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FOREWORD 

The research and development project described in this status report is a collabora- 
tive project between IIASA and the State Science and Technology Commission of the 
People's Republic of China (SSTCC). 

The project objective is to  build a computer-based information and decision s u p  
port system, using expert systems technology, for regional development planning in 
Shanxi, a coal-rich province in northwestern China. Building on IIASA's experience in 
applied systems analysis, the project develops and implements a new generation of 
computer-based tools, integrating classical approaches of operations research and applied 
systems analysis with new developments in computer technology and artificial intelli- 
gence (AI) into an integrated hybrid system, designed for direct practical application. 

T o  provide the required information, several databases, simulation and optimiza- 
tion models, and decision support tools have been integrated. This information is 
presented in a form directly useful t o  planners and decision makers. The system is there- 
fore structured along concepts of expert systems technology, includes several A1 com- 
ponents, and features a n  easy-to-use color graphics user interface. 

The study is being carried out with intensive collaboration between IIASA, and 
Chinese academic, industrial, and governmental institutions, especially the regional 
government of Shanxi Province. 

The report describes the status of the project after one year of research, summariz- 
ing the problem area, the design principles of the software developments and the current 
s ta tus  of prototype implementations. 

Thomas H. Lee 
Director 
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DISCLAIMER 

The opinions expressed in this report are those of the authors and d o  not necessari- 
ly reflect those of IIASA or of SSTCC. Neither the SSTCC or IIASA, nor any person 
acting on behalf of the above is responsible for the use which might be made of the infor- 
mation in this report. 

The basic user requirements and the minimum structural core of the system was 
defined in a Memorandum of Understanding between IIASA and the SSTCC dated 14 
December 1985. 

Any additional software components and features of the system described in this 
report do not constitute an implicit commitment on the part of IIASA for delivery in ex- 
cess of the system's specifications set out  in the Memorandum of Understanding. 
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EXPERT SYSTEMS FOR INTEGRATED DEVELOPMENT: 
A CASE STUDY OF SHANXI PROVINCE, 

THE PEOPLE'S REPUBLIC OF CHINA 

Kurt Fedra, Zhenzi Li, 
Zhongtuo Wang and Chunjun Zhao 

1. Project Summary Description 
The  coordinated development of a region, and its industrial structure in particular, 

requires the simultaneous consideration of numerous inter-relationships and impacts, 
e.g., resource requirements, environmental pollution, and socio-economic effects. Plans 
and policies for a rational and coordinated development need a large amount of back- 
ground information from various domains such as economics, industrial and transporta- 
tion engineering, and environmental sciences, in a readily available format, directly us- 
able by the planner and decision maker. However, the vast amount of complex and 
largely technical information and the confounding multitude of possible consequences 
and actions taken on the one hand, and the complexity of the available scientific metho- 
dology for dealing with these problems on the other hand, pose major obstacles t o  the 
effective use of technical information and scientific methodology by decision makers. 

The aim of the project is to  develop an integrated system of software tools t o  make 
the scientific basis for planning and management directly available t o  planners, policy 
and decision makers. Concepts of artificial intelligence (AI) coupled with more tradi- 
tional methods of applied systems analysis and operations research are used. These tools 
are designed t o  provide easy and direct access t o  scientific evidence, and allow the 
efficient use of formal methods of analysis and information management by non- 
technical users as well. 

Within the context of a selected regional case study (Shanxi Province, The People's 
Republic of China), the project is developing an operational prototype level ezpert  sys tem 
(model-based interactive information and decision support system with an intelligent, 
graphics-oriented user interface, and integrated A1 technology and components) that  
will be used by the regional government of Shanxi Province for development planning. 

The overall problem situation addressed by the case study could be described as 
follows: how to plan for integrated industrial development centered on a primary 
resource, namely coal, maximizing revenues from industrial production for a set of inter- 
dependent activities, subject t o  resource constraints and minimizing external (i.e., en- 
vironmental) costs. 

In the specific regional case study of Shanxi province, development involves the in- 
troduction or intensification of the following major 

Activities: 
Coal mining and processing: The coal deposits in Shanxi in total cover 57,720 km2 
with an estimated reserve of 900 billion tons and proven reserves of 205 billion 
tons; the 1984 raw output was 187 million tons, and in 1985 reached 210 million 
tons; 
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Figure 1 :  Structure and integration of the system's components 
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Metal mining: mineral resources include iron, copper, aluminium, molybdenum, ti- 
tanium, lead, gold and silver; 

Chemical industries (coking, coal gasification, liquefaction, coal-based fuels and 
feedstocks, intermediates etc.): important chemical products also include inorganic 
salts (sodium sulfide and sulfate), fertilizer, agricultural chemicals, rubber; 

Power generation (coal-fired) and distribution: concentrated around coal fields, 
large power stations generate more than 2.4 gigawatt a t  the Datong Second Power 
Plant,  connected via the Datong-Beijing 500,000 volt high-tension power line; 
Shantou and Zhangze Power stations contribute another 3 G W  to the system; 

v 
I 
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Iron, steel, aluminium, and copper production: The main producers are The Shanxi 
Aluminium Works with a design capacity of 400,000 tons of aluminium, and the 
Taiyuan Iron and Steel Complex with a broad production palette of 450 kinds of 
steel; 
Industrial manufacturing: ranging from machinery (mining equipment, locomo- 
tives, hydraulic and electrical equipment, bearings) to  light industries, e.g., tex- 
tiles; 

Transportation (largely coal): only partly electrified, the railway system in 1983 
handled a freight volume of 138 million tons, including 118 million tons of coal; the 
road system currently includes a total of 28,700 km "open-to-trafficn (including 
about 23,000 km "all-weather" roads); 



Agriculture: with wheat, corn, and Chinese sorghum being the dominating crops; 
forestry with about 16,000 km2, more than one third the result of recent 
afforestation, is gaining in importance; 

The major Activi t ies are subject t o  a number of 

Constraints: 
Capital: 1984 level of investment was about 40 billion yuan, and the projected 
yearly growth rate for the Province to  the turn of the century is 7.5%; 
Water resources: total volume of the province's yearly water resource (precipita- 
tion minus evapotranspiration) is 142 billion m3, out of which about 64 billion m3 
have been developed; the problem, however, is also one of location and distribution; 

Transportation network: the transportation network of railways and highways cov- 
ers a total of 36,000 km and is used intensively for the transportation of freight. 
However the network is not sufficient to  cope with the volume of freight. The low 
standard of construction and resultant bottlenecks in traffic movement impedes the 
flow of commodities. 
Environmental degradation: air and water pollution, soil erosion; 

Industrial labor force (3.5 million, out of a total population of 26 million); an im- 
portant problem, however, is the shortage of skilled labor; 

Export targets (coal): by the end of the century, the Province plans to  market 
(within China) 270 million tons in addition to  30 T W h  of electrical energy; 

The achievement of a balanced and sustainable development despite some of the 
above constraints (e.g., environmental pollution) could alternatively be formulated as  
Policy Objectives (e.g., maximization of revenues from regional industry, minimization 
of environmental pollution). 

T o  design and evaluate alternative development policies in terms of the above ac- 
tivities, objectives, and constraints, the primary 

Information Requirements for Decision Support include: 

Background information on the status quo and likely development options, includ- 
ing inter-regional comparisons that  can assist in formulating development objec- 
tives; 

Design and analysis of feasible development policies (optimization of individual ac- 
tivities, designing/optimizing sets of coordinated activities), including: 

Economic analysis (input/output, cost/benefit, for the regional economy and 
industrial activities or technology alternatives, respectively); 

Resource requirements and allocation (e.g., water, capital); 

Environmental impact analysis; 

Comparative evaluation of composite development alternatives (policy 
analysis). 

T o  provide the required information, we integrate several databases, simulation 
and optimization models, and decision support tools. This information must be present- 
ed in a form directly useful to  planners and decision makers. The system is therefore 
structured along concepts of expert systems technology, includes several A1 components, 
and features an easy-to-use color graphics user interface. 

1.1 The Expert Systems Approach 

There is no generally accepted definition of what constitutes an expert system. 
There is, however, general agreement that  an expert system has to  combine 



a knowledge base, that  is a collection of domain-specific information; 

an inference machine, which implements strategies to  utilize this inlormation and 
derive new conclusions (e.g., modus ponens, forward chaining, backward chaining); 

and an explanation component, or in more general terms, a conversational interface 
tha t  elicits input required from the user and, on request, explains the system's 
inference procedure. 

Obviously, an expert system must perform a t  a level comparable to that  of a hu- 
man expert in a non-trivial problem domain. 

While most operational examples of expert systems work in a very small and well- 
defined problem domain (computer systems configurations, interpretation of chromato- 
graphic experiments, diagnosis of a small set of illnesses, etc.; for a recent review see 
Weigkricht and Winkelbauer, 1987) our system spans a very large and not-so-well 
defined problem area. 

The  model for our expert system's design is therefore based on the concept of 

a t e a m  of  e x p e r t s ,  coordinated by 

a s y s t e m s  a n a l y s t ,  who orchestrates the tasks of the 

individual d o m a i n  e x p e r t s .  

Primary interaction is through the systems analyst, represented by the menu- 
driven and largely symbolic user interface. The user interface translates the user's re- 
quest and specifications into tasks the system can perform, calls upon the domain ex- 
perts (models and databases), and communicates their results t o  the user. 

The expert systems approach has three major components: 

a conceptual or representation component, 
a technological or implementation component, and 

a procedural or development component. 

The conceptual component is largely concerned with the user's perception of the 
system: the computer, through its software, must appear "intelligent", interaction with 
the system must be natural, easy, and conversational, including all the subtle corrective 
feedback mechanisms used in human conversation. These concepts are implemented 
through the system's framework and structure, problem representation (drawing on de- 
clarative as well as procedural concepts) and the user interface design with its emphasis 
on symbols and graphics. 

The technological component includes all the techniques used t o  achieve these 
goals, i.e., the use of declarative languages and concepts in addition to  the classical pro- 
cedural ones, and the appropriate elements from the toolkit of A1 research (see sections 
2.1 and 3). 

Finally, there is a procedural or development component: the basic method behind 
the study is knowledge engineering and rapid prototyping together with and around well- 
established operations research techniques. The study attempts to  draw directly on the 
expertise of several collaborators, facilitating the structuring and integration of their in- 
put by using a series of prototype versions of the system's modules which is used as a 
guide for the knowledge engineering and acquisition process. 

Rapid prototyping can be understood as an experimental, adaptive, and highly in- 
teractive approach to software engineering. It is ideal for systems development whenev- 
er detailed and rigid user requirements cannot be laid down a priori, but are likely to  
evolve together with the system. Good applications for rapid prototyping are those that  
tend to be dynamic and interaction-oriented, with extensive use of user dialog (Klingler, 
1986). 



The prototypes of the system's modules provide a specific problem representation 
"language". They allow a domain expert, who is rarely a computer specialist, t o  in- 
teract with the system with the help of a knowledge engineer, and t o  understand better 
how his expertise gets represented. 

The prototyping approach is incremental and iterative in nature. In our design, 
the numerous modules are initially developed independently, in small units tha t  are easy 
to  manipulate. The modular and open architecture of the overall system makes their in- 
tegration easy (see section 4.1). The frequent replacement of modules with increasingly 
improved versions is supported through standardized interface components. This rela- 
tive independence of modules is also important to  ease the task of keeping the system 
current, adapting t o  the experience gained by i ts  use, and extending its functionality in 
the future. 

The overall system is designed as a hybrid system (see section 3.2), combining clas- 
sical d a t a  processing methodology and the methods of operations research and systems 
analysis with concepts and techniques of Al. Conceptually, the main functional ele- 
ments of the integrated software system are (Figure 2): 

an I n t e l l i g e n t  U s e r  I n t e r f a c e ,  which provides access t o  the system's workings to  
the user. This interface must be attractive, easy t o  understand and use, and t o  a 
certain extent provide the translation between natural language and human style of 
thinking t o  the machine level and back. This interface must also provide a largely 
menu-driven conversational guide t o  the system's usage (dialog - menu system), 
and a number of display and report generation styles, including color graphics and 
linguistic interpretation of numerical d a t a  (symbolic/graphical display system); 

an I n f o r m a t i o n  S y s t e m ,  which includes the system's Knowledge and Databases 
as well as the  Inference and Database Management Systems, which not only sum- 
marizes application- and implementation-specific information, but also contains the 
most important and useful domain-specific knowledge; 
the M o d e l  S y s t e m ,  which consists of a set of models (simulation, optimization), 
which describe individual processes that  are  elements of a problem situation, per- 
form risk and sensitivity analyses on the relationship between control and manage- 
ment options and criteria for evaluation, or optimize plans and policies in terms of 
their control variables given information about the user's goals and preferences ac- 
cording t o  some specified model of the system's workings and rules for evaluation; 

the Dec is ion  S u p p o r t  S y s t e m ,  which assists in the interpretation and multi- 
objective evaluation of modeling results, and provides tools for the selection of o p  
timal alternatives with interactively defined preferences and aspirations. 

Approaches, methods, and tools of A1 and expert systems technology are  embedded 
in the overall system a t  various levels and a t  various points: 

the object-oriented overall design and problem representation structures the in- 
tegrated system along the  concepts of expert systems (compare section 3 and 4.1); 

the user interface includes various elements of expert systems technology, e.g., na- 
tural language parsing, rule-based input checking and error correction; 
throughout the system, context-dependent help and explain functions are foreseen; 

selected model components are  based on A1 software engineering techniques, in- 
cluding a frame-based, object-oriented and message-passing symbolic simulator for 
overall regional development, implemented in CommonLisp and Flavors (see 2.1 
and 3). 

Another example currently under development is the implementation of Prolog- 
based tools for relational analysis for the siting of industrial enterprises (technologies) in 
Shanxi (section 2.2.3); the approach foresees the matching of technology-specific produc- 
tion requirements with policy- and location-specific production environments, both 
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Figure 2: Elements of the integrated software s y s t e m  

represented in predicate logic, and supported with a n  interactive knowledge base editing 
facility for requirements,  environments,  and policy options.  

Clearly, meaningful representation of a system as complex a s  a large region wit,h i ts  
compound development problems exceeds the  scope of tradit ional mathematical o r  s ta-  
tistical approaches.  Precedent,  o r  simply human expertise and judgement have t o  be 
used where statist ically derived evidence and  hard observational d a t a  a re  missing by 
necessity, because the  regional economic development planning field is obviously 
variable-rich but  sample-poor. Many relationships, in particular from the  technological 
and physical components of a regional system, may be well known. However t,he conse- 
quences of yet untested policies, of behavioral response to  entirely new economic situa- 
tions, of changes in lifestyle and the  very fabric of a rapidly changing society can a t  best 
only be speculation. Intuition and experience will have t o  replace experiment and direct 
observation. T h e  number of potentially relevant variables is very large, and repeated 
systematic experimentation is virtually impossible. Innovative use of analogies, pat tern  
matching and common sense must  fill this gap. Common sense rules, for example,  dpfine 
the  constraints t h a t  resource availability imposes on development options,  o r  how politi- 
cal and cultural  conditions shape development strategies. Integrating these representa- 
tions of common sense, intuition and experience, with the tradit ional approaches of nu- 
merical analysis in to  one coherent framework is a major objective of our  expert  systems 
development. 



1.2 A Description of Shanxi Province 

Geographic features: 
Shanxi is situated in the middle of central north China. It is a part of the 

northwest loess plateau in the country. The total area of the province is about 156,000 
square kilometers, and the population is 26 million (1982 estimate). Most of the pro- 
vince lies 1000 meters above sea level and both the eastern and western parts are moun- 
tainous or hilly (up t o  80% of the total area). There are five fault subsidence basins 
crossing the whole province from north to  south. 

Current land utilization is as shown in Table 1: 

Table 1: L a n d  use i n  Shanz i  Province 

Arable land 39,000 km2 25% 
Forested 15,600 km2 10% 
Grassland and pastures 35,900 km2 23% 
Undeveloped 46,800 km2 30% 
Wasteland 18,700 km2 12% 

Climate: 
The climate is moderate-continental. The average annual temperature is 4" to  

14" C .  The annual precipitation is 534 mm on average. The frost-free period averages 
150 days per year. The climatic conditions of most of the region are suitable for agricul- 
ture. 

Mineral resources: 
Shanxi is rich in mineral resources. There are over 80 varieties of verified mineral 

resources including coal, aluminium, iron, copper, gypsum, mirabilite, refractory clay, 
limestlone, etc. The most outstanding resource is coal, which spreads over an area of ap- 
proximately 58,000 square kilometers (37% of the overall area of the province). The es- 
timated reserves are 860 billion tons and the proven reserves 200 billion tons. Shanxi is 
not only rich in coal reserves, but has coal of a superior quality (with a heating value of 
7000-8000 kcal), and in diverse varieties (coking coal, anthracite, high-grade coal for 
power generation, etc.) The seams are stable, concentrated and close to  the surface of 
the earth, therefore easy t o  extract (the cost of mining is only two-thirds of the national 
average). The verified bauxite reserves also rank first in China. They too occur in stable, 
concentrated seams, with high-aluminium, high-silicon and low-iron content. 

Water resources: 
The Yellow River flows along the western border of the province. There are five 

rivers, namely the Fen, Qin, Shushui, Xinshui and Sanchuan which are part of the Yel- 
low River system, and three rivers, the Zhang, Huto Bnd Sanggan, belonging t o  the Hai 
River system (which is the main river in the neighboring province Hobei). On account of 
the large proportion of limestone and the porous soil, the loss from drainage is a critical 
problem. The land formation induces groundwater and surface water systems t o  flow to- 
wards the east,  south and west. Water resources mainly depend upon precipitation, 
which on average is 534 mm, or equivalent t o  83.5 billion cubic meters of water. How- 
ever, the dryness of the region brings the annual evaporation up t o  416 mm, which is 
equivalent t o  69.3 billion cubic meters. As a result the available water is only about 14.2 
billion cubic mei-ers. Shanxi therefore suffers water shortages which affect both industri- 
al and domestic demand. 



Agriculture: 
The arable land area is 58 million mu (equivalent to  3.85 million hectares), of 

which 30 million mu are in hilly regions and 28 million in basins. The agricultural ac- 
tivities concentrate more on labor-intensive crops, which are about 59% of the total agri- 
cultural output value; 5.5% is generated by forestry, 9.5% from livestock and 26% from 
sideline products and rural industries. Among the crops, 80% is grain, 14% industrial 
crops and 6% others. Annual production of grain is 8 million tons or 308 kilograms per 
capita. The proportion of grain imported from other provinces is about 14% while the 
output (mainly corn) is about 5%. The forested land area is approximately 4 million mu 
(260 thousand hectares). The percentage of meat in livestock products is 70%. The total 
production of livestock products is 300,000 tons per annum of which 80,000 tons are 
milk products. 

Industry: 
The  outstanding feature of industry in Shanxi is the large proportion of heavy, pri- 

mary and labor-intensive industries. The percentage of the mining industry in the total 
industrial output  value is 26%; of the raw material industry 21%; and of the manufac- 
turing industry only 22%. The main industries are as  follows: 

(1) The energy industry is the core sector of the economy in Shanxi. The output value 
of the energy industry amounts to  32% of the total industrial output  value. In 
1985, the output of raw coal was 210 million tons, which constitutes about one- 
fifths of the annual production of the whole country. Coal from Shanxi is exported 
to  26 provinces and has significant influence on the development of the economy in 
these provinces. The  growth of the electric power industry is rather slow. It consti- 
tutes  5% of the power industry of the whole nation. In some districts of Shanxi the 
shortage of electrical energy is a critical problem. 

(2) The metallurgical industry.  There are three main iron and steel complexes. The an- 
nual output of iron is about 2 million tons, of steel about 1.6 million tons and of 
steel products 1 million tons. The infrastructure of the metallurgical industry 
shows some irrationalities. The lopsided development of the production structure 
was inclined toward iron and steel. The ratio of output of the iron and steel indus- 
try to  the non-ferrous industry is almost 100:l. Among the non-ferrous metals in- 
dustries, aluminium has priority for development. As for the iron and steel industry 
itself, the capacity of ore dressing and agglomeration plants does not match tha t  of 
iron smelting; the capacity of steel mills does not match tha t  of steel smelting due 
t o  equipment shortages. 

(3) The chemical industry.  In this sector there are 1000 enterprises of different sizes 
with 150,000 workers in all. The main products are: sulfuric acid, fertilizer, soda, 
pesticides etc. Downstream products are rare. The capacity of the chemical indus- 
try in Shanxi amounts t o  about 4% of the country's capacity but output value 
amounts only t o  2.03%. 

(4) Manufacturing industry.  There are about 3000 enterprises of different sizes in this 
sector. The  main products are: mining machinery, pumps, ventilators and compres- 
sors, electric appliances, farm machinery etc. In keeping with the proportion in 
output value, farm machinery represents 5%, production machinery 26%, metal 
working 16%, consumer goods 5%, electronic industry 3%, etc. The output value 
of the electronic industry is only 1% of the national total. There is a dearth of pre- 
cision products. 

(5) Light industry.  The light industries in Shanxi mainly use farm products as raw ma- 
terial (68%). There are only a few factories taking industrial products as raw ma- 
terial (32%). The textile industry has rudimentary products only. The  end pro- 
ducts of the food industrv are: suaar. canned food. wine etc. The main issues to  be " 3 

dealt with in the development of light industry are the shortage of raw material 
and the low quality of products. 
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Figure 3: Major industrial sites (output jrom the PDAS model) 

Transportation and Communication: 
A transportation network of trunk railways and highways has already been esta- 

blished in Shanxi with a total length of 30,870 kilometers. There are seven trunk rail- 
way lines and twelve branch lines, with a total length of 2,170 km. The roadways are 
now 28,700 km, with trunk lines totaling t o  9,300 km. The amount of freight transport- 
ed is very high; up  t o  200 million tons per annum, 60% by railway and 40% by highway. 
90% of railway freight volume is for coal transportation. The ratio of export to  import of 
freight is 8.5:1, which is an outstanding feature of transportation in Shanxi. The issues 
to  be dealt with in highway transportation are: limited trackage and roads, low con- 
str~lction standards, lower capacity for traffic Row which, t o  some degree, impedes com- 
modity flow. 

The development of post and telecommunication still cannot meet the requirements 
of economic growth. The provincial long-distance call lines totaled 32,000 km and local 
telephone lines 6,600 km. An efficient, high-level telecommunication network should be 
planned. 

1.3 Development Problems and Development Objectives 

The Shanxi province authorities have mapped out a development program to make 
full use of its favorable conditions and t o  contribute to  the modernizat.ion of China. 
There are several problems connected with economic development tha t  have yet t o  be 
solved. The major problems are: 
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Shanxi's economy has a low efficiency. In industry, compared with the national 
average, the output  value and revenue are about 36% below the average level; the 
profits and taxes are 30% below; and the overall labor productivity is 29% below. 
This is due to  the irrational infrastructure and spatial distribution, less developed 
technology and management practices currently in use. A conseqlrence is the lower 
income and living standard of the inhabitants. It is vital to now pursue develop- 
ment alternatives suited to  Shanxi which would lead to steady growth, better 
economic results and more substantial benefits to the people of Shanxi. 

The lopsided pursuit of increased output  and output values of industry, especially 
heavy industry (mainly coal mining to meet the ever increasing demand) led to  
serious imbalances with regard to  agricult~rre, light industry and heavy industry. In 
the industrial sector, i t  is inclined to primary, labor-intensive sectors with low 
profits and adaptability. Iligh-technology enlerprises are rare. Adjustments to  the 
infrastructure of industry, and of the economy as a whole, are a critical problem. 

There are three main constraints to the development of Shanxi's economy: tran- 
sportation, water resources and qualified personnel. Transportation is currently 
the main bottleneck. The transportation network consists only of railways and 
highways with limited load capacity and out-of-date facilities. It cannot cope with 
the volume of coal exported. There are also problems in linking-up different kinds 
of transportation lines. 

As mentioned earlier, water resources are scarce and will be more crucial in the 
near future. 

There is a severe shortage of competent technical and managerial personnel in 
Shanxi. The number and quality of Shanxi's blue- and white-collar workers are far 
below the national average. There are fewer than 100 university students per 
10,000 labor force. There are a lot of sectors where lack of technical personnel 
hampers technical progress. 

Technology and management are Shanxi's weak points. There is not enough techni- 
cal expertise to  transform traditional industries by the introduction of new techno- 
logies. The economic growth of the province depends upon new construction pro- 
jects rather than equipment renewal and technological transformation. In aspects 
of management, planned development of the commodity economy is just a t  the be- 
ginning stage. The  elimination of the old structure and the building of the new can 
only be gradual and will take time to complete. Old and new structures will contin- 
ue to  coexist and interact. It will be more difficult to  exercise effective macro- 
control and t o  make rational use of micro-mechanisms. The relations between 
public-owned, collective and private enterprises, between the state, the producing 
unit and producers as individuals must be appropriately adjusted. 

development objectives of Shanxi are: 
By the year 2000, the annual industrial and agricultural output value should be 
quadrupled from the 1980 basis. It means that  in the next fifteen years, an annual 
average increase of 7.5% must be ensured. 

An appropriate rate for raising the living standard by taking into account the 
needs of both production and consumption will be set. By 2000, the annual per- 
capita gross output  value will be 800-1000 U.S. dollars. 

The simultaneous development of the economy, society, science and technology, 
and ecological balance will be taken into consideration. A favorable economic, so- 
cial and ecological environment will be created, which is the basic guarantee and 
prerequisite for further development in the twenty-first century. 



1.4 Economic Management and Planning in Shanxi 

The management system in Shanxi consists of the administrative system of plan- 
ning, production, construction, finance, science and technology (Figure 4).  Each of the 
systems is under the leadership both of the corresponding ministry in the central govern- 
ment and the provincial government. 
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Fipure 4:  The management system in Shanzi 

Therc are three types of ownership: public (state ownership and province owner- 
ship), collective ownership and private ownership. A typical example is tha t  in the year 
1985, 40% of coal output  was from state-owned mines, 20% from mines owned by the 
provincial government and 40% from collective and private mines. The rapid growth of 
collective and private enterprises in recent years is due t o  the policy shift. 

For a long time, Chinese economic management systems concentrated on central- 
ized administration. Production and management of the enterprises (most of them pub- 
licly owned) were controlled directly by administrative units a t  various levels. The 
government provided the enterprises with the means of production and handled all dis- 
tribution. Financial affairs were also managed by the government. Market function was 
negated. The initiative of managers and workers was severely restricted. An unusual si- 
tuation had occurred: on the one hand, the supply of certain products fell short of 
demand, while other products were in surplus. 

In recent years, China has begun to adopt management methods such as mandato- 
ry planning, guidance planning and/or market regulation with regard to  different enter- 
prises, products and tasks. In Shanxi, for example, the state-owned and province-owned 
mines turn out  products under the direct mandatory planning of the s tate  (for province- 
owned, also of the province). The rapidly growing collective and private mines, which 
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are  scattered all over the  province, operate according t o  market  conditions and u r~dc r  
the  guidance of s t a t e  a n d  local planning (Figure 5). Of course, somewhere between these 
two categories, there are  some mines turning ou t  products mostly according t o  s t a t e  
plans, bu t  partially according t o  market conditions, o r  jus t  the  reverse. Now the  
varieties and  quantit ies of products under unified s t a t e  allocation and distribution have 
been appropriately reduced. T h e  role of market regulation has  been strengthened. T h e  
decision-making powers of enterprises have been broadened. S ta t e  planning is the  basis 
for providing macro-economic guidance t o  ensure the  proper development of the econo- 
my.  A new economic management  system is just taking shape, which organically com- 
bines planning wit,h marketing, micro-flexibility with macro-economic control,  and  cen- 
tralization wi th  decentralization. Centra l  and provincial governments should pay more 
a t tent ion t o  long-term s t ra tegic  planning. 

Provincial 
Government 
of Shanxi 

1.5 The Role of the Proposed System 

Since the  s t a t e  and the  provir~ce changed their economic management policies, 
mainly with the  objective of bet ter  overall planning, implementation of policies, organi- 
zation, co-ordination and use of economic means or regulation, there are quite a lot  of 
decision-making problems for the leaders of Shanxi province. In order t o  place the  
decision-making process on a scientific basis, computer-based decision suppor t  systems 
(DSS) have been recognized as necessary tools. This  type  of computer system is - unlike 
management information systems (MIS) - not specially built for routine tasks,  bu t  
specifically for decision suppor t  for long-range strategic planning. 
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Figure 6: T h e  re la t ion  be tween  AMSEI and  the proposed DSS 
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In keeping with the program of the State Planning Commission, a unified automat- 
ed mangement system of economic information (AMSEI) is now under construction. 
This system has a hierarchical structure and there is a subsysiem under the supervision 
of the Planning Commission of Shanxi (Figure 6). It  has the task of daily processing 
economic information on the province. The goal of this system is the rationalization or 
the information flow and full utilization of the information. In this system, there are 
also planning tasks, but only a t  the administrative level. 

The proposed DSS is being developed as  a direct aid to  top-level decision makers so 
as t o  enable them t o  deal with unpredictable and ill-structured problems with greater 
ease. It a ~ c e n t ~ u a t e s  problem-mindedness (Dery and Mock, 1985) over solution- 
mindedness, in tha t  it perceives as critical the need t o  explore the nature of the problem 
and t o  generate alternatives rather than purely to  dwell on the choice among alterna- 
tives, as this last precludes, or a t  least inhibits, the exploration of novel avenues. 

The decision makers and their staff usually spend a good deal of time collecting and 
processing the required (mostly aggregated) information before making their decisions. 
The proposed system will relieve this workload. The user may extract information from 
the databases of the system and form some judgement directly from d a t a  or by a com- 
parative study. 

The proposed system will develop some scenarios of complex problem situations, 
taking into consideration the intuitive judgement of decision makers. Scenarios provide 
decision makers with the opportunity t o  introduce their own knowledge and assump- 
tions. Economic activities will be simulated in the system and feasible development poli- 
cies may be analyzed. 
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Figure 7: T h e  role o/ decision makers, specialists and the computer: DSS versus the ez- 
pert systems paradigm ( h o r n  F e d r a  and Otway,  1986) 

The proposed system will assist in the interpretation and multi-objective evalua- 
tion of the simulation results, and provide a tool for the selection of optimal alternatives 
with interactively defined preferences and goals. 

Top-level decision makers are often not computer experts, therefore the proposed 
system should be user-friendly. They should be able to consult the system directly and 
not only through the specialist (Figure 7). In some cases the decisions are made hurried- 
ly, in tense situations, so the system must have flexibility and adaptability. 

As a next step, a communication link between the provincial AMSEI and the pro- 
posed system will have to  be installed (as shown by the dotted lines in Figure 6) pri- 
marily for information retrieval, i.e., the workstation-based system will connect to  the 
AMSEI for either direct, on-line retrieval of d a t a  for display and analysis within a given 
interactive session, or use the AMSEI as a source of da ta  it can download to update its 
local databases in a special database management mode of operation. 

2. Components of the Software System 
The basic user requirements and the resulting functional components of the system 

have been specified and listed in a Memorandum of Understanding between IIASA and 
the SSTCC, defining a minimum structural core for the system. 

During the first design phase, several additional modules were identified for possi- 
ble inclusion into the system, and some of the original concepts had t o  be modified in 
view of the information becoming available from Shanxi Province. As a result, the 



description of the system's components below is to  be understood as a description of the 
current s ta tus  of our framework design, which will certainly be subjected t o  numerous 
revisions before the final system's implementation. 

From an implementation point of view, the overall system can be conceptualized as 
three interdependent layers, comprising the macro-economic and strategic planning lev- 
el, the sectoral and intersectoral level, and finally the level of the databases. For the 
user, all the three levels are hidden through a more problem-oriented interface structure 
(see section 3). 

-- 

- .  

select a menu rtem or an e l a e n t  from the hlnck dragram ... 

Figure 8: The system's components seen through the master menu 

At the macro economic level, the system foresees the use of an economic develop 
ment planning module, consisting of a dynamic, rule-based simulation model and, in 
parallel, a dynamic input-output model. They are linked to the sectoral simulation 
models (section 2.2); and can also be understood t o  summarize and aggregate their 
results. 

The sectoral level is represented by optimization and simulation models, describing 
coal-based, carbochemical and energy intensive industries respectively. These 
classifications are, of course, not mutually exclusive but largely overlapping. In addition 
to  these sectoral components, inter-sectoral models describe water resources and air pol- 
lution. 

Finally, databases are being developed on the following: 
macro-economic summary (including inter-regional comparison data) ;  



industrial areas and production sites; 

industrial production technologies; 

transportation network; 

water resources and climate; 

geographic background, land use, and population. 

2.1 The Macro-economic Level 

At the top level of aggregation, the macro-economic models represent the entire 
province within one conceptual framework. The sectoral aggregation of the macro- 
economic modules is kept flexible for the user, ofiering several levels of aggregation (in 
particular for the Input-Output model, see section 2.1.1), ranging from 3 to 56 sectors. 

The basic disaggregation comprises the following 22 sectors: 

Agriculture 
Forestry and silviculture 
Coal minine: " 
Mineral resources mining 
Power generation and distribution 
Metallurgical industry (iron and steel) 
Metallurgical industry (nonferrous metals) 
Coking and coal processing 
Petroleum industry 
Chemical industry 
Manufacturing (mechanical engineering) 
Electronics 
Construction materials industry 
Forest industry (timber processing) 
Food production and processing 
Textile industry 
Other industries 
Building and construction 
Transportation (railway) 
Transportation (highway) 
Postal services and communication 
Trade and commerce 

While this level of aggregation will be used for several models, and in particular the in- 
terface between several modules of the system (e.g., with MAED, the Symbolic Simula- 
tor,  PDA, etc.), other levels of aggregation and disaggregation are being used as well 
(compare section 2.1.1). 

The macro-economic level will be represented by 

a dynamic, qualitative (symbolic) simulation of regional economic development, 
based on principles of system dynamics and rule-based symbolic simulation; 

This model will be complementary to  an 

economic input-output model, with various levels of output aggregation, and linked 
to the parallel symbolic simulator and, in a hierarchical structure, to the sectoral 
models. 
At least one dynamic input-output model with a disaggregation into 56 sectors, ex- 

ists for the region (e.g., Xia and Zhao, 1986) This will be implemented within a multi- 
objective optimization framework, based on IIASA's DIDASS software (section 2.1.2). 
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Figure 9: Coupling o j  the Input-Output  model and the Symbolic  Simulator 

Major developments around the basic input-output model should include: 

coupling with sectoral simulation models tha t  provide "independent" estimates for 
individual table values, rows, or columns; 

modification of coefficients and boundary conditions through a symbolic, language- 
oriented or graphical interface (section 2.1.3); 

interactive aggregation/disaggregation moving from smaller sets of combined sec- 
tors for easy display of co~~nec t ions  to  the full sectoral resolution; 

an appropriate graphical display of the 110 table, e.g., by scaling symbolic descrip- 
tors of the individual sectors and their interconnecting flows. 

In parallel, i.e., using the same set of sectors (at  the top level), a simple dynamic 
simulation model will be built. The model is based on concepts of system dynamics 
(e.g., Forrester, 1971), describing causal relationships in time. It  will be implemented, 
however, a s  a symbolic rule-driven and object-oriented simulation model using a frame 
representation for macro-economic objects. The model dynamically links (through 
discrete time steps) problem-relevant variables such as  investment, jobs, energy con- 
sumption, output ,  and revenues via auxiliary variables such as age of capital equipment 
or unit output  per unit machine of a specific technology and appropriate interaction 
coefficients, all expressed in natural units through a system of causal relationships, i.e., 
feedback loops (positive and negative), subject to  a set of constraints and boundary con- 
ditions. The  model will run under interactive user control, representing operational 
management and strategic planning a t  the s late  and provincial level as well as market 
forces. 



This model will be built based on qualitative descriptions of dependencies. Verbal 
specification of dependencies are formalized in a set of rules, a list of constraining condi- 
tions, exemptions and special cases, etc. The rr~odel is based on concepts of symbolic 
simulation, implemented in CommonLisp, using a frame-based, object-oriented language 
extension (Flavors). The major bottleneck, however, is in estimating the appropriate 
values and ranges for interaction coefficients, and in specifying the constraining condi- 
tions, and translating them into a set of rules through an efficient and errsy-to-use 
knowledge acquisition module. 

2.1.1 I n p u t - O u t p u t  ~ o d e l i n ~ * )  

The S t r u c t u r e  a n d  F u n c t i o n  of  t h e  I n p u t - O u t p u t  M o d e l  S y s t e m  

The Input-Output Model System (IOMS) includes several core modules. They are 
a static 110  module, a dynamic 110 module, a multi-objective and multi-alternative op- 
timization module, a linear or non-linear optimization module, and a comprehensive 
economic simulation module. By means of these modules, a regional macro-economic 
development plan for a target year or for all the years from base to target year can be 
calculated according to the requests of users. 

The principle of program design with structural modules is used in this package. 
This system is composed of numerous modules controlled directly by the I/O control 
module. In addition to the above core modules, its components also include an I/O data- 
base, objective and constraint set,  an 110 module, case results storage and re-display 
module, maintenance module, and so on. In this system, the linear and non-linear op- 
timization package MINOS, as well as the multi-alternative, multi-objective optimiza- 
tion program DISCRET can be called directly. 

The structural framework of this model system is given in Figure 10. 

The basic input-output model is a static type and can be expressed as the following 
vector equation: 

where 

A - matrix of technical coefficients; 

X - the total output value; 

Y - the total demand, it includes: 
1 - investment; 

C - consumption; 

D - net export. 

The disaggregation of the economy in Shanxi has three levels (Figure I I ) ,  each lev- 
el may be conveniently coupled with another model or model set.  

There are two schemes of toplevel disaggregation. The first ( A  in Figure 12) 
matches the conventions used for national statistics. There are 6 aggregated sectors: 

A1 Agriculture 

A2 Heavy industry 

A3 Light industry 

* )  Section based on contributions by Rohao Zhang, Cornputer Center, Planning Bureau of Shanxi Pro- 
vince, and Dadi Zhou, Energy Research Institute, State Economic Commission of the PRC. 
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Figure 10: The  s l ruc lure  of IOMS 

A4 Construction 

A5 Transpor ta t ion 

A6 Commerce 

T h e  second scheme is designed for the convenience of the  so-called Economic.s of In- 
dustry ( a  rapidly developing discipline in economic science, especially in Japan)  s tudy .  
T h e  aggregated sectors are  ( B  in Figure 12): 

B1  Pr imary industry 

B2 Secondary industry 

B 3  Ter t iary  industry 

T h e  relations between the  aggregation a t  the  se.cond level, which comprises 12 ag- 
gregated sectors, and the  t w o  schemes of the  first level are shown in Figure 12.  

T h e  third level consists of 22 sectors as shown below, these sectors have been ag- 
gregated from the  56 sectors in the  original input-output table of Shanxi.  T h e  aggrega- 
tion is as follows: 

For  3 sectors 
1.  Primary lndustry 
2. Secondary lndustry 
3. Tertiary lndustry 

r or  b sectors 
1 .  Agriculture 
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Figure 11: Aggregation levels o / t h e  input-output sectors 

2. Heavy industry 
3. Light industry 
4. Construction 
5. Transportation 
6. Commerce 

For 12 sectors 
1. Agriculture 
2.  Coal mining 
3. Mining 
4. Power generation 
5. Metallurgy 
6. Coking k chemicals 
7. Manufacturing 
8. Building materials 
9. Light industry 

10.  Construction 
I I .  Transportation 
12. Commerce 

For 22 sectors 
I .  Agriculture 
2.  Forestry and silviculture 
3. Coal mining 



A 1 - Agrlcul ture 
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Figure 12: Input-output sector relationships for levels I and 11 
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Figure 19: Summary  output from a 12-sector run  



4. Other mining 
5.  Power generation and transfer 
6. Metallurgical industry(ferrous) 
7. Metallurgical industry(nonferro~ls) 
8. Coking and coal processing 
9. Petroleum industry 
10. Chemical industry 
I I .  Manufacturing 
12. Electronics 
13. Building materials industry 
14. Forest industry 
15. Food production and processing 
16. Textile ind~lstry 
17. Other Industries 
18. Building and construction 
19. Transportation(railway) 
20. Transportation(highway) 
21. Postal services and communication 
22. Trade and commerce 

For 56 sectors 
I .  Agriculture 
2. Animal husbandry 
3. Forestry 
4. Coal mining 
5. Metal mining 
6. Chemical mining 
7. Non-metal mining 
8. Power generation and distribution 
9. Metallurgical industry(iron k steel) 
10. Metallurgical industry(nonferrous metals) 
11. Coking k chemicals 
12. Petroleum industry 
13. Basic chemicals 
14. Chemical fertilizer and pesticides 
15. Organic chemicals 
16. Pharmaceuticals 
17. IIousehold chemicals 
18. Rubber manufacture 
19. Plastics 
20. Farm machinery 
21. Power machinery 
22. Mine machinery 
23. Chemicals machinery 
24. Light industry machinery 
25. Other industrial machinery 
26. Transportation equipment 
27. Building machinery 
28. Daily use machinery 
29. Metal goods for production 
30. Metal goods for daily use 
31. Other manufactured goods 
32. Electronics 
33. Cement 



34. Brick and lime 
35. Firebrick 
36. Glass 
37. Ceramics 
38. Forest industry 
39. Grain and oil processing 
40. Salt 
41.  Food 
42. Chemical fiber 
43. Cotton textiles 
44. Other textiles 
45. Sewing products 
46. Leather products 
47. Paper 
48. Cultural & educational goods 
49. Handicrafts 
50. Sideline products 
51. Other industries 
52. Building and construction 
53. Transportation (railway) 
54. Transportation (highway) 
55. Postal services and communication 
56. Trade and commerce 

For simulation, analysis and optimization, the following socio-economic indicators 
have been adopted in this model set: 

Name Unit symbol*) 

Total social output value 
Total outout value of sector i 
National (regional net) income 
Net output  value of sector i 
Financial income 
Financial payment 
Total investment 
Productive investment 
Non-productive investment 
Fixed assets 
Operational funds 
Investment in sector i 
Total consumption 
Individual consumption 
Profit from sector i 
Taxes from sectors 
Wages from sectors 
Net export of sectors 
Total population 
Agricultural population 
Non-agricultural population 
Available labor force 
Available agricultural labor force 
Available non-agricultural labor force 
Number of workers in sectors 
Available water resources 
Water consumption in sectors 

lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
lo4 yuan 
104 yuan 
104 yuan 
lo4 yuan 
lo4 yuan 
104 yuan 
lo4 yuan 
lo4 persons 
lo4 persons 
lo4 persons 
lo4 persons 
lo4 persons 
lo4 persons 
lo4 persons 
lo8 m3 
lo8 m3 
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Energy consumption in sectors lo4  tons o r  coal ecluivalent e 
Pollution o r  sectors 

waste  water 10"ons 
B O D  lo4 tons  
C O D  lo4 tons  
phenol tons  
C N  tons 
C O  tons  

NO, tons  
H C lons 
dus t  104 tons 
solid wastes 10"tons 

Net productivity (y uan/man-year) 
Profit and t a x  r a t e  (%) 
Production capacity and ou tpu t  
of main products,  including: 
crops lo4  tons 
cot ton lo4 tons 
oil crops lo4  t,ons 
coal 1 o4 tons  
electricity lo8 kwh 
iron lo4 tons 
steel 1 0 ' t o n s  
cement lo4 tons 
 WOO^ lo4  m3 
chemical fertilizers 10' tons  

T h e  technical coefficients a i j  can be adopted directly lrom the  input-output  table or 
Shanxi province lor previous years. Th i s  model has i ts  own database  and all of (,he 
coefficients can be updated from stat,istics or from other  (sectoral) models of (,he system. 
It can be c o ~ ~ p l e d  with three so-called "balance models" - t h a t  is, model of investment 
balance, model of material balance and motlel o r  labor force balance. These  models are or 
a n  econometric type. Application o r  these balance rnodels will be consistent with Lhe 
tradit ional planning procedure. 

2.1.2 1 / 0  Modeling in a Multi-objective Optimization Framework 
T h e  1 1 0  model in a multi-objective optimization framework is designed along the 

lines of DIDASS. T h e  s t ructure  and information flow are  shown in Figure 14. 

Once we have the  d a t a  of previous years z, and some rough estimations or slrgges- 
t ions s from the  Planning Commission of Shanxi and/or  from the  S ta t e  Planning Corn- 
mission, t he  module "scenario generatorn will he able t o  generate a great n u n ~ h e r  of  al- 
ternatives Z(maj0r  products are mainly dealt  with),  which will be the  input  t o  the  basic 
1 1 0  model module. T h e  ou tpu t  i will be primarily feasible after balancing and then 
through the  screening of constraints 9 ( z )  the  feasible final alternatives io will be ob- 
tained. T h e  next s t ep  is comprehensive ~p t~ i rn i aa t ion  and a l ter  (,his process, t,he optirni- 
zation results will be obta ined.  Finally, through the  DISCRET module, the riser may 
select t he  multi-objective optimization results interactively. 

T h e  goal (objective) se t  j (z)  contains:  

' )  As development 2nd implementation are still in progress the notation used here may be subject to 
change. 
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2.1.3 A Symbolic Simulator: Approximate Simulation 
For the simulation of the macro-economic development of Shanxi Province a Sym- 

bolic Simulator based on the jrame-concept (Minsky, 1968, 1974) will be implemented. 

The Macro-economic Simulation Model 
The model for the regional development simulation is a dynamic simulation model, 

loosely following the basic ideas of system dynamics, but implemented as a symbolic, 
rule-driven model. The model describes the 22 aggregated macro-economic sectors a t  
the top level (Figure 9).  Thc sectors are describcd in terms of a set of descriptors and 
their (qualitative) relationships and interdependencies in time. These relationships are 
based on a set of indicator-specific cross-impact matrices, that  specify the direction and 
relative magnitudes of the respective sector/indicator dependencies. In the model, these 
dependencies are represented in the form of rules. 



T h e  C o n c e p t  of S y m b o l i c  S i m l ~ l a t i o n  

'ro make the implementation of the model transparent and easy to modify (which 
is very important in the development stage of the irnplern~ntat~ion and for f r r t ~ ~ r e  exten- 
sions) we represent the macro-economic objects as heterarchical ly  grouped f rames  c o m -  
munica t ing  v ia  a c o m m o n  message-d i s t r ibu t ion  s y s t e m .  

G r a p h i c a l  D i s p l a y  

Message I 
Message 2 
MeSbage 3 

Message k 

Blackboard 

I 

New Message 

- : g-l 
New Message i 

M2 
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New """ge ; @ 1 
i S y s t a m  S t a t e  i ........................... .# I 

Task Priority 81 Timing Scheduler s1 
M I  ... Macroeconomic Object I 

User Control Interface M2 . .  Macroeconumtc Oblect 2 
Mn ... Macroeconomic Object n 
-... Message 

Figure 15: T h e  layout  o f  the Symbolic  S imula tor  

Each f rame  consists of a number of slots that contain descriptive information as 
well as 110-rules and procedural descriptions of the input/output behavior of the 
macro-economic object tha t  is represented by the frame. 

The heterarchical grouping of the macro-economic objects allows the objects to be 
defined as specializations of a number of superclasses (author~t ies ,  mining, industry, 
transportation, population, etc.) which comprise the default values which arp used by 
the macro-economic objects if  a slot (descriptor) does not contain an updated value. 
The heterarchical structure of the Irame-system makes it necessary to  include inlorma- 
tion about the point of view from which a macro-economic object (i.e., as a specializa- 
tion of which superclass it is currently regarded) in all messages to allow the frame- 
system a hierarchical search for default slot value inheritance. 

All messages consist of a target object name (destination), a time factor (when the 
message is released), a viewpoint (which superclass[es] have to be searched for inheri- 
tance of slot value defaults) and the information for the target object (output of the 
sending object, input of the receiving object). 

The m e s s a g e  d i s t r ibu t ion  s y s t e m  consists of a blackboard and a scheduler  (Erman 
and Lesser, 1975; Lesser and Erman, 1977). All messages that  are created by the 110- 
rules of the macro-economic objects are stored on the blackboard. 
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The scheduler scans the blackboard and selects (the macro-economic objecbs ac- 
cording to  an internal priority) the message with the time factor i.e., corresponding to  
the current sim~ilalion time, (created and counted by the scheduler) and sends it to the 
target object. If there is no message with a time factor equal to  the current simulation 
time, then the time counter is simply increased by one step by the scheduler. If there 
are several messages which have the same time factor that is equal to  the current time 
then the messages are sorted according to the (scheduler-internal) priority of the target 
objects and then sequentially released. 

By receiving a message the target object transforms the input-information to  a 
message (output of the macro-economic object) by applying its I/O-rules, assigns a time 
factor (current simulation time plus the estimated duration of the 1 / 0  transformation) 
and a viewpoint to it and writes it on the blackboard. This recursive process lasts until 
an a prioridefined end time is reached or until the user terminates the simulation. 

The  user interface foresees thtee levels of external control, representing s tate ,  pro- 
vincial, and market interests and forces, respectively. They are communicated to  the 
scheduler through a conflict resolution module, and primarily affect the priority settings 
of the scheduler for activating messages. 

In addition to  this level of external, operational and dynamic control (Figure 17), 
there is a corresponding system of internal, static or strategic control which is represent- 
ed as part of the frame description of the individua1 objects. 

2.2 Sectoral Models 

The system integrates a number of sectoral models, concentrating on the energy 
sector and energy-intensive heavy industry. Three major model systems are currently 
being considered, namely 

PDA (Production-Distribution Area), a linear and spatially disaggregated optimi- 
zation model that  describes a broad set of industries, including mining, the energy 
production sector, heavy industry, chemical industry and metallurgical industries 
(2.2.1). The  model uses an external hierarchical aggregation system that  allows for 
selective high resolution while maintaining the model's broad coverage; 

MAED-BI, based on the energy demand model MAED, is a simulation model 
describing energy intensive ind~lstries in terms of their energy demand, basic 
economic behavior and investment in particular, as well as their water demand 
(2.2.2). 

REPLACE, a Prolog-based model of spatial choice and siting, which permits the 
exploration of feasible locations, requirements or  constraints in locations for the sit- 
ing of industrial or socio-economic activities in a certain region. REPLACE can be 
used for any or  all 'of the economic sectors considered, and is therefore difficult to  
categorize as either a sectoral or intersectoral model. 

All other sectors (e.g., agriculture) will, in the current development phase, be in- 
cluded at  the level of the symbolic simulator and the input output  model, respectively. 
The system's open architecture and modular structure, however, will make it quite 
straightforward and easy to  integrate additional sectoral models into the system. 

2.2.1 Industrial Structure Optimization: PDA*) 
The  model system PDA is designed to  analyze and optimize industrial structures, 

i.e., the distribution of production capacities (and thus investments and reso~~rces)  to  
obtain a certain set of products under specific boundary conditions (e.g.,  constraints on 

' I ~ h i s  section is based on contributions by Dr. M. Zebmwski, Joint Systems Research Department, Insti- 
tute for Control and Systems Engineering, Academy of Mining and Metallurgy, Crscow. 



certain capacities or input materials) and minimizing or maximizing criteria such as pro- 
duction costs or total revenues. 

The model is based on a mass conservative input/output approach, and uses 
mathematical programming techniques to  balance the material flows connecting techno- 
logical processes or installations with each other and with the outside world (so~lrces of 
raw materials and markets for final products). 

The model was originally designed and developed a t  the lnstitute for Control and 
Systems Engineering of the Academy of Mining and Metallurgy, Cracow, Poland and 
further developed in collaboration with IIASA's Systems and Decision Sciences Program. 
The model uses pre- and post-processors for interactive multi-criteria analysis based or1 
IIASA's DlDASS programs. 

The PDA model, in its current version is a linear and static tool. It  will, however, 
be extended to considerably increase the set of technologies it can describe. Through the 
use of a pre-processor that  allows aggregation of individual installations or sites, and a 
model generator, the PDA model offers a very high degree of flexibility in problem 
definition. 

P r o d u c t i o n  D i s t r i b u t i o n  A r e a :  P D A  

The problem under consideration is the industrial development of a country or a 
region where coal is the main resource available. The output includes: 

- basic chemicals like aromatics, olefines, paraffins, phenol or methanol, 

- gaseous, liquid or solid fuels, 

- energy, usually in the form of heat and electricity. 

The set of available carbochemical conversion processes and their combinations 
determine the way in which the demand for products is to be met. 

Apart from the carbochemical industry, the extraction of coal ( the mining sector) 
has to  be reflected in the approach. As coal of different quality could come from different 
sites or is exported to  different markets or users, the transportation system is an impor- 
tant  factor in these considerations. The transportation system is also of crucial impor- 
tance for the distribution of products. 

For the control and management of plants for coal conversion processes skilled la- 
bor is necessary. This requires taking into account the different levels of education in the 
labor force and their time-dependence. The operation of coal-fired power plants has to  
be seen in direct relation to the resource, i.e., coal. These power plants usually generate 
electricity, and if in the neighborhood of large cities, heat. 

The development of the carbochemical industry as discussed above has to be 
analyzed together with the existing or developing petrochemical industry and the situa- 
tion on the world market for products of these sectors and for the import of technologi- 
cal equipment. 

Also important is the financial basis for the development process. Here it seems 
reasonable to  distinguish between national funds (local currency) and foreign credits in 
convertible currency. In addition to the economic forces which usually dominate the 
evolving industrial structures, the environmental impacts of a coal-based industry have 
to be considered. 

The basic linear programming model is a type of input-output model, solved by 
means of a linear programming package MINOS (Preckel, 1980). As a pre- and post- 
processor for interactive problem definition using the reference point approach, a version 
of the llASA package MM (a package of the DIDASS family) is used (Kreglewski and 
Lewandowski, 1983). 



For the  Chinese case s tudy ,  the  original model and approach (Dobrowolski et  al., 
1982, 1984) is being extended into a spatially distributed version (Figure 18), 
(Zebrowski e t  al . ,  1987). T h e  industrial sectors covered are represented by a simplified 
behavioral model (cost effectiveness of production) under a se t  of constraints or addi- 
tional objectives (Figure 19).  

T h e  model describes the industrial system in terms of the  following criteria: 
value of to ta l  production 
production costs ( raw materials,  labor, energy, transportation) 

investment (domestic) 

investment (foreign) 

expor t  of coal 

expor t  of electricity 

emissions (atmospheric pollution) 

waste  water 

solid waste. 

All cri teria can be globally constrained. In addition to  these global cri teria,  every 
individual production site has  i t s  own set of constraints (e.g., on labor a t  different levels 
of skill, availability of energy and water) and through the  t ranspor ta t ion network's 
capacity,  linking of the  individual si tes (Figure 20).  

To mainta in  the  extensive coverage of technologies, ranging from coal mining t o  
coal conversion, the  energy sector,  and metallurgical industries, and a t  t he  same t ime al- 
low for a spatially distributed description of individual inslallations o r  sites, l he  model 
uses a pre-processor for si te aggregation and a subsequent model generator.  Since for 
several types of enterprises,  e.g., small collective mines, the  number of installations can 
reach several hundreds t o  lhousands,  individual t rea tment  of these installations is nei- 
ther feasible nor desirable. Installations of the same type (in terms of technology and 
scale) can therefore be aggregated into virtual si tes with combined or averaged proper- 
ties. 

An Approach to Spatial PDA Modeling 
A Spat ia l  Production-Distribution Area (PDAS) could be defined a s  a large techno- 

logical network-like system comprising a se t  of locally concentrated production networks 
named local PDAs.  T h e  se t  of local P D A s  is arbitrarily determined as  the widest se t  of 
possible technological alternatives reasonably pre-selected according to  spatially depen- 
dent  conditions. 

A final choice of locations a s  well a s  technoloeies t o  be develooed in the  eiven loca- " " 
t ions is t he  u l t imate  goal of t he  development programming procedure. T h e  problem of 
development programming without regard to  spatial  allocation of technology has  been 
widely described (Dobrowolski e t  al., 1982, 1984, 1985; Zebrowski, 1985). T h e  above 
problem will also be of concern here, as a major decision task incorporated in the  frarne- 
work of the  development programming of PDAS.  

It is important  t o  note l h a t  transportation factors t o  be included in the  analysis are  
one of several o thers  associated with the  possible spatial distribution of PDAS.  Among 
the other factors worth mentioning are spatially allocated resources which are  not tran- 
sportable (e.g., land, infrastructure etc.) .  

Before the  whole problem and i t s  solving procedure is pu t  down rormally, it is 
worthwhile looking a t  t he  basic assumptions t h a t  were discerned during the  problem 
identification: 
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a)  In the PDAS model, a distinction has to be made between the different kinds and 
the ranges of decision variables i.e., technological variables, transportation vari- 
ables. 

b) Transportation cost (TC) is considered as an active factor that influences the loca- 
tion of production units and as such is one of the PDAS structure development 
driving forces. Hence, the subsequent optimization problem (min TC) itself does 
not constitute the classical transportation problem but is a kind of location p r o b  
lem. 

c) The transportation variables should be carefully selected in order t o  cut off vari- 
ables of mere influence on spatial allocation of technological units. Similarly, 
parameters of the transportation network should be aggregated to obtain consisten- 
cy between the scale of the technological model and the scale of the transportation 
model. 

d) The PDAS model and the solving procedure should enable analysis of the parame- 
ters that  determine a final solution encompassing the selected technological reper- 
toire and location of units. In other words, the model should explain a bit better 
how technological and transportation conditions influence the spatial structure of 
the PDAS to be developed. 

The above assumptions imposed strong requirements on the formal description of 
the problem. In keeping with points (a)and (c) above, the proposed model is a hierarchi- 
cal one where the respective submodels are oriented toward technological and transpor- 
tation data.  

The coordination scheme of solving the whole problem enables interactive insight 
into the solving process. Therelore, on-line verification and modification of selected 
parameters is possible during computations. The idea of the twelevel solving procedure 
is as follows: 

Level 1 

The problem of the overall PDAS development is formulated and solved. The 
identification of the problem comprises possible technological alternatives, global con- 
straints either of a technological or economic type, as well as strategic goals of the 
development. Location of technological units is not taken into account a t  this stage of 
the algorithm, so only a selection of technologies that best suit conditions and goals 
forms a solution to the problem. More specifically, given a foreseen demand for some 
products, availability of resources, and economic conditions, the development program is 
worked out. This program is expressed in terms of capacities of production processes. 
Moreover, various characteristics of the solution are given according to the assumed 
goals (e.g., overall profit, consumption of resources). 

Level 2 

The overall development program (DP) of the PDAS is decomposed into a series of 
DPs concerning local PDAs. The decomposition is performed according to a transporta- 
tion cost minimization objective. At this stage, capacities of local technological processes 
are determined subject to  local constraints (both of the PDA and transportation type). 
This implies an interactive use of two models; a PDA-like model and a transportation 
model. A mode of the interaction, as well as communication with Level 1 is performed 
following a coordination procedure that  makes the algorithm convergent to a suboptimal 
solution. 

The proposed approach results in a modular structure of a DSS that has numerous 
advantages from the theoretical and practical point of view. 



M a t h e m a t i c a l  M o d e l s  

T h e  concept discussed above co11lc1 be presented as  follows: 

Level  1 

At this level the  problem of developrnent programming is formulaletl wit.l~in the  
framework of the  P D A  concept.  Since the  P D A  model has been described previo~rsly in 
detail  (Dobrowolski, 1982, 1984; Zebrowski, 1985) the I'DA development programming 
problem (P-PDA)  is only s ta ted  below in a very compact form: 

P -PDA:  

where y = { y, , j E J > J t  ), z = { zk , k E K ), .I is a se t  of indices representing 
chemicals, J f  denotes se t  of indices of substances t h a t  cause transportation cost of sub- 
s tant ia l  value. 

Note also tha t  every y, can be spli t  i n to  the following components:  

yJns - market  sale of chemical j, 
m p -  market  purchase of c h ~ m i c a l  j, %' - coordinated sale of chemical j ,  

yip - coordinated purchase of chemical j, 

As usual, ZL denotes production level of process k, K is a se t  of all t,echnological 
processes in the  PDAS.  

'I'o summarize,  a s  a n  ou tpu t  of the  optimization p r o c e d ~ ~ r e  a t  J,rvrl I one obta ins  
outflows of chemicals yl split into yJnS, y y p ,  yJS, yip, j E J .  'These variables and those 
associated wi th  them,  zk , k E K represent the  global direction of the  whole I'DAS 
development. 

It should be emphasized t h a t  the  above model holds all the assumptions of !,he 
basic P D A  model, therefore i t  is not worthwhile quoting them here. It is obvio~rs ,  how- 
ever,  t ha t  both the  objective function(s) and type of constraints t ha t  occur in Lhe I'DAS 
version are  implementation specific. 

Models of local P D A s  have an analogous form. They are  distinguished from the  
general PDAS model by the  superscript 1 designating all components of the  model. 

Level  2 

Denote L a s  a se t  of possible locations of local PDAs. Chemical s~rbs t~ances  tlhat 
are  consumed in technological processes in a given location can be either prod~rced in the  
same local PDA,  other  local PDAs,  o r  can be purchased on the  market  beyond the  whole 
PDA. Moreover, between given sites,  chemicals can be transported along different 
routes t h a t  have different transportation costs.  

T h e  entire t ranspor ta t ion cost in the  whole PDAS can be eval~ra ted according tlo 
the  following formula: 



where: 
J1 - set of chemicals that  cause meaningful transportatior~ cost, 
RnI ,  RIm - set, of routes that. connect locations n,l and I,m 
2,' - amount of substanrr j transported by the r0ut.e r, 
M - set, of n ~ a r k r t s ,  
1 1 , ~  - amount of substance j imported and/or exported by the r0ut.r r ,  
dr - distance along r ,  
PI, - price for transportation of unit product j along route r.  

In order to  formillate an ~pt~imizat ion prot~lem for minimization of TC, the follow- 
ing  constraint,^ are taken into accoilnt.: 

C C v , r i v r "  
I €  L  r E R,,,, 

(3) 

whrre: 
l'm - availability of substance j from market. m,  

f!, SI - saleabilit,y of substanrr j from markrt In, 
T - total t ransp~r t~a t ion  pot,ential, 
t - tran~~ort.abi1it.y of s~ lbs tanr r  j, I 
R,  - maximal transportation flow along route r 

It is important t.o obsrrve that  thr  above model has a natural connectmion with the 
PDA model, because the lollowing equations hold: 

where y; y; 'p, y; m3, y j  mp, 1 E L, denote spatial coordinates of vectors y j R ,  yjP, yfnb, 

y y p .  
As follows from t,he above observation, the solut,ion t o  the transportation problem 

(P-TR) can provide a feasible decomposition of the PDA model outputs ( yC" yjP, yJn", 
yJnp), as far as the conditions: 

C y; ms < yJnF1 
I E L  



are assumed to hold for the transportation problem. 

In concluding, the transportation problem consists of the objective (2 ) ,  transporta- 
tion constraints (3)-(7) and linking constraints with the PDA model (8)-(15). The latter 
are put down in a redundant form to visualize the link between the two models better. 

It is important to note, however, that  the above spatial decomposition of the global 
solution takes into account only transportation factors and as such neglects local cir- 
cumstances that  may influence technological development of the local PDAs. For the 
above reason, a coordination procedure that  combines solutions derived from the PDA 
and the transportation model is worked out.  

Solving Algorithm 
The proposed algorithm consists of the following steps: 

Step 1. 
Generation of the overall PDAS development program, i.e., determination of the 
variables {y ., j E J ) ,  {zk, k E K). For further considerations the set K (potential 
technologiesj will be always limited to  those selected by non-zero variables zk (K = 

{k; 2, 0)) .  
Step 2 

Solving the problems regarding development of local PDAs (P-PDA', 1 E L) ; 

z ~ '  -+ min 

where GI represents also a set of local constraints on resources (manpower, water, 
energy etc.). The solution obtained a t  this step is f 1  , 2'. 

Step 3 
Solving the transportation problem P-TR; 

TC (z,y,z) -+ min 

y = Y: C y: 5 y,, j€Jl and y; 5 [ 1 E L  

The solution to the above problem yf = tj; will be used in the next step. 

Step 4 
Choice of the PDA I  that satisfies the following condition: 

I , j -d l l  -+ min 

The solution is 1 = s. 
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Step 5 
Generating the eventual optimal structure of the PDA' through solving the PDA', 
s . t .  additional constraint y j  5 9;. The solution is denoted q, then y, obtained from 
solving P-PDA is updated (y, <-- y j  - G).  The selected set of technologies KS 
will be subtracted from the set K (K <-- K - K a ) .  Similarly, L will be diminished 
by s (L <-- L - s). 
If L = 0 , go t o  step 2, otherwise the procedure is terminated. 

The algorithm presented above takes advantage of a natural decomposition of the 
problem when two factors, i.e. transportation cost and local constraints often happen to 
be inconsistent driving forces of a spatial development of the industrial structure. 

2.2.2 Energy Intensive Industries: MAED-I31 
MAED-BI (Model for Analysis of the Energy Demand - Basic Industries) i,s an ac- 

counting model which improves the efTectiveness of the already existing MAED ) model 
in the two following areas: 

* I  MAED - MAEDl Version, Ilsers' Manual, Section of Economic Studies, Division of Nuclear Power, 
International Atomic Energy Agency (IAEA), Vienna (1983). 



the treatment of basic industries, 
the link with the macro-economic level of each country or region studied. 

MAED-BI, which can integrate a large number of products, was conceived on a 
rather exhaustive basis so as to  fit the specific development aspirations of any develop- 
ing country in basic industrial sectors. 
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Figure 29: Scenario definilion for the energy demand analysis model: sector selection 

Three scale levels, and within them, capacity exponents, can be selected in order to  
render economies of scale and technological discontinuities which occur between the pos- 
sible capacity sizes a t  which a given production can take place. Specifically, by taking 
into account the huge potential of economies of scale, the model can describe discontinu- 
ous patterns of output  growth in basic industries. 

These extensive possibilities for scenario definition do not have t o  be used sys- 
tematically (and in fact very few developing countries would have a chance to  cover the 
whole range of products in the foreseeable future), but have t o  be selected in accordance 
with the particular context of the country. 

M A E D  is used in an interactive and iterative procedure: First, the user defines a 
preliminary development scenario (which may be technologically inconsistent); MAED 
then transforms this scenario, i f  necessary, according to its internal constraints (e.g., 
technological constraints); the refined and consistent scenario is then analyzed, the out- 
put presented t o  the user; in the last step, the user will then have to assess the output 

For the MEDEE methodology used in MAED, see B. Chateau, B. Lapillone, Energy Demand: Facta and 
Trenh, Springer-Verlag, Vienna, 1982. 



within the framework of the overall external macro-economic constraints, possibly by 
feeding MAED's output back into the input-output model (see 2.1) or into one of the 
above industrial structure optimization models (section 2.2.1), or by evaluating with a 
cross-sectoral model, e.g., transportation or water resources (section 2.3.1, 2.3.2). 
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Figure 24: Summary  output from M A E D  

The absence of an optimization procedure in MAED-BI compels the user t o  formu- 
late a precise statement of what is required for future industrial development. The 
model requires tha t  this development scenario be organized in a set of hierarchical exo- 
genous hypotheses. The  model input consists of one such development scenario formu- 
lated in terms of: 

industries to  be considered (iron and steel, non-ferrous metals, chemicals, cement, 
tiles and bricks, glass, pulp and paper); 
scale levels t o  be considered (large, medium and'small); 

final products to  be considered (currently 32, of which 20 are chemicals including 8 
types of fertilizer); 

choice of technologies to  be used (which determines the intermediate products and 
raw materials t o  be considered); 

breakdown of the products into tradable and non-tradable products; 

level of import and export for tradable products; 

level of domestic demand for the final products. 



For each such scenario, the model output describes: 

energy demand by industry and type (electricity, coal, gas, e tc . ) ;  

water demand; 

capit,al requirements (for constr~lction); 

skilled labor requirements (for operation). 

MAED-I31 aims neither to  deterministically forecast the future development of na- 
tional basic industries, nor to  find a hypothetical optimum development for them. It is, 
rather, conceived as a tool for interactive scenarios ar~alysis. 

When dealing with basic industries, energy tlen~ancl, rapital and e t i~~ra t iona l  re- 
quirements have to be taken into account. They are therefore the central variables of 
the model. Nevertheless, some additional analysis, on water utilization and pollution, 
land use, etc.,  are also possible in the framework of MAED-BI, clue to  its highly disag- 
gregated ~ t r u c t ~ u r e .  Thus MAED-BI must be seen as an accounting tool which aims a t  
discerning strategies which are acceptable with regard to a certain number of constraints 
(energy supply, capital, manpower and environment). Since these  constraint,^ apply glo- 
bally and with low elasticity ( c . ~ . ,  water) to cumulative developments, they are basic 
boundary conditions for long-term development. 

In itself MAED-BI does not incorporate any explicit economic e v a l ~ ~ a t i o n .  'This 
must be done a t  two different phases. First, by defining for each of the basic industrial 
sectors a strategy which integrates expert knowledge of t,he available potential of sec- 
toral growth. This requires a global survey from raw materials resources to Gnal 
demand prospects and may hardly be modeled; it has to  constitute the core of the 
"scenario" which gathers the exogenous inputs required for running MAED-UI. Second, 
the trends revealed in the industrial sectors described in the model have to be compared 
to a macro-economic development simulation (see section 2.1.)  in order to  judge the 
feasibility of the solution vis a vis external macro-economic constraints. Areas for such 
interactions are the following: 

activity levels of basic and mining industries (measured in tons of products in 
MAED-BI and generally in monetary units in economic models); 

activity level of the energy sector (MAED calculates the global energy demand in 
tons of oil equivalent); 

capital formation and investment (MAED-BI builds up an indicator of current 
gross capital formation in basic indrlstries). 

In other areas covered by MAED-Dl, such as skilled labor and educational requirements, 
water use, etc., the results of the model may be used by the experts concerned to make a 
comparative evaluation against their own intuitive judgement. 

The final results of these comparisons may lead to a reformulation of the scenario 
so as to  release the current constraints. Then, in an interactive procedure, a new run 
can be performed. 

For a larger number of products to be considered simultaneor~sly, the definition of a 
scenario of demands in time and the corresponding technological network becomes a 
very complicated and demanding task. We are therefore exploring the possibility of pro- 
viding a default industrial technology network, generated automatically, based on a set 
of strategic preferences defined by the user. The automatic generation of a technology 
network will be implemented in Prolog. It is based on a matching proced~~re  between a 
user defined set of strategic preferences for certain technologies (such as, for example, a 
preference for technologies with a low investment requirement, medium to low water 
consumption, small scale installations, etc.);  as well as the specific properties of indivi- 
dual technologies. These properties of alternative technologies are represented in quali- 
tative terms, such as, e.g., large water cons~~mpt ion ,  small investment requirements, 
very high skilled labor requirement, large environmental impact. Clearly, the matching 
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Figure 25: Interjace ezample for strategic prejerence selection 

mechanism has t o  consider not only individual technology alternatives, but the entire 
complex technological network for evaluation and selection based on the user's prefer- 
ences. 

2.2.3 L o c a t i o n a l  A n a l y s i s  and S i t e  Select ion:  REPLACE 
REPLACE is a computational approach t o  spatial choice modeling. It presents a 

methodology and software application for developing computational models tha t  could 
be applied in a reconstructive analysis of spatial choice or  for strategic site selection. 
The basic argument underlying the so-called relational analysis is tha t  in order to  be- 
come a member of the choice set (i.e., a feasible location for an industrial or socio- 
economic activity), the choice object should have properties which match the require- 
ments as resulting from the characteristics of an actor (the above activity) whose choice 
process is t o  be modeled, as well as tha t  the actor should fulfill certain requirements or 
constraints caused by the properties of the object. 

The reconstructive or strategic planning model is equipped with knowledge about 
the qualitative and quantitative aspects constraining spatial choice (the declarative 
part) while a computational tree search procedure is used t o  find a set of objects satisfy- 
ing the requirements by an actor as they are deduced during the inference (the procedur- 
al part). 

Both the knowledge representation part and the search procedures are implemented 
in Prolog, a language which combines programming in first order predicate logic with 
database management. 



For the first implementation, the resolution of the locations will be at  the level of 
counties (and possibly specific towns within counties). Activilies to  be considered range 
from industrial enterprises (coal mines, power plants, iron and steel works, chemical in- 
dustries) to non-industrial activities such as airports, high schools, or large hospitals. 

2.2.4 A g r i c u l t u r a l  D e v e l o p m e n t :  I n v e s t m e n t  a n d  Technolog ies  

At this point, no specific agricultural model is foreseen in the current 
IIASA/SSrYCC project. The treatment of agriculture is therefore restricted t o  

the input/output model; 

the sy mbolic simulator; 

the water resources model. 

In the latter case, the water allocation must consider the revenues and, more generally, 
socio-economic consequences of water use. Since industry and agriculture, in many 
cases, compete for water, the watef-derived benefits for various types of use have to be 
evaluated and compared together with the costs of alternative water conservation stra- 
tegies. 

In particular, this part of the water allocation component of the river basin simula- 
tor MlTSIM (see 2.3.2) could evaluate costs and benefits of alternative irrigation techno- 
logies for agriculture, which promise considerable water savings. The investment re- 
quirements can then be compared against the potential increase of revenues from indus- 
trial production, that  could use the water saved by agriculture. Since the agricultural 
water demand amounts to 70% of the overall water use, the potential for conservation 
and re-distribution is considerable. 

The implementation could be based on an iterative structure of heuristic allocation 
rules, that  scan the various irrigation technology alternatives and rank them under a set 
of user-supplied preferences. 

The importance of agricultural production, and especially the grain production in 
Shanxi's economy is evident, although it amounts to  only 25% of total output value. 
The sufficient supply of food is an important factor not only for economic growth, but 
also for social stability. In a next project phase, a set of specific models for agriculture 
and rural economy could be built into the system. 

Agriculture, in a broad sense, includes the production of crops, forestry, animal 
husbandry, and sideline products, usually on the basis of agricultural raw materials. In 
the rural economy, besides agriculture, the rural industry plays an important role for 
economic growth. For the study of the rural economy's infrastructure, a model set 
should be designed firstly to  analyze the proportion and structure of agriculture and rur- 
al industry. For agricultural production per se, a subset of models is required to  simu- 
late and optimize the production process under different investment conditions, techno- 
logies, and resource utilization patterns (e.g., land, water, fertilizers, labor). An impor- 
tant indicator and constraint is the degree of self-sufficiency of the province. 

2.3 Cross-sectoral Models 

The major cross-sectoral models included in the prototype system are a water 
resources model and models of environmental impacts of industrial developn~ent on air 
and water. These models are linked to the corresponding sectoral models of industrial 
development. They either provide constraints as in the case of the water resources 
model, or translate emissions estimated a t  the industrial production level into environ- 
mental quality indicators such as air and water pollution figures. 

The transportation system as well as the population sector are primarily represent- 
ed a t  the level of the symbolic simulator. 



2.3.1 The Transportation System 
T h e  transportation system is tightly interwoven with the  spatially distributed 

representation of industrial  production (section 2.2.1 above).  In the  P D A  model, i t  is 
represented a s  a matrix of unit transportation costs a s  well as capacity constraints.  If 
t he  P D A  model runs  against  such a c a p a c i t . ~  constraint,  this is  signaled t o  the  user, who 
can then,  external  t o  the  F D A  model, estimate the  costs of a capacity extension for th is  
specific branch of the  transportation sys tem,  and update  the  corresponding cost and 
capacity information for t he  P D A  model. Methods t o  suppor t  a simple estimation pro- 
cedure (e.g., Manheim, 1979) are  under discussion. 

Clearly,  given the  importance of the  transportation problem in Shanxi ,  a set  of 
specific transportation models, addressing, in particular,  t he  investment problems of spa- 
tially distributed development,  should be included in the  system. 

2.3.2 Water Resources: Optimal Allocation of a Scarce ~esource* )  
T h e  framework for the  description of the  wat,er resources system is based on t h e  

MITSIM model developed a t  M I T  (Lenton and Strzepek, 1977; Strzepek and  Lenton, 
1978), which also has  a considerable history of successful applications in countries such 
a s  Argentina,  Nigeria, Cyprus ,  Israel, Egypt ,  India, Sri Lanka, P R C  (Yellow River),  
Thai land,  a s  well a s  in Colorado and Texas,  USA. 

MITSIM is a variable time-step, Monte  Carlo,  hydro-economic simulation model 
tha t  operates on thc  basis of hydrographical ca tchments  or river systems, including the  
groundwater sys tem.  I t s  purpose is a stochastic analysis of the  hydrologic and  
economic performance of water resource development projects in the  context of the river 
basin sys tem.  I t  was used t o  fine-tune developrncnt plans proposed by a deterministic 
screening model and  later singly a s  a screening and analytic tool. 

In 1971, t he  model was revised and improved. These improvements made  i t  more 
general and added greater input error checking, with subsequent improvements in 1976 
t o  the  model's economic analysis capabilities. In addition, a new version, MITSIM-GW 
was developed, which allowed analysis of conjunctive use by coupling t h e  surface water  
model with a numerical groundwater simulation model. Fur ther  revisions were made in 
1986, reflecting requests by users over the  past  ten years. These revisions include vari- 
able time-steps within a simulation year from 7 days  t o  several months ,  more detailed 
modeling of reservoirs and  hydropower plants,  irrigation areas,  and river diversions, 
downstream priority,  flow routing over long river reaches, and modeling of the appropri- 
ative rights doctrine for water allocation. 

MITSIhl  allows for the  hydrologic assessment of water development plans involv- 
ing varying configurations of structures,  water use, and performance target  levels. T h e  
model can assess the  fu ture  hydrologic and  economic impacts of alternative river basin 
development plans,  thus  allowing a planner t o  evaluate the  effects of various sys tems of 
irrigation areas ,  municipal and industrial ( M k I )  projects, reservoirs, power plants,  and  
diversions. Hydrologic reliability, expressed in terms.of the  percentage of the  t ime tha t  
performance criteria are  me t ,  is developed a s  ou tpu t  t o  the  program, by simulating the  
river system response t o  varying streamflow inputs  over t ime, and may be calculated 
for any project or se t  of projects within the  sys tem being modeled. 

Economic effects a re  measured in terms of the  net economic benefits, t he  benefit 
cost ra t io ,  and the  internal rate of return of the  d i r e ren t  planning options.  T h e  model 
also provides for t he  measure of agricultural employment generated by these planning 
alternatives.  Wi th  MITSIM, such evaluations may be made for t h c  entire river basin 

' 1  Section contribllbed by Dr. Kenneth M. Strzepek, Director, Center for Advanced Decision Support for 
Water and Environmental Systems, College of Engineering and Applied Science, University of Colorado at  
Boulder, Boulder, Colorado 80309-0428, USA. 



under analysis, for a region or sub-basin within the larger river basin, or for specified 
sets of these subbasins.  In addition, this information may be generated as output for 
any or all of the individual projects in the river system, whether existing or proposed. 

A river basin is described as a system of arcs and nodes. A node represents a struc- 
tural or non-structural component (e.g., reservoir, irrigation site, power plant, 
confluence, g r o ~ ~ n d w a t e r  extraction, etc.) of the river system. Nodes are linked by arcs 
or reaches, describing natural or man-made connections in the river system. The model 
traces water flow through the system in space and time, and keeps track of the costs and 
benefits resultling from the use of the water. Estimates of the reliability of supply versus 
a specified temporal and spatial demand structure can be obtained. 

The basic operation of the model consists of t,he calculation of the mont,hly flow a t  
all nodes of the basin for all simulation periods, by simply sequentially calculating flows 
at  each node from the starting nodes of the system to the terminal node(s), considering 
inflow, consumption, and groundwater extraction. At nodes with consumption, the ap- 
propriate amount of water is subtracted from the system, and converted into the desig- 
nated economic activity. More generally, nodes are locations where some accounting of 
flow must be made for either economic or hydrologic purposes. A location where water 
is diverted from the river for a trans-basin diversion offers a clear picture of what may 
happen a t  a node. Here, accounting is necessary - water is being lost t o  the system and 
the loss must be noted. Another location where accounting is necessary is a t  an irriga- 
tion area. The loss here due to  corisumptive use must be recorded. 

Not all nodes involve an accounting to record loss from the system. Nodes must be 
established for significant inflows to a stream, whether from snowmelt, rainfall, or irriga- 
tion return flow (which may be fed from groundwater extraction). The node for a reser- 
voir may record the change in flow according to whether the reservoir is storing or 
releasing water. Often it is desirable, or necessary, just to monitor the flow a t  a location. 
Here, neither loss, gain, nor change in flow are measured, but an accounting of flow may 
be required t o  assess the performance of, say, a run-of-the-river power plant a t  tha t  loca- 
tion, or to  evaluate what percent of the time flow requirements are met for fish and 
wildlife, navigational, or recreational purposes. 

Arcs are used to represent the hydraulic connections between the nodes. Flow 
leaving a node passes (symbolically) along the arc and arrives unchanged a t  the next 
node. No accounting needs to  be made for any arc. The arc serves for schematic pur- 
poses only. It allows the user t o  see the route of the stream flow and to establish rela- 
tive locations of the nodes. This is necessary in order that the user may develop input 
information which will be used bv MITSIM to route the water from node to node in 
proper sequence. It is also necessary for the development of information which will al- 
low MITSIM to respond to the imperatives of prior appropriation should the modeling 
be undertaken where water is allocated on this basis. 

In order that  the simulation may proceed, each year is divided into intervals which 
are referred to  as time-steps or seasons. These are time intervals in which, for planning 
purposes, it can be assumed tha t  the conditions being modeled are constant. The input 
to  MITSIM describes the hydrologic, physical, and operating features of each node. This 
nodal input is made for each time-step. Time-steps may vary in length from one week 
to one year. Hydrologic input for each node is processed and then combined with 
economic input d a t a  for the nodes. MITSIM then generates the hydrologic and econom- 
ic output  described above. 

The node-arc system is used in MITSIM because it permits, in successive simula- 
tions, alteration of the system being modeled without changing all the input describing 
the system. This is because each node is described individually by the input data .  By 
changing the system of node connectivity described by the arcs (specified as input d a t a  
for each node), and by adding or deleting as needed, da ta  input for certain nodes, a com- 
pletely new planning configuration may be modeled with relatively little effort. The size 



of the system MITSIM can model is a function of the computer system on which it is 
running. 

In most real-world situations, ground and surface water sources conjunctively sup- 
ply agricultural, municipal, and industrial water demand. Deficits in the supply from 
one source can be alleviated by supplements from the other. 

In its groundwater version, MITSIM-GW includes a detailed consideration of 
groundwater as  a sole source of water supply, or as used in conjunction with surface wa- 
ter. The groundwater part of the model adds groundwater aquifer storage levels, relia- 
bility of groundwater supply, and groundwater supply costs and associated benefits. 

The description of groundwater flow in an aquifer and its pumping fields is based 
on an irregular multi-cell discretization with distributed parameters, using implicit nu- 
merical integration. As an extreme case, an aquifer can also be represented as a lumped 
system. 

T h e  F e n  R i v e r  S t u d y  a n d  F u t u r e  D e v e l o p m e n t s  

In the Shanxi Province Case Study, MITSIM-GW will be implemented for the Fen 
river basin. A graphics interface will allow for quick. and accurate input of d a t a  for 
MITSIM and provide comprehensive presentation of simulation results a t  various levels 
of detail to  offer analysts the maximum use of simulation analysis techniques. 

MITSIM will be connected with the macro-economic as  well as the sectoral models 
(e.g., PDAS and MAED). These economic models will provide water demands that  will 
be analyzed by MITSIM. Results from the MlTSIM analyses will then be fed back to 
the economic models and an iterative process will continue until a satisfactory allocation 
has been proposed. 

An important extension to the basic bookkeeping mode of operation would be in 
the simulation of allocation strategies, i.e., re-distribution of water according t o  e.g., the 
value added by production based on water. An obvious problem here is the competition 
for water between agriculture and industry, where the additional industrial revenues 
(from using more water) could, in part,  be used t o  finance water conservation strategies 
for agriculture (canal lining, different irrigation practices). Another option tha t  can be 
explored with the model is inter-basin transfer, e.g. feeding water from the Yellow River 
into the Fen basin. 

A problem to be addressed is the explicit treatment of groundwater. A consider- 
able degree of the industrial water demand is currently satisfied from groundwater 
resources. Given the ambitious development objectives of the region, severe overexploi- 
tation and local competition for the groundwater resources is a likely scenario. The spa- 
tially distributed groundwater component of MlTSIM tha t  estimates the effects of with- 
drawals distributed in time and space is an important component of the MITSIM frame- 
work. 

2.3.3 E n v i r o n m e n t a l  Qual i ty :  A i r ,  W a t e r ,  So i l  

T o  describe atmospheric dispersion in a more detailed, dynamic, and possibly site- 
specific way, the Industrial Source Complex Model (ISC) developed by the U.S. Environ- 
mental Protection Agency (EPA) is foreseen for inclusion in the software system. I t  is 
based on an extended Gaussian plume equation of Pasquill (1961), describing the 
concentration/deposition of substances in time and space. 

The ISC Long-Term Model (ISCLT) is designed to calculate the average seasonal 
and/or annual ground-level concentration or total deposition from multiple continuous 
points, volume and/or area sources. 

The ISC Shor t -Term Model (ISCST) is designed to calculate ground-level concen- 
tration or deposition from stack, volume or area sources. The receptors a t  which the 
concentration or deposition are calculated are defined on a x-y, right-handed Cartesian 



coordinate system grid. Discrete or arbitrarily placed receptors may be defined. Average 
concentration or  total deposition may be calculated in 1-, 2-, 3-, 4-, 6-, 8-, 12-, and/or 
24-hour time periods. An 'n'-day average concentration (or total deposition) or an aver- 
age concentration (or total deposition) over the total number of hours may also be com- 
puted. Concentrations (depositions) may be computed for all sources or for any combi- 
nation of sources the user desires. Other options include input of terrain heights for re- 
ceptors, tables of highest and second highest concentrations or depositions a t  each recep  
tor and tables of the fifty maximum values calculated. 

Other extensions of the Gaussian Model include: 

the influence of urban or rural area on the weather; 

plume rise (Briggs 1971, 1975); 

variable topography of the area, influencing the variation of wind and temperature; 

the influence of buildings clbse t o  the source (Huber and Snyder, 1976; Ifuber 
1977), affecting the coefficient of dispersion; 

the exponential decomposition of chemicals; 

a simple deposition model (Dumbauld et  at. ,  1976; Cramer et  al., 1972). 

Given the limitations of the available da ta ,  this model will currently be implement- 
ed for the Taiyuan area only (Figure 26). Clearly, a generalization and implementation 
to several other industrial centers would be useful. 
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Figure 26: Regional air pollution model output for Taiyuan city 

On the input side, a simple model of the cost-effectiveness of various pollution 
abatement technologies for emission reduction would be a logical policy-oriented cornple- 
ment of the atmospheric dispersion model. 



In the current project phase neither a surface water pollution model nor a ground- 
water pollution model is foreseen. Severe surface and groundwater pollution problems 
however d o  exist in the province. Their explicit treatment, in particular in combination 
with a treatment of the more general waste management problem would be an impor- 
tant  element in a more comprehensive environmental quality assessment. However, 
d a t a  requirements as well as the necessary computational effort are relatively large (e.g , 
Fedra, Diersch and Kaden, 1987), so that  the inclusion of such models in the current 
project does not seem feasible. 

Another open problem that  would require specific treatment is soil erosion. Here 
an integration with the agricultural models foreseen for a next step would allow the 
evaluation of crop and technology alternatives as well as the role of afforestation in the 
control of soil erosion. 

2.3.4 P o p u l a t i o n :  G r o w t h ,  M i g r a t i o n  a n d  Skills 

Several of the above sectoral and cross-sectoral models draw on population data: 

domestic water use is based on per capita estimates; 

the models MAED, and PDA all require labor force data ,  including skill levels, act- 
ing as possible local or global constraints; 

the computation of per capita income, and per capita shares of other resources or 
services is a frequently used indicator a t  the macro-economic level. 

Basic population d a t a  are found in the population da ta  file, which is currently an in- 
tegrated part of the towns d a t a  file (see 2.4.5). 

However, given the time horizon of many planning problems of ten t o  thirty years 
and more, population dynamics will become an important factor to  consider. A simple 
demographic model, tha t  will estimate sex and age class distribution in time and space, 
will therefore be necessary for a next project phase. A subset of population models 
should be designed for the quantitative analysis of dynamic population processes. Input 
da ta  required for these models are age and sex distribution of the population in a base 
year, and age-specific birth and death rates derived from demographic statistical data .  
The output  includes the prospective population states (age and sex distribution, depen- 
dency ratios, etc.). The  models should not only support the analysis of changing demo- 
graphic patterns, including migration, but also the effects of changing per capita incomc, 
lifestyles, and government policies that  relate to  birth and death rates. This would 
specifically assist the analysis of population control policies. 

The connection t o  the above-mentioned models requiring labor force da ta  should be 
obvious. The labor force estimates, however, also include a qualitative component, i.e., 
education levels and job skills. This would require a component explicit,ly including the 
education and school system. 

2.4 The Information System 

The information system provides interactive access t o  the content of the system's 
databases. However, due t o  the system's object-oriented structure, information about a 
given object could also have been produced by means of some of the system's models. 
For the user, there is little difference. 

For implementation and administrative purposes, we can differentiate between 
three different types of d a t a  and corresponding databases: 

static background information that  is not going t o  be changed (e.g., historical 
data),  or the databases proper; they also include graphical databases, containing 
coordinate files or Core graphics segments of e.g., maps, road networks, river 
basins, etc.; 
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Figure 27: Population data from the regional database 

static background d a t a  (defaults) that  the user can change in his working copy of 
the d a t a  (e.g., model coefficients describing technological or behavioral variables); 
while the defaults themselves cannot be changed, the user can edit a copy (read 
into memory) he is working with during a given session. Some of these changes can 
be stored permanently, representing a 'scenarion. Changes to  the original default 
d a t a  can only be made by the system's administrator; 

dynamic or  model generated data: these are results of using the system's com- 
ponents, and again, some of them can be stored permanently if the user so desires. 
T h e  basic d a t a  management philosophy uses numerous relationally organized d a t a  

files (indexed random access for medium sized to  larger ones); each of them is relatively 
small, and dedicated t o  a specific topic, e.g., counties, towns, industrial enterprises, 
technologies, river flow da ta ,  etc. This modular design is an important component of the 
rapid prototyping approach (see section 1.2), since it greatly simplifies the frequent 
redefinition and restructuring of d a t a  file contents during development. T o  avoid redun- 
dancies and overlaps, which would be necessary from any specific "usern (either the user 
or any of the system's models) perspective, the relational structure connects various files 
with the necessary indices or  pointers. At the same time, structuring the individual files 
as (randomly accessible) arrays of records or  (in C syntax) structures, only a small 
amount of information has t o  be loaded into the programs a t  any one time. Internal in- 
core representation and storage structure are very similar, allowing for simple access 
mechanisms. 



Each of these d a t a  files is either 

a general d a t a  file, which is accessed by several modules (i.e., in addition t o  the 
display options of the information system, one or several models may use these 
d a t a  a t  least in part) with a standardized access and load routine through the rela- 
tional indices and the indexed starting location of specific records in the files, or 

a model-specific d a t a  file, which then will be stored in whatever format the given 
model expects t o  find. 

As a consequence, i t  is important to  notice that  all interaction with the databases 
is either through models and their specific input/output requirements, or through the 
menu-driven user interface. Since all possible queries are therefore known a priori, only 
a small but efficient set of d a t a  manipulation operations is required. Therefore, i t  be- 
comes relatively easy to  enforce the data  independence often used as a measure of ad- 
vanced database design: 

Ironically, the easiest way to support d a t a  independence, and t o  reduce 
demands on the user, is to  provide very limited implementation options; yet 
this implicit corollary is rarely acknowledged (Pergamon Infotech Ltd., 1983). 

2.4.1 In te r - reg iona l  C o m p a r i s o n  a t  a Macro-economic Level  

T o  compare different regions, or different development stages of the same region a t  
a very high level of aggregation, a database of basic and macro-economic indicators for 
regional comparison is part of the system. 
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Figure 88: The comparative macro-economic database: selection of region or topic 
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Figure 32: Ranked list of provinces for an indicator 



The interface t o  this database, which will hold da ta  of Shanxi Province, several 
other Chinese provinces, and possibly also a few coal producing regions all over the 
world, also serves t o  display the results of scenario analysis, i.e., different possible states 
of Shanxi. In addition t o  the simple display of one region or two regions for direct com- 
parison, several sorting and ranking options are available that will allow specific features 
of any one region (existing or hypothetical as resulting from model runs) to  be put into 
perspective. 

2.4.2 Coal M i n e s  a n d  M i n e r a l  R e s o u r c e s  D a t a b a s e  

The  database will include information on individual mines, providing information 
such as name and location (linked to the towns and county databases), type of resource 
mined, available reserves, ownership, size (employees, current capacity), mining technol- 
ogy used, etc. 
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Figure 33: The coal and mineral resources database 

This list-oriented information is supported by a map of the location, including an 
indication of the major mining areas. 

2.4.3 I n d u s t r i a l  L o c a t i o n s  D a t a b a s e  

The  database summarizes information on individual industrial enterprises, includ- 
ing name, town, ownership, size/capacity, major products, technologies used, etc. 

The entry may describe a specific enterprise (at  a specific location), or a generic en- 
terprise with multiple occurrences (usually small installations). 
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Figure 34: Industrial locations database: selecting an industry type 

In addition t o  the above descriptors which are accessible through the interactive 
display interface, the database also contains numerous technology-specific coefficients 
used by the models MAED, PDA, and REPLACE. 

2.4.4 Transportation Network Database 
T o  allow the inclusion of transportation costs (and constraints) into the PDA 

model, a simple transportation network database has t o  be built. In its simplest imple- 
mentation, the database will be structured as a matrix of unit costs and capacity limita- 
tions connecting any two industrial locations, demand nodes, or export targets in the 
system. 

No specific transportation model that  would require a more complex transportation 
network database (i.e., a system of nodes and arcs with numerous properties for each 
arc) is currently foreseen. 

2.4.5 Geographical Background Data: Climate, Population, Water Resources 
The  geographical background d a t a  draw on several individual files, e.g., a database 

of towns, including population data ,  and counties, including some rudimentary land use 
information, tha t  are connected t o  numerous other d a t a  files through the town or county 
ID (see above). 

In addition, the module provides access to  the flow d a t a  and the wind 
speed/direction d a t a  required for the water resources model and the water and air pollu- 
tion model. 
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Figure 95: Industrial locations database: display of major sites 

2.5 Integrated Decision Support 

All the system's components discussed above provide information to decision mak- 
ers in a n  at tempt t o  improve the information basis for their decisions and thus support 
them. In addition to  this concept of indirect decision support, we integrate a number of 
more direct and formal decision support tools into the above models and their post- 
processors. 

Several of the above models are optimization models. They are, however, of a 
multi-criteria nature tha t  does not allow for the automatic generation of a unique o p  
tirnal solution. They require user interaction to formulate the trade-offs amongst objec- 
tives, and t o  assist in the formulation of these trade-offs is the primary purpose of the 
decision support modules provided. 

2.5.1 The Multi-objective Approach: DIDASS 
The  models using explicit optimization in our system (one of the input/output 

model implementations and PDA) are all based on the DIDASS (Dynamic Interactive 
Decision Analysis and Support System) approach. Developed a t  IIASA largely in the 
SDS (Systems and Decision Sciences) program, it is based on methodology derived from 
the paradigm of satisficing decision making and the methodology of linear and nonlinear 
programming (Grauer e t  a!., 1984). 

The satisficing paradigm (March and Simon, 1958) assumes, that  decision makers 
operate with target or aspiration levels, which may be modified with accumulating informa- 
tion, and make decisions that  satisfy or come close to  these targets. In other words, rather 
than explicitly trading off individual criteria or objectives or formulating a composite utili- 
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Figure 96: DISCRET application ezample: 1 / 0  model scenario comparison 

Selection of the Nondominated Set of Alternatives 
We may describe the problem considered as a minimizing (or maximizing or 

mixed) problem of m criteria with discrete values of criteria and a finite number of alter- 
natives n. 

Let x0 be the set of alternative admissible decisions. For each of the elements of 
xO, all criteria under consideration have been evaluated. Let Q be the criteria values set 
for all feasible discrete alternatives in the space of criteria F. Let a mapping f: x0 4 Q 
be given. 

Then the problem can be formulated as follows: 

min f(z)  ZE z0 

The  partial pre-ordering relation in space Q is implied by the positive cone A = R+? 
fl,f2 E Q fl < f2 <==> f l  E f2 - A 

This means fl dominates f2 in the sense of partial pre-ordering. 






































