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PREFACE 

In 1978, two case studies, focusing on development problems 
of the Notec (Poland) and Silistra (Bulgaria) regions, were ini- 
tiated at the International Institute for Applied Systems Analysis 
(IIASA) within the Regional Development Task. Work on these 
studies is being carried out by IIASA scholars in collaboration 
with members of Polish and Bulgarian institutions, respectively, 
and preliminary findings were published between 1978 and 1979 
by IIASA and the Systems Research Institute of the Polish Academy 
of Sciences. 

Since 1978, considerable progress has been achieved. The 
intermediate stage of the case studies is now complete and the 
results are documented in these Proceedings (volumes I and 11). 
The papers included in this publication were presented at the 
joint Notec-Silistra meeting,which took place at IIASA on 28 May- 
1 June, 1979. This meeting provided the first opportunity for 
the three groups participating in the investigations to compare 
approaches, models, and results, thus stimulating further metho- 
dological development and an extension of case-study activities. 
The final stage of the Notec and Silistra case studies is now 
underway. 

Murat Albegov 
Task Leader 
REGIONAL DEVELOPMENT 

TASK 
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THE SILISTRA AND NOTEC CASE STUDIES-- 
A REVIEW OF WORK UNDERTAKEN AND 
UNRESOLVED PROBLEMS 

M. Albegov 

The International Institute for Applied Systems Analysis 

(IIASA), being a research organization of multinational and multi- 

disciplinary character, focuses not only on contributing to the 

advancement of science by developing and formalizing new ap- 

proaches and methods of systems analysis, but also on applying 

these methods to solve problems of international importance. 

When it was decided that case study analysis should form one of 

the main activities undertaken by the Regional Development Task 

at IIASA, it was anticipated that this experience should lead 

to the generalization of approaches used and models implemented. 

The regional case studies were, therefore, chosen with the aim 

of embracing a broad range of regional problems and, in addition, 

for the purpose of analyzing how similar problems can be solved 

under different economic and political conditions. 

SILISTRA AND NOTEC PROBLEMS 

The initial negotiations for a collaborative study of the 

Silistra region took place at the beginning of 1977 between 

IIASA and the Bulgarian National Member Organization and,in 

the spring of the same year, a formal agreement was signed. 

Early in 1978 practical investigations beqan and, in October 

of that year, the first Task Force meeting took place. Pre- 

liminary investigations of the Silistra region indicated that 



the socioeconomic problems existing there were wide-ranging. 

Although the agricultural sector is dominant in the region, 

not all the possibilities for agricultural growth have been ex- 

ploited. ~t is expected that in the future the region will signi- 

ficantly increase agricultural production (mainly livestock pro- 

ducts) but the optimal proportions between livestock, crops, and 

home-produced agricultural products have yet to be carefully de- 

fined and the effect of extending the regional irrigation system 

should be clarified. 

Current rural-urban migration must be analyzed from the 

viewpoint of the relation between rural labor resources and agri- 

cultural production maximization. The use of existing hous'ing 

funds in rural areas should also be considered, since rural- 

urban migration has led to underutilization, while in the urban 

areas the construction of additional housing is required as a 

result of the increased demand. 

Although the Silistra region is some distance from the 

country's industrial and cultural centers and the largest pro- 

portion of the Silistra population is employed in the agricultural 

sector, it is still necessary to increase the level of skilled 

labor. The solution to the regional development problem re- 

quires 

-- the maximization of regional agricultural production, 

taking into account not only the advantageous natural 

conditions for grain and meat production, but also the 

feasibility of increasing specialized local crop pro- 

duction (apricots, grapes, and vegetables); 
-- the development of an irrigation system to increase 

local agricultural efficiency; 
-- the development of a complementary local industry to 

stem the outflow of labor (e.g., fertilizer production, 

food processing, agricultural machinery production); 
-- the maximization of the productive use of labor re- 

sources in local agriculture and the restriction of 

rural-urban migration; 



-- the development of a system of settlements and services, 

considering primarily the need to use fully the existing 

housing stock in rural areas and to improve road net- 

works, the health care system, services, etc.; and 
-- the development of local agriculture and industry with- 

out creating serious environmental problems, reserving 

a zone for recreation. 

At the end of 1977, a formal agreement was signed by IIASA 

and the Polish National Member Organization to organize a joint 

case study of the Upper Notec region. This work progressed 
rapidly and during 1978 two Task Force meetings took place to 

discuss the results: the first on May 10-12 at IIASA and the 

second on September 12-15 in Jablonna, near Warsaw. 

The Upper Notec region specializes in agriculture, but pro- 

duction is limited by water shortages. Almost every second year 

the rainfall in inadequate during the vegetation period and this 

situation is aggravated by the increasing water demands from the 

urban population, industry, and water transport. The expansion 

of water supply should, therefore, be considered as a goal com- 

plementary to agricultural development. 

~ h ;  main goals associated with regional agriculture are 

-- to intensify regional agriculture, by fully utilizing 

its productive capacities and by maximizing agricul- 

tural production; and 
-- to reduce the disparity in agricultural development, 

and hence productivity levels, between the northwestern 

and southeastern parts of the region. 

Regional agriculture is characterized by a significant 

differentiation between thesoutheast and northwest of the 
region. This is nainly a result of historical developments going 
back to the period when the northwestern part belonged to Germany, 

and the southeastern to Russia. In the northwest of the 

region, the size of farms was larger and the land was cultivated 

more intensively; such conditions encouraged rapid agricultural 

development. 



Today agriculture in the northwest is more a?.vanced. This 

area has a higher proportion of large socialized farms, higher 

capital inputs, lower labor inputs, and higher pro3.uctivity. In 

conparison, agriculture in the southeast is backward. 

The future of private farmstwhich cover a significant por- 

tion of the region'stotal area, should be considered in terms 

of the farmerslincentive to intensify cultivation of their land, 

their response to the possibilities 0.f using additional sup- 

plies of water, the rate of dissemination of progressive methods 

among private farms, etc. The image of the future farm (initially 

of the private farm) and the capability of predicting this ac- 

curately, is of key importance for the success of the Notec pro- 

ject. 

The existing situation in the Upper Notec river basin has 

been characterized in past years by a negative migration balance, 

which may be attributed to its predominantly rural structure. 

The annual net out-migration, however, has been small, amounting 

to approximately 0.5 percent of the total population, as com- 

pared to the natural increase of 1.1 percent annually. 

Large areas of the basin are contained within the migration 

fields of the cities of Bydgoszcz and Torun, and to a lesser ex- 

tent, within the fields of more distant provincial capitals, in 

particular of Poznan and Gdansk. 

The future balance between sectoral demanc? for and sup- 

ply of labor in the regional economy depends primarily on the 

regional agricultural situation. If changes in the structure 

of local agriculture only lead to structural changes in employ- 

ment, this problem will not be serious. However, if local agri- 

culture releases a significant proportion of its labor force, 

then migrant flows might become significant. In this case, major 

intraregional cities, such as InowrocZaw, and adjacent cities, 

such as Bydgoszcz, WZocZawek,and Konin,will play an important 

role in absorbing the excess labor supply. Therefore, the 
number of future jobs in regional agriculture should be 

estimated together with rural-urban migration flows. 



Additional problems exist,of which the following should be 

mentioned. 

-- The character of agricultural areas will alter when ad- 

ditional water supplies are provided; this may affect pri- 

private farmers' incentive to itensify lan2 use and 

may stimulate structural changes in agriculture. 

-- In the future the system of technical and social ser- 

vices must be improved and facilities for tourism should 

be developed. 
-- The system of rural and urban settlements must be im- 

proved; certain areas should be selected for develop- 

ment. 

A comparison of the conditions in the Silistra and Notec 

regions indicates that they have many common features and suffer 

from similar problems. Both regions are mainly agricultural, 

having a complementary industrial sector and few specialized ser- 

vices. The problem of irrigation is very important in both 

regions and future regional agricultural growth depends on its 

efficacy. Migration (rural-urban, region-region) is a common 

problem, which needs urgent attention. Increasing the quality 

of life for the populations of both regions is of special in- 

terest to the central and local authorities, and, in both cases, 

the development of the water supply system would make it 

possible to create recreation zones (on a limitec? scale). 

At the same time differences exist between the regions: 

-- in Silistra, agriculture is organized on the basis of 

state-owned agroindustrial complexes, whereas in Notec 

many different types of farms exist; 
-- in Bulgaria centrally made decisions can be implemented 

with relative ease through the system of state farms, 

whereas in Poland the private sector has to be con- 

sidered; and 
-- the directions of agricultural specialization in Silistra 

have now been formulatec! more Zefinitely (priority is 

given to the maximization of meat pro3uction), but in 

1;otec specialization can only be defined after assessing 

the effectiveness of the irrigation system and the pri- 

vate sector. 



GENERAL NETHODOLOGY 

During the first Notec and Silistra Task Force meetings, 

several proposals about the methodology of regional problem anal- 

ysis were put forward. 

A scheme for the system of models was presented in Albegov 

and Kulikowski (1978). This system is based on a four-stage 

analysis, in which several disaggregated sectoral models are in- 

cluded. The following problems are analyzed in sequence: 

-- regional specialization, 

-- intraregional location of sectoral activities, 

-- population and labor resources, and 

-- settlement systems and pollution. 

A method has been devised for analyzing intersectoral re- 

lations to reduce the size of problems and to coordinate the 

sectoral solutions, thus allowing detailed sectoral models to 

be included in the model system. The method involves the pre- 

paration of "reaction" functions, derived from the near-optimal 

sectoral solutions, for coordinating the main blocks (models) 

followed by implementation of the Bellman approach to problem 

solution. The reaction function demonstrates the effect on the 

regional economy of the use of limited resources by different 

sectors. 

The first and second and the third and fourth stages of 

analysis are coordinated by matching the productive activities 

with the number of people willing to live in the region, given 

the wage level and the quality of life. Furthermore, capital 

and natural resources are coordinated with labor resources. 

The choice of the optimal solution is based mainly on in- 

formation about the "environment" outside the region, in the 

form of the external price system. Therefore, this approach 

can be viewed as a "bottom-up" approach. 

The main problem that occurs at this point is how to make 

the system operational and capable of running all the calcula- 

tions necessary for providing solutions to the scenarios and 

for assessing the consequences. 



The main aim of the approach, which was formulated by 

Andersson and La Bella (1979) is to 

... organize a system of models, which would be 
such that they could highlight essential decision 
problems at different levels of decision making in 
the form of scenarios, all consistent within the 
framework of the different models ... These different 
scenarios could then be used ... as an input into dis- 
cussions of the policy making process. 

The hierarchy of models proposed is as follows: 

-- international trade model, 

-- national model, 

-- regional model, 

-- physical planning and allocation models, and 

-- migration and commuting model. 

Cne of the most important models in the proposed-scheme is 

the trade-transportation equilibrium model, which has linear 

constraints and a nonlinear objective function that uses the 

'minimum r eo rgan iza t ion l ' p r inc ip le .  The trade-transportation 

model produces the most essential information for the dynamic 

allocation model of future regional production and the employ- 

ment structure. 

A more important question here is whether the level of dis- 

aggregation of data in this system will be adequate to achieve 

a practical solution. 

The models used for the Notec case study fall into three 

groups relating to 

-- regional benefit, 

-- water system expansion, 

-- water resource management. 

The general methodology, formulated in Albegov and Kulikowski 

(1978),includes two different approaches that will be combined: 

-- the use of nonlinear dynamic models of aggregate 

consumption and benefit as a basis for calculating 

some important regional growth incentives; and 
-- the construction of a system of models in which 

the most important sectors are described in detail. 



The first approach is used in Kulikowski (1978a and 1978b). 

The second approach is employed in Kulikowski (1978) and has 

been developed in Makowski (1 978a) . 
In the first approach very aggregated data from the past 

are used for estimating production functions, economic benefits, 

etc. Using this as a basis for further calculations, an optimal 

solution indicating the optimal interregional allocation of capi- 

tal investment, or the optimal number of persons employed in 

each region, can be found. 

This approach has the same limitations as any econometric 

approach in which data from the past are used to estimate 

future growth. However, when the above-mentioned approach 

is used together with detailed sectoral models, practical 

implementation seems possible. 

In 1978 work began on the development of a system of models 

for an agricultural region. It was planned that the system 

would consist of the following models: 

-- a long-term normative model of integrated development 

(MRI ; 
-- a model of regional development (MRD); 

-- a model of regional agriculture (MAG); and 
-- a model of the water resource system ( M W S ) .  

This work has not been completed, yet it is interesting 

to make a comparison of the different netho$.ologies for regional 

acalysis using the preliminary results. 

To determine the most suitable methodology for regional 

growth analysis, the practical results of implementation should 

be obtained. This stage has not yet been reached and,thereforel 

for the present, the separate models of the general system should 

be assessed for their ability to provide practical recommenda- 

tions for decision makers. 

AGRICULTURE 

During the second Notec and the first Silistra Task Force 
meetings, several reports devoted to agricultural problems were 

presented. In some reports agriculture is analyzed in general; 

and in others specific problems are considered. 



In the first group, the following can be included: 

1. Csaki and Propoi (1978), 

2. Popchev et al. (1978), and 

3. Gavrilov et a1 (1979). 

In the first report (Csaki and Propoi), a general dynamic 

linear programming model for long-range planning of a diversi- 

fied crop-livestock agroindustrial complex is discussed. This 

model is characterized by its comprehensive description of the 

interrelations within the complex and by its dynamic problem 

analysis. At the same time, it should be underlined that this 

model is only useful for regional analysis if conditions in the 

region are homogeneous. If they are not, intraregional data 

should be introduced. 

A model of large agroindustrial complexes is also described 

in the report by Popchev et al. This static linear optimization 

model is designed to evaluate the impact of limites regional 

resources on the overall production process in both plan- 

ning and operational activities; the usual type of constraints 

(land, water, labor, machinery, products, etc.) are included. 

The impact of the input of resources (namely, water resources) 

is investigated and as a result, a "loss function";which aids 

the decision maker in choosing the appropriate policy,is con- 

structed. 

The model described in the report by Gavrilov et al. is a 

further development of the work by Csaki and Propoi. After an 
examination of more than 60 variants of the mode1,several were 

chosen and they form the basis for the Zevelopment of the agro- 

industrial complex Drastar . 
The main advantage of this model (to be precise, this sys- 

tem of agricultural models) is that it provides practical re- 

sults and checks the reliability of the input information. The 

authors are also considering the possibility of linking this 

model with other models (of settlements, transportation, etc.) . 
It is important to find out whether this model can be used in 

other regions in Bulgaria. At least one factor--the spatial 

factor--should be considered in the model. 



The second group of reports (devoted to particular aspects 

of agriculture) include 

1. Manteuffel et al. (19781, and 

2. Podkaminer et al. (1978). 

The first report describes a static integer programins nodel 

that defines the production structure and its spatial distribution 

over areas suitable for irrigation. At the first stage of anal- 

ysis, the state and private farms are analyzed, and at the sec- 

ond, regional problems in general are considered. 

The model solution, which recommended irrigation for ap- 

proximately 25 percent of land with an irrigation potential, was 

practically implemented in the Notec region. 

The report by Podkaminer et al. presents a model that 

allows consistent agricultural production programs rationalizing 

water use to be determined. The scenario approach to the de- 

scription of external conditions and multiobjective and vector 

optimization are discussed. The same methodology was used to 

build, in effect, a small linear programming model determining 

the minimum monthly water demand. The results of this model 
have not yet been received. 

It is clear that significant advances have been made in 

modeling regional agriculture in general and with respect to 

water use. Important methodological and modeling work was car- 

ried out at IIASA, as well as at various institutes in Bulgaria 

and Poland. Some of the models were used to make practical 

recommendations to decision makers (see, e.g., the reports by 

Gavrilov et al. 1979 and Gouevsky et al. 1979). 

In the future, intraregional differentiation should be in- 

cluded in the models. 

WATER SUPPLY AND MANAGEMENT 

The reports in which water supply and management problems 

are discussed fall into two categories: those dealing with 

models of water supply and water use and those presenting models 

of water distribution and control. 



The first group includes the following: 

1. Makowski (1 978b), 

2. Albegov et al. (19781, 

3. Krus (1978), 

4. Gouevsky et al. (1979), and 

5. Somorowski (1 978 . 
The report by Makowski describes a model of water system 

development, which fits into the system of models that esti- 

mate the consequences of various development alternatives from 

which the optimal solution with respect to an assumed criterion 

(criteria) is derived. The goal of the model is to maximize the 

net benefit to society (i.e., to integrate the supply and demand 

models). It is important that the model of water system develop- 

ment (MID) describes the region under analysis as a number of 

subregions and considers agricultural water demand as well as 

the water demands of other sectors of the regional economy. 

MWD includes 
-- a model of agriculture, 

-- a model of disposable water resources, 

-- a model of disposable water resource use, 

-- a model of the investment sequence, and 

-- a model for the analysis and evaluation of scenarios. 

The models employ linear programming (LP) techniques. It 

is planned that optimization procedures will be included to 

help estimate the economic consequences of different scenarios. 

In the paper by Albegov et al., an LP technique is used to 

model the regional water supply system. This system is rather 

simple and is designed to be used as part of the system of 

regional development models. Silistra regional data were used 

to obtain practical results, the most important of which are a 

system of marginal water costs used in different subsystems and 

during different seasons. This indicates that important data 

can be obtained from relatively simple models. 

The model developed by Krus could be used to analyze in 

aggregated form regional specialization problems related to 

water allocation. The aim was to construct a model to be used 

for 



-- evaluating development strategies of selected sectors 

of the regional economy; 
-- calculating the water demand function (i.e., the func- 

tion describing the amount of water desired at a 

given price) ; 
-- finding the optimal allocation of a given amount of 

resources; and 
-- evaluating exogenous variables for more detailed models 

of particular sectors, such as the models of agr,icul- 

ture and water expansion. 

The author used the Cobb-Douglas production function for 

describing sectoral development,a nonlinear approximation for 

presenting the water cost function; the water supply-demand 

coordination problem was then analyzed. 

No practical results have yet appeared,but it seems that 

the general approach could be employed to determine the optimal 

allocation of any resource. The model can be used at the top 

level of regional analysis; lower-level models should provide 

it with aggregated input information based on detailed sectoral 

analysis. 

In the paper by Gouevsky et al., a system of models for 

detailed analysis of regional water demand, which coordinates 

the agricultural water demand and supply models,is presented. 

Water is considered in great detail: agricultural consumption 

(crop and livestock production and processing); potable water 

supply (population and livestock); transportation (and other 

in-stream uses); and recreation (and other on-site uses). 

The central model is that of agricultural water demand, 

of which three versions exist. In the last version, the Silistra 

region is subdivided into five subregions, allowing calcula-' 

tion of the difference in soil fertility, climatic and weather 

conditions, costs of water supply, etc. The interactions be- 

tween the model builders and the Silistra decision makers have 

provided the stimuli for developing the model. 



Preliminary results have already been obtained; for example, 

it has been shown that the level of irrigated land in the region 

is quite sensitive to the price of water. 

The next step is to integrate the demand and supply models 

in order to obtain economic equilibrium solutions for the Silistra 

decision makers. These two models will be coordinated with 

other regional models in the future. 

In the report by Somorowski, the future trends in agricul- 

tural growth in the Notec region are discussed. Two development 

alternatives--growth without extensive irrigation and growth 

with irrigation--are considered and the consequences of both 

alternatives are assessed. 

In the second group of reports on water distribution and 

control, the following can be incluzed: 

1. Gutenbaum et aL (1978) , 
2. ~ietkiewicz-SaXdan and Inkielman (1978), and 

3. Babarowski (1978). 

In the first, the problem of optimal water distribution is 

analyzed taking into account the multicriteria nature of this 

problem and the need to minimize the losses due to water short- 

age or excess. The model used is stochastic in character and 

large-scale (describing a large number of irrigated fields and 

10-Zay periods). Efforts are ma?e to overcome these difficul- 

ties by applying methods of multilevel optimization. 

No results have yet been reported but the usefulness of 

this approach for solution of the operational control problem 

is obvious. 

The report by Pietkiewicz-Sazdan and Inkielman is a further 

development of the previous investigation with respect to decision 

rules to be applied for the Upper Notec basin. Two types of 

rules are considered: those concerning the user policy of water 

demand, and those concerning the supply policy. The conditions 

required to achieve the optimal solution are discussed but no 

practical applications are demonstrated. 



The report by Babarowski is also a further development of 

the first work (Gutenbaum et al.) , in which the problem of 
optimizing limited water resource distribution among crops is 
mathematically formulated and the operational rules for problem 

solution are defined. Examples of practical implementation or 

test cases are not given. 

Although the number of "water-oriented" investigations is 

relatively large, they are very different from the viewpoint 
of completeness; while some of them (Gouevsky et al,; Albegov 

et al.) have already provided practical results, many are still 

at the stage of theoretical analysis. 

In comparison with other sectors of the regional economy, 

a significanh part of the reports concentrate on the solution 

of current problems. This reflects the nature of the water 

supply problem and the traditional development of research in 

this field. At the same time, efforts to coordinate the water 

supply-demand model with other regional sectoral models are 

underway,but this work has not yet been completed. 

POPULATION AND MIGRATION 

Investigations in the field of population and migration 

are documented in the following papers: 

1. Kulikowski (1978b) , 
2. Arcangeli and La Bella (1978) , 
3. Naumov (19791, 

4. Philipov (19791, and 

5. Mihailov (1979). 

The report by Kulikowski describes a nonlinear, dynamic 

consumption model, which shows the impact of regional welfare 

policy on interregional migration. The optimization problem of 

migration is investigated by comparing aggregated consumption 

of the regions (i.e.,government expenditures on education, 



health care, housing, environmental protection, etc.). 

Using official statistical data, the author carried out an 

estimation of the parameters of regional accessibilities for 17 

Polish voivodships in 1973. The results are compared with the 

real situation. 

An econometric model, in which the migration rate depends 

on the interregional utilities, is presented. The main idea 

of this model rests on the assumption that the potential mi- 

grant bases his decision to move on the ratio of utilities and 

a comparison is made with another region or with the national 

average. This model has not yet been practically implemented. 

In the report by Arcangeli and La Bella, the broad spec- 

trum of mobility factors, migration and regional development 

policies is considered on the basis of Italian data. For the 

IIASA case study, the approach to interregional migration anal- 

ysis is most important. The assumed propensity to migrate from 

one region to another is explained by natural factors and proved 

by testing the model. 

Empirical analysis confirms the main points of the theory 

elaborated: a positive feedback exists between population and 

capital movement, in the sense that the drain of labor from the 

less developed to the more developed areas within a country 

causes a drain of financial resources, whichfin turn, increases 

regional differentials and, consequently, the migration rates. 

In this case, only external causes and public intervention can 

stem the flow of human and financial resources. 

Naumov's report deals with two topics: the initial hypo- 

theses and criteria for regional population growthland some 

characteristics of'the demographic growth and economic 

activities of the Silistra regional population. Some basic 

initial data for population and labor resource modeling of 

the Silistra region are included in this paper. 

Philipov uses a multiregional demographic model developed 

at IIASA in the Human Settlements and Services Area to estimate 

future population growth in the Silistra region.  his work 

is a practically oriented study, which reveals many interesting 



relationships. In particular, it shows that,on the basis of exis- 

ting tendencies, one can expect a further rapid growth of the regional 
population and a significant out-migration flow. The main prob- 

lem is to combine this model with a socioeconomic model that can 

provide the demographic model with valuable external information. 

In the report by Mihailov, an overall scheme of the optimi- 

zation cycle of the system of models for integrated territorial 

development of the region is outlined. Migrations are modeled in 

detail according to their place at different stages of the opti- 

mization cycle. In this respect, the following features of the 

migrations and their links with the remaining subsystem models of 

the regions are modeled. 

-- Projections are made of the population growth without 

migration and including miqration (preliminary results 

for the Silistra region are obtained). 
-- The required labor force is derived in terms of the 

regional input-output model. 
-- The required labor force stemming from the subsystem 

optimizations is derived. 
-- The place of the labor force in the strategic 

models for developnent of the region is deter- 

mined and the effect of migrations is de- 

fined. 
-- Expected migrations are modeled, taking into account 

the propensity of the population to migrate. 
-- Migration regulation is modeled on the basis of re- 

ducing the expected migrations to the required ef- 

fective migrations. 

The main objective of the investigation is to improve both 

migration modeling and the system of models for integrated re- 

gional development. 

It is clear that the problem of population growth and mi- 

gration are the main points of concern in several reports. The 

high level of theoretical analysis and the practical nature of 
the results is also remarkable. 



The central point here is the task of combining the demo- 

graphic model with other models (of a socioeconomic character). 

Only in this way is it possible to describe the interdependence 

between economic growth and demographic changes. 

SETTLEMENT SYSTEMS 

Only one report, presented at the first Silistra Task 

Force meeting, analyzes the problem of settlement systems, 

although during the first Notec Task Force meeting this topic 

was given much attention. 

The one report by Devedjiev et al.,entitled: "Human Settle- 

ment Systems as a Device for Development and Improvement of the 

Settlement Network in the Silistra Region", contains ir?.portant 

data characterizing the existing system of settlements in the 

Silistra region. These data provide a sound basis for analy- 

zing regional settlements growth in the future. Such analysis 

will take place in the framework of the Unified Territorial Plan 

of Bulgaria. 

The plan was conceived to 

-- further the development of the polycentric structure 

of the settlement network in the region; 
-- ensure efficient use of existing housing funds in each 

part of the region; 

-- form a system of settlements, labor, housing, and 

recreation zones, and public services; and 
-- organize regular public transportation between the 

settlements. 

Analysis of the system of settlementsin Silistra has revealed 

some tendencies for future socioeconomic development, which are 

discussed in the following section. 

PROBLEMS FOR FUTURE DEVELOPMENT 

As can be seen from the previous section, not all existing 

problems are dealt with by current activities and not all 

existing investigations have been developed satisfactorily. 



Significant work on the development of a system of regional 

models and the analysis of problems of agriculture, water supply, 

migration,and,to some extent, human settlements has been accom- 

plished. However, the problems of industrial growth and enter- 

prise location, transportation and services development, and 

environmental protection have received scant attention. 

The positive and negative features of the model system 

can only be assessed by attempting to solve the real problem; 

hence, the importance of the role of the case studies. The 

more attractive approach to problem solution appears to be. 

to elaborate workable subsystems of the regional economy, 

which can be used as separate models or as modules of a more 

comprehensive system. 

The sectoral models developed require further improvement. 

For example, in the agriculture models, factors such as space 

and water were not tested satisfactorily. From the view~oint 

of generalization, the need to divide the regional territory 

into 30-50 subregions should be considered (to reflect better 

the intraregional differences in soil, farm type, technology, 

etc.). The same can be said for the water factor: water re- 

sources and costs depend significantly on use (potable water 

for irrigation, etc.), the location of consumers (distance from 

the water flow),and the season in which water is consumed, etc. 

Development of the agriculture models is not yet complete 

with respect to generalization of the different types of farms 

(private, state, or collective) and the dependence of agricul- 

ture on the labor market, capitalrand other resources. 

Models of water supply must be satisfactorily linked with 

other models (industry, agriculture, services) in which the 

water demand should be specified, and the relationship between 

natural limits and monetary data (costs, shadow prices) should 

be established. This data exchange should enable water demand 

to be described in detail (by all sectors, in all seasons, in 

different subregions, etc.); it should supply all consumers 

with a reliable basis for the local optimization of water demand. 



At the same time, workable but complex models of regional 

water supply must be developed. These models should be 

focused on a general case (few water streams, few natural and 

possible artificial reservoirs, etc.). The dynamics of water 

demand must also be taken into account. 

The water planning models and water management and control 

models in current use shoulz be exchanged for more up-to-date 

models; water management and water control moaels should 

be simultaneously tested. Reliable data are required to ascer- 

tain the effectiveness of the proposed models under different 

economic conditions (for state and collective farms). These 

models should accurately describe the existing water demand 

under different weather conditions and should indicate the 

optimal distribution of limited water resources. 

The regional migration model should also be generalized. 

Thus,the factors determining migration should be sufficiently 

large in number to embrace the most common situation found in 

all IIASA's National Member Organization Countries. 

First attempts are underway to transfer the Italian ex- 

perience to Bulgarian conditions. Independent of the success 

of this transfer, it is necessary to combine the demographic 

model developed in the Human Settlements and Services Area of 

IIASA with the regional migration model. Without such a combi- 

nation of models it is impossible to predict future changes in 

the regional labor force. 

With regard to the system of settlements model, the imple- 

mentation of mathematical models and the development of improved 

models of rural and urban settlements should be intensified. 

Unfortunately, the formal description of the problem is still 

not advanced in either case studies. 

Some very important problems that are not represented here 

have yet to be solved--first, in2ustrial growth, industrial lo- 

cation.,and environmental protection in a regional context. 

Although some countries (e.g., the USSR) have significant 

experience in dealing with industrial growth and location, the 

transfer to IIASA of national experience in the form of models 

and programs is a complicated and time-consuming process. 



Such activities must, therefore, begin immediately. 

Since the function of the regional system of models is to 

provide a detailed analysis of the region, detailed environmental 

protection models may be included in the system. Work on the 

Silistra case study has begun in Bulgaria.,but it is still at an 

initial stage. 

In addition to the development of regional models, three 

important aspects of the investigations require further atten- 

tion : 

-- creation of a workable system of models that in- 

cludes the most important subsystems (agriculture, 

industry, etc.); 
-- development of a model to assess the consequences 

of different approaches; and 
-- coordination of the interests of the different authori- 

ties. 

The number of subsystems that should be considered in de- 

cision making within a particular region depends on local con- 

ditions. This means that in a realistic situation only part 

of the full set of subsystems is important and that the system 

of models will have a changing structure. Therefore, only the 

more important subsystems need to be included in the system of 

models at the first stage of analysis. For the Silistra and 

Notec regional study, the four subsystems to be linked are: 

regional agriculture and industry, regional water supply,and 

the regional labor force. Of course, it is hoped that a regional 

settlement model will be included in the above system but, as 

earlier stated, work on this is not yet complete.' 

When a relatively sophisticated system of models is used, 

the speed of calculation of the results is important,especially 

if many scenarios are examined. 

In order to solve this problem, some general characteris- 

tics can be used to replace a very sophisticated description 

of the separate subsystems. Using these characteristics, one 

can evaluate all the solutions for a number of scenarios and, 

using a multicriteria approach, choose one (or several). 



The use of an aggregate description of the functioning of 

separate subsystems together with a cost-henefit function for 

every player seems to be the most promising approach to dealing 

with the problem of coordinating the interests of different 

bodies (authorities, etc.) . Gane theory will be employed to 

solve this problem. 
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G e n e r a l  P r o b l e m s  



This  paper was o r i g i n a l l y  prepared under t h e  t i t l e  "Modelling 
f o r  Management" f o r  p r e s e n t a t i o n  a t  a  Nate r  Research Cent re  
(U.K. ) Conference on "River  P o l l u t i o n  Con t ro l " ,  Oxford, 
9 - 1 1  A s r i l ,  1979. 



STRATEGIC PLANNING FOR THE DEVELOPMENT OF 
A REGIONAL SYSTEM 

E. Christov 
0. Panov 

INTRODUCTION 

The Silistra Regional Development Project, which is being 

carried out in collaboration with the International Institute 

for Applied Systems Analysis (IIASA), is a pilot project designed 

to improve planning and management of the Silistra region in 

Bulgaria. A case study aimed at finding new methods and tech- 

niques for developing and managing regional systems forms a part 

of this project. Reports on the regional models under develop- 

ment were presented at IIASA's 1978 Silistra Task Force meeting. 

This paper describes a further stage in the work of the 

project--strategic planning* for the development of a regional 

system--and outlines the conceptual framework on which the project 

is based. 

The problem-solving process consists of three interrelated 

elements (Figure 1 ) : 

-- problem analysis, 

-- choice of methods for problem solution, and 

*We define strategic planning as a series of planning activi- 
ties resulting in the formulation of long-term (15-25 years) 
socioeconomic objectives and of programs for accomplishing these 
objectives. 
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-- decision making. 

For such a complex interdisciplinary study it is important to 

select an approach that will cater for the needs of management. 

There are three possible approaches: systems analysis, opera- 

tions research, or applied systems analysis and each places 

emphasis on different elements of the problem-solving process. 

In the systems analysis approach most emphasis is placed on 

problem analysis. Initially the problem is defined, the goals 

are set, the method of solution is determined, and the most 

efficient of the various solutions obtained is selected. The 

operations research approach, on the other hand, emphasizes the 

importance of the tools used to solve the problem. First, the 

methods to be used are evaluated, the problem is then analyzed 

and simplified for the purpose of model development. This 

approach is suitable for providing management with .a variety of 

scientific methods for problem solving. However, the approach 

we have taken for our study is the applied systems analysis or 

management approach, which combines elements of both systems 

analysis and operations research. Initially, the underlying 

causes of the problem are examined--why is it necessary to solve 

the problem and by whom should it be solved? The decision- 

making environment is then analyzed--how can the management 

process be perfected? Finally, the problem is defined and the 

most suitable methods of solution are chosen. This approach is 

essential when an established decision-making procedure exists; 

it allows scientific tools to used directly by decision makers in 

the planning process. 

THE PLANNING PROCESS 

The planning system in Bulgaria is composed of various 

levels (Figure 2). The highest level consists of the top State 

and Party institutions--the Communist Party Congress and the 

National Assembly. At this level all major national decisions 

are approved. Every economic organization or enterprise must 

accept the principal figures of the national plan, which to be 

made law must be approved by the National Assembly. The second 

level consists of the Council of Ministers and the State Planning 





Committee--it is here that national economic plans are formulated. 

The third level consists of the various ministries, each ministry 

being responsible for an economic sector. Their function is to 

distribute national resources and to establish production targets 

for the economic organizations within their sector. However, it 

should be noted that the economic organizations have some degree 

of independence in formulating their own economic policy. 

Recently, another level has been introduced into the planning 

system--the regional level--but it is still not well developed. 

Planning at this level is carried out simultaneously and parallel 

with sectoral planning. Regional planning is organized on three 

sublevels: 

-- the regional authorities, who manage the region as a 

whole (the region being the principal administrative 

unit) ; 
-- the settlement systems; and 

-- the individual settlements with the system. 

The planning process begins after the 5-year plan is approved. 

For example, in 1 9 8 1  approval for the eighth plan will be obtained 

and from 1981  onwards the same procedure will be reenacted for 

the ninth plan,as ?!ell as for the long-range plan covering the 

period up to the year 2000. This period of strategic planning 

is dominated by basic goals or targets set at the State level for 

all other levels within the national economy. Only these goals 

and the constraints on their achievement are considered. After 

these goals and constraints have been specified, the other levels 

begin to develop their own strategic plans relating them as far 

as possible to State objectives. A feedback procedure is then 

organized to solve the development problems that arise at each 

level. At present,strategic plans are formulated mainly at the 

national level. However, to improve the planning system, devel- 

opment should be considered at all levels--national, sectoral, and 

regional. Our project is aimed at improving strategic planning 

procedures in a regional context. 



Global modeling studies have shown that development proces- 

ses in regional systems are characterized by inertia. Exploita- 

tion of local resources, development of a local infrastructure, 

and production specialization cannot be achieved over the short 

term. Consequently, it is essential to consider regional planning 

in long-term time perspective. 

The need for strategic planning at a regional level is 

especially important in Bulgaria for the following reasons. 

First, the country is organized into settlement systems, which 

elect their own local management bodies. The policies formulated 

by these bodies can only be implemented through the regional plan. 

It is therefore necessary to modify local development plans in 

accordance with the policy carried out by the regional and settleaent 

system authorities. Second, in the regions a policy of self- 

sufficiency in the basic agricultural products is pursued. There 

is also a guaranteed national minimum of resources allocated to 

the regions according to the normatives (i.e., standards laid 

down by the State) for the various types of enterprise. This 

necessitates a complex tying together of economic and social 

development plans* to ensure that the needs of the population are 

satisfied at every point in the region. Third, at present 

Bulgaria's socioeconomic development planning is implemented in 

such a way that continuous feedback between the various sectoral 

and regional planning levels is assumed. This method also assumes 

that the overall problem of socioeconomic development will be 

solved at all planning levels simultaneously and will take nation- 

al goals into account. At the sectoral level, a set of strategic 

planning documents is formulated to ensure feedback between 

national and sectoral management during the drafting of the plan; 

however, at the regional level this is not the case. Finally, 

regional economic growth can be accelerated if development is 

coordinated. A considerable saving in costs may be achieved if 

the scale of infrastructural development is consistent with region- 

al conditions. 

*These plans include the basic parameters not only for 
economic growth, but also for living standards. 



ORGANIZATION OF THE PROJECT 

As already mentioned, the regional system is considered to be 

relatively separate from the national system, despite its links 

with other regions, the national system, and other countries 

(Figure 3). The regional system is not organized spatially (i.e., 

according to geographic and economic conditions only), rather its 

organization is based on the existing system of human settlements. 

The basic goal of the project is to improve regional planning and 

management procedures. Although the region is an independent 

socioeconomic system with its own characteristics, its development 

objectives do not necessarily conflict with those of the national 

system; however, it - is important that regional and national goals 

are coordinated. The.region is not considered as siinply a place 

for specializing in certain activities and for exploiting nation- 

al resources, but as an organizational system directly responsi- 

ble for the effectiveness of its own development and a partner in 

the strategic development of the country as a whole. 

Regional socioeconomic growth should include 

-- development of the natural and man-made environment 

as a part of the general development of the region; 
-- human reproduction, as related to demographic 

processes and development of all services provided 

for the population (education, health care, etc. ) ; 
-- material production, which is the economic basis of 

development in every social system and determines 

the development of every region; 
-- spiritual production, including science, the arts, 

culture, and all other related activities; and 
-- development of the social and political structure 

and management system. 





The main criterion for evaluating the development of the 

regional system is improvement of the living standards and 

"quality of life" of the regional population. The methodological 

difficulties in effecting this evaluation can be overcome by 

formulating a set of social indicators. 

The Silistra case study includes not only modeling activities 

directly related to decision making, but also the preliminary work 

for the whole project. The results of the project will be subject 

to discussion among the central and local (regional and settlement 

system) authorities and specialists from various disciplines in- 

volved in the planning process. An official document for strategic 

planning of the region will be produced as a result of these dis- 

cussions. 

The project consists of four main programs: 

-- development of production, 

-- social development, 

-- development of the management system, including the 

management information system, and 
-- infrastructural development. 

These regional programs are linked not only to national programs 

and long-range territorial plans, but also to similar programs for 

the settlement systems at the subregional level (Figure 4). In 

addition, there are special programs for some of the most impor- 

tant activities related to regional development. To ensure coordi- 

nation of these activities, there is continuous interaction between 

the different groups of specialists involved in the project. 

The program for the development of regional production is 

based on the proposals of all sectoral authorities (Ministries 

and State Economic Organizations). It includes a study of regional 

labor distribution and of the possibilities for introducing new 

types of production. 

The program for social development focuses on nonproductive 

aspects of regional development, including cultural activities, 

education, health care, etc., and is aimed at improving the 

quality of life in the region. 
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The management program d e a l s  w i t h  r e g i o n a l  c o o r d i n a t i o n  

of  t h e  v a r i o u s  t y p e s  of  i n d u s t r i a l  p r o d u c t i o n ,  i n c l u d i n g  techno-  

l o g i c a l  development and improvement i n  management mechanisms. 

A management i n f o r m a t i o n  sys tem,  i n t ended  f o r  u s e  by a l l  p a r t i c i -  

p a n t s  i n  t h e  p l ann ing  o f  t h e  r e g i o n ,  w i l l  be  e s t a b l i s h e d  i n  t h i s  

program. 

The i n f r a s t r u c t u r e  program d e a l s  w i t h  zona l  l o c a t i o n  problems 

r e l a t e d  t o  r e g i o n a l  p r o d u c t i o n  a c t i v i t i e s ,  hous ing ,  r e c r e a t i o n ,  

t r a n s p o r t ,  communications, e tc .  I t  makes a n  i m p o r t a n t  c o n t r i b u t i o n  

t o  t h e  n a t i o n a l  p l a n  o f  i n f r a s t r u c t u r a l  o r g a n i z a t i o n .  

The c a s e  s t u d y  w i l l  p rov ide  p r e l i m i n a r y  r e s u l t s  f o r  t h e  whole 

p r o j e c t  and a n  e v a l u a t i o n  o f  t h e  e f f e c t s  o f  s e c t o r a l  a c t i v i t i e s  

w i t h i n  t h e  r e g i o n ,  s o  t h a t  development of a l l  a s p e c t s  of  the 

r e g i o n a l  sys tem may be i n t e g r a t e d .  

THE SYSTEM OF REGIONAL DEVELOPMENT MODELS 

Work on t h e  S i l i s t r a  c a s e  s t u d y  i s  c o n c e n t r a t e d  on t h e  deve l -  

opment of  a  sys tem of  models,  which i s  be ing  developed i n  c o l l a b -  

o r a t i o n  w i t h  IIASA. T h i s  system is  des igned  t o  p rov ide  a  s e t  of  

t e chn iques  f o r  s t u d y i n g  a l t e r n a t i v e  p a t h s  o f  development f o r  t h e  

S i l i s t r a  r e g i o n .  The sys tem o f  models i s  c o n s t r u c t e d  on  t h r e e  

l e v e l s  (F igu re  5 )  . 
-- A t  t h e  h i g h e s t  l e v e l ,  t h e  r e g i o n  i s  c o n s i d e r e d  a s  

one  p o i n t  and i t s  l i n k s  w i t h  t h e  n a t i o n a l  sys tem 

a r e  s p e c i f i e d .  The r e s u l t s  from t h i s  model a r e  used 

i n d i r e c t l y  f o r  t h e  models a t  a  lower  l e v e l .  
-- A t  t h e  second l e v e l ,  e ach  s e c t o r  of  t h e  r e g i o n a l  

economy i s  c o n s i d e r e d ,  a l t h o u g h  i n  some models t h e  

a r e a  under a n a l y s i s  may exceed t h e  bounda r i e s  o f  t h e  

r e g i o n ;  f o r  example, t h e  r e g i o n a l  t r a n s p o r t  sys tem 

forms a  p a r t  o f  t h e  model of  t h e  n a t i o n a l  t r a n s p o r t a t i o n  

network,  and t h e  wa te r  supp ly  and i r r i g a t i o n  network 

models each  form a  p a r t  o f  t h e  model of t h e  no r th -  

e a s t e r n  r e g i o n .  
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-- A t  t h e  t h i r d  l e v e l ,  t h e  s e t t l e m e n t s  systems a r e  

modeled. Here l i n k s  wi th  t h e  r e g i o n a l  and n a t i o n a l  

l e v e l s  a r e  ensured by t h e  s e c t o r a l  a o d e l s ,  which 

provide  d a t a  on t h e  a c t i v i t i e s  under taken i n  each 

s e t t l e m e n t  system. 

I t  i s  assumed t h a t  r e g i o n a l  modelers w i l l  have a c c e s s  t o  n a t i o n a l  

models when they  beg in  t o  develop t h e i r  own model base ,  t h u s  

f a c i l i t a t i n g  c o o r d i n a t i o n  of  r e g i o n a l  and n a t i o n a l  g o a l s .  

However, f o r  t h e  S i l i s t r a  case s tudy ,  t h e  n a t i o n a l  model i s  n o t  

cons idered  i n  t h e  modeling a c t i v i t y .  This  i s  because t h e  r eg ion  

p l ays  such a  s m a l l  r o l e  i n  t h e  n a t i o n a l  economy t h a t  it cannot  

s i g n i f i c a n t l y  i n f l u e n c e  o v e r a l l  n a t i o n a l  economic development. 

The S i l i s t r a  r eg ion  c o n t a i n s  on ly  2 . 0 2  p e r c e n t  of  B u l g a r i a ' s  

popula t ion  and produces merely 1 . 9  p e r c e n t  of  t h e  g r o s s  n a t i o n a l  

product  and 1.4 p e r c e n t  of t o t a l  n a t i o n a l  i n d u s t r i a l  p roduc t ion .  

Regional c a p i t a l  inves tment ,  which does  n o t  f l u c t u a t e  annua l ly ,  

c o n s t i t u t e s  approximately  1.5 p e r c e n t  of  n a t i o n a l  c a p i t a l  i n v e s t -  

ment. 

The s e c t o r a l  and r e g i o n a l  approaches t o  t h e  s o l u t i o n  of  deve l -  

opment problems a r e  coord ina ted  t o  form t h e  optimum r e g i o n a l  

development p lan .  The r e g i o n ' s  f u l l  p o t e n t i a l  can on ly  be r e a l i z e d  

i f  development is  viewed from both  s t a n d p o i n t s .  

The models of  t h e  system a r e  n o t  i n t e g r a t e d  by j o i n t  i n p u t  o r  

computer l i n k a g e ,  b u t  by t h e  e v a l u a t i o n s  of  e x p e r t s  (F igu re  5 ) .  

The system f u n c t i o n s  on t h r e e  l e v e l s .  The f i r s t  l e v e l  c o n s i s t s  

of a  r e g i o n a l  economic growth model, an  i n t e r r e g i o n a l  r e l a t i o n s  

model, and a demographic model. Each of t h e s e  models i s  b r i e f l y  

desc r ibed  below. 

The model of r e g i o n a l  economic growth forms t h e  c o r e  ok t h e  

whole system. I t  w i l l  u se  d a t a  from t h e  n a t i o n a l  input -ou tpu t  

t a b l e  and a l s o  from t h e  models of demographic p roces ses  and 

i n t e r r e g i o n a l  r e l a t i o n s ,  p rov id ing  t h e  main c o n s t r a i n t s  and d a t a  

on s e c t o r a l  growth f o r  t h e  s e c t a r a l  models. Such a  model, which 

s imu la t e s  t h e  behaviour of  t h e  r eg ion  as one p o i n t ,  i s  c u r r e n t l y  

being developed i n  Bulgar ia  by Panov and Petrova.  Although t h e  



structure has already been determined, no real data are yet 

available to operate the model. The following models could be 

used interactively to form an alternative core model: 

-- the Turnpike model, developed by Andersson; 

-- the MSG model, developed by Bergman; 

-- the Almon-Nyhus input-output model; and 

-- the Mirror and Maltos models for interregional 

and intraregional location of activities, also 

developed by Andersson. 

Both options are currently being evaluated. 

The interregional relations model is based on input-output 

analysis and provides information on the influence of changes in 

other regions on the socioeco,nomic growth of the Silistra region, 

and vice versa. One problem restricting its development is the 

lack of essential input data. 

At present only part of the demographic model is opera- 

tional--that part dealing with the extrapolation of the main 

demographic parameters. The migration section, being developed 

by Philipov (Philipov 1979) is important for the functioning 

of this model. 

The second level includes models of different sectors of the 

regional economy. These models are linked to corresponding models 

on the national level. The most important sectoral model is 

the model of industrial development, which deals with national 

industrial growth and the optimal location of industrial activi- 

ties within the region. Further information on this model is 

given in the paper by Christov, Assa, and Panov included in these 

Proceedings. In addition to the main model of industrial devel- 

opment, a separate model of one product has been developed by 

Kolarov; the product studied is pulp--the pulp industry being an 

important sector of Silistra's economy. This study, which is a 

useful complement to the modeling activities relating to regional 

industrial development, is described in more detail elsewhere in 

these Proceedings. 



The model of agricultural development is an essential 

component of the model system, since the Silistra region is 

geared mainly to agricultural production. It is a long-term 

model in which the region is considered as one point. It 

determines the optimal structure of agriculture in terms of 

specialization for a period of 15 years in the future. This 

model was discussed at the 1979 Silistra Task Force meeting 

(Gavrilov et al. 1979). In addition, a model of the optimal 

land allocation for the agricultural production and processing 

industries is now being developed by Gavrilov, Stoykov, and 

Milenkov and it is described in these Proceedings. The Generalized 

Regional Agriculture Model (GRAM),developed by Albegov,could also 

be used to describe agricultural development (Albegov 1979). 

The model of the construction industry, based on the model 

developed by Panov (Panov 1972), solves optimization problems 

related to 
-- the allocation of raw materials; 

-- the location of plants producing prefabricated 

building materials; and 
-- the selection of construction technologies. 

Sectoral investment data obtained from this model provides 

the input for the other sectoral models; thus, the model is direct- 

ly linked to the other sectoral models. 

The model of the transportation network has been developed 

by Mihailov and Nicolov and is described in detail in these 

Proceedings. This model solves problems related to passenger 

transport and is thus linked to the demographic model. Through 

evaluation of the volume of goods transp~rted~it is also coordi- 

nated with the other sectoral models. 

The model of water resource development, developed by 

Gouevsky, consists of submodels of water demand, water supply, and 

water resource management. It is linked to the industry and 

agriculture models in the system. Further information on this 

model is given in the paper by Gouevsky, Genkov, Tzvetanov, 

and Topolsky included in these Proceedings. 



The sectoral models describe the most important regional 

economic activities. All other sectors, including services and 

nonproductive activities, are described at the third level in the 

settlement systems model. 

The simulation model of the settlement systems consists of 

-- a data base; 

-- a package of programs for data processing and analysis; 

and 
-- a bank of models describing the interdependencies of 

the factors influencing the development of the settle- 

ment system. 

It is described in the paper by Konakchiev, Grigorov, and Evtimov, 

which is included in these Proceedings. A set of regional devel- 

opment indicators has yet to be formulated, development of this 

model will then be complete. There are close information links 

between this model and all the other models of the system contain- 

ing spatial data. 

From the description of the model system given above, it is 

evident that the process of linking the models to form an inter- 

active system is an important part of the modeling activity. It 

is important to obtain from each of the models realistic results 

that can be unified to form a consistent plan for regional develop- 

ment. Any large model system dealing with complex problems 

must inevitably simplify the relationships between factors in- 

fluencing those problems, which implies that the results obtained 

are likely to be less useful for a practical situation. Since 

the objectives of regional development as a whole and regional 

sectoral development differ significantly, it follows that the 

methods used to fulfill them must also vary; however, to link 

models constructed on different methodological bases directly 

is a difficult task. Linkage is therefore achieved by evalu- 

tion by specialists of the input and output of the models. The 

Silistra project includes schemes to train regional planners to 

use the model system in a fully interactive man-machine mode. 



In the near future a large-scale simulation model of the 

regional system fashioned specifically to fit the regional 

development analytical framework and incorporating a data bank 

will be constructed. However, only if the models of the system 

are sufficiently practical can we proceed to this stage of the 

project, for which the following activities will be undertaken: 

-- analysis of local resources; 

-- analysis of basic needs and interregional links; 

-- analysis of production capacity; 

-- determination of the optimal structure of resources; 

-- simulation of the production cycle and analysis of the 

results; 
-- analysis of national policy for the region; and 

-- estimation of resources required in the next period 

of analysis. 

PROBLEMS OF PROJECT MANAGEMENT 

Many problems have occurred during management of the Silistra 

Regional Development Project and if practical results are to be 

obtained, they must be solved. The major problems are outlined 

below. 

Terminology 

Each branch of science and technology has its own set of 

specialized terms. In interdisciplinary research this naturally 

presents certain communication problems. Scientists from dif- 

ferent fields may be unfamiliar with each other's terminology; 

even greater confusion can occur if the same term is used to 

signify one thing in one discipline and yet something rather 

different in another. This aspect of communication should be 

given particular attention in the study. 

Unifying the Data Base 

Many scientific teams are engaged in the work of the 

project and it is usual for each team to build its own information 

system based on its particular research requirements. Exchange 

of information between each team is not always easily organized 



given that there are differing requirements and methods of data 

collection. In the future a data base suitable for use in other 

regions without the need for major modifications will be estab- 

lished. 

Computer Hardware and Software 

In Bulgaria a wide variety of computers with program 

packages oriented to specific problems are available. This 

presents difficulties for implementing the results of the model- 

ing effort, since the transferal of model solutions from one type 

of computer to another can cause serious technical problems. 

Modeling studies designed for practical implementation should 

be performed on the same type of computer as that used through- 

out the planning process. 

Coordination and Unification of the Results from each Program 

In the Silistra project the development of different compo- 

nents of the regional system is considered. Each task or program 

deals with a particular set of problems and the solutions from 

each of them must be unified. Coordination is not an easy task 

for several reasons: the solutions may be based on different 

initial criteria: economic, social, technical, economy, national, 

sectoral, regional, etc.; or there may be no standard methodology 

for solving such a diversity of problems. 

It could be said that the single overall goal of regional 

development is to improve the quality of life of the population, 

but the quality of life criterion cannot easily be defined and 

involves questions of emphasis and priority. Emphasis is pre- 

dominantly given to 

-- the economic aspect of overall development of the region; 
-- the social aspect, being most directly connected with 

improving the quality of life of the population; 
-- the infrastructural aspect, which influences implementa- 

tion of development; and 
-- .the management aspect, determining the practicality of 

the project's solutions. 



I n  t h e  f u t u r e ,  p l ann ing  d e c i s i o n s  r e l a t i n g  t o  t h e  a s p e c t s  o f  

r e g i o n a l  development mentioned above must be c o o r d i n a t e d .  

S t r u c t u r e  o f  t h e  Research and P lann ing  Teams  

During t h e  S i l i s t r a  p r o j e c t  t h e r e  w i l l  i n e v i t a b l y  be  

changes  i n  t h e  r e s e a r c h  team. Thus, a  long- term p l a n  o f  person-  

n e l  t o  be  engaged on t h e  p r o j e c t  i s  r e q u i r e d .  From t h e  p o i n t  

o f  view o f  p r a c t i c a l  implementa t ion ,  it i s  n e c e s s a r y  t o  run  a 

con t inuous  t r a i n i n g  program f o r  p l a n n e r s  t h roughou t  t h e  c o u r s e  

o f  t h e  p r o j e c t  s o  t h a t  t h e  p l ann ing  pe r sonne l  a r e  a lways  a b l e  

t o  use  and implement t h e  s o l u t i o n s  p rov ided  by t h e  modeling ac-  

t i v i t y .  I n  B u l g a r i a  t r a i n i n g  schemes f o r  p l a n n e r s  a r e  r u n  s imul-  

t a n e o u s l y  w i t h  such s t u d i e s .  
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OPTIMIZATION OF REGIONAL DEVELOPflENT-- 
AN INTEGRATED MODEL FOR STUDYING 
SOCIOECONOMIC AND ENVIRONMENTAL 
POLICIES 

R. Kulikowski 

INTXODUCTION 

During recent years there has been an increasing demand for 

computerized regional planning models that deal with the alloca- 

tion of natural resources, labor, and capital. Such models have 

had a considerable impact on regional and national production and 

welfare. In countries with planned economies, planners and deci- 

sion makers believe that these models can help in the efficient 

allocation of production factors and welfare at the regional level. 

A decentralized management and planning system exists for this 

purpose. In Poland, for example, the Government and Planning 

Commission represents the highest decision-making unit, which 

cooperates with lower-level planning units of the 49 voivodships 

(regions). Each voivodship, in turn, cooperates with the corres- 

ponding units at the lowest community level, gmina, which usually 

consist of a small town and a rural neighborhood. 

During the planning process (with a 5- or IO-~ear horizon) , 
planners, decision makers, and the public consider each develop- 

ment alternative and problems related to regional economic effi- 

ciency,and its effect on welfare and equity at the regional and 

national levels are discussed. Obviously, the problem of effi- 

ciency versus equity cannot be properly understood without specify- 

ing the differences between regional (local) and national (global) 

goals and policies. 



Generally, the regional planning and decision-making units 

in Poland are concerned with maximization of regional utilities, 

taking into account constraints on primary resources. For example, 

an increasing population will require more employment and housing. 

However, population size depends on local demographic factors 

and migrations, which in turn depend on the regional standard of 

living and environmental quality. The availability of new jobs 

depends, on the other hand, on new capital investments. In Poland, 

major investments are decided upon at the national level, taking 

into account the regional comparative advantages in production and 

welfare levels. In order to regulate regional welfare, the 

national level subsidizes local budgets for public services, such 

as education, health, housing, and environmental protection. 

A decision regarding the location of a new plant is usually 

accompanied by an increased subsidy to the regional budget. Some- 

times, the subsidy is favored by the region much more than by the 

industry that would pollute the environment. 

The national (central) planning and decision-making bodies', 

on the other hand, are also concerned with national utility and 
international problems such as the international balance of pay- 

ments, both of which require an efficient economy. Thus, a substan- 

tial part of the national budget (created by taxes imposed on produc- 

tive sectors) is spent on productive investments in those regions 

offering the maximum rate of return (i.e., low cost of land, water, 

labor, transportation, environmental charges, etc.). 

A region wishing to attract industry may pursue a policy 

that offers low production costs at the expense of deteriorating 

environmental quality. Such a policy may, in the long run, produce 

a decrease in welfare--a completely unanticipated result. For 

example, if producers pay little for discharging waste, pollution 

increases while the population suffers and migrates from the region. 

Since the decreasing labor supply increases the cost of labor (in 

Poland it takes the form of increasing commuting or housing costs), 

the regional comparative advantages (to locate the industry) may 

decline. The industrial growth may also create a number of 

externalities in production and.services. Increased commuting 

may increase traffic congestion, deteriorate access to services, etc 



Because of the changing production structure, there is also a 

demand for skilled labor* and an educational system that will 

provide training in the required skills. Increasing inequalities 

among different regions in per capita personal income result from 

urbanization, despite the fact that the existing wage system is 

strongly motivated by egalitarian concepts. 

Besides wages and employment, which determine the per capita 

regional personal income, welfare depends tc a large extent on 

aggregate consumption (services). Since there is scepticism about 

characterizing services in terms of expenditures, decision makers 

are tempted to maximize indices, which refer to the number of 

education, recreation, housing, etc. facilities per capita. 

However, such indices raise the question of "accessibility to 

services". Due to age structure, education level, distance, etc., 

the access of the population to certain services may be limited. 

For example, because of the distance from urban centers, the rural 

population has a limited access to higher education, theaters, etc. 

As a result, the utility, as perceived by the population, is some- 

times different from that conceived by the planners, and migration 

follows in an unpredictable fashion. 

All these factors indicate that the problem of choosing the 

optimum policy of regional development, taking into account the 

different interests of all the parties concerned, is not easy. 

Nor is it easy to find an optimum solution to the location of 

industry or public investment projects. Since any decision 

regarding productive or public investment changes the existing 

production as well as welfare structure, planners wish to know 

the impact of that decision in terms of costs and benefits on all 

the parties concerned. 

For example, if an extension of a regional water system is 

planned, the benefits resulting from,say,economies of scale may 

affect industry or agriculture and may change (generally in dif- 

fering degrees) the utilities of the rural and urban populations. 

- 

*"Skilledw is used in the broadest sense to signify manual, 
technical, and managerial skills. 



Several questions are then raised. 

-- What should be the optimum size of the project? 
-- How should total investment be distributed between indus- 

trial and agricultural users? 

-- How much of the total investment expenditures should be 
paid out of regional and how much out of the central budget? 

-- How much of the subsidies (for infrastructure, services, 
environmental protection, etc.) should accompany the re- 

gional project? 

-- How much will a party concerned with the project gain from 
choosing to abstain or support an alternative (competing) 

regional project? 

Using the terminology of cooperative game theory, one can also 

ask the following question. Will stable policies (in terms of 

pricing, taxes, subsidies, etc.) exist for the regions and water 

users? When the core of the game is empty, it is doubtful whether 

the project will be approved. It is, of course, difficult to give 

any rational answer to these questions without studying the regional 

project in a formal way. For example, if there is an economy of scale 

in water supply and the marginal water cost decreases with an 

increase in the supply, the water users may choose to cooperate 

in order to exploit the scale benefits. However, at a certain 

water supply level, the marginal cost may begin to increase, and 

each additional user must pay more unless the water price is 

increased. For the last case, existing users will act against 

admitting additional partners. 

Some decision makers feel that the lack of full understanding 

of the possible benefits by all parties concerned is one of the 

main reasons why many ambitious regional projects have been rejec- 

ted before they were ever fully evaluated. 

Decision makers wish to have a regional model that could be 

used both 

-- to evaluate each proposal or project from the point of 

view of the benefits it creates for all the parties 

concerned; and 
-- to find the extent of maneuvers (i.e., the size of the 

core of the game) in terms of regional locations, sub- 

sidies, taxes, prices, charges, etc., and the national 

and regional benefits of such maneuvers. 



When t h e  space  of maneuvers i s  n o t  empty, it i s  s t i l l  p o s s i b l e  

t o  t a k e  a c t i o n  a g a i n s t  the f a c t o r s  t h a t  are n o t  s p e c i f i e d  e x p l i c -  

i t l y  i n  t h e  model and t o  provide  t h e  p a r t n e r s  wi th  the oppor tun i ty  

t o  bargain .  

Despi te  t h e  advances achieved i n  r e c e n t  y e a r s i n  under- 

s t and ing  the f o r c e s  i n f l u e n c i n g  agglomerat ion p rocesses  and 

r e g i o n a l  growth, p rogress  i n  r e g i o n a l  modeling is r a t h e r  slow. 

A s  a r e s u l t ,  a c e r t a i n  disenchantment and c r i t i c a l  assessment  

of t h e  s t a t e - o f - t h e - a r t  i n  r e g i o n a l  (and e s p e c i a l l y  urban) 

modeling ex i s t s  (see Sayer 1 9 7 6 ) .  Many of t h e  recognized f a i l u r e s  

i n  r e g i o n a l  modeling can  be a t t r i b u t e d  t o  

1 .  s t r u c t u r a l  d e f i c i e n c i e s ,  such as t h e  absence of mechanisms 

capab le  of  d e a l i n g  wi th  economies of s c a l e  and e x t e r n a l i -  

t ies  i n  product ion  and services, and t h e i r  impact on loca-  

t i o n  d e c i s i o n s  and agglomerat ion growth; 

2 .  t h e  absence of i n t e r r e l a t i o n s  among t h e  demographic fac-  

t o r s ,  economy, and environment of  t h e  reg ion ,  as w e l l  as 

between r e g i o n a l  and n a t i o n a l  management; 

3. t h e  l a c k  of mechanisms enab l ing  d e c i s i o n  makers t o  see 

how, g iven t h e  demographic, environmental ,  e t c .  c o n s t r a i n t s ,  

t h e  ins t ruments  of r e g i o n a l  p o l i c y ,  such as t a x e s ,  sub- 

s i d i e s ,  p r i c e s ,  charges ,  s t a n d a r d s ,  and r e g u l a t i o n s ,  can 

be u s e d , t o  a t t a i n  w e l f a r e  and s t a b i l i t y  ( i . e . , p u b l i c  and 

i n s t i t u t i o n a l  agreements and suppor t  under c o n f l i c t i n g  in-  

terests) ; and 

4 .  excess ive  model complexity,  which makes t h e  comprehension 

a s  w e l l  as e s t i m a t i o n s  of  t h e  parameters  and v a l i d a t i o n  

of t h e  model 's  accuracy over  t i m e  a lmost  impossible.  

This  paper  may be regarded as an a t t empt  t o  develop a method- 

ology f o r  i n t e g r a t e d  r e g i o n a l  po l i cy -o r ien ted  modeling t h a t  should  

he lp  t h e  model b u i l d e r  t o  avoid  the shortcomings 1-4 mentioned 

above. The main i d e a  under ly ing t h i s  methodologyis  t o  r ega rd  

t h e  reg ion  as a set of producers ,  consumers, and a u t h o r i t i e s  o f  

d i f f e r e n t  l e v e l s  t h a t  s t i m u l a t e  r e g i o n a l  growth. When, i n  a g iven 

reg ion ,  they  a r r i v e  a t  a s t a b l e  system of coopera t ion ,  and more 

p a r t n e r s  can be admit ted ,  t h e  reg ion  can be cons idered  as growing. 

I f ,  on t h e  o t h e r  hand, c e n t r i f u g a l  f o r c e s  appear  (e .g . ,  as a r e s u l t  

o f  e x t e r n a l i t i e s  and t h e  e f f e c t . o f '  diseconomies of  scale),  r e g i o n a l  

growth may d e c l i n e .  

The r e g i o n a l  product ion  func t ions  a r e  assumed t o  be homogeneous 

t o  a degree ( g e n e r a l l y )  o f  g r e a t e r  u n i t y  and non l inea r  inpu t  c o s t s ,  

which r e f l e c t  t h e  impact of e x t e r n a l i t i e s ,  and which come t o  an 



equilibrium with "of scale" production. A similar assumption 

is imposed on regional utilities. 

The land, population, and natural resources (such as air and, 

water) are regarded as primary factors for the regional economy. 
The total land area is regarded as given, but it can be allocated 

among different users. The total amount of water can be altered 

by an extension of a water system at some additional cost, The 

total population is assumed to be predetermined by demographic 

factors and interregional migrations, which depend on differences 

among regional utilities. 

The consumers' utilities are assumed to depend on the access 

to employment (wages) and services (education, health, social care, 

recreation, etc.). 

The regional utility (as perceived by the regional authority) 

depends, in addition, on national subsidies, the cost of environ- 

mental damage resulting from production and consumption, and the 

cost of migrations, housing, etc. The national utility is assumed 

to depend on production output, consumption, and the international 

trade balance. 

Using an optimization technique developed in Kulikowski (1977), 

and Kulikowski (1978a) and (1978b), the optimum strategies of 

allocation of production factors and services were derived. In 

particular, the optimum allocation of labor by way of interregional 

migrations,had been derived following the method developed in 

Kulikowski (1978~) . 
These strategies also enable computation of demands for water, 

capital, etc. In the case where a new partner (industry) is trying 

to enter the regional economy or where an extension of the input 

system (e.g., water supply or wastewater treatment system) is planned, 

the marginal production costs are derived and the stability of the 

regional system is tested. 

In the case of simple (Cobb-Douglas) production and utility 

functions, all the model parameters can be estimated from statis- 

tical or engineering data. 

As shown in the paper by Kulikowski and Krus included in these 

Proceedings, the methodology proposed can be used for theconstruc- 

tion of a computerized interactive gaming model for studying alter- 

native rural-urban development policies. 



The methodology described in'this paper is presently being 

tested in the regional pilot project in Poland concerned with the 

expansion of the water system for mainly agricultural irrigation. 

This regional development project, the Notec case study, is briefly 

described in section 5 (see also Albegov and Kulikowski 1978a and 

1978b). The project is being carried out by a number of research 

institutions in Poland in cooperation with the International In- 

stitute for Applied Systems Analysis (IIASA). 

The author is grateful to IIASA staff for their interest, 

support, and criticism expressed with respect to the present study. 

2. OPTIMUM ALLOCATION OF RESOURCES IN AN OF SCALE ECONOMY WITH 

EXTERNALITIES 

The basic relation used in modeling production systems is the 

production function 

where 

xl,...,x are production factors (e.g., labor, capital, m 
water, land) ; and 

x is the production output in natural units. 

For the sake of computational convenience, it is usually as- 

sumed that f is deterministic, continuous, and differentiable and 

satisfied a number of further properties, such as 

If f is homogeneous, so for a positive A, 

conditions (3) and (4) become 

In the case where B > 1, output increases with inputs at an 

increased (of-scale) rate. 



A t y p i c a l  p r o d u c t i o n  f u n c t i o n ,  i n  which t h e  i n p u t s  and 

o u t p u t  a r e  t i m e  d e p e n d e n t ,  is t h e  g e n e r a l i z e d  Cobb-Douglas 

f u n c t i o n :  

where 

A t u t  6 ,  are g i v e n  p o s i t i v e  c o n s t a n t s ;  

m 
= B  , 6 2 1  ; and 

v=o 

u c h a r a c t e r i z e s  n e u t r a l  t e c h n o l o g i c a l  p r o g r e s s .  

To e v a l u a t e  t h e  o u t p u t  v a l u e ,  p l a n n e r s  u s e  i n t e g r a t e d ,  

d i s c o u n t e d  w i t h i n  t h e  p l a n n i n g  p e r i o d  [ O , T ] ,  p r o d u c t i o n  i n  

monetary t e r m s  : 

where 

p ( t )  i s  t h e  g i v e n  p r i c e  o f  x ( t )  ; and 

- A  e i s  t h e  g i v e n  a n n u a l  d i s c o u n t  r a t e .  

I n  formula  ( 9 )  one  assumes t h a t  t i s  a  c o n t i n u o u s  t i m e  

v a r i a b l e .  If d i s c r e t e  ( e . g . ,  changing once  a n n u a l l y )  v a r i a b l e s  

are p r e f e r r e d ,  t h e  sum c a n  b e  used  i n s t e a d  of  t h e  i n t e g r a l .  The 

macromodel ( 7 )  and ( 9 )  c a n  b e  used f o r  s t u d y i n g  a  s i n g l e - s e c t o r  

r e g i o n a l  economy. 

The performance  o f  t h e  p r o d u c t i o n  sys tem c a n n o t  b e  f u l l y  



evaluated without taking into account the discounted input (factor 

reward) costs (Yv) , i. e., 

where 

Av are given positive numbers; and 

c (x ) is a given input cost function. v v 

As in the case of the production function, a number of prop- 

erties regarding cv(xv) can be postulated. Consider, in particular, 

the labor cost (c0) as a function of employment (x0). Statis- 

tical data indicate that in urban agglomerations c0(O) = 0, 

c;(xO) > 0 and c:(x ) > 0. The increasing marginal labor cost, 
0 

when the demand for labor exceeds the local supply, can be 

explained by the increasing cost of commuting from outside the 

agglomeration (see Kulikowski 1977). 

On the other hand, the expanding circular agglomeration 

exhibits a decreasing marginal land cost (c:(xv) < 0), because of 

the decreasing land rent as one moves outside the agglomeration 

center. 

Water (and other services) costs generally exhibit more 

complex behavior. Typical water cost functions are shown in 

Figure 1. In the segment OA, increasing the use of local 

water resources increases the marginal production cost. At point 

alan extension of the existing water system is necessary (e.g., 

the construction of reservoirs or of water transfers from outside 

the region under analysis). The decreasing marginal water cost 

follows along ed up to the saturation point d,where the marginal 

cost again begins to increase along the trajectory df. 

The main goal of the producer can be formulated as follows. 

Maximize the revenue (91, subject to the factors reward costs Yv, 

satisfying the constraints 



Figure 1.  Input cost functions. 



where 

Y is the expected input cost in [0 ,TI  . 

If such a strategy for allocating inputs can be found, e.g., 

Xv(t) = 2 (t) , v = 0~1,. . . .m te[OtT1 (12) 
v 

and 

A 

that maximum Y = Y (8) , subject to equations ( 10) and ( 1 1 ) , is 
attained, it can be said that the optimum production strategy exists. 

If, in addition Y(2) > ?, it can be said that the strategy 
is profitable. 

In the case when f and cv, v = O,l, ..., m,are concave, it 
is relatively easy to find conditions under which optimum and 

profitable (in the whole range of inputs) strategies exist. 

However, the concavity assumption narrows the class of production 

processes that can be studied. If f, cv are not concave (i.e., 

when they are of the form shown in Figure I), the existence of 

optimum strategies depends greatly on the properties of the f, 

c functions. An important problem is to find conditions under v 
which such strategies exist. The main idea of this paper is to 

approximate piecewise the f, cv functions by relatively simple 

exponential functions such as (7) or 

cv(xv) = uv (t) [xv (t) ] Yv I 

where 

wv (t) , yv are given and positive. 



If Yv > 1 (yV < 1) , the marginal production cost 

increases (decreases) with xv. 

Generally, different wV, yV may exist in each segment ofthe 

inputs range (compare Figure 1) . 
In a similar way, we assume that because of changes in 

indivisibilities, technology, organization, etc., the production 

function may be described by equation (7) with different (generally) 

Bv and B coefficients at a different input range (compare Andersson 
and Marksjo 1972). 

The main problem is to find out (given a set of .technologies 
i i Q, characterized by BV , yv , v = 0.1. ..., m, ~ E Q ) ,  whether a non- 

empty domain of inputs exist within which one can organize 

optimum and profitable production processes. In addition, the 

marginal production costs for a particular plant size should be 

determined. The notion of the plant size for which the optimum 

solution exists is important also when a new plant is designed. 

It provides information about the stability of planners' strategies. 

In the case of a large domain of stable solutions, the impact of 

random factors and errors,resulting from a poor estimation of model 

parameters,is much reduced. 

It is convenient to solve the general optimization problem in 

two steps: 

max Y (x) - 
f 

where 

x is a vector ; - 

x (t) is a given function; and 
0 

Y v = 0 . m are given values. 



B. Compute Y(Q) - as a function of Y = ~ Y ~ , . . . , Y ~ }  and 

max Y - (XI 
I 

y € g 2  

where 

Y is a vector; - 
m 

n2 = {Y, : z yv 5 T, '0 , Yv - v = O,lr...rm~ ; and v=O 
Y is a given vaiue. - 

In the general case, the solution of problems (1 6 )  and .(18) 

is not easy. As shown in equation (17), when f, cv are of the 

form (7) and (14) , respectively, one can use the generalized 
  older inequality* to solve problem A. That result can be form- 

ulated in the form of the following Factors Coordination Theorem. 

Let wo (t) [xo (t) 1 be integrable in [O ,TI , and 

m a v a 
~p(t)e''~ n [ I = W = constant . 

v=o wv (t) 

* 
The ~Glder inequality states that 

- 1 p + q - l = l  , and the equality sign appears iff 

12, (t) l P  = C (xo(t) 1 9 I c is a positive constant. 



Then, the optimum strategy (for problem 16) becomes 

and this strategy is unique. 

Under such a strategy the marginal production cost p(t) 

becomes 

while 

The solution of problem B, i.e., 

Y v  max Il (o) I 

v=O v 

subject to 

is quite simple. The optimum strategy becomes 

and 



When t h e  p r i c e  p ( t )  o f  good x  i s  n o t  less t h a n  t h e  marg ina l  

p roduc t i on  c o s t  p ( t ) ,  w > 1 ,  and p roduc t i on  i s  p r o f i t a b l e .  

Condi t ion  (21)  c an  a l s o  be w r i t t e n  a s  p  ( t )  
/p (t)  

= W and can 

be i n t e r p r e t e d  a s  a  tendency f o r  t h e  p r o d u c e r ' s  p r i c e  t o  f o l l ow  

t h e  change i n  t h e  marg ina l  p roduc t i on  c o s t .  I n  d i f f e r e n t  r e g i o n s  

t h e  v a l u e  o f  W may, o f  c o u r s e ,  be d i f f e r e n t  because  o f  d i f f e r e n t  

i n p u t  c o s t s .  Assumption (20)  s tates t h a t  t h e  p roduc t  d i s c o u n t  i s  

a  weighted  ave rage  o f  i n p u t  d i s c o u n t s  ( w i t h  t h e  we igh t s  ' v / ~ , ) .  

Condi t ion  Z a i  = 1 means t h a t  i n p u t  and o u t p u t  c o s t s  a r e  exp re s sed  

i n  t h e  same monetary u n i t s  (see e q u a t i o n  ( 2 4 ) ) .  

According t o  t h e  F a c t o r s  Coo rd ina t i on  Theorem, when t h e  

pr imary r e s o u r c e  ( e . g . ,  l a b o r )  x  ( t )  is exogenously  g i v e n ,  t h e  
0 

remainder  o f  t h e  p r o d u c t i o n  i n p u t s ,  such a s  c a p i t a l ,  water 

r e s o u r c e s ,  shou ld  f o l l o w  t h e  optimum s t r a t e g y  ( s e e  e q u a t i o n  ( 2 2 ) ) .  

When Yv are a l l o c a t e d  acco rd ing  t o  e q u a t i o n  ( 2 7 ) ,  t h e  maximum 
h - 

p roduc t i on  v a l u e  becomes Y = s. S i n c e  Yo[xo] = aoY, one can  

see that, under  t h e  optimum s t r a t e g y , o u t p u t  i s  comple te ly  s p e c i f i e d  

by t h e  supp ly  o f  p r imary  r e s o u r c e s  x o ( t ) ,  i.e., 

The s t r a t e g y  (22 )  and (27)  can  a l s o  be  w r i t t e n  i n  t e rms  of 

marg ina l  p r o d u c t i o n  c o s t s  ( 1 5 )  a s  f o l l ows :  

where 



The Factors Coordination Theorem can be extended to the 

production functions of the C.E.S. type (see equation (28)). 

Instead of the Holder inequality one has, however, to use the 

Minkovski inequality (r is a number 0 L r - < 1): 

which becomes an equality if 

where 

c are positive constants. 
j 

It is possible to extend the results obtained to the n-sector 

regional economy, each described by the functions (7) and (15) 

with generally, different BVi, yvi, u vif i = l,...,n, parameters. 

We shall assume that the sectors are independent in the sense 

that their products are not used as inputs by other sectors. 

However, they may use the same (exogenous) inputs, which change 

(when y f 1) the corresponding marginal production cost. This 
V 

effect is usually referred to as an externality. For example, if 

a new factory is located in the region (with the employment Lon), 

in addition to already existing n-1 factories with employment 

Loif i = 1, ..., n-1, the demand for employment will increase. 
Thus, higher wages must be offered to compensate for the workers' 

foregone leisure time or the increased travel costs, which result 

from commuting. 

AS a result, the labor marginal cost io depends on the 
aggregate employment CL i.e., 

i 



The unknown parameters w v t  Yv can be estimated from statis- 

tical data. For that purpose one may compute the logarithm of 

( 14) and use linear regression. 
- yo-1 

Assuming y = w L oi o oi , i = 1 ,  ..., n, tobe known, using 
equation (30) one can find the intensities of the other required 

(for maximum gain) production factors: 

Relation (35) may also be regarded as the demand function for 

the vth input by the ith factory. 

The ex ante marginal factor costs, in the case of many users, 

can be determined from the equilibrium condition between the 

demand and supply functions. 

In order to derive the equilibrium price, it is necessary 

to construct the aggregate demand function: 

n 
x d =  z a v i  Y vi v Yoi (t) 1 V =  1 ,...,n . (36) 

i=l a: o (t) oi vi 

On the supply side, one should introduce the costs of 

resource development c (x ) .  It is assumed that these functions v v 
are given (e.g., in graphic form as shown in Figure 1) and can be 

approximated in the range of interest (e.g., arb in Figure 1) by 

the function 

where 

c, A, y are given constants. 



The corresponding marginal production cost on the supply 

side becomes 

and the supply function can be written as follows 

The equilibrium requires that a common price Zv exist - 
(Wvi = W d 

v i = 1, ..., n) such that xv = x This price can be v -  
easily computed from formulae (36) and (39) . For example, if 

A = 0, 

Then, plugging ; in the place of zvi in formula (36). v 
the resources used by each regional sector i = l,...,n can be 

derived. 
- 

It should be observed that when y > 1 (y < I), wv increases 

(decreases) if a new sector, with given yviyoi(t) joins the 

regional economy. That sector will contribute to the existing 

economy when y < 1, decreasing ; and increasing all partners' v 
profits. When the extension of the supply system is characterized 

by the cost function (ef) shown in Figure 1, a new sector may 

by attracted to the region (a,b) with decreasing marginal costs. 

Such a situation occurs in the case of the extension of a water 

system, when the construction of a channel transporting water from 

other regions yields decreasing marginal costs. In Guariso et al. 

(1978), an example of water transfer along the Mexican coast from 

south to north is studied. The marginal cost in dollars per 

m3 was assuned equal (bv -0 .4  3 , where v represents m , b is the 
coefficient computed for each channel). It is important to notice 

that the decrease-in water price at the receiving end of the 



channel is accompanied by a change (in the case, an 

increase) of water price in the supplying region. This indi- 
cates that the extension of a water system by interregional 

water transfers must be studied in a complex model including 

the cost and benefits for all regions concerned. 

It should also be mentioned that in the case of a closed 

system of regional models (which constitutes a model of the 

national economy), the price p(t) can be endogenized. For example, 

if the production functions for N regional economies are written 

in the form of equation (28), i-e., 

then 

where 7 can be regarded as gross national product. Then 

The national price (p-l) is a weighted average (with - N - Yi - -1 
the weights wi - - 

P , C wi = 1) of (pi) , where 
i= 1 

where 

xoi is regional employment; and 

w are regional wages. 
0 



Obviously ,  when p  i s  se t  a c c o r d i n g  t o  e q u a t i o n  ( 4 2 ) ,  a  p a r t  

o f  t h e  r e g i o n a l  economy (hav ing  pi > p )  becomes u n p r o f i t a b l e .  I n  

o r d e r  t o  p r o t e c t  l o w - p r o f i t  r e g i o n a l  economies ,  a n  i n c r e a s e  o f  p  

( o v e r  t h e  v a l u e  ( 4 3 ) )  i s  needed.  I n  t h e  c a s e  o f  a n  open sys tem,  

a  more c o m p l i c a t e d  sys tem o f  p r o t e c t i o n  can  b e  i n t r o d u c e d .  However, 

t h i s  problem i s  o u t s i d e  t h e  g e n e r a l  scope  o f  t h e  p a p e r .  I n  o r d e r  

t o  s t u d y  t h e  impact  o f  s e c t o r a l  p r i c e  d i s t o r t i o n s  on t h e  n a t i o n a l  

economy, a n  i n p u t - o u t p u t  s e c t o r a l  and r e g i o n a l  model i s  needed.  

Such a model ( M R I ) ,  which h a s  been c o n s t r u c t e d  f o r  t h e  P o l i s h  

economy, is  d e s c r i b e d  i n  Bruckmann ( 1 9 7 8 ) .  M R I  c a n  b e  u s e d ,  
i n  p a r t i c u l a r ,  f o r  s t u d y i n g  t h e  impact  o f  changes  i n  t h e  i n t e r -  

n a t i o n a l  terms o f  t r a d e  o n  s e c t o r a l  p r i c e s ,  which i n  t u r n  

a f f e c t  r e g i o n a l  p r o d u c t i o n  costs. By s t u d y i n g  t h e  change o f  

t e c h n o l o g i c a l  c o e f f i c i e n t s  r e s u l t i n g  from t h e  d i f f e r e n t  l o c a t i o n s  

o f  p r o d u c t i o n  u n i t s  and t r a n s p o r t  c o s t s ,  it i s  p o s s i b l e  t o  i n v e s t i -  

g a t e  t h e  impact  o f  l o c a t i o n s  on r e g i o n a l  p r i c e s  ( i . e . ,  i n  t h e  

p r e s e n t  n o t a t i o n ,  t h e  change o f  A c o e f f i c i e n t s  i n  e q u a t i o n  (21)  

and c o r r e s p o n d i n g  changes  o f  W i n  e q u a t i o n  (28)  ( f o r  d e t a i l s  see 

Kulikowski  and K o r c e l l i  1 9 7 6 ) .  By l i n k i n g  M R I  w i t h  t h e  r e g i o n a l  

model,  it w i l l  be  p o s s i b l e  t o  i n v e s t i g a t e  t h e  impact  o f  n a t i o n a l  

o r  i n t e r n a t i o n a l  economies on  r e g i o n a l  growth.  

3. REGIONAL UTILITIES, ENVIRONMENT, AND MIGRATION 

When s p e a k i n g  a b o u t  r e g i o n a l  u t i l i t i e s ,  p l a n n e r s  a r e  fond 

o f  u s i n g  b road  c o n c e p t s  s u c h  a s  p e r  c a p i t a  consumption o u t  o f  

p e r s o n a l  income a n d p e r  c a p i t a  a g g r e g a t e  consumption ( i . e . ,  edu- 

c a t i o n ,  hous ing ,  h e a l t h  care, env i ronmenta l  f a c t o r s ,  e t c . ) .    hey 

b e l i e v e  t h a t  i f  t h e  r e g i o n a l  b u d g e t s  f o r  s e r v i c e s  and wages a r e  

p lanned  i n  t h e  p r o p e r  way, maximum p u b l i c  s a t i s f a c t i o n  w i l l  f o l l o w .  

However, because  o f  t h e  d i f f e r e n c e s  i n  s e r v i c e  c o s t s ,  s c a l e  e f f e c t s ,  

and e x t e r n a l i t i e s  i n  consumpt ion,  t h e  l e v e l  o f  r e g i o n a l  s a t i s f a c -  

t i o n  may n o t  b e  p r o p o r t i o n a l  t o  t h e  e x p e n d i t u r e s ;  i n  a  s imilar  

way as w i t h  a  g i v e n  i n p u t  c o s t ,  one  c a n  produce  less o r  more 

depending on t h e  m a r g i n a l  p r o d u c t i o n  c o s t  (see Kulikowski  1 9 7 4 ) .  

I n  o t h e r  words,  t h e  r e g i o n a l  u t i l i t y  depends  on t h e  m a r g i n a l  

p r i c e s  of  g i v e n  inpu t s ,  s u c h  as employment and s e r v i c e s ,  which 

d e t e r m i n e  t h e  " m a r g i n a l  c o s t  o f  u t i l i t y " ,  g e n e r a t e d  i n  t h e  r e g i o n .  



The present remarks indicate that the optimum consumption 

strategies can be derived using a mathematical technique similar 

to that used in section 2. However, it is convenient to use 

instead of equation (14), the per capita input cost, i.e., 

where 

P is the population; 

- Xv 
=v - 7 is the per capita amount of service 

of vth category provided; 

Pv = K P is the number of people entitled to, v 
or demanding, the service; and 

K (0 5 K~ < 1 )  are given numbers. 
V - 

Denoting the cost of providing the vth service per capita, 

within the planning period [OtT] by Zv, one can write (instead 

of equation ( 1  0) ) 

X 
When the primary factor is labor, zo = O'P although the 

0' 

services (v = 1 ,  ..., M) do not generally coincide with the 
production factors introduced in section 2. However, the same 

symbols (yVt B v t  avt A v t  A) are preserved for convenience in 
notation. 



The d i scounted  u t i l i t y  ( i n  monetary te rms) ,  which i s  

genera ted  pe r  consumer i n  t h e  reg ion  under a n a l y s i s  v ( 2 ) ,  can 

be w r i t t e n  i n  a  form s i m i l a r  t o  equa t ion  ( 7 )  and ( 9 )  , i .e. ,  

where 

and 

M n v ( t ) - a ~  
n ( t ) ~  n [ a 1 = v = c o n s t a n t  . 

v=O v 

The n ( t )  i s  a  given f u n c t i o n ,  which w i l l  be c a l l e d  t h e  

average ( n a t i o n a l )  u t i l i t y  p r i c e .  

Then, according t o  t h e  Fac tor  Coordinat ion Theorem f o r  t h e  

given no ( t )  [ z O ]  EL[O ,TI  , t h e r e  e x i s t s  t h e  unique s t r a t e g y  

under which U ( Z  - ) a t t a i n s  t h e  maximum va lue  ( Z  - ) . Maximizing ( z ) ,  - 
s u b j e c t  t o  t h e  c o n s t r a i n t s  

where 

Z i s  t h e  aggreqa te  p e r  c a p i t a  consumption va lue ,  

one o b t a i n s  



Then, u s i n g  e q u a t i o n s  (24)  and ( 2 8 ) ,  

where t h e  m a r g i n a l  c o s t  of  u t i l i t y  

I n  t h e  c a s e  of  a  n a t i o n a l  sys tem c o n s i s t i n g  o f  M r eg ions ,  

each  d e s c r i b e d  by e q u a t i o n s  (45,47,48,51,53-551,  t h e  n a t i o n a l  - 
u t i l i t y  p r i c e  ll i s  a  weighted  ave rage  o f  r e g i o n a l  ii c o s t s ,  i 
i = 1 , .  . . ,M (compare e q u a t i o n  (43)  ) . I n  formula  (501, t h e  term " ( t)  [zo ( t )  ] i s  exogenous. I t  may r e p r e s e n t  t h e  p e r  c a p i t a  

pe r sona l  income ( Y  ( t ) / P  acco rd ing  t o  t h e  n o t a t i o n  of  s e c t i o n  2 ) .  
0 

h .., 
I f t i n s t e a d  o f  B y ,  Zv ,a  d i f f e r e n t  s t r a t e g y ,  s a y  i v '  z V t  

v = O,1, ..., M , ' i s  u sed ,  t h e  number V i n  e q u a t i o n  (54)  shou ld  be 

r e p l a c e d  by 

where 

- 
Obviously,V - < V and t h e  e q u a l i t y  s i g n  h o l d s  i f f  iv = 2 v t  - 

a = a v = 0 , 1 ,  ..., M .  Then, i f  t h e  r e g i o n  c o n s i s t s  o f  consumers 
V v t  

w i t h  d i f f e r e n t  t a s t e s  o r  i f  employment i s  n o t  c o o r d i n a t e d  w i t h  

a c c e s s  t o  s e r v i c e s ,  t h e n  Bv # a,,, and a  d e c r e a s e  i n  r e g i o n a l  

u t i l i t y  f o l l o w s .  

The r e l a t i o n s  (51)  can  be used t o  e v a l u a t e  r e g i o n a l  demands 

f o r  s e r v i c e s ,  e x p r e s s e d  i n  t e r m s  o f  ave r age  p e r  c a p i t a  income 

([ao [ zo  ( t )  1 and p r i c e s  ([av)  . They c a n  be  a l s o  used ( i n  a  way 



similar to that described in section 2) to find the benefits 

resulting from economies of scale (e.g., when services are used 

by municipal and industrial users). In order to derive the result- 

ing marginal price, the demands of the users should be determined. 

d d A The municipal demand xvm becomes x = z 
vm v PvI where 

gv can be expressed in terms of marginal cost = y R z 'v-1 v v v  - 
= w K i.e. (see equation (30) ) , v v t  

Then, 

d - Assuming industrial demand to be xV(uV) (given by equation 

(36)), the resulting price 3, can be determined such that 
d s - s - 

Xd + Xvm = Xv(uv), xV(uv) is a given supply function of the vth v 
servlce (compare equatlon (39) ) . 

It should be noted that municipal demand and access to 

services (59) depends, in addition to per capita income, on the 
population P I  access K and the marginal production cost v 

which,in turn,depends on the amount of services x . v 

When economies of scale exist in services, i.e., yv < 1, 

cv (xV) decreases when xv = PVzV increases and vice versa. 

Generally, the existing access strategies vary among regions, 

due to differences in socioeconomic development. In Poland, for 

example, the access to water services depends greatly on the rate 

of urbanization. Old houses in small towns and in rural areas 

still use wells as the main source of potable water. In modern 

suburban areas, on the other hand, it is used for watering gardens, 



washing cars, etc. According to statistical data (Rocznik 

Stalystyczny 1977), the percentage of the urban pc;-ulation that 

has access to the public water system in Poland has increased from 

69.5 percent in 1960, to 84 percent in 1976. In 1976the amount of 

water used per urban consumer varied from 14.7m3 (Bialskopodlaskie 
3 voivodship) to 73.3 m3 (Warsaw) ; the national average was 54.3 m . 

The statistical evidence supports the relation (59) in which 

municipal water demand depends on personal income and access 

parameters (i.e., the rate of urbanization). 

In the literature regarding public prices for services 

(see Mushkin 1972), examples are cited indicating that large 

benefits to the regional economy follow from scale effects or 

"internalization of externalities". However, there are no 

sufficiently simple techniques available to evaluate the benefits 

to all parties concerned. In order to use the present approach 

efficiently, estimates of utility parameters are needed. As - 
shown in Kulikowski(1978~)~ the estimates yv, Rv of yv. Rv 

parameters for a given year can be derived by cross-sectional 

linear regression applied to the relations (obtained from 

equation (45) ) . 

where 

Zvi is the per capita cost of the vth 

service in the ith region; 

z is per capita amount of vth service vi 
in the ith region; 

N is number of regions; and 

ci are random variables. 

In order to find estimates of BY, v = 0,l r-.*IMI coeffi- v 
cients, it is helpful to assume that decision makers maximize the 

utility. Indeed, using past data regarding the allocation of 

regional budgets over time (i.e., 
zvT ' V = 0,1, ...,Mr 

T = -1,-2,..., )# one can compute the numbers 



Then, using linear regression, one can find estimates av of av 
for each v = 1, ..., M. 

The unknown numbers 6, can be derived by the relations - - - 
Bv = Y I v = l,...rM. 

V v 
It should be observed that the problem of estimating regional 

utilities is not easy. A direct approach, which uses the rela- 

tions 

and evaluates the consumers change of utility AU/U (resulting 

from the change of AZv cannot be applied here because of the 
-) 
zv 

absence of corresponding data. Therefore, m indirect approach 

that reconstructs the utility'from past (utility maximization) 

strategies is used. Obviously, that approach gives the regional 

utilities as perceived by.the decision maker rather than by the 

population. 

The planner's standard approach is to use ex post estimates - - 
of model parameters (i.e., yv, BV) in an ex ante sense. That 

approach is justified for a short planning horizon. In the long 

run, a special model dealing with the change in the socioeconomic 

system of values and preferences should be used. 

The main advantage of the approach described here is that 

consumer welfare and demands, described by equation ( 5 9 ) ,  depend 

on the single exogenous factor 

i.e., the ratio of employment to the population of productive age 

K P (which is mainly predetermined by demographic factors). 
0 



In Poland, z0 depends to a large extent on the employment 

of women,and in rural areas, where the employment of women is 

higher than in urban agglomerations, zo is usually greater 

(Zawadzki 1973). An increase of z necessitates a rise in wages 
0 

and an increase in services (e.g., kindergartens). It may 

influence the upbringing of children and decrease labor produc- 

tivity. Finally, it decreases the per capita leisure time, which 

was not included explicitly in the utility (48). The present 

social policy in Poland is strongly motivated by a desire to 

shorten working time (especially for the rural population). 

For these reasons z0 can also be regarded as a decision variable. 

The present methodology can be applied for studying the impact 

of urbanization (i.e., the increasing waste generated by regional 

industry and consumers) on the environment. Assume for that 

purpose that the waste discharge is a known function of the out- 

put production or access to services. For example, the volume 

of water polluted by an industry is proportional to the production 

output, whereas recreational pollution depends on the amount of 

people having access to water resources. 

In order to estimate the total discharge Q to the regional 

environment, one should take a linear form of different production 

(xi, i = 1, ..., n) and consumption (z P ) activities, i.e., v v 

where 

6 6i are given discharge intensity coef- 
v f 

f icients. 

The 6v, 6. coefficients can be estimated from statistical 
1 

or technical data. For example, the regional statistical data 

existing in Poland (Rocznik Statystyczny Wojewodztw 1978) include 

the volume of industrial (xi) and municipal (PzvrV) water intakes 

as well as the polluted water discharges Q Q ;  the data allow 



the SvI 6i coefficients to be estimated ex post. When Q must be 

derived in the ex ante sense, all the information regarding water- 

use intensities by new industries located in the region should be 

utilized. 

Now one can compute the value of waste discharge Q as a 

function of population P. 

The output xi = Yi/pi (compare equation (29) for T = 1) 

can be written as 

while 2v, according to equation (51), becomes 

When zo, K are given and y = 1, v = 0,1, ..., M I  Q is a 
V v 

linear function of population P. When 

Q(P) is convex. 

It is usually assumed that the environmental damage function 

E(Q) (which represents in monetary units all possible damage to 

society, i.e.,health, vegetation, goods, etc.) is convex in Q 

(Kneese 1971). Then, under assumption (69),this function, say, 

E(Q) = E(P), is convex in P. 

In order to reduce the damage E(Q), a waste treatment system 

can be used. According to technical data, the treatment cost 

function T(Q,q), where Q is the input to the treatment plant and 

q is the residual discharge of waste to the environment, exhibits 

the following properties (Ferrar 1973 and Rinaldi et al. 1977): 



T(Q,q) is convex with respect to Q and q (taken separately) ; 

T(Q,aq) is concave with respect to Q. . 
It is assumed that in the region studied a given scheme of 

regulations for environment production is being used, such as a 

fixed percentage (a) of waste removal. 

In this case the marginal treatment cost decreases with Q,and 

the scale benefits may follow from externalizing the environmental 

damage (i.e., constructing collective waste treatment systems) . 
Since the location of new industrial plants depends to a large 

extent on expected production costs, including waste treatment 

costs, the regions may benefit considerably from collective action 

in constructing and controlling the pollution protection system. 

It should also be noted that, in general, regional pollution 

processes are interrelated. For example, consider a system of 

regions located along the same river, a discharge of waste at the 

upstream region Ri affects the downstream region R . In other 
j 

words, the environmental damage function for R j > i, becomes 
j '  

dependent on where ak, a 
j 

k = i -  1, ...,j, are positive coefficients. 

This means that generally the regional environment func- 

tion R depends on the upstream urbanization patterns and popu- 
j - 

lation ( e . ,  E .  (bi,Pi, ..., b.P.), where bi are given coefficients). 
3 3 3  

It should be noted that special models dealing with water pollu- 

tion control problems have been proposed recently (compare 

Kindler and Ijjas 1978). In these models, it is usually assumed 

that alternative scenarios of future waste loads are given by the 

regional authorities concerned with economic planning in the 

area. Obviously, the methodology proposed in this paper enables 

endogenization of future waste loads; in other words, linkage 

of the type of models described in ~indler and 1jjas (1978) with 

the present model is possible. 



Existing environmental protection systems usually restrict 

the discharge limits (e.g., by decreasing the admissable percentage 

of waste a )  for the upstream dischargers. At the same time, the 

discharge and marginal production costs increase,when the industry, 

or growing agglomeration, is located in an upstream region. 

One of the main problems connected with regional planning, 

is to achieve an allocation of population Pi, i = 1 ,  ..., N, 
among the regions Ri, i = 1,. . . ,N, such that an efficient national 
economic system is obtained,subject to constraints and costs 

imposed by the environment and demographic factors. This goal 

can be realized by encouraging interregional migration sipi 

(where si is the migration rate) at the expense of environmental 

costs and migrants accommodation costs E. (-) + C. (s.). 
1 1 1  

By extending the approach taken in Kulikowski ( 1 9 7 8 ~ ) ~  a 

corresponding model for finding the optimum migration strategy 

can be formulated as follows. 

Assume that the projected (zero migration) population 

Pi(0) = Pit i = 1, ..., N, is given. As a result of migrations 

(silt the population in the first year of the planning period 

attains the values Pi(l+si), i = 1, ... ,N. The migration optim- 

ization problem can then be formulated in the following way. 

Find the strategy - s = - B = {Bit...,SN}, such that the 

function 

attains the maximum subject to the constraint SER, - 



where 

i = 1, ..., N ; and 

S is the maximum acceptable internationalmigration. 

Since it is hard to identify the analytical form of E.(*) in 
1 

simpler models, it can be assumed that under the existing environ- 

mental regulations, which fix the waste removal percentages (ai) 

in each region, environmental damage can be neglected. The 

environmental costs are then reduced to Ei(Qi) = Ti[Qi, aiQi] 

and E. (s) are known convex functions. 
1 

The problem then becomes one of evaluating Ci(si) functions. 

In Kulikowski (1978c), an econometric model was used for this 

purpose. Since it is believed that the correlation between the 

ratio Ui/U (Ui = regional, U = national utilities) and the rela- 

tive increase of population Pi(l+si)/Pi = 1 + si exists, the 
model was assumed in the form 

Ui a 
si = d - 1 , a, d = are constants . (72) 

In the notation (see equation ( 5 4 ) ) ,  Ui - - vizi, u = z, 

where 

Zi is per capita aggregate consumption 

(from personal income and services) 

in monetary units in region R 
i' 

Z is average (national) per capita 

aggregate consumption; and 

- is the utility level at Ri. 'i - 

The unknown coefficients a, d may be estimated using statis- 

tical data. For that purpose, it is convenient to write formula 

(72) in the form 



- 1 'iZi) 
log (si+l) = log d + a log (7 I 

and use linear regression. 

The estimates of d and a as well as Vi for different 

voivodships were derived in Kulikowski(197Sc). The estimates 

varied around a 50, d 1.0003. 

The annual cost of accommodation of one,migrant in region 

Ri (coming from the national system characterized by Z) 

Then , 

Ci(si) = Ac.s.P 
1 1 i  ' for s . >  0 . 

1 

Since equation (73) can be written in the form 

one gets 

In the case of negative migration (s < O), savings to the i 
regional budget, and consequently a decrease of Ci(si), are pos- 

sible.* Since the cost function for s > 0 grows much faster than 
i 

* 
It is, however, argued that Ci(si) may decrease more slowly 

than the linear function (77) (e.g., becauseof the cost of c'apital, 
which is necessary to substitute for the outflowof labor and the 
fixed expenses for existing services). For this reason, in 
Kulikowski (1978~)~ Ci(si) was assumed to be zero for si < 0. 



I c ~ ( - s ~ ) ~ ,  the savings do not generally compensate for the cost 

of accommodating migrants. 

Since F(s) - is a concave function for yo 5 1 ,  it attains 

at the point ii - a unique maximum in the convex set Q. It is 

possible to show that the maximum is also attained for yo > 1 ,  

although F(s) - is not concave for small g .  It can be observed 

that the cost Ci(si) is minimum in the region R 
j 

which has the 
- 

largest utility level V (i.e., V = 
max V 

j j  EN 
i). If R ,  has at the 

3 
same time the lowest environmental costs E.(s), it receives the 

I - 
largest share of migrants (i.e., Oj - - max 5 

i EN i) . It can also be 

shown that 5. decreases when the urbanization of R increases 
J j 

(e.g., if yo is growing). In other words, the optimum solution 

allocates the population in such a way that the maximum econ- - 
omit efficiency characterized by Yi(si) is attained minus the 

urbanization costs Ei (s) + Ci (si) . 
When the urbanization costs increase, while Yi(s.) is con- 

1 

stant, a decrease in migration should follow. It should also 

be observed that the policy aimed at increasing the job access 

index zoi, which is a substitute for migration, may decrease Si. 

However, as already mentioned, this policy creates additional 

(kindergarten, etc.) costs, say E which should be added to the i 
right side of (70). A possible decrease in Si is then reduced by 

the increased cost of Ei. 

In order to derive the optimum values of gi, i = 1, ..., N, 
in the general case a numerical (gradient) technique can be used. 

It should be observed that when the optimum values 

Oil i = 1, ..., N, are known, using equation (74), one can derive 
the necessary expenses in per capita regional consumption. 

The regional differences in consumption are necessary to 

keep the migration level at an optimum level and thus secure 

maximum economic efficiency. Therefore, in the model, the equity 

versus efficiency problem is resolved by a compromise between 

the economic gain and the urbanization costs (i.e., environmental 

costs and population transfer costs.). 



When the sit i = 1, ..., N, values are known, the regional 
population Pi = P.(l+gi) can easily be computed for the next 

1 

optimization step. The labor supplies at each region, as well 

as the demands for the corresponding production factors and 

services, can be also computed from equations (22) and (51 ) . 
By repeating the calculations step by step, all the data important 

for planning can be explicitly derived (for details, see 

Kulikowski1978c). 

Obviously, operation of the model dependst0 a large extent 

on the demographic regional projection model used, which is not 

discussed here. A model dealing with spatial population and 

migration analysis, such as the model described in Willekens 

and Rogers (1978), can be used for this purpose. The migration 

rates, which are exogenous in this model, can be endogenized by 

using the regional development model described in this paper. 

The regional development model can also be used for a 

situation in which several sectors are located in the same region. 

In this case, the intersectoral migration cost is mostly associ- 

ated with vocational reeducation or retraining. 

REGIONAL POLICIES AND STABILITY 

In sections 2 and 3 a simple model of the spatial allocation 

of economic activities was studied. It was based on the assump- 

tion that the central decision maker is able to locate all the 

activities according to a single criterion. 

In practice, however, the planning and decision-making 

process is multiobjective, reflecting the interests of many 

regional agents or partners (i.e., producers, consumers, and 

representatives of local and higher-level authorities). In 

Poland, for example, two versions of the national development 

plan are usually constructed (Zawadzki 1973). The first--the 

vertical plan--reflects macroeconomic aspects of national devel- 

opment. The second--the spatial or horizontal plan--relects 

regional development aspects. Several government commissions 

or committees evaluate each plan before the final decision is 

taken. The greater the number of committee members that support 

the project, the greater are the chances that it will be approved. 



The approach can be illustrated by a simple example. Take 

a committee concerned with the evaluation of the annual regional 

budget, including subsidies Si, i = 1, ... ,N, paid out of the 
central budget to the N regional budgets. The committee con- 

sists of N + 1 members, representing N regions (R i = l,...,N) i ' 
and the central authority Ro. Assume that the regional benefits 

Bi consist, besides Sit of aoiYi representing regional wages, 

which are paid by the industries located in the region, minus the 

cost of urbanization, i.e., the population transfer cost C and i 
environmental damage Ei (compare section 3): 

It is also assumed that the policy of Ro is principally 

motivated by the balance of payments (F) and productive invest- 
N 

ments ( aliYi) 
i= 1 

Providing that Ro chooses a policy that includes regional 
subsidies Si(si) and appropriate taxation levels Ti, i = l,...,N, 

then the goal function of Ro becomes 

The national utility is assumed to be 

If taxes Ti are chosen in such a way that Bo(s) = 0, one gets 



and t h e  n a t i o n a l  g o a l  f u n c t i o n  i s  reduced  t o  maximiza t ion  o f  

t o t a l  consumption minus t h e  c o s t s  o f  e n v i r o n m e n t a l  damage and 

p o p u l a t i o n  t r a n s f e r .  

When S i ( s i )  i s  r e g a r d e d  a s  t h e  a g g r e g a t e  r e g i o n a l  budge t ,  

c o n s i s t i n g  o f  a g g r e g a t e  consumption and i n v e s t m e n t  f u n d s ,  one  

s h o u l d  set a l i  = 0,  i = 1  ,..., N ,  i n  (79)  and ( 8 0 ) .  I n  t h a t  c a s e ,  

t h e  problem o f  maximizing B ( s ) ,  - s u b j e c t  t o  t h e  c o n s t r a i n t s  imposed 

on s i ( s i c Q )  and 

i s  e q u i v a l e n t  t o  e q u a t i o n s  ( 7 0 )  and (71)  . However, t h e  c o r r e s -  

ponding s o l u t i o n  ( 3 )  - may b e  r e g a r d e d  as t o o  d e t a c h e d  from t h e  

p a r t n e r ' s  p o l i c i e s .  The r e a s o n  i s  t h a t  t h e  s u b s i d y  Si c o n s t i -  

t u t e s  o n l y  a  p a r t  o f  t h e  r e g i o n a l  budge t ,  w h i l e  t h e  rest  i s  

covered  by t h e  income from s e r v i c e s ,  t a x e s ,  c h a r g e s ,  e tc .  ( e . g . ,  

i n  Poland i n  1975 it c o n s t i t u t e d  o n  a v e r a g e  48 p e r c e n t ,  w i t h  

18 p e r c e n t  r e p r e s e n t i n g  t h e  g i v e n  s h a r e  o f  r e g i o n s  i n  t h e  c e n t r a l  

budget ) . .  On t h e  o t h e r  hand,  t h e  r e g i o n a l  a g g r e g a t e  consumption 

which is  p r e d e t e r m i n e d  by optimum m i g r a t i o n  Bi ,  r e p r e s e n t s  a  

p a r t  o f  t h e  r e g i o n a l  budge t .  The r e g i o n a l  f i s c a l  p o l i c y  is  

t h e r e f o r e  m o t i v a t e d  by more o b j e c t i v e s  t h a n  i n  t h e  s i m p l i f i e d  

model ( 7 8 ) .  The same is  t r u e  w i t h  r e s p e c t  t o  t h e  c e n t r a l  

a u t h o r i t y  ( i . e . ,  Bo i n  e q u a t i o n  ( 8 0 ) ) .  Moreover,  a  number o f  

random f a c t o r s  n o t  s p e c i f i e d  e x p l i c i t l y  i n  t h e  model, such  a s  

changes  o f  p r i c e s ,  may i n f l u e n c e  t h e  outcome o f  t h e  game. For  

t h e s e  r e a s o n s  t h e  p a r t n e r s  o f  t h e  game may wish  t o  b a r g a i n  i n  

o r d e r  t o  r e a l i z e  t h e i r  g o a l s  and p o l i c i e s .  

For  example, t h e y  may a g r e e  t o  d e p a r t  from S i ( B i ) ,  g i v i n g  

more o r  less s u p p o r t  t o  t h e  g i v e n  i t h  r e g i o n ,  o n  t h e  u n d e r s t a n d i n g  

t h a t  nobody 's  i n t e r e s t s  a r e  h u r t  t o o  much. I n  o t h e r  words,  t h e  



committee may choose  t o  p l a y  a  N+l p e r s o n  game i n  o r d e r  t o  f i n d  

( w i t h  g i v e n  t a x e s  T , ,  i = 1 ,  ..., N )  t h e  b e s t  and most a c c e p t a b l e  
A 

r e g i o n a l  s u b s i d i e s  scheme , i = 1 , .  . . , N .  

I n  g e n e r a l ,  t h e  game may b e  p layed  w i t h  a l l  t h e  s u b r e g i o n s  

c o n s t i t u t i n g  a  r e g i o n  o r  t h e  whole c o u n t r y .  Another  p o s s i b l e  

game c o n s i s t s  i n  f i x i n g  Si t  i = 1 ,  ..., N ,  and f i n d i n g  t h e  t a x a t i o n  
h 

scheme Ti = Ti, i = 1 ,  ..., N .  The number o f  p a r t n e r s  may change 

when t h e  s u b s i d y  i s  r e l a t e d  t o  a  s p e c i f i c  p r o j e c t  ( e .g . ,  t h e  

expans ion  o f  t h e  r e g i o n a l  w a t e r  s u p p l y  sys tem)  and it h a s  n o t  

been d e c i d e d  how many r e g i o n s  o r  i n d u s t r i e s  s h o u l d  p a r t i c i p a t e .  

I n  t h e  l a s t  c a s e ,  it i s  i m p o r t a n t  t o  d e t e r m i n e  how t h e  r e g i o n a l  

and n a t i o n a l  g o a l s  c a n  b e  c o o r d i n a t e d , i n  o r d e r  t o  have a  s t a b l e  

socioeconomic sys tem.  The s t a b i l i t y  of  t h e  sys tem depends ,  i n  

p a r t i c u l a r ,  on t h e  scale b e n e f i t s ,  which t h e  p r o j e c t  may create 

by t h e  j o i n t  a c t i o n s ,  and on t h e  impac t  o f  e x t e r n a l i t i e s ,  which 

produce  c e n t r i f u g a l  f o r c e s .  

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e x i s t e n c e  o f  s t a b l e  p o l i c i e s ,  

it i s  h e l p f u l  t o  i n t r o d u c e  some s i m p l e  c o n c e p t s  from game t h e o r y .  

I n  p a r t i c u l a r ,  one  s h o u l d  d e f i n e  t h e  c h a r a c t e r i s t i c  f u n c t i o n  $ ( n )  

of  t h e  game. 

The numeral  n  b e l o n g s  t o  t h e  set  g, which i s  a un ion  o f  - 
t h e  set o f  r e g i o n s  R = { I ,  ..., N} and Rot  i . e . ,  n&R = RUR,. The 

v a l u e s  o f  @ g i v e  t h e  t o t a l  p o t e n t i a l  p r o f i t  a v a i l a b l e  ( B ( g ) )  - t o  

any s u b s e t  o f  n  o f  t h e  p a r t i e s :  

The assumpt ion  of  z e r o  n e t  p r o f i t  f o r  a l l  s u b s e t s  o f  r e g i o n s  

Ri ( ~ E R )  w i t h o u t  Rot  r e p r e s e n t s  t h e  f a c t  t h a t  r e g i o n s  a r e  n o t  

o b l i g e d  t o  p a r t i c i p a t e  i n  t h e  sys tem,  b u t  a t  t h e  same t i m e  t h e y  

c a n n o t  p l a y  t h e  game w i t h o u t  Rot  or  e n t e r  t h e  sys tem w i t h o u t  

making a n  agreement  w i t h  Ro. 



An impor t an t  p r o p e r t y  of  @ ( n )  i s  t h a t  of  convex i ty ;  

@ ( n )  i s  convex i f  

f o r  a l l  n C  m C  6 and a l l  i s f i - m .  

A s imple  r e g i o n a l  p o l i c y  i s  s p e c i f i e d  by t h e  fo l l owing  r u l e s :  

f i n d  Sit i = 1 ,  ..., N ,  and compute @ ( N ) ;  de te rmine  S i ( - ) ,  ~ E R ,  such 

t h a t  

and 

Condi t ion  (86)  i n d i c a t e s  t h a t  t h e  r e g i o n s  maximizing t h e i r  

own g o a l s  (B i )  a l s o  maximize t h e  n a t i o n a l  g o a l  ( @ ( N )  = B )  . Thi s  

p rope r ty  is  c a l l e d  e f f i c i e n c y .  

Condi t ion  (87)  means t h a t  r e g i o n s  d i v i d e  e q u a l l y  p a r t  of  t h e  

t o t a l  b e n e f i t .  When a = 0  t h e r e  i s  no p r o f i t  f o r  R o ;  when 

a  = 1 , t h e r e  i s  no p r o f i t  f o r  t h e  r e g i o n s .  

The r e g i o n a l  p o l i c y  (86)  and (87)  i s  r a t h e r  unaccep t ab l e  

f o r  s m a l l  r e g i o n s ,  which may f e e l  t h a t  t h e  l a r g e r  r e g i o n s  a r e  

g iven  t o o  much suppor t .  They may a rgue  t h a t  t h e  b e n e f i t s  shou ld  

be sha red  accord ing  t o  t h e  improvement t h e  r e g i o n  g e n e r a t e s  when 

it e n t e r s  t h e  system. I n  o t h e r  words, t hey  would p r e f e r  t o  r e p l a c e  

(87)  by a  " l e x i c o g r a p h i c  scheme" (see Shapley 1971) .  

For t h a t  purpose ,  one can  i n t r o d u c e  an o r d e r i n g t h a t ,  t o  

each  index  number isfi, a s s i g n s  t h e  number u ( i ) ~ k .  Thenlone can  

compute t h e  v a l u e s  @ ( n k )  f o r  nk = {i: u ( i )  5 k} ,  k  = 0 ,1 , . . . ,N .  

The r e g i o n a l  b e n e f i t s  i n  t h e  l e x i c o g r a p h i c  scheme become 



-. 

As in the case of condition (87) , L B: = 4 (N) . If 
i=O 

w(0) = 0, R has no benefit, whereas for w(0) = N, the benefits 
0 

of Ri are zero. 

A typical regional policy of the last type can be obtained 

following the Shapley scheme, where a convex combination of all 

possible orderings is taken into account, i.e., 

where 

Besides efficiency, important features of the regional policy 

are acceptability: the vector of benefits B = {B~,...,B~} are 

nonnegative in the sense that B > 0, i ~ 6 ,  and stability: the i - 
policy is stable with respect to if 

'* - 
L B~~ - > L B: , Vnc - R 
n n 

(i.e., all subsets n of fi take advantage of the coalition with 
the remaining parties). 

-, 

The following definition is also used. The set of BR gener- 

ated by all stable and efficient policies is called the core of 6. 

A theorem of Shapley (1971) states that if @(n) is convex, 

the core exists and it is a convex polyhedron. In addition, 

the policy (89) is stable and generates all the points of the 

core. 

In Figure 2, a typical core (a,b,c,d,e) for a 3-partner 

(n=2) convex game is shown. Since @(n) is convex, the parties 

B* + B;, B* + 8; produce less gain than B: + B; + B;. In 
0 0 

other words,@(~0,1,2)) is greater than @({0,1)) or @({0,2}). 

As a result, the efficient policy belongs to the core (a,b, 
* * * 

c,d,e) lying on the plane B + B1 + B2 = @({0,1,2}). On 
0 



the other hand, for the points B* on the (arbf c ,d,e) poly- 
t * i % 

hedron 1 Bi = @(N). 1 Bi 2 $ (n), n cR. Since these are the 
E - 

n 
conditions for efficiency and stability, the core is contained 

in the polyhedron (a, b, c ,d, e) . 
In order to find out whether a stable and efficient regional 

policy exists, one has to check whether a core of the game exists. 

As shown in Rinaldi et al. (1977), under the assumption that the 

profit functions are concave i f  when in our model aoiYi(si) 

- C.(s.) is concave and E=(p) is negligible), the core exists. 
1 1  

When Ei(s) - is nonnegligible, and a treatment system with a 

Ti(Qifqi) cost function is used, the existence of the core depends 

on the form of Ei and Ti. 

Since Ei is generally convex, while Ti may be convex or 

concave (e. g., due to scale benefits in waste treatment) , we 
can have cases in which stable policies exist or cases in which 

all policies are unstable. It is possible to prove that when 

environmental damage is dominant with respect to the economies 

of scale, no stable policies exist unless the benefits of Ri are 

sufficiently large or Ro is a profit-making institution. 

The impact of increasing environmental damage is illustrated 

in Figure 2. When environmental congestion increases, the core 

"moves" up along the plane: 

but becomes smaller and smaller, as shown by (a,br,c',e') and 

(a,b",c",e"). When Bo = 0, there is a segment (cd on Figure 2) 

in which the central authority RG realizes the main objective 

and it still has an infinity of options in the allocation of 

resources among the partners Ri . In other words, Ro (and in 

a similar way Ri) can realize additional goals that are not speci- 

fied explicitly in Bit i = 0,1, ..., N. 
In the case of a small core (e.g., a,b",c",e"), it is 

possible to achieve a stable policy if the partners agree that 

Ro is a profit-making institution. For that purpose, an increase 

in taxes Ti is needed (see equation (79)). 



Figure 2. The core in the space of benefits. 



It can also be observed that an increase in the benefit of 

Ri 
(which may be a result of a decrease in local factor prices. 

such as the water price) will increase the core. In other words, 

the core will exist only if the benefits of Ri are sufficiently 

high with respect to the corresponding environmental damage. 

The game approach can also be applied at the regional level 

to investigate the existence of stable charges or taxation schemes. 

In Rinaldi et al. (1977), a regional environmental management system 

consisting of n firms (polluters) and a central authority, was 

studied. The benefits of polluters were assumed in the form 

while the benefit accruing to the central authority was 

where 

Ai(xi is the profit of firms discharging xi; 

C. ( x . )  is the tax for discharging xi; and 
1 1  

C(x) - is the cost of discharging 5 .  

In the case when the central authority takes care of waste 

treatment: 

c(x).= min [T(xtq) + E(q)l - (95) 
9 

Depending on the form of T(x,q), the structure of the - 
treatment network etc., the existence of stable taxation schemes 

was analyzed. It is possible to observe a similarity in the 

models (78), (79) and (93), (94) . In the more complex models, one 

has to take into account all the regional taxes, charges, and 

subsidies paid to regional budgets. Generally, many different 

games played simultaneously by different regional and higher-level 

partners should be studied. 



5. NOTEC REGIONAL DEVELOPMENT--A CASE STUDY 

The methodology described in sections 2, 3, and 4 has al- 

ready been applied for the construction of a system of models 

for the regional development project in Poland--the Notec 

case study. Detailed information on this project can be found 

in Albegov and Kulikowski (1 978a) and ( 1978b) . The project is 

concerned primarily with large-scale irrigation of the Upper 

Notec region in central-northern Poland, which is adjacent to 

the Vistula river (although it belongs to the Odra watershed). 
2 This mainly agricultural region has an area of 6,194 km and 

a population of 476,900. The region belongs to three voivod- 

ships (Bydgoskie, Koninskie and ~kocZawskie).   he increasing 

annual regional water shortages are caused, not only by the 

extension of agriculturalproduction, but also by the increasing 

use of water by industry and the urban population. It is there- 

fore necessary to investigate the future water demands of the 

main users: industry, municipal users, and agriculture. since 

the industrial and municipal water demands can be derived from 

equations (35)-(64), one should concentrate on the derivation 

of agricultural water demand. For this purpose, a water irrigation 

model (described in detail in Albegov and ~ulikowski1978a and 197813) 

can be used. 

A simplified version of the water irrigation model deals 

with the water system shown in Figure 3. Irrigation water W 

is distributed among the subregions Ri,...,Rn by channel L, 

connected to reservoir Ro. The problem is to find the optimum 

irrigated areas (fi) in Ri, i = 1, ..., n, which maximize the pro- 
fit function 

where 



AP. is the per' hectare increase in crop-yield value 
1 

resulting from irrigation; 

Ki is the annual capital cost (or rent) per ha 

for irrigation equipment; 

Oi is the annual operating cost per ha ; 

U(T) is the average water price W(T) for the communities 

adjacent to the reservoir in time period T = 1 ,  ...,T ; 

and 

K is the annual capital cost of channel L. 

Function (96) should be maximized subject to the constraints 

imposed on the available areas in Ri 

and the water flow constraints of the form 

where 

q. (T) is the irrigation water requirement per 
1 

at Ri; and 

Fi is the maximum arable area at Ri. 

For the given w,the solution of the problems (96), (98)-(100) 

determines the optimum irrigated areas Zi in each subregion Ri. 
When w increases, the total irrigated area 
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Figure 3. Simple water system. 
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and the amount of water consumed 

decrease. 

The values of qi(r) depend on the soil and meteorological 

conditions and can be determined by tables or by Klatt's formulae 

(see Klatt 1958). 

Assuming that function W(w) for each TE[O,T] is known (i.e., 

derived numerically for different w from the model), the corre- 
d - s2onding irrigation demand function W (w) , where 3 is the marginal 

water cost, can be evaluated. 

Assuming that the cost function of expanding R is of the 
0 

form (37), one gets w = yw and 

When the agricultural, industrial, and municipal users (each 

characterized by the corresponding water demand functions 
d - d - d - Wa (w) , Wi (w) , Wm (w) ) are connected to the same reservoir, it 
is possible to derive the resulting water price w by solving 
the equation 

where 

wS (3) is the given supply function of the water 
reservoir (compare Willekens and Rogers 

1978). 

In the Notec case study, the water system consists of several 

interconnected reservoirs and channels. in order to use the 

methodology briefly outlined in this section, a more complicated 

computerized model is needed (as proposed in Albegov and Kulikowski 

1978a and 1978b). 



~t should be observed that the solution of the optimization 

problem (96)-(100) also enables the benefits per ha resulting 

from irrigation to be computed. In the general case, the irriga- 

tion benefits will depend on the local parameters (Ai,Ki). The 

farmers' profit will, in addition, depend on the size of the 

farm and the technology used. Irrigation is generally more 

effective when labor-intensive technology and fertilizers are 

used and when there is crop specialization. A special model 

dealing with these problems for the Notec case study, is sresently 

being constructed (see Albegov and Kulikowski 1978a and 1978b). 

The farmers' utilities (for different farm sizes) are determined 

and the rural-urban migration, which predetermines the labor 

supply for the agriculturalsector, is checked. When the labor 

supply is below the level necessary to support the planned 

technology, policies discouraging the outflow of labor from the 

region are suggested. In particular, the required increase in 

aggregate consumption (i.e., services) can be derived using the 

methodology described in section 3. 

The main problem dealt with in this paper is how to derive 

the regional benefits for different water supply alternatives. For 

example, consider the water supply cost functions of the two (cd, ef) 

forms shown in Figure 1. The first "cheaper" alternative (cd) 

consists in increasing the size of the reservoir in order to 

store more of the natural inflow. With the increasing water 

demand (x + b), the saturation of supply and an increase in the 

marginal (and average) cost of water follows. Another alterna- 

tive (ef) uses the central channel to transfer cheap water from a 

distant river (Vistula) basin. The project with the cd cost 

function may be regarded as cheaper for short-run development. 

For the long run, when the water demand x > b, the ef alternative 

might be the best. 

In selecting the optimum alternative, it is necessary to 

know future water demands. Since the agricultural water demand 

is limited (due to the bounded arable area), future regional 

water demands depend, primarily,on the rate of regional urbani- 

zation and new industrial locations. These, in turn, depend on 

demographic factors and regional comparative advantages in pro- 

duction and consumption. The main idea behind the present 



sys tem of models is  t o  check a l l  t h e  a l t e r n a t i v e  development 

s t r a t e g i e s  u s i n g  t h e  p r o d u c t i o n  and consumption submodels 

d e s c r i b e d  i n  s e c t i o n s  2  and 3 and t h e  r e g i o n a l  s t a b i l i t y  concep t s  

o f  s e c t i o n  4 .  

I n  t h e N o t e c  c a s e  s t u d y ,  t h e  t h r e e  vo ivodsh ips  shou ld  a g r e e  

t o  p a r t i c i p a t e  i n  f i n a n c i n g  t h e  wa t e r  sys tem expans ion  and irri- 

g a t i o n  p r o j e c t .  The ' 'cheap" a l t e r n a t i v e  may s a t i s f y  t h e  demand 

from e x i s t i n g  u s e r s ,  i n c l u d i n g  t h a t  f o r  a g r i c u l t u r a l  i r r i g a t i o n ,  

b u t  may p u t  a  c o n s t r a i n t  on t h e  f u t u r e  growth o f  r e g i o n a l  i n d u s t r y  

and r e g i o n a l  u r b a n i z a t i o n .  

The more expens ive  a l t e r n a t i v e ,  on t h e  o t h e r  hand, w i l l  

a t t r a c t  i n d u s t r y  t o  t h e  Notec r e g i o n  i f  p roduc t i on  c o s t s  a r e  

lower  t h a n  e l s ewhe re .  Thus, more p a r t n e r s  ( i n d u s t r i a l  s e c t o r s )  

shou ld  be i nc luded  i n  t h e  inves tment  l o c a l i z a t i o n  game. The 

model shou ld  show which i n d u s t r i e s  cou ld  p a r t i c i p a t e  and s u p p o r t  

t h e  p r o j e c t  t o  r e ach  a  s t a b l e  r e g i o n a l  sys tem.  I t  i s  t h e r e f o r e  

nece s sa ry  t o  compute f o r  e a c h  i n d u s t r y  ( i n  p a r t i c u l a r ,  food pro-  

c e s s i n g  and chemica l s )  t h e  marg ina l  p r o d u c t i o n  c o s t s ,  wa te r  p r i c e s ,  

and r e g i o n a l  and n a t i o n a l  b e n e f i t s .  I t  shou ld  be no ted  t h a t  t h e  

computa t ion  o f  r e g i o n a l  wa t e r  c h a r g e s  ( a l t h o u g h  i n  many r e g i o n s  

i n  Poland t h e y  have n o t  y e t  been l e v i e d )  i s  v e r y  impor t an t .  I t  

p r o v i d e s  t h e  p l a n n e r s  w i t h  i n f o r m a t i o n  r e g a r d i n g  t h e  r e g i o n a l  

comparat ive  advan tages  o f  d i f f e r e n t  i n d u s t r i a l  l o c a t i o n s  and 

u rban  a r e a s .  Moreover, a s  argued i n  t h e  l i t e r a t u r e  ( e . g . ,  Hanke 

1 9 7 2 ) ,  t h e  l e v y i n g  o f  c h a r g e s  c o n s i d e r a b l y  l i m i t s  t h e  wa te r  

r equ i r emen t s ,  wh i l e  the c o s t  o f  wa t e r  meters i s  n e g l i g i b l e  

( a s  compared w i t h  t h e  cost  o f  wa t e r  sys tem deve lopment ) .  

The sys tem of models c o n s t r u c t e d  f o r  t h e  Notec c a s e  stud-y 

shou ld  a l s o  e n a b l e  t h e  p l a n n e r s  t o  e v a l u a t e  d i f f e r e n t  i n d u s t r i a l  

l o c a t i o n s  i n  terms of  t h e  e f f i c i e n t  u t i l i z a t i o n  o f  l o c a l  r e s o u r c e s ,  

such  a s  l a b o r ,  a g r i c u l t u r a l  l a n d ,  e t c . ,  and o f  r e g i o n a l  env i ron-  

menta l  p r o t e c t i o n .  

I f  t h e  methodology developed p roves  t o  be u s e f u l  f o r  t h e  

Notec c a s e  s t u d y ,  it may a l s o  be used f o r  t h e  more amb i t i ous ,  
i n t e g r a t e d ,  na t ionwide  Government Program "Wisla" ( V i s t u l a ) ,  

which h a s  r e c e n t l y  been announced. 



I n  o r d e r  t o  u s e  t h e  system o f  models b r i e f l y  d e s c r i b e d  i n  

t h e  p r e s e n t  paper  f o r  t h e  "Wisla" program, it i s  n e c e s s a r y  t o  

c o n s t r u c t  r e g i o n a l  ( vo ivodsh ip )  submodels ,  t a k i n g  i n t o  accoun t  

t h e  i n t e r r e g i o n a l  l i n k a g e s  o f  wa te r  s u p p l y ,  m i g r a t i o n ,  and t h e  

environment ,  etc.  

The i n t e g r a t e d  r e g i o n a l  model based on  t h e  methodology 

proposed i n  t h i s  pape r  i s  shown i n  F i g u r e  4 .  I t  i s  l i n k e d  w i t h  

o t h e r  r e g i o n a l  models and w i t h  t h e  n a t i o n a l  model o f  t h e  MRI  t y p e  

(Bruckmann 1 9 7 8 )  . 
The N a t i o n a l  Dec i s i on  Cen t e r  c o o p e r a t e s  w i th  t h e  Reg iona l  

Dec i s ion  Cen t e r  r e g a r d i n g  r e g i o n a l  i nves tmen t s ,  s u b s i d i e s ,  

env i ronmenta l  s t a n d a r d s ,  p r i c e s ,  t a x e s ,  etc.  The main l i n k a g e s  

among t h e  r e g i o n s  ( b e s i d e s  t h e  f low o f  goods,  which are n o t  

s p e c i f i e d  e x p l i c i t l y  i n  t h e  model) a r e  m i g r a t i o n s  and t r a n s f e r  o f  

n a t u r a l  r e s o u r c e s  ( i . e . ,  mainly  w a t e r ) .  The n a t i o n a l  model may 

a l s o  be  l i n k e d  t o  a  g l o b a l  model by i n t e r n a t i o n a l  t r a d e  marke t s .  
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A REGIONAL COMPUTERIZED (INTER- 
ACTIVE) PLANNING SYSTEM 

R. Kulikowski 
L. Krus 

1 .  INTRODUCTION 

T h i s  p a p e r  shows how a compute r i zed ,  i n t e r a c t i v e  model f o r  

s t u d y i n g  r u r a l - u r b a n  r e g i o n a l  development  p o l i c i e s  can  be  con- 

s t r u c t e d  u s i n g  t h e  g e n e r a l  methodology o u t l i n e d  i n  t h e  p a p e r  by 

Kulikowski i n c l u d e d  i n  t h e s e  Proceed ings .  The budge t  p l a n n i n g  

p r o c e s s , i n  p a r t i c u l a r , i s  modeled and o p t i m i z e d  f o r  d i f f e r e n t  

b e n e f i t  and cost  f u n c t i o n s .  T h i s  p r o c e s s ,  i n  which t h r e e  d e c i -  

s i o n  makers p a r t i c i p a t e ,  d e a l s  w i t h  c a p i t a l  e x p e n d i t u r e s  and pe r -  

s o n a l  and a g g r e g a t e  consumption i n  t h e  r u r a l - u r b a n  (R-U)  pa ra -  

digm. Linkage o f  t h e  R-U model and t h e  model o f  t h e  n a t i o n a l  eco- 

nomy i s  a l so  s t u d i e d .  

A s i m p l e  i n t e r a c t i v e  sys tem t h a t  i s  b a s e d  on t h i s  R-U 

model was se t  up u s i n g  t h e  IIASA PDP 11/45 c o m ~ u t e r  working 

under  a U N I X  t i m e - s h a r i n g  sys tem.  T h i s  work h a s  produced a  se t  

o f  a l g o r i t h m s  implemented as programs i n  FORTRAN I V .  The sys tem 

i s  o p e r a t i o n a l  and p r e l i m i n a r y  r e s u l t s  have been o b t a i n e d .  F u l l  

documenta t ion  o f  t h e  sys tem,which  i s  r e f e r r e d  t o  as t h e  I R U D  s y s -  

t e m  ( i n t e r a c t i v e  r u r a l - u r b a n  d e v e l o p m e n t ) ,  can  be  found i n  Krus 

( 1 9 7 9 ) .  

Three  g roups  o f  i n p u t  d a t a  are used i n  t h e  i n t e r a c t i v e  sys tem:  

-- model p a r a m e t e r s ,  which a r e  e v a l u a t e d  on t h e  b a s i s  

of  s t a t i s t i c a l  d a t a ;  



-- exogenous v a r i a b l e s ,  a l l  of which a r e  i n p u t  

v a r i a b l e s  c o n s i d e r e d  t o  be  independen t  o f  t h e  

d e c i s i o n  maker; and 

-- d e c i s i o n  v a r i a b l e s ,  which d e n o t e  t h e  d e c i s i o n  

maker ' s  s t r a t e g i e s  (see F i g u r e  1).  

The op t ima l  s o l u t i o n  i s  d e r i v e d  u s i n g  an  o p t i m i z a t i o n  p rocedure  

and t h e  v a l u e s  o f  t h e  endogenous v a r i a b l e s  a r e  o b t a i n e d  a t  t h e  

o u t p u t  o f  t h e  model. Thus, t h e  model a l l o w s  t h e  r e s u l t s  o f  d i f f -  

e r e n t s t r a t e g i e s  and t h e i r  r e l a t e d  s o l u t i o n  t o  be  compared. 

I n p u t s :  d e c i s i o n  exogenous model 
v a r i a b l e s  v a r i a b l e s  pa ramete r s  . 

OPTIMIZATION 1 1 C0ML;EWEEIZED I PROCEDURE 

Output :  endogenous v a r i a b l e s  

F igu re  1 .  Computerized model and i npu t -ou tpu t  i n fo rma t ion .  

2 -  BASIC R-U OPTIMIZATION MODEL 

Cons ider  a  sys tem i n  which t h e  r e g i o n a l  a u t h o r i t y  ( R o )  is  

concerned w i t h  t h e  optimum a l l o c a t i o n  o f  r e s o u r c e s  between r u r a l  

( R , )  and urban ( R 2 )  s u b r e g i o n s ,  shown i n  F i g u r e  2 .  I n  p a r t i c u l a r ,  

f o r  each  p l ann ing  p e r i o d ,  t h e  Ro s p l i t s  t h e  s u b s i d y  (S)  r e c e i v e d  

from t h e  c e n t r a l  budget  i n t o  two p a r t s  ( S i ) ,  which s u b s i d i z e  t h e  

l o c a l  budge t s  o f  Ri ,  i = 1 , 2 .  The s u b s i d i e s  Si a r e  i n  t u r n  s p e n t  

on c a p i t a l  e x p e n d i t u r e s  (Ski) and a g g r e g a t e  consumptions (Sc i ) ;  
- i . e . ,  Si - Ski + SCi, i = 1 , 2 ,  w h i l e  S1 + S2 = S. 

Given t h e  r e g i o n a l  demographies,  i . e . , t h e  p r o j e c t e d  ( w i t h i n  

t h e  p l ann ing  i n t e r v a l ) ,  t o t a l  ( P i ) ,  and p r o d u c t i v e  (Po i )  = K ~ ~ P ~ )  
p o p u l a t i o n s ,  t h e  p r o j e c t e d  l a b o r  f o r c e s  a t  Ri ( w i t h  z e r o  migra- 

t i o n s )  can be e s t i m a t e d .  Given t h e  expec t ed  number o f  in -migran t s  - 
( M i )  a t  Ri and employment ( a c c e s s )  r a t i o s  (zOi = Li/Poi , 



Figure 2. The model of the rural-urban system (PE is policy evalu- 
ation; *----represents an exchange of resources; +--- 

represents and exchange of information). 

where Li is the number of employees), it is possible to derive the 
h 

projected productions under the optimum allocation of input 

costs (Y vi' where v = 0 is labor, v = 1 is capital): 

where 



aOi, ali are Cobb-Douglas production function elasticities with 

respect to labor and capital, respectively; 

0 Oi, uli are labor and capitad costs, respectively; 

Pi is the product price; 

K~~ is the share of the population of productive age - 
(Fo i/Pi) ; 

Km is the share of migrants of productive age; 

si is the projected migration rate; and 

ai are given coefficients, i = 1,2. 

It is assumed that the projected utilities (Ui), generated 

at Ri (under the optimum strategy) can be expressed as 

where 

nOi, qli are utility function elasticities, with respect to 

employment (personal income) and aggregate consump- 

tion (services) , respectively; 



'oit Qli are the input costs (Roi = w ~ ~ K ~ ~ )  ; 

Zoi is consumption, which is equal to personal per 

capita income; 
h 

'li is the per capita consumption of services (educa- 

tion, health care, etc.) supplied by government, 

under the optimum strategy; 
A - zi - Zoi + Zli is the total. per capita consumption; 

Q is the utility cost; and 

bi are positive constants, i = 1,2. 

It is assumed that the regional system is closed with re- 

spect to migration outside the region. There is, however, con- 

siderable migration from the rural to urban areas within the - - - - 
given region; thus, sl = -s, s2 = s1,l = P1/P2, and sip1.+ s2P2 = 0. 

The production and consumption submodels (equations (1) and 

(5)) are linked by relations 

where 

In this paper,we use a simpler version of the general model 

described in the paper by Kulikowskiincluded in these Proceedings. 

The general model has two production and consumption factors. 

The projected migration rate (s) is assumed to be dependent. 

on the ratio of utilities U2/U1, according to the behavioral 

(econometric) relation 

where d and a coefficients are determined (ex post) by the method 

of least squares. The relation (10) is then used in the ex ante 

sense within the planning interval. 



Given the basic relations ( 1 ) , ( 5 )  , (8 ), and (1 0) , one can 
allocate the subsidies Si, Ski, and Sci in such a way that the 

given goals of Ri, i = 0,1,2, will be realized. For that purpose, 

the following benefit functions will be introduced: 

where 

Yoiisthe personal income of populations at Ri; and 

Si are the subsidies paid to Ri, i = 112, by Roo 

where 

C(s) = [Z2(s) - Z1 (s) + zh]Fls is the urbanization cost:(13) 
Zh is the per capita cost of 

urban housing and infra- 

structure. 

The benefit of Ro consists of total production value minus total 

consumption and capital cost, as well as the urbanization cost 

(C(s) 1 .  

.According to equation (lo), one can control the number of 

migrants by changing the ratio of consumption in urban and-rural 

areas. These quantities depend on rural-urban policies in income 

distribution (wages) and employment (zoi), as well as on demographic 

processes and migration. All these policies and processes should 

be correlated to maximize the regional benefit. 

In rural areas, for example, the joh access (YOi (s) ) depends 

on the agricultural policy and, primarily, on structural change, 

which alters the number of jobs in the modern (state) and tradi- 

tional (private) agricultural sectors (see section 3.3). One of 

the objectives of this policy is to maintain per capita consump- 
h 

tion (Z1) at not less than the given level (Z1). For the 



implementation of such a policy, it is necessary to satisfy 

(14) 
In turn, it requires that 

where 

h 

It should be observed that, in the model studied, Z1, wO1 (or zO1) 

are regarded as exogenous~because the value of leisure time is not 

explicitly introduced in the utility function. 

Urban per capita consumption should be an increasing function 

of s: 

Since,on the other hand, see equation ( 8 ) ,  the urban per 

capita consumption is equal: 

- 
for zO2(s) = zO2 = constant, the following value of the urban wage 

level is obtained: 



When s is known, the corresponding capital cost (Ski) and 

aggregate consumptions (Sci) can be derived using the formula 

The main problem is therefore to find the optimum value of s. 

  he problem (11) - (13) can be regarded as a game, in which 
the three players (Ri) try to maximize the corresponding benefits 

(Bi) by allocation of subsidies (Sit Ski, Sci) . The effective 

solution in terms of s can be derived by maximizing 

The necessary and sufficient (due to the concavity ofB (s)) 

condition of optimality: B(s) = 0, yields 



where 

- 
For  small s t  i n  s i m p l e r  models ,  one  c a n  assume t h a t  u O 2 ( s )  - - 

uO2 = c o n s t a n t ,  t h u s  W 2 ( s )  = W 2 =  c o n s t a n t  and Y O l  ( s ) ,  Y O 2 ( s )  a r e  

l i n e a r  i n  s. I n  t h a t  case, 

S i n c e  

t h e n  

where 

'.l I t  is  n o t i c e a b l e  t h a t  - uOi = Y i / ~ i  a r e  t h e  o r o d u c t i o n  v a l u e s  
' o i  

p e r  worker  a t  Ri.  These  v a l u e s  c a n  be  d e r i v e d  ( e x  p o s t )  by s t a -  

t i s t i c a l  d a t a .  They c a n  a l s o  b e  used  i n  t h e  e x  a n t e  s e n s e  t o  

d e t e r m i n e  e x p e c t e d  ( w i t h i n  t h e  p l a n n i n g  i n t e r v a l )  v a l u e s  o f  W i t  

assuming t h a t  Yi/Li do  n o t  change  much. 

By s o l v i n g  e q u a t i o n  ( 2 4 ) ,  one  c a n  f i n d  t h e  optimum v a l u e  o f  

s t  s a y  9 ,  and compute c(;). It may b e  o b s e r v e d  t h a t  t h e  g r e a t e r  

are t h e  e x p e c t e d  l a b o r  e f f i c i e n c i e s  W 2 / 1 x O 2  = Y 2 / d O 2 L 2  and r / c O 2 ;  as m 



compared t o  W1/aO1 and K ~ / K ~ ~ ,  t h e  g r e a t e r  i s  and s. An i n -  

c r e a s e  o f  V 2 ,  K ~ ~ ,  a s  compared t o  V1 ,  K ~ ~ ,  a l s o  c o n t r i b u t e s  t o  

an i n c r e a s e  o f  8. A s  i l l u s t r a t e d  by F i g u r e  3,  where 

- - 
an  i n c r e a s e  of  u  (u2  > E l )  produces an  a d d i t i o n a l  g a i n  AB = - 
B(g2 ,u2)  - B(B1 ,u l )  f o r  t h e  r e g i o n a l  economy. When modern indus- 

tr ies a r e  l o c a t e d  i n  an  urban subreg ion ,  M2 and AB should  be in -  

c reased .  The investment  i n  a  wate r  system, which r e d u c e s  t h e  wate r  
p r i c e ,  af fects .F 'J1 ,  W 2 ,  a s  w e l l  a s  t h e  o u t n u t s  Y 1 ,  Y 2 ,  s imul taneous ly .  

F igu re  3 .  The impact  o f  mig ra t i on  on r e g i o n a l  b e n e f i t s  (---  rep-  
r e s e n t s  t h e  form of t h e  B ( s )  f u n c t i o n  f o r  t h e  p r e s e n t  
c a s e )  . 

A 

Under optimum s = s ,  t h e  neces sa ry  s u b s i d i e s  become 



w h i l e  

According t o  e q u a t i o n  ( 8 ) ,  

I n  t h e  more a c c u r a t e  models,  it is  n e c e s s a r y  t o  t a k e  i n t o  - 
a c c o u n t  t h a t  f o r  z O 2  ( s )  = z = c o n s t a n t ,  w O 2  ( s )  i s  a n  i n c r e a s i n g  0  2  
f u n c t i o n  of  s.  Assuming, f o r  t h e  s a k e  of  s i m p l i c i t y ,  K* = K ~ ~ =  K, 

Taking i n t o  a c c o u n t  t h a t  

where A i s  a  c o n s t a n t ,  which is independen t  o f  u O 2 ,  one  o b t a i n s  



where 

Then 

where 

h 

I t  can be  s een  t h a t  e q u a t i o n  ( 8 )  h o l d s  f o r  s = s.. The form 

of t h e  B ( s )  f u n c t i o n  f o r  t h e  p r e s e n t  c a s e  i s  shown i n  F igu re  3  

by t h e  broken l i n e .  I n  t h i s  c a s e ,  however, W2 i n  e q u a t i o n s  (33)  - 
(34)  shou ld  be r e p l a c e d  by 

For  t h e  d e c i s i o n  maker , the  main problem i s  t o  e v a l u a t e  l o s s e s  - .., - 
( i n  t e r m s  o f  B . )  when t h e  s t r a t e g i e s ,  say, Skit SciI S i t  d i f f e r  

II h lh 
from Ski, Scit S i t  i = 1 ,2 .  The p o s s i b l e  change i n  s t r a t e g i e s  

may be  a t t r i b u t e d  t o  t h e  poor  e s t i m a t i o n  o f  m i g r a t i o n  r a t e  s. 

I f ,  f o r  example, t h e  p l a n n e r  e x p e c t s  (w i th  g iven  uOi, K~~~ K ~ )  
-. 

t h e  s t o  t a k e  t h e  v a l u e  s t  he  w i l l  p ropose  c a p i t a l  e x p e n d i t u r e s  

i n s t e a d  o f  



... A * - 
By d e n o t i n g  a l iYoi(s ) /aoiYOi(s)  by ali/aOi.  One o b t a i n s  

'ki a  a  i .. - 
h = 7 

1  i - , where aoi + a l i  = 1 , i=1  , 2  . ( 4 6 )  
'ki a  O i  '1 i 

Then 

% 

A s  a  r e s u l t  o f  t h e  Ski s t r a t e g y ,  o u t p u t  p r o d u c t i o n  d e c r e a s e s :  

i . e . ,  t h e  Wi c o e f f i c i e n t s  become 

% 

where t h e  e q u a l i t y  s i g n  f o l l o w s  i % a o i  = a  O i '  

A s i m i l a r  s i t u a t i o n  a p p e a r s  when t h e  p l a n n e r  spends  on ag- 

g r e g a t e  consumption 

i n s t e a d  o f  

The c o r r e s p o n d i n g  d e c r e a s e  o f  u t i l i t i e s  f o l l o ~ s ,  i.e., 



where 

The impact of nonoptimum strategies on production output and 

utilities can also be seen when one uses the relations (1 ) - (5); 
i.e, 

When 

then 

.-d .-d - 
In order to derive Zi = Zoi + Zlil one should observe that 

w .-d 

strategies Ski, Sci generate (according to equation (44)) the wage 

funds 

Then,per capita income (from wages) becomes 



while 

while 

Then, 

- 
The value of s, which results from this strategy (according 

to equation (1 O)), can be derived as the solution of 

After solving equation (60), it is possible to derive 

4. 

4. 2 W: (S) 4. 4. 



where 

- - - - - - -aa 
W1 (s) = W1 = constant, and W2 (s) = W2 (l+sl) 02 

(65) 

When Zi = Zl, B 5 BI whereas generally Bi # Bi, i = 0,1,2. - A - A - A 

- - The equality signs follow when Ski = Ski, Sci - Sci, Si - Sit 

In order to use the proposed model effectively (for deci- 

sion making), it is advisable to implement it in the computerized 

interactive form,shown in Figure 2. The policy evaluation box 

(PE) receives the information regarding the proposed strategies - - - 
(Ski, Sci, Silt expected Wi (prices), wages, demographic factors, 

etc. and computes the resulting benefits Bi, utilities, employ- 

ment, migration, etc. The computed values are monitored for the 

decision makers, who are represented in Figure 2 by Ri boxes. - 
By comparing the resulting Bi with optimum values, the decision 

makers may change their strategies. Using that system, it is 

also possible to investigate the impact of industrial investments, 

which (due to indivisibilities) cannot be made equal to the opti- 

mum values. 

3. EXTENSIONS OF THE R-U MODEL 

3.1. The Impact of Commuters 

In order to include in the basic R-U model the labor force 

commuting from rural to urban centers, one can use an econometric 

relation in the form of equation (10): 

where 



c is the transport cost (as paid by commuters); and 

s is the ratio of commuters to rural employees. 
C 

The coefficients dc, ac are determined by standard econometric 

methods, using ex post data. The relation (66) indicates that 

commuters react mostly to the net urban (ao2-C) to rural (ao1) 

wage ratio. 

The transport cost is the product of average commuting dis- 

tance r ,  N working trips,and fare plus traveling time cost b, 
i.e.,c = Nrb. 

The average commuting distance can be derived from the com- 

muters density function n(r), which can be computed using exis- 

ting statistical data. The average distance can be defined as 

the ratio of the moments of n (r) , i.e., 

One should observe that commutings change the income (from 
wages? Yoi at both Ri subregions. Then, equation (11) should be 

replaced by 

where 

- K 

F s l  m Y!l(sfsC) = W02(s)K02Z02 2 C cyoz ; 



As a result,per capita rural income 

where 

h 

Z1 is the given minimum per capita income of farmers (ex- 
cluding commuters). 

rt should also be noted that the migration rate s is determined, 
h 

according to equation (17), by Z1 rather than by Zl(s,sc). Con- 

sequently, (compare equation (1 9)), the urban price level (uO2 (s) ) 

depends on s, but does not depend on sc; thus, 

Then, equation (12) should be replaced by 

where 



- 
G2(s) = E2 W2 = constant ; 

- - 
Cc(s,sc) = [ w ~ ~ ( s )  - uOl + Zc] P1sc ; and 

zc is-'the (per capita) cost of urban infrastcucture re- 

quired because of commuting. 

The commuting cost function Cc(s,sc) consists of the term - 
uO2(s) - uO1, which represents the wage difference between the 
urban and rural employee, and the urban cost of infrastructure 

(in transport and services mostly). 

In order to find the optimum migration and relation commu- 

ting rates it is convenient to derive first the sC(s) relation- 

ship. Using equations (66) and (74),one obtains 

The optimum value of s = can be derived by maximizing 

the function 

Then, the value Bc = sc(B).can be derived. It is possible 

to observe that when ac = a, c << uO1, sC(s) can be approximated 

by the linear function 



- 
I n  t h a t  c a s e  B ( s )  i s  a  concave  f u n c t i o n  and a  unique  s t r a -  

t e g y  s = 3 e x i s t s .  

3.2. C a p i t a l  C o s t  and Labor ~ u b s t f t u t i o n  

I n  t h e  b a s i c  R-U model,  t h e  d i f f e r e n t  c o s t s  o f  c a p i t a l  p e r  

worker ( a t  R1 and R 2 )  were n o t  t a k e n  i n t o  a c c o u n t .  A s  a  r e s u l t ,  

t h e  t o t a l  g o a l  f u n c t i o n  e q u a t i o n  ( 2 2 ) ) w a s  e q u a l  t o  t h e  g r o s s  re- 

g i o n a l  p r o d u c t  minus t h e  u r b a n i z a t i o n  c o s t .  I f , i n s t e a d , o n e  de- 

c i d e s  t o  maximize t o t a l  consumption,  t h e  B o ( s )  and B ( s )  s h o u l d  

be  r e p l a c e d  by Bo (s)  and B (s), i n  which Wi s h o u l d  be r e p l a c e d  by - - 

Wi = Wi - a l i ,  i = 1 , 2 .  I n  t h a t  c a s e ,  t h e  c o r r e s p o n d i n g  v a l u e  
h 

o f  a a s  w e l l  a s  s ( f o r  a l l  - a 1 2 )  d e c r e a s e s .  

I t  s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  o u t f l o w  o f  l a b o r  from a g r i -  

c u l t u r e  might  r e q u i r e  c a p i t a l  s u b s t i t u t i o n  ( t o  keep  t h e  a g r i c u l -  * 
t u r a l  p r o d u c t i o n  v a l u e  a t  a  g iven  l e v e l  Y1 = Y 1 ) .  Such a  s i t u a -  

t i o n  o c c u r s  when r e g i o n a l  a g r i c u l t u r a l  p r o d u c t i o n  i s  less t h a n  

demand w h i l e  t h e  p r i c e  o f  impor ted  food i s  much h i g h e r  t h a n  t h e  

l o c a l  p r o d u c t i o n  cos t .  I n  t h i s  c a s e ,  t h e  p o l i c y  aimed a t  re- 

duc ing  t h e  cost o f  c a p i t a l  f o r  a g r i c u l t u r e  ( u l l )  may b e  a d v i s a b l e .  

The cost  o f  c a p i t a l  i n c r e a s e  (as  a r e s u l t  o f  r e d u c i n g  u l l )  becomes 

where 



The total goal function (22) should, in the present case, 

be supplied with the term 

where 

IT is the export to import price ratio. 
* " *  

The optimum value of Y1 = Y1 can be derived by solving the 

equation AB' (Y;) = 0, which yields 

where 

* " * 
Then, for Y1 = Y1, 

where 

3.3. Structural Changes in Agriculture 

This far, agriculture has been regarded as a single, uniform 

sector with production function (1). In some countries, such as 

Poland, agriculture consists of modern (state owned) and tradi- 

tional (privately owned) farms with different acreages (for sta- 

tistical classification, private farms can be grouped in five 

size categories with different production functions). In addi- 

tion, a relatively small collective farm sector exists, which 



for the sake of simplicity may be grouped with the state 

sector. 

Figure 4. Urbanization diagram (U is the urban part of the 
region; G is the state sector of agriculture; 
P', i = 1, ..., 5, is the private sector of agri- 
culture; ---represents transfers of land; and + 

represents the direction of migration). 

i 
The private (P , i = 1,. . . ,5) and state (G) sectors are 

shown on the urbanization diagram (Figure 4), where U represents 

the urban part of the region. The urbanization process is char- 

acterized by land between the sectors and migration of labor. In 

particular, there is considerable migration of labor from the 
i 

small size farms P to the urban areas in the form of permanent 
i i 

or commuting migrants (zi = s L sc) accompanied by intersector 

migrations. There is also an outflow of labor (L ) from the pri- P 
vate sector (P = {PI}) to the state sector (G) at- rate s,; i.e., 

;I - 
L (s ) = L ( 1-sg) . The migrants ' moves are accompanied by the 
P g P 
corresponding transfers of land. Generally, the ratio of state 

to private farm acreage ( A  /A ) characterizing the structural 
g P 

changes in agriculture increases with migration. 

In the present model, we are concerned with the optimum 

policy of structural change. It is assumed that, for the state 
sector, the ratio v A A /L (S ) ,  where L (s ) = L (1 + s 1 ) 

9 -  g g g g g g 9 9 



and 1 .= L /i does not change much (in Poland it is presently 
g P (3' 

around 8 ha per worker). This means that state sector employ- 

ment is determined by the available acreage, which in turn (in 

Poland) depends mainly on the area of land given up by ageiAg 

private farmers (in accordance with the law, farmers of nonpro- 

ductive age may exchange land for a retirement pension). 

Denoting the /L ratio by 5 (presently it is around 3.5 
P P P 

ha per workers), the expected (within the planning interval) acre- - 
age given up by the retired private farmers becomes Aw = L v 

w PI  
where Lu is the expected increase of farmers in the post pro- 

ductive age (derived from demographic projections). 

It will be assumed that only a part A = (Aw, where 5 is 
ug 

a decision variable (~€[O,l]), is used to create the new state 

farms and the remaining land is rented or sold to the private 

farmers. 

Then,the total state sector acreage A ( 5 )  becomes g 

and 

Within the private sector, one obtains 

Obviously, the wage (i. e. , the income) of private farmers 
(uO1) depends on farm size v (for details, see Kulikowski 1978). 

P 
so both the values for the planning period should be given (al- 

though they are not necessarily equal to the existing values of - - 
wO1 , vp) . Then, the expected number of jobs (J1 ) in the {P,G} 

system is equal: 



while the access index z 0l (E) becomes 

An important problem regarding the policy of structural 

change is to find an optimum value for 5. One of the main ob- 

jectives is to keep the farmer's income (ZO1), or = ZOl/rlol) 
at a given predetermined level. 

Such a policy requires that 5 is the solution of equation (8) I 

for i = 1 ,  i.e., 

which, after taking into account equation .(97), becomes 

When 5 is known, using the equations (92) , (94) I and (95) , 
A A h A 

one can find the values of A ( 6 1 ,  Ap(S) I and Lg(6) I Lp(6) 
9 

It is then possible to replace the aggregated agricultural 

sector in the basic R-U model. In particular, assuming the 

same rural income (uO1), one can write 

where 



and 

W W a r e  g i v e n  numbers. 
P '  

When t h e  c a p i t a l  c o s t  a s s i g n e d  t o  t h e  r u r a l  r e g i o n a l  budget  - 
i s  s p e n t  on t h e  s t a t e  farm s e c t o r . o n l y ,  one  shou ld  r e p l a c e  Skl  

i n  e q u a t i o n  ( 4 4 )  by 

I n  t h e  l a s t  c a s e ,  t h e  c a p i t a l  i n v e s t m e n t s  i n  t h e  p r i v a t e  

s e c t o r  a r e  f i n a n c e d  o u t  o f  f a r m e r ' s  r evenue ,  which depends 
A 

on t h e  o u t p u t  .(Y ) and i n p u t  p r i c e s ,  r e g u l a t e d  by t h e  government 
P 

a g e n c i e s .  I n  o r d e r  t o  s u b s t i t u t e  t h e  o u t f l o w  of  p r i v a t e  l a b o r  

by c a p i t a l  t h e  government may, however, g i v e  t h e  f a r m e r s  low- 

p e r c e n t a g e  c r e d i t s  o r  d e c r e a s e  t h e  c o s t  of  a g r i c u l t u r a l  s e r v i c e s .  

I n  t h a t  c a s e ,  t h e  c o r r e s p o n d i n g  c o s t  o f  c a p i t a l  can  be  d e r i v e d  by 

t h e  method d e s c r i b e d  i n  s e c t i o n  3 .2 .  

3.4. Linkage o f  t h e  R-U Model w i t h  N a t i o n a l  Economic Model 

s o  f a r  w e  have d i s c u s s e d  a  r e g i o n a l  model i n  which it i s  

assumed t h a t  t h e  r e g i o n  i s  c l o s e d , w i t h  r e s p e c t  t o  i n - a i g r a t i o n  

to  o t h e r  r e g i o n s .  A p o s s i b l e  e x t e n s i o n  o f  t h i s  model c o n s i s t s  

i n  i n t r o d u c i n g  r u r a l  ( M r )  and urban ( M U )  o u t - m i g r a n t s ,  which 

change t h e  p r o j e c t e d  ( P I ,  P2)  p o p u l a t i o n s  a s  f o l l o w s :  

The R-U p r o j e c t e d  ( w i t h o u t  m i g r a n t s )  p o p u l a t i o n  i s  e q u a l :  



while the expected R-U population with migrants becomes 

In a similar way, the population in the rest of the country 

becomes 

It will be assumed that the new (r-c) system (consisting 

of R-U and the rest of the country) is closed with respect to 
* * 

migration, so sr = sc lc, lc = P,/P,. Assume also that the ratio 

m = Mu/Mr is known, so one can derive 

Then using the method described in section 2, where PI, P2 
should be replaced by F1 (sr), P2(sr), one can find the optimum 
strategies. 

Generally, sr is unknown in the ex ante sense. One can, 

however, regard the r-c system in the same way as the basic R-U 

system. Such an approach allows the form of the basic equations 

(1) - (60) to be preserved, but with a change in the indices 
fro.mi= 1,2 to j = c,r, respectively (in other words, the sector 

with index i = 1 is regarded as the rest of the country, while 

i = 2 corresponds to the whole R-U regional system studied so far). 
A 

Using that approach, Zc is regarded as given, therefore 



is predetermined. 

On the other hand, Zr is determined by R-U migration s, 

i.e., 

When Zc and Z1 are fixed, the sole parameter that can be 
A 

6 
. . 

altered is Z2. The value of Z2 can be changed by altering o ,  
i.e., by locating such industries in the urban economy, which 

produces the labor efficiency Y2/L2 = (W2/ao2)uo2.. 

Indeed, the value of Y2/L2 can be regarded (in microeco- 

nomic terms) as the averaged sum of individual labor efficien- 

cies Y./L = F, j = 1, ...INI where N is the number of factories. 
3 j 

Obviously, 

Usually, a part N' < N represents existing or given factories, 

while IN-N') represents new factories, with given F indices, 
j 

planned within the optimization interval. By selecting the loca- 

tion of new factories (i.e., F. and employment, L.), one can de- 
3 3 A 

termine the proper value of Y2/L2 and, consequently, Z2 as well 
A 

as Z1. 

4. DESCRIPTION OF THE IRUD SYSTEM 

4.1, Input Data for the IRUD Model 

Input data for the IRUD model are presented in Table 1. 

They include parameters as well as exogenous and decision vari- 

ables, for the production, consumption and migration submodels. 

The decision variables represent the players' strategies. The 

player Ro on the regional level divides the total amount of 



sl&sidies between the rural and urban subregions. The players 

R1 on the rural level and R2 on the urban level divide the subsidies 

obtained between capital rent and aggregate consumption. Policy 

variables form the fourth group of input data. They are selected 

from the model parameters and exogenous variables and include 

quantities that can be assumed by the central planner. The nota- 

tion presented in Table 1 refers to the model description in 

the lefthand column and to the computer printout in the right- 

hand column. 

Two versions of the model have been considered in the IRUD 

system. In the first version, the following simplifications 

have been made: the labor costs Yoi (i = 1,2) are linear with 

respect to migration rate s; the uO1. uO2 are constant; and 

housing costs are neglected (parameter h = 0, Zh = 0). In the 

second version wO2 is considered as a function of s and is cal- 

culated on the basis of equation (19). Housing costs are taken 

into account in the total migration cost function (C(s) 1 .  Then, 

the relation (1 3 )  is replaced by 

where 



Table 1. Input information for the IRUD model. 

Notation in Notation in 
model de- computer 
scription printout 

Magnitude 

1. MODEL PARAMETERS 

Production function: 

Parameters W1' W2 
Elasticities with respect to: 

-- labor aO1 lCY02 
-- capital 

a11'CL12 

alfaOl,alfa02 

alfall ,alfal2 

Utility function: 

Parameters v1 ' v2 
Elasticities with respect to: 

-- personal income q 01 tq02 -- services 
Miaration submodel: 

Share of population of 

productive age K 
01' K02 

Share of migrants of pro- 

ductive age K 
m kappam 

Parameters of the behavioral 

relation describing the migra- 

tion rate as a function of 

utilities' ratio 

Parameter of housing costs 

2. EXOGENOUS VARIABLES 

Rural population 
1 

Urban population 

Minimum rural consumption 

per capita 

Average wage: rural and urban W02 



T a b l e  1  . ( c o n t i n u e d )  

Magni tude  N o t a t i o n  i n  N o t a t i o n  i n  
model de- computer  
s c r i p t i o n  p r i n t o u t  

3 .  DECISION VARIABLES 
( p l a y e r s '  s t r a t e g i e s )  

Ro l e v e l :  

D i v i s i o n  o f  t h e  v a l u e  o f  
t o t a l  s u b s i d i e s  S  

-- r u r a l  s u b r e g i o n  S1 

-- u r b a n  s u b r e g i o n  S2 
R1 l e v e l  ( r u r a l ) :  

D i v i s i o n  o f  t h e  S1 v a l u e  
be tween 

-- c a p i t a l  r e n t  

-- a g g r e g a t e d  con- 
sumpt ion  S c l  

R2 l e v e l  ( u r b a n )  : 

D i v i s i o n  o f  t h e  S2 v a l u e  
be tween 

-- c a p i t a l  expen- 
d i t u r e s  'k2 

-- a g g r e g a t e d  con- 
sumpt ion  Sc2 

4 .  POLICY VARIABLES 
(selected f r o m  t h e  model p a r a -  
meters and  exogenous v a r i a b l e s )  

Minimum r u r a l  consumpt ion  p e r  
c a p i t a  

1  

Average wages ("01 '("02 

Housing costs ( i n  m i g r a t i o n  Zh ' h  
cost  f u n c t i o n )  

S  
S o i  

S k i  

S c i  

S k i  

S c i  

Zh, h  



4.2. Information Obtained from the Model 

The quantities obtained as a result of the model runs are 

Presented in Table 2. They include the values of the goal func- 

tions and main endogenous quantities describing production, con- 

sumption, and migration. 

Table 2. Output information (quantities calculated in the model). 

Magnitude 
Notation in 
model de- 
scription 

Notation in 
computer 
printout 

1. Goal functions : 

1. Total B 

2. Player Ro Bo 
3. Players ' R1, R2 B 1 f  B2 

2. Migration submodel: 

1. Migration rate s 

2. Migration M 

3. Cost of migration C (s) 

4. Population dependent on hl (s) ,h2(s) 
migration 

3. Production submodel: 

Psi 

1. Production value Yl (s) ,Y2 (s) Yi 

2. Wages fund Yo, (s) ,YO2 (s) Yoi 

3. Employment dependent on 
migration L1 (s) ,L2(s) Lsi 

4. Index of labor access zO1' =02 zo 

4. Consumption submodel: 

1. Total per capita con- 
sumption zl' z2 

2. Consumption out of personal 
income zol' z02 

3. Aggregated consumption zl l '  z12 

Zoi 

Zli 



4.3. Structure of the Interactive System 

The general structure of the system is presented in Figure 

The blocks on the left side of the scheme refer to the user of 

the system. On the right side, the subroutines used in particu- 

lar blocks of the system are given. The system starts opera- 

tion with the initialization of the input data. The standard 

values are assigned to the exogenous variables and model para- 

meters by DATA statement. The following INIT block enables the 

user to interactively update the initial values. The values 

assigned to the particular quantities are visualized on the 

screen or obtained in printouts. If the user requests that any 

of the values be changed, the system lists the notation of the 

variables in sequence. The user can decide which variable 

should be changed and can assign a new value for the particular 

variable. After this, the updated data are visualized and at 

the user's request, the procedure can be repeated.(for example 

to correct mistakes). This program block utilizes the unit sub- 

routine to obtain the updated initial values, which are input 

in the OPTIM block, to calculate the optimal solution. First, 

the optimal migration rate Zi is calculated under the assumption 

that the model maximizes the total benefit function B. 

The optimization problem consists in finding the zero point 

of the function F(s), which is derivative of B with respect to 

s. For this the Newton iterative method is used. The Newton 

subroutine uses two additional subroutines: fmig, which calcu- 

lates the values of the F(s) function and dmig, which calculates 

the values of the derivative F' (s). Having the optimal migra- 

tion rate 3 ,  the optimal values of decision strategies are derived 
and all endogenous variables are calculated by the model rela- 

tions. Optimal results obtained in this way are stored in the 

memory. The value of total subsidies are used in the subsequent 

DIAL block. This block enables the players to introduce the 

strategies interactively. DIAL starts with the presentation of 

the total subsidies. The Ro player can divide the subsidies 

between the rural and urban subregions. The information is then 

presented for players R1 and R2 and the rural and urban subsi- 

dies are visualized. The players R1 and R2 can divide the 



USER SUBROUTINES 
of the system - 

. standard data initialization 
-. -- - .t 

r-- ------- ---- / updating of i '-4 INIT 
the initial interactive change of exogenous I values 7 variables and model parameters 4 

init 

i - ---- -- -7--. 
1 initial values 

( optimal solution1 

MODEL 
calculations 

-L 
!optimal results! 

I ; the new stra-- : tegies 

'r 

I MODEL 
I 
I 
1 calculation ; 

DIAL I interactive introduction fl , dial 1 I 

of the players' strategies 

Figure 5. The structure of the IRUD system. 

I 

analysis of , .1 m 
the current ' calculation of migration 
results and i rate s 
setting of -. - --!-.- 



s u b s i d i e s  i n t o  c a p i t a l  r e n t  and a g g r e g a t e d  consumption i n  a  s i m i -  

l a r  way. A l l  t h e  i n t r o d u c e d  v a l u e s  o f  s u b s i d i e s  a r e  shown on 

t h e  s c r e e n  and c a n  b e  improved on r e q u e s t .  The p l a y e r s '  s t r a t e -  

g i e s  and t h e  i n i t i a l  v a l u e s  a r e  used i n  t h e  n e x t  b lock,which  c a l -  

c u l a t e s  t h e  r e s u l t i n g  m i g r a t i o n  r a t e  s .  The 2 v a l u e  i s  found a s  

t h e  s o l u t i o n  o f  e q u a t i o n  ( 6 0 ) .  For  t h i s  r e a s o n ,  t h e  Newton method 

i s  used t o  f i n d  t h e z e r o  p o i n t  o f  t h e  f u n c t i o n  

The Newton method u t i l i z e s  t h e  s u b r o u t i n e s  fmig 2  and dmig 2. .-. 
fmig 2  c a l c u l a t e s  t h e  v a l u e s  o f  t h e  F 2 ( s )  f u n c t i o n ,  w h i l e  dmig 2  - 
d e r i v e s  t h e  v a l u e s  o f  t h e  d e r i v a t i v e  F 2 ' ( s ) .  Using t h e  migra- - 
t i o n  r a t e  s ,  t h e  endogenous q u a n t i t i e s  a r e  c a l c u l a t e d  by model 

r e l a t i o n s .  The v a l u e s  o f  t h e  q u a n t i t i e s ,  c a l l e d  c u r r e n t  r e s u l t s ,  

r e f l e c t  t h e  d e c i s i o n  s t r a t e g i e s  and i n  g e n e r a l  are n o t  e q u a l  t o  

t h e  o p t i m a l  r e s u l t s .  The c u r r e n t  r e s u l t s  a r e  v i s u a l i z e d  on t h e  

s c r e e n .  The u s e r  can  a n a l y z e  t h e s e  r e s u l t s  and new s t r a t e g i e s  

c a n  be  i n t r o d u c e d .  The sys tem r u n s  i n  t h i s  l o o p  as l o n g  a s  t h e  

u s e r  does  n o t  d e c i d e  t o  f i n i s h  p l a y .  Then t h e  o p t i m a l  r e s u l t s  

a r e  shown. 

4.4. Opera t ion  of  t h e  System 

The I R U D  sys tem h a s  been implemented a s  a  se t  o f  FORTRAN I V  

subprograms.  Under t h e  U N I X  sys tem,  t h e  subprograms have been 

compiled and a l r e a d y  l i n k e d  u s i n g  t h e  f t n  compi le r  and t h e  execu- 

t a b l e  program h a s  been o b t a i n e d .  The u s e r ,  t o  o p e r a t e  t h e  I R U D  

sys tem,  shou ld  t y p e  on t h e  t e r m i n a l  t h e  name o f  t h e  f i l e  t h a t  

c o n t a i n s  t h e  e x e c u t a b l e  program (it i s  assumed t h a t  t h e  u s e r  has  

a l r e a d y  logged  i n  t h e  U N I X  sys tem and can  u s e  t h e  t e r m i n a l ) .  

An example o f  o p e r a t i o n  o f  t h e  I R U D  sys tem i s  p r e s e n t e d  i n  T a b l e  3 .  

The example shows t h e  i n f o r m a t i o n  exchange between t h e  sys tem and 

t h e  u s e r .  The i n f o r m a t i o n  i n t r o d u c e d  by t h e  u s e r  i s  u n d e r l i n e d .  

A t  f i r s t ,  t h e  IRUD sys tem g i v e s  t h e  i n i t i a l  v a l u e s  o f  exogenous 

v a r i a b l e s  and model p a r a m e t e r s  on t h e  s c r e e n .  I t  a s k s  t h e  u s e r  

whether  he w i s h e s  t o  change t h e  v a l u e s .  The u s e r  answers  by 



Table 3. An example of information exchange between 

t h e  IRUD system and t h e  u s e r .  

s t a r t  

1 n i : r a l  v a l u e s :  

a l f a l l -  J .48  a l E a l 2 -  3 . 3 2  
k a p s a r -  a .  6 3 1  
k a p p a l l -  3 .525  ka??a82= 2 .561  
wages :  o m e g a l =  2457 .  a omega2= 2 3 7 3 . 1  z l / n , o n t h  

e t a a l = a . a 5 1  e t a 9 2 - 1 . 3 5 3  
e t a 1 1 = 0 . 1 5 3  e t a l 2 = 4 . 1 5 8  

t o t a l  r u r a l  c o n s u m p t i o n  p e r  s a ? i t a  Z l =  1 5 5 8 5 .  
d o  you c h a n g e  t h e  i n i t i a l  v a l u e s  I ,  
( w r i t e  ? l e a s e  t ( t r u e )  i f  y e s  o r  f ( f a 1 s e )  e l s e w h e r e )  

t - 
y o u  c a n  c h a n s e  t h e  v a l u e s  interactively, 
r f  you  c h a n g s  ? a r t i c u l a r  v a l u e ,  f o l l o w  p l e a s e  i ts  . d e s c r i p t i o n  

t y  t ,  e l s e w h e r e  by f  
r u r a l  a o p u l a t i o n  2 1  

c 
I. - 

u r b a n  p o p u l a t i o n  P2 
s 

L - w r r t e  ? l e a s e  t h e  v a l u e ( v a 1 u e s )  w i t h  3 e c r m a l  a o r n t  ( s e p a r a t i n g  by c o m a s )  
2 . 7 ,  
hl 

f  - 
a l f a a l ,  s l f a l l  ( r u r a l )  

f  - 
a l f a a 2 ,  a l f a 1 2  ( u r b a n )  

f  - 
wages  o m e g a l ,  omega2 

f - 
r u r a l  c o n s u m p t i o n  2 1  

L - 
i n i t i a l  v a l u e s :  

p o p u l a t i o n  P1= 4 2 5 6 5 8 .  
'ril= 0 .769  :JZ- 1 . 5 1 3  
a l f a Z l =  6 .52  a l f a a 2 -  3 . 6 8  
a l f a l l =  9 . 4 8  a 1  f  a121 3 . 3 2  
kappamo a .  6 8 1  
k a ? p a g l =  3 .525  4 a  paB2= 9 . 5 6 1  
w a g e s :  o m e g a l =  245y .  3 3mega2= 2 3 7 3 . 8  z l / m o n t b  

e c a 3 1 = 3 . 6 5 3  t e t a 3 2 = 3 . 9 5 3  
% t a l l - 2 . 1 5 2  t e t a l 2 = 0 . 1 5 3  

t o t a l  r u r a l  c o n s u m ? t i o n  p e r  c a 2 i t a  Zl= 1 5 5 % .  
i o  you  c h a n g e  t h e  i n i t i a l  v a l u e s  ?, 
( w r r t e  ? l e a s e  t ( t r u e l  i f  y e s  o r  f ( f a l s e )  e l s e w h e r e )  

C 
L - 

?LAYE!? 30 
you  h a v e  S= 1 2 5 3 6 . 6  n l n  z l  subsidies t o  , ? iv i . ?a  o n  r u r a l  anc-1 u r t a n  p a r t  

w r i t e  t h e  v a l u e  o f  r u r a l  s u b s i d i e s .    lease 

y o u  h a v e  S o l =  552B.E mln z l  s u b s i d i e s  t o  d:vi?e o n  c a 2 r t a l  r e n t  2 n 3  
aggregate c o n s u . 2 p t i o n ,  

* r i t e  :he v a l u e  o f  c a ? i : a i  r e n t ,  p l e a s e  
a6a~.e, 



Table 3 .  ( con t inued )  

PLZ.YER Z2 
you  n a v e  S o 2 1  7 2 3 6 . 5  a l n  z 1  s u b s r 3 i e s  t o  d r v i d ?  o n  c a ? r t e l  r e n t  a n 3  

a g d r e y a t e  ; o n s c s p t r 3 n ,  
v r i t e  t n e  v a l u e  3 f  c a ~ i t a l  r e r c ,  p l e a s e  
5 9 ? " . n ,  

S z s r s r o n  v a r r a b l e s  (m1n z l )  : 
t o c a l  s u b s r d r a s :  r u r a l  3 1 ~ 1  55'7B.D ~ r t s n  5 2 3 1  7:33.6 
s u k s r d r e s  S k p l =  1 6 8 3 . 2  3k32= 5 9 - 3 . 3  
s u ~ s r j r e s  S c p l =  9 2 3 .  ? 3 c p 2 =  1 1 2 6 . 5  

d o  ycu  c h a n s e  y o u r  s t r a t e q r e s ?  
( a n s u e r  t y  t rE y e s  o r  E e l s e d b e r e )  
f - 

r e s u l t s  o f  t h e  p l a y e r s  s t r a t e g r r s  
t o t a l  s u S s i d i e s  S.=J 1 2 5 3 5 . 6  n l n  z l  
s u b s l 3 l e s  S o i  n l n  z l  
r u r a l  55JB . JBJ  u r 5 a n  7 7 2 6 . 5 7 2  

s u b s r d i e s  S k i  mln z l  
r u r a l  46132.193 ~ r  ;an 5 4 9 .  ?I;? 

s u b s i d i e s  S c i  a l n  z l  
r  u r  a  1 3 5 2 . 2 ? 3  u r b a n  1 1 3 6 . 5 5 2  

m i g r a t i o n  r a t e  s= 2 . 3 9 3 2  
s i g r a t i o n  A= 4 1 2 4 7 .  
c o s t  o f  s r q r a t i o n  c =  2 9 7 . 3  ~ l n  z l  
g o a l  f u n c t r o n  3 3fl333.4 n l n  z 1  
g o a l  E u n c t r o n  30  2 8 3 4 . 3  r l n  z l  
g o a l  f u n c t i o n s  3 1  
r u r a l  1 0 3 9 8 . 1 9 6  u r b a n  1 7 8 3 1 . 1 8 9  

v a q e s  fund  Yo i  s l n  z 1  
r u r a l  4998  . I 9 6  - ~ r t a n  1 2 7 9 3 . 6 1 7  

~ r o d u c t i o n  ~ a l u e  Y i  s l n  z l  
r u r a l  6 7 2 7 . 7 9 3  u r  San  2 3 9 3 2 . 3 5 5  

p o p u l a t i o n  3 e p e n d e n t  o n  n l g r a t  Lon P s i  
r u r a l  3 7 8 7 5 2 . 3 1 2  u r  c a n  5 3 1 2 4 7 . 1 8 7  

ernployinent  d e p e n d e n t  o n  i n r g r a t i o n  L s i  
r u r a l  1 6 9 5 2 2 . 3 2 3  u r b a n  3 1 3 1 8 5 . 2 5 3  

~ n d e x  o: l a b o r  a c c e s s  z o  
K U K ~ ~  3 . 4 j 3  u r b a n  

t o t a l  c o n s u s p t i o n  ? e r  c a c i t a  Z i n  z l  
r u r a l  1 5 5 7 2 . 6 3 8  u r S a n  23179 .637  

c o n s u n p t i o n  o u t  o f  p e r s o n a l  i ncome  Z o i  
r u r a l  1 3 1 9 6 . 1 6 a  u r b a n  1 8 2 5 7 . 3 6 7  

a y g r e q a c e  c o n s u m 2 t  i o n  2 1  i 
r u r a :  2376 .222  u r b a n  



Table 3 .  (continued) 

d o  you  c o n t i n u e  t h e  s l a y  
( a n s w e r  g l e a s e  s y  t i f  y e s  o r  f e l s e w h e r e )  
f  

o p t r m a l  s o l u t i o n :  

t o t a l  s u b s i d i e s  S= 1 2 5 3 6 . 6  mln z 1  
s u b s i d i e s  S o i  a l n  z l  
r u  r  a l  552C. 543  u r  b a n  

s u b s i d i e s  S k i  mln z l  
r u r a l  4718 .490  u r b a n  

s u b s i d i e s  9 c i  s l n  z l  
r u r a l  952 .862  u r x n  

s i q r a t i o n  r a t e  s- a . e 8 2 5  
s i j r a t i o n  31651 .  
c o s t  o f  m i g r a t i o n  c= 2 3 1 . 5  mln z l  
g o a l  f u n c t i o n  3 3 9 4 1 1 . 2  mln z l  
g o a l  f u n c t i o n  50 2 7 7 4 . 3  mln  z l  
g o a l  f u n c t i o n s  3 i  
r u r a l  1 8 7 3 2 . 2 3 0  u r b a n  1 7 6 8 4 . 4 3 7  

d a g e s  f u n d  Yo i  mln z l  
r u r a l  5111 .687  u r t a n  1 2 6 a 3 . 3 ~ 8  

p r o d u c t r o n  v a l u e  Y i  , n ln  2 1  
r u r a l  6 8 8 1 . 1 1 7  u r b a n  2 3 7 3 4 . 5 5 3  

? o p u l a t i o n  d e 2 e n d e n t  on  r r . i q r a t i o n  ? s i  
r u r a l  3 8 5 3 4 8 . 5 3 1  u r b a n  5 1 4 6 5 1 . 5 8 4  

c m p l o y a e n t  d e p e n d e n t  o n  , z i g r a t i o n  L s i  
r u r a l  1 7 3 3 7 1 . 5 6 2  u r b a n  313324 .594  

i n d e x  o f  l a n o r  a c c e s s  z o  
r u r a l  2.45.7 u r b a n  7 .530  

t o t a l  c o n s u s p t i o n  ? e r  c a 2 i t a  Z i n  z l  
r u r a l  1 5 6 2 6 . 0 8 8  u r b a n  21587 .852  

c o n s u s p t i o n  o u t  o f  3 e r s o n a l  i n c o m e  201 
r u r a l  1 3 2 6 5 . r a i  u r k a n  1 3 2 5 1 . 5 7 3  

a j g r e , ; a t e  c o n s u ~ n p t  i o n  Z l  i 
r u r a l  2 3 1 5 . 9 2 3  u r b a n  3 2 2 6 . 1 7 a  



typing "t" if yes or "f" elsewhere. If the user types "tn,the 

system starts to list the initial values using the notation given 

in Table 1. Each variable listed has to be followed by "t" typed 

by the user if he wants to change it or "f" elsewhere. The new 

value should be typed using decimal points and should be separa- 

ted by commas. At the end of the above procedure, the updated ini- 

tial values are shown on the screen. 

Next time the system asks the user whether he wishes to change 

the initial values. The procedure can be repeated to correct mis- 

takes. If the user assumes as correct the change of the initial 

values, he types "f" and the game starts. During the game, the 

system calculates the optimal results. The total subsidies S are 

shown for the Ro player. Then,the user types the value S 1  of 

rural subsidies. The value S - S1 belongs to the urban subregions. 
The information for the player R1 consistsin the rural subsidies. 

The user introduces the R1 strategyby typing the value of capital 

rent. The R2 strategy is introduced in a similar way. All the 

values should be typed with decimal points in million zlotys. 

The strategies introduced then appear on the screen. If the user 

notices any mistake in the values introduced, he can repeat the 

DIAL procedure by typing "t". If the strategies are correct,the 

user types "f" and the results of the players' strategies are pre- 

sented on the screen. At the first, the subsidies are shown. 

After this, all output quantities are visualized using the nota- 

tion given in Table 2. Because of the limited size of the screen, 

the results are divided into two parts. To obtain the second part, 

the "cr" key should be used. The results are followed by the ques- 

tion to the useras to whether he wants to continue the game. ~f so, 
the user types "t" and the system goes back to the DIAL procedure. 

New strategies can be typed and new results can be derived. If the 

user decides to finish the game, he types "f" . The system shows 

the optimal results. The results are divided into two parts and 

the "cr" key should be used to obtain the second part. This com- 

pletes the system run. 



4.5. Examples of Computation Runs and Data Used 

The values of exogenous variables and parameters assumed to 

test the model calculations and the IRUD system are presented in 

Table 4. The values are based on statistical data for 1973 on the 

~ydgoskie voivodship, which forms the greatest part of the Upper 

Notec region. Examples of the results for first version of the 

model are presented in Figures 6a, 6b, 7a, and 7b. 

a 
Table 4. Data for experimental calculations. 

EXOGENOUS VARIABLES 

Rural population 

Urban population 

Rural per capita 
consumption 

P2 = 550,000. 

minimum 2, 15,600 zl/month 

Average wage: rural 
W0 1 = 2,457 zl/month 

urban 
W02 = 2,873 zl/month 

2. MODEL PARAMETERS 

Production Function: 

Parameters 

Elasticities with re- 
spect to: labor 

capital 

Utility Function: 

Elasticities with re- 
spect to: personal income no1 = 0.85 nO2 = 0.85 

services n l l  = 0.15 nI 2  = 0.15 

v1 = v2 = 1 

3. EMPLOYMENT --MIGRATION SUBMODEL 

Share of population of 
productive age 

Share of migrants of productive age K, = 0.685 

Parameters of the behavioral relation describing the migra- 
tion rate as a function of the utilities ratio U2/U*: 

a = 5.25, d = l  

a ~ l l  the values are based on data for the Bydgoskie voivodship, 1973. 
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Figure 6a. Optimal solution as a function of the W 1  parameter. 
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Figure 6b. Optimal solution as a function of the W1 parameter. 
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Figure 7b.  Model results as a function of Sk2  strategy. 



I n  t h e  proposed l i n k a g e  of  models w i t h i n  t h e  Notec p r o j e c t ,  

t h e  p a r a m e t e r s  W1 and W2 a r e  of  g r e a t  impor tance .  The p a r a m e t e r s  

a r e  i n t e r p r e t e d  a s  t h e  p r o d u c t i o n  e f f i c i e n c y  o f  t h e  r u r a l  and 

urban economiest r e s p e c t i v e l y .  S u b s i d i e s  on  w a t e r  sys tem develop-  

ment can  b e  c o n s i d e r e d  a s  s t i m u l a t i n g  a n  i n c r e a s e  i n  p r o d u c t i o n  

e f f i c i e n c y .  The o p t i m a l  s o l u t i o n , w h i c h  i s  dependen t  on W 1 ,  i s  

p r e s e n t e d  i n  F i g u r e s  6a and 6b. The model e q u a t i o n s  a r e  a n a l y z e d  

under c o n d i t i o n s  of  a n  i n c r e a s e  i n  W1 from 0.52 ( c u r r e n t  s t a t e )  

t o  1 .3 .  The e f f i c i e n c y  of W2 f o r  urban p r o d u c t i o n  i s  e q u a l  t o  

1.5. The v a l u e s  o f  o t h e r  p a r a m e t e r s  and exogenous v a r i a b l e s  a r e  

p r e s e n t e d  i n  T a b l e  3 .  F i g u r e  3  shows changes  i n  t h e  o p t i m a l  m i -  
A A A 

g r a t i o n  r a t e  s t  t h e  g o a l  f u n c t i o n s  B and B o ,  t h e  t o t a l  s u b s i d i e s  
A A n . . 

9 ,  and t h e  r u r a l  and u rban  p r o d u c t i o n  v a l u e s  Y 1 ,  Y 2 ,  r e s p e c t i v e l y .  

The o p t i m a l  m i g r a t i o n  rate  is  e q u a l  t o  0.113 i n  t h e  c u r r e n t  s t a t e  

and d e c r e a s e s  a s  W1 i n c r e a s e s .  I t  i s  e q u a l  t o  0  f o r  W1 = 1.1 .  
A 

The t o t a l  g o a l  f u n c t i o n  a ,  d e f i n e d  as t h e  sum o f  p r o d u c t i o n  v a l u e s  
A 

minus m i g r a t i o n  c o s t s ,  d e c r e a s e s  b u t  g o a l  f u n c t i o n  B 0 t  which t a k e s  

i n t o  a c c o u n t  t h e  v a l u e  o f  s u b s i d i e s ,  i n c r e a s e s .  If t h e  W1 para-  

meter i n c r e a s e s ,  a  less o p t i m a l  v a l u e  o f  s u b s i d i e s  i s  needed.  
A h 

I n  F i g u r e  6b,  t h e  B1 and B2 g o a l  f u n c t i o n s  are p r e s e n t e d  as 
A .. 

w e l l  a s  t h e  s u b s i d i e s  S o l ,  So2.  If, i n  t h e  c u r r e n t  s t a t e ,  t h e  

o p t i m a l  d i v i s i o n  o f  s u b s i d i e s  f o r  W1 = 0.52 i s  7.9 and 5.4 f o r  

t h e  urban and r u r a l  s u b r e g i o n s ,  r e s p e c t i v e l y ,  f o r  W1 = 0.9 t h e  

s u b s i d i e s  s h o u l d  be d i v i d e d  i n  e q u a l  p a r t s .  

F i g u r e s  7 a  and 7b show how t h e  model r e s u l t s  depend on t h e  

R2 p l a y e r ' s  s t r a t e g y ,  namely, on t h e  v a l u e  o f  Sk2.  Sk2 d e n o t e s  

t h e  urban s u b s i d i e s  on  c a p i t a l  r e n t .  The o t h e r  s t r a t e g i e s  ( S  
01' 

SO2,  and Skl) have been assumed c o n s t a n t  and e q u a l  t o  t h e  o p t i m a l  

v a l u e s .  I n  F i g u r e  7a ,  t h e  B and B2 g o a l  f u n c t i o n s ,  t h e  u rban  

p r o d u c t i o n  v a l u e  Y 2 ,  t h e  t o t a l  urban p e r  c a p i t a  consumption Z 2 ,  

and t h e  m i g r a t i o n  r a t e  s a r e  p r e s e n t e d .  An i n c r e a s e  o f  c a p i t a l  

r e n t  Sk2 c a u s e s  a n  i n c r e a s e  of  m i g r a t i o n  t o  t h e  u rban  economy s o  

t h a t  an  i n c r e a s i n g  r a t e  of  m i g r a t i o n  c a n  b e  obse rved .  
A 

The o p t i m a l  d e r i v e d  v a l u e  of  s u b s i d i e s  Sk2 i s  e q u a l  t o  Sk2 = 

5,760 m i l l i o n  z l o t y .  For  Sk2 5 Sk2 ,  t h e  c o n s t r a i n t  d e f i n e d  by 

t h e  l i n e a r  r e l a t i o n  o f  t h e  urban p r o d u c t i o n  w i t h  r e s p e c t  t o  c a p i -  

t a l  r e n t  i s  a c t i v e .  For  Sk2 2 Sk2 ,  t h e  p r o d u c t i o n  v a l u e  i s  con- 

s t r a i n e d  by t h e  l i n e a r  r e l a t i o n  w i t h  r e s p e c t  t o  t h e  m i g r a t i o n  



rate s. In Figure 7b, the rural goal function B1, rural produc- 

tion Y,, and total rural per capita consumption are presented 

as well as goal function Bo and migration cost C(s). 

The results obtained lead us to propose a more complicated 

second version of the model mentioned in the section 4.1. The 

preliminary optimal solution obtained from the second version 

of the model is presented in Table 5. 

5. CONCLUDING REHARKS 

The first, simplified version of the IRUD system has been 

set up and partially tested. The system is running on the PDP 

11/45 computer under the UNIX time-sharing system and preliminary 

results based on approximate data have been obtained. The sys- 

tem enables the interactive change of model parameters and exo- 

genous variables as well as the interactive introduction of de- 

cision variables. It can be considered as a tool for game 

playing among the regional, urban,and rural authorities. The 

results obtained can be used on a basis for establishing a com- 

puterized system for more advanced policy evaluation. It will 

link the models being developed for the Notec project. 
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Table 5.  Pre l iminary  r e s u l t s  of t h e  second v e r s i o n  of t h e  model. 

r n r t r a l  v a l u e s :  

p o p u l a t i o n  P1= 4 2 2 3 2 3 .  P2- 
W l =  3 .528  V2= 1 . 5 1 Q  
a l : a n l =  9 . 5 2  a l f a 7 2 =  3 .68  
a l f a l l =  3 .18  a l f a l 2 =  3.32 
ka?pa= 3.54Z 
v a g e s  o m e g a l a  2457 .0  z l / m o n t h  

e t a Q 1 = 3 . 8 5 3  e t a 3 2 r J .  850  
e t a 1 1 - 8 . 1 5 0  e ta12=7l .  1 5 a  

t o t a l  r u r a l  c o n s u m ? t i o n  p e r  c a p i t a  Z 1 =  1 5 6 9 5 .  
c o e f f i c i e n t  a =  5.258 

d o  you c h a n s e  t h e  r n i t i a l  v a l u e s  ? ,  
( v r r t e  ? l e a s e  t ( t r u e )  i f  y e s  o r  f  ( f a l s e )  e l s e w h e r e )  

f 

o p t i m a l  s o l u t i o n :  

s u h s r d r e s  3 0 i  n l n  z l  
r u r a l  5638 .2@9 u r b a n  

s u b s i d i e s  5 k 1  mln z l  
r u r a l  4775 .279  u r b a n  

s u b s i 2 i e s  S c i  x l n  z l  
r u r a l  912 .921  u r b a n  

in rc j ra t ron  r a t e  s=  3 . 2 7 1 5  

c o s t  o f  m i ~ r a t r o n  c -  2924 .2  a l n  z l  

g o a l  f u n c t i o n  9 2 1 3 2 9 . 2  mln z l  

g o a l  f u n c t r o n  30 - 5 7 8 1 . 6  mln z l  

g o a l  f u n c t r o n s  a r  
r u r a l  1 0 8 6 1  . 4 1 9  u r b a n  

v a s e s  fund  Yor mln z l  
r u r a l  5 1 7 3 . 2 1 8  u r b a n  

p r o d u c t i o n  v a l u e  Y i  mln z l  
r u r a l  5 1 7 3 . 2 1 8  d r  ban  

p o p u l a t i o n  j o ~ e n d e n t  on . n i g r a t i o n  p s i  
r u r a l  3 8 9 9 8 7 . 1 2 5  u r b a n  

e m p l o y n e n t  d e p e n d e n t  on  x r g r a t i o n  L s r  
r u r a l  1 7 5 4 5 3 . 5 8 3  u r b a n  

t o t a l  c o n s u m p t i o n  2 e r  c a a r t a  Z In  z l  
r  u  r  a  1 15606 .008  u r b a n  

c o n s u n p t r o n  o u t  o f  p e r s o n a l  rncome Z o i  
r u r a l  1 3 2 6 5 . 1 0 1  u r b a n  

a g g r e g a t e  c o n s u m F t r o n  Z l i  
r u r a l  2343 .902  u r b a n  
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PART I1 

Models of Agriculture 





SYSTEM OF MODELS FOR DEVELOPING 
AGRICULTURAL PRODUCTION IN A 
REGION (THE SILISTRA CASE STUDY) 

G. Gavrilov 
C. Milenkov 
S. Stoykov 
A. Kehayov 

INTRODUCTION 

This paper describes a system of models that can be applied 

to the problem of developing agricultural production in a given 

region, in this case Silistra. It summarizes our research on 

the application of quantitative methods in the analysis of de- 

velopment strategies for the Drastar agroindustrial complex. 

We develop the ideas put forward in Carter et al. (1977) and 

Gavrilov et al. (1979a) and lay the foundations for a broader 

analysis of the problems resulting from the development of agri- 

cultural production. At the same time, this study forms part of 

the general research carried out within the framework of the de- 

velopment program for the Sllistra region. 

Although the proposed system of models reflects the charac- 

teristics 3fthe Silistra region, it can be used to study other 

regions in the country. Thus, it is a useful tool for develop- 

ing an interactive procedure for researching and planning the 

development of agriculture. For a general idea of the scope and 

organization of the system af models, see Figure 1. 

Individually, most of the models are optimizational in char- 

acter, but the system as a whole runs as a simulation model. To 

arrive at a practical solution, it coinbines two approaches--the 
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formal and the informal. Informal procedures allow experience 

and intuition to be used in the evaluation of the results. The 

overall solution is chosen after the results from all of the 

models have been analyzed and compared. Only by using such an 

approach is it possible to achieve a development plan that is 

both feasi5le and socially acceptable. However, this apgroach 

can create serious difficulties for the researcher, as we have 

experienced with the development of Drastar. These difficulties 

are principally related to procedures for the exchange of informa- 

tion between models and specialists. 

A brief description of the models of the system follows. 

This includes attempts to clarify the interrelations between the 

models and the assumptions on which they are based. 

THE LINEAR DYNAMIC MODEL OF AGRICULTURAL PRODUCTION 

The linear dynamic optimization model of agricultural pro- 

duction development occupies the central place in the proposed 

system of models. This is not only because it was the first 

model to be constructed but also because of its fanction--to 

outline the possible strategies for the agricultural develop- 

ment of the Silistra region. It has been developed for the con- 

ditions of the agroindustrial complex Drastar, which manages the 

arable land and most of the processing industry of Silistra. A 

detailed account of the experience gained durinq the develop- 

ment period is given in Gavrilov et al. (1979b) and Gavrilov et a1. 

(1980). The purpose of the model is to find both a production 

structure for the complex and the means to achieve it, making 

the most efficient use of the available land, and thus obtain- 

ing the maximum net income from production. 

The model simulates the development of regional agriculture 

for a time horizon of 15 years. This is described by five 1-year 

and five 2-year periods. Two conditions have been considered in 

choosing the time horizon. It must be sufficiently long to allow 

the results from investment to become evident and yet it must 

not lead to a large increase in the model's size. Simulations 

using this model in the Drastar complex show that it is possible 

to carry out the analysis over a 20-year period maintaining the 

same degree of detail. 



~t i s  a lumped parameter  model; i . e . ,  i t  examines t h e  develop- 

ment of t h e  r e g i o n  a s  one p o i n t  i n  space .  Such an approach a l l ows  

t h e  s i z e  o f  t h e  problem t o  be  reduced;  t h i s  i s  neces sa ry  because  

t h e  model, a t  i t s  f i n a l  s t a g e  o f  m o d i f i c a t i o n ,  i n c l u d e s  approx i -  

mate ly  910 c o n s t r a i n t s  and 1,200 v a r i a b l e s .  The re fo re ,  i f  w e  

examine 10 r e g i o n s ,  t h e  model w i l l  i n c l u d e  more t han  10,000 con- 

s t r a i n t s  and 15,000 v a r i a b l e s .  I n  t h e  o p e r a t i o n  o f  such  a l a r g e -  

s c a l e  model, s e r i o u s  computa t iona l  d i f f i c u l t i e s  can o c c u r  a s  a 

r e s u l t  o f  i t s  c lumsiness .  The approach a l l o w s  u s  t o  work w i t h  

pa rame te r s  aggrega ted  f o r  t h e  whole r e g i o n  and t h e r e f o r e  t o  con- 

s t r u c t  an  aggrega ted  model. Thus, one o f  t h e  d i s a d v a n t a g e s  o f  

u s i n g  a d e t a i l e d ,  long-term model i s  avoided;  i . e . ,  t h e  accumula- 

t i o n  of  s e r i o u s  m i s t a k e s  a t  t h e  s t a g e  where t h e  p l a n  i s  f i n a l l y  

determined.  I t  h a s  been shown t h a t  aggrega ted  models u s u a l l y  

p rov ide  more a c c u r a t e  p r e d i c t i o n s  t han  nonaggregated models .  The 

most l i k e l y  e x p l a n a t i o n  f o r  t h i s  i s  t h a t  t h e  u n d e r e s t i m a t e s  o f  

p roduc t i on  f o r  e ach  sub reg ion  o f t e n  c a n c e l  t h e  o v e r e s t i m a t e s  

(and v i c e  v e r s a )  t o  produce a more a c c u r a t e  p r e d i c t i o n  f o r  t h e  

whole r eg ion .  The most e s s e n t i a l  assumpt ion o f  t h e  model i s  t h a t  

t h e  r e g i o n  f u n c t i o n s  under  g i v e n  economic c o n d i t i o n s .  I n  t h e  

most r e c e n t  v e r s i o n  o f  t h e  model, a pa ramete r  r e p r e s e n t i n g  irri- 

g a t i o n  i s  inc luded .  

Because o f  t h e  need t o  deve lop  a fodder  p roduc t i on  b a s e ,  s o  

t h a t  o n l y  t h e  minimum of  animal- feed would have t o  be  purchased,  

t h e  f i r s t  b lock  of  t h e  model r e p r e s e n t s  c r o p  growing. 15 x ( t )  

is  a v e c t o r  r e p r e s e n t i n g  c r o p s ,  c r o p  growing i n  g e n e r a l  i s  de- 

s c r i b e d  by 

and 

where 



1 X(t) , x (t) are respectively the total area of arable 
land and the areas of this land that can be irri- 

gated; and 

I1 is the variety of crops cultivated in irrigated 

areas (there are also a number of assumptions 

about crop rotation, the dynamics of crop develop- 

ment, and so on, but for the sake of brevity they 

are not discussed here). 

The annual development of the different breeds of livestock 

is described in general terms by 

where 

y(t) is the vector representing various groups and 

breeds of animals; 

B(t) is the matrix of the passage of the animals from 

one group to another every year; and 

u(t) is the vector of animals purchased. 

Constraint (3) is accompanied by different initial boundary con- 

ditions. 

The distribution of land between crop prod7~ction for human 

consumption, for forage, and for exports is 

1 
C(t)x(t) - Dy(t) + v(t) - v(t+l) + w (t) - wZ(t) - p(t) - 0, 

( 4 )  
where 

C(t)x(t) is the vector of fodder production; 

D is the matrix with elements reflecting the con- 

sumption of different types of fodder; 

v(t.1 is the vector of food stocks; 

1 2 
w (t) ,w (t) are, respectively, the vectors representing the 

purchases and sales related to crop production; and 



p(t) is the vector of the food consumption of the popu- 

lation. 

If F is a matrix of the various technologies used in live- 

Stock production and the vector z(t) represents the final pro- 

ducts from stockbreeding, then 

Certain constraints are used to reflect the necessary pro- 

duction capacities (in terms of agricultural machinery, buildings, 

and equipment for stockbreeding, processing plants for fodder, 

meat and dairy products, storage). 

The economic activities of the complex are represented by 

constraints relating to the funds available for capital invest- 

ment, their exhaustion, the means of financing the maintenance 

of production, and the formation of the final economic results. 

If we denote the net income of the complex during the year 

t by J(t), the basic criterion used for evaluating each solution 

to find the optimum is 

J = f  t-1 ~ ( t )  - max 
t=l (1-e) 

To preserve the unity of the proposed models, the details of 

the various versions of the linear dynamic model will not be 

discussed. 

LAND ALLOCATION MODEL FOR THE AGRICULTURAL PRODUCTION AND PRO- 
CESSING INDUSTRIES 

The second model of the system--the land allocation model 

for regional agricultural production and processing industries-- 

is directly linked to and an extension of the linear dynamic model 

of agricultural production development. In this paper, we dis- 

cuss some of its basic characteristics and its function within 

the framework of the model system. It is described in more de- 

tail in these Proceedings in Gavrilov et al. "Modeling 

Land Allocation for the Agricultural Production and Processing 

Industries of the Silistra Region". 



In contrast to the linear dynamic model, the model of land 

allocation accounts for the spatial characteristics of the Silistra 

region. The region is divided into several subregions (in the 

Silistra project we plan to have lo), which are based on the 

boundaries of existing settlement systems (Carter et al. 1977). 

Thus, the purpose of the model is to determine which of the de- 

velopment options prepared by the linear dynamic model should be 

implemented in a subregion. 

Every unit is characterized by its area of arable land, by 

the number of suitable sites it has available for the construc- 

tion of farms and processing plants, by its available labor re- 

sources (number, level of education, possibilities for training 

them to obtain new qualifications) , by the 'level of development 
of its technical infrastructure, and so on. All these features 

are considered when the unit is being evaluated for development. 

i If x (t) is a'vector representing the varicus agricultural 

crops in subregion j during year t, then 

n 
1 xj (t) = xJ(t) , i i=l 

ieI, 

where 

xj (t) is the arable land available in subregion j ;  

xlj(t) is the land available for irrigation; and 

xi(t) as in equation (1) is the area of land used for 
cultivating cropi in the whole reglon. 

i If y (t) is the vector representing the type of animals bred 

in subregion j during year t, then 



The land  d i s t r i b u t e d  between c r o p  p roduc t i on  and s tockb reed ing  

f o r  every  r e g i o n  i s  g iven  by c o n s t r a i n t s  s i m i l a r  t o  e q u a t i o n  ( 4 ) .  

The number and c a p a c i t i e s  o f  f odde r  p r o c e s s i n g  p l a n t s  and 

t h e  expenses  r e l a t e d  t o  t h e  p roces s ing  o f  f odde r  and i t s  t r a n s -  

p o r t a t i o n  t o  and from t h e  p l a n t s  a r e  de te rmined  i n  t h e  model. 

To c a l c u l a t e  t h e  t o t a l  expenses  i n c u r r e d  by r e g i o n a l  f odde r  pro- 

d u c t i o n ,  t h e  a b w e  c o s t s  shou ld  be  added t o  t h e  c o s t s  o f  t h e  

o t h e r  a g r i c u l t u r a l  p roduc t i on  a c t i v i t i e s .  L ( t )  r e p r e s e n t s  t o t a l  

expenses  i n  a  g i v e n  p e r i o d ,  and t h e  c r i t e r i o n  used f o r  eva lua-  

t i n g  t h e  e f f e c t i v e n e s s  o f  t h e  s o l u t i o n s  i s  

L ( t )  + min (11)  

A s  p r e v i o u s l y  mentioned i n  t h e  model,  t h e  r e g i o n  i s  d i v i d e d  

i n t o  s e v e r a l  sub reg ions .  A s  a  r e s u l t ,  t h e r e  i s  a  danger  o f  a  

cor responding  i n c r e a s e  i n  t h e  s i z e  o f  t h e  model. However, t h i s  

is  avoided by u s i n g  a  r e c u r s i v e  r a t h e r  t h a n  a  dynamic approach 

t o  problem s o l u t i o n .  To avo id  t h e  r e g u l a r  d i s t r i b u t i o n  o f  a  

sma l l  volume of  p roduc t i on  among r e g i o n s  d u r i n g  t h e  f i r s t  y e a r s  

o f  t h e  pe r iod  under  a n a l y s i s  and t h e  unremunera t ive  d i s t r i b u t i o n  

of  t h e  r a p i d l y  i n c r e a s i n g  p roduc t i on  d u r i n g  t h e  l a t e r  y e a r s , t h e  

s o l u t i o n  i s  made t a k i n g  a  n e g a t i v e  s t e p  (one s t e p )  i n  t i m e  begin-  

n ing  from t h e  l a s t  y e a r  of  t h e  t i m e  ho r i zon  ( i . e . ,  t h e  f i f t e e n t h  
y e a r ) .  ~n a l g o r i t h m  t h a t  f o rmu la t e s  t h e  c o n s t r a i n t s  f o r  t h e  n e x t  
s t e p  on t h e  b a s i s  o f  t h e  r e s u l t s  from t h e  p r eced ing  one ha s  been 

c o n s t r u c t e d .  

DATA PREPARATION MODELS 

The l i n e a r  dynamic model o f  a g r i c u l t u r a l  p roduc t i on  and t h e  

l and  a l l o c a t i o n  model assume t h a t  h i g h l y  developed t e c h n o l o g i e s  

a r e  used f o r  c r o p  growing, s t ockb reed ing ,  and f o r a g e  and food pro- 

c e s s i n g .  I t  i s  neces sa ry  t o  i n c l u d e  paramete rs  f o r  many techno- 

l o g i e s  s i n c e  t h e  c h o i c e  between a l t e r n a t i v e  development s t r a t e -  

g i e s  i s  made w i t h i n  t h e s e  models.  The former  model r e q u i r e s  

averaged i n d i c a t o r s  f o r  t h e  r e g i o n  a s  a  whole and t h e  l a t t e r  re- 

q u i r e s  i n d i c a t o r s  f o r  e ach  subreg ion .  



Data preparation models are therefore included in the model 

system to provide the technological and economic data for the two 

models. These data preparation models consist of a combination of 

specialized models of the various technologies, which are divided 

into two main classes--crop growing and stockbreeding. They are 

essentially simulation models that have an optimizational capa- 

bility, and they function interactively. The results from these 

models must have a certain order and format for input into the 

linear dynamic and land allocation models. 

Models of crop-growing technologies should be developed for 

the basic crops of a region, such as maize, barley, wheat, soy- 

beans, sunflowers; it would also be useful to have such models 

for some secondary crops, such as tobacco, hemp, beans. The 

models will consist of two parts: 

- - submodels of separate crops; and 
- -  submodels of various technologies (for a given series of 

operations and activities over time, require certain 

types of machinery, equipment, and resources). 

The submodels may function together or independently. 

The main function of these optimization submodels is to pro- 

vide results on which the choice of the most suitable hybrid 

or variety of a certain crop may be based. The submodels of crop 

growing require the Zata on 

- -  natural and climatic conditions,such as soil type, aver- 
age weekly temperatures for day and night, humidity, rain- 

fall, winds, sunshine, possibilities for installing irri- 

gation systems; and 

- -  the hybrids or varieties available, the soil and climatic 
conditions and technology they require, and the producti- 

vity that can be expected from them. 

The hybrid is chosen according to the modeling objective, for 

example, maximal output, minimal loading over a given period, or 

high resilience. The constraints on the choice must also be speci- 

fied, for example, scarcity of resources, labor use, irrigation 

requirements, harvesting time. 



The submodels of technologies should be interactive simula- 

tion models, whose results will be used for the construction of 

various types of technologies. These submodels will require data 

on 

--  a given hybrid or variety, including its yield possibili- 
ties; 

--  machinery systems and the possibilities for combining 
them; 

-- normatives for resource use (i.e.,certain regulations 
set by the authorities), including the possi- 

bilities for substituting one resource for another; and 

- - resource scarcities at certain times. 
With a given value for the n-lth parameter (if a technology is 

characterized by n parameters), this submodel should allow 

parameter n to be calculated under all technological conditions. 

In contrast to the data preparation models of crop-growing 

technologies, all of which have a similar structure, the stock- 

breeding models describe each subbranch in detail. The differ- 

ences between the subbranches occur mainly in relation to the 

dynamics of herd development and the level of their aggregation. 

It has been necessary to construct the models of stockbreeding 

technology in this way because the commodity dynamics of agricul- 

tural land allocation and development greatly increases the dimen- 

sions of the models, making them difficult to solve. Neverthe- 

less, it is necessary to include some detail in order to be able 

to determine the possibilities for exchanging components of animal- 

feed rations. This may require some nonlinear relationships to be 

included in linear models, thus creating additional difficulties. 

The principal parameters in this type of model are 

-- productivity (meat, milk, wool) ; 
-- possible systems of machines, equipment; and 
- available resources (labor, natural, financial). 

The model should determine 

- the various combinations of animal-feed components; 
- economic characteristics and indicators; 
- necessary additional expenses; and 
- natural indicators, such as volumes of production. 



The main part of the model consists of a description of 

animal-feed rations for the various livestock types. The use of 

alternative combinations of feed components is simulated under 

conditions of different productivity levels. The nutritional re- 

quirements may be specified exogenously or the structure of the 

ration may be fixed within given limits. If optimization of the 

feed ration is required, thefollowing criteria can be used: 

- -  minimum of fodder; or 
- -  minimal use of other resources for given levels of output. 

It would be useful to examine the possibilities for interaction 

between two or more models describing different types of animals. 

MODEL FOR OPTIMIZING THE STRUCTURE OF THE PROCESSING INDUSTRY 

The results of the linear dynamic models of agricultural pro- 

duction development determine the production structure of the 

agriculture of the complex, but not of the processing industry. 

The complex's final products are sold on both the internal and the 

international market. Since there are considerable fluctuations , 

in the prices of meat and dairy products on the international mar- 

ket, it is necessary to optimize the production structures of 

meat and milk processing enterprises several times annually. 

Optimization of the production structure of the milk, meat, 

and vegetable and fruit processing industries is required to de- 

termine the economic indicators of these enterprises more exactly. 

In the model for optimizing the production structure of the complex, 

the indicators are highly aggregated and are based on data taken 

from a given enterprise with a fixed production structure. 

This mathematical model includes the following elements, 

-- The production capacities of the enterprises are known 
(annual optimization allows the capacities of some sub- 

divisions to be increased at expense of others; this will 

be dealt with more thoroughly in the following section). 

-- The number of animals of various breeds in each group, 
and hence the volume of meat production in the 

enterprises during the period under analysis, is known. 



-- The volume o f  goods produced i s  related t o  t h e  v a r i e t i e s  

s p e c i f i e d  i n  t r a d e  ag reements  b o t h  a t  home and a b r o a d .  

-- The c o m p o s i t i o n  o f  e v e r y  t y p e  o f  p r o d u c t  i s  d e t e r m i n e d  

a c c o r d i n g  t o n a t i o n a l  and i n t e r n a t i o n a l  s t a n d a r d s .  

- -  Labor and o t h e r  r e s o u r c e s  r e q u i r e d  f o r  m e a t  p r o c e s s i n g  

are n o t  c o n s i d e r e d  as  c o n s t r a i n t s  b u t  are c a l c u l a t e d  w i t h i n  

t h e  model. 

- -  For  e v e r y  t y p e  o f  m e a t ,  s e v e r a l  c u t s ,  t o  b e  p r o c e s s e d  i n  

two o r  t h r e e  ways,  are s p e c i f i e d .  

The r e s u l t s  o f  t h e  model s h o u l d  i n d i c a t e  t h e  t y p e  and  volume of  

p r o d u c t s  t h a t  have  t o  b e  produced i n  o r d e r  t o  o b t a i n  t h e  maximum 

n e t  income from sales i n  a c c o r d a n c e  w i t h  i n t e r n a t i o n a l  p r i c e s .  

Because o f  c e r t a i n  d i f f e r e n c e s  i n  t h e  c o n d i t i o n s  o f  sale on  v a r i o u s  

m a r k e t s  (e.g. ,EEC, Middle E a s t ) ,  t h e  p r o d u c t s  f o r  t h e s e  m a r k e t s  

d i f f e r  b o t h  i n  t y p e  and  c o m p o s i t i o n  as  w e l l  a s  i n  p r i c e .  The 

o b j e c t i v e  f u n c t i o n  t h a t  a c c o u n t s  f o r  t h i s  i s  

where 

a i s  a c o e f f i c i e n t  f o r  chang ing  t h e  c u r r e n c y  from one  marke t  

i n t o  a c u r r e n c y  a c c e p t e d  i n  a n o t h e r  marke t ;  

a1 i s  a c o e f f i c i e n t  f o r  chang ing  l e v a  i n t o  t h e  r e q u i r e d  f o r -  

e i g n  c u r r e n c y ;  

b i s  a v e c t o r  r e p r e s e n t i n g  t h e  p r i c e  o f  1 t o n  o f  meat o f  a 

g i v e n  c u t  and p r o c e s s e d  i n  a g i v e n  way; 

c i s  a v e c t o r  r e p r e s e n t i n g  t n e  p r ice  o f  o n e  a n l m a l ;  

d  i s  a v e c t o r  r e p r e s e n t i n g  t h e  p r i c e s  on  t h e  i n t e r n a l  market  

( i n  which a u x i l i a r y  c o s t s  r e l a t i n g  t o  t h e  sale a r e  i n -  

c l u d e d ,  e . g . ,  f o r  t r a n s p o r t a t i o n ,  s t o r a q e ,  h a n d l i n g ) ;  

z i s  t h e  volume o f  meat o f  a g i v e n  c u t  p r o c e s s e d  i n  a g i v e n  

way t h a t  i s  s o l d  on  v a r i o u s  m a r k e t s ;  



z1 is the volume of meat sold on the internal market; 

y is the number of animals of a given type sold on a given 

market; 

M are the expenses of materials for the processing industry; 

and 

T are the expenses of labor required for the processing in- 

dustry. 

There are four major groups of constraints in this model. 

They are given below. The volume of meat processed depends on 

the capacity of the enterprise. So if we denote the vector repre- 

senting the annual operational time of the various production lines 

by S, the matrix representing the processing and production of 

certain types of meat for the international market by A, and the 

matrix representing the production of certain types of meat for 

the internal.market by A l l  then 

It is assumed that the number of groups of specialized workers 

corresponds to the number of sections in the production process. 

On this basis, a group of labor resource constraints is constructed 

to calculate the labor required for the production process. The 

volume of raw materials is calculated from a group of constraints 

that is disaggregated according to the type of raw materials and 

the purpose for which it is used. A third group of constraints 

represents the number of animals to be sold or slauyhtered (the 

numbers are taken from the linear dynamic model). These con- 

straints account for the relation between the number of animals 

that are bred and the volume of final production that can be ex- 

pected (see Figure 2). The fourth group of constraints is rela- 

ted to the material and labor costs for processing. The models 

for optimizing the production structure in the other processing 

industries contain similar constraints, assumptions, and objective 

functions. 



Figure 2. The links between livestock raising 
and output of livestock products. 

OPTIMIZATION MODEL FOR ANNUAL PLANN<NG IN THE COMPLEX 

1 
additional 
processing 

The model for optimizing the production structure of the com- 

plex in a given year is directly linked to all the models described 

above,with the exception of the data preparation models (see 

Figure 1 ) .  Its purpose is to tailor the results of the linear 

dynamic model for optimizing the production structure over a 

number of years to meet the requirements of the annual plan for 

the given year. 

- 

v 

M A R K E T S  

batching 

4 

As a result of changes in some conditions during the running 

of the linear dynamic model, there are changes in the production 

structure and volume of this model. The prices of the raw mater- 

ials purchased by the complex and the agricultural goods produced 

are affected accordingly. 

livestock 

This alters the initial position from which the complex un- 

dertakes production activities during a given year. Taking into 

account the level of the previous year's production and the princi- 

pal changes in the production structure as determined by the linear 

dynamic model, the model for optimizing the production structure 

for the next 1-year period is formulated. This model is similar 

to the linear dynamic model in form (every block corresponds 

to one year) and in its internal structure (it contains submodels 

for crop growing, stockbreeding, and so on). 

slaughter L v 
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MANAGEMENT MODEL SYSTEM 

The most detailed results from all the models are input into 

the group of models for short-term management (planning). These 

are postoptimizational models, which are more helpful for agricul- 

tural planning than more aggregated models. This system includes 

models for optimizing tractor stocks, animal-feed, and the trans- 

portation network. 

LINKAGE OF THE blODELS 

Additional software has been developed to link the models and 

to transform this model system into a tool for the decision maker. 

The software will 

-- reorganize the output of one model for input into the other 
models of the system; and 

-- process the results of these models to give the results 
a more convenient format. 

In addition, the software will be used to integrate the models 

with the data base. Its development has been necessary for three 

reasons, which are explained below. 

The need to reduce the size of each model should lead to eli- 

mination of all links of secondary importance. However, the speci- 

alists, in analyzing the solutions, require detailed information 

about the characteristics of certain cases. A compromise on the 

degree of detail to be included in the model may, therefore, have 

to be worked out. 

The standard form in which results are obtained from the com- 

puter could be inconvenient or of no value to the decision maker. 

Therefore, these results have to be transformed into a suitable 

form--tabular, textual, graphic. The information may be processed 

so that it can be presented in different ways to coincide with the 

professional interests of the user. 

If a variety of tine periods are used, each indizator must 

be aggregated and disaggregated. Here we have the problem of 

choosing the method of approximate aggregation and disaggregation. 



CONCLUSIONS 

Although in its final form, the system of models will be a 

useful tool for the planning and management of agricultural pro- 

duction in the Silistra region, it cannot solve all the problems. 

In defining the development strategy for agricultural production, 

it is assumed that the general direction of the development of re- 

gional production is predetermined, since the management hierarchy 

predeterrnimsspec,ialization within each region. However, beyond 

the scope of the proposed system of models to solve the problems 

of specialization within the region, although some advice about 

this problem can be offered. 

In modeling the development of agricultural production at a 

national level, the potential of the system may be revealed. This 

would allow for an optimal structure to be found for the agricul- 

tural production and processing industries over a long period. 

Without such a modeling activity, it may be possible to determine 

agricultural specialization in different regions using informal 

procedures. A future task will be to search for a way to link 

modeling of agricultural production development on a national and 

a regional level. 
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MODELING LAND ALLOCATION FOR THE AGRI- 
CULTURAL PRODUCTION AND PROCESSING 
INDUSTRIES OF THE SILISTRA REGION 

G. Gavrilov 
S. Stoykov 
C. Milenkov 

The model presented in this paper forms part of a system 

of models designed to help solve problems of regional agricultural 

development, especially in relation to the Silistra region in 

Bulgaria. Its purpose is to determine the most effective land 

allocation for the agricultural production and processing in- 

dustries of a region. These activities comprise crop production, 

stockbreeding, the forage and meat and milk processing industries, 

and the fruit and vegetable canning industries. 

The volume of production from these industries is assumed 

to be prescribed by the long-term regional agricultural production 

plan (Gavrilov et al. 1979). The current costs of production, 

transportation,and related capital investment should be kept to 

a minimum by the most efficient use of the resources of each sub- 

region (the region is divided into 10 subregions for the purpose 

of the analysis). Land allocation is not planned for one year 

only but for the period of the development program. 

The model, as a tool for analysis and planning, can provide 

insight into evaluating procedures for model development. It 

is solved recursively with a negative steD in time starting from 

the final year of the analysis discussed in Gavrilov et al. 

"Systems of Models for Developing Agricultural Production in a 

Region", included in these Proceedings. There are several 



reasons for taking this approach: the most important being 

that, for a dynamic model, there could be serious computational 

difficulties if the number of subregions considered is too large 

and the time horizon (say 15-20 years) is too long. This recur- 

sive procedure avoids the occurrence of inconsistencies in the 

solution. For example, it can be used to find the best location 

for production at the most developed stageof operation of the 

agrarian complex and to determine the ways of achieving this 

location. 

As has been mentioned previously, the land allocation model 

has been developed within the framework of the development pro- 

gram for the Silistra region. Therefore, the first quantitative 

results of this model will be implemented in the agroindustrial 

complex "Drastar", which manages the arable land of the region. 

Most of the general conditions relating to the linear dynamic 

model maintain their validity for this model (Gavrilov et al. 

1979). The linear dynamic model and its relations to the other 

regional development models in the system are briefly discussed 

in these Proceedings j.n Gavrilov et al., "System of Models for 

Developing the Agricultural Production of a Region". Some of 

the most important general conditions specified in the model 

are mentioned below. 

1. The region is divided into K subregions and each is in- 

dicated by k. The subregions are differentiated ac- 

cording to two criteria: the spatial characteristics 

of the land (i.e., soil, climate, geography) and the 

administrative and economic unit. Differentiation 

based on the first criterion leads to narrow speciali- 

zation within each subregion. The second allows the 

model to be used to aid the planning and management 

process. 

Since the model will be implemented for the Silistra 

region, where the spatial conditions are relatively uni- 

form, the first approach does not play a significant 

role. However, the second is most important. The human 

settlement is the basic subregional unit and,for the 

purpose of the case study, we take 10 subregions, each 



corresponding to existing settlements. The land alloca- 

tion model can be used to clarify problems related to 

the formation of human settlements. 

2. Within each subregion, it is possible to grow a variety 

of crops; for Silistra these are described in Gavrilov 

et al. (1979). Although variations in the soil quality 

are not specified in the model, the general soil, clima- 

tic, and geographical conditions must be given. The 

crops most appropriate to the conditions of each subregion 

can then be chosen; for example, hemp must be placed in 

areas near the Danube--its cultivation would be impos- 

sible in the interior of the region. Other crops are 

subject to similar tyDes of constraints. 

3. It is assumed that technologies will be developed for 

growing various types of crops under specific conditions. 

The yields and their related costs will differ according 

to the technology used and also according to the soil, 

climatic, and geographical conditions. 

4. Fruit and vegetable growing is specified exogenously by 

subregions and years. The resources required for this 

production (capital investment, machinery, labor, etc.) 

are also specified exogenously without being optimized. 

5. The constraints on the development of stockbreeding in 

the regions relate to geographical features (e.g., rug- 

ged terrain is more suitable for sheep than cattle), to 

the availability of certain resources not specified in 

the model, to the qualifications and customs of the 

population, and to ecological considerations. Thus, the 

most suitable type of stockbreeding is determined for 

every subregion. 

6. The production capacities for the stockbreeding industry 

are specified exogenously by years and subregions. The 

lifespan of the machinery is also specified exogenously. 

7. A location has to fulfill many criteria in order to be 

considered suitable for stockbreeding facilities. For 

our case, it is assumed that there are several suitable 

locations available for a variety of agricultural 



activities. Every location is characterized in the model 

by factors such as the capital required for Its develop- 

ment and size. 

8. The yolume of water required for irrigation is not de- 

rived from the model. It is prescribed exogenously by 

subregions and years. The model determines the size and 

location of the area to be irrigated and the net cost of 

the water required. 

9. The location of factories for processing concentrated 

fodder is determined exogenously. It should be noted 

that sunflower and soybean processing is not carried 

out within the Silistra region. 

10.  The volume of orocessed fodder production is .determined 

by the model. Each subregion processes the fddder 

it requires. Deliveries between subregions are only 

carried out for unprocessed fodder. 

11.  It is assumed that there are sufficient labor resources 

for agriculture at every point in all subregions, but 

the structure of the labor force must. be solved in the 

model. 

12. Given certain constraints, it is assumed that labor can 

be temporarily transferred from one subregion to another. 

13. At peak periods (mainly during harvesting) part-time 

workers from other sectors can be hired to supplement 

the agricultural labor force. Unskilled workers 

are chosen for this seasonal work so that the increased 

labor costs can be kept to a ninimum. 

14. The costs represented in the model include not only the 

production costs of fodder but also transporation costs 

and related capital investment. Capital investment de- 

pends on the date of redemption, the volume of output, 

and additional capital investment. This last factor is 

dependent on the features of the location with respect 

to auxiliary facilities such as water supply and elec- 

tricity installation. 

The constraints included in the land allocation model are 

given below. 



For the land by subregions: 

where 

x1 is the area of irrigated land occupied by crop i ik 
in subregion k; 

x2 is the area of nonirrigated land occupied by crop i ik 
in subregion k; 

Xk is the total area of arable land in subregion k; 

and 

1 
Xk is the total area of irrigated land in subregion k. 

For crop rotation by subregions: 

where 

11, I2 are crops cultivated by hoeing and crops not 

cultivated by hoeing, ~spectively; and 

b, are the lower and upper limits of ratios of - 
mixed crops cultivated by hoeing to achieve 

effective crop rotation (many of the previous 

studies assume that - b = 0.2 and b = 0.8, although 

the values of the parameters are still subject 

to discussion) . 
The following constraints are introduced for rotating sunflowers 

with other crops: 



where 

i* is the area used for sunflower growing. 

For regional crop specialization: 

where 

1 2  
Ail Ai are the volumes of irrigated and nonirri;at.ed crops, 

respectively, planned for crop i for a given region 

(these quantities are obtained from the solution 

of the linear dynamic model). 

For subregional stockbreeding specialization: 

jp(j) 
Ys(j)k 

jp(j) for j, p(j) , s(j), k, 5 Bs(j)kf 

where 

jp(j) is the number of livestock of type j , group s ( j) , 
's(j)k 

breed p(j), raised in subregion k (livestock type re- 

fers to sheep, pigs, poultry, etc.; group refers to 

specialization within type j, for example, for cattle: 

cows, heifers; 



jp (j) is the number of livestock of type j , group s ( j )  , 
*s(j)k 

breed p(j) to be raised on a given area in subregion 

k (the numbers are taken from the linear dynamic model 

solution for all years of the period under analysis; 

~ ' ~ ( j )  are the constraints related to the different types, s(j)k 
groups, and breeds of livestock by regions; and 

jp (I) is the number of stockbreeding facilities available Es(j)k 
for a given group of animals. 

For the nutritional requirements of the livestock and the 

production of fodder: 

where 

1r 
aik is the volume of fodder of type r obtained from crop 

i in subregion k on 1 decare of irrigated land; 

2r 
aik is the volume of fodder of type r obtained from 

crop i in subregion k on 1 decare of nonirrigated 

land ; 

bjp(j)' is the volume of fodder of type r obtained from s(j)ik 
crop i, consumed by animal type j, grow s ( j ) ,  

breed p( j) in subregion k; 

-r 
Xik is the volume of fodder of type r sold outside the 

region under analysis ; 

-r 
Xiklk is the volume of fodder of type r obtained from crop 

i, sold by subregion kl to subregion k; and 



-r 
zik is the stock of fodder of t y ~ e  r. 

In addition to constraint (11), other constraints are also 

valid for some of the variables in the model: 

where 

-r r Xi' Zi are determined by the linear dynamic nodel and repre- 
sent the volumes of fodder oftype r for sale and for 

stock, respectively. 

The volume of concentrated fodder transported (d) to fac- 

tory 1 for processing including transportation costs can be ex- 

pressed as 

where 

[Q] is the set of concentrated fodder. 

is the volume of concentrated fodder of type r l  consumed by the 

livestock in subregion k l  then c5: represents the corresponding 

volume that shoul2 be produced-in factory '1. 



r 
If we introduce the variable eikk , 

1 

that is nonnegative when the corresponding quantity of fodder is 

transported to the subregion and negative when the same quantity 

of fodder is taken out, then taking into account ( 1 5) , ( 1 6) , ( 17) , and 
(15), equation (12) can be expressed as 

For the processing capacities for concentrated fodder: 

where 

w is the capacity of factory 1; and 1 

L is the number of factories. 

For the labor resources required: 

where 



1 * are the labor resources required for the cultiva- 
hikt hik 

tion of 1 decare of crops; 

jp(j) are the labor resources required for stockbreeding; 
hs(j)k 

hl are the labor resources required for processed 

fodder production; 

hkk are the labor resources that can be transferred tempo- 

rarily to subregion k from subregion kl and vice 

versa ; 

hk is the labor that can be transferred from industry 

to agriculture within the subregion; and 

Hk are the total labor resources of the subregion re- 

quired to carry out farming activities. 

Constraint (21) refers to peak periods of activity during the year. 

The objective function is expressed as 



where 

are the reduced production costs per decare for fik'fik 
crop i; 

fjp(j) are the production costs for livestock; 
s(j)k 

fl are the production costs for the fodder industry; 

jp(j) is the reduced additional capital investment for con- 
gs (j)k 

structing cattle-breeding and processing facilities 

for the fodder industry; 

rl -rl 
'ikrsik are the costs for transporting concentrated fodder 

from subregion k to factory 1 for processing and 

from factory 1 to subregion k to subregion kl for 

consw.ption, respecti~~~ely; 

r 
'ikkl are the costs for transporting a given amount of 

fodder from subregion k to subregion k l ;  

Skkl are the costs for transporting labor from subregion 

k to subregion kl; and 

Sk are the costs related to the hiring of temporary 

labor from other subregions. 

The problem is to find out: 

- 
0 - min, 

taking into account constraints (1) - (22). At present, the model 

contains approximately 550 constraints and 600 variables. Some 

information problems relating to the technological indicators still 

remain. 

As has already been mentioned, the model will be implemented 

in the Silistra region. Figure 1 presents a general block dia- 

gram of the implementation process. The development of this model 

represents an important stage in the development of the model sys- 

tem. By linking the linear dynamic model (the first model to be 



developed) to the land allocation model, it will be possible to 

fulfill some of the requirements of regional management and plan- 

ning. 



. ( volumes  of 1 
Linear Dynamic 
Model LDM 

Norma- 
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regions ) 

Formation of 
constra ints  fo r  

F i g u r e  1 .  I m p l e m e n t a t i o n  o f  t h e  l a n d  a l l o c a t i o n  model .  
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IMPLEMENTATION OF THE GENERALIZED 
REGIONAL AGRICULTURE MODEL (GRAM) 
FOR THE UPPER NOTEC REGION 

M. Albegov 
J. Kacprzyk 
J. Owsinski 
A. Straszak 

INTRODUCTION 

The implementation of the Generalized Regional Agriculture 

Model (GRAM) is discussed in this paper. The first version of GRAM 

was developed in 1978 and,at that stage, the possibility of imple- 

menting the solutions for the Upper Notec region case study was 

considered. A thorough analysis of GRAM indicated that the model 

is- an excellent tool with which to obtain much valuable informa- 

tion about issues of importance to regional and subregional authori- 

ties. Modifications were proposed in order to adapt the model to 

the economic and agricultural conditions specific to the Upper 

Notec region,while maintaining its generality; these were in- 

corporated into the basic version of GRAM (Albegov 1979), 

which has finally been implemented. 

The paper consists of four main sections. First some gen- 

eral considerations about the role of GRAM and its links with 

the other models of the Upper Notec region are discussed. The 

implemented version of GRAM is then briefly described and basic 

data and results are presented. The final section contains some 

concluding remarks about the future development of the model. 



THE ROLE OF THE MODEL 

The model is primarily intended to determine regional agri- 

cultural specialization, i.e., the structure of crop and live- 

stock production in disaggregated form (distributed among sub- 

regions, sectors, land qualities, technologies, etc.). In addi- 

tion, basic financial and resource flows are assessed. The model 

operates under specified natural conditions and a given agricul- 

tural policy. This policy, which may be considered at the sub- 

regional and regional level, determines some prices (mainly on 

the internal state market) and the distribution of resources such 

as capital investment, fertilizers, and water. It is important 

to note that the policy-making structure is explicitly represented 

in the model, mainly in the subregional structure. 

An in-depth analysis of the impact of a given agricultural 

policy may principally be made for a short (say,one-year) planning 

horizon. For analysis over the long-term (say, 5 years) the fluc- 

tuations of important coefficients, such as prices on domestic 

and world markets, make use of this model less preferable. 

The model can also reveal the points in which there are cri- 

tical resource needs; e.g., it may indicate a water supply system 

to which additional water flows should be directed. 

Application of the model can extend beyond the regional 

level to the national level, with a division of the country into 

regions. Thus, both regional and national agricultural speciali- 

zation may be determined. 

LINKAGE OF GRAM TO THE OTHER MODELS OF THE UPPER NOTEC REGION 

The place of GRAM in a system of general models for regional 

development is described in detail by Albegov (1979); hence, it 

is not mentioned here. However, since the models developed for 

particular regions may differ to some extent from the general 

scheme, we briefly show how GRAM is linked to the other models 

developed for the Upper Notec case study. 

The main links between GRAM and the other models of the system 

are shown in Figure 1 (the other models are described in these 

Proceedings). However, the functions of GRAM and the models de- 

veloped by Podkaminer et al. and Makowski to some extent overlap. 
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DESCRIPTION OF GRAM 

The model description presented in this section includes 

definitions of: the indices, coefficients, decision variables, 

constraints, and objective functions. 

Indices 

The values and meanings of the indices used in the model 

for the Upper Notec case study are given below. 

a is type of land differentiated according to soil quality (ferti- 

lity) : 

cr = 1 -- weak (W) , 
a = 2 -- medium minus (MI, 

cr = 3 -- medium plus (P) , 
= 4 -- good (GI ; 

f is type of fertilizer used: 

f = l - -  nitrate (N), f = 3 -- potassium (K), 
f = 2 - -  phosphate (PI, f = 4 -- calcium (Ca) ; 

i is crop type: 

i = 1 -- wheat, i = 7 - -  potatoes, 

i = 2 -- rye, i = 8 - -  maize, 

i = 3 -- barley, i = g - -  carrots & forage beets, 

i = 4 -- oats, i = lo-- beans, etc., 

i = 5 -- other grains, i = 1 1 - -  clover, etc., 

i = 6 -- sugar beet, i = 12-- flax, etc., 
i =  13 -- meadows and pastures; 

w is the index of crop-rotation group IW for the above set of crops, 
I = {1,2, ..., 19): 



Bi is the second crop, the best (or only) successor of the 
first crop i. 

j is livestock type: 

j = l - -  cattle (milk), j = 4 - -  pigs, 

j = 2 - -  cattle (beef), j = 5 - -  horses, 

j = 3 - -  SOWS, j = 6 -- sheep, 
j = 7 - -  poultry; 

k is livestock-breeding specialization for meat, wool, leather, 

eggs, etc. ) : it is assumed initially that k = 1 ; 

1 is type of market on which a particular commodity is sold (pur- 
chased) : 

1 = 1 -- internal state market, 
1 = 2 -- internal private market, 
1 = 3 -- external (export) market; 

m is livestock product type: 

m = 1 -- meat, m = 3 -- milk, 
m = 2 -- leather, m = 4 -- eggs., 

m = 5 -- wool; 
n are feed components: 

n = 1 -- nutrition units, n = 6 -- preserved forage, 

n = 2 - -  proteins, n = 7 -- grains stalks, 

n = 3 - -  dry mass, n = 8 - -  starchy roots, 

n = 4 - -  green mass, n = 9 -- potatoes, 

n = 5 -- hay, n = lo-- other crops, 
n = 1 1  -- milk; 

p is type of property ownership 

p = 1 -- state farm, 
p = 2 -- collective farm, 
p = 3 -- private farm; 

s is type of crop-production technology: 

s = 1 -- relatively efficient current technology (P), 
s = 2.-- modern, highly efficient technology with high ferti- 

lizer use without irrigation (F), 

s = 3 -- modern, highly efficient technology with high ferti- 
lizer use with irrigation (R) ; 



s' is type of livestock-and poultry-breeding technology: in the 

study, si = 1; 

r is the subregion corresponding to an administrative (voivodship) 

or soil quality division: 

r = 1 -- BY~~OSZCZ (B) 

r = 2 -- Wkoclawek (W) 
r = 3 -- Konin (K); 

Coefficients 

The following coefficients are included: 

a is fertilizer required to produce one unit of crop fiprsa 
i on land a on property p in subregion r,using technology 

St 

8 f jk is manure obtained from one unit of livestock j of spe- 

cialization k, expressed in units of fertilizer f; 

biprsa is labor required to produce one unit of crop i on land 
a on property p in subregion r,using technology s; 

bjkprs' is labor required to produce one unit of livestock j of 

specialization k on property p in subregion r4 using 

technology s'; 

'iprsa is capital investment required to produce one unit of 

crop i on land a on property p in subregion r, using 
technology s; 

- 
'iprsa is additional capital investment required to produce 

one unit of crop i on land a on property p in subregion 

r,when technology s is used for land improvement; 

jkprsv is capital investment required to produce one unit of 

livestock j of specialization k on property p in sub- 

region r, using technology s'; 

diprsa is annual water supply required to produce one unit of 

crop i on land a on property p in subregion r using 

technology s; 

6 
a iprsa is water demand at peak periods to produce one unit of 

crop i on land a on property p in subregion r4 using 

technology s; 



d j k p r s '  i s  a n n u a l  water s u p p l y  r e q u i r e d  t o  produce  one  u n i t  o f  

l i v e s t o c k  j on p r o p e r t y  p  i n  s u b r e g i o n  r, u s i n g  techno- 

l o g y  s '  ; 

a j k p r s '  i s  water demand a t  peak p e r i o d s  t o  produce  one  u n i t  o f  

l i v e s t o c k  j o f  s p e c i a l i z a t i o n  k  on p r o p e r t y  p  i n  sub- 

r e g i o n  r, u s i n g  t e c h n o l o g y  s ' ;  

e i p r s a  is  machinery  r e q u i r e d  t o  produce  o n e  u n i t  o f  c r o p  i on - 
l a n d  a  o n  p r o p e r t y  p  i n  s u b r e g i o n  r , u s i n g  t e c h n o l o g y  s ;  

fmax 

I are maximum and minimum demands f o r  f e e d  component n  
fmin 
n j k  t o  produce  one  u n i t  o f  l i v e s t o c k  j o f  s p e c i a l i z a t i o n  k ;  

g i n  is c o n t e n t  o f  f e e d  component n  r e q u i r e d  t o  p roduce  one  

u n i t  o f  c r o p  i; 

9, i s  c o n t e n t  o f  f e e d  component n  r e q u i r e d  t o  produce  one 

u n i t  o f  l i v e s t o c k  p r o d u c t  m; 

hmjkpsl i s  o u t p u t  o f  l i v e s t o c k  p r o d u c t  m p e r  u n i t  o f  l i v e s t o c k  

j o f  s p e c i a l i z a t i o n  k  bred on p r o p e r t y  p , u s i n g  t echno logy  

S '  ; 

n  i i s  number o f  n u t r i t i o n  u n i t s  i n  one  u n i t  o f  c r o p  i; 

"mjk i s  number o f  n u t r i t i o n  u n i t s  i n  one  u n i t  o f  l i v e s t o c k  

p r o d u c t  m o b t a i n e d  from l i v e s t o c k  j o f  s p e c i a l i z a t i o n  

k; 

U i p r s a  i s  a v e r a g e  y i e l d  o f  c r o p  i on p r o p e r t y  p  i n  s u b r e g i o n  r 

from one  u n i t  o f  l a n d  a , u s i n g  t e c h n o l o g y  s ;  

1 u .  lprscl  i s  a v e r a g e  y i e l d  o f  second c r o p  i on p r o p e r t y  p  i n  sub- 

r e g i o n  r from one  u n i t  o f  l a n d a , u s i n g  t e c h n o l o g y  s;  

B i s  maximum amount o f  l a b o r  a v a i l a b l e  i n  t h e  whole r e g i o n ;  

B 
P r  

i s  maximum amount o f  l a b o r  a v a i l a b l e  on  p r o p e r t y  p  i n  

s u b r e g i o n  r ;  

C i s  t o t a l  amount o f  e x t e r n a l  and i n t e r n a l  c a p i t a l  i n v e s t -  

ment avai lable  i n  t h e  whole r e g i o n ;  

C ~ r  
is  t o t a l  amount o f  e x t e r n a l  and i n t e r n a l  c a p i t a l  i n v e s t -  

ment a v a i l a b l e  on  p r o p e r t y  p  i n  s u b r e g i o n  r ;  



D is maximum annual water supply available for the whole 

region; 
A 

1) is maximum water supply available at peak periods for 

the whole region; 

D ~ r  
is maximum annual water supply available on property 

- 
p in subregion r; 

A 

'pr is maximum water supply available at peak periods on 
- 

property p in subregion r; 

E is maximum machinery available in the whole region; 

are minimum and maximum consumption levels of crop i in 

the whole region; 

) are minimum and maximum consumption levels of livestock 

max\ product m in the whole region; 
Fm 

min 
Fipr 1 are minimum and maximum production of crop i on property 

max\ p in subregion r; 
Fipr 

Gf is maximum volume of fertilizer f available in the 

whole region; 

G 
fpr 

is maximum volume of fertilizer f available on property 

p in subregion r; 

Hil is maximum volume of purchase of crop i on market 1 for 

livestock consumption; 

Iil is maximum volume of purchase of crop i on market 1 for 

human consumption; 

Iml is maximum volume of external purchases of livestock pro- 

duct m on market 1 for human consumption; 
- 

is sale limitation of crop i on market 1; Iil 
- 
'm1 is sale limitation of livestock product m on market 1; 

are maximum and minimum areas of land that, in accordance 

with crop rotation, could be used for growing crops of 

group w on property p in subregion r; 



imp 
p: 7 

- imp 
'il 

a r e  minimum and maximum a r e a s  of u seab le  land a on prop- 

e r t y  p i n  subregion r ;  

a r e  minimum and maximum a r e a s  of l and  a on p rope r ty  p 

i n  subregion r t h a t  can be improved wi th  t h e  use  of 
technology s ( i r r i g a t e d ,  d ra ined ,  e t c . ) ;  

is  a r e a  of meadows and p a s t u r e s  on p rope r ty  p i n  sub- 

reg ion  r;  

i s  maximum p o s s i b l e  a r a b l e  land use  on p rope r ty  p i n  

subregion r ;  

i s  minimum and maximum p o s s i b l e  product ion of l i v e s t o c k  

j on proper ty  p i n  subregion r ;  

i s  u n i t  p r i c e  of home-produced c rop  i on market 1; 

i s  u n i t  p r i c e  of home-produced l i v e s t o c k  product  m on 

market 1; 

i s  u n i t  p r i c e  on c rop  i purchased f o r  forage  on market 

1; 

is  u n i t  p r i c e  of c rop  i purchased f o r  hunan consumption 

on market 1; 

i s  u n i t  p r i c e  of  l i v e s t o c k  product  m purchased f o r  human 

consumption on market  1; 

i s  prcduc t ion  c o s t  of one u n i t  of c rop  i on land a on 

proper ty  p i n  subregion r, us ing  technology s ;  

is  maintenance c o s t  f o r  one u n i t  of l i v e s t o c k  j of 

s p e c i a l i z a t i o n  k on p rope r ty  p i n  subregion r , u s i n g  

technology s' (exc luding  feed ing  c o s t s )  ; 

i s  minimum wage on p rope r ty  p. 



Decis ion Var i ab l e s  

The model c o n t a i n s  t h e  fol lowing d e c i s i o n  v a r i a b l e s .  

'iprl i s  purchase  of  c rop  i f o r  fo rage  on market  1 by p rope r ty  

p  i n  subreg ion  r ;  

Qiprl i s  purchase  of c rop  i f o r  human consumption on market 1 

by p r o p e r t y  p  i n  subreg ion  r;  

Q m p r l  i s  purchase  of  l i v e s t o c k  produc t  m f o r  human consumption 

on market  1 by p rope r ty  p  i n  subreg ion  r ;  

Riprl i s  s a l e  of  c rop  i on market  1 by p r o p e r t y  p  i n  subreg ion  
r ;  

R m p r l  i s  s a l e  of l i v e s t o c k  produc t  m on market 1 by p rope r ty  

p  i n  subreg ion  r ;  

ipr i s  consumption of c rop  i on p rope r ty  p  i n  subreg ion  r ;  

'mpr i s  human consumption of l i v e s t o c k  produc t  m on p rope r ty  

p  i n  subreg ion  r ;  

' iprsa i s  volume of  f i r s t  h a r v e s t  of  c r o p  i on l and  a on p rope r ty  

p  i n  subregion r, us ing  technology s;  

' jkprsv  i s  number of  l i v e s t o c k  j of s p e c i a l i z a t i o n  k  on p rope r ty  

p  i n  subregion r , u s i n g  technology s t ;  

' iprsa i s  volume of  second h a r v e s t  of  c rop  i on l and  a on prop- 

e r t y  p  i n  subreg ion  r, us ing  technology s; 

ipr i s  consumption of c rop  i on p r o p e r t y  p  i n  subreg ion  r ;  

Z i s  l i v e s t o c k  consumption of l i v e s t o c k  p roduc t  m on prop- 
mpr 

e r t y  p  i n  subreg ion  r .  

C o n s t r a i n t s  

The c o n s t r a i n t s  a r e  grouped accord ing  t o  l and  use ,  p roduc t ion  

and f eed  ba l ances ,  r e s o u r c e s ,  etc.  

Land-Use C o n s t r a i n t s  

The fo l lowing  c o n s t r a i n t s  r e l a t e d  t o  t h e  d i f f e r e n t  a s p e c t s  

of  l a n d  use  a r e  in t roduced .  

a .  The a v a i l a b i l i t y  of  a r a b l e  l and  i s  expressed  a s  



'iprsa < 
1- u - Pr sIa iprsa 

ie1-16 

for all p, r. Full utilization of land is assumed; in 

general, I = '  may also be replaced by " < " .  - 

b. The availability of land of a particular quality is ex- 

pressed as 

Lmin < 'iprsa < Lmax 
pra - u - pra its iprsa 

for all p,r,a. 

c. The minimum and maximum areas of land occupied by crops 
1 from groups 1 , .. . ,I5 in accordance with the limitations 

imposed by crop rotation are expressed as 

Lmin < 'iprsa < Lmax 
wpr - S,Q Uipr~a - wpr ' 

for all p, r, w = 1,...,5. 

d. The minimum and maximum areas of land that can be im- 

proved (e.g., by irrigation) are expressed as 

min < 1 'iprsa < Lmax 
L~rsa - i uiprsa - prsa 

for all a, p, r, s = 2, 3. 

e. The availability of pastures and meadows is expressed as 

'i rsa 1 + L L  m 1 (5 
s,ct iprsa Pr 
ie16 

for all p, r. 



Livestock Product a n d  Crop Balances 

a. The livestock product balance is expressed as 

for all m, p, r. 

b. The crop balance is expressed as 

c. The balance of first and second harvests is expressed 

as 

for all it p, 

cl u' 
8 .  

iprscl 

Feed Balances 

Feed components n are balanced at a regional level for state 

farms and at a subregional level for collective and private farms. 

a. The feed balance for state farms is expressed as 

C min 
fnjk 'jkprs' - < 1  gin 'ipr + jtktrtsl i,r gin 'iprl i,rtl 

+ C  g ' < C max 
mn mpr - 

jrktrts 
, fnjk 'jkprs' 

mt r 

for all n, p = 1 .  

h. The feed balance for collective and private farms is 

expressed as 



min < 1 fnjk 'jkprsl - i 1  gin 'ipr + 
gin 'iprl 

jrkrs it 1 

+ C g  z < I  ma>; 
mn mpr - m 1 rkrrr~ fnjk 'jk@rsl . 

for all n, r, p = 2,3. 

Minimum Requirements  f o r  t h e  Produc t ion  o f  Crops and L i v e s t o c k  
Produc t s  

a. The minimum requirement for crop production is expressed 

as 

qin < max 
I - 1  'ipr < Fi 

+ 1 Qiprl - 
Prr ptrtl 

for all i. 

b. The minimum requirement for livestock products is ex- 

pressed as 

for all m. 

Produc t ion  L i m i t s  f o r  Crop and L i v e s t o c k  Products  

a. The production limit for crops is expressed as 

min , max 
Fipr - 1 ('iprsa + 'iprsal 5 Fipr 

sta 

for all it p, r. 

b. The production limit for livestock products is expressed 

as 



Mmin < < M~~~ 
1 'jkprs' - jpr ' jpr - k,s 

for all j, p, r. 

Resource Constraints 

a. Labor at a subregional level is expressed as 

for all p, r. 

b. Labor at a regional level is expressed as 

c. Total water consumption at a subregional level is ex- 

pressed as 

for all p, r. 

d. Peak-period water consumption at a subregional level 

is expressed as 

for all p, r. 





P u r c h a s e  and S a l e  L i m i t s  

a. The purchase of crops for livestock consumption is ex- 

pressed as 

5 
for all 1, i e U I"' . 

w= 1 

b. The purchase of crops for human consumption is expressed 

as 

c. The purchase of livestock products is expressed as 

for all m,l . 

d. The sale of crops is expressed as 

for all 1, i e a I. . 
w= 1 

e. The sale of livestock products is expressed as 

for all m,l. 





In implementing the model, six objective functions, all to 

be maximized, were proposed. 

Regional profit is expressed as 

imp - -imp 
'iprl 'il 'iprl 'il ilb,r,l 

irprrrl 

imp 
1 'mPr~'m~ 

mrP1rrl 

Regional agricultural production in monetary terms is expressed 
as 

- imp 
'iprl 'il 

i,plr,l 

r- - imp 
C 

i,p,r,l 
'iprl Pil 

imp 
'rnprl 'ml 

mrprrrl 
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Regional  a g r i c u l t u r a l  p r o d u c t i o n  i n  n u t r i t i o n  u n i t s  i s  e x p r e s s e d  

- 1 n mjk (hmjkps' ' j k p r s f  - 1 Q m p r l )  
r n , j , k , p , r , ~ ~  1 

P r o d u c t i o n  o f  l i v e s t o c k  p r o d u c t s  i n  monetary t e r m s  i s  e x p r e s s e d  

C 1 - imp 

m , P , r , l  
R m p r l  'm 1 Q m p r l P m l  

m r P , r r l  

P r o d u c t i o n  o f  l i v e s t o c k  p r o d u c t s  i n  n u t r i t i o n  u n i t s  i s  e x p r e s s e d  

as 

Expor t  p r o d u c t i o n  i n  monetary t e r m s  i s  e x p r e s s e d  

3  -imp - imp 
1 ( R i p r 3  - Q i p r 3  ' i3 

i , p , r  
' ip r3  

The c h o i c e  o f  t h e  o b j e c t i v e  f u n c t i o n  i s  v e r y  i m p o r t a n t  be- 

c a u s e  o f  i t s  e f f e c t  on  t h e  r e s u l t s  o b t a i n e d .  I t ,  t h e r e f o r e ,  

r e q u i r e s  a d e t a i l e d  a n a l y s i s  o f  t h e  i n t e n t i o n s  o f  pol icy-making 

a u t h o r i t i e s  and o f  t h e  r e l e v a n c e  o f  a  s p e c i f i c  g o a l  f o r  t h e  

r e g i o n  under  a n a l y s i s .  



BRIEF PRESENTATION OF NUMERICAL RESULTS 

For implementation, the sets of indices, i.e., the types 

of crop, livestock, etc., were as given above. This resulted 

in a linear programming problem of 3,438 columns (variables) and 

968 rows (constraints and objective function). The first objec- 

tive function, i.e., regional profit (32), was applied. 

Since a large amount of data was used, it is not all listed. 

Only land and labor resources are presented to give some indica- 

tion of the region's size (see   able 1 ) . 

Table 1. Land and labor resources. 

Total area of region -- 
in subregions: 

Bydgoskie voivodship a 

WZockawskie voivodshipa 

~oninskie voivodship a 

in property types: 

state-owned 

collective 

private 

Labor resources 

a ~ o t e  t h a t  B dgoskie ,  WYocTawskie, and Koninskie are  the  a d j e c t i v a l  forms o f  
Bydgosrcz, ~$ocbctawek, and Konm . 

The main results for production of crops, livestock,and 

livestock products are given below. 

Crops, tons (approx) : 

wheat 

rye 
barley 

oats 

other grains 

sugar beets 

potatoes 

maize 

forage beets 



a. (continued) 

beans 

clover 
flax 

products from meadows 
and pastures 

b, Livestock, in units .(approx) : 

cattle (milk) 

cattle (beef) 

pigs 
horses 

sheep 

poultry 

C. Livestock products (approx) : 

meat (in tons) 

leather (in tons) 

milk (in lo3 liters) 
3 eggs (10 

wool (in tons) 

The pattern of regional agricultural specialization obtained 

from the model is given briefly in Tables 2 and 3; the dominant 

subregions, technology types, etc. for a particular crop/live- 

stock type are underlined. 

One of the important features of the soluti~n to the live- 

stock specialization problem is the region's self-sufficiency 

with respect to the agricultural products considered. 

The most limiting constraints are those concerning the 

minimum income requirements for collective and private farms. 



Table 2. Crop specialization. 

Crop Subregion Property type Technology Soil quality 

Wheat - BV W, K 
RY e - Bt Wt K 
Barley - B, Wt K 
Oats - Bt K 
Other 
grains 

Sugar 
beet 

Potatoes - Bt Wt K 
Maize 

Forage FJ, B, K beets, etc. - 
Beans, etc. B, - W, K 

Clover, etc. - B, K 
Flax, etc. - B, Wt K 
Meadows, 
etc. 

Table 3. Livestock specialization. 

Livestock type Property type Subregion 

Cattle (milk) - PI ct s B, Kt W - 
Cattle (beef) - P, C, S - B, Kt W 
Pigs - Pt C - Bt Kt W 

Horses P - Bt W 
Sheep P K, - B 

Poultry - P, St C B, Wt K 

CONCLUDING REMARKS 

The first results obtained from GRAM confirm the authors' 

belief that the model is a useful tool for determining not only 

regional agricultural specialization but also the most important 

regional resource flows (capital, fertilizers, labor, machinery, 

water, etc.). The results seem compatible with agricultural 

theory and practice; in the future, it is only necessary to 

reconsider some minor issues. 



The large size of GRAM implies that difficulties could occur 

in analyzing the results and the interrelations of agriculture 

and the other sectors of the regional economy. However, this 

task was greatly facilitated by the nodel's interactive mode and 

clearly defined (reflecting the existing administrative, economic, 

and other divisions) structure. Use of the SESAME/DATAMAT 

LP system made it possible to compute the model efficiently and to 

present the results in an elegant and compact form. 

In the future, some mechanisms accounting for the stochastic 

nature of regional agriculture will be included in GRAM. It is 

also expected that a multicriteria approach to the solution of 

the model will be formulated and that a dynamic model based on 

GRAM will be developed. 
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NORMATIVE MODELING OF STATE-SECTOR 
REGIONAL AGRICULTURAL PRODUCTION 
UNDER VARIOUS WATER SUPPLY ALTERNATIVES-- 
APPLICATION TO THE UPPER NOTEC REGION 

L. Podkaminer 
A. Jozwiak 
T. Tvollodko-Szymczak 
T. Ksiezopolka 
J. Gomulka 

The problem of determining optimal agricultural production 

patterns allowing for a limited water supply has Seen formulated 

mathematically in several ways (see De Ridder 1974, Dudley 

et al. 1971, Gisser and Pohoryles 1977, Pomerada 1978, etc.) . The 

approach differs according to whether the emphasis is placed. on 

the agricultural, economic, or hydrological aspects of the 

problem. The mathematical formulation adopted in this paper is 

based mainly on the methodology of deterministic linear progran- 

ming developed by Heady and his associates (see Heady and 

Dvodskin 1977, Heady and Eyvidson 1973, Heady et al. 1973, Nicol 

and Heady 1975, etc. . 
However, the model presented takes into account the 

random nature of water demand in specific months of the vegeta- 

tion period. Thus, the production pattern determined in the 

model will be feasible in weather conditions deviating from the 

average. 



BASIC ASSUMPTIONS 

L i n e a r  programming i s  g e n e r a l l y  used t o  de t e rmine  t h e  s e t  

o f  a l l  f e a s i b l e  a g r i c u l t u r a l  p a t t e r n s  o f  a  r e g i o n .  Moreover, 

l i n e a r  programming models t e n d  t o  t r e a t  t h e  whole r e g i o n  a s  

v i r t u a l l y  one  economic u n i t  and do n o t  c o n s i d e r  t h e  p o s s i b i l i t y  

o f  a  l a c k  o f  s p a t i a l  homogeneity i n  c l i m a t e ,  s o i l ,  and p roduc t i on  

equipment.  

Such models  a r e  u s u a l l y  s t a t i c  i n  c h a r a c t e r .  However, t h e  

p a t t e r n  sought  i s  t h e  annua l  a g r i c ; l t u r a l  p r o d u c t i o n  s t r u c t u r e  

and t h e  model s o l u t i o n  i s  expec ted  t o  have long-term s i g n i f i c a n c e .  

The y e a r  t o  which t h e  model a p p l i e s  i s  assumed t o  be t y p i c a l  f o r  

a  l o n g e r  t i m e  p e r i o d , i n  which t e c h n o l o g i c a l  and economic cond i -  

t i o n s  a r e  c o n s t a n t .  S i n c e  t h e  y e a r l y  program t o  be de te rmined  i s  

expec ted  t o  be f e a s i b l e  f o r  bo th  t h e  p r eced ing  and f o l l o w i n g  

y e a r s  o f  t h e  t i m e  p e r i o d ,  making sho r t - t e rm  s o l u t i o n s  imposs ib l e ,  

t h i s  model must d i f f e r  from a p u r e l y  s t a t i c  model.  

VARIABLES AND CONSTRAINTS 

Four g roups  o f  v a r i a b l e s  a r e  i n c l u d e d  i n  t h e  model: 

- - t o t a l  q u a n t i t i e s  o f  p a r t i c u l a r  animal  f e e d  

produced ; 
- - l i v e s t o c k -  b r e e d i n g  a . c t i v i t i e s ;  

- - land-use  a c t i v i t i e s  (w i th  s p e c i f i e d  r o t a t i o n s ) ;  

and 
- - t o t a l  d i r e c t l y  p r o d u c t i v e  wa t e r  u s e  i n  c e r t a i n  

months o f  t h e  v e g e t a t i o n  p e r i o d  (under  t h e  

most l i k e l y  wea ther  c o n d i t i o n s ) .  

Land-use a c t i v i t i e s  a r e  d i v i d e d  i n t o  t h r e e  subgroups:  

- - r o t a t i o n s  i n c l u d i n g  a t  l e a s t  one  c r o p  

r e q u i r i n g  i r r i g a t i o n ;  
- - r o t a t i o n s  e x c l u d i n g  c r o p s  r e q u i r i n g  i r r i g a t i o n ,  

b u t  grown on  s o i l s  s u i t a b l e  f o r  i r r i g a t i o n ;  and 

- - r o t a t i o n s  recommended f o r  l a n d  u n s u i t a b l e  f o r  

i r r i g a t i o n .  

The b a s i c  s o i l  c a t e g o r i e s  f o r  land-use  a c t i v i t i e s  a r e  d e f i n e d .  



Five groups of constraints are introduced: 

- - the availability of the basic means of production; 

- - the availability of water for direct use in agri- 

cultural production in specific months of the vege- 

tation period, under various weather conditions; 
- - the production and economic targets set for the 

region s state-owned farms; 
- - the interrelations between activities that guarantee 

the long-term feasibility of the region's annual 

program (i.e., reproduction equations for the 

herd structure and environmental preservation con- 

straints) ; and 
-- the balances of feeds of particular types. 

DESCRIPTION OF WATER AVAILABILITY CONSTRAINTS 

For the sake of brevity, only the water availability con- 

straints included in the model are given. These constraints 

reveal some important assumptions that have been adopted. The 

following notation is used: 

*ijk is the area of land of soil category i 

under rotation j involving at least one 

crop requiring irrigation and using 

technology k; 

Wr is the level of livestock production 

activity r; 

'ijktTd is the water required directly for pro- 

ductive purposes in activity xijk in 

month t under average monthly temperature 

T and effective precipitation d; 

qrt is the water required directly for productive 

purposes in activity Wr in month t; and 

QtTd is the upper limit of the water supply 

for directly productive agricultural use 

in month t under average monthly tempera- 

ture T and effective precipitation d. 



The model constraints include a subset of the following 

inequalities: 

The coefficients qrt are estimated according to livestock- 

breeding knowledge. To assess the coefficients qijktTdt the 

Klatt-Press theory on the relationships between optimum rainfall 

for various crops, average monthly temperatures, and soil texture 

should be applied. 

OBJECTIVE FUNCTION 

The problem of determining an objective function for the 

water-use programs has not been completely solved. There are 

many aspects of the problem that make simple proposals question- 

able. Therefore, the objective function adopted in this study-- 

to r~~aximize the volume of net agricultural production expressed 

in corn equivalent units--is considered to be provisional. 

MODEL FOR THE UPPER NOTEC PEGION 

The simplified model for the Upper Notec region presented 

above consists of 171  variables and 8 7  constraints. Among the 

latter, there are 27  constraints of type ( 1 )  reflecting the 

climatic properties of the Upper Notec region. The specification 

of the model required that over 5,000 coefficients be assessed. 

A number of versions of the model were solved,from which infor- 

mation about the influence of the changes in the available 

means of production upon the optimum production pattern has been 

obtained. Selected results are presented in the Appendix. 

LINKAGE OF THE MODEL TO THE WATER SYSTEM DEVELOPMENT MODEL 

The model and its specific solutions may be utilized while 

constructing models dealing with many aspects of the region's 

water system development (see, e.g., Makowski 1979  1 .  



The pattern of agricultural production that is taken to be 

endogenous in Makowski (1979) may be identified with an optimum 

solution to a variant of the model presented. Both models indi- 

cate that the quantities of water needed for agricultural produc- 

tion must be related to each other. Obviously, some problems 

occur because of the differences in the levels of spatial aggre- 

gation adopted. However, a relatively simple way of disaggregating 

the solutions of the presented model so as to fit the requirements 
of the water system development model has been worked out using an 

auxiliary linear programming model (Makowski 1979), in which 

agricultural production patterns are determined for particular 

subregions. The spatial distribution of production factors is 

therefore fully acknowledged. The objective function of the 

auxiliary model is defined so as to secure the minimum possible 

differences between the optimum (aggregated) regional production 

pattern and the pattern resulting from the disaggregation of the 

acceptable subregional patterns. 
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APPENDIX: OPTIMUM PRODUCTION RESPONSE TO WATER 
SUPPLY I N  THE UPPER MOTEC S G I O N - -  
SELECTED RESULTS 

S e v e r a l  v e r s i o n s  o f  t h e  b a s i c  model w e r e  s o l v e d  u s i n g  an  

IBl l  370 computer .  One o f  t h e s e  was concerned w i t h  s t u d y i n g  t h e  

r e sponse  o f  t h e  r e g i o n ' s  s t a t e - s e c t o r  farming t o  w a t e r  supp ly  

under  some a d d i t i o n a l  a ssumpt ions ,  from which t h e  most impor t an t  

a r e  

- - l a b o r  f o r c e  a v a i l a b i l i t y :  25,000 men; 

- - l a n d  under  s ta te  ownership:  187,400 ha ;  and 

- - s u p p l i e s  o f  wa t e r  QtTd are i d e n t i c a l  f o r  a l l  t ,  T, 

and d .  

Thus, any v e r s i o n ,  s a y  the n t h ,  c o r r e s p o n d s  t o  t h e  b a s i c  

model,  w i t h  i n e q u a l i t i e s  ( 1 )  t a k i n g  t h e  f o l l o w i n g  form: 

The c h a r a c t e r i s t i c s  o f  t h e  optimum s o l u t i o n s  o f  n i n e  model 

v a r i a n t s  t o  s t a t e - s e c t o r  farming i n  t h e  Upper Notec Xegion a r e  
( 2 )  g iven  i n  Tab l e  1 .  They a r e  i n  t h e  form o f  r a t i o s :  c(")/c , 

where C (") refers t o  v a r i a n t  n and C ( 2 )  t o  t h e  b a s i c  model. 



With r e s p e c t  t o  t h e  wate r  supply  pe r  u n i t  o f  c u l t i v a t e d  

l a n d ,  t h e  b a s i c  model r e f l e c t s  t h e  p r e s e n t  s i t u a t i o n  o f  s t a t e -  

s e c t o r  farming i n  t h e  Upper Notec r e g i o n .  

Table  1 .  C h a r a c t e r i s t i c s  o f  t h e  optinum s o l u t i o n s  o f  t h e  n i n e  
models. 

a 
Q i s  t o t a l  monthly  w a t e r  s u p p l y ;  

bP is  n e t  a g r i c u l t u r a l  p r o d u c t i o n  i n  
C 

c o r n  e q u i v a l e n t  u n i t s ;  
C 

P is n e t  a g r i c u l t u r a l  p r o d u c t i o n  ( i n  

c u r r e n t  p r i c e s )  ; 
d 

M i s  n e t  meat p r o d u c t i o n ;  
e 

L is  i r r i g a t e d  l a n d ;  and  

'I? is n e t  v e g e t a b l e  p r o d u c t i o n .  
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COORDINATION OF TASKS WITHIN THE 
GENERAL STUDY OF THE UPPER NOTEC 
PILOT PROGW! 

C. Somorowski 
E. Wichracz 

INTRODUCTION 

The Governmental Program PR-7.06 was established to develop 

and implement a water resource management system in the Upper 

Notec agricultural region in Poland. This program considers the 

development of water resources in conjunction with the socio- 

economic development of the whole region. 

The program was planned in two stages. In the first stage 

(1976-1979) the design of the system was accomplished. The 

second stage (after 1979) is concerned with the practical imple- 

mentation of the system. This paper describes the coordination 

of activities during the design stage. 

CHARACTERISTICS OF THE PROGRAM 

The design work, which began in 1977, makes possible the up- 

dating of data on the territorial features, the structure, func- 

tions, and organization of the water resource management program. 

The Upper Notec region is situated in the Notec river basin 

above the point where the Bydgoskie canal joins the river. The 

borders of the communities located in the river basin define 



the boundary of the region, within which 31 communities are in- 

cluded in an area of 4,900 sq km. The structure of land use is 

given in Table 1. 

Table 1. The structure of land use in the Upper Notec region. 

Type of land use Area (in ha ) 5 

Agricultural use: 353,845 72.2 

- - arable land 
-- orchards 
- - grassland 

Forests 

Other 

Total 490,258 100.0 

The water and land reclamation system and the agricultural- 

economic' system have certain interrelated elements that define 

the structure of the water resource management system. For the 

water and land reclamation system, these elements include water 

bodies, reservoirs, water intakes, sewage treatmentplants, inter- 

nal water system for industrial plants, navigation and municipal 

sectors, and also irrigation and drainage systems serving one or 

several agricultural units. The corresponding elements of the 

agricultural-economic system include all agricultural production 

units (state, cooperative, and private farms), services and the 

food-processing industry. The region is divided into subregions 

in which there are water and land reclamation subsystems covering 

partial basins and agricultural-economic subsystems. 

Detailed examination of the natural and economic conditions 

of the region have revealed that 

-- agriculture isbeing developed intensively over a consider- 
able area of the region; 

-- considerable water deficits occur during the vegetation 
period ; 



-- significant urbanization taking place in the region and 
chemical and food industries a-e being developed; and 

-- the level of water pollution is a considerable hazard to 
the region. 

The aim of the water and land reclamation program is to de- 

velop a system of facilities for satisfying the water require- 

ments of agriculture and other economic sectors. This requires 

the rational use of water resources, taking envirormental factors 

into account. Therefore, the elaboration and implementation of 

a plan for agricultural development of the region is of primary 

importance. The establishment of a management center in the sys- 

tem should be considered as a stage of implementation. The ten- 

ter would control water distribution using modern data collection 

and processing methods and techniques, and optimization proce- 

dures; in addition, hydrological and meteorological surveys (in- 

cluding also a study on water quality) would be undertaken. 

In designing the Upper Notec water resource management 

pilot system, a specific arrangement of tasks was required 

because of the close relationship between water supply and socio- 

economic development. 

GENERAL STUDY 

The General Study of water resources and land reclamation 

for the pilot system constitutes the final document of the 

first stage of research and design and forms the basis 

for accomplishing further more detailed activities at a later 

stage. The Institute for Land Reclamation and Grassland Farming 

( 1 ~ ~ 2 )  at Falenty is the body coordinating the tasks of develop- 

ing and implementing the system. TWO design organizations 

are responsible for carrying out the tasks of the General Study: 

the Central Research and Design Bureau for Irrigation, Drainage 

Land Improvement, and Plater Supply for Agriculture (BIPROYEL) 

and the Design and Technological Bureau for the Agricultural 

~ndustry and Agriculture Enterprise Organization (BIPROZET). 



I n i t i a l l y ,  two t o p i c s  were d e f i n e d  f o r  s t u d y .  The f i r s t  

(PR-7.06.01) was a n  e x a m i n a t i o n  o f  t h e  n a t u r a l  and  economic f e a -  

t u r e s  o f  t h e  r e g i o n  and  a  f o r e c a s t  o f  a g r i c u l t u r a l  p r o d u c t i o n  

p o t e n t i a l  w i t h  and  w i t h o u t  i r r i g a t i o n ;  and  t h e  second  (PR-7 .06 .02) ,  

t o  be pe r fo rmed  i n  e i g h t  d e t a i l e d  t a s k s ,  c o n s i s t e d  i n  a n  a n a l y s i s  

o f  t h e  s t a t e  o f  l a n d  r e c l a m a t i o n  and w a t e r  r e s o u r c e s  and  t h e  

g e n e r a l  d e s i g n  o f  t h e  w a t e r  and  l a n d  r e c l a m a t i o n  s y s t e m .  Data  

o b t a i n e d  i n d e p e n d e n t l y  o f  t h e  deve lopment  f o r e c a s t s  o f  t h e  r e g i o n  

from t h e  Vo ivodsh ip  Boards  ( p r o v i n c i a l  a u t h o r i t i e s )  i n  Bydgoszcz,  

W,Yoc,Zawek, and  Konin were t a k e n  i n t o ' a c c o u n t .  I n f o r m a t i o n  from 

t h e s e  two s t u d i e s  was u s e d  i n  t h e  G e n e r a l  S tudy  (PR-7.06.03) .  

T h i s  c o n s i s t s  i n  f i v e  d e t a i l e d  t a s k s  c o n c e r n e d  w i t h  

- -  p l a n n e d  economic development  o f  t h e  r e g i o n ,  t a k i n g  i n t o  

c o n s i d e r a t i o n  a l t e r n a t i v e  p l a n s  f o r  t h e  deve lopment  and  

d i s t r i b u t i o n  o f  a g r i c u l t u r a l  p r o d u c t i o n ,  and  t h e  deve lop -  

ment p l a n s  f o r  f o r e s t r y  and f o r e s t  d e n s i t y ,  f o r  t h e  a g r i -  

c u l t u r a l  i n d u s t r y ,  and  f o r  s e r v i c e s  and  t h e  economic 

i n f r a s t r u c t u r e  ( p e r f o r m e d  by BIPROZET); 
- - w a t e r  r e s o u r c e  management, t a k i n g  i n t o  a c c o u n t  f o r e c a s t s  

o f  s u r f a c e  and  g roundwate r  r e s o u r c e s ,  w a t e r  demand f o r e -  

c a s t s ,  w a t e r  b a l a n c e s ,  and  a d d i t i o n a l  w a t e r  r e s o u r c e s  

f rom n a t u r a l  r i v e r  f l o w s ,  f rom w a t e r  s t o r a g e  r e s e r v o i r s ,  

and  from w a t e r  t r a n s f e r s  o u t s i d e  t h e  b a s i n  (pe r fo rmed  by 

BIPROMEL) ; 

-- t e c h n i c a l  s o l u t i o n s  t o  t h e  w a t e r  and  l a n d  r e c l a m a t i o n  

sys t em,  c o n s i d e r i n g  water b o d i e s ,  r e s e r v o i r s ,  t r a n s f e r  

c a n a l s ,  w a t e r  i n t a k e s ,  w a t e r  s u p p l y  and  sewage t r e a t m e n t  

s y s t e m s  i n  r u r a l  a r e a s ,  r i v e r  r e g u l a t i o n ,  f l o o d  c o n t r o l ,  

l a n d  r e c l a m a t i o n  s y s t e m s ,  s u b s o i l i n g ,  r e c u l t i v a t i o n ,  

e r o s i o n  p r e v e n t i o n ,  f i s h  ponds ,  schemes f o r  p r o t e c t i n g  

w a t e r  a g a i n s t  p o l l u t i o n ,  schemes f o r  d a t a  c o l l e c t i o n  and  

p r o c e s s i n g ,  and  s y s t e m  c o n t r o l  (pe r fo rmed  by BIPROMEL) ; 

-- a n a l y s i s  o f  a l t e r n a t i v e  w a t e r  and  l a n d  r e c l a m a t i o n  s y s t e m s ,  

t a k i n g  i n t o  a c c o u n t  f o r e s t  and  f i s h i n g  r e s o u r c e s ,  re- 

c r e a t i o n a l  u s e  o f  r i v e r s ,  l a k e s ,  and  r e s e r v o i r s ,  and t h e  

o r g a n i z a t i o n  o f  w a t e r  r e s o u r c e  management (pe r fo rmed  by 

BIPROMEL and BIPROZET) ; and 



- -  optimization of the water resource management system, 
taking into account changes in the structure of agricul- 

ture, in agrjcultural organization and management sys- 

tems,and in the relztions between agriculture and the 

food processing industry of the region (performed by 

BIPROZET, BIPROMEL, and IMUZ) . 

COORDINATION OF TASKS 

In Figure 1 ,  the organizational structure of the tasks in 

the program is shown. The main coordinator and the leading 

design organizations cooperate closely with the researchers to 

fulfill the tasks in the General Study,as indicated in Figure 2. 

The greatest difficulty encountered during the performance 
of the tasks was the lack of information available in certain 

research areas before the study was undertaken. 
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PLANNING WATER RESOURCE DEVELOP7IENT 
IN THE SILISTRA REGION 

I. Gouevsky 
V. Genkov 
I. Tzvetanov 
B. Topolsky 

INTRODUCTION 

In recent years remarkable progress has been made in metho- 

dologies for planning water resource development. This has been 

possible mainly by using systems analysis techniques to solve 

the complex problems involved in the design and operation of mo- 

dern water resource projects and water use facilities. The 

Silistra case study --launched in 1977 by the International In- 

stitute for Applied Systems Analysis (IIASA) in collaboration 

with various Bulgarian institutions --provides an excellent frame- 

work for the application of various methodologies and systems 

analysis techniques. Moreover, because of the practical impor- 

tance of the problems to be solved, it is necessary to refine 

existing methodologies and to develop new ones in order to satis- 

fy the ever-increasing demands of decision making in a highly 

socialized environment. 

The water resources of the Silistra region have been the 

subject of development for many years. Detailed geographical, 

geologica1,and economic studies have been carried out and a num- 

ber of alternative strategies for developing the region's water 

resources have been proposed. However, the results of these 

studies have not been unified to form a comprehensive evalua- 

tion of the effects of these strategies on the entire socio- 

economic process of the region. 



The study of agricultural water demands carried out in 1977 

by IIASA's Water Demand Group (Gouevsky and Maidment 1977; 

Gouevsky et al. 1980) was a turning point in the application of 

systems analysis to water resource development of the Silistra 

region. The study group has provided a methodology for compre- 

hensive analysis of irrigation and livestock potable water de- 

mands as well as for forecasting these demands in the future. 

The model is being further extended and refined in Bulgaria. 

In 1978 IIASA's Regional Development Task initiated a case 

study to evaluate water supply alternatives for one of the irri- 

gation systems in the region. The results of this study are 

available in Albegov and Chernyatin (1978). The model has been 

put on the computer at the Institute for Social Management, 

Bulgaria. Both the demand and the supply models have recently 

been linked together. 

The aim of this paper is: (a) to outline and discuss a sys- 

tem of models for water resource development and water resource 

control in the Silistra region; (b) to propose principles for 

coordinating and integrating these models into a unified system; 

(c) to suggest and implement methodologies for planning water 

resource development in conditions of uncertainty; (d) to discuss 

problems of water resource management in conditions of a water de- 

ficit. 

A SYSTEM OF MODELS FOR WATER RESOURCE DEVELOPMENT 

Water Use in the Silistra Region 

Water is being used at present and will he widely used in 

the future for the following activities in the Silistra region: 

--agriculture (crop and livestock production and processing), 

--potable water supply (population and livestock), 

industry, 

--transportation (and other in-stream uses), and 

--recreation (and other on-site uses). 



Agriculture and the potable water supply are assumed to ac- 

count for the greatest water demand in the region. This is be- 

cause a vast irrigation system will be developed in the near fu- 

ture to meet the feed requirements of livestock and the ever- 

increasing potable water requirements of the population. For 

irrigation and the supply of potable water to the population 

and livestock, water transfers over a distance of up to 60-80 km 

from the water source are required. Substantial capital invest- 

ments are needed to provide this supply; thus, a trade-off be- 

tween decreasing water demands and increasing water supply has to 

be made. 

Industry is the next most important user. Two types of 

enterprise exist: heavy water users (food and kindred products, 

wood processing) and other users (machine building, various 

municipal services). It is expected that in the future residuals 

generated from industry may also cause some upstream-downstream 

conflicts as well as negative environmental effects. 

Water use for transportation and recreation is limited for 

the time being to areas near the River Danube. However, in de- 

veloping the region, access to these services will be provided 

for the population of the central and southern part of the re- 

gion. In this respect there may be conflicts between agriculture 

and these two particular users. A comprehensive demand analysis of 
the users should be carried out to avoid such conflicts. 

Water resource development in the Silistra region is taking 

place with significant alterations in the regional economic, so- 

cial, and environmental policies, needs, and technologies. Im- 

portant factors influencing the overall development of the region 

are: the scarcity of water within the region; the high cost of 

providing water for various localities; large water demands for 

agricultural activities, which are spread throughout the region; 

the existence of other important users (potable water supply, 

industry), whose water demands have to be met by a guaranteed 

supply; the land of the r~gion will be used to build water trans- 

fer facilities to supply adjacent regions. All these factors 

necessitate a thorough examination of both user's water demand 

and water supply alternatives in order to reveal those most pre- 

ferable from the economic, socialrand environmental point of 

view. 



Purpose of Modeling 

The main purpose of modeling the w~cer resources in the Sili- 

stra region is to carry out a comprehensive systems analysis of 

water resource development and management and to evaluate the 

influence of water resources on the entire social and economic 

development of the region. This goal will be achieved by ful- 

filling the following tasks: 

-- determination of optimal water demands over time and in 
space for the various users and coordination of these demands 

with those for other resources that are used for a given 

production process or service; 

-- evaluation of the development potential of water supply 
systems that satisfies optimal water demands over time 

and in space and generation of parameters for the design 

of water supply systems; 

-- identification of key variables for the planning and man- 
agement of water resource development in the region; 

-- determination of optimal control policies for water re- 
sources in extreme situations (deficit of water resources); 

and 

-- development or implementation of a methodology flexible 
enough for application in other regions. 

Basic Models for the Development and Control of Water Resources 

The above stated tasks related to modeling water resource 

development can be achieved by constructing a single model in- 

corporating all features of development and control policies. 

However, such an approach would lead to a cumbersome model that 

would be difficult to use. Moreover, it is difficult to adapt 

such a model for application in other regions with different 

characteristics. Therefore, in this paper we propose a system 

of models selected according to three criteria. 

-- The models should describe comparatively independent 
processes of water utilization. 



-- T.he number of,models should be the minimum necessary to 
solve the reqional development problems adequately. 

--A water resource process should only be modeled if it is 

essential for regional development. 

Based on these criteria and the previous discussion of the 

demand and supply aspects of water resources, it is suggested 

that the following should constitute the system of models for 

the development and control of water resources in the Silistra 

region (Figure 1 ) : 

Agricultural water demand model; 

Irrigation and livestock unit water requirements model 

(an auxiliary model to MI); 

Potable water demand model; 

Industrial water demand model; 

  ran sport at ion and recreation water demand model; 

Water demand models of the adjacent regions; 

Potable water supply model; 

Water supply model for irrigation, industry, transporta- 

tion, and recreation; and 

Water resource management model. 

As can be seen from Figure 1, the various models involved 

in water resource development constitute a three-tiered hier- 

archical system: 

--national level models (general guidelines for water re- 

source development and management); 

--regional level models (agriculture, environment, construc- 

tion industry, economic development, industry, a healthcare 

system, migration processes, settlement systems); and 

--regional water resource models, which in turn form a 

three-level system of models: demand models, B11, ..., M6; 
supply models, M7, M8; and a water resource management 

model M9. 

There are three types of links between any two mo'dels: amount 

of water required (denoted by a single arrow); economic indicators 

such as cost, capital investment, marginal values (denoted by a 

double arrow); various parameters such as technologies, resource 
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constraints, production targets, and so o q t o  be exchanged between 

water resource models and the other regional models (denoted by a 

dotted two-way arrow! . 
The agricultural water demand model MI, the supply models 

M7 and M8, and the water resource management model M9 are pro- 

gramming models; i.e., a solution for several key variables, such 

as water demands, production alternatives, water supply alterna- 

tives, management policies, and so on, is sought by maximizing 

(minimizing) a certain performance index subject to a number of 

constraints reflecting technological processes, production targets, 

physical and financial constraints. All these models are explained 

in detail elsewhere (Gouevsky et al. 1980; Albegov and Chernyatin 

1978; Tzvetanov and Petrov 1976). 

The others are statistical or simulation models. M2 is 

a statistical model that determines the water requirements 

of the irrigation unit using a modified Penman equation (Doorenbos 

and Pruitt 1977) to determine evapotranspiration from data on 

temperature, humidity, wind and sunshine duration or radiation 

(if available). The models M3, M4, and M5 for determining po- 

table, industrial, transportation, and recreation water demands 

are intended to be simulation models. If, however, some of the 

regional industrial models are developed as programming models, 

then industrial water demand may be derived from these models 

by introducing a "water submodel" into them. P13, p114, and 115 are 

in the process of development. 

Coordination of the Regional Demand and Supply Models 

To facilitate the analysis of water resource development, 

the proposed models MI, ..., M8 have been divided into two cate- 
gories: demand and supply models. This,however,calls for a 

procedure for coordinating (integrating) the models. For the 

present, two coordination principles are envisaged: marginal 

values equilibrium and cost (capital investments) sharing. 



The M a r g i n a l  V a l u e  E q x i  Z l b r i u m  P r i n c i p l e  

The marginal value equilibrium principle stems from econo- 

mic interpretation of the well-known Lagrange multipliers. Sup- 

pose a water user such as agriculture, industry, or transporta- 

tion is considered. The benefit B(t) of this user is a function 

of the quality Qd(t) of water used at time t, t=1, ..., T and of 
production alternatives and other resources x(t) involved in the 

production process of the user, i.e., 

Under the assumption that the user is maximizing the benefit, 

the water demands Qd(t) can be derived by solving the following 

optimization problem: 

max IB[Q~(~), x(t)i 1 , (2) 
I Q ~  (t) , x (t) I e R~ 

where 

Rd is a set -2 admissible values for Qd(t) and x(t). 

Let [Q: (t) , xo (t) ] be an optimal solution of (2) . Then 

the first derivative 

0 is the marginal value of water demand Qd at time t. 

To meet the demand Qd(t) the user has to make use of some 

water supply facilities that exist or that should be specially 

developed. The cost C(t) of developing water supply facilities, 

such as reservoirs, pumping stations, canals, is a function of 

the amount of water Qs(t) supplied as well as of the existing 

technologies Y(t) to produce this amount 



~t is reasonable to assume that the supply facilities should 

be developed at minimum cost. Hence, the amount of water to be 

supplied to the user can be derived by solving the following opti- 

mization problem: 

min {c lQs (t) , Y (t) ) , 
[Qs (t) , Y (t) I eRs 

where 

Rs is a set of all admissible values of Qs(t) and Y(t). 

If [Q: (t) , YO (t) 1 is an optimal solution of (41, then the 

first derivative 

Assuming that (2) and (5) incorporate all important factors 

of socioeconomic behavior of both the water demand user and the 

water supply unit, the marginal values ( 3 )  and (6) are actually 

marginal social benefits and marginal social costs, respectively. 

Suppose the overall utility function U(t) for the use of water 

resources is 

Since U(t) is actually the net benefit in the system, it is 

reasonable to maximize it: 

max [B(t) - C (t) I 
[Qd (t) , x (t) 1 e Rd 



The Lagrangian of (8) is 

max [ ~ ( t )  -C(t) +m(t) (Qd(t) - 9,(t))l . 
[Qd(t) 1 x(t) 1 e Rd ( 9 )  

[QS(t), Y(t)l e Rs 

The necessary conditions for optimality are 

It follows from (lo), (31, and ( 6 )  that at the optimal solution 
0 

point [~z(t), Q: (t) , m (t) 1 the following conditions must hold: 

Note that (11) and (12) determine the socially optimal level 

of water resource development. In many cases, however, a soci- 

ally optimal level of development may be considered to be any 

solution of (11) and (12) if (11) holds true,but (12) is an in- 

equality, i.e., 

where 

B is the nonnegative number. 



(14) implies that the supply-demand system is in quasi-equi- 

librium, i.e., that there is a pressure from the demand/supply 

side to increase supply/demand but the decision makers hold-up 

this process for reasons external to the water resource system. 

For example, in coordinating the potable water supply model M7 

with thepotable water demand model M3, the marginal value of de- 

mand may be less than the marginal value of supply but these two 

models are still considered to be "in equilibrium" because this 

service and the cost of providing it are socially justified. 

The marginal value equilibrium principle has certain ad- 

vantages as well as some limitations when one tries to use it 

as a vehicle for coordination. The major advantage is that, in 

applying this principle, the decision makers maximize net bene- 

fit in the water cesource system. However, a decomposition of 

supply and demand models and subsequent coordination through 

the marginal values is possible if the overall utility function 

is separable. In addition, a maximum net benefit in the system 

will occur only if the marginal demand and supply values are 

assigned as prices to users and supply units, which may be rather 

difficult in some situations. 

Cost-  S h a r i n g  P r i n c i p  Ze 

The cosksharing principle is another approach to be applied 

in case the marginal values do not function adequately in a cer- 

tain water resource system. The key idea of this approach is 

implemented in the following iterative procedure for sharing 

costs of development of water supply among users. 

1 
1. Assuming certain water demands Qdi(t) of user i, 

i = 1, ..., n, the supply unit minimizes the cost of 

development of water facilities as follows: 

min CC [Qs (t) , Y (t) I 1 ,  

subject to 



1 
As a result, the cost of supply C (t) is obtained. 

1 
2. The cost C (t) is shared among users i as follows: 

where 

~ i ( t )  is the cost share due from user i: 

ki(t) is a coefficient indicating the additional cost 

burden of user i; and 

li(t) is a cost grant coefficient (if the ith user's 

supply is considered to be very important but at 

the same time the user cannot bear a high supply 

cost). 

3. Each user i solves its own optimization problem to de- 
2 

termine a new value of water demand Qdi: 

2 Q . (t) = arg max ! ~ i Q ~ ~ ( t )  I xi(t) 11, 
dl 

[Qdi (t) I xi) t) 1 e Rd 
1 (18) Ci(t) = Ci(t) 

the process is terminated. Otherwise the procedure goes 

to 2. 



It can easily be seen that the cost-sharing principle is very 

close to that of the marginal value. The differences are that 

-- the supply cost for a certain user can be corrected by the 
decision makers in the system to achieve an equity in 

cost sharing; and 

-- the cost-sharing principle operates according to the 

cost of supply, which includes capital investment and 

operation and maintenance costs, instead of according 

to the price of water, or marginal value of water supply, 

as does the marginal value principle. 

PLANNING OF WATER RESOURCE DEVELOPMENT UNDER CONDITIONS OF 

UNCERTAINTY 

The planning of water resource development may consist of 

two stages: strategic planning, which outlines the general be- 

havior of the system over the distant future, and calendar plan- 

ning, which determines the sequence of events that should take 

place over time to achieve the goals of the strategic plan. To 

facilitate the discussion, only the first type of planning acti- 

vity is considered here; i.e., the problem is to outline what 

should happen in water resource development without specifying 

the exact time intervals at which the development has to take 

place. 

Let VP be a vecto* of planning indicators of a certain 

water-related activity in an agricultural system. For example, 

such indicators may be net benefit, irrigation investments, or 

amount of irrigated land. These indicators depend on production 

alternatives xP, on the amount of resources RP used in the pro- 
cess,as well as on some "soft" parameters wP, such as management 

skills and political and social attitudes: 

In real world applications neither xP, , or iP can be 
determined or predicted exactly and hence the real value Vr = 

f(Gr, Er, Qr) differs from vP; i.e., cP # vP. It should be 

% 
Vector quantities are indicated an upper bar. 



noted that all planning techniques such as mathematical (deter- 

ministic or stochastic) programming assuze that the determined 

VP equals vr (the assertion vP # Vr makes these techniques mean- 
ingless) . 

Furthermore, the best value vP does not generally coincide 
with the mathematical expectation of the respective planning in- 

dicator or with its most probable or upper/lower value. To cope 

with this difficulty in the planning process two approaches have 

been suggested by Lichtenstein ( 1 976) . 
The first approach determines vP by introducing a penalty 

function F(vP, vr) for each vr # vP. Here is one simple piece- 

wise linear penalty function: 

where 

al,a2,bl,and b2 are coefficients determined by a compre- 

hensive economic analysis of the consequences 

of achieving the values of the planning in- 

dicators vP. 
This approach determines the best value of a certain planning 

indicator Vy by minimization of the expected losses E[F(v~,v;)] - 
due to increasing or decreasing the value of vY, i.e., 

min {E[F(v~, v;)] I . 
v7 

The second approach determines 6' by using the sa-called 

a priori level of reality, which is based on the following idea. 

~ e t  P: (0 5 P,  O 1) be an a priori level of reality for V; 2 v,, P. 

i.e., P; measures the probability of having V: 1 v:. Suppose 



the planning indicator 1 should be maximized in the systen. 

The set B o defined as 
p 1 

is called a set of sufficiently real plans. To find the best 

value of v:, the following maximization problem has to be solved: 

vy . I I max (24) 

0 The value of P1 can be determined either by experts' evaluations 

or by the penalty function method. Lichtenstein (1976) has shown 

that both methods--penalty function and the a priori level of 

reality--are equivalent and either can be used for solving prac- 

tical planning problems. 

The methodology of finding the best planning indicators for 

the agricultural water demand model MI is based on the integrated 

optimization-simulation model (OSM) discussed in Gouevsky et al. 

(1979). 

Optimization Model 

The optimization part of OSM for agricultural water demand 

in the Silistra region is described in detail in Gouevsky et al. 

(1980). The objective function of the model maximizes the diff- 

erence between the value of marketed crop and livestock products 

and their production costs: 

- - - - - - 
Z = max (blxl - c1x2 - c2x3) I 

where 

- 
x1 are amounts of crop and livestock products consumed in 

the system or exported; 



bl are benefits per unit of these products; 
- 
x2 are amounts of crop and livestock production and 

processing activities; 
- 
c are costs per unit of these activities; 1 - 
x3 are quantities of input resources; and 
- 
c are costs of supplying the resources. 2 

The objective function Z is maximized subject to the following 

constraints, which reflect the resource availability, material 

balances, and production targets: 

where 

A is a matrix having elements aij that indicate per 

unit of production activity or per unit consumption 

of resources; and 

B is a righthandside vector of exogenous upper and 
lower limits cf resources or production targets. 

The model (25) and (26) can also be considered as a plan- 

ning and forecasting tool because it specifies the scale of de- 

velopment of all production alternatives and resources involved 

in the system. As such the model has the disadvantage of assum- 

ing that any planning indicator, say the objective function Z P 

or the scale of development of any resource or production alter- 

native x:. obtained by the optimization model (25) and (26), equals 
r r the real obtained value Z or xl of these indicators. One way 

to cope with this disadvantage is to combine the model (25) and 

(26) with a simulation model of the crucial exogenous components 

of the vector B, the coefficients of the matrix A, and the objective 

function Z according to the methodoloqy described by (21) and (22) 

or (23) and (24). 



S i m u l a t i o n  Model 

The o b j e c t i v e  f u n c t i o n  (25)  t o g e t h e r  w i t h  c o n s t r a i n t s  (26)  

form a  d e t e r m i n i s t i c  o p t i m i z a t i o n  model. However, t h e r e  a r e  

s e v e r a l  key p a r a m e t e r s  i n  t h e  model t h a t  a r e  s t o c h a s t i c  by na- 

t u r e  and whose v a l u e s  s u b s t a n t i a l l y  change t h e  model b e h a v i o r .  

Such p a r a m e t e r s  a r e  c r o p  y i e l d s ,  which v a r y  a c c o r d i n g  t o  t h e  c l i -  

m a t i c  and m e t e o r o l o g i c a l  c o n d i t i o n s  ( p r e c i p i t a t i o n ,  s o l a r  r a d i a -  

t i o n ,  f r o s t ,  h a i l )  and t o  management p r a c t i c e  and p o l i c i e s  b e i n g  

implemented a t  p r e s e n t  o r  i n  t h e  f u t u r e .  The same c o n s i d e r a t i o n s  

a p p l y  t o  b e n e f i t  and c o s t  c o e f f i c i e n t s  o f  t h e  o b j e c t i v e  f u n c t i o n  

and t o  t h e  p r o d u c t i o n  t a r g e t s  i n c l u d e d  i n  t h e  r i g h t h a n d s i d e  

v e c t o r .  

To r e v e a l  t h e  impact  o f  a l l  t h e s e  p a r a m e t e r s  on t h e  b e h a v i o r  

o f  t h e  a g r i c u l t u r a l  w a t e r  demand model o f  t h e  S i l i s t r a  r e g i o n ,  

a S e n s i t i v i t y  a n a l y s i s  was c a r r i e d  o u t .  The a n a l y s i s  i n d i c a t e d  

t h a t  c r o p  y i e l d s  have t h e  g r e a t e s t  i n f l u e n c e  on p l a n n i n g  i n d i c a -  

t o r s ,  which are assumed t o  b e  t h e  s y s t e m ' s  n e t  b e n e f i t  from irr i-  

g a t i o n  and i r r i g a t i o n  c a p i t a l  inves tment .  O t h e r  i n d i c a t o r s  such  

as i r r i g a t e d  l a n d ,  volume o f  water f o r  i r r i g a t i o n ,  number o f  a n i -  

ma l s ,  l a n d  a r e a s  o f  v a r i o u s  c r o p s  a r e  i n f l u e n c e d  by t h e  b a s i c  

p l a n n i n g  i n d i c a t o r s .  Indeed ,  c r o p  y i e l d s  depend on v a r i o u s  t e c h -  

n o l o g i c a l  and management f a c t o r s .  There  a r e  two methods o f  de- 

t e r m i n i n g  t h e  c r o p - y i e l d  p r o b a b i l i t y  d i s t r i b u t i o n  c h a r a c t e r i s -  

t i c s .  

The f i r s t  i s  based on t h e  h i s t o r y  o f  t h e  p r o c e s s ;  i . e . ,  

c r o p - y i e l d  r e c o r d s  a r e  used  t o  o b t a i n  p r o b a b i l i t y  d i s t r i b u t i o n s .  

T h i s  approach h a s  been ex tended  i n  t h e  " s e l f - o r g a n i z a t i o n "  a l-  

g o r i t h m s  (Ivakhnenko 1970, 1975) based on t h e  g e n e r a l i z e d  

Kolmogorov-Gabor po lynomia l .  To o b t a i n  t h e  polynomial  p a r a m e t e r s ,  

t h e  problem i s  d i v i d e d  i n t o  a  number o f  subproblems e a c h  s o l v i n g  

two-argument e q u a t i o n s ;  i . e . ,  t h e  p r i n c i p l e  o f  argument  g roup ing  

i s  a p p l i e d .  

To d e t e r m i n e  a n  a p p r o p r i a t e  model f o r  t h e  c r o p - y i e l d  c o e f -  

f i c i e n t s ,  s e v e r a l  s u b s e q u e n t  l e v e l s  o f  s e l e c t i o n  ( s t a g e s )  a r e  

employed. A t  e a c h  s t a g e  new i n t e r m e d i a r y  arguments  a r e  b r o u g h t  

i n  and a  new se t  o f  two-argument e q u a t i o n s  i s  g e n e r a t e d .  Each 

g e n e r a t e d  equat ion ,  c o n s i d e r e d  a s  a  p o t e n t i a l  f o r e c a s t i n g  model 



i s  i n  c o m p e t i t i o n  w i t h  t h e  remaining e q u a t i o n s .  A s p e c i f i c  f ea -  

t u r e  of t h i s  approach i s  t h a t ,  a c c o r d i n g  t o  t h e  p r i n c i p l e  of 

n o n f i n a l  s o l u t i o n ,  more t h a n  one model is s e l e c t e d  a t  e a c h  s t a g e .  

The models '  p a r a m e t e r s  a r e  t h e n  e v a l u a t e d  i n  accordance  w i t h  t h e  

l e a s t  s q u a r e  e r r o r  c r i t e r i o n .  T h i s  c r i t e r i o n  i s  chosen on t h e  

b a s i s  o f  t h e  e x t e r n a l  a d d i t i o n  p r i n c i p l e ;  i . e . ,  t h e  c r i t e r i o n  

must be independen t  o f  t h e  p rocedure  f o r  c r e a t i n g  t h e  in te rmed-  

i a r y  e q u a t i o n s .  The a l g o r i t h m  d e s c r i b i n g  t h e  above i d e a  i s  pro-  

grammed i n  PL/1 l anguage  a s  a  s u b r o u t i n e  package and i s  a v a i l a b l e  

a t  t h e  C e n t r a l  Management and Computer C e n t e r ,  M i n i s t r y  o f  Agri-  

c u l t u r e ,  S o f i a  (Topolsky 1 9 7 9 ) .  

The second approach t o  d e t e r m i n e  c r o p - y i e l d  c o e f f i c i e n t s  

assumes t h a t  t h e  c r o p - y i e l d  p r o b a b i l i t y  c h a r a c t e r i s t i c s  a r e  de- 

t e rmined  by t a k i n g  i n t o  accoun t  p o s s i b l e  f u t u r e  changes  i n  pro-  

d u c t i o n  t e c h n o l o g i e s  o r  management p o l i c i e s .  T h i s  approach u s u a l l y  

i n v o l v e s  a d o p t i n g  e x p e r t s '  e v a l u a t i o n s .  I t  h a s  been chosen t o  

d e t e r m i n e  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  c r o p  y i e l d s  i n  t h e  

S i l i s t r a  a g r i c u l t u r a l  w a t e r  demand model M I .  

Let 
be t h e  y i e l d  o f  c r o p  i o b t a i n e d  u s i n g  t echno logy  j .  

Suppose t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of y i e l d  a i j  (assuming a i j  

i s  i n d e p e n d e n t )  i s  

C dmin) = 0 , P ( a i j  - i j  ( 2 7 )  

max 
P ( a i j  5 d i j  ) = I  , 

where 

min 
q i  j  = ( d i j  + dmax) / 2 . 

1 3  

( 2 7 )  i n d i c a t e s  t h a t  t h e  c r o n  v i e l d  d  min w i l l  be o b t a i n e d  i j  
i n  any c a s e ,  w h i l e  ( 2 8 )  i n d i c a t e s  t h a t  a  c r o p  y i e l d  a i j  > dy?X 
c a n n o t  be o b t a i n e d  i n  t h e  sys tem d u r i n g  t h e  c o n s i d e r e d  p l a n n i n g  

h o r i z o n .  

T h e r e f o r e ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of c r o p  y i e l d s  i n  
min max 

< a i j  2 d i j  t h e  i n t e r v a l  d i j  - can  be approximated  a s  f o l l o w s :  



min max - 
ij 11 

rnin1-l - dij (dij = a (dYX - dij d?in) - 

where 

S a ij is yield of crop i using technology j obtained from 

simulation run s. 

Assuming that the value P(aij)€[O,l] is simulated by a ran- 

dom number generator, i. e., 

S the values of aij from the simulation run s are 

S - min max min) G~ , aij - dij + (dij - dij 

This is the basic crop-yield simulation equation that has 

been incorporated in the integrated optimization-simulation model 

of the Silistra agricultural water demand model MI. 

Integrated Optimization-Simulation Model 

A combination of the optimization model (25) and (26) and 

the simulation model (32) for deriving the coefficients aij of 

the matrix A can substantially improve the reliability of achiev- 

ing planning indicators of the aqricultural system. The inte- 

grated optimization-simulation model can be described by the 

following three-stage procedure. 

S 1. Generate k sets of simulated parameters aij, s = 1, ..., k, 
using the simulation equation (32). The number can be 

determined by the following expression suggested by 

Lichtenstein ( 1976) : 



where 

P: is a desired probability of finding the best 

value of the planning ii.idicator 1; and 

P: is the a priori level of reality to achieve the 

best value of the planning indicator 1, 

A characteristic of (33) is that the number of simula- 

tions k does not depend on the number of parameters in 

the optimization model (25) and (26) or on the probability 

distribution of these parameters. .The only requirement 

is that the number of simulated parameters should not be 

less than 15 to achieve an accurate solution. 

2. For each s = 1, ..., k: 
max Z 

subject to 

where 

The result of this stage is that the sets of value F = 

-s 
{zS/S = 1, ..., k) and E = {x / s = 1, ..., k? are obtained. 

3. Find the best value, zP or xP of the planning indicators by I ' 
maximization or minimization (depending on the type of in- 

dicators) over the sets F or El i.e., 

s zP = max (inin) zS , xP = max (min) x 
1 - S 

S 
1 ' 

The last item of the procedure may be slightly different 

if the best value of two or more competing planning indicators 

is to be found. Suppose zP (net benefit) and xP (irrigation 
D 

1 
investments) are to be planned. Both zP and xi are random va- 
riables. Also, zP is not a deterministic function of xP and 1 
vice versa. In addition, the probability of achieving a net bene- 

fit from irrigation zP decrsases as the probability of reducing 
irrigation investment xy increases. 



TO deal with the problem of finding the best values for com- 

peting planning indicators, item 3 of the above procedure can be 

modified according to the decision maker's preference using one 

of two alternative approaches both requiring assignment of priority 
P to ZP and xl. 

The first approach begins with finding the best value for 

the indicator that is given priority. The model (34) is changed 

by adding the constraint that this indicator should not be less 

(or greater if the indicator is to be minimized), than the best 

value found. The best value of the second indicator is obtained 

by following steps 1,2, and 3. 

The other approach assumes that the best value of the second 

indicator is based on simulation runs in which the first indica- 

tor has values not less (or greater in case of minimization) than 

its best value. 

Results of Applying the Optimization-Simulation Model 

The methodology for planning in conditions of uncertainty 

has been applied to determine the best values of two planning 

indicators of the agricultural water demand model M2. These in- 

dicators are annual net benefit generated in the region's agri- 

cultural system from irrigation and irrigation investment to 

develop facilities such as sprinklers and field canals. 

An expert analysis was carried out to reveal the intervals 

in the variation of crop yields, i.e., to determine the values 

min and dij dij max and the respective probabilities (see (27) , (28) , 
(29), and (30) ) of crop yields aij . 

Altogether 48 coefficients of crop yields aij were assumed 

to vary and they were simulated according to (32). Finally, 

using the procedure of the optimization-simulation model, the 

best values of the two planning indicators annual net bene- 
P fit zP and irrigation investment xl were obtained. Although 

the model generates the values of all other variables, to keep 
D the paper short only the values of ZP and xi are discussed. 

As zP and xy are competing indicators they were given prior- 
P ity, zP > xl. The model was run once using the mean values of 

0 
crop yields. Initial values of Z = 50 x lo6 leva (17) and 



o 6 
x1 = 320 x  10 l v  w e r e  o b t a i n e d .  A g r o u p  o f  e x p e r t s  a n a l y z e d  

t h e s e  v a l u e s  and a s s i g n e d  t h e  a p r i o r i  p r o b a b i l i t y  o f  a c h i e v i n g  
0 0 

Z and x l  f o r  t h e  assumed p l a n n i n g  h o r i z o n  t o  be  0 . 3  and 0 . 4 ,  

r e s p e c t i v e l y .  The d e s i r e d  p r o b a b i l i t y  P; o f  f i n d i n q  t h e  b e s t  

v a l u e s  f o r  b o t h  p l a n n i n g  i n d i c a t o r s  (see ( 3 3 ) )  w a s  assumed t o  be  

0 .9 .  By s u b s t i t u t i o n  o f  t h e s e  p r o b a b i l i t i e s  i n  ( 3 3 )  t h e  f o l l o w -  

i n g  number o f  s i m u l a t i o n s  k  was o b t a i n e d :  f o r  t n e  a n n u a l  n e t  

b e n e f i t  i n d i c a t o r ,  k=7,  and  f o r  t h e > i r r i g a t i o n  i n v e s t m e n t  i n -  

d i c a t o r ,  k=5.  

I n  F i g u r e  2 ,  t h e  r e s u l t s  o f  a p p l y i n g  t h e  i n t e g r a t e d  o p t i m i -  

z a t i o n - s i m u l a t i o n  model f o r  t h e  a n n u a l  n e t  b e n e f i t  i n d i c a t o r  a r e  

g i v e n .  

Net 
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Fig i l r e  2. F.esl~lts o f  annual .  n e t  b e l l e f i t  s j . m u l a t i o n  . 

n e t  b e n e f i t  

0 

6 
The b e s t  v a l u e  o f  z P  = 43.7 x  10 l v  i s  found by a p p l y i n g  

( 3 5 )  t o  v a l u e s  z S  i n  F i g u r e  2 .  An a d d i t i o n a l  c o n s t r a i n t  z S  - > 

48.7 x l o 6  l v  w a s  added  t o  ( 3 4 )  and t h e  p r o c e d u r e  ( 3 3 ) ,  ( 3 4 ) ,  

and ( 3 5 )  was a g a i n  implemented .  The r e s u l t s  a r e  shown i n  F i g u r e  3  

T h i s  f i g u r e  i n d i c a t e s  t h a t  t h e  b e s t  p l a n n i n g  v a l u e  o f  i r r i g a t i o n  
6 

i n v e s t m e n t  x; i s  249 x  10 1 7 1 ,  which c o r r e s p o n d s  t o  79.000 ha  

i r r i g a t e d  l a n d .  
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Figure 3. Results of i rrigation i nvestment simulation. 

I 

The results also indicate that varying irrigation investment 

by 25 percent changes the annual net benefit by only 1.5 percent. 

The reason being that the optimization carried out by (34) changes 

the production process pattern of the agricultural system when 

crop yields vary. For example, a reduction in crop yields re- 

sults in the introduction of crops that are more drought-resis- 

tent (and thus reduces the area of land requiring irrigation), 

changes animal dietstand restructures the pattern of livestock 

specialization in order to maximize the net benefit. However, 

this has certain limits imposed by the market structure and the 

food demand of the populaticn that must be satisfied. 

I 

c a p i t a l  

MANAGEElENT OF REGIONAL WATER RESOURCES 

A 

One of the management problems that the Silistra regional 

water authorities may face in the future is how to allocate a 

limited amount of water among users. Water may become scarce 

even if the water resource system is developed according to fore- 

casts for the future. This may happen as a result of unexpected 

i r r i g a t e d  l a n d  

I 
i n v e s t -  

ment 



demand, changes in the characteristics of the supply facilities, 

or failure in the system. 

In allocating scarce water resources, the sytem should be 

capable of solving the following problem. Which users should be 

given water and how much should each user obtain? Most of the 

methodologies that have been developed so far to answer this ques- 

tion usually assume that priority is given to users according to 

the loss that will occur to each user if the amount of water allo- 

cated to it is less than demanded. Therefore, the key parameter 

to be determined is the user's loss function, which indicates how 

much the user would fail to gain if its allocation of water is 

reduced. 

There are two approaches to determining the loss function 

of any water user. The first approach (Popchev et al. 1978) uses 

the marginal value of water demand associated with demand pro- 

gramming models. The integral of the dual value mBi of the user ip 

is the maximum value of net benefit that the system would obtain 
0 

if the amount of resource Q equals the demand Odi. 
di 

0 
If Qdi varies in the interval [Of Qdi 1, the net benefit Bi 

in the system will be 

A loss function Li(Qdi) of user i with respect to the 
0 

amount of water allocated Qdi is the difference Bi - Bi for 
r3 

all values of Qdi € [Of Qdil , i.e., 



The second  a p p r o a c h  c a n  be  a p p l i e d  when t h e  w a t e r  demand i s  

o b t a i n e d  by s t a t i s t i c a l  o r  s i m u l a t i o n  models ;  i . e . ,  no m a r g i n a l  

v a l u e s  o f  w a t e r  denand a r e  a v a i l a b l e .  The l o s s  f u n c t i o n  L . ( Q d i )  
1 

i s  d e t e r m i n e d  by e v a l u a t i n g  t h e  u s e r ' s  b e n e f i t  B f o r  t h e  ex t r eme  
0 

v a l u e s  i n  t h e  i n t e r v a l  0 ,  Qdi a n d ,  i f  p o s s i b l e ,  f o r  s e v e r a l  v a l u e s  

of  Qdi w i t h i n  t h e  i n t e r v a l .  Then ,an  e s t i m a t e  o f  t h e  b e n e f i t s  i s  

made and Li (Qdi)  i s  o b t a i n e d  a g a i n  by ( 3 8 ) .  

Having o b t a i n e d  t h e  l o s s  f u n c t i o n  L i ( Q d i )  f o r  a l l  u s e r s ,  

t h e  s y s t e m  management u n i t  may r e q u i r e  a minimum t o t a l  l o s s  -- 
c a u s e d  by s c a r c i t y  o f  w a t e r  - - i n  t h e  sys t em.  To a c h i e v e  t h i s  

g o a l ,  t h e  f o l l o w i n g  m i n i m i z a t i o n  problem h a s  t o  be  s o l v e d :  

s u b j e c t  t o  

where 

Qs i s  t o t a l  amount o f  w a t e r  a v a i l a b l e  i n  t h e  s y s t e m ;  and  

T  i s  a  s e t  o f  v a l u e s  of  Qdi t h a t  r e f l e c t  t h e  t o p o l o g y  o f  

t h e  w a t e r  r e s o u r c e  sys t em.  

L a r g e - s c a l e  o p t i m i z a t i o n  problems ( 3 9 )  c a n  b e  s o l v e d  by e m -  

p l o y i n g  a  h i e r a r c h i c a l  c o n c e p t  c o n s i s t i n g  i n  g r o u p i n g  t h e  w a t e r  

u s e r s  i n  s u b s y s t e m s  k ,  k  = 1 ,  . . . , p ,  a c c o r d i n g  t o  t y p e  o f  w a t e r  

u s e  ( a g r i c u l t u r e ,  i n d u s t r y ,  and  s o  o n ) ,  t h e n  i n  p e r f o r m i n g  t h e  

a l l o c a t i o n  p r o c e s s  i n  two s t a g e s :  bot tom-up and  top-down. 

F i r s t ,  t h e  bot tom-up s t a g e  i s  c a r r i e d  o u t .  The l o s s  f u n c t i o n s  

Li(Qdi) o f  t h e  u s e r s  b e l o n g i n g  t o  a  g i v e n  s u b s y s t e m  a r e  d e r i v e d  

and  problem ( 3 9 )  i s  s o l v e d  s e p a r a t e l y  f o r  a l l  s u b s y s t e m s .  A s  a  
k k  

r e s u l t ,  a  g e n e r a l i z e d  l o s s  f u n c t i o n  L (Qd)  f o r  t h e  r e s p e c t i v e  
k k  

subsys t em i s  o b t a i n e d .  Then t h e  t o t a l  l o s s  ; L (Qd)  f o r  a l l  
i= 1 

s u b s y s t e m s  i n  minimized  s u b j e c t  t o  c o n s t r a i n t s  on t h e  amount o f  

w a t e r  a v a i l a b l e  Qs i n  t h e  sys t em.  



the top-dowi~stage begins with finding the amount of water 
k Qd to be allocated to each subsystem k. This amount is fixed 

as a constraint for the respective sub~y~tems and, using the loss 

functions Li(Qdi), optimization is carried out to determine the 

Optimal amount of water to be allocated to each user i. 

This two-stage approach has been intensively studied by 

Tzvetanov (1975) and Popchev et al. (1376a, 1976b, 1976~). Some 

of the proposed algorithms are computerized. 

CONCLUS 1011 

The paper proposes a system of models for water resource 

development in the Silistra region, ~ulgaria. The systemcontains 

three types of models: water demand, water supply, and water 

management models. Water demand is determined either by program- 

ming models (agriculture) or by statistical and simulation models 

(industry, potable water demand, transportation, and recreation). 

The water supply models for meeting potable and other water de- 

mands are programming models. It is intended that the water de- 

mand and water supply models will be coordinated by application 

of the marginal value or the cost-sharing principle. 

Special attention has been paid to the planning of water re- 

source development under conditions of uncertainty. As an example, 

the agricultural water demand model is considered. An integrated 

optimization-simulation model has been applied to determine the 

best values of planning indicators such as net benefit from irri- 

gation and irrigation investment of the Silistra agricultural sys- 

tem. The results have shown that uncertainties about crop yields 

caused by weather variations and management policies,result in 

comparatively high variations of some of the planning indicators. 

For example, a variation in crop yields from 6 percent to 16 per- 

cent may change irrigation investment by 25 percent or more. 

Therefore, to find the best planning value of the irrigation in- 

vestment is of considerable significance for decision makers. 

The water resource management model is linked to the planning 

model of water resource development through the loss function con- 

cept. This function is an integral of the marginal value of water 



and it is used to determine priorities among users. The loss func- 

tion obtained by water demand programming models has the advan- 

tage that it takes into account all resources utilized in a cer- 

tain production process as well as other modeled economic charac- 

teristics of the process. 

There will be further efforts to create the other water de- 

mand and water'supply models that are not described in detail 

here Thesolutions of all models in the system will be coordi- 

nated in order to make a comprehensive study of the water re- 

sources in the Silistra region and to assist decision makers 

in water resource management. 
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MODELING THE SILISTRA WATER SUPPLY SYSTEM 

M. Albegov 
N. Baramov 
V. C h e r n y a t i n  

I n  1 9 7 8  a c o l l a b o r a t i v e  s t u d y  w a s  i n i t i a t e d  t o  d e v e l o p  a 

model f o r  s o l v i n g  w a t e r  s u p p l y  problems i n  t h e  S i l i s t r a  r e g i o n .  

The r e s e a r c h  teams p a r t i c i p a t i n g  a r e  from t h e  R e g i o n a l  Develop- 

ment ( R D )  Task and  t h e  Resources  and  Environment  (REN) A r e a  a t  

t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  A p p l i e d  Sys tems A n a l y s i s  ( I IASA),  
f rom t h e  S o f i a  I n s t i t u t e  f o r  Water P r o j e c t s  (SIWP) , and from 

t h e  S o f i a  I n s t i t u t e  f o r  S o c i a l  Management (SISM), E u l g a r i a .  

SIWP's approach  t o  s e l e c t i n g  t h e  " o p t i m a l "  water s u p p l y  

sys t em f o r  S i l i s t r a  w a s  c o n f i n e d  t o  a s s e s s i n g  a  few a l t e r n a t i v e  

s y s t e m s .  However, u s i n g  t h i s  a p p r o a c h ,  t h e  p r o b a b i l i t y  o f  

f i n d i n g  t h e  o p t i m a l  s o l u t i o n  i s  n o t  h i g h .  The r o l e  o f  IIASA 

h a s  t h e r e f o r e  been  t o  a p p l y  a  m a t h e m a t i c a l  model ing  approach  

t o  t h e  problem. 

There  a r e  two main o b j e c t i v e s  i n  model ing  t h e  S i l i s t r a  

water s u p p l y  s y s t e m ,  The f i r s t  i s  t o  d e v e l o p  a  model t o  de-  

t e r m i n e  t h e  l e a s t - c o s t  w a t e r  s u p p l y  s y s t e m  t h a t  meets g i v e n  

water demands--a somewhat t r a d i t i o n a l  g o a l  f o r  many w a t e r  re- 

s o u r c e  models .  The second  o b j e c t i v e  i s  t o  d e s c r i b e  f o r m a l l y  



t h e  l i n k s  between t h e  w a t e r  s u p p l y  model and  t h e  o t h e r  r e g i o n a l  

models  under  deve lopment  a t  IIASA. S i n c e  i r r i g a t e d  a g r i c u l t u r e  

is a  ma jo r  s e c t o r  o f  t h e  S i l i s t r a n  economy, much a t t e n t i o n  i s  

p a i d  t o  i n t e r f a c i n g  t h e  w a t e r  s u p p l y  model w i t h a  model o f  

a g r i c u l t u r e .  

S i l i s t r a  i s  n o t  a  l a r g e  r e g i o n ,  b e i n g  o n l y  2 ,700  km2 i n  

a r e a ,  and  it is  l o c a t e d  i n  t h e  n o r t h e a s t e r n  p a r t  o f  B u l g a r i a .  

The s o i l  q u a l i t y  and  number o f  d a y s  o f  s u n  p e r  y e a r  h e l p  t o  

c r e a t e  a  s i t u a t i o n  t h a t  i s  f a v o r a b l e  t o  t h e  i n t e n s i v e  deve lop -  

ment o f  a g r i c u l t u r e .  The R i v e r  Danube i s  t h e  o n l y  s o u r c e  o f  

water f o r  i r r i g a t i o n  and  h o u s e h o l d  and  i n d u s t r i a l  consumpt ion .  

The S i l i s t r a  water s u p p l y  s y s t e m  i s  d i v i d e d  i n t o  two sep -  

arate  subsys t ems :  i r r i g a t i o n  w a t e r  s u p p l y  and  water s u p p l y  f o r  

h o u s e h o l d  and  i n d u s t r i a l  consumpt ion .  Such a  d i v i s i o n  i s  re- 

q u i r e d  b e c a u s e  o f  t h e  d i f f e r e n t  l e v e l s  o f  water q u a l i t y  demanded 

by t h e  v a r i o u s  water u s e r s .  With r e g a r d  t o  i n d u s t r y ,  t h e  S i -  

l i s t ra  r e g i o n  c o n s i s t s  m a i n l y  o f  food  e n t e r p r i s e s .  A s  i s  w e l l  

known, b o t h  t h e  f o o d  i n d u s t r y  and  t h e  p u b l i c  r e q u i r e  water 

q u a l i t y  t o  b e  o f  p o t a b l e  w a t e r  s t a n d a r d  ( i . e . ,  o f  h i g h e r  q u a l -  

i t y  t h a n  t h a t  needed  f o r  a g r i c u l t u r e ) .  Only 10-15 p e r c e n t  of  

t o t a l  r e g i o n a l  w a t e r  demand i s  t a k e n  up by h o u s e h o l d  and  i n -  

d u s t r i a l  u s e r s ,  f o r  whom t h e  o n l y  w a t e r  s o u r c e s  a r e  stream 

terrace waters, which  a r e  l i m i t e d  i n  q u a n t i t y .  F u r t h e r m o r e ,  t h e  

p o t a b l e  w a t e r  s u p p l y  r e q u i r e s  t h e  c r e a t i o n  o f  a  wa te rma in  

s y s t e m ,  whereas  i r r i g a t i o n  w a t e r  i s  wi thdrawn d i r e c t l y  from 

t h e  Danube s t r e a m f l o w .  Thus ,  t h e  i r r i g a t i o n  water s u p p l y  i s  

n o t  o n l y  a  s e p a r a t e  p a r t ,  b u t  a l s o  t h e  most  i m p o r t a n t  p a r t ,  o f  

t h e  S i l i s t r a  w a t e r  s u p p l y  sys t em.  F o r  t h i s  r e a s o n  t h e  i r r i g a -  

t i o n  w a t e r  s u p p l y  s y s t e m  o n l y  i s  c o n s i d e r e d .  

From t h e  g e o g r a p h i c a l  p o i n t  o f  v i ew,  t h e  w a t e r  s u p p l y  

s y s t e m  o f  t h e  S i l i s t r a  r e g i o n  i s  d i v i d e d  i n t o  t h r e e  unconnec ted  i r-  

r i g a t i o n  sys t ems- -Tu t rakan ,  Malak P r e s l a v e t s  and  S i l i s t r a  

( F i g u r e  1 )  . We d e a l  o n l y  w i t h  t h e  w a t e r  s u p p l y  s y s t e m  f o r  

Malak P r e s l a v e t s  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  t h i s  s y s t e m  i s  t h e  

most  r e p r e s e n t a t i v e  i n  terms o f  t h e  i r r i g a t i o n  a r e a  ( a p p r o x i -  

m a t e l y  60 p e r c e n t )  and  t h e  e l e m e n t s  i t  c o n t a i n s , s u c h  a s  reser- 

v o i r s ,  pumping s t a t i o n s ,  c a n a l s ,  e t c .  Second,  s i n c e  t h e  





T u t r a k a n  s y s t e m  i s  a l m o s t  c o m p l e t e d ,  it d o e s  n o t  r e q u i r e  model- 

i n g .  F i n a l l y ,  t h e  t o p o g r a p h y  o f  S i l i s t r a  s u b r e g i o n  makes it 

u n s u i t a b l e  f o r  r e s e r v o i r  c o n s t r u c t i o n .  However, t h e  l o c a t i o n s  

o f  c a n a l  t r a c k s  have  a l r e a d y  been  d e c i d e d  upon and  t h e  deve lop -  

ment o f  a  w a t e r  s u p p l y  s y s t e m  i s  mere ly  a  m a t t e r  o f  c o n s t r u c t i o n .  

The d e t a i l e d  scheme o f  t h e  w a t e r  s u p p l y  s y s t e m  modeled i s  

shown i n  F i g u r e  2 .  It  c o n s i s t s  o f  t h r e e  r e s e r v o i r s ,  s i x  pumping 

s t a t i o n s ,  t e n  c a n a l s ,  a n d  n i n e  d i s t r i b u t i n g  c a n a l s .  The 

f o l l o w i n g  n o t a t i o n  i s  i n t r o d u c e d  t o  f o r m a l l y  d e s c r i b e  t h e  model.  

i 
w- i s  t h e  i r r i g a t i o n  water f l o w  f o r  i r r i g a t e d  a r e a  j 

j 
I n  t i m e  p e r i o d  i ( i = 1 , .  . . , 8 ;  j = 1 , .  . . , 1 2 )  ; 

i s  t h e  water f l o w  i n  c a n a l  s 1 , 1 0  i n  t i m e  

p e r i o d  i; 

i x i s  t h e  w a t e r  f l o w  i n  d i s t r i b u t i o n  c a n a l  p  (p=1 ,  ..., 9 )  
P  

i n  t i m e  p e r i o d  i; 
i Sk i s  t h e  a c t i v e  water s t o r a g e  i n  r e s e r v o i r  k  ( k = 1 , 2 , 3 )  

i n  t i m e  p e r i o d  i; and  
i 

T i s  t h e  l e n g t h  o f  t i m e  p e r i o d  i .  

O b v i o u s l y ,  t h e  w a t e r  s u p p l y  s y s t e m  f i r s t  on  w a t e r  de- 
mands w;, which a r e  assumed t o  b e  p r e d e t e r m i n e d  and s h o u l d  

c o r r e s p o n d  w i t h  t h e  a c t u a l  w a t e r  demand by t h e  end o f  t h e  

p l a n n i n g  p e r i o d  ( 1 9 9 0 ) .  One y e a r  was d i v i d e d  i n t o  n i n e  t i m e  

p e r i o d s  ( F i g u r e  3 ) .  While  mode l ing ,  t h e  3-month t i m e  p e r i o d  

o f  December, J a n u a r y ,  and  F e b r u a r y  was o m i t t e d  b e c a u s e  t h e  whole 

w a t e r  s u p p l y  s y s t e m  d o e s  n o t  o p e r a t e  d u r i n g  t h e s e  months .  

Fo r  e a c h  i r r i g a t e d  a r e a  t h e  g e n e r a l  i r r i g a t i o n  t i m e t a b l e s  were 

s p e c i f i e d  ( F i g u r e  3 ) .  The s i x t h - - t h e  f i r s t  10 d a y s  o f  August-- 

is t h e  most  i n t e n s i v e  i r r i g a t i o n  p e r i o d  f o r  a l l  a r e a s .  

The water r e s o u r c e s  a v a i l a b l e  w e r e  c o n s i d e r e d  a s  u n l i m i t e d  

b e c a u s e  o f  t h e  abundance  o f  w a t e r  a t  t h e  S i l i s t r a  s i t e  o f  t h e  

Danube. T h i s  a l l o w e d  c o n s i d e r a t i o n  o f  w i t h i n - y e a r  r e g u l a t i o n  o f  

w a t e r  r e s o u r c e s  o n l y .  S i n c e  t h e  S i l i s t r a  r e g i o n  i s  s m a l l ,  t h e  

t r a n s i t  t i m e  d e l a y s  f o r  c a n a l s  were n o t  t a k e n  i n t o  a c c o u n t .  

The f i r s t  set  o f  c o n s t r a i n t s  r e f l e c t s  t h e  b a l a n c e  r e l a t i o n s  

be tween t h e  p r e d e t e r m i n e d  w a t e r  demands f o r  d i f f e r e n t  i r r i g a t e d  

a r e a s  and  t h e  w a t e r  f l o w s  i n  c a n a l s :  



w a t e r  demand 

F i g u r e  2 .  Scheme o f  t h e  w a t e r  s u p p l y  s y s t e m  
(I-XII  r e p r e s e n t  t h e  areas i r r i g a t e d ;  x - x  

1 9  r e p r e s e n t  t h e  w a t e r  f l o w s  i n  d i f f e r e n t  
d i s t r i b u t i o n  c a n a l s ) .  



t i m e  ~ e r i o d s  

F i g u r e  3 .  Time p e r i o d s  and a  t i n e t a b l e  
f o r  i r r i g a t i o n .  
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T h e ' w a t e r  s t o r a g e  i n  r e s e r v o i r s  i s  d e s c r i b e 2  a s  r o l l o w s :  

The second r e l a t i o n  i n  e q u a t i o n  ( 2 )  emphasizss  t h a t  t h e  w a t e r  

s t o r e d  i n  any r e s e r v o i r  a t  t h e  b e g i n n i n g  and end o f  t h e  

same y e a r  must be equal - -a  c o n d i t i o n  o f  t h e  a n n u a l  c y c l e .  

The f o l l o w i n g  se t  o f  c o n s t r a i n t s  r e f l e c t s  t h e  f a c t  t h a t  

t h e  r e l e a s e  o f  w a t e r  from any r e s e r v o i r  canno t  be  g r e a t e r  t h a n  

t h e  volume o f  w a t e r  s t o r e d  t h e r e i n .  



F i n a l l y ,  some o b v i o u s  p h y s i c a l  c o n s t r a i n t s  a re  

A s  s t a t e d  above ,  one  o f  o u r  mode l inq  o b j e c t i v e s  i s  t o  f i n d  

t h e  l e a s t - c o s t  w a t e r  s u p p l y  sys t em.  I n  t h e  model unde r  a n a l y -  

sis t h e  measure  o f  t o t a l  c o s t s  a s s o c i a t e d  w i t h  t h e  e s t a b l i s h -  

ment and  o p e r a t i o n  o f  t h e  w a t e r  s u p p l y  s y s t e m  i s  t h e  r e d u c e d  

a n n u a l  c o s t  a s s o c i a t e d  w i t h  

-- t h e  e s t a b l i s h m e n t  o f  r e s e r v o i r s ,  pumping s t a t i o n s ,  and  

c a n a l s  ; 
-- l o s s e s  r e s u l t i n g  from t h e  submerged a r a b l e  l a n d ;  

-- t h e  o p e r a t i o n  o f  r e s e r v o i r s ,  pumping s t a t i o n s ,  and  

c a n a l s ;  and  
-- e l e c t r i c a l  e n e r g y  r e q u i r e d  f o r  pumping s t a t i o n s .  

Thus,  t h e  o b j e c t i v e  f u n c t i o n  E c a n  b e  w r i t t e n  a s  f o l l o w s - -  

, c a p i t a l  and  o p e r a t i n g  c o s t s  o f  r e s e r v o i r s :  

I c a p i t a l  and  o p e r a t i n g  c o s t s  o f  c a n a l s  and  pumping 
s t a t i o n s :  



Thus ,  t h e  m a t h e m a t i c a l  model f o r  t h e  w a t e r  s u p p l y  sys t em 

c o n s i s t s  o f  t h e  set  o f  r e l a t i o n s  ( 1 )  - ( 5 ) .  The q u a n t i t i e s  
i i i i ys ,  x  , S  a r e  d e c i s i o n  v a r i a b l e s .  The w a t e r  demands w and 

P k j  
c o s t  c o e f f i c i e n t s  ck,  a  e a r e  i n i t i a l  d a t a  p r o v i d e d  by s f  a 
SIWP. By i n t r o d u c i n g  a u x i l i a r y  v a r i a b l e s ,  t h e  o b j e c t i v e  func-  

t i o n  E can  e a s i l y  be r e d u c e d  t o  a  l i n e a r  f u n c t i o n  o f  d e c i s i o n  

v a r i a b l e s .  From t h e  m a t h e m a t i c a l  p o i n t  o f  v i e w ,  t h i s  means 

t h a t  t h e  model p r e s e n t s  a  l i n e a r  programming p rob lem.  

The v e r s i o n  o f  t h e  S i l i s t r a  w a t e r  s u p p l y  model d e s c r i b e d  

above  w a s  d e v e l o p e d  and  implemented on  t h e  P i s a  IBM 370 a t  * 
IIASA a t  t h e  b e g i n n i n g  o f  1979.  I t  w a s  t h e n  t r a n s f e r r e d  t o  

t h e  ICL 1904 i n s t a l l a t i o n  a t  SISM. The r e s u l t s  o f  r u n n i n g  

t h e  n o d e l  on  b o t h  compute r s  a r e  more o r  less c o n s i s t e n t  and 

some o f  them are g i v e n  i n  T a b l e  1 .  Some o f  t h e  p a r a m e t e r s  and  

t h e  r educed  a n n u a l  c o s t s  c a n  be u s e d  f o r  h y d r o t e c h n i c a l  c a l c u -  

l a t i o n s  o f  t h e  whole water s u p p l y  s y s t e m .  

A s e n s i t i v i t y  a n a l y s i s  was pe r fo rmed  f o r  b a s i c  p a r a m e t e r s  
i- w i t h  r e s p e c t  t o  t h e  v a r i a t i o n s  i n  water demands w and  cos t  
j 

c o e f f i c i e n t s  ck.  a e . The model r u n s  i n d i c a t e d  t h a t  t h e  
s a 

o p t i m a l  b a s i c  p a r a m e t e r s  a r e  s e n s i t i v e  t o  w a t e r  demands. When 

v a r y i n g  c o e f f i c i e n t s  c and  a it w a s  ma in ly  t h e  v a r i a t i o n s  i n  
k  s 

p r i c e  o f  l a n d  t h a t  w e r e  t a k e n  i n t o  a c c o u n t .  T h i s  i s  a n  i n t e r -  

e s t i n g  p rob lem,  b e c a u s e  t h e  p r i c e  o f  l a n d  i s  d e t e r m i n e d  by 

r a t h e r  s u b j e c t i v e  v a l u e s .  I t  i s  s u f f i c i e n t  t o  s a y  t h a t  f o r  

some r e s e r v o i r s  and  c a n a l s ,  a p p r o x i m a t e l y  6 0  p e r c e n t  o f  t h e  

t o t a l  c a p i t a l  c o s t s  s t e m  f rom submerging  t h e  l a n d .  Running 

t h e  model i n d i c a t e d  t h a t  t h e  b a s i c  p a r a m e t e r s  o f  t h e  water sup-  

p l y  s y s t e m  a r e  v i r t u a l l y  i n s e n s i t i v e  t o  a  d e c r e a s e  i n  l a n d  p r i c e  

o f  up t o  50 p e r c e n t .  The same r e s u l t s  w e r e  o b t a i n e d  when i n -  

c r e a s i n g  t h e  p r i c e  o f  e l e c t r i c a l  e n e r g y  ( o r  c o e f f i c i e n t s  e ) by 
a 

ug t o  50 p e r c e n t .  Some r e s u l t s  o f  s e n s i t i v i t y  a n a l y s i s  a r e  

shown i n  F i g u r e  4. 

* 
The program f o r  r u n n i n g  t h e  model was p r e p a r e d  by Andras  P o r .  



Table  1 .  B a s i c  p a r a m e t e r s  o f  t h e  w a t e r  s u p p l y  sys tem 
( l v  r e p r e s e n t s  l e v a ) .  

Danube pumping s t a t i o n  - - 38. 0  3 m / s e c  

Canal  2  -- 15.8  3 m / s e c  

Canal  3  -- 21.3  m3/sec 

R e s e r v o i r  1 -- 6  3  5 . 2 ~ 1 0  m 

R e s e r v o i r  2  _- 6  3 2 . 5 ~ 1 0  m 

Pumping s t a t i o n  2 .  -- 21.8 3 m / s e c  

Pumping s t a t i o n  3 -- 16.4 m3/sec 

Pumping s t a t i o n  4 

Pumping s t a t i o n  5  

Pumping s t a t i o n  6  -- 10.9  3 m / s e c  

R e s e r v o i r  3  6  3 -- 1 3 1 . 7 ~ 1 0  m 

Canal  from r e s e r v o i r  3 - - 38.6 3 
m / s e c  

Reduced a n n u a l  c o s t  -- 2 9 . 4 ~ 1  o6  l v / y e a r  

The r e s u l t s  o f  t h e  s e n s i t i v i t y  a n a l y s i s  c a n  be used  t o  

q u a n t i f y  t h e  a c c u r a c y  r e q u i r e m e n t s  f o r  i n i t i a l  d a t a  ( i . e . ,  w e  re- 

q u i r e  v e r y  a c c u r a t e  d a t a  on w a t e r  demands w l ) .  On t h e  o t h e r  
3 

hand,  it i s  f o r t u n a t e  t h a t  t h e  model i s  f a i r l y  r o b u s t  w i t h  r e -  

s p e c t  t o  t h e  v a r i a t i o n s  i n  c o s t  c o e f f i c i e n t s  c  a  e  s i n c e  k f  s f  a 
t h e y  a r e  t h e  main s o u r c e  o f  u n c e r t a i n t y  f o r  t h e  problem of  t h e  

S i l i s t r a  w a t e r  s u p p l y .  I n  o t h e r  words ,  w e  may r e d u c e  t h e  ac -  

c u r a c y  o f  some economic d a t a .  

Another  g roup  o f  r e s u l t s  o b t a i n e d  a r e  r e l a t e d  t o  i n t e r -  

f a c i n g  t h e  w u t e r  s u p p l y  model w i t h  o t h e r  r e g i o n a l  models ,  es- 

p e c i a l l y  w i t h  t h e  a g r i c u l t u r e  model. These r e s u l t s  a r e  p r e s e n t e d  

i n  T a b l e  2.  C o o r d i n a t i o n  o f  t h e  r e g i o n a l  models i s  mainly  r e a l i z e d  

t h r o u q h  t h e  mechanism of  m a r g i n a l  w a t e r  c o s t s  d i s t r i b u t e d  spa-  

t i a l l y .  

Two t y p e s  o f  m a r g i n a l  w a t e r  c o s t s - - s e a s o n a l  and mean annual--  

were e v a l u a t e d  when model ing .  By d e f i n i t i o n ,  t h e  s e a s o n a l  u n i t  



- ---- - - change i n  demand 

- change i n  l a n d  p r i c e  

change i n  e n e r g y  p r i c e  

~ r a c t i o n a l  change  i n  demand, l a n d ,  and e n e r g y  p r i c e s  

F i g u r e  4 .  T h e  s e n s i t i v i t y  o f  t h e  s y s t e m  t o  d a t a  
v a r i a t i o n s .  
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c o s t  pi o f  w a t e r  i n  i r r i g a t e d  a r e a  j i s  t h e  inc rement  
j 

of  t h e  o p t i m a l  v a l u e  o f  o b j e c t i v e  f u n c t i o n  E caused  by t h e  

u n i t  i nc rement  o f  w a t e r  consumption i n  i r r i g a t e d  a r e a  j i n  

t i m e  p e r i o d  i .  The s e a s o n a l  u n i t  w a t e r  c o s t s  o b t a i n e d  

by r u n n i n g  t h e  model,  shown i n  Tab le  2 ,  depend e s s e n t i a l l y  on 

t h e  g e o g r a p h i c a l  l o c a t i o n  o f  t h e  i r r i g a t e d  a r e a  and t h e  season  

o f  w a t e r  consumption.  

The mean a n n u a l  u n i t  c o s t  m o f  w a t e r  f o r  i r r i g a t e d  a r e a  
j 

j was d e t e r m i n e d  a s  f o l l o w s .  The a d d i t i o n a l  u n i t  o f  w a t e r  

consumed by a r e a  j  i n  a  y e a r  was d i s t r i b u t e d  o v e r  a l l  t h e  

t i m e  p e r i o d s  a s  f o l l o w s :  

i i w, + A w, i s  t h e  v a r i e d  w a t e r  demand f o r  i r r i g a t e d  
J .I 

a r e a  j i n  t i m e  p e r i o d  i ,  

By d e f i n i t i o n  m i s  t h e  inc rement  o f  t h e  o p t i m a l  v a l u e  o f  ob- 
j 

j e c t i v e  f u n c t i o n  E when v a r y i n g  t h e  w a t e r  demand c n l y  i n  

a r e a  j a c c o r d i n g  t o  e q u a t i o n  ( 6 ) .  A s  shown i n  T a b l e  2 ,  

t h e  mean a n n u a l  u n i t  c o s t  o f  w a t e r  v a r i e s  a b o u t  4 .5  t i m e s ,  

depending on t h e  l o c a t i o n  o f  t h e  i r r i g a t e d  a r e a .  

How c a n  t h e s e  m a r g i n a l  w a t e r  c o s t s  be  used t o  c o o r d i n a t e  

t h e  w a t e r  s u p p l y  model and t h e  a g r i c u l t u r e  model? The p r i n c i -  

p a l  scheme o f  i n t e r a c t i o n  o f  t h e  two models  i s  shown i n  F i g u r e  

5 ,  i n  which it  i s  e v i d e n t  t h a t  t h e  a g r i c u l t u r e  model u s e s  mar- 

g i n a l  w a t e r  c o s t s  a s  one  o f  i t s  i n p u t s  and g i v e s  w a t e r  demands 

a s  an o u t p u t .  For  t h e  w a t e r  s u p p l y  model,  w a t e r  demands a r e  

t h e  main i n p u t  and t h e  m a r g i n a l  w a t e r  c o s t s  a r e  one o f  i t s  

o u t p u t s .  To s t a r t  such  a n  i t e r a t i v e  p r o c e s s ,  t h e  w a t e r  de-  

mands o r  m a r g i n a l  c o s t s  must  be se t  a  p r i o r i  and t h e  p r o c e s s  

s h o u l d  b e  r e p e a t e d  u n t i l  it c o n v e r g e s .  A t  p r e s e n t ,  

t h e  c o l l a b o r a t i v e  e f f o r t s  o f  IIASA and SISM a r e  d i r e c t e d  towards  

t h e  n u m e r i c a l  r e a l i z a t i o n  o f  such  a n  i n t e r a c t i o n .  



Figure 5. Interfacing the water supply model 
with the agriculture model. 
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MODELING THE EXPANSION OF THE WATER SYSTEM 
I N  THE UPPER NOTEC REGION (PRELIMINARY 
RESULTS) 

M .  Makowski 

1 .  INTRODUCTION 

The work documented i n  t h i s  paper  forms a f u r t h e r  s t a g e  i n  

t h e  modeling e f f o r t  b e i n g  c a r r i e d  o u t  w i t h i n  t h e  framework o f  

t h e  P o l i s h  governmenta l  program PR-7, which d e a l s  w i t h  water 

r e s o u r c e  development .  T h i s  s t a g e  o f  t h e  modeling a c t i v i t y  i s  

d i r e c t e d  towards  d e v e l o p i n g  a computer-based model ( r e f e r r e d  t o  

as >TD) f o r  u s e  i n  p l a n n i n g  t h e  expans ion  o f  a  l a r g e  m u l t i -  

b a s i n  s u r f a c e  water r e s o u r c e  sys tem i n  a n  a g r i c u l t u r a l  r e g i o n  

- - the  Upper Notec r e g i o n ,  Poland.  

The model w i l l  p r o v i d e  i n f o r m a t i o n  u s e f u l  f o r  p l a n n i n g  t h e  

s i z e  and l o c a t i o n  o f  i r r i g a t e d  f i e l d s  as w e l l  a s  f o r  d e t e r m i n i n g  

t h e  o p t i m a l  c o n f i g u r a t i o n  of  t h e  water sys tem,  which is  composed 

o f  s e v e r a l  r i v e r s ,  r e s e r v o i r s ,  and t r a n s f e r s  o f  w a t e r  b o t h  w i t h i n  

and o u t s i d e  t h e  r e g i o n .  I t  i s  assumed t h a t  t h e  water sys tem w i l l  

meet t h e  demands o f  a l l  u s e r s  ( i . e . ,  n o t  o n l y  a g r i c u l t u r a l ,  b u t  

a l s o  m u n i c i p a l  and i n d u s t r i a l  u s e r s ) .  The demands o f  t h e  muni- 

c i p a l  and i n d u s t r i a l  g roups  a r e  c o n s i d e r e d  h e r e  as exogenous 

d e c i s i o n  v a r i a b l e s ,  whereas a g r i c u l t u r a l  water demand i s  o p t i -  

mized w i t h i n  t h e  model.  Thus, !F?D i s  aimed a t  s o l v i n g  problems 

of w a t e r  demand and s u p p l y .  Although t h e  model i s  b e i n g  d e v e l -  

oped s p e c i f i c a l l y  f o r  t h e  Upper Notec r e g i o n ,  it w i l l  b e  s u i t a b l e  



f o r  a p p l i c a t i o n  i n  o t h e r  r e g i o n s .  I t s  assumpt ions  a r e  g i v e n  i n  

Makowski ( 1 9 7 8 ) .  

The Upper Notec r e g i o n  i s  d e s c r i b e d  i n  d e t a i l  i n  Albegov 

and Kulikowski (1978a and 1 9 7 8 b ) .  I t  i s  a  d i v e r s i f i e d  a g r i c u l -  
2 t u r a l  r e g i o n  of  a b o u t  6 ,000  km , 1,100 o f  which r e q u i r e  i r r i g a -  

t i o n .  E x i s t i n g  w a t e r  s o u r c e s  c a n n o t  meet t h e  demands o f  t h e  

i r r i g a t i o n  p l a n  proposed f o r  t h e  r e g i o n .  However, t h e  r e g i o n  

o f f e r s  p o s s i b i l i t i e s  f o r  t h e  c o n s t r u c t i o n  o f  o v e r  20 r e s e r v o i r s  

and f o r  w a t e r  t r a n s f e r s  w i t h i n  t h e  r e g i o n  and from t h e  V i s t u l a  

r i v e r .  

D e s p i t e  t h e  a g r i c u l t u r a l  c h a r a c t e r  of  t h e  r e g i o n ,  t h e  pos-  

s i b i l i t i e s  f o r  i n d u s t r i a l  development  s h o u l d  be examined. I t  i s  

assumed, however,  t h a t  a  heavy water-consuming i n d u s t r y  w i l l  n o t  

be l o c a t e d  h e r e .  S i n c e  t h e  i n d u s t r i a l  and m u n i c i p a l  s u r f a c e  

w a t e r  r e q u i r e m e n t s  a r e  e x p e c t e d  t o  be s m a l l  i n  comparison w i t h  

t h o s e  o f  a g r i c u l t u r e ,  t h e  i n c l u s i o n  of  a  w a t e r  demand f u n c t i o n  

f o r  a g r i c u l t u r e  o n l y  seems t o  be r e a s o n a b l e .  

For  p l a n n i n g  p u r p o s e s ,  t h e  r e g i o n  h a s  been d i v i d e d  i n t o  12 

s u b r e g i o n s  ( F i g u r e  1 ) , o u t  of  which 11 a r e  connec ted  by a  w a t e r  

sys tem.  The s t r u c t u r e  of  t h e  whole wa te r shed  can  be r e p r e s e n t e d  

by a  network whose nodes a r e  s u b r e g i o n s ;  s e e  F i g u r e  2  i n  which 

t h e  s i n g l e  a r rows  r e p r e s e n t  w a t e r  f lows  i n  r i v e r s  and t h e  doub le  

a r rows  r e p r e s e n t  w a t e r  t r a n s f e r s .  Numbers n e a r  t h e  nodes c o r r e -  

spond t o t h e  number o f  r e s e r v o i r s  t h a t  c o u l d  p o s s i b l y  be  c o n s t r u c -  

ted. i c  a  g i v e n  s u b r e g i o n .  

2. MWD AS PA3T OF THZ MODEL SYSTEM 

The model p r e s e n t e d  i n  t h i s  p a p e r  i s  i n t e n d e d  t o  form p a r t  

o f  t h e  sys tem proposed by Kulikowski  ( 1 9 7 8 ) ,  which w i l l  be used  

f o r  comprehensive p l a n n i n g  o f  t h e  whole r e g i o n .  S e v e r a l  models 

o f  r e g i o n a l  subsys tems a r e  c u r r e n t l y  b e i n g  developed and it i s  

hoped t h a t  a t  l e a s t  one  o f  them w i l l  be l i n k e d  w i t 1 1  W D ;  s e e  

t h e  p a p e r s  by Albegov e t  a l . ,  Kulikowski  and Krus,  Kul ikowski ,  

and Podkaminer e t  a l .  i n c l u d e d  i n  t h e s e  P r o c e e d i n g s ,  and a l s o  

Sosnowski and To lwinsk i  ( 1 9 7 9 ) .  For  MWD t o  be irr.plemented, 

it s h o u l d  be l i n k e d  t o  a  model o f  r e g i o n a l  a g r i c u l t u r e .  I t  i s  
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Figu re  1 .  The Upper Notec r e g i o n .  



t h e r e f o r e  e x p e c t e d  t h a t  t h e  model d e s c r i b e d  by Albegov e t  a l .  

and /o r  t h e  model p r o p o s e d  by Podkaminer e t  a l .  w i l l  be  d i r e c t l y  

l i n k e d  w i t h  i t .  The problem o f  l i n k a g e  i s  b r i e f l y  d i s c u s s e d  i n  

t h e  c o n c l u d i n g  s e c t i o n .  

F i g u r e  2 .  The s t r u c t u r e  o f  t h e  w a t e r s h e d  ( w a t e r  f l o w s  i n  r i v e r s ;  
*ater  t r a n s f e r s ;  t h e  number i n s i d e  node i s  s u b r e g i o n ,  
t h e  number o u t s i d e  i s  t h e  p o t e n t i a l  number o f  r e s e r v o i r s ) .  

2 . 1  . S t r u c t u r e  o f  t h e  Yodel 

A s  p roposed  i n  Makowski ( 1978)  , JIWD w i l l  b e  composed o f  

f o u r  i n t e r l i n k e d  submodels :  MWDO, MWD1, M W D 2 ,  and  MWD3. Two o f  

t h e s e ,  MWPO and MWD3, w i l l  b e  d e v e l o p e d  a t  a  l a t e r  s t a g e .  

I n  t h i s  p a p e r  t h e  r e s u l t s  o f  r u n n i n g  MWD1 and  MWD2A a r e  

d i s c u s s e d .  MWDl i s  used  t o  f i n d  t h e  o p t i m a l  a l l o c a t i o n  o f  

water r e s o u r c e s  among s u b r e g i o n s .  PlD2.4 i s  a  s i m p l i f i e d  

( l i n e a r i z e d )  v e r s i o n  o f  m q ~ 2 ,  which i s  u s e d  t o  d e t e r m i n e  t h e  



optimal structure of the water supply system. 

We decided to use a simplified and faster linear version of 

MWD2 in order to make a preliminary evaluation of several scena- 

rios, some of which will be selected for more detailed study. 

It is expected that the MWD submodels will be used in many 

scenario analyses and also in iterative procedures together with 

at least an agriculture model. Thus, we have tried to create a 

model of water demand and supply that would produce an evaluation 

of a given scenario in less than 1 minute. 

After linkage of MWD1 and MWD2A we can determine 

-- the optimal irrigation network for given disposable 

resources (using only current flows or riversfor given 

water transfers and/or reservoirs); 
-- the optimal supply for a given irrigation network; and 

-- the optimal irrigation network and water supply system. 

Thus, the model can be used as a demand-oriented, supply-oriented, 

or demand/supply-oriented model. 

2.2. Model Use 

The model is designed to provide information useful for 

decision making. Hence, it will be used to analyze several 

scenarios rather than to derive a single, optimal solution. 

Scenarios are classified as follows: 

-- those for determining an optimal solution for various 

values of exogenous variables and model parameters (e.g., 

crop structure, required irrigation flow, maximum area 

requiring irrigation in each subregion, value and increase 

of crop production, interest rate); 
-- those for evaluating the consequencesthat result from 

using suboptimal values of decision variables such as 

given irrigation areas in particular subregions or a 



given r e s e r v o i r  c a p a c i t y .  Addi t iona l  c o n s t r a i n t s  may 

a l s o  be in t roduced  ( e . g . ,  t hose  r e l a t e d  t o  investment  

volume o r  minimum a r e a  r e q u i r i n g  i r r i g a t i o n ) .  Scenar io  

a n a l y s i s  w i th  a comprehensive examination of  r e s u l t s  

p l a y s  an e s s e n t i a l  r o l e  i n  t h e  use  of  t h e  model. 

2.3. S t r u c t u r e  of t h e  Computer Program 

Since MWD i s  t o  s e r v e  many purposes ,  it w i l l  be composed 

of a s e t  of sub rou t ines  t h a t  may be used f o r  d i f f e r e n t  conf igura-  

t i o n s  depending on t h e  requi rements .  S p e c i a l  c a r e  has  been taken  

t o  have a f l e x i b l y  organized  c o l l e c t i o n  of  packages t h a t  w i l l  

a l low e f f i c i e n t  memory use .  A l l  segments a r e  w r i t t e n  i n  FORTRAN, 

with  t h e  except ion  of  MEMORF ( i n  COEIPASS) , and t h e  fo l lowing  a r e  
used i n  most a p p l i c a t i o n s :  

MRW i s  t h e  main program, which d r i v e s  a l l  r o u t i n e s ;  

MEMORG performs computer memory arrangements du r ing  execu- 

t i o n s  of a program; 

DATAIN r eads  d a t a  and performs i t s  i n i t i a l  p rocess ing  and 

agg rega t ion ;  

R E S I N  r eads  d a t a  concerned with  r e s e r v o i r s  and t r a n f e r s ;  

DPRINT p r i n t s  d a t a  and i n d i c e s  t h a t  can be computed from 

i n i t i a l  d a t a ;  

TRANS a r r anges  t h e  d a t a  f o r  a smal l  t e s t  run;  

BOUND computes t h e  v a l u e  of c o n s t r a i n t s :  

GOALF computes t h e  va lue  of a goa l  f u n c t i o n ;  and 

REPORT i n t e r p r e t s  t h e  r e s u l t s .  

For t h e  MWDl and MWD2 submodels, t h e  PDQLP F a s t  L inear  Program- 

ming System designed on Cont ro l  Data Computer System has  been 

adopted.  To enable  t h e  LP r o u t i n e  package w i t h i n  FRW t o  be 
e f f i c i e n t l y  used,  t h e  PDQLP program has  been modified and now 

a c t s  a s  a sub rou t ine  l i n k e d  t o  MRM. Three segments have 
been c r e a t e d  f o r  l i n k i n g  MRN and PDQLP: 

MATGEN g e n e r a t e s  a ma t r ix  f o r  t h e  LP problem us ing  d a t a  

provided by DATAIN;  



NAMES g e n e r a t e s  names of  rows and c o l m s ;  and 

DECODER decodes  t h e  LP r e s u l t s .  

By u s i n g  t h e  a p p l i e d  approach ,  t h e  time-consuming p r o c e s s  o f  

i n i t i a l  p r o c e s s i n g  and p r e p a r a t i o n  o f  d a t a  f o r  medium-size LP 

problems is  a v o i d e d , a n d  i t  i s  p o s s i b l e  f o r  n o n s p e c i a l i s t s  t o  u s e  

t h e  package o f  programs.  Xote t h a t  by u s i n g  a  s u b r o u t i n e  g e n e r a t -  

i n g  a  m a t r i x  f o r  t h e  LP program, t o  change o n e  p a r a m e t e r  (which 

may r e s u l t  i n  a  c o n s i d e r a b l e  change i n  t h e  LP m a t r i x ,  t h u s  

r e q u i r i n g  t h e  r e a r r a n g e m e n t  o f  whole m a t r i x )  now needs  r e p l a c e -  

ment of  o n l y  one  r e c o r d  i n  t h e  i n p u t  s t r e a m .  Moreover,  t h a t  

r e c o r d  i s  e a s y  t o  f i n d  and i n t e r p r e t .  Thus,  t h e  p r o c e s s  o f  

pe r fo rming  v a r i o u s  s c e n a r i o  a n a l y s e s  h a s  become r e a l l y  s i m p l e ,  

e s p e c i a l l y  i f  d a t a  a r e  s t o r e d  i n  t h e  form o f  an  UPDATE l i b r a r y .  

O t h e r  segments  a r e  b e i n g  p r e p a r e d  f o r  b o t h  l i n e a r - - w i t h  

r e g u l a r i z a t i o n - - a n d  n o n l i n e a r  problems (see c o n c l u d i n g  s e c t i o n ) .  

A l l  segments  are implemented on a  CDC CYBER 73-16 computer .  

3. GENERAL MATHEMATICAL DESCRIPTION 

3.1.  D e c i s i o n  V a r i a b l e s  

The d e c i s i o n  v a r i a b l e s  a r e  c l a s s i f i e d  i n t o  two g roups .  

3.1.1.  D e c i s i o n  V a r i a b l e s  t h a t  a r e  S u b j e c t  t o  O p t i m i z a t i o n  

I n  MWD1, t h e  d e c i s i o n  v a r i a b l e s  s u b j e c t  t o  optimization, 
a r e  t h e  a r e a s  t o  b e  i r r i g a t e d  i n  i t h  s u b r e g i o n  f i .  I n  MWD2A, 

t h e y  a r e  r e p r e s e n t e d  by c a p a c i t i e s  o f  k t h  r e s e r v o i r s  (deno ted  by 

v  ) and t e c h n i c a l  p o s s i b i l i t i e s  o f  l t h  w a t e r  t r a n s f e r s  (deno ted  k  
by x l ) .  

3 .1.2.  Exogenous D e c i s i o n  V a r i a b l e s  

The f o l l o w i n g  v a r i a b l e s  be long  t o  t h e  group o f  exogenous 

d e c i s i o n  v a r i a b l e s :  c r o p  s t r u c t u r e ,  maximum a r e a s  s u b j e c t  t o  

i r r i g a t i o n  i n  e a c h  s u b r e g i o n ,  i r r i g a t i o n  f lows  (compare Makowski 

1 9 7 8 ) ,  p a r a m e t e r s  f o r  s t a t i s t i c a l  e v a l u a t i o n  of d a t a  c o n c e r n i n g  

n a t u r a l  f l o w s ,  i n c r e a s e  i n  c r o p  p r o d u c t i o n  a s  a  r e s u l t  o f  i r r i g a -  

t i o n ,  c r o p  p r i c e s ,  i n t e r e s t  on c a p i t a l ,  m u n i c i p a l  and i n d u s t r i a l  

w a t e r  u s e .  



3.2. Objective Function 

The goal functions used as a measure of performance for 

evaluating different scenarios, are given below. 

The goal function for MWD 1 can be formulated as 

where 

H (F) is the goal function for mnID1; 

fi is the area to be irrigated in the ith subregion; 

N is the number of subregions; and 

cn is the expected income of the ith region after irriga- i 
tion. 

The method of calculating cni is described in Makowski (1978). 

Therefore we only need to mention that the following factors are 

considered: increase in crop production as a result of irrigation, 

crop prices, additional agricultural costs related to irrigation, 

investments required for irrigation technology and water intakes, 

depreciation rate, interest rate, operational costs. In other 

words, the cni are equal to a difference between annual income 

resulting from irrigation and annual irrigation costs. Note that 

no water costs are involved. Increased production from irrigation 

allows the introduction of other types of production in fields 

that are no longer needed for less efficient crops, we have there- 

fore decided to include additional income. The latter calculation 

will be referred to as "full income",whereas the former is consi- 

dered as "basic income". Since calculation of cni is expected to 

be discussed further, we have performed a scenario analysis using 

both sets of cni. 

In determining cn it is assumed that an agricultural water i ' 
user will not pay for the water consumed. But obviously the cost 

of ~roviding water should be considered when the water system 

expansion has been decided upon. Thus,the following goal function 

is proposed for ,W7D2: 



where 

V,X d e n o t e s  v e c t o r s  o f  r e s e r v o i r  c a p a c i t i e s  and w a t e r  

t r a n s f e r  volume; 

K , L  are t h e  numbers o f  r e s e r v o i r s  and  w a t e r  t r a n s f e r s  under  

c o n s i d e r a t i o n ;  and  

Rk 'S1  are t h e  a n n u a l  c o s t s  o f  r e s e r v o i r s  and  water t r a n s f e r s  

(Makowski 1 9 7 8 ) .  

For  W,7D2A, t h e  g o a l  f u n c t i o n  r.ay b e  w r i t t e n  as 

where 

3  c n t l  i s  t h e  a n n u a l  c o s t  o f  t h e  i t h  t r a n s f e r  o f  1  m /sec; and  

c n r k  i s  t h e  a n n u a l  s t o r a g e  c o s t  f o r  1 m3 i n  t h e  k t h  r e s e r v o i r .  

3 .3 .  C o n s t r a i n t s  

Most o f  c o n s t r a i n t s  r e f l e c t  a r e s t r i c t i o n  o n  t h e  water b a l a n c e  

f o r  e v e r y  10-day p e r i o d  and  f o r  e v e r y  s u b r e g i o n .  Formal  p r e s e n t a -  

t i o n  o f  a l l  t h e s e  c o n s t r a i n t s  d o e s  n o t  h e l p  t o  c l a r i f y  t h e  p rob lem 

(see ~ a k o w s k i  1 9 7 8 ) .  W e  s t a r t  by assuming t h a t  t h e  i n i t i a l  d i s -  

p o s a b l e  f low f o r  i r r i g a t i o n  QDP i n  t h e  i t h  s u b r e g i o n  and  t h e  t t h  

p e r i o d  i s  known. QDP are  computed as d i f f e r e n c e s  be tween n a t u r a l  

f l o w  and  t h e  amount o f  water used  by i n d u s t r i a l  and  m u n i c i p a l  u s e r s ,  

t a k i n g  i n t o  a c c o u n t  minimal  water f l o w  gove rned  by b i o l o g i c a l  con-  

s t r a i n t s  and  w a t e r  t h a t  i s  wi thdrawn and r e t u r n e d  t o  t h e  sys t em.  

The i r r i g a t e d  areas f i  a r e  c o n s t r a i n e d  b y  t h e . f o l l o w i n g  two 

sets o f  i n e q u a l i t i e s :  

where 

Ki is  a set o f  i n d i c e s  o f  r e g i o n s  t h a t  are l o c a t e d  i n  
r e g i o n s  u p s t r e a m  r e l a t i v e  t o  t h e  i t h  r e g i o n ;  



q l i +  i s  t h e  a v e r a g e  i r r i g a t i o n  f low f o r  j t h  r e g i o n  and t t h  
J 

10-day p e r i o d  computed f o r  a  g i v e n  c r o p  s t r u c t u r e  and 

t h e i r  i r r i g a t i o n  t i m e t a b l e s  (Makowski 1 9 7 8 ) ;  

q Z i t  i s  t h e  w a t e r  r e l e a s e d  from r e s e r v o i r s  and used i n  i t h  

r e g i o n ;  

qdpit i s  t h e  i n i t i a l  d i s p o s a b l e  f low;  

X1 
i s  w a t e r  t r a n s f e r r e d  t o  t h e  l t h  r e g i o n  ( i f  w a t e r  i s  

t r a n s f e r r e d  from l t h  r e g i o n ,  t h e n  xl i s  n e g a t i v e ) ;  and 

£mi i s  t h e  a r e a  l i a b l e  t o  i r r i g a t i o n  i n  i t h  r e g i o n .  

The volumes o f  w a t e r  t r a n s f e r s  xl a r e  exogenous v a r i a b l e s  

f o r  MWD1. A d d i t i o n a l  f low from r e s e r v o i r s  qzi t  s h o u l d  be such 

t h a t  more w a t e r  i s  n o t  used  d u r i n g  t h e  whole v e g e t a t i o n  p e r i o d  

t h a n  has  been s t o r e d  i n  t h e  p r e v i o u s  s e a s o n  i n  a l l  r e s e r v o i r s  

l o c a t e d  ups t ream;  i . e . ,  t h e  f o l l o w i n g  i n e q u a l i t y  s h o u l d  ho ld ,  

where 

v  i s  t h e  f i l l i n g  o f  j t h  r e s e r v o i r ;  
j 

Li i s  a  set  o f  i n d i c e s  o f  r e s e r v o i r s  t h a t  a r e  l o c a t e d  

i n  r e g i o n s  ups t ream r e l a t i v e  t o  i t h  r e g i o n ;  and 

I V ,  KV a r e  t h e  numbers o f  t h e  f i r s t  and l a s t  10 days  o f  t h e  

v e g e t a t i o n  p e r i o d ,  r e s p e c t i v e l y .  

F i n a l l y ,  c o n s t r a i n t s  on maximal f i l l i n g  o f  r e s e r v o i r s  and on 

w a t e r  t r a n s f e r  c a p a c i t i e s  a r e  a l s o  i n c l u d e d .  

S i n c e  w e  t r y  t o  d e t e r m i n e  t h e  f i n a l  s t r u c t u r e  o f  i r r i g a t e d  

a r e a s  and t h e  w a t e r  s u p p l y  sys tem i n  p r e l i m i n a r y  r u n s ,  no con- 

s t r a i n t s  on t h e  t o t a l  amount o f  i n v e s t m e n t  have been imposed. 

Should t h e  amount o f  i n v e s t m e n t  be u n a c c e p t a b l e ,  t h e  r e l e v a n t  

c o n s t r a i n t s  may be  i n c l u d e d .  



ANALYSIS OF PRELIMINARY RESULTS 

4 . 1 .  Data 

A l l  d a t a  f o r  p r e l i m i n a r y  runs  w e r e  p rov ided  by t h e  Design 

Agency BIPROMEL. They w i l l  be  r e f i n e d  i n  t h e  n e a r  f u t u r e ,  

p a r t i c u l a r l y  t h o s e  d a t a  used f o r  de t e rmin ing  g o a l  f u n c t i o n  pa r a -  

meters and t h o s e  o f  i r r i g a t i o n  f low.  The r e s u l t s  p r e s e n t e d  i n  

t h i s  paper  shou ld  n o t  be c o n s i d e r e d  a s  f i n a l ,  s i n c e  t h e y  w i l l  be 

d i s c u s s e d  a t  many i n s t i t u t i o n s  i n  Poland t o g e t h e r  w i t h  t h e  method 

of g o a l  f u n c t i o n  c a l c u l a t i o n  and t h e  d a t a  used.  

Data used by MWD occupy abou t  300 r e c o r d s  ( 8 0  column punch 

c a r d s ) ;  t h e r e f o r e ,  o n l y  a s h o r t  d r a f t  o f  d a t a  and pa r ame te r s  i s  

g iven  (see Appendixes) t o  i l l u s t r a t e  t h e  problem o f  i n i t i a l  d i s -  

posab l e  f lows  and u n i t  c o s t s  o f  wa t e r  t r a n s f e r  o r  s t o r a g e .  

Ana ly s i s  o f  QDP ( i n i t i a l  d i s p o s a b l e  f l ows )  t h a t  r anges  from 

a n e g a t i v e  v a l u e  ( a  d e f i c i t  o f  w a t e r  a l r e a d y  o c c u r s )  up t o  

31.3 m3/sec i n d i c a t e s  t h a t  it i s  r e a l l y  n e c e s s a r y  t o  c o n s i d e r  

bo th  a s p a t i a l  and t empora l  a l l o c a t i o n  o f  wa t e r .  Cos t s  o f  u n i t  

w a t e r  t r a n s f e r  o r  s t o r a g e  a l s o  d i f f e r  c o n s i d e r a b l y  acco rd ing  t o  

t h e  v a r i o u s  p r o j e c t s .  

C u l t i v a t i o n  o f  g r a i n ,  r a p e ,  b e e t ,  p o t a t o e s ,  f i b e r  c r o p s ,  

p u l s e s ,  maize ,  f odde r  c r o p s ,  v e g e t a b l e s ,  f r u i t s ,  g r a s s ,  and two t y p e s  

o f  f o r e s t  were c o n s i d e r e d ,  w i t h  r e s p e c t  t o  i r r i g a t i o n  (see Appen- 

d i x  D )  . 

4.2.  Scena r io s  

Two groups  o f  s c e n a r i o s  have been examined. Each s c e n a r i o  

i s  denoted by an  a lphanumer ic  c h a r a c t e r ,  where t h e  f i r s t  l e t t e r  

i n d i c a t e s  t h e  cn (pa r ame te r  o f  t h e  MWD1 g o a l  f u n c t i o n )  c a l c u l a t i o n .  

A r e f e r s  t o  f u l l  income,whereas B i n d i c a t e s  t h a t  b a s i c  income has  

been used (compare s e c t i o n  3 .2)  . 
I n  e ach  group t h e  fo l l owing  s c e n a r i o s  were examined: 

1 .  I r r i g a t i o n  of  a l l  a r e a s  r e q u i r i n g  i r r i g a t i o n  was assumed 

u s ing  wa t e r  from c u r r e n t  f lows  o n l y .  

2. Each sub reg ion  t r i e s  t o  perform a l o c a l l y  op t ima l  s t r a t -  

egy w i t h o u t  c o n s i d e r a t i o n  o f  l i n k a g e s  w i t h  o t h e r  r e g i o n s .  



3.  Only c u r r e n t  f l o w s  may be u t i l i z e d  f o r  o p t i m a l  water 

a l l o c a t i o n .  

4 .  Same as 3 r d  s c e n a r i o ,  b u t  u s e  o f  2  e x i s t i n g  r e s e r v o i r s  is 

a l lowed .  

5. Same a s  4 t h  p l u s  p o s s i b i l i t y  o f  c o n s t r u c t i o n  o f  24 a d d i -  

t i o n a l  r e s e r v o i r s .  

6 .  Same a s  5 t h ,  w i t h  a  t r a n s f e r  o f  water from t h e  V i s t u l a  

r i v e r ,  and  4 i n t r a r e g i o n a l  water t r a n s f e r s  are examined.  

4 .3 .  D i s c u s s i o n  o f  R e s u l t s  

S e l e c t e d  r e s u l t s  are l i s t e d  i n  T a b l e  1 .  S c e n a r i o s  A l ,  A2, 

B 1 ,  and  B2 are known t o  be i n f e a s i b l e ,  b u t  t h e y  p r o v i d e  u s e f u l  

i n f o r m a t i o n .  

For  i r r i g a t i o n  o f  a l l  l i a b l e  a r e a s ,  i t  i s  n e c e s s a r y  t o  s u p p l y  

o v e r  418 mln m3 o f  water a n n u a l l y  i n  a d d i t i o n  t o  t h a t  which  i s  

a v a i l a b l e  f rom r i v e r s .  T h i s  i s  s i m p l y  i n f e a s i b l e  s i n c e  t h e  t o t a l  

c a p a c i t y  o f  a l l  p l a n n e d  r e s e r v o i r s  o n l y  amounts  t o  211.87 mln m 3  

and t h e  w a t e r  t r a n s f e r  f rom t h e  V i s t u l a  t o t a l s  a p p r o x i m a t e l y  
3  95 mln m . I t  i s  e x p e c t e d  t h a t  t h e  a n n u a l  income r e s u l t i n g  from 

i r r i g a t i o n  ( a s suming  z e r o  p r i c e  f o r  water) w i l l  e q u a l  2 ,775  x  10 6 

z,Z'oty ( 1  U.S. $ = 32 z,Z' ,accordins t o  t h e  o f f i c i a l  exchange  rate),  

i f  f u l l  income i s  c a l c u l a t e d .  I n f o r m a t i o n  a b o u t  a n  i n c r e a s e  i n  

p r o d u c t i o n  o f  p a r t i c u l a r  c r o p s  i s  a l s o  a v a i l a b l e .  

S c e n a r i o s  A2 and  B2 show what  would happen i f  e v e r y  s u b r e g i o n  

a t t e m p t e d  t o  p e r f o r m  a l o c a l l y  o p t i m a l  s t r a t e g y  w i t h o u t  examin ing  

t h e  consequences  t h a t  o c c u r  downstream. These  r e s u l t s  may a l s o  

s e r v e  a s  a n  a rgument  f o r  e s t a b l i s h i n g  i n s t i t u t i o n a l  a r r a n g e m e n t s  

f o r  t h e  o p e r a t i o n  o f  a whole  water s y s t e m .  

L e t  u s  now b r i e f l y  d i s c u s s  r e s u l t s  o f  t h e  e i g h t  f e a s i b l e  

r u n s .  I t  s h o u l d  be n o t e d  t h a t  t h e  s c e n a r i o s  o f  g r o u p s  A and  B 

d e t e r m i n e  t o t a l  a r e a s  t h a t  d i f f e r  v e r y  l i t t l e  i n  compar i son  w i t h  

t h e  huge d i f f e r e n c e s  be tween r e s p e c t i v e  c n i ,  which are l i s t e d  

i n    able 2. A l though  t h e  t o t a l  a r e a s  f o r  s c e n a r i o s  A are g r e a t e r  
t h a n  t h o s e  f o r  s c e n a r i o s  B ,  much g r e a t e r  d i f f e r e n c e s  w e r e  e x p e c t e d .  
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Table  1 .  Aggregated r e s u l t s .  

Scena r io   ha)^ F / F M ~  H~ L~ vd Remarks 

A1 115,310 1.000 2,775 - - 4  18 i n f e a s i b l e  

A2 39,028 0.338 994 - -57 i n f e a s i b l e  

A3 21,280 0.185 569 - 0 

A 4  41,804 0.363 1,087 1,070 67 

A5 58,448 0.507 1 ,523 1,309 205 

1,887 206 +95 mln mJ 

from V i s t u l a  
- - 4  18 i n f e a s i b l e  

- -57 i n f e a s i b l e  

- 0 

336 67 

396 129 

592 129 +95 mln m 3  

from V i s t u l a  

a 
F is  t h e  sum of i r r i g a t e d  a r e a s  ( i n  ha)  . 

b 
FM i s  t h e  sum of  a l l  a r e a s  r e q u i r i n g  i r r i g a t i o n .  

c 6 
H and L ( i n  zT x 10  ) a r e  t h e  goa l  func t ion  va lues  f o r  MWDl and MWDZ, 

r e s p e c t i v e l y .  
d 6 
V ( i n  m3 x 10  ) i s  t h e  water  volume used from r e s e r v o i r s  ( i f  nega t ive  

denotes  a  d e f i c i t ) .  

A comparison o f  s c e n a r i o s  A3 and A4 (B3 and B 4 )  i n d i c a t e s  

t h a t  bo th  income and a r e a s  i r r i g a t e d  may b e  doubled i f  o n l y  two 

e x i s t i n g  r e s e r v o i r s  a r e  used o p t i m a l l y .  To i n c r e a s e  t h o s e  i n d i c e s  

by abou t  t h e  same v a l u e s  (see A5 and B 5 ) ,  a lmos t  a l l  o f  t h e  o t h e r  

24 r e s e r v o i r s  shou ld  be c o n s t r u c t e d  w i t h  approx imate ly  doub le  

t h e  c a p a c i t i e s  o f  t h e  two e x i s t i n g  r e s e r v o i r s .  T h i s  may be e a s i l y  

exp l a ined  i f  it i s  p o i n t e d  o u t  t h a t  t h e  former r e s e r v o i r s  a r e  t o  

be  used on ly  i n  " c r i t i c a l "  10-day p e r i o d s .  However, w i t h  i n c r e a s -  

i n g  wa t e r  consumption,  t h e  c r i t i c a l  p e r i o d  i s  ex tended .  
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Table 2 .  Values of  cn c o e f f i c i e n t s  ( i n  zZ/ha) . 

Subregion 

Scenar ios  A6 and B6 proved t h a t  t h e  t r a n s f e r  of water  from 

t h e  V i s t u l a  i s  p r o f i t a b l e  d e s p i t e  t h e  f a c t  t h a t  it i s  t h e  most 

expensive t r a n s f e r  (compare d a t a  i n  Appendix C and i n  Table 3 ) .  

Such a  s o l u t i o n  should be expec ted ,  s i n c e  t h e  water  t h a t  might be 

t r a n s f e r r e d  w i t h i n  t h e  r eg ion  could a l s o  be used wi thout  being 

t r a n s f e r r e d .  However, if water  i s  t r a n s f e r r e d ,  bo th  t r a n s f e r  and 

s t o r a g e  c o s t s  u s u a l l y  have t o  be cons idered  and,  hence,  very o f t e n  

conveyance i s  n o t  p r o f i t a b l e .  

I t  i s  i n t e r e s t i c g  t o  n o t e  t h a t  no t  a l l  t h e  p o s s i b i l i t i e s  f o r  

water  t r a n s f e r  and s t o r a g e  a r e  r e a l i z e d .  The amounts of  water  

t r a n s f e r r e d r a n d  t h e  planned c a p a c i t i e s  of  r e s e r v o i r s  t h a t  a r e  n o t  

f u l l y  u t i l i z e d  i n  a l l  s c e n a r i o s ,  a r e  l i s t e d  i n  Table 3. Reservoi r s  

t h a t  a r e  t o  be f u l l y  u t i l i z e d  a r e  n o t  l i s t e d  ( t h e i r  parameters  

a r e  given i n  Appendix B ) .  

From an a n a l y s i s  of t h e  p re sen ted  r e s u l t s ,  t h e  fo l lowing  

conc lus ions  can be formulated.  

1 .  I t  i s  imposs ib le  t o  i r r i g a t e  a l l  a r e a s  t h a t  r e q u i r e  

i r r i g a t i o n  assuming t h e  given c rop  s t r u c t u r e  and i r r i g a t i o n  i n f l o w ,  

even i f  a l l  r e s e r v o i r s  and t h e  water  t r a n s f e r  from t h e  V i s t u l a  

a r e  b u i l t  according t o  d a t a  p re sen ted  i n  Appendix B .  The reason  

being t h a t  t h e  proposed l o c a t i o n s  of r e s e r v o i r s  and water  t r a n s f e r s  
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Table 3. Utilization of reservoirs and transfers. 

Water Storage 
a,b  ax' Cost A5 A6 d 

or Transfer 

72 

rnax 

max 

rnax 

rnax 

rnax - 
0 . 6 9  - 
0  - 
0 - 

max - 
73.1 0  

max 0 

max 0  

max 0 

max max 

rnax 

0 

0 .33  

0 

max 

0.596 

0 

0  

0  

0  

a ~ x x l y y  s i g n i f i e s  a  t r a n s f e r  of water  from reg ion  xx ( e - g . ,  99 s t a n d s  f o r  
V i s tu l a )  t o  reg ion  yy. 

bThe names r e f e r  t o  r e s e r v o i r s  and t h e  preceding  numbers correspond t o  
t h e  r eg ion  i n  which t h e  r e s e r v o i r  i s  loca t ed .  

3 ' h x  s i g n i f i e s  maximal value o f  an annual  t r a n s f e r  o r  s t o r a g e  of water  i n  mln m . 
G? 3 Cost  s i g n i f i e s  t h e  annual  c o s t  f o r  1 m of  water  s t o r age  o r  t r a n s f e r .  

do not provide the conditions necessary to meet the water demand. 

One may try to examine the possibility (and efficiency) of 

irrigation of all fields by increasing transfers of water from 

outside the region and/or by changing the location and size of 

reservoirs. The- latter approach does not seem feasible. 

2. An increased water transfer from the Vistula may be 

profitable. It would provide water more cheaply than from the 

Folusz reservoir. Thus, it is recommended that the possibilities 
3  and costs of increasing a transfer up to 20 or 30 m /sec should 

be examined. It is expected that a greater water transfer may 

cause a decrease in the number of reservoirs. Since the Folusz 

reservoir is the most expensive (and also the largest), its 

construction may be cancelled. Costs of reservoirs differ consid- 
3  erably (from 0 . 1 5  up to 2 .31  z*/m ) ;  hence, others may also become 

unprofitable. 



3. An additional evaluation of a policy for replacing 

expensive reservoirs with cheaper water transfers should be 

performed. Such a replacement will make the value of the goal 

function increase. On the other hand, the construction of reser- 

voirs might be justified for other reasons, i.e., flood control 

purposes or the need for water storage. 

4. Intraregional water transfers are not fully utilized. 

However, it is recommended that this option should be reexamined 

if it makes possible an increase of water. 

5. The difference in goal function values for MWDl 

and MWD2 (H and L, respectively) is relatively small for almost 

all relevant scenarios. It shows that the water cost is in- 

significanttat least in relation to the scenarios considered in 

this paper. The situation may change if greater water resources 

are available. 

Let us now comment briefly on the results of water allocation, 

which is equivalent to considering the locations of irrigated 

fields (Table 4). It is not surprising that water allocation 

closely follows changes in cn coefficients. One may compare i 
the results given in Table 4 with cn structure (Table 2). i 
Note that the irrigation of 'fields in subregions 4 and 8 is not 

sufficiently profitable for the available water resources to be 

used. A small share of the fields in subregion 5 is irrigated 

only in one scenario (A3). The results discussed illustrate a 

broader problem that is mentioned below. 

Let us ignore for a moment the difference between A and B 

group scenarios. The cn coefficients are determined by a crop 

structure that reflects a rational.agricultura1 policy. A decrease 

in the area of irrigated fields (according to scenario A 6 ,  which 

has the largest irrigation project, only 72.7 percent of the area 

requiring irrigation is irrigated) may result in substantial 

chacges in crop structure. Thus, another run of M'WD would 

be required. Hence, because MkTD appears sensitive to crop 

structure, one should link .FWD with an agriculture model. 

The latter would determine an optimal crop structure for a given 

amount of water disposable for irrigation. Note also that 
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location of irrigated areas may lead to intraregional agricul- 

tural specialization. The problem of numerical stability and 

interpretation of a unique, optimal solution can be seen in 

Table 5. 

Table 5. Numerical stability. 

Scenario ltera 5 s b  1  OX^ 

a I t e r  i s  the number of LP i t e r a t i o n s .  

5% and 10% denote t h e  i t e r a t i o n  numbers during which a  goal func t ion ' s  value 
i s  l e s s  than the  value of t h e  optimal so lu t ion .  

4.4. Programs Statistics 

Information contained in Table 6 may be useful for evaluating 

the MWD program size and efficiency. 

Note that no forcing in PDQLP was used; i.e., the typical 

pricing rule of choosing the most positive modified cost was 

applied. This has been done mainly to determine whether it is 

necessary to deal with the problem of regularization. Application 

of mild forcing (variable enters a basis only if the objective 

value will be improved by so doing) will reduce both the number of 

iterations and the CPU time. 

Since several scenarios have been run in one batch, it is not 

possible to calculate the exact cost of running a particular 

scenario. Cost also depends greatly on the priority assigned to 

the batch; the price for 1 systems second (combination of memories 

use and CPU time) ranges from 1.1. to 4.5 z z ;  i.e., higher prior- 

ity entails a shorter waiting time. Thus, the cost of one run for 



Table 6. Program statistics. 

Scenario  DIM^ ~ 1 ~ 2 ~  CORE' C P U ~  1ter" 

Al, A2 - - 13,520 1.4 - 
A3 154x1 98 11x121 16,278 6.9 7 

A4 277x209 134x1 32 34,181 9.3 66 

A5 301x209 158x1 32 37,636 24.9 131 

A6 306x209 163x1 32 38,363 52.0 224 

a 
D I M 1  is  t h e  dimension of a  s cena r io  problem. 

b DIM2 is t h e  dimension of an equ iva l en t  aggregated problem. 

'CORE i s  t h e  maximum number of  words (60 b i t s )  r equ i r ed  dur ing  t h e  running of 
t h e  program (memory use i s  c o n t r o l l e d  by t h e  MEMORF r o u t i n e ) .  

d 
CPU i s  t h e  c e n t r a l  p rocessor  u n i t  time i n  seconds. 

e I t e r  i s  t h e  number of  t h e  LP i t e r a t i o n s .  

the greatest scenario A6, with the lowest priority, may be 

evaluated as about 300 z z .  This cost may be compared with invest- 

ment costs (listed in Appendixes B and C) in order to determine 

the saving made from relatively little expenditure in examining 

the various alternatives. On the other hand, however, one run of 

MWD2 will require much more of both time and money. Hence, 

an evaluation should be made, using a simplified MWD2 model, of as 

many scenarios as possible, but only a limited number of them 

should be subject to full examination by MWD2. 

5. CONCLUSIONS 

Despite the fact that the data used were preliminary, it is 

evident that development of the water system for mainly irrigation 

purposes is profitable. However, there are still some problems 

to be solved and they are outlined below. 

5.1. Model Verification 

Manteuffel et al. (1978), reached quite opposite conclusions 

from those presented in this paper. Thus, not only all the data, 



but also the method used to calculate the parameters, should be 

verified as planned (see section 4.1 ) .  

5.2. Linkage of MWD and the Agriculture Model 

Because of the goal function, the problem can be solved by 

maximizing the benefit resulting from irrigation: thustall water 

will be used whenever it is profitable. It need not necessarily 

be so if the goal function is the efficiency of agriculture. The 

final results of Podkaminer et al., which are included in these 

Proceedings, were not known at the time of preparation of this 

paper. However, preliminary results showed that a large increase 

in water used for irrigation caused a relatively small increase in 

production (in grain units) and substantial changes in agricultural 

production structure. Changing a goal function for the agricultural 

model may produce a completely different solution. Obviously 

decreasing water supply, while at the same time maintaining pro- 

duction targets, will require additional costs and/or a change in 

production structure. Hence, a comprehensive analysis of the 

effects of irrigation is really needed. It is clear that ~ W D  

should be used together with an agriculture model (see section 

4.3.), but the methodology for linkage has not yet been elaborated. 

This will not be an easy task to accomplish, partly because both 

models deal with different spatial and temporal aggregations. 

5.3. Numerical Stability 

The problem of numerical stability also seems to be an 

important issue. The figures given at the end of section 4.3. 

indicate that many different solutions may be obtained, even 

though their goal function values are almost the same. We have 

not paid much attention to this problem mainly because we have 

been unable to develop a suitable program so soon after receiving 

the results discussed in the paper. We will try to deal with this 

problem,and a set of routines for finding a solution to the rele- 

vant regularized problem will be developed. The criterion for 

regularization has yet to be defined. 



5 . 4 .  Additional Points 

It should be emphasized that very Little water is assumed to 

leave the region. For example, according to scenario A6, only an 
3 amount of water equal to minimal flow (2.94 m /sec) is left for 

the Notec river downstream regions. 

A number of other scenarios should also be examined answering, 

among other questions, the following: is it profitable to irri- 

gate all fields requiring water, if additional water is supplied 

from outside the region? 

ACKNOWLEDGEMENT 

The results discussed in the paper would not have been 

obtained without the help of many people. I am indebted to 

everyone who gave me comments or advise, especially to the partic- 

ipants of the first and second Notec Task Force meetings and of 

the discussions that have been held at the Design Agency 

BIPROMEL and the Systems Research Institute. I also wish to 

thank Mr. Wincenty Wakk,who has performed most of the work 

required to make the input-output routines and data set opera- 

tional, and Miss Teresa Gawda who updates the routines and data 

set. However, full responsibility for the final product remains 

with the author. 



BIBLIOGRAPHY 

Albegov, M., and R. Kulikowski, eds. (1978a) Proceedings of 
Task Force Meeting I on Notec Regional Development, 
edited by M. Albegov and R. Kulikowski. RM-78-40. 
Laxenburg, Austria: International Institute for Applied 
Systems Analysis. 

Albegov, M., and R. Kulikowski, eds. (1978b) Proceedings of 
Task Force Meeting I1 on Notec Regional Development, 
edited by M. Albegov and R. Kulikowski. Warsaw: Insty- 
tut Badan Systemowych Polskiej Akademii Nauk. 

Gouevsky, I., D. Maidment, and W. Sikorski (1 980) Agricultural 
Water Demand: Completion Report of the Silistra Case 
Study. Laxenburg, Austria: International Institute for 
Applied Systems Analysis (forthcoming). 

Kulikowski, R. (1978) General methodology and construction of the 
system of models for the Notec development project. Proce- 
edings of Task Force Meeting I on Notec Regional Develop- 
ment, edited by M. Albegov and R. Kulikowski. RM-78-40. 
Laxenburg, Austria: International Institute for Applied 
Systems Analysis. 

Makowski, M. (1978) A normative model of water system development 
in an agricultural region. Proceedings of Task Force Meet- 
ing I1 on Notec Regional Development, edited by M. Albegov 
and R. Kulikowski. Warsaw: Instytut Badan Systemowych 
Polskiej Akademii Nauk. 

Manteuffel, H., M. Zaleski, and J. Zawilski (1978) An agricultural 
production model of an intensively irrigated region. Proceed- 
ings of Task Force Meeting I1 on Notec Regional Development, 
edited by M. Albegov and R. Kulikowski. Warsaw: Instytut 
Badan Systemowych Polskiej Akademii Nauk. 



S o s n o w s k i ,  J . ,  a n d  T o l w i n s k i  B .  ( 1 9 7 9 )  O p t i m i z a t i o n  a n d  
d y n a m i c  game m o d e l s  f o r  r e g i o n a l  p l a n n i n g .  P r o c e e d i n g s  
o f  t h e  S e v e n t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  I n p u t - O u t p u t  
T e c h n i q u e s ,  I n n s b r u c k ,  A p r i l  9-1 3 ,  1979 (mimeograph)  . 



A p p e n d i x  A: I N I T I A L  DISPOSABLE FLOWS ( i n  rn3/sec) a 

\ Sub-  

A p r i l  1  1 . 9 9 0  1 . 7 2 0  7 . 1 3 0  1 . 3 9 0  1 . 5 7 0  3 . 2 7 0  

2 1 . 2 7 0  1 . 9 2 0  6 . 5 6 0  1 . 0 2 0  1 . 7 3 0  3 . 3 5 0  

3  1 . 4 1 0  1 . 5 2 0  5 . 8 0 0  0 . 7 3 0  1 . 4 1 0  2 . 7 2 0  

May 1 1 . 3 4 0  1  . I 9 0  5 . 1 1 0  0 . 6 2 0  1  . I 6 0  2 . 2 3 0  

2  1 . 5 4 0  0 . 9 2 0  4 . 8 0 0  0 . 6 4 0  0 . 9 5 0  1 . 9 2 0  

3  1 . 5 4 0  0 . 7 9 0  4 . 6 1 0  0 . 6 2 0  0 . 8 5 0  1 . 7 4 0  

J u n e  1  1 . 3 8 0  0 . 9 3 0  4 . 6 2 0  0 . 5 4 0  0 . 9 5 0  1 . 8 4 0  

2  0 . 7 0 0  0 . 8 7 0  3 . 5 6 0  0 . 4 1 0  0 . 9 0 0  1 . 6 4 0  

3  0 . 3 7 0  0 . 6 8 0  2 . 7 4 0  0 . 3 5 0  0 . 7 6 0  1 . 3 4 0  

J u l y  1  0 . 2 2 0  0 . 4 4 0  1 . 9 9 0  0 . 3 3 0  0 . 5 7 0  1 . 0 2 0  

2  0 . 2 3 0  0 . 2 6 0  1 . 5 4 0  0 . 3 0 0  0 . 4 3 0  0 . 8 2 0  

3  0 . 2 3 0  0 . 2 0 0  1 . 4 0 0  0 . 1 9 0  0 . 3 8 0  0 . 7 4 0  

A u g u s t  1  0 . 2 5 0  0 . 1 3 0  1 . 2 7 0  0 . 1 7 0  0 . 3 3 0  0 . 6 5 0  

2  0 . 1 7 0  0 . 1 1 0  1 . 1 5 0  0 . 7 4 0  0 . 3 2 0  0 . 5 8 0  

3  0 . 1 2 0  0 . 0 6 0  0 . 9 8 0  0 . 3 0 0  0 . 2 8 0  0 . 5 0 0  

S e p t  1  0 . 0 6 0  0 . 0 4 0  0 . 8 7 0  0 . 4 9 0  0 . 2 6 0  0 . 4 8 0  

2  0  0 . 0 6 0  0 . 8 6 0  0 . 6 0 0  0 . 2 7 0  0 . 5 0 0  

3  0 . 0 2 0  0 . 1 4 0  1 . 0 2 0  0 . 1 9 0  0 . 3 3 0  0 . 6 0 0  
- -  

a 
The months April-September are divided approximately into three 10-day periods. 



a 
Appendix A (continued) 

\ Sub- 

April 1  7 .280  0 .790  23 .880  2 .820  31 .330  

2  7 .140  0 .810  23 .570  2 .830  28 .400  

3  5 .930  0 . 6 0 0  20 .030 2 .730  24 .220  

May 1  5 . 1 0 0  0 .630  1 8 . 1 1 0  2 .690  22 .040  

2  4 .600  0 .700  1 7 . 1 8 0  2 .680  22 .090 

3  4 .320  0 .470  1 5 . 5 1 0  2 .190  1 9 . 1 8 0  

June 1  4 .430 0 .120  14 .310  1 .670  1 6 . 2 3 0  

2  4 .060  0 .690 1 2 . 1 0 0  1 . 0 6 0  13 .210  

3  3.570 0 .020  1 0 . 7 1 0  0 .670 11 .640  

July 1 3 .060 0 .160 9 .670  0 .650  10 .420  

2 2 .700  0 .330  9 .380 0 .560 10 .540  

3  2 .460  0.360 8 .980 0 .510  10 .330  

August 1  2 .300 0.350 8 . 5 6 0  0 .460 9 .810 

2  2 .190 0 .360 8 . 3 3 0  0 .270 9 .410 

3  2 .240 0 .450 8 .530 0 .210  9 .370 

September 1 2 .380  0 .490 8 .700 0 .150 9 .650  

2  2 .530  0 .500 8 .900 0 .090 10 .330  

3  2 .280 0 .460 8 .790 0 .070  9 .640 

a 
The months April-September are divided approximately into three 10-day periods 
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APPENDIX B: RESERVOIR INFORMATION 

Reservoir cap a Inv OperC &nord coste Loc f 

GOPLO 

PAKOSC 

POLONISZ 

MODEROWSKI 

BRDOWSKI 

LUBOTYNSKI 

SKULSKI 

OSTROWSKI 

BUDZ ISLAW 

SLAWSKO 

BACHORZE 

MLYNEK 

KRUCHOWSKI 

OSTROWICKI 

SZYDLOWSKI 

WIECNOWSKI 

WIENIECKI 

IZDBY 

PADNIEWO 

KAMIENICKI 

FOLUS Z 

OCWIECKI 

ZNINSKI 

ZEDOWO 

BOZEJWICKI 

BRZYSKORZ 

a 6 
Cap i s  t h e  c a p a c i t y  i n  m3 x  10 . 

b 6 Inv  a r e  t h e  investments  r equ i r ed  i n  zT x 10 . 
C 

Oper i s  t h e  annual  ope ra t i on  c o s t  ( a s  a  percentage  of  i nves tmen t ) .  
d Arnor i s  100/T, where T i s  t h e  e x p l o i t a t i o n  pe r iod .  
e Cost  is  annual  s t o r age  c o s t  f o r  1 m3 of water ( i n  I T )  . 
fLoc i s  t h e  subregion i n  which t h e  r e s e r v o i r  i s  l o c a t e d .  



APPENDIX C: WATER TRANSFER INFORMATION 

Vistula 

8 

8 

5 

9 

'~rom is  the  subregion o r  r i v e r  from which the  water i s  taken. 
b 

To i s  subregion t o  which water i s  del ivered .  
e 3 

Flow is  t r a n s f e r  c a p a b i l i t y  ( i n  m /sec)  . 
d 6 

Inv i s  investment requi red  i n  zz  x 10 . 
e 

Oper is  annual opera t ional  c o s t  ( a s  a  percentage of investment) .  

fArnor is  100/T, where T i s  the  e x p l o i t a t i o n  period.  
3 6 

'cost1 i s  annual t r a n s f e r  c o s t  f o r  1 m /sec ( i n  zT x 10 ) . 
h 3 
Cost2 is  annual c o s t  of t r a n s f e r  f o r  1 m ( i n  z r ) .  



u 
A P P E N D I X  D: C R O P  S T R U C T U R E  

Sub- 
G r a i n  R a p e  B e e t s  Potatoes Fibers  P u l s e s  M a i z e  

r s g i o n  

a 
Thenumbers of t h e  t a b l e  cor respond  t o  t h e  s h a r e  o f  i r r i g a t e d  f i e l d s  f o r  a 

g iven  c r o p  i n  a g i v e n  s u b r e g i o n .  
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OPERATIONAL DISTRIBUTION OF WATER 
RESOURCES FOR AGRICULTURE+-AN 
ATTEMPT TO OBTAIN A NUMERICAL 
SOLUTION 

J. Gutenbaum 
M.  I n k i e l m a n  
D .  Piatkowska-P:ieczorek and 
H .  P i e t k i e w i c z - S a t d a n  

I O N  

A m a t h e m a t i c a l  f o r m u l a t i o n  of t h e  problem o f  o p e r a t i o n a l  

d i s t r i b u t i o n  o f  w a t e r  r e s o u r c e s  i s  g i v e n  i n  Gutenbaum e t  a l .  

( 1 9 7 8 ) ,  P i e tk i ewicz -SaZdan  and  I n k i e l m a n  (19781, and  Babarowski  

( 1 9 7 8 ) .  

? ! l ax in i za t ion  o f  t h e  e x p e c t e d  v a l u e  of a g r i c u l t u r e  produc-  

t i o n  i s  a d o p t e d  a s  t h e  main  o b j e c t i v e  f o r  w a t e r  d i s t r i b u t i o n .  

O t h e r  o b j e c t i v e s  r e l a t e d  t c  t h e  o p e r a t i o n  o f  a  r e g i o n a l  w a t e r  

d i s t r i b u t i o n  s y s t e m  a r e  t a k e n  i n t o  a c c o u n t  by i n t r o d u c i n g  

g u a r a n t e e  c o n s t r a i n t s .  These  c o n s t r a i n t s  i n c l u d e  demands o f  

a l l  u s e r s  b i t h  t h e  e x c e p t i o n  o f  a g r i c u l t u r e . 1  e c o l o g i c a l  and  
f l o o d  c o n t r o l  r e q u i r e m e n t s ,  e t c .  

I t  i s  assumed t h a t  t h e  s y s t e m  w i l l  

-- s t o r e  water i n  s e p a r a t e  r e s e r v o i r s ;  and  

-- d i s t r i b u t e  w a t e r  among i n d i v i d u a l  u s e r s  and  a t  

p a r t i c u l a r  i n t a k e s .  

The h o r i z o n  f o r  w a t e r  d i s t r i b u t i o n  o p t i m i z a t i o n  i s  o n e  

y e a r ,  i .e . ,  t h e  s h o r t e s t  p e r i o d  n e c e s s a r y  f o r  a s s e s s i n g  t h e  

e f f e c t s  o f  c o n t r o l  upon t h e  v a l u e  o f  t h e  pe r fo rmance  i n d e x  

a d o p t e d .  



The mathexratical formulation of the problem is: 

determine 

max G(qa) 

u = ix,s,q,qal 1 

subject to the constraints 

fl(u,r) = 0 are the equations of network ( 2 )  

balances ; 

P{u > u 1 - gu 2 a~ are the guarantee constraints; and (3) 
u E Aw where Aw is the set of feasible ( 4 )  

solutions ; 
where 

G(qa) is the objective function; 

x is the'vector of flows in the water network 

(m3/l 0-day period) ; 

s is the vector of water volume stored in the 
3 reservoir (m ) ; 

q is the vector of amounts of water supplied - 
3 to users through the water network (m /lo- 

day period) ; 

qa is the vector of amounts of water supplied to "irri- 3 gation complexes" (m /lo-day period); 

r is the vector of rainfall (mm/lO-day period); 

u is the vector of required levels; and 
g u 
a is the vector of guarantee probabilities (i.e., u 

specified probabilities of meeting the guarantee 

constraints) . 

By introducing (i) decision rules for operational 

control, (ii) decomposition into J partial watersheds, and 

(iii) time discretization, it is possible to present the 

problem in the form shown in Figure 1. 

A substantial part of the problem is represented by 

block a: 



GUARANTEE 
C O N S T R A i N T S  I WATER S Y S T E Y  Y O L - t p O  

max L (s*,x*) 

X* , s* 

I max E { G ~ ( w ~ ( - ) ,  rJ(.)j 

wj(-) qi,rJ 

I .  

I O B J E C T  t - - -  

wl(t) = wJ(w' it), qi(t), 

21 ,,*I, 
a J 

I 

I 

I 

P(qa,r j j, 

a j 

Figure 1. A block diagram of the water distribution 
problem. 

J .  
max i i3(q:) 

q~,q*,x*,s* j=1 

-= RULES 

S E T  

L--., j"? 2 3. 

- - -  

A '  iS*J 

D E C I S I O N  RULES 

I IMPLEIYENTAT I O N  

I (irrigated complex 1) 
I 

I I 

I 

1 

1 ~ i - 1  

I 

I I 

I 
D E C I S I O N  RULZS 1 I 

1 2  
0  

I *, 

IMPLCXENTATION 1 I Z  

j I 0  

1 I u 
i 1 '  

(region) 1 U ! I 5 l  

i r 
I I e 

- - - -  
P\ 

A A I a 

q;,q*,;* 
1 

I 
I - - - -  

I 

I 

- . - - - - - - - - - - -  

X I ( ~ )  

1 
- -  - - - - - - -  

f\ 

r3(t) 

;*I 

I 

I 
x. I ,s. I 

7 

(t) s. 1-1 

I 
I 

1 I 

'i-1 

+ j;* 
1 

I 



"maximization of the expected value of total agricultural 
production with respect to the parameters of decision 
rules applied and subject to the guarantee constraints, 
given in deterministic form yet derived on the basis of 
the stochastic characteristics of rainfall" 

The following notation is used in Figure 1: 

~j ( * )  is a functional representing the locally optimized 

expected value of agricultural production in partial 

watershed j; 

= max E{GJ(wJ(-),~J(-)~; 

E is the expected value from q; and rJ (components of the 

vectors q and r for partial watershed j); 
j 

a 
w ( * )  is the intensity of irrigation for irrigation system j 

(time-dependent local variables given as vector Kj); 

K is the variety of crops in partial watershed j (or irri- 
j 
gation system j); 

fkJ is the area of crop k in irrigation system j; 

rJ ( *  ) is local (time-dependent) rainfall in partial water- 

shed j ; 

.i is the index of intervals resulting from time-discretiza- 

tion; 
j j j sifri 'Xi are components of the vectors s,r,x for partial water- 

shed j and interval i; 

q~,q*,s*,x* are the vectors of parameters of the decision rules: 

q: is the guaranteed water supply for agricultural 

users, 

q* are the values of guaranteed water supply for 

other users, 

s* is the planned amount of water stored in the 

reservoirs (the expected values), 

x* are the threshold values of guaranteed flows 

in the network considered; 

p(r) is the probability density function of the rainfallvector; 

vector ; 

p(qA,rJ) is the joint probability density function of the varia- 

bles q; and rJ; 



A,B are the matrix and vector, respectively, of coefficients 

occurring in the constraints determining the region R 

of acceptable solutions; and 

L (s*,x*) is the linear form of the parameters s* and x*. 

At a local level (J block b representing partial watersheds), 

the guaranteed water supplies for agricultural users q:, aggregated 

for each partial watershed, are distributed among individual users. 

If the values of supplies provided for all the users q: are 

given, then the problem represented by block a consists in 

selecting an arbitrary'point within the acceptable region R. 

The reasoning behind such a formulation is as follows. Up 

to the present, models of soil type and yield factors, which 

provide the basis for determining agricultural production, have 

not been constructed. Hence, the relations that make possible an 

evaluation of the performance index, and consequently determination 

of the optimal values of q:, are not available. 

On the other hand, water needs are known for individual 

plants. Therefore, agricultural experts recommend that the plants' 

water demands should be satisfied entirely or almost entirely 

under high guarantees (i.e., with high probability). The lack of 

sufficient water resources is a problem that can only be solved 

by selecting the areas for irrigation. 

Under fixed demands, determined by the needs of agricultural 

users, any solution belonging to the acceptable region could be 

taken. 

It should be noted that for balanced supply and demand, 

the points of region Q only differ from one another according to 

the planned reservoir states s* and guaranteed flows x*. For 

different s* and x*, higher or lower guarantees in some groups 

of constraints are obtained. 

Direct maximization of the guarantees for satisfying parti- 

cular objectives results in a nonlinear problem. However, by 

introducing some linear performance indices depending upon s* 

and x*, it is possible to improve some guarantees. 



I n  t h i s  paper  some examples o f  l i n e a r  performance  i n d i c e s  

a r e  g i v e n .  They a r e  such t h a t  t h e  probiem o f  d e t e r m i n i n g  a  s o l u -  

t i o n  b e l o n g i n g  t o  t h e  r e g i o n  R d o e s  n o t  become more d i f f i c u l t  

and t h a t  t h e  maximiza t ion  of  any of  t h e  i n d i c e s  s i m u l t a n e o u s i y  

r e s u l t s  i n  a  s o l u t i o n  advantageous  f o r  some group o f  g u a r a n t e e s .  

AN EXAMPLE 

A w a t e r  sys tem c o n s i s t i n g  of  two r e s e r v o i r s  and two a g r i -  

c u l t u r a l  u s e r s  i s  t a k e n  a s  a n  example ( F i g u r e  2 ) .  

F i g u r e  2 .  Example o f  t h e  w a t e r  network.  

T h i s  s i m p l e  network h a s  been chosen t o  a l l o w  t h e  r e s u l t s  t o  

be i n t e r p r e t e d  i K t u i t i v e l y  ( d i f f i c u l t  enough even f o r  t h i s  n e t -  

w o r k ) ,  r a t h e r  t h a n  t o  s i m p l i f y  c o m p u t a t i o n s .  

Ten-day p e r i o d s  o f  r a i n f a l l  r ( i . e . ,  f o r  e a c h  p e r i o d  i) a r e  i 
c o n s i d e r e d  random v a r i a b l e s .  The r a i n f a l l  i s  assumed t o  be  t h e  

same f o r  b o t h  p a r t i a l  w a t e r s h e d s .  Water r e s o u r c e s  of  a  g i v e n  p a r -  

t i a l  wa te r shed  a r e  g i v e n  by t h e  i n f l o w  xi and r a i n f a l l .  The 

r e l a t i o n s h i p  between t h e s e  v a r i a b l e s  i s  d e c r i b e d  by a  l i n e a r  

r a i n f a l l - r u n o f f  model. I n  t h e  example p r e s e n t e d  it i s  assumed 
i j t h a t  t h i s  r e l a t i o n  h a s  t h e  form rJ = P F  , j = 1 , 2 , f  i j ri 

where 

P j i s  t h e  r u n o f f  c o e f f i c i e n t ;  and 

F' is  t h e  a r e a  o f  p a r t i a l  wa te r shed  j .  



Opera t iona l  c o n t r o l  of  t hey  system under a n a l y s i s  i s  reduced 

t o  c o n t r o l  of  f low a t  t h e  p o i n t s  i n d i c a t e d  i n  F igu re  2 ,  i n  which 

t h e  fo l lowing  n o t a t i o n  i s  used:  

i s  t h e  wate r  c o n s u m p t i o n i n  p a r t i a l  watershed j dur ing  4a i 3  t h e  10-day p e r i o d  i ( m  /lo-day p e r i o d ) ;  

a r e  t h e  requ i rements  of u se r  j  i n  10-day p e r i o d  i 4a 
1 (mm/lO-day p e r i o d )  ; 

y; i s  t h e  c o e f f i c i e n t  p r o p o r t i o n a l  t o  t h e  i r r i g a t e d  a r e a  
J 

of  u se r  j; 

x*' a r e  t h e  d e c i s i o n - r u l e  paramete rs  o f  u s e r  j ,  g iven  i n  
1 

u n i t s  o f  f low; 

x!' i s  t h e  r e s e r v o i r  ou t f low;  and 
1 

x i f  i s  t h e  ou t f l ow  of p a r t i a l  watershed j .  

The u s e r ' s  consumption is g iven  by t h e  fo l l owing  r u l e  

(F igu re  3) : 

Figu re  3. A g r i c u l t u r a l  u s e r ' s  consumption and p a r t i a l  watershed 
ou t f low v e r s u s  r e s e r v o i r  r e l e a s e  f o r  d e c i s i o n  r u l e  ( 6 ) .  



where 

for ri 2 6: or ri < 4% and 
i i 

$ 4  
jr2 - x*' i for ri < and xiJ < x jf2 < * j 

ai - i - i 

j,2 ^ j  and xi -r.) for ri < qa * j  
Y (9, 1 

> Xi - 
i i 

Moreover 

The reservoir outflow is governed by the rule 

X 2,s - 2 2 0 
i - y i F r i + x i  ; and 

EX:' is the conditional expected value computed 

for known ri - . 
When transforming stochastic constraints into deterministic 

constraints for computation of the outflow of the upper partial 

watershed, a simplifying assumption is made that the needs of 

the user of this partial watershed are completely satisfied. 



The higher the guarantee for a user, the smaller the error resul- 

ting from this assumption. The magnitude of this error can be 

estimated for all the cases discussed. 

In the relations mentioned above, the variables determining 

the state of the network are linear functions of rainfall or the 

derivatives of stochastic variables. These relations are substi- 

tuted in the stochastic guarantee constraints: 

j r xminIiI j t axti j , for ~=I,...,I, j=l,...,J, 

where 

j x j 
Xmin, it max, if t are the guaranteed levels; and 

1 are the guarantee probabilities. 



AS a result, linear and deterministic guarantee constraints 

are obtained. 

In general, the contraints have the following form: 

[linear expression with the variables s*,x*] 2 

[guaranteed levels] + 

buffer . 

Some of the constraints (those imposed on the reservoir states) 

are shown in Figure 4. 

Guaranteed 

S j = b ~ -  
max 

SJ - - - 
min i i 

upper level 

--- / 
1 
upper buffer 

1 Admissible 
i range of deviations 

lower level 

Figure 4. Deterministic guarantee constraints on reservoirs. 

The buffer is a nonlinear monotone function of the guarzn- 

tees a: 

- 1 
buffer = F (ai) - Eri , 

r ; 

where 

a is the guarantee probability; i 



F ( 0 )  is the inverse distribution function; and 
ri 

Eri is the expected value of rainfall. 

Of course, F-' (a) is a nonlinear function of a. Hence, each 
'i 

linear expression with the variables s* occurring in the perfor- 

mance index can be considered as a requirement for maximizing a 

weighted sum of nonlinear functions of the appropriate quaran- 

tees. 

For instance, the use of the performance index 

* 1 *2 min [ Z s i  + 2 Z s i l  , 

where 

i is a subscript representing the time interval, 

can be understood as a requirement for maximizing a nonlinear 

monotone function of guarantees appearing in the constraints 

imposed on the maximum reservoir states.   he weighting coef- 

ficient is 1 for the first reservoir, and 2 for the second. 

All these constraints are used to determine the minimum amount of 

water stored in the reservoirs. 

If in the vegetative period the user's guarantees are to be 

maximized, then the following performance index is used for the 

crops considered in this example: 

* 1 * 1 * 2  *2 *2 *2 13 aax [s = s  1 19 + S 1  -s19 + S 4  - s  - Z xi] (19) 
l 3  i=5 

Description of Data Used in the Example 

The network considered does not represent any real part of 

the Upper Notec water system. However, all the numerical data 

are consistent with those representative of this region. 



-- Twenty periods are taken into account: 1 nonvegetative 

period with a duration of seventeen 10-day periods; 18 

vegetative periods, each of 10 days; and one more non- 

vegetative period, distinguished for computational pur- 

poses. 
-- The runoff coefficient is taken from Ostromecki (1973) 

for low-lying regions of Poland. 
-- The areas of partial watersheds are 1.000 km2 each, 

i.e., about one-sixth of the total area of the Upper 

Notec region. 
-- The area to be irrigated represents between 5 and 50 

percent of the given partial watershed area. 
-- The reservoirs have maximum capacities of lo8 m3 (twice 

that of the Lake Pakosc). 
-- The minumum amounts of water in the reservoirs vary 

6 3 from 2.10~ m3 to 8-10 m . 
-- The ratio of maximum to minimum flows is 20:1, 20:2, 

or 20:4. 

-- The agricultural users' requirements for potatoes and 

sugar beet are taken from Klatt (1958) and are evaluated 

for every 10-day period. 
-- The stochastic characteristics (the density functions) 

of rainfall in the Bydgoskie voivodship are taken from 

Ostromecki (1 973) . 
-- The guarantees (probabilities) for agricultural users 

are 0.8-0.9. 
-- The ecological guarantees are 0.85-0.98. 

A linear programming problem with 49 variables and 178 

inequality constraints was formulated on the basis of the 

data given above. 

RESULTS OF COMPUTATIONS 

Computations were performed for several specially chosen 

guarantee levels (hence, principally irrigated areas) and per- 

formance indices. The most characteristic results are shown in 

Figure 5. Those depicted were obtained under the assumption that 



2  0 
I A 
20 

2' / \\ 50 . ( a )  max I Z  sl*+ 2  
] /  7 i= l  \ 

20 1" 
i = l  20  2* 

/ ( b ) m i n [ C  s + 2  C  s ] 

/ 'f 2 i= l  i= l  
/ 

40 . 
a 

2 0 1 2  4 6 8 10 12 1 4  16 1 8  20 

1 
Figure 5. The solutions for y = y2 = 20- 1 o3 ha and for the 

performance indices (20)' (21), and (23) (in the 
upper part of the figure the active constraints 
for each of the solutions obtained and the constraints 
representing required levels are indicated). 



the irrigated areas in both partial watersheds were equal (200 
2 km each). The trajectories a, b, c shown correspond to per- 

formance indices (20) , (21 ) , and (23) . On the basis of these 

results, it is possible to analyze the influence of the form of 

the performance index upon an optimal solution. 

By maximizing the slun of the expected states s* with the 

weighting coefficients, 

max [I sf1 + 2 I s:2~ , 

*2 
the most flat trajectory of the expected reservoir state si , 

* 1 
i = 1,2, is obtained. The trajectory of states s, , i=1, ..., 20, 

I 

determined on the basis of the computed s:2 is as flat as pos- 

sible. In this case the constraints on the upper bounds of the 

reservoir states in the first 10-day period are active. 

*2 
The trajectories s , although resulting from the maximiza- 

tion problem, are monotonically decreasing functions over the 

second to nineteenth 10-day period because of the agricultural 

users' requirements and because the minimum flows xmin 
2 and xmin 

have high guarantees. 

For each partial watershed and each 10-day period, the 

constraints on the minimum flows or user consumption are always 

active. These constraints determine the minimum release. 

Because of the performance index used, the guarantee that the 

reservoirs states si are not less than the given guarantee levels 

a] is as high as possible. The weighting coefficient for the 
i 

guarantees associated with the second reservoir is greater than 

that for the first. 

For the first to nineteenth 10-day periods, minimization of 

the same performance index, 

rnin 11 s:' + 2 1 s:21 I 

results in identical, but lower, solutions for both reservoirs. 



Such a  s i t u a t i o n  occu r s  because d u r i n g  t h e  n i n t e e n t h  10-day 

pe r iod  ( t h e  end of  t h e  v e g e t a t i v e  p e r i o d )  , t h e  c o n s t r a i n t s  on t h e  

lower wate r  l e v e l s  become a c t i v e .  Moreover, a s  i n  t h e  c a s e  of  

t h e  maximization problem, t h e  c o n s t r a i n t s  de t e rmin ing  t h e  minimal 

r e l e a s e  ( t h o s e  imposed on t h e  minimal f lows  and u s e r  consumptions)  

a r e  a l s o  a c t i v e .  The on ly  d i f f e r e n c e  o c c u r s  a t  t h e  t w e n t i e t h  

10-day p e r i o d  (nonvege t a t i ve  p e r i o d ) .  I n  t h i s  c a s e ,  when mini-  

mizing t h e  r e s e r v o i r  s t a t e s ,  t h e  c o n s t r a i n t s  on t h e  lower wate r  

l e v e l s  become a c t i v e ,  a s  opposed t o  t h e  c a s e  of maximizat ion.  

Hence, t h e  c o n s t r a i n t s  on minimal f lows w i t h  t h e  gua ran t eed  
1  l e v e l s  xmin 2 0 ,  x 2 

min 20 a r e  n o t  a c t i v e .  Because o f  t h e  p e r f o r -  

mance index  used ,  t h e  g u a r a n t e e s  t h a t  t h e  s t a t e s  s: do n o t  exceed 

t h e  upper l e v e l s  b: a r e  maximized. The weigh t ing  c o e f f i c i e n t  f o r  

t h e  second r e s e r v o i r  i s  t w i c e  t h a t  f o r  t h e  f i r s t .  

The e f f e c t  o f  a  change i n  t h e  weigh t ing  c o e f f i c i e n t s '  v a l u e s  
*2 cor responding  t o  s f1  and si ( i . e . ,  t h o s e  a s s o c i a t e d  w i t h  t h e  

r e s e r v o i r  s t a t e s  i n  t h e  f i r s t  10-day p e r i o d )  on an op t ima l  so lu -  

t i o n  has  a l s o  been examined. 

Depending on t h e  assumed weigh t ing  c o e f f i c i e n t s  f o r  s* '  i and 

s : ~ ,  t h e  s o l u t i o n  o b t a i n e d  i s  t h e  same a s  t h a t  cor responding  t o  
I 

t h e  performance index  

*1 J *2 
max [sl  + 2 ST2 - L sI1 - 2  L s I , 

i = 2  i = 2  i 

o r  t h a t  r e s u l t i n g  from 

* 1  J J 
min [s, + 2 s l  - L s:' - 2 i s12] . 

i = 2  i = 2  

Hence, t h e  requ i rement  o f  a  h igh  f l o o d  c o n t r o l  g u a r a n t e e  

i n  t h e  f i r s t  10-2ay p e r i o d  r e s u l t s  i n  low r e s e r v o i r  s t a t e s  f o r  

t h e  remaining p e r i o d s .  

I f  t h e  weigh t ing  c o e f f i c i e n t s  a r e  i n t e r changed ,  e . g . ,  

J J *2 min ( 2  L sf1 + L si 1 , 
1 i = l  i= 1  



* 1 
then  t h e  f l a t t e s t  t ~ a j e c t o r y  of si , i = 1 ,  ..., 19,  i s  ob ta ined .  

*2 
The t r a j e c t o r y  of s i  , i = 1 ,  ..., 19, computed f o r  t hose  v a l u e s  

A. 

of s:' i s  a l s o  an f l a t  a s  p o s s i b l e .  
I 

For t h e  l a s t  10-day per iod ,  t h e  v a l u e s  of s:: and s:: a r e  

determined by t h e  c o n s t r a i n t s  on minimum r e s e r v o i r  s t a t e s  a s  
1 2 a  and a20 .  20 

I n  F igure  6 ,  a  s o l u t i o n  ob ta ined  f o r  performance index ( 2 0 )  

i s  shown a g a i n  i n  o r d e r  t o  make some comparison p o s s i b l e .  

The fo l lowing  s o l u t i o n s  a r e  a l s o ,  p l o t t e d  i n  F igure  6 - -  

( i) t h o s e  corresponding t o  t h e  maximization of 

u s e r ' s  gua ran tees  (w i th  t h e  same weight ing 

c o e f f i c i e n t s  f o r  both  u s e r s  b u t  i n c r e a s i n g  

over  t ime)  : 

18 1 2  
*2 '2 -x*2) )  ; max [ L i ( S ~ ~ - S ~ : , + S ~ ~ - S ~ : ~  + L i (si  -S 

i = 4  i + l  i i = l  

t h e  l e f t h a n d  s i d e s  o f  t h e  l e f t h a n d  s i d e s  
t h e  a p p r o p r i a t e  con- of t h e  a p p r o p r i a t e  
s t r a i n t s  determined c o n s t r a i n t s  d e t e r -  
by t h e  f i r s t  user  mined by t h e  second 

u s e r  

(ii) t h o s e  corresponding t o  t h e  c a s e  of  maximizing 

' 3  * 2  
max C x . 

The amount of water  in tended  f o r  t h e  u s e r  of t h e  f i r s t  p a r t i a l  

watershed b u t  s t o r e d  i n  t h e  second watershed ( t h e  z u t o f f  para-  

meters  of t h e  d e c i s i o n  r u l e  of t h e  u s e r  of t h e  second p a r t i a l  

watershed)  a r e  maximized. 

The performance i n d i c e s  ( 2 5 ) ,  (26)  r e s u l t  i n  a  s o l u t i o n  

such t h a t , i n t h e  nonvege ta t ive  p e r i o d , t h e  amount of  water  a v a i l a -  

b l e  i n  bo th  r e s e r v o i r s  i s  rnaxinized. Using t h e  performance 

i n d i c e s  ( 2 1 )  and ( 2 4 1 ,  t h e  e f f e c t  of t h e  i r r i g a t i o n  a r e a  i n  bo th  

p a r t i a l  watersheds  on t h e  s o l u t i o n  i s  examined (F igure  7 ) .  The 



1 
Figure 6. The optimal solutions for y = -:2 = 2 0  - 1  o 3  ha and 

for the performance indices ( 2 0 ) ,  ( 2 5 )  and ( 2 6 )  . 



- performance index ( 2 4 )  2  
y = 0 . 2  ; y = 0 . 1  1 

I - performance index ( 2 1  )j 

- 6 -  performance index ( 2 4 ) )  
2  

y1  = 0 . 0 5 ;  y = 0 .2  - --- performance index ( 2  1  ) 

Figure 7. The optimal solutions for different irrigated areas an? 
for the performance indices ( 2 1 )  and ( 2 4 ) .  



smal le r  t h e  i r r i g a t e d  a r e a  of a  g iven  p a r t i a l  watershed,  t h e  * 
smal le r  is  t h e  magnitude of t h e  t r a j e c t o r i e s  s a s s o c i a t e d  wi th  

t h i s  p a r t i a l  watershed.  I n  t h e  c a s e  where t h e  guaran tee  con- 

s t r a i n t s  determined by t h e  u s e r s  a r e  n o t  a c t i v e ,  t h e  same 

r e s u l t s  a r e  ob ta ined .  

APPLICATIONS OF THE METHOD CONSIDERED FOR DESIGN PURPOSES 

The r e s u l t s  ob t a ined  f o r  t h e  a l t e r n a t i v e  performance i n d i c e s  

a l low t h e  r e q u i r e d  c a p a c i t i e s  of  p a r t i c u l a r  r e s e r v o i r s  t o  be e s t i -  

mated. 

I n  p a r t i c u l a r ,  performance i n d i c e s  of t h e  type  

make it p o s s i b l e  t o  compute t h e  minimum t o t a l  c a p a c i t y  of bo th  

r e s e r v o i r s  such t h a t  t h e  assumed gua ran tees  a r e  s a t i s f i e d .  Hence, 

t h e  d e s i r e d  o b j e c t i v e s  of a  wate r  d i s t r i b u t i o n  system can be 

achieved.  

TO perform t h e  computat ions ,  n o t  on ly  t h e  magnitudes of * 
t r a j e c t o r i e s  s , b u t  a l s o  t h e  v a l u e s  of t h e  upper and lower 

b u f f e r s , r e s u l t i n g  from t h e  gua ran tees  s e l e c t e d , a r e  t aken  i n t o  

account .  

The r e l a t i o n s h i p  between t h e  minimum volumes of r e s e r v o i r s  
1 2 b  and b2 ( f o r  y 1  and = 200 km ) i s  shown i n  F igu re  8 .  

To determine t h e  minimum r e s e r v o i r  c a p a c i t i e s ,  t h e  problem 

can be modified.  The problem t h a t  r e s u l t s  i s  a l s o  l i n e a r .  For 
2 t h i s  new problem t h e  upper guaran tee  l e v e l s  b1 and b  ( i . e . ,  t h e  

minimum c a p a c i t i e s  o f  r e s e r v o i r s )  a r e  a d d i t i o n a l  d e c i s i o n  v a r i a b l e s  * * 
( b e s i d e s  s and x ) . 

The performance index 

2 min ( k l b l  + k2b ) , 



yields the same solution for the trajectories s* as that obtained 

for the performance index 

I 

I 
I 
I * 
b1 b' 
min 

Figure 8. Reservoir capacities required to satisfy all constraints 
(16). 

However, because of this modification it is possible to deter- 

mine the values of b1 and b2 directly. 

To determine sufficient reservoir capacities characterized 

by the lowest construction costs, the relations between the min- 

imum volumes of individual reservoirs is derived analytically 

using Figure 8: 

where 

b1 -, b1 and - min ' 



Using this relation, the problem 

2 .2 min [K' (bl + K (D I 
b1 ?b2 

subject to (31), or 

1 
min [K1 (bl ) + K~ (b-13 1 1  1 

b l 
subject to 

1 1 
b min 5 b 

2 < b - b rnin - 

must be solved. 

Similarly, a modifiedoptinization problem can be used to 

determine the irrigated areas y1 and y2 of the partial watersheds. 

1 2  If the relations among buffers and between y , y , occurring 
in constraints (16), are approximated with linear functions, then 

the righthand sides of these constraints can be written as linear 

functions of both the parameters mentioned. 

Hence, it is possible to formulate a linear optimization 
2 problem such that not only s* and x* but also y1 and y are 

decision variables. 

Assuming that the performance index is 

it is possible to compute the area of irrigation in a given region 

as well as to determine the values of y1 and y2 independently 

(the areas of specific partial watersheds to be irrigated). 



In the example presented, it is assumed that only one kind 

of crop is grown in each partial watsrsned. In a reai environ- 

ment,different kinds of crops can be grown in the same partial 

watershed. Therefore, the structure of crops grown in each 

partial watershed has to be optimal (subject to the desired over- 

all crop structure) with respect to some economic and social 

criteria. 

The authors believe that this part of the design task 

should be solved taking into account 'aspects such as the struc- 

ture of the water network, the long-term planning horizon divided 

into 10-day periods, and the stochastic nature of rainfall. An 

attempt to formulate and solve this problem will be made in the 

near future. 

CONCLUSIONS 

The numerical example presented above is aimed at demonstrating 

the possibility of applying "the chance constraint programming 

method" in order to optimize a multireservoir water network. 

Using this method,it has been possible to reduce the problem 

to a linear programming one. The solution obtained satisfies 

all the desired objectives of the water distribution system 

represented by the guarantee constraints. In addition, several 

linear optimization criteria allowing priority to be given to 

any of the objectives have been presented. In the optimization 

problem resulting from the numerical example, there are 49 vari- 

ables and 178 inequality constraints. The matrices are sparse 

(about 1 percent of nonzero elements). 

It has been verified that such a formulation of the water 

distribution problem is also useful for designing a water net- 

work intended to perform tasks determined by the constraints. 

The total reservoir capacities in a given region is of prime 

importance. 

The authors have indicated the possibility of applying the 

method discussed to optimization of the irrigation area in a 

particular partial watershed and the crop structure of a given 

region. The authors will focus on these problems in the future. 



The main disadvantage of the method described in this paper 

is the arduous data processing required to solve the linear 

programming problem. 

A computer program for processing the data has to be adjus- 

ted to the requirements of a given water network and the decision 

rules selected. In the example, ReVelle decision rules were 

applied. The use of these decision rules results in an inefficient 

distribution of water. However, it is possible to use ~ther 

decision rules, for example, rules-that qovern the reservoir out- 

flow resulting from the user!s consumption. In this case, the 

reservoir states are not stabilized (the variance of the states 

is very large); hence, the necessary reservoir capacities can be 

larger than those corresponding to the ReVelle decision rules. It 

is possible that a more economical distribution of water will 

result in higher costs for construction of the water system. 

Thus, it should be emphasized that generally the operational 

control strategy has an important effect on investment. 
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MODELING THE LOCATIOIG AND DEVELOPMENT 
OF IKDUSTXY 111 THE SILISTRA REGION 

3. Christov 
I. Assa 
0. Panov 

INTRODUCTION 

Regional industry is a complex system characterized by 

uncertainty. It is complex because many of its variables are 

linked by nonlinear and.stochastic relationships and it is un- 

certain because of the lack of knowledge about certain factors 

that cannot be formalized and that to a large extent influence 

the final solution (i.e., the intuition and experience of the 

decision maker) . 
This paper deals with modeling the development and location 

of industry in a region, using an approach based on systems 

analysis and simulation techniques. The location and develop- 

ment of industry in a region cuts across two broad areas of 

modeling--modeling the development of the industrial sector and 

of the whole region. 

Current theoretical and applied research in modeling the 

regional development of industry is focused on developing models 

that solve small-scale problems; the reasoning behind this ap- 

proach being that the national and regional industrial systems 

function almost independently. This approach, which is based 

on the monodisciplinary treatment of each subsystem in the re- 

gion, contains some inherent disadvantages that have become 

evident with the increasing complexity of the system and changing 

management requirements. 



I n  o u r  r e s e a r c h ,  however ,  w e  a n a l y z e  r e g i o n a l  i n d u s t r y  

u s i n g  t h e  i n p u t - o u t p u t  a p p r o a c h - - i n p u t s  and  o u t p u t s  a r e  d i s -  

a g g r e g a t e d  t o  d e a l  w i t h  t h e  i n t e r r e l a t i o n s  between t h e  r e g i o n a l  

and  n a t i o n a l  management l e v e l s ,  I n  t h i s  way have  made a con- 

s i d e r a b l e  m e t h o d o l o g i c a l  p r o g r e s s .  Al though i n p u t - o u t p u t  models  

a r e  a  u s e f u l  a n a l y t i c a l  t o o 1 , t h e y  a r e  n o t  w i t h o u t  d i s a d v a n t a g e s .  

Fo r  example ,  t h e y  do  n o t  a c c o u n t  f o r  t h e  l o c a t i o n  p rob lem,  which 

r e q u i r e s  t h e  a s s i g n m e n t  o f  i n d u s t r y  t o  s p e c i f i c  a r e a s  w i t h i n  t h e  

r e g i o n a l  sys t em.  The l o c a t i o n  problem r e q u i r e s  t h e  s o l u t i o n  o f  

t h e  r e g i o n a l  t r a n s p o r t a t i o n  problem.  

To a  l a r g e  e ~ t e n t ~ t r a n s p o r t a t i o n  c a n  a f f e c t  t h e  s o l u t i o n s  

o f  b o t h  t h e  i n p u t - o u t p u t  and  l o c a t i o n  models .  U s u a l l y ,  t h i s  

t y p e  o f  problem i s  s o l v e d  by a l l o c a t i n g  a  c e r t a i n  t r a n s p o r t a t i o n  

c a p a c i t y  t o  s e r v e  i n d u s t r i a l  g rowth .  I n v e s t m e n t  i n  t r a n s p o r -  

t a t i o n  w i l l  n a t u r a l l y  a f f e c t  t h e  p a t t e r n  o f  growth  i n  s e v e r a l  

i n d u s t r i a l  s e c t o r s .  Such c o n d i t i o n s  o f  i n t e r d e p e n d e n c y  and  

dynamism c a n  b e  f u l l y  a c c o u n t e d  f o r  u s i n g  an i n t e r a c t i v e  

model ing  a p p r o a c h ,  which r e q u i r e s  a  l a r g e  set  o f  i n t e r c o n n e c t e d  

models  t o  d e a l  w i t h  r e g i o n a l  p rob lems .  T h i s ,  however ,  i s  n o t  

o u t  i n t e n t i o n .  W e  w i s h  t o  d e v e l o p  a set  o f  models  t h a t  i s  

s t r i c t l y  l i m i t e d  t o  s o l v i n g  i n d u s t r i a l  deve lopment  and  l o c a t i o n  

problems ( F i g u r e  1 ) .  T h r e e  p r i n c i p a l  components  w i l l  b e  s o l v e d  

i n t e r a c t i v e l y ;  t h e y  a r e  

-- a n  i n d u s t r i a l  l o c a t i o n  model ;  

-- a n  i n d u s t r i a l  i n p u t - o u t p u t  model;  and  

-- a n  i n d u s t r i a l  t r a n s p o r t a t i o n  model .  

I n  a d d i t i o n , s o m e  e c o n o m e t r i c  and  s t a t i s t i c a l  models  w i l l  b e  

c o n s t r u c t e d  t o  i n d i c a t e  t r e n d s  and  p r o v i d e  f o r e c a s t s  o f  i n d u s -  

t r i a l  g rowth  w i t h i n  t h e  r e g i o n  o v e r  a  20-year  p e r i o d .  The set 

o f  models  w i l l  
-- p r o v i d e  d e c i s i o n  makers  w i t h  a  t o o l  t o  a i d  them i n  

r e g i o n a l  a n a l y s i s ;  
-- g e n e r a t e  a  number o f  p r o d u c t i o n  deve lopmen t  o p t i o n s ;  and  

-- a s s i s t  i n  i n t e g r a t i n g  r e g i o n a l  and  n a t i o n a l  p o l i c i e s .  

W e  t a k e  a s  t h e  s u b j e c t  o f  o u r  s t u d y  t h e  S i l i s t r a  r e g i o n ,  

B u l g a r i a ,  i n  which i n d u s t r i a l  o u t p u t  amounts  t o  1 . 4  p e r c e n t  o f  

t h e  g r o s s  n a t i o n a l  i n d u s t r i a l  o u t p u t .  S e c t o r a l  o u t p u t  i s  g i v e n  



F i g u r e  1 .  The g e n e r a l  scheme o f  t h e  se t  o f  i n d u s t r i a l  
development  and l o c a t i o n  models .  
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below as a percentage of national sectoral output: 

Machine-building industry -- 2.005 

Chemical industry -- 0.205 

Timber industry -- 0.90% 

Pulp and paper industry -- 2.002 

Textile industry -- 0.155 

Food processing inlustry -- 1.80% 

Electronic calculators -- 100.00% 
The main problem in modeling the industrial development of 

the Silistra region is the lack of appropriate information. 

Preliminary analysis indicates that 

-- the geographic, historic, and demographic features of 
the region make it a suitable area in which 

to implement new industrial development policies; 

-- long-term changes can be expected in the structure and 
location of industry over the next 20 years; and 

-- the industry in the region is mainly concentrated in 
three subregions (the Silistra region consists of 10 

subregions in total). 

Since these conditions affect not only economic development but 

also methods of strategic planning and management, a tool that can 

provide new possibilities for analyzing the location and devel- 

opment of industry is needed. 

ORGANIZATION OF THE RESEARCH 

The set of models will be constructed in three stages. 

First Stage 

The development of regional systems depends on their ability 

to interact with the national economy. The first stage in our 

research is therefore to examine strategic plans at the national 

level in relation to those conditions that influence the decision.-- 

making process within the region. 



The compara t ive  a d v a n t a g e s  o f  t h e  r e g i o n  must b e  a s s e s s e d .  

T h i s  i s  a  d i f f i c u l t  t a s k ,  which can  c ~ l y  be  s o l v e d  by i n t e r -  

a c t i o n  between t h e  n a t i o n a l  and r e g i o n a l  management l e v e l s .  

A t  t h i s  s t a g e  w e  g e n e r a t e  and compare t h e  n a t i o n a l  and r e g i o n a l  

development s c e n a r i o s .  A l l  o p t i o n s  f o r  t h e  development  o f  t h e  

p r o d u c t i v e  s e c t o r s  w i t h i n  t h e  r e g i o n  a r e  c o n s t r a i n e d  by 

-- t h e  economic c o n d i t i o n s  e x i s t i n g  i n  t h e  r e g i o n ;  

-- t h e  g e o g r a p h i c ,  h i s t o r i c ,  and demographic f e a t u r e s  o f  

t h e  r e g i o n ;  and 
-- t h e  f u n c t i o n  o f  t h e  r e g i o n  ( i . e . ,  i n  terms o f  

s p e c i a l i z a t i o n )  a s  de te rmined  by n a t i o n a l  p l a n n e r s .  

The way i n  which t h e s e  c o n s t r a i n t s  c a n  i n f l u e n c e  t h e  development  

o p t i o n s  i s  i l l u s t r a t e d  below. S i l i s t r a  h a s  been  s e l e c t e d  a s  a  

r e g i o n  s u i t a b l e  f o r  a g r i c u l t u r a l  s p e c i a l i z a t i o n  and t h i s  w i l l  

p r o v i d e  a  s t i m u l u s  f o r  t h e  development o f  t h e  food p r o c e s s i n g  

i n d u s t r y  i n  t h e  r e g i o n .  The d e c i s i o n  t o  b u i l d  a  c a n a l  between 

t h e  Danube and t h e  Black Sea w i t h  a  l a r g e  h a r b o r  n e a r  S i l i s t r a  

w i l l  c o n s i d e r a b l y  e x t e n d  t h e  p o s s i b i l i t i e s  o f  d e v e l o p i n g  t h e  

r e g i o n .  For  example,  t h e  r e g i o n  would become a n  a p p r o p r i a t e  

l o c a t i o n  f o r  mach ine -bu i ld ing  i n d u s t r i e s ,  which r e q u i r e  e a s i l y  

a s s e s s i b l e  heavy t r a n s p o r t a t i o n  f a c i l i t i e s .  A l l  p o s s i b l e  a l t e r -  

n a t i v e s  s h o u l d  b e  t h o r o u g h l y  examined a t  t h i s  s t a g e .  The most 

p romis ing  o p t i o n s  would t h e n  form t h e  b a s i s  f o r  more d e t a i l e d  

a n a l y s i s  a t  t h e  second s t a g e  o f  r e s e a r c h .  

The problems a t  t h i s  s t a g e  a r e  i l l - d e f i n e d  and few mathe- 

m a t i c a l  methods and t e c h n i q u e s  can  be used d i r e c t l y .  

I n t e r a c t i o n  between t h e  two management l e v e l s  c a n  be  f a c i l i t a t e d  

by t h e  u s e  o f  e c o n o m e t r i c  and s t a t i s t i c a l  models .  I t  s h o u l d  be 

emphasized t h a t  f o r  t h i s  p a r t  o f  t h e  r e s e a r c h ,  t h e  i n i t i a l  

c o n d i t i o n  o f  e a c h  i n d u s t r y  w i t h i n  t h e  r e g i o n  w i l l  b e  examined. 

However, t h e  model ing  a c t i v i t y  w i l l  be  s e v e r e l y  c o n s t r a i n e d  by 

t h e  l a c k  o f  s u i t a b l e  d a t a .  Data c o l l e c t i o n  s u r v e y s  must t h e r e -  

f o r e  be  o r g a n i z e d  t o  p r o v i d e  e s s e n t i a l  i n f o r m a t i o n ,  i n  a d d i t i o n  

t o  which Monte C a r l o  s i m u l a t i o n  t e c h n i q u e s  c o u l d  a l s o  b e  used .  

Second S t a g e  

A t  t h e  second s t a g e ,  t h e  less e f f e c t i v e  development  o p t i o n s  

w i l l  b e  e l i m i n a t e d  and p o l i c i e s  w i l l  b e  f o r m u l a t e d  and 



implemented. Optimization (location and transportation) and 

forecasting models will be developed. The latter are necessary 

for estimating the values of the parameters that have to be 

forecasted for each time period of the 20-year horizon. The 

former models examine the alternative paths of development. 

If a large number of possible options needs to be explored, it 

may be necessary to use a computer simulation scheme. 

In current management theory and practice there is a serious 

lack of communication between managers and experts, which can be 

related to the following factors. First, managers require simple 

and realistic models that are easy to understand and operate. 

Second, model building, data collection, model verification 

and implementation are interdependent activities; model building 

cannot therefore be considered solely the domain of the expert. 

Third, since regional socioeconomic problems are composed of 

many interconnected elements, they should be tackled by an 

interdisciplinary team of experts. 

The most appropriate approach at this stage is that of 

interactive simulation using a set of models composed of an 

integer optimization (location) model, an input-output model, a 

transportation model, and statistical and econometric models. 

A first-cut model that is simple and yet reflects the main 

research objectives should be constructed fairly rapidly to 

solve the problems initially defined. This model will aid our 

understanding of the problems and interactions related to policy 

making. 

Our first-cut ~ o d e l  is an integer optimization model that 

can determine the structure of industrial production and the 

location of industry in the Silistra region. Industrial pro- 

duction is disaggregated into the different products by each 

type of industry. The major constraints are on labor use, natural 

resources, and production capacity. The zero-one variables in 

the model indicate the rejection or selecticn of 2. certain devcl- 

opment option. 



Third Stage 

At the third stage the problem of the regional production 

infrastructure will be solved. The infrastructure contains a 

number of auxiliary facilities for the main industrial sectors 

and for the activities carried out in the human settlements. 

All three stages are linked by an iterative procedure and 

a number or reasonable and practical solutions may be obtained for 

the decision maker by generating several scenarios. 

There are advantages and disadvantages in both the simula- 

tion and optimization approaches. Simulation models allow a 

problem to be described in detail and are generally applicable 

but they often provide solutions that require further analysis and 

are therefore less efficient. Conversely, optimization models 

offer greater analytical power but are able to handle only a 

limited amount of information. However, since the strength of 

one approach complements the weaknesses of the other, we use both 

to solve the problem of industrial location and development. 

DESCRIPTION OF THE FIRST-CUT MODEL 

The following notation is used in the first-cut integer 

optimization model. 

Indices and Coefficients 

Q is the production capacity of a certain development 

option for a given industry; 

flax, wmin are the upper and lower bounds of the production 
capacity cjf a given industry; 

Lmin are the upper and lower bounds of labor resources; 

G is the quantity of a given type of resource; 

h is the international price of a given product; 

e is the unit cost of a given product for a certain 

development option; 

q is the capital investment required for a given 

development option; 

d are the accomodation costs per person in a given 

subregion; 

b is the labor required for a certain d-evelopment 

option; 



g  i s  t h e  q u a n t i t y  of  a g i v e n  r e s o u r c e  r e q u i r e d  f o r  a  

c e r t a i n  development  o p t i o n ;  

n  i s  t h e  number o f  s u b r e g i o n s ;  

m i s  t h e  number o f  i n d u s t r i e s  i n  t h e  r e g i o n ;  

r i s  t h e  number of  development  o p t i o n s ;  

p  i s  t h e  number of  p r o d u c t s ;  

s i s  t h e  number o f  r e s o u r c e s  a v a i l a b l e ;  

T i s  t h e  number o f  p e r i o d s  o v e r  t h e  t ine  h o r i z o n ;  

z  a r e  t h e  zero-one v a r i a b l e s ;  and 

Z i s  t h e  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n .  

C o n s t r a i n t s  

The c o n s t r a i n t s  on l a b o r  i n  each s u b r e g i o n  a r e  

m r 
j P i j  i j  

L  n i n  , < L~~~ , " ' i l k j  ' i l k j  - j  j - i = l  1=1 k=l  

The c o n s t r a i n t s  on p r o d u c t i o n  c a p a c i t y  i n  each  i n d u s t r y  a r e  

The c o n s t r a i n t s  on each  t y p e  o f  r e s o u r c e  a r e  

The o b j e c t i v e  f u n c t i o n  i s  

m p r n  
Z = L  C C ' ' i l k j Z i l k j  ' 

i = 1  1 = 1  k=l  j = l  



where 

C ilkj 
is a known function of the parameters h,e,q,d,t. 

The objective function for the whole optimization horizon 

is a sum of the objective functions of each period: 

Group constraints reflect the interdependence of the 
development options and interrelations can be expressed by 

integer inequalities of the following form: 

m p r n  
L L L L Zilkj - 

i=1 1=1 k=l j=l 
< N  , 

where 

N is an integer number. 

THE ALGORITHM FOR SOLVING THE FIRST-CUT MODEL 

The algorithm is designed to solve problems of the follo- 

wing type (Figure 2) : 

minimize 

subject to the constraints 

0 < x < 1 are integers. - - 

The basic terms of the algorithm are defined below. 

The partial solution is a subset S with k variables of specified 

values of zero and one. Free variables are not included in S. 

To complete the partial solution S, it is combined with some 

free variables. A partial solution is augmented when subset 

S is increased by a free variable with a value of 1. An ele- 

ment of S is underlined if a value of zero is assigned to the 

element. 

The steps of solution of the algorithm are as follows. 



C a l c u l a t e  t h e  v a l u e  o f  
t h s  i n t . - c c s t  f u n c t i o n  

, 0 
- 

Z* > Z 

D e f i n e  t h e  s e t  o f  2 7 2  
. 

- * 
f r e e  v a r i a b l e s  T' 

S t o r e  Z a s  -+ z *  
and x a s  -+ x* 

C a l c u l a t e  
Az = z*-zt 

Y e s  

Backtrack,  i . e ., 
u n d e r l i n e  t h e  
r i g h t  most ele-  
ment i n  S  

i f  ITER=LITER 

1 - 
Augment p a r t i a l  Y e s  Y e s  

se t  S  w i t h  o n e  o f  
t h e  v a r i a b l e s  i n  T' 

C o n s i d e r  t h e  l a s t  i n t .  
f e a s i b l e  s o l u t i o n  a s  + 

o p t i m a l  

o p t i m a l  t 
s o l u t i o n  P r i n t  t h e  r e s u l t  and 
v t e r m i n a t e  t h e  a l g o r i t h m .  

F i g u r e  2 .  Flow c h a r t  o f  t h e  s o l u t i o n  o f  t h e  a l g o r i t h m  f o r  

t h e  f  i r s t - c u t  model .  



S t e p  1  ------ 
The i n i t i a l  s o l u t i o n  i s  o b t a i n e d  by s o l v i n g  t h e  i n t e g e r  

problem as  a l i n e a r  d u a l  problem. The p a r t i a l  s o l u t i o n  i s  

c o n s t r u c t e d  from t h e  v a r i a b l e s  e q u a l  t o  u n i t y  i n  t h e  l i n e a r  

s o l u t i o n  v e c t o r  x .  The o p t i m a l  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  * 
ZL i s  c o n s i d e r e d  as  a low bound v a l u e  o f  t h e  i n t e g e r  o b j e c t i v e  

f u n c t i o n .  

A f e a s i b i l i t y  check  s h o u l d  b e  made. 

where 

n  i s  t h e  number o f  i n t e g e r  v a r i a b l e s ;  

m i s  t h e  number o f  c o n s t r a i n t s ;  

n  i s  t h e  number o f  s u r r o g a t e  c o n s t r a i n t s ;  
S 

a are t h e  e n t r i e s  o f  m a t r i x  A; and i j 
b i  are t h e  e n t r i e s  o f  v e c t o r  b .  

I f  yg  - > 0 f o r  a l l  i ,  p r o c e e d  t o  s t e p  12;  o t h e r w i s e  p r o c e e d  t o  

s t e p  3 and t r y  t o  g e n e r a t e  a f e a s i b l e  p a r t i a l  s o l u t i o n  xS. 

S t e p  3 ------ 
D e f i n e  a set o f  f r e e  v a r i a b l e s  t h a t  c a n  improve  t h e  

f e a s i b i l i t y  and t h e  c u r r e n t  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n .  

where 

S a > 0 f o r  a l l  c o n s t r a i n t s  w i t h  (y i  < 0; j e s )  . 
i j  



Step  4 ------ 
S 

Check t h a t  t h e  v a r i a b l e s  i n  s e t  T can be used t o  o b t a i n  

a  f e a s i b l e  s o l u t i o n .  

T - S 
Yi - Y i  + '  ,;s a  i j  , f o r  a l l  y y  < o . ( 1 1 )  

j e  

T I f  any yT < 0 ,  con t inue  t o  s t e p  1 1 .  I f  a l l  yi > 0 ,  proceed t o  

s t e p  5 .  

S t e q  5 -- -- 
S e l e c t  t h e  v a r i a b l e  i n  s e t  T' t h a t  maximizes t h e  exp res s ion  

m+ns 
S L m i n ( y . + a  ) over  a l l  j f ~ ~ a n d  a i j  > 0  . ( 1 2 )  

i= 1 1 i j  

Proceed t o  s t e p  6 .  

Solve t h e  i n t e g e r  problem a s  l i n e a r  by f i x i n g  t h e  v a r i a b l e s  

i n  t h e  new p a r t i a l  s e t  S t o  t h e i r  i n t e g e r  va lues .  I f  t h e  dua l  

i s  unbounded, no f e a s i b l e  s o l u t i o n  e x i s t s  f o r  t h e  genera ted  

p a r t i a l  s e t  and t h e  f r e e  v a r i a b l e s .  Proceed t o  s t e p  1 1 .  I f  

t h e  op t imal  s o l u t i o n  of t h e  r e s t r i c t e d  d u a l  l i n e a r  problem i s  

ob ta ined ,  proceed t o  s t e p  7 .  

S t e q  -- -- 7 

Compare t h e  va lues  of  t h e  l i n e a r  s o l u t i o n  z '  and t h e  b e s t  * 
i n t e g e r  s o l u t i o n  found a t  t h i s  s t a g e .  I f  z '  > z ,  no i n t e g e r  

* 
completion t h a t  can l e a d  t o  a  va lue  more op t imal  than  z  e x i s t s .  * 
Proceed t o  s t e p  9 .  I f  z '  < z ,  a  p o s s i b l e  completion t h a t  can * 
improve z e x i s t s .  Proceed t o  s t e p  8 .  

S t ep  8 ------ 
Check t h a t  t h e  v a r i a b l e s  i n  t h e  l i n e a r  s o l u t i o n  have zero- 

one va lues .  I f  t h i s  i s  t h e  c a s e ,  proceed t o  s t e p  13,  o the rwi se  

proceed t o  s t e p  9 .  



S t e p  9 ------- 
C o n s t r u c t  a  s u r r o g a t e  c o n s t r a i n t  w i t h  t h e  f o l l o w i n g  form: 

where 

u  i s  t h e  d u a l  v e c t o r .  

Add t h e  c o n s t r a i n t  t o  t h e  i n t e g e r  t a b l e  o n l y  i f  z '  < z * .  

Proceed t o  s t e p  10. 

S t e p  10 --- --- 
Rear range  t h e  v a r i a b l e s  i n  t h e  p a r t i a l  s o l u t i o n  a c c o r d i n g  

t o  t h e  v a l u e  o f  t h e  c o e f f i c i e n t s  i n  t h e  g e n e r a t e d  s u r r o g a t e  

c o n s t r a i n t .  Proceed t o  s t e p  11. 

S t e p  11 --- --- 
A new p a r t i a l  se t  i s  c o n s t r u c t e d  by u n d e r l i n i n g  t h e  

r i g h t m o s t  e l e m e n t  i n  S. Proceed t o  s t e p  12. I f  a l l  e l e m e n t s  

i n  S  a r e  u n d e r l i n e d , t h e  a l g o r i t h m  t e r m i n a t e s , a n d  t h e  v e c t o r  o f  

t h e  l a s t  s o l u t i o n  i s  t h e  o p t i m a l  one .  

S t e p  12 --- --- 
C a l c u l a t e  t h e  v a l u e  o f  t h e  i n t e g e r  o b j e c t i v e  f u n c t i o n  f o r  

t h e  c u r r e n t  f e a s i b l e  s o l u t i o n .  

Proceed t o  s t e p  13. 

S t e p  13 --- ---- 
Compare t h e  v a l u e s  o f  t h e  c u r r e n t  f e a s i b l e  s o l u t i o n  z * 

and t h e  b e s t  s o l u t i o n  s t o r e d  z .  I f  Z < z , s t o r e  t h e  v a l u e  o f  * 
z  a s  t h e  b e s t  s o l u t i o n .  Proceed t o  s t e p  14. I f  z > z , t h e  

c u r r e n t  f e a s i b l e  s o l u t i o n  i s  n o t  b e t t e r  t h a n  t h a t  which h a s  

a l r e a d y  been. found.  Re tu rn  t o  s t e p  11. 
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S t e p  1 4  --- ---- 

Rep lace  t h e  r i g h t h a n d  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  t h a t  

i s  i n c l u d e d  i n  t h e  t a b l e  w i t h  t h e  v a l u e  o f  t h e  new found  z * .  

R e t u r n  t o  s t e p  1 1 .  

THE COMPUTER PROGRAMS FOR THE FIRST-CUT MODEL 

S e v e r a l  p rograms h a v e  b e e n  d e v e l o p e d  t o  f a c i l i t a t e  o p e r a t i o n  

o f  t h e  s y s t e m  o f  models  f o r  t h e  deve lopmen t  and  l o c a t i o n  o f  

i n d u s t r y .  The s t a t i s t i c a l  mode l s  and  f o r e c a s t s  a r e  c a l c u l a t e d  

by  a  program d e s i g n e d  f o r  r e g r e s s i o n ,  c o r r e l a t i o n ,  and  f a c t o r  

a n a l y s i s  on  t h e  b a s i s  o f  t h e  l e a s t  s q u a r e  t e c h n i q u e s  w i t h  a u t o -  

m a t i c  e n r i c h m e n t  o f  s h o r t  t i m e  series u s i n g  t h e  Monte-Carlo  

s i m u l a t i o n  t e c h n i q u e .  

The i n p u t - o u t p u t  model w i l l  b e  s o l v e d  by  a  program t h a t  

u s e s  t h e  e f f i c i e n t  b i f a c t o r i z a t i o n  method f o r  t h e  i n v e r s e .  I n  

t h e  program t h e  s p a r s i t y  o f  t h e  i n p u t - o u t p u t  m a t r i x  a n d  t h e  

s p e c i a l  s t r u c t u r e  o f  t h e  d i s t r i b u t i o n  o f  t h e  n o n z e r o  e l e m e n t s  

i n  t h e  m a t r i x  a r e  t a k e n  i n t o  a c c o u n t .  

The t r a n s p o r t a t i o n  p rob lem w i l l  b e  s o l v e d  by a  program 

t h a t  u s e s  methods a n d  t e c h n i q u e s  f rom g r a p h  t h e o r y .  T h i s  program 

can  s o l v e  t h r e e  t y p e s  o f  t r a n s p o r t a t i o n  p r o b l e m - - t r a n s s h i p m e n t ,  

capacity-rated'transshipment, a n d  g e n e r a l i z e d  t r a n s p o r t a t i o n  

problems.  

The p r o g r a m s , w r i t t e n  i n  FORTRAN Iy f o r  t h e  s o l u t i o n  o f  t h e  

f i r s t - c u t  i n t e g e r  o p t i m i z a t i o n  model  c a n  b e  a d a p t e d  t o  any  com- 

p u t e r  s y s t e m .  The a d v a n t a g e  o f  u s i n g  n o n s t a n d a r d  p rog rams  i s  

t h a t  t h e  s y s t e m  o f  models  i s  more e a s i l y  c o n s t r u c t e d  a n d  l o g i c a l ,  

i n f o r m a t i o n a 1 , a n d  program c o m p a t i b i l i t y  c a n  b e  a c h i e v e d .  

CONCLUSIONS 

T h r e e  t y p e s  o f  i n d u s t r i a l  deve lopmen t  models  a r e  d i s c u s s e d  

i n  t h i s  p a p e r :  f o r e c a s t i n g ,  i n p u t - o u t p u t ,  a n d  o p t i m i z a t i o n  

mode l s .  They c a n  b e  l i n k e d  u s i n g  a n  i n t e r a c t i v e  man-machine 

p r o c e d u r e  i n  which  s i m u l a t i o n  a n d  o p t i m i z a t i o n  a r e  u s e d  a s  

complementary  r a t h e r  t h a n  a l t e r n a t i v e  a p p r o a c h e s .  Man-machine 

p r o c e d u r e s  w i l l  b e  d e v e l o p e d  f o r  c a s e s  when e x p e r t  i n t e r v e n t i o n  

i s  r e q u i r e d  s o  t h a t  t h e  set  o f  models  may b e  o p e r a t e d  i n t e r -  

a c t i v e l y  ( F i g u r e  3)  - 



---------- 
MANAGER OR EXPERT 1 

F i g u r e  3 .  M a n - m a c h i n e  i n t e r a c t i o n .  
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A ONE-PRODUCT ECONOMIC MODEL-- 
A STUDY OF PULP 

N.  Ko la rov  

INTRODUCTION 

I n  t h i s  p a p e r  t h e  p r o d u c t  is  c o n s i d e r e d  a s  a c o m b i n a t i o n  o f  

t e c h n o l o g i c a l  and economic p r o p e r t i e s .  

The p o s s i b i l i t y  o f  c o n s t r u c t i n g  a model o f  one  p r o d u c t  h a s  

a l r e a d y  been d i s c u s s e d  i n  Ko la rov  ( 1 9 7 9 ) .  The main a s sumpt ions  

o f  t h i s  model a r e  as f o l l o w s .  

-- A t  e v e r y  p o i n t  o f  t i m e  t h e  p r o d u c t  c a n  be  c h a r a c t e r i z e d  

by a  set  o f  p a r a m e t e r s  whose q u a n t i t a t i v e  meaning w i l l  

d e t e r m i n e  a n  n -d imens iona l  v e c t o r  o f  s t a te  of  t h e  

p r o d u c t .  

-- TO comply w i t h  t h e  d i m e n s i o n a l  v a l u e  o f  t h e  p r o d u c t  

v e c t o r , w e  c a n  assume a n  n -d imens iona l  s p a c e  of  t h e  

p r o d u c t .  
--   he ~ r o d u c t  h a s a  m u l t i f u n c t i o n a l  economic s t r u c t u r e ,  

which may change  o v e r  t i m e .  The v e c t o r  o f  p r o d u c t  s t a t e  

i s  d e s c r i b e d  by 16 b a s i c  economic i n d i c a t o r s  (PBEI ) .  

The model i s  p r i m a r i l y  i n t e n d e d  t o  s e r v e  a s  a n  a n a l y t i c a l  

t o o l  f o r  f o r e c a s t i n g  t h e  i n t e r n a l  s t r u c t u r a l  changes  o f  a  g i v e n  

p r o d u c t , b a s e d  on e x t r a p o l a t i o n  from p a s t  t r e n d s .  However, t h e  

f o r e c a s t s  would n o t  be  c o m p l e t e  w i t h o u t  c o n s i d e r a t i o n  o f  c e r t a i n  

i n f o r m a t i o n  from m u l t i p r o d u c t  a n a l y s i s  u s i n g  a n  i n p u t - o u t p u t  

model i n  which t h e  g i v e n  p r o d u c t  c a n  b e  i n c l u d e d  a s  one  o f  t h e  



e lements .  I n  t h i s  way a  c e r t a i n  degree  o f  communication i s  

ach ieved  between t h e  one-product  l e v e l  'one-product  model) and 

t h e  mu l t i p roduc t  l e v e l  ( i n p u t - o u t p u t  mode l ) .  

Given t h e  c u r r e n t  a c c e l l e r a t i n g  demand f o r  p u l p  and paper  

and t h e  i n c r e a s i n g  p r i c e s  o f  t h e  b a s i c  raw m a t e r i a l s  r e q u i r e d  f o r  

i t s  p roduc t i on ,  p u l p  p l a y s  a  s t r a t e g i c  r o l e  i n  t h e  r e g i o n a l  econ- 

omy of  S i l i s t r a .  For  t h i s  r e a son  it  was s e l e c t e d  t o  demons t ra te  

t h e  implementa t ion  o f  t h e  one-product  model. I t  i s  a  conven i en t  

p roduc t  f o r  s t u d y  s i n c e  t h e r e  a r e  on ly  a  l i m i t e d  number o f  p u l p  

v a r i e t i e s  and t h e  a v a i l a b l e  p u l p  d a t a  c a n  be  e a s i l y  o rgan i zed .  

To p rov ide  a  more a c c u r a t e  f o r e c a s t  o f  t h e  f u t u r e  develop-  

ment o f  t h e  g i v e n  p r o d u c t ,  it was proposed t h a t  t h e  model shou ld  

be so lved  on two l e v e l s .  Two models o p e r a t e  s i m u l t a n e o u s l y ,  one  

i n  which p u l p  i s  c o n s i d e r e d  a s  a  g l o b a l  p roduc t  and t h e  o t h e r  i n  

which p u l p  i s  c o n s i d e r e d  a s  a  l o c a l  p roduc t .  W e  b e l i e v e  t h a t  

such a  d i v i s i o n  w i l l  a l l o w  d i f f e r e n t  development a l t e r n a t i v e s  

f o r  t h e  l o c a l  p roduc t  t o  be s t u d i e d  w i t h i n  t h e  framework o f  i t s  

g l o b a l  development . .  Thus, l o c a l  and g l o b a l  development may 

be compared. The b a s i c  f o r e c a s t  c u r v e s  o f  t h e  p roduc t  ( P B E I )  

a r e  compared. The o t h e r  pa ramete r s  r e l a t e d  t o  decis ion-making 

may a l s o  be compared. The p o s s i b i l i t i e s  f o r  i n f l u e n c i n g  p roduc t  

development a r e  e x p l o r e d  by means o f  s i m u l a t i o n .  Th i s  h e l p s  

t r a n s f o r m  t h e  d e c i s i o n s  r e s u l t i n g  from t h e  use  o f  t h e  set o f  

s i m u l a t i o n  t e c h n i q u e s  f o r  e v e r y  f o r e c a s t  p e r i o d  i n t o  f o r e c a s t  

v a l u e s  o f  t h e  s ta te  v e c t o r  f o r  t h e  1980-1990 p e r i o d .  The g l o b a l  

model of  p u l p  i s  r e f e r r e d  t o  as WPULP and t h e  l o c a l  (Bu lga r i an  
model a s  BPULP. 

ONE-PRODUCT MODEL SPECIFICATION 

Model V a r i a b l e s  

Basic  Economic I n d i c a t o r s  f o r  t h e  Product  ( P B E I )  
( v e c t o r  o f  s t a t e  o f  p r o d u c t )  

U i s  p roduc t  u t i l i t y  i ndex ;  

D i s  p roduc t  demand f o r  t h e  p roduc t  (metric t o n s )  ; 

P i s  p roduc t  p r i c e  (u .S .  d o l l a r s  o r  l e v a  ) ;  

S i s  p roduc t  supp ly ;  

MS i s  p roduc t  market  s h a r e  a s  a  pe r cen t age  o f  p roduc t  

t u r n o v e r  t o  t h e  t o t a l  market  t u r n o v e r ;  



V is the product output; 

vC is the production capacity; 
E/V is the capital required for plant and equipment per 

unit of product; 

L/V is the labor required per unit of product; 

M/V are the raw materials required per unit of product; 

R/V is the research and development ( R  & D) required per 

unit of product; 

C is product cost per unit of the product; 

G/C is marginal revenue; 

ll/C is marginal profit; 

I/C is capital investment; 

B/C is credit. 

D e c i s i o n  v a r i a b  Zes 

Q is product quality index; 

A is market promotion expenditure; 

0 is depreciation rate of plant and equipment; 

W are wages and salaries; 
3 

M1 is raw material expenditure--wood--in m ; 

M is raw material expenditure--chemicals--in tons; 
2 

M3 is raw material expenditure--energy--in kW; 

N is structure of final product; 

E is desired additional plant and capacity; 

IF is internally generated capital investment; 

B1 is investment credit; 

B2 is commercial credit; 

GA is government aid (subsidies). 

Exoger~ous  V a r i a b  Zes 

Y is consumer income index; 

PM is raw materials price index; 

Et-l is total capital in t-1; 

t is time variable. 



The System o f  E q u a t i o n s  f o r  t h e  Produc t  Model 

The model i s  based  on 16 e q u a t i o n s  t h a t  a r e  c l a s s i f i e d  

i n t o  t h r e e  groups--product ion ,  marke t ,  and f i n a n c e  s e c t o r s - -  

and on s e v e r a l  e q u a t i o n s  r e l a t e d  t o  t h e  s e l e c t e d i n p u t d e c i s i o n  

v a r i a b l e s .  Most o f  t h e  e q u a t i o n s  a r e  s o l v e d  s i m u l t a n e o u s l y .  

The r e g r e s s i o n  c o e f f i c i e n t s  a r e  symbol ized  w i t h  s m a l l  L a t i n  

l e t te rs ,  one  f o r  each  e q u a t i o n ,  matched w i t h  a  n u m e r i c a l  symbol 

a c c o r d i n g  t o  t h e  number o f  govern ing  v a r i a b l e s ,  f o r  i n s t a n c e :  

u - u  u 2 ,  ..., u 4 ;  d  - d o ,  d l  , d 2 , .  . , d  , etc .  4 

The  Market S e c t o r  

The u t i l i t y  f u n c t i o n  i s  

The demand f u n c t i o n  i s  

The p r i c e - f o r m a t i o n  f u n c t i o n  i s  

The s u p p l y  f u n c t i o n  i s  

The marke t - sha re  f u n c t i o n  i s  



The P 1 ~ . ; ~ 2 u c t i o r !  S e ; - . t o ~  

The p r o d u c t i o n  f u n c t i o n  i s  

The p r o d u c t i o n - c a p a c i t y  f u n c t i o n  i s  

The c a p i t a l  f u n c t i o n  i s  

The l a b o r  f u n c t i o n  i s  

The r a w - m a t e r i a l  f u n c t i o n  i s  

( M / V ) t  = mo + m l M l t  + m2M2 + m 3 + m4AEt-, ( 1 0 )  

The r e s e a r c h  a n d  deve lopmen t  f u n c t i o n  is  

The c o s t  f u n c t i o n  i s  

F i n a n c i a l  S e c t o r  

The p r o d u c t - r e v e n u e  f u n c t i o n  i s  



The profit function is 

The investment function is 

The credit function is 

In addition to the equations of the mode1,several equations 

and optimization procedures determining the decision-making 

conditions are included for some of the variables. They consist 

of an equation representing desired new plant and equipment (AE): 

where 

AE(T) is the decision to invest in new plant and 

equipment t with investment lag; 

k is the interest rate on credit; 

aOal are positive constants; and 

PE is the value of assets (buildings, plant, 

equipment) ; 

a procedure for determining the optimal structure of final 
products (NO); a procedure for determining the optimal deprecia- 

tion rate ( 0 ) ;  a procedure for determining the wage level (W); and 

a procedure for determining the credit required for capital invest- 

ment (B,). 



The input-output specification of the model is shown below. 

I N P U T  

Decision Variables 

quality index ( Q )  

market promotion ex- 

penditure (A) 

depreciation rate ( 0 )  

wages and salaries I W )  

raw material 1-- wood 

(MI 

raw material 2--chem- 

icals (M2) 
PRODUCT 

raw material 3--ener- 

gy (M31 
structure of final 

product (N) 

new plant and equip- 

ment decision (AE) 

internally guaranteed 

capital investment (IF) 

investment credit (B1) 

commercial credit (B2) 

government aid (GA) 

Exosenous variables 

consumers' income 

index (Y) 

raw materials price 

index (PM) 

total capital (Et - 
time variable (t) 

O U T P U T  

Basic Economic 

Indicators (PBEI) 

utility (U) 

demand (D) 

price (P) 

supply ( S )  

market share (MS) 

output (V) 
C 

production capacity (V ) 

capital (E/V) 

labor (L/V) 

raw materials (M/V) 

research and develop- 

ment (R/V) 

cost (C) 

revenue (G/C) 

marginal prof it (il/Cl 

investment (I/C) 

credit (K/C) 

Feedback 



ESTIMATION OF THE PARAMETERS OF THE ONE-PRODUCT 
MODEL OF PULP 

The d a t a  ba se  o f  t h e  model c o n s i s t s  o f  t i m e  series re- 

f l e c t i n g  t h e  q u a n t i t a t i v e  changes i n  t h e  p roduc t  v a r i a b l e s  f o r  

p u l p  p roduc t i on  and s a l e s  d u r i n g  t h e  p e r i o d  1965-1978 (15 ob- 

s e r v a t i o n s ) .  The p r imary  i n fo rma t ion  concern ing  t h e  development 

o f  t h e  p u l p  i n d u s t r y  i s  e a s i l y  r e l a t e d  t o  p u l p  a s  a  f i n a l  p roduc t .  

A l l  d a t a  f o r  t h e  p u l p  i n d u s t r y  can be based  on t h e  u n i t  o f  mea- 

surement o f t h e  f i n a l  p roduc t .  A deg ree  o f  a g g r e g a t i o n  i s  i n e v i -  

t a b l e  due t o  d i f f i c u l t i e s  i n  col lecki 'ng  and p r e s e n t i n g  some of  

t h e  d a t a .  

The model pa ramete r s  have been based  on t h e  time-series 

d a t a  f o r  t h e  p roduc t .  A f t e r  t e s t i n g  t h e  e q u a t i o n s  and com- 

p a r i n g  o f  t h e i r  f e a s i b i l i t y , i t  became e v i d e n t  t h a t ,  i n  g e n e r a l ,  

t h e  l i n e a r  e q u a t i o n s  respond b e t t e r  t o  t h e  p r o c e s s e s  

de sc r i bed , and  i n  some c a s e s  t h e  l o g - l i n e a r  forms a r e  t h e  most 

s u i t a b l e .  

The r e g r e s s i o n  e q u a t i o n s  s e l e c t e d  f o r  b o t h  t h e  g l o b a l  p u l p  

(WPULP) and Bu lga r i an  p u l p  (BPULP) a r e  p r e s e n t e d  i n  Tab le  1. 

The d e c i s i o n  v a r i a b l e s  o f  t h e  model a r e  determined acco rd ing  

t o  t h e  most r e a l i s t i c  h y p o t h e s i s  o f  t h e i r  changes  o v e r  t h e  p e r i o d  

under a n a l y s i s ,  i . e . ,  1980-1990. For  o u r  s t u d y  w e  have t a k e n  a  

s c e n a r i o  a n a l y s i s  approach.  The two main s c e n a r i o s  used f o r  t h e  
s o l u t i o n  o f  t h e  ??PULP and BPULP models a r e  g iven  i n  Tab l e s  2 and 

3 and t h e  r e s u l t s  a r e  p r e s e n t e d  i n  Tab l e s  4 and 5.  



Table 1. Equations of the Global and Local Models of Pulp. 

No. Equations R 

3 l o g P t =  1.251+ 0.503 log Dt - 0.194 log + S 

+ 0.290 log Ct - 0.068 log AEt 

4 log St = 0.421 - 0.452 log Dt + 1.673 109 Vt 

- 0.209 log vC + 0.147 log M l t  

- 0.005 log Nt 

C 
1.138 log Vt + 0.015 log Lt 

0.262 log M l t  

0,225 M l t  + 0.699 Lt 

0.144 Et-l - 2.469 AEt-l 



Table 1. (continued) 

No. Equations R 

WPULP (continued) 

10 M/Vt = 95.219 + 0.116 M1 + 0.004 M2 

+ 0.011 M3 + 3.899 aEt-l 

1 1  R/V = 3.154 
+ 0=0003 Vt + 0.054 (II/C) 

+ 0.0002 GA ' + 0.0975 t 

12 Ct = 216.189 - 189.055 (B/CIt - 0.604 ot 

BPULP 



T a b l e  1 .  ( c o n t i n u e d )  

N o .  E q u a t i o n s  R 

BPULP ( c o n t i n u e d )  

6 log  Vt = 4 .274  + 0 . 4 9 8  log  + 1 . 8 2 2  log  

+ 0 .451  l og  - 0 .964  l og  



Table 1 . (continued) 
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BPULP (continued) 
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MODELING THE TRANSPORTATION SYSTEM 
AS A PART OF THE SYSTEM OF REGIONAL 
DEVELOPMENT MODELS 

B. Mihailov 
N. Nicolov 

INTRODUCTION 

Transportation is a large-scale system composed of many 

elements and closely connected to the other systems of the re- 

gion. For this reason,the modeling of the trans~ortation system 

will make an important contribution to the regional development 

modeling activity being carried out at the International Insti- 

tute for Applied Systems Analysis. This activity is devoted to 

the creation of a system of regional models, which are to be 

used to help solve problems of medium-and long-term socioeconomic 

development at the regional level. 

At present, there are two major objectives in developing 

a transportation model. First, the model must meet the re- 

quirements of the other regional subsystems in order to be linked 

to the model system; it has therefore been based on the main 

ideas presented in Mihailov (1979). Second, the different modes 

of transport within the transportation system are to be modeled 

using the same criterion. We have thus concentrated on obtaining 

practical results and on testing the models,but less attention has 

been paid to the linkage of the regional to the national model 

System. This will be accomplished at a later stage. The results 

obtained here should be considered as preliminary. 



THE TRANSPORTATION MODEL AND ITS LINKS W I T H  THE REGIONAL 
SYSTEM OF MODELS 

The i n t e r d e p e n d e n c i e s  o f  t h e  t r a n s p o r t a t i o n  model  and  t h e  

o t h e r  r e g i o n a l  mode l s  a r e  d e f i n e d  i n  F i g u r e  1 ,  which  p r e s e n t s  

i n  g r a p h i c  form t h e  i d e a s  men t ioned  p r e v i o u s l y  i n  I l i h a i l o v  ( 1 9 7 9 ) .  

The t r a n s p o r t a t i o n  model c o n s i d e r e d  i n  t h i s  p a p e r  would b e  ap-  

p l i c a b l e  t o  a n y  s y s t e m  o f  r e g i o n a l  mode l s .  The f i v e  p r i n c i p a l  

s t a g e s  r e q u i r e d  t o  e s t a b l i s h  l i n k s  be tween  t h e  t r a n s p o r t a t i o n  

and  t h e  o t h e r  r e g i o n a l  s u b s y s t e m s  a r e  o u t l i n e d  be low.  

S t a g e  1 :  D e t e r m i n a t i o n  o f  T o t a l  T r a f f i c  Volume from t h e  
~ n t r a r e g i o n a l  I n p u t - O u t ~ u t  F o r e c a s t i n g  Model 

The i n t e r r e l a t i o n s  be tween  p r o d u c t i v e  and  n o n p r o d u c t i v e  

c o n s u m p t i o n  w i t h i n  t h e  r e g i o n  may be d e s c r i b e d  by  p r o d u c e r s  

and  u s e r s  and  b y  nodes  ( s u b r e g i o n s ) ;  i n  t h i s  p a p e r  n a t i o n a l  and  

l o c a l  p r o d u c t i o n  a r e  c o n s i d e r e d  t o g e t h e r .  

where 

L x L  i s  t h e  volume o f  p r o d u c t s  i and  j  p roduced  i n  'ir' j r  
s u b r e g i o n  r d u r i n g  y e a r  t ;  

s i s  t h e  number o f  s u b r e g i o n s ;  

I~ i s  t h e  i m p o r t  t o  s u b r e g i o n  r from o t h e r  r e g i o n s  r 
d u r i n g  y e a r  t ;  

t 
i s  t h e  e x p o r t  f rom s u b r e g i o n  r t o  o t h e r  r e g i o n s  

d u r i n g  y e a r  t ;  

a  i s  t h e  volume o f  p r o d u c t  i needed  f o r  t h e  
i j  

p r o d u c t i o n  o f  1 u n i t  o f  p r o d u c t  j  ; 





b i j  
a r e  t h e  c a p i t a l  inves tment  c o e f f i c i e n t s ;  

a . y t  i s  t h e  volume o f  p r o d u c t  i f o r  f i n a l  non- 
1 1  

p r o d u c t i v e  consumption by t h e  p o p u l a t i o n  

d u r i n g  y e a r  t ( a  a r e  c o e f f i c i e n t s  o f  t h e  i 
v a r i o u s  p r o d u c t s )  ; and 

t 6 . Y  i s  t h e  volume o f  p r o d u c t  i f o r  consumption by 1 2  
t h e  n o n p r o d u c t i v e  subsys tems d u r i n g  y e a r  t ( b l a r e  

c o e f f i c i e n t s  o f  t h e  v a r i o u s  p r o d u c t s  p r o d u c e d ) .  

Thus, t h e  r e q u i r e d  f r e i g h t  t r a f f i c  volume w i t h i n  t h e  r e g i o n  

c a n  be  d e r i v e d  by i d e n t i f y i n g  t h e  t e r r i t o r i a l  l o c a t i o n  o f  t h e  pro-  

d u c i n g  and consuming p o i n t s .  On t h i s  b a s i s  a  proposed t r a n s p o r -  

t a t i o n  network f o r  t h e  S i l i s t r a  r e g i o n  h a s  been drawn (Appendix A ) .  

Wi th in  t h i s  network e x i s t i n g  and p o s s i b l e  modes o f  t r a n s p o r t  con- 

n e c t  t h e  p roduc ing  t o  t h e  consuming p o i n t s .  The t o t a l  t r a f f i c  vo l -  

ume c o n s i s t s  o f  f r e i g h t  t r a f f i c  volume and p a s s e n g e r  t r a f f i c  volume: 

where 

Q i s  t o t a l  t r a f f i c  volume; 

f  
Q i s  f r e i g h t  t r a f f i c  volume; and 

qP i s  p a s s e n g e r  t r a f f i c  volume. 

The f r e i g h t  t r a f f i c  volume c o n s i s t s  o f :  

f  - f  1 f 2  f 3  f4 
- Qijp + Qijp  + Q i j p + Q i j p  , Q i j p  

where 

f 1  i s  t h e  t r a f f i c  e n s u r i n g  t h e  p r o d u c t i v e  and non- 
Q i i p  - - 

p r o d u c t i v e  consumption o f  l o a d  p  w i t h i n  t h e  r e g i o n ;  

i s  t h e  t r a f f i c  e n s u r i n g  t h e  e x p o r t  o f  goods from 
Q i j p  

t h e  r e g i o n  under  a n a l y s i s  t o  t h e  o t h e r  r e g i o n s .  

Q!! - i s  t h e  t r a f f i c  e n s u r i n g  t h e  i m p o r t  o f  goods from 
1 J P  

o t h e r  r e g i o n s ;  and 



f4 is the transit traffic. Qijp 

The passenger traffic volume may be derived in terms of 

a formula suggested in Mihailov and Nicolov (1974): 

where 

No is a coefficient of migration and commuting in 

the initial year of the analyzed period 

(km per capita)'; 

Po is the size of population in the initial year 

of the analyzed period; 

Pn is the annual population growth rate; and 

'n 
is the elasticity coefficient expressing the 

dependence of migration and commuting on factors 

such as wages, housing, tourism, etc. 

The general scheme of the transportation system components 

is presented in Figure 2. Using an input-outputforecasting model 

to specify the total traffic volume, we can exogenously prescribe 

the volume and directions of traffic Q (t) and also the re- 
ij P 

strictions on capital investments for the transportation sub- 

system: 

where 

B(t) is capital investment during year t. 

It also enables us to prescribe the constraints on labor within 

the transportation subsystem: 



-
 

-
 

-
 -
 -
 -
 
-
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
 -
-
 

T
O
T
A
L
 
T
R
A
N
S
P
O
R
T
A
T
I
O
N
 
P
R
O
D
U
C
T
I
O
N
 
V
O
L
U
M
E
 

7
 

I 
Q

(t
) 

F
R
E
I
G
H
T
 
T
R
A
F
F
I
C
 

P
A
S
S
E
N
G
E
R
 
T
R
A
F
F
I
C
 

Q
 
(
t
)
 

F
i
g
u
r
e
 
2.
 

T
r
a
n
s
p
o
r
t
a
t
i
o
n
 
s
u
b
s
y
s
t
e
m
 
c
o
m
p
o
n
e
n
t
s
.
 

r
e

 
-
-
-
-
-
-
 1
 --

-
-
-
-
-
-
-
 

-
-
-
-
-
-
-
 -
-
 -
I 

I I I I 

I
N
T
R
A
R
E
 
I
O
N
A
L
 T
R
A
F
F
I
C
 

I 

I
N
T
R
A
R
E
G
I
O
N
A
L
 

I
N
T
R
A
R
E
G
I
O
N
A
L
 

V
O
L
U
M
E
 

P
A
S
S
E
N
G
E
R
 

I 
F
R
E
I
G
H
T
 
T
R
A
F
F
I
C
 

TF
lA
FF
IC
 

I 
~

f
i

~
(

t
)

 
Q

P
.?

~
) 

1
3

 
I I 

I 
4 

I 

I 
I 

I 
I 

I 
P
A
S
S
E
N
G
E
R
 
T
R
A
F
F
I
C
 

P
A
s
s
E
N
G
E
k
 T
m
F
F
I
c
 

I 

I 
IN
 
T
H
E
 
P
R
O
D
U
C
T
I
V
E
 

I
N
 
T
H
E
 
N
O
N
P
R
O
D
U
C
-
 

I 
S
P
H
E
R
E
 

T
I
V
E
 
S
P
H
E
R
E
 

I 
I I 

Q:' 
'(

t)
 

$"
.2 1

3
 

(
t)

 
I I 

L
 -
-
-
-
-
-
-
-
-
-
-
-
-
-
-
 
~

-
-
-
1

-
-
-
-
-
-
-
 - 
-
-
-
-
-
-
-
-
-
 

I 
--

--
--

--
- 

-
-
-
 --

--
--

--
--

 
I 

1
 

'I
 

I
N
T
E
R
R
E
G
I
O
N
A
L
 
T
R
A
F
F
I
C
 

'I
 

I 
I
N
T
E
R
R
E
G
I
O
N
A
L
 

I 
I
N
T
E
R
R
E
G
I
O
N
A
L
 

I 
F
R
E
I
G
H
T
 
T
R
A
F
F
I
C
 

P
A
S
S
E
N
G
E
R
 
T
R
A
F
F
I
C
 

I 
I 

f
2
 

Q
ij

P
(t

) 
P

2
 

Q
ij

 (
t)

 
I 

I 
I 

L
-
-
-
-
-
 

-
-
 -
-
-
-
-
 

v 
v
 

7
 

T
R
A
N
S
P
O
R
T
 

T
R
A
N
S
P
O
R
T
 

T
R
A
N
S
P
O
R
T
 

T
R
A
N
S
P
O
R
T
 

'1
'R
AN
SP
OR
T 



where 

v are labor coefficients of qualification groups 
Q 
of type q; and 

L (t) is labor available in year t; 

and to assign the restrictions on transport capacity for the 

other subsystems of the region: 

Z L' Z a..X (t) IQij(t) 
i m n  3 1  jm 

where 
i are products; 

m are subregions; and 

n are subsystems. 

Stage 2: Preliminary Local Optimization of Transportation 
and the Other Regional Subsystems 

Preliminary local optimization of the transportation and 

other regional subsystems can be achieved after satisfying the 

following conditions. 

O p t i m i z a t i o n  o f  each  produc t ion  subsys tem i n  t e rms  o f  t h e  Local 
c r i t e r i a  

Production subsystems are optimized in terms of local cri- 

teria (i.e., minimizing total costs--production and transpor- 

tation). As a result of this, the optimal volume, structure, 

and territorial distribution of production and resources can 

be derived. Thus, the transportation costs involved in this 

distribution process have to be taken from the nonoptimized 

transportation subsystem. The reason for this being that it 

is not possible to optimize transportation before deriving 

the volume of the production and resources of the other sub- 

systems and their territorial distribution. Generally for 

each production subsystem: 



min { E E [ajixjm(t) + Vjiuixjm(t) + C.X (t) 
i m ,  Y @ F I jm - 
local resource wage costs intermediate 

costs production 
costs 

(8) 

annual capital annual transportation 
investment costs 

subject to constraint ( 7 )  , 
where 

x is the production volume; 

u is the average wage in sector i; i 
a is a coefficient for reducing the capital invest- 

ment for the period under analysis to annual costs; 

K is capital investment; 

1 are modes of transport; and 

d are transport operational costs. 

P r e l i m i n a r y  o p t i m i z a t i o n  o f  t h e  t r a n s p o r t a t i o n  s u b s y s t e m  

Preliminary optimization of the transportation subsystem 

will be treated in detail in the next section of this paper, 

but here it is necessary to mention that the transportation 

costs in objective function (8) have to be derived from opti- 

mization of the transportation subsystem ( *  = optimal): 

Total traffic volume must be prescribed for the transportation 

subsystem following optimization of the other production 

subsystems: 

L E E X' (t) 5 ~i~ (t) . 
i m n  jm 



AS a result of the optimization of the other subsystems, 

there is additional migration and commuting, which changes the 

volume of passenger traffic: 

* f 
Q.. (t) = Q.. (t) + ~ y ~ ( t )  + A E E v X (t) . (11) 

1 2  1 7  - 
j s qj jr 

O p t i m i z a t i o n  o f  t h e  p r o d u c t i o n  subsys tems  u s i n g  t h e  o p t i m i z e d  
t r a n s p o r t a t i o n  c o s t s  

Optiinization of the production subsystemsusing optimized 

transportation costs can be achieved using objective function 

(8),in which the costs resulting from optimization of the trans- 

portation subsystem (9) are included. Costs (or profit) ex- 

pressing land occupied by (or released for) the transportation 

subsystem have to be added (or reduced to annual costs): 

* * 
E L Z (dilm+aKilm) xilm(t) + - A u L E E u X 
j m l  j m 1 ilm ilm , 

and optimization of the production subsystems (8) will be subject 

to 

where 

u is the unit price of land; and i 
S is the total available land. 

Stage 3: Determination of the Effects on the Transportation 
Subsystem Resulting from the Concentration of Economic Activi- 
ties at One Point in the Region 

The concentration of economic activities at one point in 

the region has some effects on the transportation subsystem. 

These effects are discussed below. 

The need t o  r e l o c a t e  p r o d u c t i o n  and s e r v i c e  a c t i v i t i e s  

If production and service activities have to be relocated, 

Stage 2 should be repeated,takinu into account the additional 



o r  reduced t r a n s p o r t a t i o n  c o s t s :  

The C o n t r i b u t i o n  o f  t h e  T z l a n s p o r t a t i o n  S u b s y s t e m  t o  P o l l u t i o n  
o f  t h e  Env i ronmen t  

The degree  of  environmental  p o l l u t i o n  may be expressed by 

forming a  ma t r ix  A$ c o n s i s t i n g  o f  n  v e c t o r s  ( O 1 . . . l O 1 $ l l  0 . . . , 0 )  

r e p r e s e n t i n g  t h e  p o l l u t a n t s  emi t t ed  by t r a n s p o r t  mode 1 i n  

forming 1 u n i t  of  t r a f f i c  volume. Hence, t h e  a d d i t i o n a l  ex- 

pend i tu re s r equ i r ed  by s e c t o r  i t o  p u r i f y  t h e  u n i t  of p roduc t  

produced i n  s e c t o r  j t o  conform t o  t h e  s t a t u t o r y  r e g u l a t i o n s  

w i l l  be 

where 

e  a r e  c o e f f i c i e n t s  f o r  p roces s ing  t h e  p o l l u t a n t s .  

A n a l y s i s  o f  t h e  E f f e c t  o f  I n c r e a s e d  P a s s e n g e r  T r a f f i c  on t h e  
T r a n s p o r t a t i o n  S u b s y s t e m  

To determine t h e  i nc reased  passenger  t r a f f i c  and i t s  

e f f e c t  on t h e  t r a n s p o r t a t i o n  system, r equ i r ed  and expected 

migra t ion  and commuting should be compared. The procedure  i s  

s i m i l a r  t o  equa t ion  ( 1 1 ) .  The needed migra t ion  i s  determined 

by op t imiza t ion  of  t h e  o t h e r  r e g i o n a l  subsystems.  

S tage  4 :  Determinat ion of t h e  E f f e c t  of  t h e  T ranspor t a t i on  
Subsystem on Regional Development 

The r e s u l t s  of  t h e  prev ious  s t a g e s  a l low us  t o  s tudy  t h e  

e f f e c t  of t h e  t r a n s p o r t a t i o n  system on r e g i o n a l  development a s  

a  whole by means o f  an impact a n a l y s i s  model. Analys i s  w i l l  be 

made o f  

-- t h e  e f f e c t  of passenger  t r a f f i c  volume on r e g i o n a l  

development; and 
-- t h e  e f f e c t  of  g r o s s  r e g i o n a l  p roduc t ion  on t r a n s p o r -  

t a t i o n .  



Analysis of the effect of passenger traffic volume o n  regional 
development 

Passenger  t r a f f i c  (w i th  t h e  e x c e p t i o n  o f  t h a t  i n  t h e  

p roduc t i ve  s e c t o r )  r e p r e s e n t s  s e r v i c e s  f o r  t h e  p o p u l a t i o n  a s  

f i n a l  p roduc t i on .  By s p e c i f y i n g  t h e  pe rcen t age  s h a r e  of  f i n a l  

product ion,we can  de te rmine  i t s  i n f l u e n c e  on g r o s s  ( p r o d u c t i v e  

p l u s  nonproduc t ive )  r e g i o n a l  p roduc t i on .  I n  m a t r i x  form, t h i s  

can be  exp re s sed  a s  

where 

X i s  a  v e c t o r  o f  t o t a l  i n p u t ;  

A i s  a  n  x  n  m a t r i x  o f  t h e  i n p u t  c o e f f i c i e n t s ;  

Y i s  a  v e c t o r  o f  f i n a l  p roduc t i on ;  and 

YP i s  a  v e c t o r  o f  passenger  t r a f f i c  volume. 

I f  I i s  an i d e n t i t y  ma t r i x :  

and i f  ( I - A )  i s  n e g a t i v e ,  t h e  r e v e r s e  m a t r i x  w i l l  e x p r e s s  t h e  

g r o s s  regi 'onal p roduc t i on  a s  a  f u n c t i o n  o f  pa s senge r  t r a f f i c  

t h a t  is  a  p a r t  o f  f i n a l  p roduc t i on :  

then, i n  

t h e  c o e f f i c i e n t s  q i j  and qyj  (if  j  = 1 . 2 , .  .. , n )  of  m a t r i x  (Q+QP) 

w i l l  b e  d i r e c t  and i n d i r e c t  r equ i rements  o f  1  u n i t  o f  f i n a l  

p roduc t i on  (and o f  t r a n s p o r t a t i o n )  f o r  t h e  t o t a l  o u t p u t  of  t h e  

r e g i o n .  



Analysis of the Effect of Gross Reg-ional Production on tne 

Transportation Subsystem 

Gross regional production has a significant effect on the 

development of the transportation subsystem. It is possible to 

analyze this effect by treating transportation as an intermediate 

product as part of gross regional production in the intraregional 

input-output forecasting model. Hence, if 

where 

Y is final production, 

represents distribution of production without transportation, 

then, 

where 

QP is passenger traffic as final production, 

represents distribution of production including transportation. 

In matrix form, the equation including transportation will be 

with the solution: 

Then the increase in traffic volume as a function of gross 

regional production may be expressed as 

- 1 Axt = (I-A) A Y t  1 (25) 

and the interdependencies will appear as shown in Figure 3. 



GROSS REGIONAL 
PRODUCTION 

F i g u r e  3 .  Dependence o f  t o t a l  r e g i o n a l  p r o d u c t i o n  
o n  t r a f f i c  volume. 



With r e s p e c t  t o  t h e  t r a n s p o r t a t i o n  subsys tem,  t h e  a n a l y s e s  

d i s c u s s e d  above a l l o w  us t o  f o r m u l a t e  a l t e r n a t i v e s  f o r  develop-  

ment of t h e  r e g i o n  a s  a  whole. 

S t a g e  5 :  Dete rmina t ion  o f  t h e  I n f l u e n c e  o f  t h e  T r a n s p o r t a t i o n  
Subsystem on T o t a l  O p t i m i z a t i o n  o f  t h e  Region 

T r a n s p o r t a t i o n  i s  a  subsystem o f  s t r a t e g i c  impor tance  f o r  

t h e  r e g i o n .  T h i s  i s  because  o f  i t s  s p e c i f i c  s p a t i a l  and i n t e r -  

s e c t o r a l  l i n k s  w i t h  t h e  o t h e r  subsys tems and a l s o  because  t h e  

u n i t s  of  one  t y p e  o f  t r a n s p o r t  may be s u b s t i t u t e d  f o r  u n i t s  o f  

a n o t h e r  t y p e .  I n  p l a n n i n g  r e g i o n a l  development ,  s p e c i a l  cons id -  

e r a t i o n  must be g i v e n  t o  t h e  t r a n s p o r t a t i o n  subsys tem.  The 

f i n a l  s t a g e  o f  o p t i m i z a t i o n  o f  t h e  r e g i o n a l  sys tem i s  concerned 

w i t h  p l a n n i n g .  Here, t h e  i n f l u e n c e  o f  t r a n s p o r t a t i o n  can  be  

s e e n  i n  t h r e e  a r e a s  o f  p o l i c y  making--migration and commuting, 

env i ronmenta l  p r o t e c t i o n ,  and human s e t t l e m e n t s .  

The Influence of the Transportation Subsystem in Regulating 
Migration and Commuting 

A t  t h i s  s t a g e  p l a n n e r s  have t o  choose  between two c o u r s e s  

of  a c t i o n .  P r o d u c t i o n  u n i t s  can  be  c o n s t r u c t e d  c l o s e  t o  ex- 

i s t i n g  s e t t l e m e n t  s y s t e m s ,  s o  t h a t  a  l a b o r  s u p p l y  i s  r e a d i l y  

a v a i l a b l e .  A l t e r n a t i v e l y ,  t h e s e  u n i t s  can  be b u i l t  i n  an a r e a  

w i t h o u t  a n  i n d i g e n o u s  l a b o r  s u p p l y ,  i n  which c a s e  t h e  l a b o r  

f o r c e  would be  encouraged t o  m i g r a t e  o r  commute t o  t h e  newly 

c o n s t r u c t e d  p r o d u c t i o n  a r e a , a n d  r e s i d e n t i a l ,  s o c i a l ,  t r a n s p o r -  

t a t i o n ,  and o t h e r  f a c i l i t i e s  would have t o  be deve loped .  I f  

t h e  second o p t i o n  w e r e  c h o s e n , t h e  o p t i m a l  s i z e  o f  m i g r a t i o n  and 

commuting f lows  would have t o  be  de te rmined .  These f lows  w i l l  

be  de te rmined  when t h e  m a r g i n a l  v a l u e  o f  income due t o  t h e  

m i g r a t i o n  and commuting i s  e q u a l  t o  m a r g i n a l  t o t a l  c o s t s  i n c u r r e d  

by m i g r a t i o n :  

where 



m is the additional income from migration and 
commuting; 

cm are additional costs caused by migration and 
commuting; 

D are additional costs for housing; 

S are other additional social costs; and 

T are additional costs for the development of 

the transportation subsystem. 

Transportation in Relation to Environmental Protection in the 
Region 

The degree of environmental pollution is determined by 

the volume ofpollutantsreleased by all transport units and 

by the concentration of these units at one point in the region. 

There is the problem of how to make environmental protection 

regulations effective if statutory pollution levels are exceeded. 

In such a case two alternative measures can be taken: 

-- dispersal of transportation units from one point 

in the region; and 
-- development of nonpolluting transport technologies. 

The low boundary of the effectiveness of these measures can be 

determined when the marginal value of income resulting from the 

above measures is equal to the marginal costs for environmental 

protection: 

where 

penv is the additional income from nonpolluting trans- 

port technologies; and 
Cenv are additional costs caused by migration and 

commuting. 



The I m p o r t a n c e  o f  t h e  T r a n s p o r t a t i o n  S u b s y s t e m  2n  t h e  C o n s t r u c -  
t i o n  P o l i c y  o f  t h e  S e t t l e m e n t  S y s t e m s  

k7ith respect to.the settlement systems construction, one of 

the malor problems is whether or not the settlements should be 

concentrated at various points in the region. This involves con- 

sideration of their optimal size and location. Transportation and 

other social and infrastructural facilities have to be considered 

in these terms. The optimal size and location of the settlements 

are determined on the basis of production and social (including 

transportation) costs: 

r r 
E L L ~ f ~ x 5 ~  + E 1 E diljxilj -+ min I (28) 
i j r  i j r l  

where 

i are settlement units (i = 1,2 ,  ..., m); 
j are settlement system activities (social and 

productive) ; 

r are alternatives for developing settlement systems 

(r = 1,2,...,ki); 

1 are consumers of production and users of services 

in the settlement units (1 = 1,2,. . . ,k) ; 
r 
'i j 

are social costs of activities j in settlement unit 

i under settlement system development alternative r; 
r 

X il j 
are the total number of activities j in settlement 

unit i under development alternative r; and 
r 

dil j are transportation costs for activities j in settle- 

ment unit i under development alternative r. 

The problem is subject to 

a restriction on all users' and consumers' needs for activity j; 



the total number of activities in settlement unit i is greater 

or equal to the commodities and servicts produced by activity j 

shipped from the settlement unit; and 

zero-one constraints. 

MODELING THE OPTIMAL DEVELOPMENT OF THE REGIONAL 
TRANSPORTATION SUBSYSTEM 

In order to link the transportation model to the other 

subsystem models, the transportation subsystem has to be 

optimized. For the Silistra region, it has been optimized 

hierarchically at two levels: local optimization of each mode 

of transport and global optimization of the regional transpor- 

tation subsystem as a whole. It was not possible to solve all 

problems'simultaneously,the process has therefore to be carried 

out in stages (Figure 4) . 

Stage 1: Definition of the Initial State of Each Mode of 
Transport and the Transportation Subsystem 

The initial state ofthe transportation subsystem (G 
i (0, ) 

in the Silistra region can be determined by defining the initial 

state of each type of transport: 

where 

G is rail transport; 1 
G2 is motor transport; 

G is river transport; 3 
G4 is air transport: 

G5 are pipelines; and 

G6 are canal systems. 
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The technological and economic indicators (do and for respective- 

ly) and the feasible traffic volume (x0! are defined for each 

component of the transportation network. 

Stage 2: Local Optimization of the Development of Each Mode 
of Transport 

The technological development of the components of the 

regional transportation network ( G . )  can be described by m 
1 

parameters: dl, d2,..., d . The vector functions D(t) are 
m . . 

determined in terms of these parameters for the technological 

development alternatives of the transportation network: 

i.e.. the definition of each of these vector functions (di(t)) 

is a function of traffic volume (Q(t)) . Possible schemes of 

technological development tasks for different modes of transport 

are given in Appendix B. 

Since the potential traffic volume will considerably increase 

the number of development alternatives, it is necessary to analyze 

different alternatives for traffic volume at different intervals: 

Q(t) + AQ(t); i.e., each alternative should allow for some reserve 
capacity. 

The choice of the optimal alternative for each type of 

transport is made in the same way as for the consecutive inter- 

vals of Q(t) + AQ(t). (See Appendix C for the indicators related 

to the optimal development of a rail section and Appendixes D 

and E for the optimal development of motor transport.) 

In general it is necessary, from the set of M  possible 

combinations of tid. for tid to be defined so that subset M I E M  

will ensure minimum transportation costs: 

1 + - K  
('tid Tn tid) xtid + min , 

(MI ) 

where 



X tid 
j s a vector of the traffic volume in year t 

concerning component i of the regional transpor- 

tation network and variant d for technological 

development ; 

Ktid 
is the capital investment required given the above 

conditions; 

'tid 
is current expenditure given the above condi- 

tions; and 

Tn is an indicator representing productive life of the 

transportation plant (in years), from which, dsing 

coefficient Ktid, the total capital investment 

is reduced to annual costs. 

The objective function is satisfied using constraints (35) 

and (36). Constraint (35) represents the required traffic between 

the points of production and use: 

where 

j are components of the transportation network; and 

y are transport intersections; 

and constraint (36) represents the compatibility of traffic volume 

and transportation capacities ( g ) .  

C x tid L gtid 
j 

As a result of the above, the technological modes for each 
* 

Q(t) + AQ(t) were optimized--d . 

Stage 3: Global Optimization of the Regional Transportation 
Subsystem 

Optimization of regional transportation subsystem was based 

on preliminary optimization of each type of transport at Stage 2. 

The realization and redistribution of capital investments for the 

transportation subsystem is dependent on the efficiency of 



each mode of transport. Global optimization was performed in 

terms of the objective function--minim-- L,,,m reduced annual transpor- 

tation costs--for conditions where: 

Q(t) is a vector of traffic volume as a function of 

time, prescribed for each component of the trans- 

portation network and obtained from the solution 

of the other regional subsystem models; 

a is the volume of load p (i.e., the type of 
ip 

passenger traffic) at production point i, 

prescribed from Q (t) ; 
i j 

b isthevolumeofloadpatuser'spointj, 
jp 

prescribed from Q (t) ; 
ij 

D(t) is the vector of different development 

alternatives for each component of the 

transportation system; * 
d (t) are the technological development alternatives 

for different intervals of traffic volume 

Q(t) + AQ(t) and are prescribed from prelimi- 
nary optimization at Stage 2; 

* is the vector of current transportation costs 'ijpGd t 
for shipping load p from use* point i to j by * 
means of transportation mode G using variant d , 
which is preliminarily optimized for given inter- 

vals of traffic volume Q(t) + AQ (t) , in year t 
of the period under analysis; 

* is the vector of capital investment given the Kijp~d t 
above conditions; 

Tn 
is the indicator representing theproductive life 

of the transport production plant; and 

'ijpGdt is the potential traffic volume, which has to be 

distributed among the different modes of transport. 

The objective function is: 

*+I L L L L L (CijpGd Kijp~d*t) 'ijpGdt -+ min . i j p G d t  Tn 



The model was s o l v e d  t a k i n g  i n t o  a c c o u n t  t h e  f o l l o w i n g  

c o n s t r a i n t s .  F o r  t h e  t o t a l  volume o f  p r o d u c t i o n :  

Fo r  t h e  t o t a l  volume o f  consumed p r o d u c t s :  

F o r  t h e  b a l a n c e  be tween  t h e  p roduced  and  consumed p r o d u c t s :  

and  n o n n e g a t i v e  c o n s t r a i n t s  f o r  t h e  v a r i a b l e s  a r e :  

A s  a  r e s u l t  o f  g l o b a l  o p t i m i z a t i o n  a t  s t a g e  3 , t h e r e  i s  

f eedback  t o  t h e  t e c h n o l o g i c a l  deve lopment  a l t e r n a t i v e s  d  a t  

s t a g e  2 , a n d  t h e  p r o c e d u r e  h a s  t o  b e  r e p e a t e d .  An example  

of  t h e  i n p u t  d a t a  r e q u i r e d  t o  s a t i s f y  t h e  o b j e c t i v e  f u n c t i o n  

i s  p r e s e n t e d  i n  Appendix F.  

The d i s t r i b u t i o n  o f  commodi t i e s  among d i f f e r e n t  modes o f  

t r a n s p o r t  i s  p r e s e n t e d  i n  Appendix G and  t h e  main p l a n n i n g  

i n d i c a t o r s  r e s u l t i n g  from s o l u t i o n  o f  t h e  model a r e  shown i n  

Appendix H .  The a l g o r i t h m  f o r  t h e  d i s t r i b u t i o n  o f  commodi t i e s  

among t h e  v a r i o u s  modes o f  t r a n s p o r t  i s  d e s c r i b e d  i n  Appendix I .  

A s  c a n  b e  s e e n  from t h e  o b j e c t i v e  f u n c t i o n ,  t h e  model was 

s o l v e d  as a  l i n e a r  model .  However, t h e  n o n l i n e a r  d e p e n d e n c i e s  

o f  t r a n s p o r t a t i o n  c o s t s  on  t r a f f i c  volume w e r e  c o n s i d e r e d  when 



e a c h  mode o f  t r a n s p o r t  was p r e l i m i n a r i l y  o p t i m i z e d .  For a  g i v e n  

i n t e r v a l  o f  t h e  t r a f f i c  volume Q( t )  + ,?(t) , t h e  c o s t s  r e l a t e d  

t o  e a c h  mode o f  t r a n s p o r t  w e r e  c a l c u l a t e d  a c c o r d i n g  t o  t h e  s h a r e  

t h a t  i s  dependent  on  t h e  growth i n  t r a f f i c  volume and t h e  s h a r e  

t h a t  i s  c o n d i t i o n a l l y  c o n s t a n t .  For t h i s  purpose, t h e n a t i o n a l  

s h a r e s  f o r  r a i l  and motor  t r a n s p o r t  w e r e  used:  5 2  and 48 p e r  

c e n t  and 87 and 13 p e r  c e n t ,  r e s p e c t i v e l y .  

F i g u r e  5 shows t h e  dependence o f  r a i l  t r a n s p o r t  c o s t s  on 

t h e  f r e i g h t  t r a f f i c  volume and on t h e  a v e r a g e  t r a i n  c a p a c i t y .  

where 

P a r e  t o n s  p e r  km; 1 
Qm i s  t h e  f r e i g h t  t r a f f i c  volume i n  t o n s ;  and 

Q i s  t h e  a v e r a g e  t r a i n  c a p a c i t y .  n  

IMPROVEMENTS IN MODELING THE TRANSPORTATION SUBSYSTEM 

F u r t h e r  work on modeling t h e  r e g i o n a l  t r a n s p o r t a t i o n  sub- 

sys tem h a s  t o  be d i r e c t e d  towards:  

-- i n v e s t i 3 a t i n g  t h e  e x t e n t  t o  which o p t i m i z a t i o n  o f  t h e  

r e g i o n a l  t r a n s p o r t a t i o n  subsys tem depends on i n t r a -  

r e g i o n a l  and n a t i o n a l  f a c t o r s ;  
-- i n v e s t i g a t i n g  t h e  p o s s i b i l i t y  o f  c o n s t r u c t i n g  a  model 

w i t h  n o n l i n e a r  dependence o f  t r a n s p o r t a t i o n  c o s t s  on 

t h e  t r a f f i c  volume; 

-- d e v e l o p i n g  i n  more d e t a i l  t h e  sequence  f o r  o p t i m i z i n g  

d i f f e r e n t  l o a d s  and t o t a l  l o a d  volume; 
-- d e v e l o p i n g  more e f f e c t i v e  p r o c e d u r e s  f o r  s o l v i n g  t h e  

model u s i n g  c o n s t r a i n t s  on c a p a c i t ~ , ~ ~ ~ i t ~ l  inves tment ,  

l a b o r ,  and t h e i r  i n d e p e n d e n c i e s ;  and 
-- per fo rming  s e n s i t i v i t y  a n a l y s e s  on t h e  r e s u l t s  o f  t h e  

o t h e r  r e g i o n a l  subsys tem models t h a t  a f f e c t  t h e  o p t i m a l  

development  o f  t h e  t r a n s p o r t a t i o n  subsys tem.  





Albegov, M. (1979) Generalized Regional Agriculture Model 
(GRAM): Basic Version. WP-79-93. Laxenburg, Austria: 
International Institute for Applied Systems Analysis. 

Drew, D.R. (1968) Traffic Flow Theory and Control. New York: 
McGraw Hill. 

Gazis, D.C., et al. (1963) Analytical methods in transporta- 
tion: mathematical car following theory of traffic flow. 
Journal of Engineering Mechanics 89. 

Herman, R., ed. (1961) Theory of ~raffic Flow. Amsterdam: 
Elsevier. 

Mihailov, B., and N. Nicolov (1974) Prognozirane i optimalno 
planirane na transportno-ikonomitcheskite vrazki. 
(Forecasting and Optimal Planning of Transport-Economic 
Relations). Varna: G. Bakalov (in Bulgarian). 

Mihailov, B. (1980) Transportation System Modeling in the 
Silistra Region. Laxenburg, Austria: International 
Institute for Applied Systems Analysis (forthcoming). 

Mihailov, B. (1980) Some Considerations about the Construction 
of a System of Regional Kodels. Laxenburg, Austria: 
International Institute for Applied Systems Analysis 
(forthcoming) . 

Strobel, H. (1975) Transportation Automation and the Quality 
of Urban Living. RR-75-34. Laxenburg, Austria: Inter- 
national Institute for Applied Systems Analysis. 



APPENDIX A: THE PROPOSED TRANSPORTATION NETWORK 
FOR THE SILISTRA REGION 



APPENDIX B: SCHEMES OF TECHNOLOGICAL DEVELOPMENT TASKS 
FOR DIFFERENT MODES OF TRANSPORT 

Ra i l  T ranspor t  

= d10 + d l l  + d 1 2  + d13 + d 1 4 + d 1 5 + d 1 6 + d i 7  , 

where 

d10 i s  t h e  i n i t i a l  s t a t e  o f  s i n g l e  r a i l t r a c k :  

d l l  i s  t h e  c o n s t r u c t i o n  of a d d i t i o n a l  i n t e r s e c t i o n s ;  

d 1 2  i s  t h e  r e c o n s t r u c t i o n  of  s t a t i o n s :  

3  
i s  t h e  ex t ens ion  of t h e  t r a c k s  w i t h i n  t h e  

s t a t i o n s ;  

d14  i s  t h e  replacement of  d i e s e l  by e l e c t r i c  t r a i n s ;  

5  
is  t h e  c o n s t r u c t i o n  of double s e c t i o n s ;  

d16 i s  t h e  automation o f  t h e  s e c t i o n s ;  and 

d17  i s  t h e  c o n s t r u c t i o n  of  double r a i l t r a c k .  

Motor Transpor t  

where 



d20 
i s  t h e  i n i t i a l  motor  t r a n s p o r t  c a p a c i t y ;  

d 2 1  i s t h e  u s e  o f  t r a i l e r s ;  

d22 i s t h e  s u p p l y  o f  new t r u c k s  w i t h  g r e a t e r  l o a d  c a p a c i t y ;  

d 2 3  i s  t h e  s u p p l y  o f  new s p e c i a l i z e d  t r u c k s ;  

d 2 4  i s  t h e  s u p p l y  o f  new m a c h i n e r y  f o r  l o a d i n g  and un- 

l o a d i n g  ; 

d 2 5  a r e  new t e c h n o l o g i e s  u s e d ;  and  

d26 
i s  t h e  c o n s t r u c t i o n  o f  new r e p a i r  f a c i l i t i e s .  

R i v e r  T r a n s p o r t  

where 

d30 i s  t h e  i n i t i a l  s t a t e  o f  t h e  p o r t ;  

d3,  i s  t h e  s u p p l y  o f  a d d i t i o n a l  p o r t  m a c h i n e r y :  

d j 2  a r e  new t e c h n o l o g i e s  u s e d  a t  t h e  p o r t ;  

d j 3  i s  t h e  e x t e n s i o n  o r  r e c o n s t r u c t i o n  o f  e x i s t i n g  

p o r t s ;  

d j 4  i s  t h e  c o n s t r u c t i o n  o f  new q u a y s ;  and 

d35 i s  t h e  e x t e n s i o n  and r e c o n s t r u c t i o n  o f  s t o r a g e  

f a c i l i t i e s .  

Motor  T ranspor t - -Roads  

where  

i s  t h e  i n i t i a l  s t a t e  o f  t h e  r o a d s  i n  t h e  r e g i o n ;  

d4  1  i s  new r o a d  s u r f a c e ;  

d42 i s  t h e  r e c o n s t r u c t i o n  o f  e x i s t i n g  r o a d s ;  

d43 i s  t h e  c o n s t r u c t i o n  o f  a  new s e c t i o n  o f  r o a d ;  and  

d 4 4  i s  t h e  c o n s t r u c t i o n  o f  a  main r o a d .  



A i r  Transpor t  

where 

d50 i s  t h e  i n i t i a l  s t a t e  of a i r  t r a n s p o r t ;  

d5,  i s  t h e  r e c o n s t r u c t i o n  of a i r p o r t s ;  

dS2 i s  t h e  use  of new types  of a i r c r a f t ;  and 

d5 3  i s  t h e  c o n s t r u c t i o n  of  a  new a i r p o r t .  

P i p e l i n e s  

where 

d60 i s  t h e  i n i t i a l  s t a t e  of t h e  r e g i o n a l  p i p e l i n e s y s t e m ;  

d61 i s  t h e  c o n s t r u c t i o n  of a d d i t i o n a l  pumping s t a t i o n s ;  

ds2 i s  t h e  c o n s t r u c t i o n  of a d d i t i o n a l  double p i p e l i n e s ;  

and 

ds3 i s  t h e  c o n s t r u c t i o n  of new p i p e l i n e s .  

Canal Systems 

where 

d70 i s  t h e  i n i t i a l  s t a t e  of t h e  c a n a l  system; and 

d7,  i s  t h e  c o n s t r u c t i o n  of a  new c a n a l  system. 



APPENDIX C: INDICATORS RELATED TO OPTIMAL DEVELOPMENT 
OF A SECTION OF THE RAILWAY TRANSPORTATION 
NETWORK (LOAD NUMBER 174 

Total Tons/km bv Parts of Section 

Nonstandard rail transport 

Rail transport 

Motor transport 

Tons Transported Bimodally 

From nonstandard to normal rail 

From normal to nonstandard rail 

From nonstandard rail to motor transp. 

From motor transp. to nonstandard rail 

From rail to motor transport 

From motor transport to rail 

Total tons bimodally transported 

TvDe of Station 

Nonstandard rail 

Rail 

Motor transport 

River transport 

Tons Loaded 

0 

10 ,333,064 

5 ,974 ,422 

0  

Tons Unloaded 

0 

10 ,409,538 

5 ,897 ,948 

0  



APPENDIX C (continued ) 

Cost of Transport Operations Leva 

Cost of transport by rail 

Cost of transport by road 

Cost of bimodal transport 

Cost of initial transport by rail 

Cost of final transport by rail 

Cost of initial transport by road 

Cost of final transport by road 

Annual costs per ton/km by rail 

Annual costs per ton/km by road 

Annual costs per ton by rail 

Annual costs per ton by road 

Annual costs per ton bimodally transported 

Distance 
-- 
Average distance of goods transported by rail 

Average distance of goods transported by road 



A P P E N D I X  D:  I N D I C A T O R S  F O R  O P T I M A L  DEVELOPMENT O F  
I4OTOR T R A N S P O R T  WHEN T H E  LOAD I S  ROCK 
( U S E  O F  TRUCK C A P A C I T Y - - 5 0 % )  

TYPE OF ?.SUC.YS 

4.5 t o n s  12.0 t o n s  7 .5  t o n s  28.0 t o n s  

Voluna o f  l o a d s  p e r  day 3922 .OOO 3922.000 3922. COO 3922.300 

we o f  l o a d  L 000 L 000 1.000 L 300 

D i s t a n c e  t r a n s p o r t e d  2 .'I00 2 .000 2 2 0 0  2 .a00 

C o e f f i c i e n t  of  r o a d  2 .OOO 2 .OOO 2 .GOO 2 3 3 0  

D u r a t i o n  o f  ~ r k i n g  i a y  16 .a00 16 3 0 0  16.350 16.330 

T i m  t a k e n  f o r  l o a d i n q  0.036 0.046 0.066 0 .086 

T i m  t a k e n  f o r  u n l o a d i n g  0 .034 3.034 0 .034 0.034 

Maximum s p e e d  16.000 16.000 16.000 1 6 . 3 0  

T i m  t a k e n  p e r  j o u r n e y  3.320 0 .330 0 .350 0.370 

J o u r n e y s  p e r  day  50.000 18.500 45.700 43.200 

T r u c k s  needed 17.400 6.700 11 .GC 3.200 

Revenue p e r  journey  1 . m O  4. a00 3.300 1 1 . 2 m  

Z q e n d i t u r e  ?er j o u r n e y  1.330 2.660 1 . 8 U  6.360 

E x p e n d i t u r e  per km: 2 . 3 3 1  0 . 6 6 6  5 .452 L.530 

f u e l  0 .062 0 .559 0 . 3 4 4  3.196 

o i l  a a t e r r a l s  i) .008 0.010 0.007 0.532 

L i r e s  5 . 5 1 8  0.C79 3 . 3 4 0  0.202 

wages 0 .129 0.217 0 .165 3 . 2 9 9  

d e p r e c l a t l o n  0 .036 3 .124 0 .579 0 .385 

m a i n t e n a n c e  and  r e p a i r s  2 .025 3 .034 0.028 3 . 1 4 0  

a v e r a g a  C o s t s  0 . 0 5 4  0 .144 0 .  J 9 0  1). 336 

L q e n d i t u r e  p e r  100 l e v a  73.640 55.480 65.320 56.800 

r e v e n u e  

Revenue ?er :on,'km 0.200 0 .200 0 .200 0.200 

C o s t s  p e r  t o n  /!a 0.147 3 . 1 1 1  0 . 1 2 1  0 .  ili 

Revenue p e r  t o n  3.400 0.430 3.400 0 .400 

C o a r s  p e r  t o n  3 .295 0.222 0 . 2 4 1  3 .227 

N o m a t i v e  s p e e d  15.940 10.910 13.930 10.910 

Y o m t i v c  ti- f o r  l o a d i n g  0 .217 5 .317 '3.283 3.467 

a n d  u n l o a d i n g  

N o m t r v e  h o u r s  p e r  jourr.ey 3 .468 3 . 6 8 3  0 . 5 7 1  0 .833 

Normacivc h o u r s  p e r  b y  23.382 33 .131 26 .381 56.036 



APPENDIX E: INDICATORS FOR OPTIMAL DEVELOPI-ENT OF 
COMMODITIES AMONG DIFFERENT MODES OF 
TRANSPORT WHEN THE TYPE OF LOAD IS 
SAND (USE OF TRUCK CAPACITY--50%) 

TYPE OF TRUCKS 

l3DICaTOPS ZIL-555 DRAZ-256 UZ-503 B E W (  

J . 5 t o n s  1 2 . 0 t o n s  7 . 5 t o n s  28 .0 tons  

Volume of loads  p e r  day 

Type of load 1.000 1.000 

Distance t r anspor ted  8.000 8.000 

C o e f f i c i e n t  o f  road 1.600 1.600 

Duration of w r k i n q  day 16.000 16.000 

T i m  taken f o r  loadinq 0.036 0.046 

Tiim takan :or -mloadinq 0.034 0.034 

W m m  speed 

Tiim taken p e r  journey 

J o u r n e y s  Per  day 

Trucks needed 

?avenue 7 e r  journey 

Zxpenditure pe r  journey 4.318 8.890 

Expenditure p e r  km: 

f u e l  

o i l  

t i r e s  

waqes 

deprec ia t ion  0.036 0.124 

rmintenance and r e p a l r s  0.025 0.034 

average c o s t s  0.043 0.113 

Expenditure p e r  100 leva 

revenue 76.030 58.820 

.3evanue pe r  ton/krn 0.15a C). 158 

c o s t s  per ton/km 0.110 0.293 

Rcvenue pe r  ton 1.260 1.260 

Casts  pe r  ton 

Normative speed 

Normative ti- loadznq/ 

unloading 

Xormatiw hours ~ e r  journey 1.221 1.783 

Nortntrve hours  p e r  day 18.252 26.420 



APPENDIX F: INPUT DATA FOR DISTRIBUTION OF COfpIODITIELC 
AMONG DIFFERENT MODES OF TRANSPORT 

--- -- ----- --- 
M O T O R  T R A N S P O R T  

No GAZ-53A ZIL-130 IFA-W5O MAz-500 Skoda-M' Skoda MTTN Volvo-89 
sections 

No Skoda-MTS KRAZ-256 
sect ions 

1  K L I  2  M A T  1 K I T  2  K A T  

1  16  17 a 19 
1 0  c.20 " - 0 0  0 .30  6 - 0 0  
2 0  j . t O  ;.00 0.00 6.00 
3 0  9.L0 u.00 0.00 6.00 
4 0  C.tO ".On 0.00 6.00 
5 0  J. iO ,,.OO 0.00 6.00 
6 0  a.;O 6.017 0 .00  6.00 
7 n  o.;o ,.00 6.30 ;.oo 
8 0  u.LO ,,,oo 0.00 i . 0 0  
9 0  0  ,,,0n 0.50 ;,oO 

l o o  o ",DO 0 .00  6.00 
1 1 9  J.;O ,,,t~n 0.00 6.00 
1 2 0  6 . ~ 0  u.00 0.00 6.00 
1 3 0  J.tO ,,.oo 0.50 G,OO 
1 4 0  0.LO u . O ~  0.tO 6.00 
1 5 0  0 . ~ 0  u.50 0.00 t . 0 0  
1 6 0  0 . ~ 0  ,,.on 0.30 6.00 
171-1 0  3 - 0 0  0.30 ;.oo 
1 8 0  ..GO C.00 5.50 L .00  
1 9 0  6 . ~ 0  2.00 0.30 ;,on 
2 0 0  6 . 0  ",on O.Do 6 .00  
2 1 0  b.;O 0.00 0 .50  ;.03 
2 2 0  3 . ~ 0  " - 0 0  0.50 6.00 
2 3 3  ;.to ,,.00 u.30 6.00 
2 4 0  " . to  ,,.oo 0 . ~ 0  G,OO 
2 5 0  C.LO *.00 0.00 6.00 
2 6 0  6 . ~ 0  ,,.on 0.30 i . 0 0  
2 7 0  :.LO ,.oo 0 .00  6.00 
2 8 0  6 . ~ 0  ,,.on o.;o 6.00 
290  0  0.60 ;.oo 
3 0 0  ;.to ,,.on 0.00 ;.oo 

R A I L w 
D i r e ~ c  Scheme - Flectr . vlesel 
train train 
L o z I 

' 1 
1 . 3  1 .654  
1.684 1 .511  
1 . 5 3 2  1 .568  
1.580 1.625 
1.627 1.662 
1.675 1 .739  
1 .804  1 .876  
1 - 8 6 ?  1 .QLL  
1.92C 2 .011  
1.9'8 2 .078  
2. f i36 2.165 
2 . ~ 9 4  2.212 
2 .152  2 .279  
2 - 2 1 0  2.366 
2.2*8 2.613 
2 . 3 2 6  2.480 
2.3d6 2.567 
2.642 2.614 
2.500 2.681 
2 - 5 5 a  2 . 7 6 8  
2.616 2.&15 
2 .674  2 . 8 8 3  
2.732 2.950 
2 . 7 9 0  3 .017  
2 . 8 4 8  3.C84 
2.996 3.151 
2.964 3.21R 
3 . ~ 1 2  3 .285  
3.080 3.352 

A - Y  T R A N-sP-oP-F 
Indirect Indirect 

Elz:"t;-D;esel 

2  2 .461  
2.500 2 . 5 1 8  
2 .568  2.575 
2 .596  2.632 
2.664 2 .689  
2 .691  2 .746  
2.739 2 .803  
2.868 2 .960  
2.926 3.008 
2.9PL 7.075 
3 .062  7.142 
3 .100  5.209 
3'.158 3 .276  
3 .216  3.543 
3.276 3.610 
3.332 3.477 
3 . 3 9 0  3.566 
3.668 3 .611  
3 .506  3 .678  
3 .566  3.765 
3.622 3 .812  
3 .680  3 .679  
3.738 3.967 
3.796 4 .014  
3.854 6 . 0 8 1  
3.912 4 .168  
3 .970  4.215 
4.029 6 . 2 8 2  
6 . 3 8 5  6 .349  
4 .144  4 .616  

3.516 3.525 
3.564 3.582 
3.612 3 . 6 3 9  
3.060 3.696 
3,706 3.753 
3.755 3.810 
3 . ~ 0 3  3.a67 
3.932 ~ ~ 0 0 4  
3.990 4 .072  
L . O L @  ; . i s 9  

l L . 1 0 t  r . 2 0 6  
4 . 1 4  4 .273  
6 .222  6 .340  
6.280 6 .607  
6.338 6 .676  
6.396 4 .561  
6.654 4 . 6 0 e  
L .512  6 - 6 7 :  
4 .570 4.762 
L.62b 4.8Gs 
4 .680  4.876 
4 . 7 6 ~  6 .943  
6.802 5 .011  
4.860 5 .078  
6.918 5.145 
6.976 5.212 
5.r134 5 .279  
5.092 5.346 
5.1511 5 .413  
5.2n8 5 .486  
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APPENDIX G: DISTRIBUTION OF THE TOTAL TRAFFIC VOLUME AMONG 
DIFFERENT MODES OF TRANSPORT IN THE SILISTRA REGION 

Section Traffic v o l m  Expenditures m Tasks for transportatron 

numbers 111 tons 1,000 leva netvork de'relopmcnr 

Sectron 
From TO 1978 1985 19 78 1985 Task Year Caprtal 

Indicators Investaents 

lsperih-rW-~ilistra-r 
Isperrh-r Silistra-c* 
Isperih-r-Dulovo-r 
Dulovo-r-Isperih-r 
Isperih-r-Alphatar-r 
Alphatar-r-Isperih-r 
Dulovo-r-Silistza-r 
Dulovo-r-Silistra-ph 
Silistra-c-Dulovo-r 
Silistra-r-Culovo-r 
Silistra-r-Isperih-r 
Silistra-c-Isperih-r 
Alphatar-r-Silistra-r 
Alphatar-r-Silistra-c 
Silistra-r-Alphatar-r 
Silistra-c-Alphatar-r 
lsperih-m'-silistra-m 
Isperih-m-Silistra-c 
Silistra-m-Isperih-m 
Silistra-c-Isperih-m 
Dulovo-m-Silistra-m 
Dulovo-m-Silistra-p 
Silistra-m-Oulovo-m 
Silistra-c-Dulovo-m 
Alphatar-m-Siliatra-m 
Alphatar-m-Silistra-c 
Silistra-*Alphatar-m 
Silistra-c-Alphatar-m 
Silistra-c-Tutrakan-p 
Tutrakan-c-Silistra-p 
Isperih-m-Tutrakan-m 
Isparih-m-Tutrakan-c 
Tutrakan-~Isperih-m 
Tutrakan-c-Isparih-m 
Dulovo-m-Sitovo-m 
Sitovo-m-Dulovo-m 
DuloCro-*Alphatar-m 
Alphatar-m-Dulovo-m 
Alphatar-m-Sredishte-m 
Sredishte-m-Alphatar-m 
Alphatar-m-Zar Assen-m 
Zar Assen-m-Alphatar-m 
Silistra-r-Sitovo-m 
Sitovo-m-Silistra-r 
Tutrakan-m-Zaphrrovo-m 
Zaphrrovo-ui-Tutraxan-m 
Silistra-m-Zaphirovo-m 
Zaphirovo-ui-Silistra-m 
Tutrakan-m-Glaviniza-m 
Clavlniza-ui-Tutrakan-m 
Isperih-m-Glaviniza-m 
Claviniza-m-Isparih-m 
Dulovo-r-Glaviniza-m 
Claviniza-m-Dulovo-m 
Alphatar-m-Glavlniza-m 
Glaviniza-ui-Alphatar-m 

Total -zraftic wlwm (tom I,  
urcludinq dif fuenc --rmap . 

rul -,-ansport 
rlvar urnapart 
rul - rrvu transport 
rowr - rimr truraport 
rotor - rarl trmaport 
roeor transport 

To- erpanditllrea - leva, 150928 151372 
indudinq brffarent warup. rcheuces *r - rarl tzanspor= 

6714 9527 *=  - canal (rrver! 
rul transport 

24140 28000 
cransporz 

rrvu transporz 
rail - r:vu transport 30il 4579 *p - prpalrne 

24450 30095 *m - motor transpozt 
mowr - rlvar eranspart 
mtor - earl transport 14253 12925 
motor. transport 78300 67246 
































































































































































































