is an environment enabling the user to take 
part in the optimization process directly. As it is a fact that human's heuristic 
towards semi-structured is far more effective than to program the machine to 
make such decisions, it makes sense to provide such an environment allowing 
experienced decision makers to participate in the process by "instinct". 

There are various functions provided in the system to perform the route editing 
such as specifying a node to be included in the route, selecting a route to be 
optimized with the 2-opt method, selecting two routes to be merged and 
extracting a stop from a route. As such, the system integrates the human heuristic 
and rule-based constraints supporting structured and semi-structured decision 
making, thereby solving the problem with a new approach. 

(e) Simulation and evaluation. The simulation module takes feasible solutions 
generated from the heuristic model and the man-machine model, and simulates 
the routing schemes with actual geographic data from the GIS database. 

Through simulations, performance measurements are obtained and are proces- 
sed by the multiple criteria module. The evaluation calculates the performance 
values with different criteria and weights, consequently generating an overall 
performance index. If the result is not satisfying, the process of optimization can 
be repeated. 

Knowledge representation and adjustment of algorithms 

Despite the integration of several powerful components, problem solving is still 
highly complex. Efficient algorithms are needed to speed up the problem solving 
process. On the other hand, good knowledge representation ensures smooth 
information flow and manipulation within each component. This section intro- 
duces the system's knowledge representation and describes several adjustments 
on existing algorithms to acquire better results. 

KNOWLEDGE REPRESENTATION 

In the "Shell" architecture proposed by J.M. Rousseau [12], the performance 
measurements are illustrated by relating attributes of the four objects (origin, 
stop, route and vehicle) into a formula. However, the method of representation 
has not been stated. In this system, an analysis of the categorization of issues and 
attributes of service delivery made by Bodin [2] has been carried out to obtain the 



DEVELOPMENT OF A DECISION SUPPORT SYSTEM 121 

I JOB I 

I ROUTE 

[VEHICLE] 

O.Service_Vol 

[HRC] 

~ DEMRN13 I 

t 
[NODE] 

I 
D.volume 

13.delay 

V.speed R.d is tance 

V.capac i ty  f l .average  

N.de lay  

Fig. 3. 

[] : set 
[] : ob jec t  

- : 1 to 1 re la t i on  
-I~ : I to N re l a t i on  
O . - : d e p o t ' s  a t t r i b u t e  

System's objects and attributes 

O.-: veh ic le 's  a t t r i b u t e  
ft.-: arc's a t t r i b u t e  
N.-: node's a t t r i b u t e  
13.-: demand 's  a t t r i b u t e  

hierarchical relationship of objects. The five major elements representing the 
system's attributes are: Vehicle, Arc, Node, Depot and Demand, as explained in 
Figure 3. 

Operations can be applied in a set or elements in the set such as +, - ,  *, /, 
>(max) and <(min). Below is an example for finding the time spent on an arc. 

RULE NAME: ARC TIME 
IF 1 
THEN RETURN THE TIME OF THIS ARC 
THEN V A L A . D I S T A N C E / A . A V E R  SPEED 
ELSE (NULL) 
ELSE_VAL (NULL) 

In this way, knowledge and constraints can be appended by the decision maker 
and at the same time understood, inferenced and processed with calculations 
directly. As a result the user can dynamically expand the system's knowledge for 
the problem solving process. The notation significantly enhanced the ability of 
handling constraints in a practical situation. 
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THE ADJUSTMENT OF SAVING ALGORITHM 

The saving algorithm proposed by Clarke & Wright [3] has been a widely used 
heuristic method. It is an iteration process of selecting two nodes and linking 
them up to shorten the distance travelled. After finding the maximum distance 
saving nodes i, j with saved distance S(i, j)  a combination (join, attach or merge) 
is made. Then, constraints such as load restriction and total work time are 
inferenced to check for any violation. This process is iterated until no improve- 
ment is required. The constraints in the method improve flexibility in the desired 
solution. 

However, the algorithm needs to be modified rapidly as the constraints are 
different in every case of service delivery. For this reason, the algorithm is 
adjusted so that the constraints are retrieved from the knowledge base, allowing 
greater adaptability to different situations. The adjusted saving algorithms are 
presented in Figure 4. 

THE ADJUSTMENT OF EDGE EXCHANGE PROCEDURE (2-OPTIMUM) 

The edge exchange procedure is frequently used for further improving the initial 
solution. In this system, two-arc exchange (2-optimum) are used. In the optimiz- 
ing process, two inadjacent arcs are exchanged for possible saving on distance. 
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Fig. 4. The adjusted saving algorithm. 
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The process is also an iteration until changes of sequence can no longer shorten 
the distance. The adjustment here is added to enable constraints in the knowledge 
bases to participate in the optimization, resulting in an optimization that fits the 
constraints in practice. The adjusted 2-opt flow chart is shown in Figure 5. 

THE ADJUSTMENT OF SHORTEST PATH SEARCH (FLOYD'S ALGORITHM) 

Floyd's shortest path algorithm [13] is applied in this system for finding a shortest 
path from node to node in the modelling distances of the urban transportation 
network. As Floyd's algorithm does not consider the problem of one-way streets, 
left turn or right turn restrictions, an adjustment has been done to model these 
direction considerations. The method is to build a set T(n, a), a subset of G(n, a), 

Fig. 5. 
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qikl = q k -  1 

to indicate the inhibition of turning. A detail for Floyd's algorithm and its 
adjustment is shown in Figure 6. 

In addition, the system also makes room for a change in requirement, such as 
changing shortest distance search to minimum time search. This is done by using a 
minimum cost all-to-all matrix instead of a specific shortest distance all-to-all 
matrix for a more general problem domain. 

The prototype of the system 

A prototype of the service delivery decision support system based on the research 
has been developed. The processing flow chart is shown in Figure 7. System 
operation and solution generation are as follows: 
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Fig. 7. The system processing chart. 

a) Firstly, spatial data, such as transportation network coordinates, phases and 
boundary coordinates are converted from the GIS and are read into the system. 
Attribute data files in Dbase III format are converted by the system. Before the 
system starts to operate, a minimum cost matrix is built as a basis for later 
construction of links between depots and demand nodes. 

b) After  the system starts to operate, the service deliverer is required to set the 
position of the depots and the demand nodes in a graphic interfacing environ- 
ment. This can be done easily in a window and mouse driven environment. 

c) The next task is to partition the demand nodes, relating them to the depot 
served. The partitioning task can be accomplished interactively by the user or by 
employing B. Gillett's two-stage clustering techniques. In the first method, the 
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task can be done by mouse-clicks in which the user explicitly assigns the nodes to 
their depots. 

The latter utilizes a value X set by the user, so that when the distances between 
demand nodes and depots are compared, nodes having values smaller than X are 
assigned to the related depot. At the end of this repeated process, each of the 
unassigned nodes are assigned according to the principle of minimum cost. 

d) Before discussing the problem solving process, the user should set rules and 
constraints practically using the system's rule-based representations. The system 
provides a built-in editor for various knowledge manipulating operations. 

e) The constraints are then inferenced by both the heuristic model and the 
man-machine model described earlier. A simulation is carried out simultaneously 
to check for rule violation. 

f) Upon the completion of the simulations, the system evaluates the solution 
and gives a set of performance measurements to facilitate the user's decision 
making. 

g) The communications between the user and the system continue until the 
solutions are satisfactory. 

In the prototype of the service delivery DSS, integration of processes from the 
initial data collection to the readily feasible solution ensures a smooth information 
flow within processes. As a consequence, the total quality of the DSS can be 
improved. In the next section, a comprehensive case study is presented as an 
example of a practical application. 

Example 

In this case analysis, the service delivery DSS is used to simulate the situation of 
water supply in the occurrence of fire in ChiaYi city. There are four depots to 
serve 20 schools as demand nodes. 

Firstly, the task of digitizing the transportation network was handled by the 
ARC/ INFO GIS. A file conversion was done to obtain spatial data and attributes 
required in the system. The next step is the partition of depots and nodes. 

There were five principles used as a basis of evaluation of the grouping process, 
namely average degree of service, average service difference, coverage in five 
minutes, total distance travelled, and weighted average travel time. In this case, 
they are weighted to attain the primary objective of "depot load fairness". 
Partitioning policies are obtained by applying the man-machine method and B. 
Gillett's method. They are evaluated and the performance measurements are 
generated. Performance indexes were computed according to the weight of each 
measurement. 

From the process above, three bet ter  partitioning policies are chosen to be 
processed for route-finding. Using modified saving algorithm and simulation rules, 
the system generated different service delivery policies according to different 
situations and constraints. Again, performance measurements of the routing 
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Demand Distance Merging Sequence No. of Total Total Total Total 
relaxation of vehicles distance walt travel weighted 

traversal traveled time time travel 
time 

Weighted 

average 

travel 

time 

B1 v 4 23438 194.24 40.5 
A B 2  v v 8 28156 141.05 48.34 

7 B3 v v v 16 40773 126.71 69.18 

B4 v v 7 28035 145.69 48.54 
B5 v 4 20895 189 37 

A B 6  v v 7 25227 142.98 44 

4B7 v v v 14 35551 126.55 61.56 
B8 v v v 9 29893 140 52.31 

B9 v 4 22476 189 37 
B10 v v 8 25432 142.98 44 

A B l l  v v v 13 32740 126.55 61.56 

6B12 v v v 9 29086 136.46 51.47 

B13 v v v v 13 32775 133 57.23 

37914 21.13 
19586 12.33 

15139 9.658 
20601 13.59 

36034 16.9 
20464 11 

15380 8.74 
19047 10.34 

36034 16.9 
20464 11 

15380 8.74 

17889 9.66 
17807 9.018 

solutions were generated, and performance indexes were computed according to 
the weight allocation schemes, 

There were four constraints being considered in the case including: level of 
demand, distance travelled, merging relaxation and the node priority. As for the 
evaluation functions of the routes generated, six rules were applied: 

A number of vehicles used 
A total distance travelled 
A total waiting time from depots to the demand nodes 
A total travel time of all vehicles 
A weighted total travel time (weighted with the nodes demand) 
A weighted average travel time (weighted total travel time/total demand) 

The performance measurements obtained are shown in Tables I, II and III. 
Some conclusions were observed in the results: the merging relaxation heuristic 
improved the saving algorithm in total waiting time. Besides, the rule limiting 
sequence of traversal has improved total weighted travel time. 

The case results substantiate the fact that in a multiple-criteria evaluation 
process, as the quafity of the solutions are highly dependent on different weight 
distributions, adding suitable heuristics for a specific objective might increase the 
effectiveness of the solution generation process. 

Conclusion and Further Research 

The service delivery decision support system developed in this research has 
successfully established a flexibility of handling a wide range of service delivery 
applications. Some of the breakthroughs of model development in the system 
include: 
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Table II. Performance indexs resulted from the evaluation. 
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Weight i Weight 2 Weight 1 & Weight 2 

priority policy performance policy performance policy performance 
order index index index 

1 b6 0.397556 bll 0.36144 b12 0.374823 
2 b12 0.393274 b12 0.356373 b6 0.373451 
3 bl0 0.387629 b7 0.351821 bl0 0.367103 
4 b8 0.373842 b6 0.349347 bll  0.36536 
5 b2 0.372533 bl0 0.346576 b8 0.35492 
6 bll 0.369281 b13 0.341804 b7 0.352682 
7 b4 0.359647 b8 0.335998 b2 0.352612 
8 b7 0.353544 b2 0.332691 b13 0.346384 
9 b13 0.350963 b3 0.316785 b4 0.335917 

10 b3 0.306492 b4 0.312187 b3 0.311638 
11 b5 0.250866 b5 0.17357 b5 0.212218 
12 b9 0.247341 b9 0.169416 b9 0.208378 
13 bl 0.1899754 bl 0.1167567 bl 0.1533661 

Table III. Weight distribute for multiple criteria evaluation. 

function no. of total total total weighted 
vehicles distance wait weighted average 

traveled time travel travel 
time time 

weight 1 0.1515 0.0909 0,3333 0.0909 0.1667 
weight 2 0.0357 0.1070 0.5 0.1070 0.1250 

2x the utilization of  a min imum cost matrix instead of  a fixed min imum distance 

matrix.  

2x the coord ina t ion  of  the man-machine  process with the convent ional  p rob lem 

solving models  to stretch the ability of  the system into s t ructured and 

semi-s t ructured decision making.  

A effectively adjusted various algori thms for more  efficient control  on  con- 

straints. Incorpora t ion  of  an expert  system provide solutions involving 

dispatcher 's  instincts and expertise. 

A using the heuristic mode l  significantly reduces the solution finding time. 

O n  the side of  data  base deve lopment  by using A R C / I N F O ,  we have 

successfully demons t ra ted  that  Geograph ic  In format ion  System (GIS)  can be 
utilized to provide  both  geographic  informat ion and at tr ibute informat ion  for  

ne twork-based  modell ing problems.  In  terms of  system deve lopment  in Spatial 

Decis ion Suppor t  System (SDSS),  our  system has shown a promising applicat ion 

area  in dealing with real-world problem.  
O n e  of  the mos t  no tewor thy  aspects in the deve lopment  o f  the system is the 

emphasis  on total quality by concentra t ing on the system's  overall  archi tecture 

and interact ions within each process.  The  realization of  integrat ing methodolog ies  
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of various fields into an operational implementation is proven to be effective and 
might be an exciting new research area. 

It is highly valuable to construct a database for application specific heuristics 
and constraints for different types of application into an integrated service 
delivery expert system, which is not available in this context. Other research areas 
might include a verification of the system's performance in more practical 
applications and construction of a standard interface with the future GIS. 

Lastly, further extension of the concept of 'Shell' would be desirable as it has 
been successfully realized in this system. It is certainly worthwhile to put more 
efforts into the improvement of the total quality and effectiveness of the service 
delivery systems. 
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