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OPERATIONS RESEARCH: THE NEXT DECADE 

Committee On the Next Decade in Operations Research (CONDOR) 
(See Contributors for CONDOR Members and Affiliations) 

(Received January 1988; revision received May 1988; accepted June 1988) 

This report highlights several research areas in operations research likely to produce significant results over the next 
decade. It is the result of a workshop held between May 31 and June 2, 1987, and sponsored by the Systems Theory and 
Operations Research (STOR) Program of the Electrical, Communications, and Systems Engineering Division of the 
National Science Foundation; 24 operations research professionals participated, representing 15 U.S. universities, 1 
foreign university, and 3 U.S. companies. After summarizing some significant OR accomplishments, the report sketches 
some important opportunities in the fields of optimization, stochastic processes, the operations research/artificial 
intelligence interface, operational and modeling science, and manufacturing and logistics. 

Operations research (OR) emerged during World 
I War II when engineers and physical scientists, 
five of whom later became Nobel laureates, were called 
upon to solve a pressing military problem-the use of 
radar to defend Britain against air attack. A remark 
by Harold Larnder in a 1938 study explains the origin 
of the term "operational research"-later modified to 
"operations research" in America (Larnder 1984): 

[Alithough the exercise had again demonstrated the technical 
feasibility of the radar system for detecting aircraft, its 
operational achievements fell far short of requirements. 
He [A. P. Rowe, head of the research group involved] 
therefore proposed that research into the operational-as 
opposed to the technical-aspects of the system should 
begin immediately. 

This successful experience emphasized building and 
analyzing mathematical models to guide decision 
making and planning, and to improve system design 
and performance. 

Over the ensuing 50 years, OR has created a wealth 
of knowledge about decision making and planning, 
with numerous successful applications in the public 
and private sectors. This tradition, coupled with recent 
technological advances, has positioned OR strategi- 
cally to improve our nation's ability to compete. 

Just as during World War II, the U.S. currently 
faces challenges for mobilizing new technology effec- 
tively. Recent articles have documented the need to 
improve national productivity. For example, an article 

entitled "Can America Compete?" (Business Week, 
April 20, 1987) stated that 

To improve productivity and be competitive Americans 
must work harder and manage smarter, especially in 
manufacturing, and the service industries must figure 
out why their productivity is still feeble after two decades 
of computerization. 

In the report, "Towards a New Era in U.S. Manufac- 
turing," the National Academies of Science and Engi- 
neering noted (National Research Council 1986) that 

Manufacturing is becoming increasingly science-based; that 
is, scientific knowledge is virtually a prerequisite to the 
effective design and implementation of advanced process 
technologies.... As these developments unfold, federal sup- 
port of basic research in both government laboratories and 
universities will be increasingly important to the health of 
U.S. manufacturing. 

Moreover, in a statement to the Congressional Record 
(1987), Senator Ernest Hollings asserted that 

Research and new manufacturing technology alone will 
not solve these problems. We also need better corporate 
management. 

At the beginning of World War II, the available 
technology was insufficient to detect enemy aircraft 
and take action; now computer integrated engineer- 
ing, robotics, flexible manufacturing, and other novel 
technologies pose similar challenges-challenges that 
require innovation in technology management and, 
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once again, the contributions of OR. To meet this 
challenge, the nation must invest in basic and applied 
research aimed at solving difficult technology man- 
agement problems. 

This report, written by a group of 24 researchers 
and practitioners, sets forth a research agenda that will 
permit the OR community to make such contribu- 
tions. It answers such questions as: Why is this a 
particularly good time to be optimistic about the OR 
community's ability to contribute to our national 
needs? What previous accomplishments of the field 
lead to such optimism? How can OR contribute? 
What types of problems can it address, and what 
methodologies and approaches can it bring to bear 
upon these problems? 

The report is not intended to be encyclopedic: it 
does not describe all previous contributions of OR, or 
all the ways that OR can fill the nation's needs. Rather, 
it responds to the economic and technological envi- 
ronment conducive to OR's systematic approach to 
problems-an environment that indeed cries out for 
such an approach. By illustrating a few ways that OR 
can contribute to society, this report highlights selected 
research topics that seem particularly attractive. 

Several evolving environmental factors drive the 
application of OR throughout the public and private 
sectors. Organizations now, more than ever, make 
major financial commitments to collect and maintain 
timely and accurate data: these data are essential for 
them to manage and control their activities. Availa- 
bility of these data has impact, in turn, on the demand 
for OR models, and has dramatically reduced the cost 
of developing and operating OR model-based systems 
because these systems no longer sustain the cost of 
data collection and maintenance. In fact, the quan- 
tities of data compel organizations to employ OR 
techniques to gain insight from the data. Data availa- 
bility, once the Achilles heel of OR, is now a driving 
force. 

Engineering management today is better educated 
and more comfortable with mathematical and com- 
puter models. Automation of basic administrative 
functions and word processing has encouraged accept- 
ance of personal computers for spreadsheet and small 
data base applications. These influences, coupled with 
numerous successful applications of OR, are giving 
engineering management the confidence to employ 
OR as an aid in decision making, planning, and 
control. Furthermore, because of economic pressures, 
managers are finding prescriptive models essential to 
remaining competitive. 

The cost of computer resources has dramatically 

decreased while computer processing power has stead- 
ily increased. These savings, combined with readily 
available data, have reduced by two orders of magni- 
tude the capital cost of developing OR systems and 
the associated operational costs. At the same time, the 
development and implementation time for such sys- 
tems is substantially reduced. 

Faster computers, more efficient solution proce- 
dures, and better training afford management the 
information it needs when it is needed. As a conse- 
quence, firms will invest in OR to support and 
improve the quality of logistics planning in parallel 
with investments in engineering-based improvements 
to production and distribution. They will recognize 
that OR can genuinely assist management in mak- 
ing decisions by giving them easy access to data 
and analysis, providing anticipatory feedback by pre- 
scribing logistical directions and detailing likely 
operating results in time for management to preclude 
undesirable outcomes, exercise control, and exploit 
opportunities. 

SOME OR ACCOMPLISHMENTS 

One way to assess the potential for progress in OR 
during the next decade is to review what has been 
accomplished in the recent past. Some important 
breakthroughs of the 1970s and 1980s are highlighted 
below, with descriptions of how they have been 
employed and the resulting economic impact. 

Integrative OR Systems 

In 1983 and 1984, Citgo Petroleum Corporation, the 
nation's largest independent refining and marketing 
company, with 1985 sales in excess of $4 billion, 
invested in a unique set of comprehensive and inte- 
grative systems that combine such OR disciplines as 
mathematical programming, forecasting, and expert 
systems, with statistics and organizational theory 
(Klingman et al. 1987). Citgo applied the OR systems 
to such operations as crude and product acquisition, 
refining, supply and distribution, strategic and opera- 
tional market planning, accounts receivable and pay- 
able, inventory control, and setting individual 
performance objectives, and now credits these OR 
systems with turning a 1984 operating loss that 
exceeded $50 million into a 1985 operating profit in 
excess of $70 million. 

Network Flow Problems 

The 1970s were marked by a number of break- 
throughs in the modeling and solution of network flow 
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problems. Initial developments created specialized pri- 
mal simplex algorithms for problems of transportation 
and transshipment. Later, algorithms were developed 
for generalized networks and linear programs with 
large embedded networks. These algorithms demon- 
strated unprecedented efficiency, having speeds that 
ranged from 10 to 200 times faster on network prob- 
lems than the best general purpose linear program- 
ming systems-efficiencies entirely above and beyond 
any afforded by changes in computer hardware or 
compilers. 

It is now possible to solve huge network flow prob- 
lems routinely, and as a result, important new appli- 
cations are emerging. Companies such as Agrico, 
Ciba-Geigy, W. R. Grace, International Paper, Kelly- 
Springfield, Owens-Corning Fiberglass, Quaker Oats, 
and R. G. Sloan have successfully coupled their data 
gathering systems with network flow models to 
improve the cost effectiveness and service effectiveness 
of logistics decisions. For instance, Agrico (Glover et 
al. 1979) reported a decrease in net working capital 
requirements of 13% and 5-year savings of $43 mil- 
lion, Kelly-Springfield (King and Love 1980) reported 
savings of over $8 million annually, and Cahil May 
Roberts (Harrison 1979) credits OR with a 20% reduc- 
tion in delivery and transportation costs. 

The Hypercube Queueing Model 

A computer implemented, multiserver queueing 
model resulting from National Science Foundation 
supported research is now routinely used for deploying 
heterogeneous servers in cities in both hemispheres 
(Larson 1974). The hypercube model is the basis for 
emergency services deployment in New York, San 
Diego, Sacramento, Dallas, Portland (Oregon), Cara- 
cas, and Rotterdam. Typical reported productivity 
improvements are on the order of 10-15%. 

Lagrangian Relaxation 

Lagrange multipliers, used to relax complicating con- 
straints in hard combinatorial optimization problems, 
facilitate the use of polynomial algorithms for com- 
puting bounds. In the last decade, this approach has 
grown from a successful theory to a proven tool that 
is the backbone of a number of large-scale applica- 
tions. Used to schedule the distribution of industrial 
gases at Air Products and Chemicals, Inc. (Bell et al. 
1983), this technique has been credited with saving 6- 
10% of the operating costs, amounting to annual 
benefits of about $2 million for the company. 

Network Queueing Models 

Networks of queues can represent situations such as 
the flow of messages through a communication net- 
work, jobs through a computer system, or products 
through work centers in a factory. A typical applica- 
tion may have hundreds of customer types and work 
centers. Traditionally, realistic queueing models have 
proven intractable, even for one work center; however, 
recent technical breakthroughs in the analysis of such 
networks involve the creative use of approximations 
to solve large networks. IBM used this approach to 
analyze and justify a major factory of the future, 
thereby gaining a competitive edge of several months 
in bringing a new product to the market (Haider, 
Noller and Robey 1986). 

Mathematical Programming Models 

Enormous progress has been made using large-scale 
mathematical programming models to route raw 
materials, components, and finished goods optimally 
among production plants and warehouses. One such 
technical achievement is the use of approximation 
methods to analyze models with nonconvex cost 
curves representing the economies of scale that typi- 
cally arise in trucking operations, an approach General 
Motors used in more than 40 plants to achieve a 26% 
logistics cost savings, for an annual saving of $2.9 
million (Blumenfeld, et al. 1987). 

Simulation Modeling 

With the development of numerous interactive simu- 
lation languages, simulation continues to be an impor- 
tant tool. Simulation models were recently used to 
describe the water distribution system in the Nether- 
lands (Goeller and the PAWN team 1985). These 
models were part of a broad analysis focused on 
building new facilities and changing operating rules to 
improve water supply, as well as on the adjustment of 
prices and regulations to reduce demands. The analy- 
sis is credited with saving hundreds of millions of 
dollars in capital expenditures and reducing agricul- 
tural damage by about $15 million per year. The 
Dutch government adopted the methodology and uses 
it to train water resource planners from many nations. 

Stochastic Network Analysis 

Headway has been made in incorporating stochastic 
effects into mathematical programming models. A 
stochastic network analysis was used by North Amer- 
ican Van Lines (Powell et al. 1988) to dispatch thou- 
sands of trucks daily from customer origins to 
customer destinations. This analysis reduced the cost 
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of their operations by an estimated $2.5 million 
annually. 

Inventory Control 

Progress continues in the control of inventories, a 
domain of important application since the earliest 
days of OR. For example, a model controls inventories 
of blood at blood banks in Long Island, schedules 
blood deliveries according to statistical estimates of 
the needs of each bank, and uses actual requirements 
to adjust deliveries (Brodheim and Prastacos 1979). It 
forecasts short-term shortages and surpluses to control 
movement of blood from adjoining regions. As a 
result, reductions of blood wastage of 80% and of 
delivery costs by 64% have been realized. 

Markov Decision Processes 

Our ability to analyze large-scale constrained Markov 
decision processes is continually expanding. This 
approach was used to develop optimal maintenance 
policies for each mile of the 7,400 mile network of 
highways in Arizona (Golabi, Kulkarni and Way 
1982). The model integrates management policy deci- 
sions, budgetary policies, environmental factors, and 
engineering decisions. During the first year of imple- 
mentation the model saved $14 million, almost one- 
third of Arizona's highway preservation budget. The 
forecast for future annual savings is about $25 million. 

Stochastic Service Systems 

Using the Defense Communications Engineering Cen- 
ter's queueing based circuit switch integration and 
analysis model, the Defense Communications Agency 
saved $150 million over the past 10 years by a yearly 
reconfiguration of the CONUS AUTOVON network, 
a Department of Defense telephone network in the 
United States which handles military communications 
and has a precedence and preemption capability 
(Fischer 1987). 

The annual dollar impact of just the examples cited 
exceeds $130 million, an impressive amount when 
compared with the slightly more than $2 million 
annual budget of NSF's STOR program. Costs or 
profits realized in these examples surpassed by approx- 
imately 29% what would have been the annual cost 
or profit realized without analysis. When extrapolating 
from these particular examples to numerous other 
successful OR implementations, and considering that 
a traditional domain of OR applications-manufac- 
turing and distribution-comprises about 50% of the 
Gross National Product, it becomes clear that OR 

significantly impacts our imperative national goal of 
increasing productivity. 

AN OUTLOOK ON A RESEARCH AGENDA 

Operations research is a rich field possessing deep 
intellectual content. It has many varied subfields and 
numerous applications in engineering, the physical 
sciences, economics, management, and the social sci- 
ences. A dynamic field, it has successfully renewed 
itself through new lines of inquiry and application. 
No brief assessment of a research agenda could do the 
field justice. To map out a future, the workshop group 
had to identify opportunities for: 

- Building intellectual capital in the form of basic 
theoretical knowledge; 
* Stimulating the development of new subfields; 
* Responding to the needs of the field's many appli- 
cation contexts and to those of society at large; and 
* Improving practice. 

Theoretical contributions enrich OR by providing 
a stimulating intellectual environment for new discov- 
eries, by adding fundamental new knowledge to the 
field's intellectual core, and by indicating fresh prac- 
tical applications. The nation needs to continue to 
invest in such fundamental inquiries. 

Like most fields, if theory is not stimulated by 
practice, OR can become stale and fail to contribute 
to societal needs. Therefore, the field must address 
problems of practical importance. 

Although OR researchers and practitioners, as well 
as those from outside the field, might disagree on the 
balance of theory and practice, or on the relative 
values of investigations with short-term or long-term 
payoffs, all aspects of research are essential for the 
field's continued vitality. Indeed, one of the great 
attractions of OR is its blend of a deep intellectual 
content with a firm mandate for practice. 

What follows highlights five major OR areas. They 
are not meant to be all inclusive-many areas are not 
covered. We expect that over the next ten years the 
ones cited will be particularly fruitful. Two are theo- 
retical (optimization and stochastic processes), one is 
applied (manufacturing and logistics), one has major 
elements of both theory and practice (the OR/Al 
interface), and one studies underlying processes (oper- 
ational and modeling science). 

The title of this report is "Operations Research- 
The Next Decade;" we are confident that the next 
decade will, indeed, be the decade of operations 
research. 
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OPTIMIZATION 

Optimizing-determining how to get an objective 
function or performance index to its maximum within 
the limits of available resources and technology-is a 
fundamental goal of decision making and, moreover, 
an important tool in engineering design. For more 
than three decades, research in optimization-a con- 
siderable fraction of which has been funded by the 
STOR program of NSF-has been active and fruitful, 
with payoffs accumulating through a multitude of 
applications. 

Linear programming is widely used throughout the 
world. Optimization also involves techniques for solv- 
ing large-scale, discrete, nonlinear, multiobjective, and 
global problems. Some recent advances in the field 
have such great potential that they have been cited 
prominently in popular publications, including the 
New York Times (Gleick 1984) and the Wall Street 
Journal (Stipp 1985). Moreover, optimization is in a 
new stage of proliferation because its techniques are 
now accessible to microcomputers. Since optimization 
has achieved a degree of maturity, it is natural to take 
a hard look at what can be expected from further 
research. 

In the more mature areas such as linear program- 
ming and unconstrained optimization, and in those 
of intermediate maturity such as integer and con- 
strained convex optimization, emphasis will be placed 
on rapid, large-scale computation. This will be driven 
both by the need to solve large problems in manufac- 
turing and logistics, and by the opportunities created 
in new computer technologies such as parallel pro- 
cessing. Research in such newer and lesser understood 
areas as global, multicriteria, and qualitative optimi- 
zation, will necessarily deal with basic issues. 

Linear Programming 

Linear programming, one of the oldest disciplines 
within OR, continues to be among the most active. 
With high-speed computers and multiprocessors, it is 
possible to construct and solve linear programs that 
would have been impossible just a few years ago. 

For example, given the locations and demands of 
various grades of coal, the problem of mining and 
distributing the coal in an optimal fashion has been 
formulated as a linear programming problem by the 
U.S. Geological Survey (Watson et al. 1988). Future 
developments of this model are to extend the planning 
horizon up to 25 years; however, despite the progress 
cited, the linear programming problem obtained from 
a planning horizon as small as 2 years is too large for 
existing software and computers to solve. 

Solving large-scale linear programs on supercom- 
puters has already begun. A version of the MPSX/370 
code uses the vector processing facility of the 3090VF 
machine to achieve an advantage over earlier codes 
by vectorizing the pricing routine of the simplex algo- 
rithm. Vector and parallel processors present oppor- 
tunities for improved computation, leading to an 
increase in the size of linear programs that can be 
solved as well as to significant reductions in solution 
time. 

More important than advances derived from 
new computer technology are those made possible 
by new algorithms. A prime example is the interior 
point method proposed by N. Karmarkar. American 
Telephone and Telegraph's Bell Laboratories is imple- 
menting Karmarkar's algorithm to plan telecommu- 
nications requirements for United States and overseas 
networks over the next decade, using linear programs 
with 350,000 variables and reaching solutions in 10 
hours ("Formula Aids Planners at Bell Labs," New 
York Times, p. D-8, December 10, 1986). Continuing 
the investigation of Karmarkar's algorithm, as well as 
of related interior point methods and competing spe- 
cial purpose simplex algorithms, is highly desirable. 

Nonlinear Optimization 

Nonlinear programming optimizes a nonlinear func- 
tion of several variables subject to (nonlinear) con- 
straints on the variables. Problems of this type occur 
in essentially all scientific, engineering and economic 
applications. Research and experience have shown 
that sequential quadratic programming and sequential 
linearly constrained methods can reliably and rapidly 
find local optima for very large, smooth, highly non- 
linear problems. One example is the optimal power 
flow (OPF) problem of optimizing the distribution of 
electrical power over a network. The special purpose 
methods used to solve such problems in the 1960s 
were slow and unreliable, and their poor performance 
led to the conclusion that OPF problems of realistic 
size could never be solved efficiently. General purpose 
sequential quadratic programming and sequential lin- 
early constrained methods have been applied to OPF 
problems within the past 4 years so successfully that 
these methods are now widely used in the power 
industry. Further research on general purpose algo- 
rithms is likely to involve a combination of gen- 
eral nonlinear methods and special linear algebraic 
techniques. 

General purpose algorithms cannot be expected to 
find global optima. New attacks such as simulated 
annealing can be useful; however, it seems unlikely 
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that a single, universally successful method will be 
found for global optimization. Instead, we must 
develop useful theories and algorithms for identifying 
and solving important broad subclasses of such prob- 
lems. One subclass involves economies of scale that 
arise in production, distribution, capacity planning, 
and network design. Branch-and-bound and dynamic 
programming, among other methods, have proven 
effective, but considerably more research is needed. 

Infinite-dimensional geometric optimization prob- 
lems arise in robotics and plant layout, yet good 
solution techniques are elusive. Likely to be useful is 
the fusion of mathematical programming methods 
with embedded, easily solved geometric subproblems; 
this has occurred recently in computational geometry. 

Most models for industrial decision making do not 
account explicitly for the response of competitors to a 
firm's decisions even though those responses often 
play an important role. Equilibrium programming 
focuses on equilibrium strategies-strategies by which 
no single player, or even several acting in concert, can 
improve the situation by changing the strategy alone. 
This leads to finding zeros (or fixed points) of nonlin- 
ear (often set-valued) functions, a problem that arises 
independently in many fields of engineering. Classical 
procedures often do not solve this problem because 
they fail to converge globally, because the nonlinear 
functions are set-valued or insufficiently smooth, or 
because it is necessary to determine all the zeros of 
the function. 

In recent years, new parametric (or homotopy) 
methods have been developed to address the nonlinear 
fixed-point problem. As one indication of their impor- 
tance, General Motors recently ran a full-page adver- 
tisement in Scientific American about using these 
methods to plan trajectories of robot arms. Some large 
corporations employ parametric methods to plan cor- 
porate strategies vis-a-vis competition, and govern- 
ment agencies are using them to plan economic policy 
and defense strategy. At present, the new methods 
cope with only relatively small problems. Research is 
needed to develop methods to solve large-scale prob- 
lems, to exploit special structures that arise in practice, 
and to develop methods that combine the best features 
of old and new procedures. 

A complementary approach to difficult nonlinear 
and discrete problems is qualitative optimization, 
whose goal is the prediction, without data collection 
or computation, of the direction of change of optimal 
solutions resulting from changes in problem parame- 
ters. Qualitative optimization theories have scores of 
applications, including multifacility production plan- 

ning and inventory control, controlled queues, project 
scheduling, reliability and maintenance, dynamic and 
stochastic programming, decision theory, and coop- 
erative and noncooperative games. Promising 
approaches are the development of qualitative theories 
for multicommodity flows, Leontief substitution sys- 
tems and stochastic networks, and effective global 
optimization algorithms. Advances could extend 
applications to many fields, including dynamic 
resource constrained integrated manufacturing and 
distribution, with known or uncertain demands. 

Multiple Objective Optimization 

Complex design and decision problems often entail 
tradeoffs among several objectives. For example, engi- 
neering design must consider such objectives as relia- 
bility, maintainability, cost, and performance. In the 
public sector, considerations of safety and equity take 
preeminence. The theory and algorithms for multiple 
objective optimization examine such tradeoffs, prin- 
cipally by examining efficient solutions-solutions 
that cannot be improved for one objective without 
loss in others. Prototype applications in engineer- 
ing include design of vibrating beams, metal cutting, 
quality control, and automated and computerized 
manufacturing. 

Research is needed to obtain better characteriza- 
tions of efficient solutions, more easily computed 
estimates of the (frequently huge) set of efficient solu- 
tions, and better methods of parametric programming 
to facilitate computations. Interactive software will 
require more realistic representations of decision 
maker preference that reflect lack of surety and pref- 
erence changes that arise as interaction proceeds. 

Discrete Optimization 

Discrete optimization has blossomed in the past dec- 
ade, and the size and complexity of solvable problems 
have increased, despite a long held belief that the 
combinatorial explosion of the feasible set would pre- 
vent solution. Moreover, while in the past it was often 
possible only to establish that a solution was within a 
certain percentage of optimality, proving optimality 
is frequently a reality now. Recent developments 
include: 

* Solution of traveling salesman problems related to 
determining the path to take when wiring computer 
chips (the largest problem in this set had 2,392 
nodes-an order of magnitude larger than any trav- 
eling salesman problem solved previously); 
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* Solution of a vehicle routing problem that schedules 
2,300 trucks to transport 6,000 daily orders using 
Lagrangian relaxation and efficient primal and dual 
heuristics; 
* Creation of an automobile fleet design to satisfy 
Environmental Protection Agency miles per gallon 
standards, incorporating new techniques in problem 
reformulation and cutting planes; 
* Application of integer programs to yield a better 
understanding of ground states of spin glasses (the 
Ising problem), and provide a method for reconstruct- 
ing global polycrystalline structures from local infor- 
mation; 
* Development of new techniques for solving linear 
network problems with up to 6 million variables- 
techniques which have made it possible to merge large 
data base files, and which also serve as "engines" in 
the solution of more complex discrete optimization 
problems; 
* Emergence of new and improved polynomial-time 
algorithms for shortest path, maximum flow, mini- 
mum linear cost network flow, spanning tree and 
other fundamental combinatorial optimization prob- 
lems; for minimizing subadditive functions, as well as 
bounded coefficient linear programs; and for classes 
of concave cost network flow problems; 
* Discovery of effective heuristics for dynamic multi- 
facility economic lot size, bin packing, and other 
difficult problems. 

These successes have led to further demands for 
faster and more robust software to handle problems 
of logical inference in artificial intelligence; of chip 
layout and testing; of sequencing and routing in flex- 
ible manufacturing facilities; of data network design 
and analysis; of investment capital reallocation in new 
technologies in the deregulated telecommunications 
and airline industries; of crew and flight scheduling; 
and of capacity planning, production, distribution, 
and location. 

Formidable topics with substantial potential for fur- 
ther study include: 

* The structure of specific problems, an examination 
of substructures inherent in these problems, and their 
automatic identification, including methodologies for 
decomposition of very large problems so that we can 
"divide and conquer" on both sequential and parallel 
machine architectures; 
* The finite system of linear inequalities that describes 
the convex hull of the integer points satisfying the 
original constraints of the problem (partial under- 

standing of the polyhedral structure has already led to 
efficient strong cutting plane methods); 
* Alternative mathematical representations (since 
most integer programs can be formulated a variety of 
ways, and formulation is crucial to solution proce- 
dures, we must develop automatic procedures to aid 
in generating and testing such reformulations; this 
might include logical testing for precedence relation- 
ships, expert systems, and artificial intelligence); 
* Low-order, polynomial-time algorithms for exactly 
or approximately solving classes of combinatorial 
optimization problems that arise as ends in themselves 
or as engines of larger optimization packages. 

An ambitious research program can yield, within 
the next decade, solution techniques capable of crack- 
ing these problems. 

STOCHASTIC PROCESSES 

We live in a world in which we have limited knowledge 
and an inability to predict the future with certainty. 
A telecommunications network may suddenly be 
flooded by calls; a vital machine in a manufacturing 
plant may fail unexpectedly; a firefighting service may 
be called into action without warning. The study of 
stochastic processes provides us with a systematic way 
to model, design and control service systems charac- 
terized by such uncertainty. Operations research will 
continue to provide an observational framework for 
such studies through fundamental research into foun- 
dations of probabilistic phenomena. 

Flexible manufacturing systems (FMS) and com- 
puter/communication networks exemplify complex 
systems that fall into a class called discrete event 
stochastic systems (DESS). The efficient design and 
operation of these systems is extremely important to 
economic competitiveness, yet system behavior is not 
completely understood. Present methods of analysis 
and design of DESS focus on their behavior in the 
steady state, a conceptualization that requires per- 
formance measures to be made "in the long run" or 
"averaged over time." Yet, most systems exhibit 
dynamic behavior on their way to (or sometimes even 
during) the steady state that may produce a deviation 
in performance from that computed by steady state 
analysis. Design and control of such systems (for 
example, multiechelon spare parts inventories, inte- 
grated manufacturing cells, or computer/communi- 
cation nets) involving explicit consideration of the 
cost or impact of transient behavior, is now a real 
possibility. 
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Similarly, most current analyses presume time sta- 
tionarity of input parameters (arrival rates, processing 
time moments, linkages) when, in fact, the actual 
parameters often vary with time, perhaps with some 
degree of regularity or even control. Errors introduced 
into existing design and analysis models by "average" 
or "typical" parameter values need to be addressed 
and the resultant understanding utilized. Some rela- 
tively new methodology already incorporates time 
varying system parameters; more must be developed. 

There are two major problems in modeling and 
analyzing stochastic service systems: design and con- 
trol. System design is concerned with finding answers 
to strategic questions of resource allocation, such as 
how many machine maintenance repair stations 
should be built in a manufacturing facility, or what 
the capacity of data links incorporated into a telecom- 
munications system should be. System control deals 
with day-to-day operations or tactics; for example, 
when to activate additional repair crews, or when to 
temporarily prevent new messages from entering a 
system. 

Design Problems 

Many stochastic service systems are modeled as open, 
closed, or as a combination of open and closed 
queueing networks. The most tractable analyses view 
the system generally either as a Markov or a semi- 
Markov process. 

The last decade has seen successful designs of flexi- 
ble manufacturing, communication, and computer 
systems using Jackson network representations of such 
Markov processes. When finding network normalizing 
constants, computational problems arise which have 
been addressed with moderate success by convolution 
algorithms or mean value analysis; however, there are 
some Jackson networks that are too large for compu- 
tation, and many other networks that violate the 
rather restrictive Jackson network assumptions. For 
those, other methodologies must be employed. Paral- 
lel computer architecture, capable of handling bigger 
and more complex computations, and of numerically 
solving extremely large sets of simultaneous state 
equations emanating from these networks, must 
be thoroughly investigated. Integration of these 
approaches with emerging optimization algorithms 
to determine optimal network design must also be 
studied and further developed. 

Some important features of DESS-limited buffer 
space and the need for multiple resources for service- 
are still not adequately captured by tractable models. 
Given the increasing importance of realistic queueing 

network models of DESS, usable approximations are 
needed. Since approximations must be robust to be 
credible, a methodology to establish and/or confirm 
analytic bounds must be pursued. 

Control Problems 

Optimal control of a stochastic service system is inher- 
ent in such varied engineering problems as dynamic 
routing of randomly arriving messages in communi- 
cations networks, adaptive control of flexible manu- 
facturing systems subject to breakdown, multifacility 
production scheduling and inventory control with 
uncertain demands, control of automatic assembly 
systems, monitoring and maintenance of automatic 
systems, dispatching guided and emergency service 
vehicles, and scheduling projects of uncertain dura- 
tion. Markov decision process methodology has seen 
some successful applications to these problems. They 
are limited, however, by the huge numbers of state 
action pairs that often arise in practice and by the fact 
that the computational burden is generally at least 
linear in the number of such pairs. Parallel processing 
will help but it is certainly not the entire solution. 
Methods to improve performance even more dramat- 
ically will identify and take advantage of underlying 
structural and asymptotic properties of such systems. 

Methodologies 

Methodological approaches to the analysis of 
queueing network models of stochastic service systems 
historically have sought closed form solutions. When 
expressions in closed form were not possible, solutions 
took the form of Laplace transforms or probability 
generating functions, with only modest effort given to 
obtaining usable results. Emphasis is now shifting to 
promising computational techniques for obtaining 
usable solutions for these complex systems. 

Numerical Procedures for Solutions to Markov 
Chains. Stochastic service systems must often be 
modeled by nonJackson closed queueing networks. A 
nonJackson network gives rise to large discrete state- 
space Markov chains, which in turn, require solution 
by numerical techniques. Potential research topics 
include matrix generation; computation of stationary 
probability vectors by direct, iterative, or recursive 
solution techniques, or by domain decomposition or 
incomplete factorization; and computation of tran- 
sient and time varying probability vectors by ordinary 
differential equation solvers or randomization/unifor- 
mization. The latter technique shows particular prom- 
ise for handling relatively large networks. Sometimes 
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modeling requires open or mixed open and closed 
queueing networks, which yield infinite Markov 
chains. Numerical techniques for solving these must 
be developed and evaluated, and sensitivity analyses 
and the use of parallel computation for the chosen 
numerical methodologies must be investigated. 

Aggregation/Disaggregation. Aggregation/disaggrega- 
tion is a class of procedures for: 1) generating a tract- 
able problem from a large, presumably intractable, 
problem; 2) solving the newly generated problem; and 
3) constructing a solution for the original problem 
from the solution of the newly generated problem. 
When applied to large queueing networks with state- 
spaces of intractable size, aggregation/disaggregation 
reduces them to approximately equivalent networks 
with state-spaces that can be handled by traditional 
means. Examination of the accuracy of these solu- 
tions, and their computational efficiencies, are excel- 
lent research issues. 

Network Approximations. A network must some- 
times be decomposed into simpler subnetworks whose 
analyses will yield approximate solutions to the origi- 
nal network. Decomposition or simplification is often 
the only hope for very large and complicated net- 
works. Further research into valid and robust approx- 
imations is needed. 

Markov Decision Processes. Recent research, carried 
out with NSF STOR program support, is advancing 
the theory and computational methods of Markov 
decision processes to allow control of populations of 
noninteracting individuals in the presence of nonsta- 
tionary growth, decay, or fluctuations of population 
size and rewards. This work has revealed conditions 
under which a stationary optimal policy exists, and 
has produced a tractable way of finding it. In partic- 
ular, such a policy provides for efficient control of 
large networks of queues having (at each station) 
nonstationary arrival rates and stationary service rates 
proportional to queue size. Populations of interacting 
individuals figure in many realistic applications, 
among them controlling networks of queues where 
blocking results from limited queue sizes and/or from 
service rates not proportional to queue size; planning 
reclamation of ground water by injecting bacteria to 
consume contaminants; managing a randomly failing 
fleet of vehicles to meet random demands; and sched- 
uling jobs of uncertain duration on many machines 
subject to breakdown. Much more remains to be done 
in this promising area. 

Generalized SemiMarkov Decision Processes. A gen- 
eralized semiMarkov decision process provides a nat- 
ural model for control of queueing networks, an 
important (possibly intractable) outstanding problem. 
This area may benefit from the fusion of discrete and 
continuous methods, a technique that has recently 
been used successfully for semiMarkov decision 
chains. 

Stochastic Programming. Stochastic programming is 
effective in many situations for which the state vari- 
able approach of dynamic programming is not felici- 
tous, for example, where the state of the system is not 
random. Nonrandom states occur in multiperiod 
capacity planning with uncertain demands, and in 
distributed control of an organization by several indi- 
viduals, each of whom bases decisions on different 
random information. New techniques are required to 
solve such problems in the presence of inequality 
constraints, as is a deeper study of their structural 
properties. 

Qualitative Methods and Heuristics. Optimal solu- 
tions to stochastic design and control problems, even 
if found, may be too complex to implement. It may 
then be desirable to understand the qualitative struc- 
ture of the solution without computation, in order to 
compare, for example, probability distributions. This 
may lead to the development of effective and efficient 
heuristics for stochastic optimization problems, anal- 
ogous to those found for deterministic multifacility 
economic lot sizing, routing, or bin packing. 

Simulation. When exact mathematical solutions to 
problems of realistic size prove intractable, use is often 
made of Monte Carlo simulation, leading to increased 
emphasis on empirical studies, data collection, and 
computational schemes. 

Simulation is one of the most widely used methods 
of OR. For example, simulation was successfully used 
to evaluate a design of an engine block production 
line, resulting in a savings of over $10 million. The 
past decade has seen significant improvement in the 
quality of simulation software, as well as in the analy- 
sis of the computation required to obtain a given 
statistical precision to simulation output. During the 
coming decade the importance of simulation will grow 
still further as the need to analyze complex stochastic 
systems increases. 

Although simulation is widely used, a continuing 
limitation has been an inability to approach system 
design without requiring an inordinate amount of 
simulation computation. Several recent developments 
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suggest that the next decade will see major advances 
in simulation optimization. In particular, efficient 
algorithms for derivative estimation, based on pertur- 
bation analysis and likelihood ratio methods, as 
well as recent advances in stochastic approximation 
algorithms (which can be used for simulation optimi- 
zation) hold great promise of offering significant 
improvement in the optimization of discrete event 
dynamic systems. Improvements in efficiency may 
also be realized as a consequence of research in vari- 
ance reduction, especially in the application of large 
deviation results (a probability theory for rare events) 
to importance sampling. Improvements in output 
analysis (particularly involving correlated data), de- 
velopment of robust termination criteria for simula- 
tion experiments, and enhanced graphic display of 
data will also be important. 

Statistical Inference and Characterization of 
Uncertainty 

Just as computational considerations are important to 
the application of probabilistic techniques, effective 
modeling requires a careful assessment of model 
assumptions about distribution functions and param- 
eter values. Indeed, early OR emphasized the role of 
data in analysis. All too often, however, problems are 
formulated without sufficient consideration of the fea- 
sibility of obtaining realistic evaluations or estima- 
tions of model parameters. Yet common methods 
used to analyze DESS often lead to unique statistical 
questions, many of which have been only partially 
addressed. Furthermore, the availability of large, com- 
puter data bases and inexpensive large-scale comput- 
ing has given increased impetus to developing these 
new statistical and inferential procedures. It is increas- 
ingly clear that good decision making about stochastic 
systems requires such attention to underlying concepts 
of uncertainty. 

Model Identification and Parameter Estima- 
tion. Early efforts in Markov modeling, and in the 
development of time series methods in the 1950s and 
1960s, have directed a small but slowly increasing 
interest to model identification and parameter esti- 
mation. Two critical problems in the development of 
procedures for inference concern: a) parameters of 
distribution functions distinct from the common, 
named families; and b) large classes of stochastic 
processes under rather arbitrary sampling regimes. 

Distribution functions for DESS are generally quite 
different from those normally used in classical statis- 
tics, particularly with the increasing use, in applied 

probability analyses, of phase type and generalized 
mixed distributions, with their necessary matrix/vec- 
tor manipulations. The resultant problems of estima- 
tion and hypothesis testing, using parsimonious 
representations, are especially challenging and likely 
to be productive. Related problems include tests for 
model stationarity, use of nonparametric models, 
incorporation of prior information (possibly by way 
of Bayesian procedures), use of information theoretic 
and cross entropy concepts, development of theories 
of robust models, and extension of existing formal 
procedures of decision analysis. 

Sequential Decision Making. In making inferences 
for DESS, observations are typically available sequen- 
tially over a (perhaps limited) period of time. A serious 
challenge is to overlay sampling availability onto a 
particular process, and relate this to the design and 
analysis of experiments. For example, the ability to 
monitor random outputs of computer integrated man- 
ufacturing facilities continuously, in order to repair 
components optimally, still depends on decision tech- 
nology developed decades ago. There is a wide range 
of similar specialized problems of inference, particu- 
larly when there is an autocorrelation structure. Meth- 
ods that utilize the sequential nature of DESS will be 
of special interest, with an obvious need to consider 
nonMarkovian environments. 

Characterization of Uncertainty. Probability theory 
has traditionally served as the basis for characterizing 
uncertainty (ambiguity, imprecision) in models of 
decision making. Difficulties in applying probability 
theory have suggested, however, the use of other 
paradigms of uncertainty: possibility theory (an 
outgrowth of fuzzy sets); belief functions (Shafer- 
Dempster theory); and a variety of ad hoc methods 
associated with expert systems (for example, MYCIN's 
certainty factors). The next decade should resolve 
whether these theories can effectively serve as the basis 
for new insights, or provide important extensions to 
current decision making theories. 

Dealing with uncertainty in complex systems is not 
easy. Nevertheless, accomplishments to date indicate 
that stochastic process research is a fertile area in 
which great strides can indeed be expected over the 
next decade. 

THE OR/Al INTERFACE 

The primary objective shared by OR and artificial 
intelligence (Al) is to provide methods and procedures 
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that support effective problem solving and decision 
making. The two disciplines approach this common 
objective in fundamentally different but complemen- 
tary ways: Al problem solving techniques tend to be 
inferential and to rely on expert knowledge and heu- 
ristics; OR uses algorithmic, mathematically based 
approaches. Artificial intelligence emphasizes quali- 
tative aspects of problems; OR emphasizes the quan- 
titative. A careful integration of these two approaches 
to problem solving shows significant promise for 
improving the capability and, notably, the acceptabil- 
ity of problem solving systems. 

Decision Support Systems 

The early concept of a decision support system (DSS) 
incorporated capabilities of both data and model (OR 
algorithm) management. Recently, decision support 
systems have united OR and Al techniques in com- 
puter-based systems that support the decision making 
process. Thus, in addition to descriptive knowledge 
(data), a DSS may process both procedural knowledge 
(in the form of OR algorithms) and reasoning knowl- 
edge (as sets of Al rules), independently or in concert, 
in response to decision maker requests. 

Integration of OR and Al 

The integration of OR and Al may proceed from 
either of two perspectives. First, Al techniques can 
make the capabilities of OR more accessible to deci- 
sion makers; that is, they can facilitate the creation of 
models, automated model building and analysis, eval- 
uation of results, and proper model application. Sec- 
ond, Al techniques can be invoked by OR models. 
This entails an extension to the traditional thinking 
of OR, in that an algorithm may include steps that 
carry out inferences, and may interact with users in 
the course of its execution. Both perspectives present 
researchers with clear avenues of investigation. The 
following specific research topics are suggestive of the 
possibilities: 

* Use of Al knowledge representation techniques for 
specifying OR models in the knowledge system of a 
DSS. 
* Adaptation of expert system (or other deductive) 
technology to formalize an OR expert's knowledge 
about model building and model usage, including the 
treatment of imprecise or fuzzy situations. 
* Generalized inference methods incorporated into a 
system for automated model construction and auto- 
mated analysis involving the interaction of data and 
models. 

* Natural language interfaces for enhancing model 
usage. 
* Use of expert systems to give advice about inter- 
preting the results of model execution. 
* Exploration of inductive and analogical mechanisms 
for gathering knowledge about the effective utilization 
of models. 
* Incorporation of intelligent (expert system directed) 
user interaction facilities into a model. 
* Improvement of deductive algorithms based on OR 
techniques. 
* Extension of the concept of a model, as well as of 
an algorithm, to involve inference (about, for example, 
fuzzy variables or certainty factors). 
* Embedding learning capabilities in models and in 
systems that manage models. 
* Evaluating the correspondence of reality and the 
behavior of a DSS that integrates Al and OR to 
identify variances and methods for dealing with them. 
* Exploration of nontraditional logics and their appli- 
cability to model management. 
* Examination of the relationship (including com- 
monalities and complementary aspects) between OR 
simulation and Al scripts. 
* Reconsideration of complexity analysis. 
* Development of a theoretical, cognitive foundation 
for blending quantitative and qualitative techniques 
in problem solving processes. 
* Integration of heuristic search concepts with algo- 
rithms for optimization and control. 

Heuristic Search Techniques 

Heuristic search techniques may be integrated in sev- 
eral ways with OR-based optimization algorithms. 

Al and Improved Integer Programming Algorithms. 
Four areas link Al to solution strategies for scalar- 
valued integer programming: controlled randomiza- 
tion, learning strategies, induced decomposition, and 
tabu search. Simulated annealing and the genetic algo- 
rithm, schemes for controlled randomization for inte- 
ger programs, may have significant potential. 

Heuristic Search Techniques for Dynamic Program- 
ming. The Markov decision process (MDP) represents 
an important class of mathematical models of sequen- 
tial decision making under uncertainty. Because of its 
basically sequential nature, dynamic programming 
has been the traditional approach to MDPs. Realistic 
MDP models of real-world decision making, however, 
are often computationally demanding, if not intrac- 
table, due to the inherent curse of dimensionality 
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associated with dynamic programming. Application 
of heuristic search algorithms (such as A*, AO*, and 
several extensions) to MDPs and other models of 
sequential decision making under uncertainty is an 
important research direction. 

Generalization of Heuristic Search to Multiobjective 
and Parametric Cases. Virtually all heuristic search 
algorithms assume that the criterion of interest is 
scalar-valued. However, most real-world problems 
involve multiple, conflicting, incommensurate objec- 
tives. When determination of a multiattribute and 
scalar-valued preference function is not practical or 
feasible, it may be useful to identify noninferior or 
nondominated decisions for later refined analysis. 
Multiobjective generalizations of Al-based search 
algorithms would accomplish this. 

CPU Reduction Techniques for Improved Heuristic 
Search. Techniques useful for accelerating the 
numerical solution of dynamic programming prob- 
lems may, in turn, have direct application to heuristic 
search algorithms. For example, upper and lower 
bounds on the optimal expected cost-to-go function 
can be used to eliminate actions from future consid- 
eration in MDPs. Traditionally, heuristic search algo- 
rithms, specifically A* and AO*, have been assumed 
to have only lower bounds represented by the heuristic 
function. Upper and lower bounds for the heuristic 
search algorithms could be of marked value in elimi- 
nating "or-arcs," with numerical implications. Other 
reduction techniques associated with dynamic pro- 
gramming may have the potential to improve heuristic 
search algorithms. 

Incorporation of Explicit Models of User Preference 
into Expert Systems. A decision maker's preference 
structure plays an intrinsic role in the decision making 
process. Ideally this role should be captured as the 
utility function in a standard multiattribute decision 
analysis paradigm. Expert system construction there- 
fore needs to consider user preference explicitly, 
instead of only intertwining the preferences and the 
expertise of the expert into the knowledge base via the 
metarule base. Methods for incorporating the prefer- 
ences of the user explicitly into the context of the 
problem at hand, perhaps through progressive prefer- 
ential knowledge acquisition procedures, are likely to 
have a decided impact on the acceptability, and hence, 
the perceived capability of an expert system. 

OPERATIONAL SCIENCE AND MODELING 
SCIENCE 

Most current research in OR focuses on the develop- 
ment and improvement of its technology-method- 
ologies for passing from a formalized model of the 
phenomena and preferences arising in some problem 
of design or decision, to a "solution" of a problem 
using the model (a recommended design or operating 
policy, for example). This natural focus has scored 
notable successes, and remains rich in intellectual 
promise. But the narrowing of emphasis from problem 
solving to model utilization has limited the develop- 
ment of two equally fundamental research areas 
underlying problem solving. 

One of these is operational science, which may be 
defined as the systematic study-empirical and ana- 
lytical-of the major generic processes, such as routing 
or maintenance, arising in OR. Whereas other 
branches of engineering may turn to well established 
sciences for basic data and theory, OR must often 
develop on its own much of the descriptive and pre- 
dictive "science" of the phenomena it treats. 

The other area is modeling science, the application 
of OR methodology to the identification of funda- 
mental principles and concepts for guiding the con- 
struction, use, and evaluation of OR models. The 
process of model building-considering parameters 
such as resources available and time pressures-is a 
fertile area for further research. 

While enhancement of OR model utilization tech- 
nology must continue, it needs to be reinforced and 
balanced through intensive research into both opera- 
tional science and modeling science. 

Needs and Opportunities 

Concerning operational science, Seth Bonder, a past 
president of the Operations Research Society of Amer- 
ica, said at a 1978 international OR conference (Bon- 
der 1978), "The highest priority ... should be basic 
research to develop knowledge, understanding and 
verified formal structures about ... [the] phenomena 
that are the components of the systems we study, 
analyze and plan." 

When this priority is not honored a consequence 
may be that an OR study prematurely adopts a model 
structure blessed by precedent or tractability; data 
collection is then aimed at parameter estimation, 
really a part of model utilization, rather than at model 
development or structural testing. The temptation to 
accept a problematic model and hurry on to estima- 
tion and utilization is understandable, precisely in 
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view of the dearth of operational science research 
findings to support ready identification of key rela- 
tionships and process descriptors. Distinguished prize 
winning exceptions, which combine extensive collec- 
tion and sophisticated analysis of data with theoretical 
modeling, include the 1950s studies of tunnel and 
road traffic flows (Edie 1954); the work in the 1940s 
in which observations from planes and ships formed 
the basis of the first mathematical theory of search 
(Koopman 1 959a, b); and recent work wherein empir- 
ical analysis led to appropriate adaptations of reliabil- 
ity theory models of criminal careers (Harris and 
Moitra 1978) and Maltz (1985). 

Shallowly considered acceptance of classical models 
is sometimes dangerous with novel problems or prob- 
lem environments. The proliferation of PCs and quan- 
titative techniques, plus worldwide communication 
by satellite, all point to greater impact of OR on small 
businesses, rural communities, and developing coun- 
tries. Yet no prior models are likely to match many 
of the problems posed in these new arenas: the need 
for fresh observation and scientific theory is evident. 
Given the increasingly fierce competition in national 
and global markets, cost considerations will squeeze 
slack from many operating systems-shaving safety 
margins, cutting agreeable redundancies-raising 
issues of risk and user dissatisfaction. Hence, there is 
an additional call for models that better predict system 
performance in regimes near saturation or breakdown. 

Fortunately, these needs are coupled with a new 
culture of data acquisition, making possible, for the 
first time, machine-readable data from a variety of 
complex operations. On-line computers in such areas 
as vehicle dispatch and process control permit contin- 
uous capture of data. New monitoring technologies 
(inexpensive videotaping, automatic vehicle location) 
can improve experimental instrumentation for obser- 
vation and analysis. It is clear that the time is right for 
the full development of operational science. 

We see a similar mix of needs and opportunities in 
modeling science. Prominent among the former are 
needs for basic tools and principles to support better 
"modeling in haste." Critical decision situations, such 
as natural disaster relief, response to a sudden new 
product opportunity, or reaction to a terrorist inci- 
dent, involve complexities so great that modeling is 
invaluable even for experts accessing extensive data 
bases. Exact scenarios are unpredictable-particular 
parameter values cannot merely be plugged into pre- 
fabricated models, yet urgency bars development from 
scratch of a model fine tuned to the predicament at 
hand. Thus, one challenge for modeling science is to 

optimize a division of labor in which the relative 
leisure of the precrisis period is exploited to build 
a model skeleton that admits rapid, high quality 
fleshing-out to meet specific contingencies. 

The scattered germination of modeling science, 
largely concentrated in the past decade, has empha- 
sized structured modeling; the means for tracing 
causal chains in complex optimization models; the 
full expressive powers of pure and generalized network 
programming models; and applied model develop- 
ment, documentation, and evaluation. What follows 
are several broad issues that should be addressed in 
the next decade of research focusing on operational 
and modeling science. 

Systems at Extremes. Historically, classical mathe- 
matical models of many physical systems were derived 
for an implicit normal environment; later engineering 
applications required advances in the underlying sci- 
ences to describe behavior near the boundaries of that 
regime, where effects that could be ignored previously 
now become consequential. Lacking a well developed 
operational science, OR has not been so fortunate in 
extending some of its well known models to track the 
real world properly at such extremes. 

Classical queueing models predict that, as the cus- 
tomer arrival rate approaches the mean service rate, 
both average queue length and average wait in queue 
rapidly grow without bound. Yet these abrupt break- 
downs are rarely observed in practice: extra baggers 
are added at the supermarket, telephone operators talk 
short and fast, informed customers defer service- 
seeking-the "constant" parameters of the original 
model turn out to have state dependence via addi- 
tional processes activated near saturation. Case by case 
corrections to account for such nonbreakdowns may 
be possible, but are no substitute for serious scientific 
study of these additional congestion-regime processes 
and their behavior. 

At the other extreme, it was found that in optimizing 
truck routing for large-scale distribution the resultant 
improvements, though substantial, were considerably 
less than predicted (Fisher 1982). Near optimal tuning 
of the system spotlighted certain stochastic phenom- 
ena (vehicle breakdown, driver illness) previously 
masked by operational slack. This in turn modified 
the customer ordering behavior reflected in the mod- 
el's data base, and in general, provoked human 
response tending to seek new organizational equilibria 
nearer to the old status quo. A better generic under- 
standing of such optimum-resisting processes and 
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forces is germane to better implementation and closed 
loop design of OR optimization models. 

Robustness and Estimation. Given the possibilities 
for error or change both in data and in process struc- 
ture, it is clearly desirable that model outputs be 
relatively insensitive to such changes. Economic order 
quantities (EOQs) from inventory theory are relatively 
insensitive to minor errors of parameter estimation, 
and have relatively little impact on the selected policy 
and its concomitant costs. Little's formula (relating 
mean queue length, waiting time, and customer arrival 
rate) has been shown to hold exactly for rather general 
queue disciplines, and approximately over a wider 
range. Square root laws for response time by emer- 
gency services (fire, police, ambulance) are robust, 
and insensitive, and simple rules result that were 
developed by careful analysis of complex Monte Carlo 
simulation. 

While parametric sensitivity analysis of a given 
model is now normal good practice in OR, the pre- 
ceding examples point to deeper research themes in 
both modeling and operational science. How might 
models be designed to promote robustness? Within 
what types of model structure variations would robust- 
ness prevail, and what real-world processes exhibit 
such variations when modeled with increasing fidelity? 
What generic concepts and techniques might illumi- 
nate and guide what is now an intuitive art-the 
process of extracting simple useful rules of thumb (like 
the square root laws) from complex models? 

Model manipulations are heavily concentrated at 
and near the best estimates of the parameters involved, 
but those estimates are typically based on virtuous 
sounding criteria ("best unbiased") unrelated to the 
(frequently asymmetric) cost structure of estimate 
errors as they actually impact the model's outputs. An 
integrated theory for this interplay of modeling and 
statistical concerns could significantly improve appli- 
cation of both the prescriptive (e.g., optimization) and 
the descriptive (e.g., queueing) models of OR. 

Modeling of Modeling. The OR literature often notes 
the difficulty of appropriately balancing model devel- 
opment effort with the other requirements of an appli- 
cation. If a back-of-the-envelope model requiring data 
on five parameters could save a company $1 million 
a year, while a formulation of 100 variables would 
save $1.1 million in operations but take $200 thou- 
sand a year to maintain and operate, it is clear that 
the more complex model would be unwarranted. But 
without a body of observations and analyses as a basis 

for estimation, it might be foolhardy to predict such 
results and conclude that no sophisticated model 
should be attempted. Where such an attempt is made, 
the use of "time remaining in the decision process" as 
an explicit parameter to guide the model development 
process should aid rational reconciliation of model 
craft goals with practical imperatives: developing the- 
ory and techniques to support such a control logic is 
a worthy challenge. 

The use and validation of OR models are also open 
to great improvement. We are aware of a production 
line whose foreman configures equipment and work 
plans for the next shift after running a single replica- 
tion of a Monte Carlo simulation, using the current 
operational situation as initial conditions. The vari- 
ance reduction from, say, three replications might 
have benefits well worth the extra effort: model plan- 
ning and implementation need better treatment of 
such issues. 

Conceptual and management related difficulties in 
model evaluation and validation leave both principles 
and practice still cloudy despite notable isolated 
efforts. There is a need for more fundamental explo- 
ration of alternative criteria of evaluation: predictive 
accuracy (as in the sciences), or good qualitative pre- 
ferability ranking of the competing designs or deci- 
sions ("can it tell a sheep from a goat?"), or evaluation 
relative to other models or decision aids. 

Transience and Regeneration. In the great majority of 
stochastic service systems studied to date, analytical 
tractability has confined the modeler to steady state 
analysis. Yet, in practice, transient phenomena are at 
least as important as steady state operation, and often 
more so. A considerable variety of mathematically 
defined models may be at hand, but their suitability 
for significant classes of operationally defined pro- 
cesses is not clear. Development of basic models for 
classes of transient system behavior, particularly sys- 
tems operating in a time varying environment, is of 
concern both for theory and for operational science. 

When modeling a stochastic service system it is 
helpful to identify regeneration points where the pro- 
cess or some significant subprocess begins anew. These 
provide anchors for recursive reasoning known to 
yield efficient computation and insight. Is there a high 
level descriptive language (for stochastic processes) 
that could be parsed for automated identification of 
regeneration points and other analysis aiding features? 

We need modeling knowledge germane to designing 
and operating systems having high risk or high cost 
but low probability states: nuclear power plants, power 
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networks, assembly lines, hazardous waste facilities. 
We need better basic understanding of system aging 
and breakdown, and better synthesis of reliability 
design with optimal allocation of preventive or emer- 
gency maintenance. 

Illustrative Research Topics 

Resource Deployment in Modeling Efforts. There is 
a need to focus on allocation of scarce resources (time- 
to-deadline, dollars, equipment, personnel, and infor- 
mation) to the process of building and utilizing a 
complex model. Issues to be addressed include accu- 
racy of model output versus parameter accuracy ver- 
sus cost impacts of inaccuracy versus penalties for 
lateness. If the desired model is for regular (produc- 
tion) use, then cost or time per run is another dimen- 
sion of its quality. 

One possibility is a stochastic optimization model 
of the modeling process, whose solution could guide 
the manager of a model development project in effec- 
tive deployment of resources over the project's time 
horizon. Roughly speaking, that solution would result 
in a "best possible just-in-time model." The concept 
recognizes that model building involves uncertainties 
more like those of research and development than 
like, say, those accruing to a typical construction 
project. 

Representing the special attributes of the model 
building process within such a general framework 
appears to be quite demanding. Exploring suitable 
objective functions, taking into account the life cycle 
of an OR model, is itself a significant task. 

Reflecting Uncertainties. In queues it is common to 
obtain such statistics as the mean waiting time, mean 
queue length, or ninetieth percentile of queue delay. 
A valuable extension of such information would 
involve, for example, averaging not merely over the 
states of the queue for given values of the parameters, 
but also over the parameter space itself as governed 
by some realistic joint probability distribution. 

Analogously, in an optimization setting, one would 
like to be able to obtain the probability distribution 
of the optimal value of the objective function from 
the multidimensional distribution of the problem's 
parameters, under various plausible assumptions 
about what information on those parameters is avail- 
able just prior to the optimization. Previous research 
in stochastic programming labels such questions as 
quite difficult in general, but we suspect that favorable 
special cases of practical importance await discovery. 

Model Simplification and Approximation. Many sig- 
nificant OR applications in both the private and pub- 
lic sectors (manufacturing, distribution, military, 
traffic control) pose optimization problems that defy 
exact solution because of the combinatorial explosion 
of the set of feasible alternatives or real-time restric- 
tions on the solution effort. This situation has inspired 
a surge of serious study and utilization of heuristic 
algorithms such as those of relaxation, aggregation, 
and hierarchical and other decompositions. 

Further research could determine more powerful 
insights and tools for the generation of heuristics, 
proactive in contrast to the reactive testing and use of 
heuristics arising from unarticulated intuition. Such a 
generation process, conceived as a heuristic search 
designed to exploit special problem structure, calls for 
a richer taxonomy of algorithmically rewarding special 
structures, and for further emphasis on the means for 
recognizing the exact or approximate presence of such 
structures as large submodels of the given model. 

The complex models of concern can, moreover, be 
modified (approximated, decomposed) for heuristic 
treatment in several different ways. We need a better 
understanding of alternative ways of splitting apart a 
problem to facilitate approximate solution. 

OR Laboratories 

Operations research has a strong empirical compo- 
nent. As in other engineering disciplines, this is not 
limited to applications but is also essential in theory 
and model development. The quality of OR practice 
ultimately depends on how well the supporting theory 
and its implementing model match the key features 
of the real-world operation in question. 

This fundamental empirical component lags the 
needs of applications and the grounding requirements 
of theory. Its research base requires more than provi- 
sion for speculative investigations through paper and 
pencil facilities or their computerized amplifications. 
We therefore recommend the establishment of one or 
more laboratories dedicated to facilitating empirical 
work in OR. 

The term laboratory suggests an emphasis on con- 
trolled experimentation-an activity typically too 
interruptive for performance at a working industrial 
or service facility. It also suggests a capability and 
practice of high level analysis of samples (here, empir- 
ical data and observations) submitted from other sites. 
It thus would be a repository of significant data, and 
a source of expert consultation and of highly trained 
field observers of short-lived phenomena (for example, 
certain shutdown operations) deemed special targets 
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of opportunity for their significance to operational 
science. What follows amplifies three illustrations. 

Controlled Experimentation. Important areas of OR 
concern the inspection, maintenance, repair, and 
replacement of equipment. Analyses of these generic 
processes clearly must consider the dirtiness and 
stressfulness of the environment in which the equip- 
ment functions, and the mechanisms through which 
these factors impact performance. Yet we know of 
little work characterizing such workplace descriptors 
and their effects (on, for example, such mundane 
metering equipment as gasoline pumps and super- 
market scales or such commonplace operations as 
metal removal). This general area would be appro- 
priate for the kind of basic laboratory research we 
envisage. 

A second research possibility involves person- 
machine decision making, both tactical (as in real- 
time vehicle dispatching) and strategic (as in 
optimizing a system design), observing the subtle 
dependence of the human's response upon the 
particular algorithms and formats through which the 
computer presents information. 

Data Collection and Analysis. The proposed labora- 
tories would collect and store operational data on 
generic and important processes, and provide expert 
advice and instrumentation to permit on-line capture 
of data from other facilities (industrial, government, 
academic). Central accumulation of experience in 
negotiating protocols for such off-site recording and 
transmission of data might itself permit a valuable 
economizing of nontechnical effort for the OR com- 
munity. The development of improved data analysis 
concepts and algorithms should find especially fertile 
ground alongside such a wealth of experimental and 
real-world information. 

A (possibly surprising) example involves optimiza- 
tion model solving as the operation under study. The 
last decade has brought notable progress in probabilis- 
tic analysis of the behavior of algorithms for optimi- 
zation and for various combinatorial design problems. 
Such analyses require a probabilistic description of 
the universe of problems to which the algorithm will 
be applied. Current research imposes assumptions on 
this probability distribution (uniformity, independ- 
ence, symmetry) which are tractable but known to be 
unrealistic for applications; lack of empirical data on 
naturally occurring problems obviously impedes 
greater realism. Acquisition of such data, through 
suitable arrangements with off-site computing facili- 
ties, would have evident value to researchers. 

MODELWORLD. Efforts to understand how to 
build, assess and communicate OR models have suf- 
fered from their closeness in origin and motivation to 
the battlegrounds of major modeling efforts. Such 
contexts are concrete and relevant, but omit much 
that is needed for an orderly sustained development 
of basic knowledge; for example, good sized test cases 
with known right answers. 

Therefore, we suggest that one of the proposed OR 
laboratories provide, as major responsibility, a test bed 
for alternative approaches to planning and conducting 
model development projects and applications. It 
would function by constructing a synthetic MODEL- 
WORLD with which to challenge the modelers. Inputs 
would include parameter values, random processes, 
perhaps some human interventions: all recorded and 
reproducible. The test bed would simulate informa- 
tion instruments available in the real world (perhaps 
from the laboratory's authentic data files, perhaps 
from census and similar sources if economic factors 
were involved). This controlled environment would 
house experiments, using different approaches to build 
models of how that synthetic world really operates 
and, most important, of how to make good decisions 
about design or operating policy questions posed in 
its context. One could compare these approaches 
under different settings of experimental factors: time 
available for modeling, resource constraints, and qual- 
ity of data made available to the modeler exploring 
MODELWORLD. For the development of modeling 
science and modeling scientists, a facility of this type 
appears to be indispensable. 

MANUFACTURING AND LOGISTICS 

The design, evaluation, and control of production and 
distribution systems have been, and will continue to 
be, vital focuses of OR. The scope of research here 
includes all activities by which labor, raw materials, 
and capital are mobilized to bring goods to market. 
While this discussion focuses on physical production, 
the provision of services involves similar issues of 
resource allocation and management. 

To compete effectively in the markets of today and 
tomorrow, the entire production and distribution 
stages of the product realization process must act in 
concert, so as ultimately to deliver the right products 
at the right prices to the right places at the right times. 
Failure to do so predictably results in waste: excess 
inventory, poor quality, poor customer service, and 
unnecessary cost. The globalization of markets and 
the compression of product life cycles have only 
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increased the urgency of this issue. The powerful 
impact of coordination (or the lack of it) has become 
widely recognized in recent years because of the suc- 
cess of the just-in-time (JIT) system, first used 
in Japanese companies, and now in several firms in 
the United States. This approach only works in 
certain settings, however; for example, supply and pro- 
duction lead-times must be regular and predictable. 
Attempts to impose the JIT system on inappropri- 
ate settings have resulted in spectacular and well 
publicized failures. The best features of the method 
must be adapted to designs for realistic, integrated 
approaches to coordination. 

Design 

Perhaps the first stage of the product realization pro- 
cess is that of design, both of product and of process. 
In design, a variety of problems may be addressed by 
equally diverse OR models. For example, nonlinear 
programming models have been applied successfully 
to the design of automobile parts; and combinatorial 
methods are widely used in designing chips, circuit 
boards, and other electronic components. 

One fundamental issue that cuts across many indus- 
tries is the commonality of parts. Increasingly, it has 
been recognized that fewer parts overall, along with 
modular designs, can result in dramatic savings. Better 
models are needed to help quantify these savings and 
to identify improvements to be achieved. 

Increasingly, OR models are being incorporated 
within computer-aided design and computer-aided 
manufacturing (CAD-CAM) systems as basic software 
components. It is reasonable to expect the demand for 
such quantitative design aids to grow dramatically, as 
product development lead-times are reduced perforce 
through competitive pressures, and as the CAD-CAM 
technologies improve. 

There is a growing realization that product and 
process design should be parts of a single, unified 
design task. This concept is captured in the phrase 
"design for manufacturability." A major challenge is 
to develop models to capture the basic economic and 
technical tradeoffs in an integrated design. 

Manufacturing 

Operations research provides a valuable means by 
which to understand and improve the new manufac- 
turing technologies and organize their work. New 
flexible manufacturing systems must be exploited for 
potential economies of scope (producing many prod- 
ucts on few machines). For example, how should parts 
be routed to machines for processing? This question 

must be answered in real time, and must consider an 
environment in which machines can reconfigure 
themselves. Much intelligence can be embedded in 
the machinery of production, but that intelligence 
must be designed so that the entire shop, factory, and 
production system is effective. Results here will 
depend on advances in scheduling, in discrete event 
dynamic systems, and in networks of queues. As a 
further challenge, coordination must be achieved with 
lean inventories. Contributions from inventory theory 
are needed to help reduce these to a bare minimum. 

Distribution 

The distribution of products and services has been 
transformed by new information technologies. Ware- 
houses can now operate under real-time knowledge of 
their contents. Furthermore, robotic devices such as 
carousel conveyors and automated guided vehicles are 
available to store and retrieve items quickly; however, 
the optimal use of these new tools remains to be 
determined. As with many new technologies, the tools 
are frequently used in simple imitation of the ineffi- 
cient systems that preceded them. With what sort of 
intelligence should these robotic devices be imbued? 
The answer will require analysis from queueing the- 
ory, vehicle routing, and the design of heuristics. 

New technologies make possible more efficient dis- 
tribution. For example, vehicles can now be equipped 
with on-board computers, and can be tracked by 
satellite. This enables an entire fleet to be controlled 
in real time. How should this be done? There is a need 
to build on successes in vehicle routing to answer this. 
Now is the time to develop and apply new optimiza- 
tion techniques for these problems. 

Operations research has established an impressive 
record of achievement in developing methods to 
address a host of problems in the manufacturing and 
logistics area. Moreover, OR is uniquely qualified to 
integrate all the elements of the production and dis- 
tribution chain so that the potential efficiencies of the 
individual technologies are not dissipated. To face the 
challenges ahead, there is a need to build upon the 
substantial existing research base, to combine and 
reinterpret existing techniques creatively, as well as to 
develop new ones. This will require both an intensive 
effort devoted to the specific problem areas, and vig- 
orous development of the basic methodologies of the 
field, as described elsewhere in this report. 

CONCLUSIONS 

We have proposed a number of research areas, and 
fundamental problems within these areas, that need 
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to be addressed over the next decade in order for U.S. 
industry to acquire the models and methodology to 
deal with the complex technological systems of the 
future. While not all areas worthy of research are 
included in this report, the workshop group selected 
these particular areas for discussion, though they are 
also conscious that the future may bring to light other 
areas that will be important to study. The field of OR 
has much to contribute, and a much more ambitious 
research program than the current one is needed. 

Unfortunately, any specific research agenda that 
would logically evolve from the guidelines of this 
report could not be funded from the existing budget 
of the STOR program, which has not grown over the 
last five years. To fund even a few of the new initiatives 
proposed, the STOR program requires at least a fifty 
percent budget increase over the next three years. 
Moreover, the program requires continuing effective 
leadership and management by energetic and knowl- 
edgeable people from the OR community who have 
the judgment to pursue new directions and act as 
effective advocates for the field's accomplishments. 
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