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Preface

     This paper sheds light on some of the complex issues which beset water 

resources developments. The study is narrowed to several aspects of this many-

faceted problem: area-wide, multi-modal water resources utilizations. The 

meaning of "water resources utilizations (developments)" is also limited to 

refer to the exploitation and use of water resource for water supply including 

its related regional activities. The notion of "area-wide" is used to refer to 

some forms of extensive utilizations such as inter-basin streamflow diversions 

(inter-basin water transfers) and cross-boundary municipal and industrial water 

supplies. The term "multi-modal" ("dual-modal") means some forms of conjunctive 

utilization of both fresh water developments of impounding surface water in dams 

and wastewater reclamations of recycling tertiarily treated waters for industrial 

uses. 

     By defining the problem as such, our preliminary focus will be placed on 

the evolution of some systematic breakdown of its multiple spectra by identifying 

the various kinds of system levels involved. In this manner the reader will be 

invited to the author's observation that some systems approach is a prerequisite 

to the treatment of the problem of this kind (Chapter 1). 

     On this basis this paper evolves six kinds of studies which will be ap-

proached by different types of systems analyses. These  include:  O  System Dyna-
mics Approach to the Water Resources Management Related to the Regional Deve-

lopment (Chapter 2), O Nonlinear Programming Approach for the Analysis of Intra-
basin, Multi-modal Water Utilization System (Chapter 3), ODecomposition-princi-
ple-based Analysis of Integrating Process of Inter-basin, Multi-modal Water 

Utilization System (Chapter 4), ®Nonlinear Goal Programming Approach for Co-
ordinated Attainment of Multi-goal, Inter-basin, Multi-modal Water Utilization 

System (Chapter 5), ®Nonlinear Programming Approach for Analysis and Design of 
Water Distribution System (Chapter 6), and ©Systems Analysis of Operational 
Control of Water Supply and Use System in Drought-time (Chapter 7). 

     The paper closes with overall assessment of the major findings obtained in 

the six studies (Chapter 8).
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                 Chapter 1 Introduction 

1. 1 Scope of the Paper 
     Water is the most basic of all our natural resources, a vital necessity for 

the growth and development of a city or a region. It is therefore a man's seri-
ous concern to find the ways of making best use of this resource. Man's differ-
ent water-related activities of its efficient exploitations  include  O  water 
supply, ® power generation, 03 navigation, ® recreation, etc. 

     Another facet of water takes the form of disadvantageous influences on man's 

life. The water-related activities to mitigate the factors detrimental to man 

concern i0 flood protection, © water-pollution alleviation, etc. 
     Although water reveals itself in such a multi-facet manner, this paper does 

not attempt to enter into a full coverage of all the features, but confines its 

scope of study to the problems of water supply with an incidental focus being 

placed on those of water-pollution alleviation (control), by taking account of 

the growing concern for a conjunctive treatment of the two problems when water 

supplies are discussed. Later, further references will be made to make the 

point. 

1.2 Problems Treated 

     Even if the treatment of this study has roughly be specified as such, the 

problem remains still complex. Before we begin to consider some systematic 

break-down of the complex problem, let us devote some discussion to the identi-

fication of several types of water utilization problems which will lie within 

the scope of this study with prior reference to the status-quo of the related 

water problems in Japan.

1. 2. 1 Salient Features of Natural Water Resources of Japan

Name of

Country

Rainfall

 (mm)

PerCapita
Rainfall
(myyr/cap

U.S.A. 833 39,200

U.K. 803 3,560

France 759 8,320

W.Germany 807 3,470

Italy 983 5,660

Canada 790 385,000

Norway 1,050 124,000

Spain 656 10,300

Sweden 700 40,000

Turkey 664 15,800

Holland 893 2,300

U.S.S.R. 390 37,100

China 837 11,100

India 1,229 7,830

Brasil 1,631 162,000

Japan 1,818 6,500

Table 1.2.1 Average Annual 
Rainfall of Different Countries

 When the water resources of Japan are en-

visaged as a natural sources of water provisions, 
                                                1)2) 

the following observations might be important. 

(i) Available water resources are not necessarily 

affluent, judged from the physical and economical 

viewpoints, although the average annual rainfall 

seems to be relatively plentiful as compared to 

those of the other countries. 

(ii) One simple criterion to judge the natural 

water availability is the per-capita rainfall. 

In terms of this criteria Japan is seen to rank 

relatively low among the countries in the world. 

(See Table 1.2.1.) 

(iii) Daily or monthly stream discharges are 

subject to sharp fluctuations, chiefly owing 

to the river profiles as characterized by their 

sharp changes in elevations together with rela-

tively narrow drainage areas. This is also the 

case with annual average stream discharges, which 

are fluctuating year by year on account of vari-

ation in annual average rainfall. The above 

— 1 —



facts would provide another angle from which the low availability of nutural 

water resources of Japan can be viewed  . 

 (iv) That is to say that they provide a salient picture of the typical pattern 

of water exploitations in Japan that the difficulty has been circumvented to 

some extent by throwing dams across the valleys in the headwaters of streams 

or by constructing other types of reservoirs on both the midstreams and down-

streams. 

(v) The geographical morphology of the land of Japan is not favorable for the 

costruction of dams in the sense that there are few number of those sites in 

Japan which would provide the required storage or elevations at a relatively 

small expenditure of labor and materials. For instance the minimum requied 

volume of concrete per a unit amount of storage experienced in Japan amounts 

to be ten to thirty times larger than that of many of the foreign countries. 

(vi) Furthermore what makes the matter complex is that in Japan the inundation 

of the land after the completion of a dam often means the inundation of a vil-

lage. This entails the compensation problem, which is becoming too entangled 

to find a compromise between the local residents and the agency responsible for 

the project. The needed expenditures for this kind of compensation are also 

increasing. In consequence this fact, coupled with the increased difficulty 

of finding suitable dam sites with an inexpensive cost, tends to place the 
 construction of dams at the cost disadvantage year by year , 

(vii) Available water resources are quite unevenly distributed. The grossest 

division would be to specify the highly urbanized regions as the area of low 

availability. They include the metropolitan districts centering on Tokyo, 

Yokohama and Chiba, and those highly industrialized districts whose centers 

are Osaka and Kobe. On the contrary we might roughly classify the sparsely-

populated districts as the area of high availability, such as Hokkaido, Tohoku 

(northern parts of Japan), Sanin and Shikoku (western parts of Japan), etc. 

(See Table 1.2.2.) 

1. 2. 2 Characteristics of Water Supply and Use in Japan 
                                                                                         1)2      The water supply and use in Japan are characterized by the following facto)rs . 

                              (i) The expanding industrial and commercial activi-  Name of Rainfall PerCapita 
 Part ofRainfall ties plus the growing populations in the urban 

  Japan(mm) (mYyr/cap) 
Hokkaido 1,205 18,204 areas are increasing water demands on conventional 
Tohoku 1,820 12,701 sources, chiefly the impounded water by reservoirs 

Kanto1,5932,486 as will be hereafter called "fresh water" . Ac-
  Hokuriku 2,890 13,108 cording to the future demands proj ected by the 

Tokai2,3905,924 Ministry of Construction
, the industrial and domes- Kinki1,9593,065 ti

c water demands would be almost doubled in both 
Sariin 2,110 16,052 th

e Tokyo Metropolitan and Kinki Districts by 1985 .  Sanyo1,7706,728 

  Shikoku 2,130 10.223(See Table 1.2.1.) 

Kyushu 2,2417,791 (ii) In Japan agriculture accounts for very high 

                              percentages of total water withdrawals and con-Table 1.2.2 Average Annual 
Rainfall of Different Partssumptive uses as shown in Table 1.2.2. Stated 
of Japanoth erwise, most of the low-flow discharge which 

                               is defined as that amount of stream discharge which 

                              can be utilized consistently all the year, has 

—2—

Name of
Part of
Japan

Rainfall

 (mm)

PerCapita
Rainfall
(m%yr/cap)

Hokkaido 1,205 18,204

Tohoku 1,820 12,701

Kanto 1,593 2,486

Hokuriku 2,890 13,108

Tokai 2,390 5,924

Kinki 1,959 3,065

Sariin 2,110 16,052

Sanyo 1,770 6,728

Shikoku 2,130 10.223

Kyushu 2,241 7,791
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Name of
District

1960 (a) 1985 (b) Increased Demand (b-a)

D*  I**  A*** sub-
total

D I A
sub-
total D I A

sub-
total

Hokkaido 0.36 0.96 4.97 6.29 0.86 3.24 5.69 9.79 0.50 2.28 0.72 3.50

Tohoku 0.91 1.61 12.95 15.47 1.75 4.65 14.38 20.78 0.84 3.04 1.43 5.31

Kanto 3.40 3.30 8.33 15.03 6.90 6.58 8.75 22.23 3.50 3.28 0.42 7.20

Hokuriku 0.20 1.02 2.84 4.06 0.46 2.06 2.89 5.41 0.26 1.04 0.05 1.35

Tokai 1.06 3.87 4.69 9.57 2.71 6.42 5.28 14.41 1.65 2.55 0.64 4.84

Kinki 2.12 2.84 4.45 9.41 3.97 4.63 4.28 12.88 1.85 1.79 0.17 3.47

Sanin 0.10 0.18 1.32 1.60 0.16 0.43 1.38 1.97 0.06 0.25 0.06 0.37

Sanyo 0.45 1.43 3.56 5.49 1.10 2.65 3.84 7.59 0.65 1.22 0.28 2.15

Shikoku 0.26 0.90 2.31 3.47 0.62 2.28 2.64 5.54 0.36 1.38 0.33 2.07

KyTishu 0.71 1.35 6.99 9.05 2.13 4.14 9.42 15.69 1.42 2.79 2.43 6.64

TOTAL 9.57 17.46 52.36 79.39 20.66 37.08 58.55 L16.29 11.09 19.62 6.19 36.90

   (Unit: Billion m3/yr) 

 * D=Domestic Demand *** A=Agricultural Demand 
** I=Industrial Demand (Source: Reference 1) 

        Table 1.2.3 Predicted Water Demands in Different Parts of Japan
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already been exploited and traditionally utilized for agricultural uses. It 

is often the case that the water withdrawal of this kind has traditionally been 

regarded as "a right to water use". The transfer of agricultural water to 

domestic and industrial ones, which has long been advocated by the disinter-

ested party as a promising remedy for water-deficit problems, will not be 

discussed in this paper, because at the present stage it seems quite diffi-

cult to specify how much water is really used by the agricultural sector, in-

cluding the amount of return flow of water finding its way back to some surface 

or ground water course. ®Thereby it seems quite important and still difficult 
to distinguish the amount of water used from that consumed. O3 Another reason 
is that the transfer of such a right to water use to domestic and industrial 

uses would involve not only the instil-utional but political examinations — 

too complicated and far-reaching to be covered by this study. 

(iii) As has already been explained before, however, available sources for 

fresh water can hardly be found in the headwaters located in a relative proximity 

of industrialized areas, but only exploitable in the inmost recesses of that 

stream, on the downstream of which is located the water-demanding area. 

(iv) But it seems also true that if we continue to shape our thinking to comform 

to traditional water use patterns — utilizing water within a boundary of a 

given water basin (intra-basin water utilization) or resorting exclusively to 
the fresh water developments, we may continue to produce inadequate alternatives 

for water resources development. The point will be clear from the following 

observations. 
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1. 2. 3 Inter-basin  Water Transfer 

     One type of prescription for alleviating these conditions is the inter-

basin transfer of water from one river basin to another, or from one region of 
                     3)4)5) 

the country to another. A promising advocacy of this prescription is that it 

would provide fresh water more efficiently than it is, in the sense thatlOthe 
development costs could be reduced on the area-wide basis, and O the redis-
tribution of natural water resources which are unevenly distributed could be 

achieved from conveying water from a low-water demand region endowed with plenti-

ful fresh water resources to a high water demand region with limited available 

sources. 

     The rebuttal provided by others points out that ® it only leads to the 
furtherance of the current water uses which have, are, and will tend to the 

increased industrialization and urbanization as well as the polluted streams 

in the urban areas, and that O such a large-scale development of water resources 
could not be realized without destructing or degrading the natural environment. 

This kind of criticism is based on the understanding that population and indus-

try should come where water is rather than sending water where the population 

now is. 

1.2.4 Comprehensive Approach on Regional Basis 

      In connection with the above criticism the author takes the position that 

before entering into the explicit treatment of inter-basin water transfers, which 

are to constitute one of the key topics in this paper, the following questions 

must be asked and analyses should be made to put them into a systematic per-

spective. O Is it not propitious to control the growth of population and/or 
industrial activities? O2 If the answer is yes, then in what occasions and to 
what extent? O It must also be questioned — what its impacts would be on the 
regional economy concerned? ®If one sticks to the development of fresh water 
resources, would it really be impossible to manage to cover the water demand 

within the framework of that river basin in which the water-demanding regions 

are located? 

     The first and second questions could be imbedded into the third question
, 

because this question cannot be answered without referring to the former ques-

tions. In light of these considerations, Chapter 2 , the subsequent chapter, 
exhibits a systems analysis of the impacts of water resources management pat -

terns on the regional activities as well as the backward impacts of the con -
tracted activities on the water supply conditions . Thereby the reader will be 
invited to the observation that this kind of water resource problem 

must be 
examined within the framework of a regional analysis — a broader comprehensive 

scope than that of the conventional studies which have usuall
y treated the 

problem as a discrete entity — isolated from the related interfaces
. 

1. 2. 5 Inter-basin Water Resources Development • 
      The specific concern of the forth question stems f

rom the basic under-
standing that ® in principle water problems should be managed to be solved 
within the limits of the concerned basin , because O in a strictly physical sense 
of the word a single basin is considered a geographi c unit of overland drainage 
contributing surface runoff to the flow of a particular stream or wate rcourse 
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at a given point, and ® in this context it has physically set limits to, and 
traditionally characterized the geographical basis for water-related activities. 

Furthermore ® even if some form of inter-basin water transfer is to be under-
taken in the last analysis, the maximum potential of intra-basin development 

should receive prior consideration. Otherwise it could not get an acceptance 

by the residents of a water-export area. 

     The above-cited considerations have led the author to the understanding 

that in prior to the detailed analysis of inter-basin transfers it is also ne-

cessary to give due consideration to the problem of intra-basin development. 

With this understanding, Chapter 3 will be devoted to the treatment of this 

kind of problem.

1. 2. 6 Wastewater Reclamation 

     Another kind of countermeasures are also receiving increasing publicity 

and public attentions ------ some potential alternatives to inter-basin trans-

fers or the regional growth regulations. One promising way is to develop other 

types of sources such as wastewater reclamation including on-site reuses by 

industries, desalting, groundwater development. Another alternative is the 

furtherance of increased efficiency in water use such as economizing of the 

demand side, reinforced works for the reduction in water-conveyance losses, 

and transfers from agriculture to municipal (domestic) and industrial uses. 

Excluding the increased efficiency in agricultural water use which will not be 

touched upon as explained before, the most promising source among the remedy 

alternatives is water reclamation which is characterized by the recycling reuse 

of renovated wastewaters, judged from the needed costs and available maximum 

scale of implementation. Two salient pitfalls can be pointed out, however. 

One concerns some hygienic troubles attendant with the quality of renovated 

water as an alternative source for drinking water. More often than not its 

quality is found to be inadequate for some specific industrial processes that 

require high quality of water provided. The other point is that even if it 

proves to be fit for drinking or other domestic uses as will become the case 

sooner or later, depending on the expected technological innovations in near 

future, the psychological refusal of water users to accept the method would 

deny a water supply utility its implementation. For this reason it will be 

postulated in this paper that water reclamation should be confined to industrial 

uses.

1.2.7 Urban Water Pollution 

     The disposal of the city's waste poses one of the most critical environ-

mental problems of urban living. The dense urban population and substantial 

industrial and commercial economy, generate an enormous concentrated load of 

wastewater and solid wastes, which must be treated or transported out of the 

area. The collection and treatment of wastewater is an even more critical de-

terminant of the quality of the urban environment, because wastewater treatment 

has traditionally relied on the dilution and assimilation of wastes by local 

surface water without prior treatment. 

     One effective way that is receiving a growing concern of practitioners and 

researchers is to undertake some water reclamation which is characterized by a
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high standard treatment process called tertiary treatment. To this end also 

water reclamation is considered an effective tool. 

 1.2.8 Multi-modal Water Utilization 

     To conclude the above discussions the author will take the position that 

in finding the best ways of developing water resources to meet the future de-

mands, "either/or" dichotomies are falling, and the focus should be on continu-

ous spectra and not extremes. In other words an optimal mix of the two extreme 

alternatives — fresh water development and water reclamation deserves due at-

tention. This type of utilization will hereafter be called "multi-modal (dual-

modal) water utilization". This kind of problem will be discussed in Chapters 

3 to 5.

 1. 2. 9 Area-wide Municipal and Industrial Water Supply 

      A set of water supply (utilization) facilities can be considered a system 

 which is composed of a number of subsystems managed by different levels of 

 agencies — national, regional, or local level. These subsystems include dams 

 and inter-basin diversion channels to be developed, managed mostly by some 

 agency of national or local level, and municipal and industrial water supply 

 facilities to be operated by a local-level agency as is often called a water 

 supply utility. It is also assumed that both the prior treatment facilities 

 which are usually known as wastewater plants and the tertiary treatment facili-

 ties constitute a water reclamation system which is also operated by a local -

 level agency. With particular reference to the latter systems managed by a 

 local-level agency, the following problems will also be given close consider -
 ation. 

(i) How can the overall water supply needs of a particular area or region be 

met in the most economical and practical manner? The answer to this question 

 is dictated by comprehensive planning and its influence on a logical servi ce 
area determination. The author will take the position that water s upply is a 
service and a commodity which must be viewed on a broader base in o rder to meet 
immediate and future needs economically and effectively . For the best interests 
of all concerned, these cities and towns must be willin

g to accept the responsi-
bility of providing water supply not only within their b oundaries but also to 
the surrounding metropolitan areas . In this regard someone might contend that 
such a cross-boundary system would blur the scopes of res

ponsibility taken by 
the party concerned. We shall assume that such a diffi culty could be got around 
by instituting a third sector responsible for th e management of the system as 
is often the case with the practical management syst ems. With this understand-
ing, some explicit or implicit assumption will b e made that both the municipal 
and industrial water supply system and the reclamati on system to be incorporated 
into the total water utilization system are impl emented on a cross-boundary 
basis. 

(ii) With a specific focus on this local-level system two ki nds of studies are 
conducted. One concerns the optimal implementation of a water distribution 
system which constitutes an extremity subsystem of the water utilization system . 
Chapter 6 will deal with this problem . The other will be discussed in the next 
paragraph. 
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1. 2. 10 Drought—time Water Supply Control 

      It goes without saying that a radical cure of the future water deficit is 

to formulate a long-range plan to develop different water sources within a con-

text of regional planning. But another attention needs to be paid to the fact 

that some form of temporary measure should also be taken to cope with the pre-

sent-day water crisis by the name of "water droughts"- Furthermore since we 

have no external measures on hand in its exact sense of the word, such kind of 

adaptability at the level of operation seems to be of vital importance at any 

rate. From this point of view optimal operational control policies for allevi-

ating unacceptable damages of droughts to the water users will receive explicit 

consideration in Chapter 7. 

1. 2. 11 Water Quality Control 

      As has already been touched upon in 1.2.8, one of the most serious water 

resources problems facing most of the cities and towns and their peripheral 

areas today is the maintenance of satisfactory water quality levels in the 

rivers and lakes representing its fresh water and estuarine resources. The 

detailed analysis of water pollution mechanisms will not lie within the scope 

of t.his study; since our primary objective of its inclusion is to deal with 
it as one of the components of the water utilization system. That is, it is 

assumed in this paper that this mechanism is incorporated into the reclamation 

subsystem. 

 1. 2. 12 Coordination Problems 

      In dealing with the inter-basin, multi-modal water utilization system in 

Chapters 4 and 5, it gives rise to two types of coordination problems. Namely, 
Chapter 4 treats the coordination of two different planning functions associated 

with the selections of the most appropriate alternatives of both the fresh water 

development and reclamation systems. The interest of this analysis comes about 

from the observation that the former function goes to the jurisdiction of some 

agency of a national or regional level, whereas the latter to that of a local-

level agency. 

      Another spectrum of the coordination problem involved in the inter-basin, 

multi-modal water utilization system is the reconcilation of the muliple goals 

involved, which will be analyzed in Chapter 5. The prescribed goals are maxi-

mized attainments of Ol economic efficiency, O acquisition of the needed amount 
of supply, and O3 stream water quality conservation, as have already been speci-
fied in an implicit manner in the foregoing discussions. 

1. 3 Systems Approach Applied 

     At the final stage of this chapter we shall sum up the preceding discussion 

with an intention Ol to make a systematic breakdown of the problems treated and 
O2 to reveal the necessity of systems approach which will constitute the basic 
methodology of this study. 

1. 3. 1 Systematic Taxonomy of Problems Treated 

1) System Levels 

     The complex problems of water utilization can be seen in perspective from 
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  several levels, which will be referred to as "system levels". The most simple 

  way of giving an outlined image of this concept will be to present such polar 

  distinctions as  "macro" versus "micro", "coarse" versus "fine", and "general" 

  versus "spe
gc~ific". These terms are used almost synonymous. To borrow the words 

  of G.W. Reid, in systems formulation, there is a reciprocity between detail and 

  variables, of finess and scope. The macro level is of course detail, but of 

  a wide variety of variables. As details of finess are increased, variables must 

  be reduced. Thus the micro system deals with water in detail as opposed to 

  general commitment to other factors. 

       Another kind of dualisms typical to water utilization problems are such as 
  "inter -basin" versus "intra-basin" systems , "cross-boundary" versus "intra-boun-

  dary" water supply systems, and "multi-modal" versus "single-modal" utilization 

  systems. 

       Furthermore from the viewpoint of the scope of dominant functions to which 

  the analysis is referred, those levels of "regional activities" , "facility func-
  tions", "construction" and "operation" are considered . Thereby according to 

  the difference in the commitment to the physical and practical conditions , the 
 level of "facility functions" is broken down into two levels , that is, "facility 

 planning level" and "design level"- In a similar sense of the word , the level 
 of "regional activities" might well be called "regional planning level" - Al-

 ternately with reference to the scope of jurisdiction involved , "national", 
"regional" , and "local" levels can be identified. 

       The notion of system levels might be broadened to include the di
chotomies 
 of "static" versus "dynamic" , and "time-invariant" versus "time-variant" with 

 reference to the mode of system formulation . The former dichotomy is sometimes 
 identical with the latter, the basic difference being that th e former is used 

 to identify whether interactive functions are incorpor ated into the formulated 
 system. The latter notion is used to clarify whether the f actor of "time" is 

 implicitly or explicitly treated in the model . 
      In this connection the reader is invited to the obs ervation that irres-

 pective of the manner time is treated, "time scale" should be id entified in 
 prior to the analysis. For instance if the problem concerns the ope rational 

 control in drought-time , as will be dealt with in Chapter 6 , the time scale of  "
one day", "one week" or at largest , "one month" would be appropriate . On the 

 contrary when it concerns the discussion of courses of action for the water 
resources management in future , say, twenty to fifty years ahead , as will be treated in Chapter 2 , then "one year" to "five years" seems to be fitted

. We shall refer to this kind of level as "tim e-scale level". 
     As a matter of fact, however , the scales involved cannot be confined to "time"

, but various scales of inputs and outputs should be specified beforehand. 
To take an example of Chapter 3 , the units of measurement scales such as water 
demands, stream discharges , BOD loads, construction and operation costs and so 
forth, need to be predetermined . In this sense of the word , the term "scale level" or "degree of finess" will be i

ntroduced. 
     At any rate the choice of a set of these system levels should be dependent 

on what should be treated and what needs to be obtained from the analysis . It is also subject to the data availabilit
y.
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2) Taxonomy 

     The concept of different system levels as introduced above seems to give 

us an illustrative bird's-eye view of the diversified interfaces of the problem. 

On this basis systematic specifications of the problems treated in this paper 

will be attempted here. For further detail see Table 1.3.1. 

     Chapter 2 is devoted to the problem of long-range water utilization manage-

ment whose specific interest is to discuss some possible courses of actions at 

the level of "regional activity ." The selected time scale is "one year." Since 

it focusses on the interaction between the water-related and regional activities, 

a dynamic approach by the name of "systems dynamics", will be applied to the 

problem. 

     Chapter 3 deals with the "intra-basin", "multi-modal" development system 

which will be identified with a "time-invariant" one. The focus will be on the 

analysis at the level of "facility functions"- The selected time scale is "one 

year". 

     In Chapters 4 and 5 the problems of the "inter-basin" , "multi-modal" system 
which is defined as a "time-invariant" one, will be discussed with a view to 

provide some basic information on the policy-making at the level of "facility 

functions". The selected time scale is also "one year". 

     The central question to which Chapter 6 is devoted is the analysis of op-

timal implementation of the water distribution system defined as a "time-in-

variant" one. It exclusively concens those levels of "design", "cross-boundary 

supply", and "local". 

     Finally Chapter 7 analyzes the optimal measures to be applied to the drought-

time control at an "operation" level, which is strictly related to the character-

istics of some "local" water users. Two of the three studies included in this 

chapter deal with some "dynamic" mechanisms of drough-time water supply (and 

use) controls. The selected time scales are "one month" for the former and 
"one day" for the latter

, according to the difference in the characteristics 

of the structured problems.
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1.3.2 Mathematical and Simulation Models 

     The above systematic considerations well illustrate the systems approach 

to be used in this paper. The systems approach is strictly defined here as a 

set of systems analyses which are well arranged to present some well-structured 

information on the desired courses of action for the specified complex problems. 

     Basic to the systems analysis is a model, whether mathematical or simula-

tion. The model is a symbolic representation of a real life situation. Its 

great advantage is the potential of that type of operational handling of its 

parameters which is called "sensitivity analysis" or "parametric programming"_ 

This kind of device is significant since the values of the parameters which 

are required to be identified in prior to the calculations on the model involve 

some degrees of "uncertainty". Some additional analyses are needed to gauge 

the impact of a possible change in the parameter values. 

     The above consideration has led the author to the observation that mathema-

tical and simulation models are basic to the analysis of any one of the speci-

fied water problems. With this view much space of this paper will be spared 

for the descriptions of the model-building and its operational handling. Basic
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to a mathematical model is a solution search technique, without which it would 

make no sense to formulate it, because it could not be operated at all. In 

likewise a simulation technique is a prerequisite in the sense that the model 

cannot be simulated without it. 

     A model, whether mathematical or simulations will be constructed, much ac-

count taken of its correspondence to the required, "degree of  finess"- (See 

Table 1.3.1.) If it is concerned with some design level as in Chapter 6, re-

fined physical and economic functions related to a specific locality will be 

incorporated into the model. Thus formulated functions exhibit a mold of non-

linearity. If the problem concerns a framework-making at a planning level, as 

is the case with Chapter 4, the model will be built in a linear form. In case 

the problem becomes more complex, some form of nonlinearity will be incorporated 

into the model.(Chapters 3 and 5) Suppose it deals with a time-variant problem, 

then a multi-stage mathematical model, i.e., dynamic programming model, will be 

formulated as in Chapter 7. If the problems are more complicate and deny us 

our attempt to find sophisticated mathematical relations involved, then we shall 

resort to a simulation model. Since in Chapter 2 our focus is placed on the 
"dynamic" tie-ins of water-concerned activities to regional ones

, system dyna-
mics will be applied to the problem. Similarly since the last of the three 

studies included in Chapter 7 deals with the interactions between the water 

supply and demand sectors, the same simulation technique will be used .

Chapter

System Level

Basin Modality Jurisdiction Planning Scale
Methodology &
Formulation

 II Intra-basin Multi-modal Regional
Regional
Activity 1 to 5 yrs

S.D.
Time-variant

III Intra-basin Multi-modal
Regional &
Local

Facility
Planning 1 yr

N.P.
Time-invariant

IV Inter-basin Multi-modal
Regional &
Local

Facility
Planning 1 yr

Decomposition
Time-invariant

V Inter-basin Multi-modal
Regional &
Local

Facility
Plannina 1 yr

N,P.
Time-invariant

VI Intra-basin Single-modal Local
Facility
Design 1 yr & 1 month

N.P.
Time-invariant

VII Intra-basin Single-modal Local Operation 1 day to 7 days
1 to 5 months

M.Q.M.,D.P.,S.D .Ti
me-variantS.D.=System Dynamics , N.P.-Nonlinear

M.Q. M. ='Multidimensional
Programming, D.P.=Dynamic Programming

,Q
uantification  Method

Table 1.3.1 System Levels Involved
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    Chapter 2 System Dynamics Approach to the  Water Resources 

         Management Related to the Regional Development 

2. 1 Introduction 

      In Japan rapid increase in water demand has caused a serious scarcity of 

water in many parts of the country and the pressure on supply of usable fresh 

water is becoming more difficult. In these circumstances there has been a 

growing fear that water shortages might impede further growth of regional ac-

tivities. In the "Survey Report on Long-term Water Resource Management Per- 

spectives"lprepared by the Ministry of Construction of Japan, it is cautioned 

that water demands might grow largely in excess of suppliable water by the year 

of 1985. This caution seems to deserve close attention, but it should also 

be noted that this perspective is mainly based on the premise that the con-

ventional growth pattern of economic and social activities as well as water 

use patterns will still remain unchanged in a couple of decades. Stated other-

wise, if the economic and water use patterns are modified, water demands might 

be reduced. This means that the extent of water shortage is dependent on the 

assumed regional growth patterns, and the term "water shortage" does not 

necessarily mean the "absolute stringency of water". 

2. 2 Scope of the Study 

      The primary objective of this chapter is to build up a model that views 

water resource management as the major source of concern and that will serve 

 as an effective tool to see the role of water within the context of regional 

development. It is desired to see the effect of regional activities upon the 
water demand and supply systems, and at the same time to gauge the impact of 

 the alternative systems of water resource management upon the regional activi-

 ties. Our approach to the problem is to construct a simulation model with 
           4) 5)6)7)  system dynamics for the reasons that follow . 

(i) System dynamics is well qualified for taking explicit account of the dyna-

mic interaction between regional and water-concerned activities , the analysis 
of which is the key objective of the study . 

 (ii) The special purpose compiler, which is called DYNAMO is available , which 
will reduce significantly the cost of programming and running the model . In 
addition it offers such advantages as easily understood model statements

, 
easily specified outputs in both tabular and plot formats . 

2. 3 Regional Setting of the Model 

      The study area consists of two adjoining regions
, i.e., the eastern part 

of the Harima Region (called "Tohban Region") , and the northern part of the 
Settsu Region (called "Hokusetsu Region") , both located along the southern 
coastal area of Hyogo Prefecture in Japan

, and both forming parts of the 
Hanshin Industrial District . (See Figure 2.3.1.) 

2. 3. 1 Hokusetsu Region 

     This region which boasts the Kobe International Port
, one of the leading 

ports in Japan, is characterized by the highly integrated industrial and com -
mercial activities which have been constantl

y maintained for a half of the 
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Fig. 2.3.1 Study Area

 REGION

centuary. Such concentra-

tions of economic activities 

have led the region to inten-

sified deficiency of housing 

and transportation, magnified 

pollutants, increased strin-

gency of water resource, etq. 

Some of the basic economic 

indices depicting the feature 

of the region are listed in 

Table 2.3.1. 

2. 3. 2 Tohban Region 
     This region, located 

next to the Hokusetsu Region, 

has been growing rapidly 

and a series of large-scale 

reclamation works which have 

actively been promoted by 

the local government, and 

the Chuhgoku-jukan Highway, 

whose construction has re-

cently been completed ----

these have lifted the region 

up to one of the important 

and active industrial dis-

tricts both in the prefecture 

and the nation. These

REGION
MUNICI-

PALITY
AREA POPULATION IMMIGRANTS EMIGRANTS

WORKERS (1972)

 PRIMARY SECONDARY TERTIARY

HOKUSETSU

KOBE 539 (km2 ) 1,285,235 72,205 64,210 174,504 213,125 439,840

AMAGASAKI 49 554,170 48,980 44,945 98,773 112,288 97,608

NISHIIJSIIYA 96 374,715 43,025 35,290 25,000 33,610 62,798

ITAMI 25 153,320 20,230 11,825 30,853 33,876 29,193

TAEARAZUKA 102 127,065 17,795 11,295 7,752 10,159 18,479

KAWANISHI 54 86,990 11,725 6,260 6,215 8,042 10,856

SANDA 212 33,210 1,760 1,475 3,487 4,716 8,228

TOTAL 1,077 2,614,745 215,720 175,300 346,584 415,816 667,002

TOHBAN

HIMEJI 268 408,745 21,640 17,825 75,294 94,142 115,232

KAKOGAWA 98 126,470 16,570 5,755 21,841 26,601 23,445

TAKASAGO 34 68,875 6,185 3,815 20,360 23,469 14,100

TOTAL 400 604,090 44,395 27,395 117,495 144,212 152,777

Table  2  .  3  .  1 Basic Regional Figures of the Study Area
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                                                         features will be easily under- - 

            WATER-CONSUMPTIVEWATER-NON-CONSUMPTIVEstood bythe basicfigures
INDUSTRIES                   INDUSTRIES                   Yures                                                                g 

 INDUSTRIAL -concerned with the regional 

    WATERFRESH WATER 953,606(m3) FRESH WATER 599,930(m3                                                                  )                                                       activities in the region as 

                  REUSED WATER 577,746(m3) REUSED WATER 240,448(m3) listed in Table 2 .3.1. 

                TOTAL1,531,452(m3) TOTAL 840,378(m3) 

               REUSE RATIO 37.8 (a) REUSE RATIO 37.9 (`) 2 . 3. 3 Status—quo of Water— 

                          MAXMUM MAINLY WITHDRAWN FROMconcerned Activities 
MUNICIPALITY SUPPLY 

                             (m3/day) (DIRECT COLLECTION ONLY)Fig.2.3.1 portrays the 

KOBE534,891River Hazuka, Ikutasrives which run through the Ishii 

   DOMESTIC Ar1AGASAxi 200,000 R. Yodoregions concerned or from 

   WATERNISHINOMIYA 124,422 R. Mukogawawhich suppliable water is 

           ITAMI49,300 R. Inagawawithdrawn. The Hokusetsu 
                                                        Region owes its major sources 

SANDA5,500 R. Mukogawa 
                                                      of water to Rivers Yodo and 

            TAKARAZUKA 21,000 R. MukogawaMuko
. In the Tohban Region 

               KAWANISHI 8,545 R. Inagawa                                                         major sources are Rivers 
         TOTAL943,658Kakogawa , Yumesaki, Ichikawa 

(Hokusetsu Region)and Ibogawa. The numerical 
                                                        data concerning the sources 

                                                      of collected water for the 

                                                        industrial and domestic uses, 
                WATER-CONSUMPTIVE WATER-NON-CONSUMPTIVE

are listed in Table 2.3.2.              INDUSTRIESINDUSTRIES 

                                                           So far as water supply 
  INDUSTRIAL FRESH WATER3,177,903198,915                                (m3)FRESH WATER(m3)                                                         and use activities are con-

 WATER2 ,492,49264,686               REUSED WATER
(m3) REUSED WATER(m3), cerned, the absolute amounts 

            TOTAL5,670,395263,601                          (m3)TOTAL(m3) of needed water in the Hoku-

                REUSE RATIO 44.0 (%) REUSE RATIO 24.3 (%) setsu Region are relatively 

                           MAXIMUM MAINLY WITHDRAWN FROMhigher than others, and avail-                  MUNICIPALITY SUPPLY 
(m3/day) (DIRECT COLLECTION ONLY) able water resources have 

 DOMESTICRiver Ichikawa(0.17m3/s) approached the critical limit                 HIMEJI83 ,600 R.Ibo (0.05m3/s) WATER
of development in a tech-      KAXOGAWA20 ,000—p 

            TAKASAGO30,580 R. Kakogawanological sense, and the pro- 
                                                   bability of water shortage 

                TOTAL 134,180 
                                                      occurrences is growing higher 

           (Tohban Region)and higher with the passage 

                                                     of time. Notably enough, 

                                                        these serious conditions 
     Table 2.3.2 Basic Water-Concernedinvolved in the water-con -

    Figures of the Study Areacerned activities
, have pro-

                                                        moted water-savings which 
have practically been embodied in the forms of in creased applications of on-
site reuse systems of factories and reduced growth r ate of the absolute amounts 
of consumed water. As to the water-concerned activities in the Tohban Region , 
this region is marked by a rapid growth rate of , water consumption, tremendously 
high ratio of consumed water per product shi

pment and relative opulence of 
available water.

INDUSTRIAL

WATER

WATER-CONSUMPTIVE

INDUSTRIES

 WATER-NON-CONSUMPTIVE

INDUSTRIES

FRESH WATER 953.606(m3) FRESH WATER 599.930(m31

REUSED WATER 577,746(m3) REUSED WATER 240,448(m3)

TOTAL 1,531,452(m) TOTAL 840.378(m3)

REUSE RATIO 37.8 (t) REUSE RATIO 37.4 (9)

DOMESTIC

WATER

MUNICIPALITY

MAXMUM

SUPPLY

((43/day)

MAINLY WITHDRAWN FROM

(DIRECT COLLECTION ONLY)

KOBE 534,891
River Hazuka, Ikuta 5

Ishii

AMAGASAKI 200,000 R. Yodo

NISHINOMIYA 124,422 R. Mukogawa

ITAMI 49,300 R. Inagawa

SANDA 5,500 R. Mukogawa

TAKARAZUKA 21,000 R. Mukogawa

KAWANISHI 8,545 R. Inagawa

TOTAL943,658

INDUSTRIAL

WATER

WATER-CONSUMPTIVE

INDUSTRIES

WATER-NON-CONSUMPTIVE

INDUSTRIES

FRESH WATER
3,177,903

 (m31
FRESH WATER198(m'

REUSED WATER
2,492,492

(m31 REUSED WATER64,686 (m3)

TOTAL
5,670,395

(m')
TOTAL263,601(

m')

REUSE RATIO 44.0 ($) REUSE RATIO 24.3 (%)

DOMESTIC

WATER

MUNICIPALITY
MAXIMUM
SUPPLY
(m'/day)

MAINLY WITHDRAWN FROM

(DIRECT COLLECTION ONLY)

HIMEJI

KAXOGAWA

TAKASAGO

83,600

20,000

30,580

River Ichikawa(0.17m'/s)

R.Ibo (0.05m'/s)

R. Kakogawa

TOTAL 134,180
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2.4 Model Building 

2. 4. 1 Outlined Model Structure 

     The approach that was taken for building our model depends largely on 

following several over-all considerations. 

(i) The study treats the impact of the water supply and use system upon the 

region, which is the primary objective but not the end of the analysis because 

thus influenced regional activities would also have an impact on the water 

supply and use system. 

(ii) This means that, at a minimum, we need to incorporate into the model the 

structure of the performances of activities concerned with the water supply and 

use system. (This kind of activities will be called "water-concerned activi-

ties".) 

(iii) In another view the incorporation of feedback loops corresponding to the 

interactions between regional and water-concerned activities is one of the most 

important prerequisites to the study. 

(iv) As far as regional activities are concerned, we aimed at selecting exclu-

sively those factors which seem to be dominantly related to and governing water 

demand generation and use patterns. In this view we selected two major factors 

dominating over the water-concerned activities: the demographic factor and 

industrial factor. 

     In light of these considerations two subregional models for the above-

specified are constructed, each of which is modelled separately but in a similar 

fashion. These subregional models are composed of the three major sectors, i.e., 

water, demographic and industrial sectors. 

2. 4. 2 Incorporated Feedback Loops 

     In view of above discussions some basic feedback links are incorporated 

between different sectors. In the simple illustration shown in Figure 2.4.1,

REGIONALACTIVITIES SECTORWATER-CONCERNED ACTIVITIES SECTOR

DEMOGRAPHIC

SECTOR

(DS)

 L1 L4

S

L2

F2

WATER

MANAGEMENT

SUBSECTOR

(WMS)

WATER

DEMAND

PATTERN

SUBSECTOR

(WDPS)

L6I
~

L5 L3//1/C3

INDUSTRIAL

ACTIVITIES

SECTOR

(IAS)

L7

WATER

DEVELOPMENT

PATTERN

(EXOGENOUS)

7 WATER
DEFICIENCY

CHECK

SUBSECTOR

(WDCS)

Fig. 2.4.1 Basic Model Structure 
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 the arcs drawn from one circle to another shows how the variables concerned 

 with each sector interact with the other sectors, where each circle represents 

 a sector and bolded arcs the feedback links between sectors or sub-sectors. 

 (See Figure 2.4.1.) 

 1) Feedback Link I (denoted by Fl) 

       This link which is stemming from the "Water-Deficiency-Check Sub-sector" 

 (denoted by WDCS) to the "Demographic Sector" stands for the alternative courses 

 of action (policy) which automatically operates depending on the extent to 

 which water shortages are critical. The  "extent of water shortages" will be 

 explained later. The "alternative courses of action (policy)" means a series 

 of measures to limit the increase in population of the region in question. 

      As the incorporated feedback link constitutes a "feedback loop" combined 

 with the flows as denoted by Ll and L3, it is also important to observe that 

 whenever it acts, it will eventually affect other variables within or without 

 the sector, directly or indirectly in the sense that the effects will come out 

 immediately or with some time-lags, or in another sense that the impacts of the 

 feedbacks operative depending upon the extent of water shortages will later 

 return to the water-concerned activities themselves. 

 2) Feedback Link II (denoted by F2) 

      The second feedback link from the WDCS onto the IAS (the "Industrial Ac-

 tivities Sector") represents the alternative courses of action toward the IAS 

 when water shortages come out. Conceptually it means the measures such that 

 the growth rate of industrial activities are retarded so as to reduce the abso -

 lute amounts of needed water by industrial activities. The criterion to decide 

 the degree of retardation totally depends upon the extent of water shortages 

 in a similar fashion as Fl, F2 and L2, L3 constitute a feedback loop . 

 3) Feedback Link III (denoted by F3) 

      The third one is found between two different subsectors of water -concerned 
 activities: the WDCS and the WDPS (the Water Demand Pattern Sub -sector) . This 

 link is set to function in case water shortages occur . In other words it means 
 the measures through which the water demand pattern is modified such as ac-

celerated implementation of on-site reuse system or regional water reclamation 
systems. In likewise as the above , there is also a feedback loop comprising 
F3 and L4, L3, all of which are found in the "Water -concerned Activities Sec-

 tor." 

     These three basic feedback loops are regarded a s the "intersectoral feed-
back loops". It must also be noted that there a re another type of feedback 
loops incorporated into each of the sectors and sub -sectors . These feedback 
loops which we refer to as the "sectoral feedback l

oops" will be explained 
later in the descriptions that follow . 

2. 4. 3 Explanation of Time Notation and Variable Types 

     The basis for the time notation is the procedure by which the computer 
calculates the results , which is to move through TIME in discrete steps and 
calculate all the variables at each step . Figure 2.4.2 shows the procedure 

                                  —16—



                                                   graphically. The  TIME for 

                                                   which the calculations are 
JxKL 
         INTERVALINTERVAL currently being made is called 

                                                   TIME K. The previous time for 

                                               TIME which calculations were made 

                                                   is called J, and the next ins-

                                                      tant for which calculations 
                (PRESENT TIME) L will be made is L. The inter-

                                                      vals between these times are 

      Fig. 2.4.2 Time Notation in DYNAMOcalled JK and KL. The length 

                                                   of these intervals is called 

                                                               DT. 

      There are three principal types of variables in DYNAMO: levels, rates, 

and auxilaries. 

1) Level 

     A level, which is calculated at TIME K, is a quantity that depends upon 

its value at TIME J and on other quantities at that TIME or in the JK interval. 

Inventory is an example in that the inventory today is equal to the inventory 

at an earlier time plus what has been received minus what has been shipped 

during the interim. 

2) Rate 

      The decisions in business and economic models are rates. Rates are the 

flows of tangible things from one level to the next. They are computed at 

TIME K for the interval KL from levels and auxiliaries at TIME K and occasion-

ally from rates in the JK interval. 

3) Auxiliary 

     Auxiliaries are variables that are introduced to simplify the algebraic 

complexity of rate equations. They generally have some physical meaning and 

consequently simplify the understanding of the model. They are computed at 

TIME K from TIME J and the JK interval. By their nature they can be eliminated 

by substitution into the rate equations. 

2.4.4 Demographic Sector Submodel 

1) Levels 

     The Demographic Sub-sector describes the growth of the population in a 

given region. In this view we set population as a level which was divided into 

seven classifications. (See Table 2.4.1.) 

2) Rates 

     As shown in Table 2.4.1, we set: ®l the number of deaths (at the K-L inter-
val; denoted by DYT), 2O the number of births (BBT), ()the number of a given 
age classification (people) who grow out of the age-class into the next class 

(BUT), ®the number of net movers (IMGUT). This is defined as the absolute 
number of immigrants minus that of emigrants. In the above LI represents one 

—17—
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oo 

I

 VARIABLE

TYPE
NOTATION WHICH STANDS FOR:

LEVEL

AMT
TOTAL AREA OF INDUSTRIAL LANDS

,WHERE ACTUAL PR
ODUCTIONS ARE

BEING PERFORMED

BAMT*1
INCREASED AREA OF INDUSTRIAL

LANDS, DEVELOPED 1 YEAR BEFORE

BAMT*2
2

BAMT*3
3

BLFT*1 NUMBER OF WORKERS LIVING WITHIN
THE REGION,1 YEAR BEFORE

BLFT*2
2

BLFT*3
3

BET*1 NUMBER OF EMPLOYEES WORKING WITHIN
THE REGION,1 YEAR BEFORE

BET*2 2

BET*3
3

AMIT2 REGULATORY POLICY CONCERNING

INDUSTRIAL LAND DEVELOPMENT

RATE NONE

Table 2. 
for the

4.2 Levels 
Industrial

 and Rates 
Activities Sector

VARIABLE

TYPE

NOTATION WHICH STANDS FOR:

LEVEL

NWDT WATER DEMAND

AWST  SUPPLTABLE WATER

SPURT INDUSTRIAL WATER DEMAND UNIT

BWRT
PROPORTION OF REUSED WATERS TO
THE TOTAL INDUSTRIAL WATER DEMAND

PUPT DOMESTIC WATER DEMAND UNIT

RATE

AWIT
INCREASING RATE OF THE TOTAL
WATER DEMAND

AWSIT
INCREASING RATE OF SUPPLIABLE
WATER DEVELOPED

PUADT
INCREASING RATE OF THE INDUSTRIAL
WATER DEMAND UNIT

Table 2.4.3 Levels 
the Water-Concerned

and Rates for 

Activities Sector

VARIABLE

TYPE
NOTATION WHICH STANDS FOR:

LEVEL

POPBT  POPULATION, AGE 0

POPCT , AGE 1 through 14

POPHT 15 19

POPYT 20 24

POPAT 25 34

POPMT 35 54

POPOT OVER 55

RATE

DYT NUMBER OF DEATHS

BBT NUMBER OF BIRTHS

BCT

NUMBER OF THOSE SHIFTING

TO NEXT AGE-CLASS, ORIGINALLY
BELONGING TO: AGES 1 THROUGH 14

BHT AGES 15 19

BYT 20 24

BAT 25 34

BMT 35 54

ROT OVER 55

IMGBT NUMBER OF NET MOVERS,

AGES 0

IMGCT AGES 1 Through 14

IMGHT 1519

IMGYT 2024

IMGAT 2534

IMGMT 3554

IMGOT OVER 55

Table 2.4.1 
Demographic

 Levels 

Sector

and Rates for the



of those letters, i.e.,  C,H,Y,A,M,O; corresponding to those age-classes: 1 

through 14, 15 through 19, 20 through 24, 25 through 34, 35 through 53, over 

54, respectively. 

3) Sectoral Feedback Loops 

      (See Figure 2.4.1.) 

4) Basic Equations Formulated 

      The number of people, ages 20 through 24, is a level formed by the rates 

of those growing into the age-class (BYT), and the number of net movers (IMGYT) 

 less the number of those growing out of the age-class (BAT) and number of those 

dying (DYT): 

POPYT.K=POPYT.J+(DT)(BYT.JK+IMGYT.JK-DYT.JK-BAT.JK) ---------------------------------(2.L'1) 

      Here BYT, for instance is a rate formed by POPYT, denoting the number of 

people, ages 15 through 19 (a level), and DRY, proportion of those dying to 

the age-classification people: 

   BYT.KL = 1/5(POPYT.K)(1-DRY)----------------------------------------------------------------------------------------(2.R•1) 

      Other detail formulations of the equations concerned are omitted here 

and hereafter. 

2. 4. 5 Industrial Activities Sector Submodel 

      The first problem in connection with modelling the industrial activities 

 is selecting some appropriate ingredients which may well serve the dynamical 

 system of the industrial activities in the concerned regions. The basic hypo-

thesis implemented here, which we have arrived after close examinations of 

collected data concerned is that the dynamical change of the region's industri-

al activities depends primarily on the growth of industrial land areas and 

employment rate. 

1) Levels 

      The level variables we set are as follows: O AMT denoting the total area 
of industrial lands where actual productions are being performed, O BAMT*1, 
BAMT*2, BAMT*3 denoting the box-car-train variables of the increased area of 

industrial lands developed one, two, and three years before, respectively; 

O BLFT*1, BLFT*2, BLFT*3 denoting box-car-train variables of the numbers of 
workers living within the region at the times of one, two and three years before, 

respectively; ®BET*1, BET*2, BET*3 denoting the box-car-train variables of the 
number of employees working within the region at the times of one, two and three 

years before, respectively; O5 AMIT2 denoting the policy concerning the degree 
of limitation on the development of industrial lands. (See Table 2.4.2.) 

Among these five kinds of variables, O2, O3 and ®are dummy level variables 
in the sense that they are set only to store the box-car-train memories. AMIT2 

is an extraneous level variable the value of which is predetermined as a policy 

variable. Notably, equations concerned with this sector are expressed only in 

terms of level and auxiliary variables, exclusive of rate variables. 

2) Basic Equations Formulated 

      Equations concerning the change in the industrial land area are: 
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 T
AMIT2

 (AMIH2)

1.0

0 DWST
F

(DWSH)

 AMT.K = AMT.J + (DT)(BAMT*3J) --------------------------------------------------------------------------------------(2.L•2) 

       This equation means that there assumed to be three year time lag between 

 the completion and actual provision times of industrial lands, which proved to 

 be reasonable through examinations on real world data. 

AMIT.K = (AMIT1.K)(AMT.K) --------------------------------------------------------------------------------------------------(2.A•8) 

AMITI.K = MT3 + (MT4)(ASRT.K) + (MT5)(LFIRT.K) --------------------------------------------(2.A•9) 

       Equation 2.A•9 represents the relation between the increasing rate of 

 industrial land area (AMITl), the proportion of the industrial zone area deve-

 loped to the existing industrial land area (ASRT) , and the increasing rate of 
 the number of workers living within the region. MT3, MT4, MT5 are constant 

 parameters whose values are predetermined by use of multi-regression analysis. 

      LFIRT is calculated with the following equations: 

LFIRT.K = ELFIT.K/LFT.K ---------------------------------------------------------------------------------------------------(2.A•10) 
    ELFIT.K = 1/3(LFT.K - BLFT*3.K)---------------------------------------------------------------------------- (2 .A•ll) 
 where ELFIT denotes the number of the increased workers living within the region 

 averaged over the preceding three years (auxilary variable), LFT the number of 

 workers living within the region (auxilary variable) , and BLFT the number of 
 the same at the time of three years before . 

      Equations concerning alternative courses of policy associated with the 

 degree of limitation on the development of industrial lands are: 

AMITL.K = MT3 + (MT4)(ASRT.K) + (MT5)(LFIRT .K)(2 .A.9) 
AMIT3.K = MAX(O,AMIT.K) ----------------------------------------------------------------------------------------------------(2.A.13) 

  AMDT1.K = MIN(O,AMIT1.K) ----------------------------------------------------------------------------------------------------(2.A•14) 
AMIT5.K = (AMIT3.K)(AMIT2.K)------------------------------------------------------------------------------------- (2 .A•15) 

   AMIT4.K = AMIT5.K + AMDT1.K ----------------------------------------------------------------------------------------(2.A•16) 
where AMIT1 denotes the increasing rate of the industrial la nd area corresponding 
to the case where the policy does not operate , AMIT4 the rate corresponding to 
the case where the policy operates , AMIT3, AMDT1, and AMIT5 are dummy auxiliary 
variables, incorporated to make the policy inoperati ve in case the industrial 
land area decreases. AMIT2 was set as a function of DWST. (See Figure 2 .4.3.) 

     While the above set of equations represent the re
gulatory mechanism of the i

ndustrial land area in accordance with the degree of 
water shortages, we set 

another kind of regulatory mechanism which o
perates depending on the "extent 

of open space available for industrial la nds." This extent is defined as the 
surplus of the space capacity of industrial la nds (the industrial land limit) 

                                                    over that needed for further 
      CASE aCASE b indust rial land development . A 

   AMIT2AMIT2Its value was given a priori 
(AMIH2)(AMIH2) 
                                                      through close examinations on 

                                                    existing land use patterns 
I.01 .0 

                                                      and its future perspectives . 

                       AilThe formulation of the mecha-                                                    nism is omitted here . Besides         0 
DWST0.5 0 DWST the above f

ormulations, we        (DWSH)(DWSH) 

                                                    incorporated into this sub-
       Fig. 2.4.3 Established Stepmodel such set of equ

ations        Functio n with respect to DWST
as those concerning the change 

                                                      in the number of workers 
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living within the region, the change in the number of employees working within 

the region, and the change in the amount of production shipment. 

 2.4. 6 Water—concerned Activities Sector Submodel 

     In modelling the water-concerned activities it is imperative to examine the 

following items: ©What should the "water demand" be strictly defined as? And 
what about the "suppliable water"? ®How to simulate the mechanism of water 
demand generation. ()How to simulate the mechanism of suppliable water develop-
ment. C) to incorporate into the model the mechanism of the alternative 
courses of policy, which are taken only when water shortages are critical. In 

connection with these problems, Oland (Dare  discussed here. The rest of the 
problems will be referred to later. 

(1) Definition of the Water Demand and Suppliable Water 

     The water demand is defined as the amount of water substantially needed for 

both industrial and domestic activities, exclusive of agricultural activities. 

Here the "amount of water substantially needed (used, or consumed)" means the 

amount of needed water subtracted by the amount of reused waters. The water 

demand as thus defined was assumed to be supplied with any fresh water develop& 

It was standarized by that of 1965, which we set as the starting point in the 

simulation runs. Therefore the water demand was set equal to those amounts of 

water needed for industrial and domestic activities which accumulate from that 

of 1965. 

      The suppliable water is defined as the amount of fresh water that is deve-

loped on and after 1965, and that owes its major sources of supply to the reser-

voirs developed on the rivers concerned. 

      In view of above considerations we incorporate into the submodel the fol-

lowing levels and rates. 

2) Levels 

O NWDT denoting the water demand, ®AWST the suppliable water, ®SPUAT 
the industrial water demand unit, which is defined as the amount of water need-

ed for a unit amount of industrial production shipment, ®BWRT the proportion 
of reused waters to the total industrial water demand, C) PUPT the domestic 
water demand unit, which is defined as the amount of water needed by one person. 

3) Rates 

O AWIT denoting the increasing rate of the total water demand, O AWSIT the 
 increasing rate of suppliable water developed, ®PUADT the decreasing rate of 

 the industrial water demand unit. 

 4) Basic Equations Formulated 

      We set five kinds of sets of equations, any of which are called a sub-sector: 

Oequations concerning the change in the water demand (the Water Demand Pattern 
Sub-sector), O the change in the suppliable water (the Water Development Pattern 

 Sub-sector), ()the change in the water demand units (the Water Use Pattern Sub-
 sector), ®the change in the reuse ratio of industrial water (the Water Use 

 Pattern Sub-sector), O the change in the degree of water shortages (the Water 
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Shortage-Check Sub-sector). The 

 low. 

(i) The industrial water demand 

ations:

      IWDT.K = (CT.K)(IWDT1.K) 

IWDT1.K = (AMST.K) 

where IWDT denotes the 

with more than 30 employees, 

 portion of IWDT1 to IWD'. 

      In likewise the domestic 

      WDT.K = (POPT.K)(PUPT.K) - 

where WDT denotes the domestic 

 domestic water demand unit. 

      Accordingly the total 

      NWDT.K = IWDT.K + WDT. 

where ULWT denotes the wate 

 (ii) Different alternative 
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 amined possible development 

 tial amount of water whose 

 and financial points of view. 

      The cumulative amount of 

 given by the following level 
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 (iii) The industrial water 
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      PUADT.KL = (PIRAT) 
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shortages, ULPT the projected 

PIROT a constant valuegivena 

to the real-world data. 
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ons, the change in the reuse ratio of industri-
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to.

al water is given as: 

  WRT.K = MAX(BWRT.K, WRT3.K) ---------------------------------------------------------------------------------------------(2.A•51) 

   WRT3.K = WRT1.K + (WRT2.K)(1 - WRT1.K) -----------------------------------------------------------------(2.A•52) 

   BWRT.K = BWRT.J + (DT)(WRT.J - BWRT.J) -----------------------------------------------------------------(2.A•53) 

where WRT denotes the reuse ratio of industrial water, WRT3 its actual ratio 

taken at the present time (K), BWRT its actual ratio taken in the preceding 

year (J), WRT1 the projected reuse ratio of industrial water, and WRT2 a policy 
variable whose value is given according to that of DWST. 

     Then the substantial amount of industrial water corresponding to the in-

dustrial water demand as defined before, is calculated as: 

  SPUAT.K = PUAT.K - TPUAT.K ------------------------------------------------------------------------------------------------(2.A•54) 

   TPUAT.K = (WRT.K)(CPUAT.K) ---------------------------------------------------------------------------------------------------(2.A.55) 

  CPUAT.K = (CWRT.K)(PUAT.K) -----------------------------------------------------------------------------------------------(2.A.56) 

where PUAT denotes the total industrial water demand unit, SPUAT its substantial 

demand, CPUAT the industrial water demand unit associated with cooling and tem-

perature-controlling operations, TPUAT the industrial water demand unit covered 

by reuse systems, CWRT the proportion of the industrial water for cooling and 

temperature-controlling processes to the total water demand , the values of which 
are given a priori by extrapolating the real-world trends. 

(v) Here we defined the degree of water shortages (DWST) as follows: 

    DWST.K = (AWST.K - ARWT.K)/(ARWT.K + ULWT) -------------------------------------------------------(2.A.57) 

where AWST denotes the suppliable water developed on and after 1965, ARWT the 

water demand in the year immediately preceding (J) minus that of 1965, ULWT the 

water demand of 1965. 

     We assumed that different alternative courses of policy are formulated as 

functions of DWST. The policy is associated with the following: O1immigration 
control, O2 industrial location control, 3O water use pattern regulation. The 
detail descriptions in connection with this kind of policy have already been 

given in the preceding discussions. 

2. 5 Simulation of the Model 

2. 5. 1 Preliminary Discussion 

     In keeping with our iterative research strategy, the simulations were made 

at different stages in the model's development in order to increase under-

standing of its dynamic behavior and determine which were its more sensitive 

parts. The results of these simulation experiments were then used for directing 

model improvement effort. 

     Since our approach has stressed taking explicit account of the dynamic 

interaction between water-concerned and regional activities, it is of our pri-

mary concern to shed light on the question of whether or not the interdependence 

between two different sectoral activities, plays an important role in the re-

gional performance. With this kind of emphasis, the impact of changes in assum-

ptions, data and policies was of major interest and the absolute values of levels 

generated by the model were of secondary interest. In this respect we made the 
best use of sensitivity experiments, which consist of making changes in the model, 

usually in the value of a particular parameter and compare the result simulated 

with the change to the result simulated without the change. This procedure is 
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helpful, in identifying those parameters or aspects of the model that could make 

significant differences in the outputs. 

     In light of these considerations the following simulation-run cases were 

prepared to make different kinds of experiments. 

(i) According to the difference in the values of those parameters, i.e., popu-

lation upper limit (denoted by ULTO for the Tohban Region or ULHO for the  Hoku-

setsu Region) and industrial land area upper limit (denoted by UATO or UAHO), 

three different cases were established. They are designated by Case I, Case II 

and Case III, respectively, amongst which the first is assumed to take the most 

moderate (or the most optimistic) upper limit values, whereas the last is 

designed to take the most severe (or the most pessimistic) values. (See Table 

2.5.1.) 

(ii) According to the difference in the water supply development pattern, 15 

cases were considered. They are roughly classified into two categories. Case 

A where water supply development is assumed to be made at a slow but steady pace, 

Case B where it is assumed to be made rapidly but intermittently. Case B can 

be further classified into two cases: Case B-1 where all the developments are 

assumed to be made in the primary stage, Case B-2 where they are assumed to be 

made toward the end of the period. 

(iii) According to the difference in the policy patterns associated with area, 

two different cases were set: Case a for a severer restriction policy and Case 

B for a moderate one. 

(iv) According to the difference in water demand unit projections , we set Case 
a and Case f3. Figure 2.5.1 illustrates the two kinds of projections of water 

demand units: the former (Case a) is generally adopted in most of the simulation - - -
runs as standard cases; the latter applied in comparison with the standard cases . 
(v) Simulations were conducted separately for two differect subregions: Case T

MAJOR
CATEGORY

CASE I

 (STANDARD)

CASE II CASE III

COMMENTS

KEY POINT FOR CLASSIFICATION

UPPER LIMIT

I: severest

n: medium

III: moderest

SUB-

CATEGORY

A

B

A

B

A

B WATER
RESOURCE

DEVELOPMENT

A: slow and steady

B: rapid

and intermittent

1 2 1 2 1 2 1: former-stage-integrated
2: latter-stage-integrated

a

a

b
a a a a a a

RESTRICTION

POLICY

a: severer

b: moderate

a S a a a a a a a

WATER
DEMAND UNIT

PROJECTION

a: optimistic

5: pessimistic

NUMBER

OF
CASES

3 1 3 1 1 1 1 1 1 1

NONE
SUBTOTAL 9 3 3

TOTAL
15

NONE

Table 2.5.1 Simulation-Run Cases 
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and Case H corresponding to the Tohban and Hokusetsu Regions, respectively. 

     The above five major classifications of the simulation-run cases were 

mutually combined to form the further ramified cases. For instance one of them 

is denoted by Case H-III-B-1-a-a. 

     So far as inputs are concerned, they are classified into two types: in-

itial values and constant parameters. For instance DT is 1 year, the simulation 

time length 50 years, and the initial time is set at 1965. Some of the input 

values are listed in Table 2.5.2 and Figure 2.4.3 and 2.5.1 to 2.5.3. 

2.5.2 Typical Model Runs 

     Before discussing the model experiemnts of diversified cases in detail, 

we will examine some typical model runs so as to have an overall view of the 

dynamic behavior of the model. Figures 2.5.4 and 2.5.5 are plots of several 

selected variables resulting from such simulations. From these figures it may 

be understood the following: 

(i) Although water shortages occur on a small scale for a limited short period, 

suppliable water tends to be in surplus over that needed in a macroscopic view. 

(ii) In other words the problem of water shortages may not fall into one of 

the critical events which could alter drastically the future growth pattern of 

regional activities in regions concerned. 

(iii) The above may generally apply to either of the two subregions, whereas 

in the Hokusetsu Region water shortages occurrences and their degrees are apt 

to be higher than in the Tohban Region. This means that the Tohban Region is 
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NOTATION WHICH STANDS FOR:

 WHICH

TAKES THE

VALUE OF:

SPEC. DT -CALCULATION UNIT TIME INTERVAL 50(yrs.)

SPEC. LENGTH SIMULATION TIME LENGTH 1(yr.)

C ULTO POPULATION UPPER LIMIT 3.38(mil,)

C UATO INDUSTRIAL LAND AREA UPPER LIMIT 6,530(ha)

AMT INDUSTRIAL LAND AREA 2,347(ha)

N PUAT INDUSTRIAL WATER DEMAND UNIT
281.4
, 3
,m /milyen;

N PUPT DOMESTIC WATER DEMAND UNIT
0.181

(m3/milyen;

C MT21 COEFFICIENT OF REGRESSIN EQUATION 0

C MT22 THE SAME ABOVE 0.247

C MT23 THE SAME ABOVE 1.18

N POPBT POPULATION , AGE 0 17.25

Table 2.5.2 Major Input Values
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in the state a little bit favorable as compared to the Hokusetsu Region in con-

nection to the water use management. 

(iv) The occurrence of water shortages for a limited short time retards the 

growth rate of population to some extent. 

2. 5. 3 Model Validation 

     In course of our research program, we stressed the use of sensitivity ex-

periments as a means of identifying those parts of the model that are most 

sensitive and important. The results of these sensitivity experiments depend, 

however, on the structure of the model, and the conclusions drawn from those 

experiments are therefore based on the assumption that the model structure is 

a valid representation of the real world. The  model's validity can be tested 

only by comparing its output to real world data. This may be done for example, 

by seeing how well the model can produce past regional performance. As is ob-

vious in Table 2.5.3 there seems to be slight discrepancies in the simulation 

outputs and real world data. We concluded from this validation experiment that 

the model was behaving fairly well. 

2.5.4 Comparison of Sensitivity Experiments 

1) Population and Industrial Land Area Upper Limit Parameters 

     As easily expected from the difference in the upper limit parameter values 

for three different cases, population capacity at the end of the period gradually 

slowdowns from Cases I through III. This is also the case with land use area

 NOTATION
CALUCULATED

VALUE (I)

ACTUAL

VALUE(II) I/II

POPH 2,600,000 2,620,835 0.99

POPSH 52,300 53,190 0.98

POPCH
565,000 551,647 1.02

POPHH 213,000 209,065 1.02

POPYH 247,000 306,966 0.80

POPAH 502,000 507,866 0.99

POPMH 654,000 656,158 1.00

POPOH 363,000 335,943 1.08

AMSA 23,800 24,281 0.98

LFH 1,180,000 1,210,560 0.97

NEH 998,000 996,010 1.00

NEMH 259,000 257,293 1.01

AMR 2,270 2,245 1.01

PUAH 84.5 64.0 1.32

PUPH 0.319 0.316 1.01

IWDH1 936,000 735,342 1.27

Table 2.5.3 Validity Test

the case with land use area 

capacity. However a closer 

examination of the results 

shows that in such cases as 

Case  T-I-B-1-a-a the population 

at the end of the period cor-

responds to its upper limit. 

By contrast in these cases 

land use area capacity falls 

short of its upper limit, while 

in Case T-I-A-a-a it falls 

short of its upper limit in 

the final stage. This suggests 

that the water supply develop-

ment that is intensively pro-

moted within the former half 

of the period leads to one of 

the upper limits. Stated 

otherwise, this kind of develop-

ment accelerates the growth 

of the region, involving un-

controlled growths of both 

population and industrial 

land area, and consequently 

amounting to the capacity 

of the region.
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     In other cases where water supply development works 

ly over the entire period, or postponed until the latter 

population and industrial land area generally fall below 

Especially as the development is put off, the population 

tends to decrease even when we develop suppliable water 

period on the same scale as in the former half.

are maintained constant-

half of the period, 

their capacities. 

at the end of the period 

in the latter half of the

2) Water Supply Development Patterns 

     As referred to in the above, other things being equal, the earlier the de-

velopment is conducted, the more population the region  can hold. But excessive 

amount of water that is developed in the incipient stage of the period will not 

necessarily lead to an increased population, because its further growth is re-

stricted automatically owing to the population or industrial land limitation 

policies. In contrast to this if the development is postponed, resultant water 

shortages occurring frequently, retard the growth rate of regional activities, 

consequently leading to relatively undergrowth of the region at the end of the 

period. 

     In addition as illustrated by Figure 2.5.6 through 2.5.8, different water 

supply development patterns will result in those different paths of growths of 

the variables concerned, which are relatively similar to the path of water sup-

ply development. 

• 3) Two Different Policy Patterns 

     Two kinds of policy parameters were set as shown in Figure 2.4.3. Table 

2.5.4 shows the comparison of the outputs. From this we may conclude that dif-

ference in policy parameters produces relatively slight change in the outputs.

4) Two Different Water Demand Unit Projections 

     Figure 2.5.2 illustrates the two kinds of projections. A study of Table 

2.5.5 shows that the results of many of our experiments seem to suggest that 

in the standard cases the drop in the industrial water demand unit tends to sur-

pass the growth of population toward the end of the period, thus resulting in 
both the non-increasing water demand and excessive water supplies even if popu-

lation and industrial land area are gradually getting closer to the upper limits. 

     By contrast in another case where industrial water demand unit is projected 

to take relatively higher (or ineffective) value toward the end of the period, 

the water demand and supply relation is sometimes well-balanced in the final 

stage, but in other cases the suppliable water falls short of the water demand, 

depending upon the water supply development patterns. From this we may conclude 

that if the standard water demand unit that is based on a rather optimistic ex-

pectation of industrial water use rationalization in the future, suppliable 
water may not necessarily come short of the water demand. This is, however, 

true only if the assumed amounts of suppliable water is practically feasible 

within the entire period. But this assumption seems to be too optimistic from 

the viewpoint of technological, economic and social situations. In practice con-

struction of a dam needs more than a decade until it is completed and operation 

starts. Many of the social and economic problems involved in the planning and 

construction of a dam, are likely to double or sometimes triple the period needed

-29-
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CASE

OUTPUT
 H-I-B-1-a-a H-I-B-1-b-a

POPH 3.49 (mil) 3.48

AMH 2.763 (ha) 2.705

AMSH 0.117 (bil.yer 0.103

PUPH 0.505(m3/capta) 0.500

PUAH 22(m3/mil.yen) 22

CWRH 0.763 0.763

WRH 0.929 0.929

WDT 1.30 (m3) 1.28

 OUTPUT
H-I-A-a-a H-I-A-a-B

POPH 3.65 (mil) 3.50

AMH 2.660 (ha) 2.620

AMSH 0.115(bil.yeril 0.117

PUPH 0.581 (m'/capta) 0.601

PUAH 22(m3/mil.yer) 41

CWRH 0.763 0.705

WRH 0.929 0.880

WDT 1.66 (m3) 2.35

 Table 2.5.4 Comparison of Results Table 2.5.5 Comparison of Results 
 for Different Development Patterns for Different Water Projection Unit 

                                                   Patterns 

to complete the construction. 

     In this report it seems to be informative to compare the above cases with 

other cases where amounts of suppliable water for the supply to meet water de-

mands are not developed continuously but stepwise at certain intervals. Figures 

2.5.9 and 2.5.10 illustrate some of the typical examples of these cases. From 

this we see that water shortages do occur more frequently, though on a small 

scale, and the population and industrial land area of the regions concerned tend 

to fall far below their upper limits. Notably enough, the path of the growth 

of water demand fluctuates as suppliable water is developed step by step over 

the period. -31--
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 2.6 Conclusion 

     A main cause for the syndrome of water scarcity may be attributed to the 

manner in which water resource management has conventionally been conducted 

in Japan. That is to say that water demands were estimated given prior assump-

tions about economic development patterns in the region and water resource 

development programs were implemented so as to meet those water demands to be 

produced in the projected regional activities. But if the economic develop-

ment pattern is modified, water demands would be reduced. In other words the 

extent of water shortages is largely dependent on the assumed regional activity 

patterns, and in this sense water shortages should not necessarily mean the 

absolute stringency of water. Therefore it seems to be important that water 

resource management programs should be examined within the framework of region-

al development patterns which are set unfixed and remain changeable, where 

necessary. 

     This kind of arguments seem to gain more popularity over past several 

years as the high economic advancement has become less attractive to the pub-

lic, living in highly urbanized regions with deteriorated environments and 

consequently as the environmental protection problems have become a major con-

cern of the planner and public. But attention needs to be devoted to the point 

that reduced degree of economic activities, causing different effects on the 

complex of regional activities, would have much impact upon water resources 

and related activities, and subsequently the influenced water-concerned ac-

tivities would have indirect impact backward upon the regional activities. 

      The present study represents an example of the use of simulation model 

to throw light on the question as summarized in the above. It is clearly the 

case that models like the present one, or the present one with suitable modifi-

cation, can be of value in helping to appraise the possible effect of various 

kinds of water resource management policies on regional economic growth as well 

as its backward effects on the water-concerned policies. To make the point 

more clearly we now review briefly our simulation results. 

(i)As far as the Tohban and Hokosetsu Regions are concerned, the water resource 

management policy seems to have much impact on the regional development, es-

pecially in the earlier stages of the period, say in 10 or 20 years, on the 

assumption that relatively efficient water use patterns coupled with optimis-

tic water resource developments are hardly to be attained. 

(ii) In most of the other cases where such kind of optimistic water resource 

developments are assumed to be possible, the population or industrial land 

area eventually reaches it upper limit, thereby resulting in the slowdown of 

the growth of the water demand. 

(iii) These results seem to suggest that the development of the regions con-

cerned will be, early or late, confronted with either of the two problems: 

shortages of water or land, any of which will restrict further growth of the 

regions. 

     We may conclude, therefore, that the management of water resources as well 

as land uses is an extremely important factor in planning the development of 

the regions. Such information could be of great value in reaching decisions 

with respect to the regional development, inclusive of the water resource 

development.
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     Finally we briefly explain how we think the model should be improved. 

 OWith our primary emphasis placed on the dynamic interaction between water-
concerned and regional activities, we consciously simplified the regional 

structure, and in turn constructed rather complicate structure of water-

concerned activities. For instance, the demographic activities are assumed 

to depend mainly on industrial activities. But in the real world they are 

interrelated to other factors such as commercial activities or public invest-

ment activities. It may be informative to introduce some kind of "attractive-

ness factor." 

   Two submodels are not directly joined with each other in conducting simu-

lation runs. The introduction of these functions to intergrate the two sub-

models seems to deserve attention. 

 O3 In relative to the water-concerned variables, pollution problems are not 
directly considered. 

     Furthermore in applying the model to regions other than those for which 

it was designed in this study, it may be necessary to introduce modifications
, 

append additional sectors, and elaborate some sectors already in the model
. 

Anyway we believe that the presented model coupled with specified examinations 

and modifications would become an effective tool in discussing the water re-

source management within the framework of the development problem in any region 

to be treated.

                                    References 

1) Ministry of Construction: Survey Report on Long -term Water Resource 

    Management Perspectives , 1973 (In Japanese). 
2) Okada, N., and Yoshikawa , K.: System Dynamics Approach to the Water 

    Resources Management Related to the Regional Development
, Proceedings 

    Prepared for the 4th Pan Pacific Regional Conference
, 1975. 

3) Mochizuki, T.: Systems Analysis of Regional Water R
esources Managements ,     Maste

r Thesis Presented to the Faculty of Engineerin
g, Kyoto University, 

    March, 1975 (In Japanese) . 
4) Forrester, J.W.: Industrial Dynamics

, The M.I.T. Press, 1961. 
5) Forrester, J.W.: Urban Dynamics

, The M.I.T. Press, 1969. 
6) Forrester, J.W .: Industrial Dynamics; After the First Dec

ade, Management 
    Science, Vol.14, No.7, pp .398-415, March, 1968 . 

7) Hamilton, H.R., et al .: Systems Simulation for Regional Anal
ysis; An     A

pplication to River Basin Planning , The M.I.T. Press, 1969.

-34-



  Chapter 3 Nonlinear Programming Approach for the Analysis of 

       Intra-basin,  Multi-modal Water Utilization System 

3. 1 Introduction 

     In the preceding chapter we have concerned ourselves with the problem of 

finding effective alternatives for the water resources management on a regio-

nal basis and specific attention was given to the impacts of controlling the 

water requirements on the regional activites. 

     In this chapter assuming that the future development pattern of the re-

gional economy is given a priori, attention is devoted to the problem of the 
development and utilization of an intra-basin (single-basin) water resources 

  1)2)3) 
system. The major reasons for focussing on an intra-basin system are as fol-

lows. 

(1) Since a river basin includes that portion of the earth's surface and sub-

surface which contribute to flow in a specific stream and because present-day 

water supplies owe a large portion of water to the water body, it can be con-

ceived as a geographical unit for water supply sources as well as water uses. 

(ii) Since water is collected from a given stream, used and partially discharg-

ed to it on the upperstream and then reused again on the downstream, the exis-

ting intra-basin systems are considered to be a kind of water resources recy-

cling systems. 

(iii) The intra-basin system can be thought of as a sub-system of the inter-

basin development and utilization system which will specifically be discussed 

in the chapters that follow, i.e., Chapters 4 and 5. 

     Accordingly in prior to the analysis of inter-basin system, it seems; 

quite natural to consider detailed aspects of intra-basin system. In accor-

dance with the above discussion, we shall, first of all, try to specify the 

problem of this kind. 

3. 2 Identification of the problem 

(i) A specific single basin is considered where we assume that by taking ac-

count of the local differences in water usage, legislative and economical 

boundaries, etc., the river basin is a priori divided into a couple of sub-

areas which will hereafter be referred to as "demand zones" or simply "zones". 

(ii) In the headwaters of the stream the amount of fresh water tapped by dams 

are already determined a priori. It is assumed that the fresh water contri-

butes to the augmentation of the streamflow, resulting in the increased avail-

ability of the amounts of water to be collected from it as well as the improved 

quality of the water body. 

(iii) Each demand zone is considered a geographical unit for water utilization 

in which a dual-modal system, namely, a combined system for utilizing both 

fresh water and renovated water is assumed to be implemented. 

(iv) There are two types of water users in each demand zone, i.e., industrial 

water and domestic water users. 

(v) As shown in Figure 3.2.1, in each zone water is collected from the nearest 

stream running through the area, then undergoes purification at two different 

plants (one for industrial water supply and the other for domestic water supply) 
and is provided for both kinds of water users, from which come out wastewaters 
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that are carried through the sewers to a wastewater treatment plant and that 

undergo the primary and secondary treatments to be partially returned back 

through an outlet to the same stream at a point of further downstream from the 

point of withdrawal, the remainder of which being further renovated by the ter-

tiary process and then partially returned to the receiving water body through 

an outlet and partially provided again for the industrial water use. 

(vi) Between a given water body and its adjacent ones is constructed diversion 

channels, if necessary. 

(vii) To restate, the water utilization system of each zone is assumed to con-

sist of those facilities for withdrawal (1), filtration (2), wastewater treat-

ment (1), tertiary treatment (1), discharge (2) and distribution of renovated 

waters (1). The numbers in the parentheses represent the numbers of facili-

ties involved. 

(viii) In each zone at that point on the stream which is located most down-

stream from the point of withdrawal the water quality is required to meet the 

set standard. 

(ix) The self-purification effects of the stream on the  streamflow quality are 

considered to be negligible. 

(x) The scale of water facilities concerned are determined so as to meet the 
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incremental water demands which are predicted a priori. 

(xi) The quality of the renovated water treated by the higher standard is con-
sidered to be roughly equal to that of the industrial water. The small portion 

of water demands for industrial uses is assumed to be covered by the domestic 

water supply. 

(xii) The objective function is taken to be the minimized total costs for con-

structing above-cited facilities. 

 3.3 Model Formulation 

3.3.1 Notation 

1) Variables 

xi: amount of water treated by the filtration plant for industrial water 
     supply to be constructed in zone 

xD: that for domestic water supply 
y;.l: amount of purified industrial water to be distributed from zone i to zone j 
Yzi: that of purified domestic water 

ww: amount of wastewater treated by the wastewater treatment plant to be con-

     structed in zone i 

w4: amount of treated wastewater to be discharged from zone i into the receiving 
     water body 

7111: amount of treated wastewater to be further renovated by the tertiary plant 

wN; amount of renovated water to be reused by industry 

w?: amount of renovated water to be discharged into the receiving water body 

QiL: average annual discharge at the downstream-most point in zone i 
(211: that at the upperstream-most point 
Bt: average BOD at the downstream-most point (check-point) in zone i 
B that at the upperstream-most point 

2) Constants 

u/: amount of fresh water to be tapped by dam I constructed in the headwaters 

qi: minimum discharge requirement of that part of the stream running through 
     zone i 

qi: amount of streamflow currently being collected by existing water users in 
     zone i 

q: inflow from those tributary streams joining the main stream at the points 
     located between further downstream from the withdrawal point of the nearest 

     upperstream zone to zone i and further upperstream from the withdrawal point 

     of the zone i 
Dz: water demand for industrial uses 
DD: that for domestic uses 
s?; total amount of existing water supply for industrial and domestic uses in 
     zone i 

bi: average BOD of inflow from the tributary streams 

LE: average BOD of effluents from the wastewater treatment plant (same value 
     for each zone) 

b°: average BOD of renovated waters (same value for each zone) 
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 ai+  =   Yi  Yi --------- 

      For industrial 

Di <.xi +  
i=L*o: 

Likewise for domestic 

DD<4-1-
             on** 

where the subscripts 
upward or downward 

      The amount of waStewa 
is so limitted 

w Di +DD+, 

     And the                amountofreno 

and that of renovated 

      wR=wvr- wE 

       wR=wR-w4(i=1,...... ,nc) 

     The average annual 

upperstream in zone iisgc 

upward zone as. follow: 

     Q°=E T1,+~(w 
u.i's0 
     zi

     BOD standard prescribed a priori at the check-point downstream-most of the 

      stream 

 ‹: unit cost associated with construction and maintenance of the collection 
     facilities in zone i 

az: that of the industrial water filtration facilities in zone i 

aD: that of the domestic water filtration facilities in zone i 

/OfC,0i)•:that of the industrial-water distribution aqueduct which conveys water 
     from zone(i)to(j) 

p: that of the domestic water distribution aqueduct 
 ' r: that of the wastewater treatment plant 

   L rR:that of the tertiary treatment plant 
rE:that of the wastewater effluent facilities 

 -O:that of the renovated water effluent facilities 

7.1:r: that of the renovated water distribution conduits 
az: that of dam L 

3.3.2 Constraints 
     In addition to the nonnegativity conditions of all the variables , we set 

the following constraints for each zone i=1,...... ,nL. 
     Available amount of streamflow to be collected is constrained as

of water it 

(YipYfj)wR (1=1, ......,m.) 

lesticsupply of water

follows

(3.3. 1)

(3.3.2)

ptsi*andi** 
dfromone i 

ter 

, m) 

atedr to 

........... 2) .....

(3

are used to refer to those zones located 

treated by the wastewater treatment plant

               d  water treated by 

be reused in this

the 

zone

tertiary 

 are so

(3 

 plant in 

constructed

al discharge of the stream at the withd
rawal 

                      is governed by the streamflow condition 
of 

— (xi ,fxg) +Eu,, (1=1 ,.....,n) ----
                    i, 6 U.1

(3 

(3

point 

the nearest

.3.3) 

nearest 

 in zone i 

3.4) 

one i 

.3.5) 

.3.6) 

most

(3.3.7)
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where  u denotes the set of those zones located further upperstream from zone i. 

     Substitution of Equation (3.3.7) into (3.3.1) yields 

L 

+xD+E (xi,+xD) <E E(wf,+w?,)+Ewt -----------------------------------(3.3.8) 
      eau,r sUiisUt=1 

     The water quality of the stream at the c.hecx-point downstream-most in zone i 
is confined to meet the set standard. This is formulated as follows.

BL<Bi (i=1,...... , m.).-. 

where 

       Bi=Qt .{BU(QV—xi 

               Let us also assume 

QU=Qi* (1=1,...... ,~) 

BU=Bi* (i=1,...... • 770 

     By substituting 

obtain the following recu 

               L 
           {BL*                                          Is Qi 

      Since .B.24,  is also rec 
i*) , we know that 

3.3.3 Objective 
     The objective 

which is formulated 

Minimize . 

     To sum up the above 
lows. 

3. 3.4 Formulated Model 
  [Objective Function] 

Minimize Z 

   [Linear Constraints] 

xi +xD —

aT) +b3xgi+bE 

ere

wE+bOwQ} (1=1,......, vi)

 (3.3.9) 

(3.3.10)

Iting Equations (3.3.10), (3.3.11), (3.3.12) into (3.3.9), 

yaing recurrence relations with respect to each zone. 

+b 4i+bEwE+bow?Bi 

                5 also wired to meet Equation (3.3.10) (i being replaced by 

at in (3.3.13) is a nonlinear inequality. 

              Funcfion 
ive on is taken to be the minimization of the total costs, 

ated as follows. 

±aDxD+ac (xz +xf) 

                                 +ppI.IfqD+fD.D)                              j^ijI'jz^jixi^Ejix^ji 

RwX +rEwE+ r w?+r 'wn'}+Eg   tw ........................................(3.3.14) 

i-hp above t                            formulations of the model, they are rewritten as fol-

       -afxf+ac (xi ±xf) 

      y_q9±qqDD,          tij+Njz7^jiNzj^ijDNji^jz) 

NR +rEwE+ r?wq+r'w' }+EB twt

(3 

(3 

3.

.3 

.3

11) 

12) 

we 

d by

(3.3.14)

=1 (3.3.1)
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                 +   IIIwi 
Z` 

    CDD D.12.<4(^ji—^ij) 
 j'  *ori** 

wu'>D +DD+SP (i=1 ,, nt)

.2=1 , ...... ,m,)

(1=1,  , rat)

(3.3.2)

(3.3.3)

14=w1.—wE (1=1,......,r2)-. 

wN=wR—w? (i=1,...... ,rrc) 

 U 

        +E (w+w?,) 
    insU. 

 z

—x (xi.+xj) +X u1 (2=1,.._..,

(3.3.4) 

(3.3.5) 

(3.3.6)

Q1J= Q 

BU=Bz* 

[Nonlinear

(i=1,...... ,ni) 

(1=1,...... , im)

Constraints]

 (3.3.7) 

(3.3.11) 

(3.3.12)

        B,,=~~ { BZ* (Q —,x -XD) +b3t7 +bE11)E+b°vP}<Bi(2=1,...... , r2) --------------- (3.3.13) 

3.4 Solution Technique 

3. 4. 1 Preliminary Discussion 

     The above formulated model is a nonlinear programming with a specific pro-

perty that a grater part of the constraints are linear. 
     One straightforward way to handle this type of problem is to incorporate-

all the constraints, whether nonlinear or linear, into a modified objective 

function by use of penalty factors. Many approaches have recently been developed 
4)5)6) 

on the basis of this idea. We shall utilize the method of Fiacco and McCormic 

but some modification will be made in the light of the following considerations. 

(i) Many computational experiences have shown that the penalty method works 

well only when the number of those constraints to be incorporated into the ob-

jective function is relatively small, whereas in case the number is large, it 

is found to be inefficient and there is no guarantee of convergence to the de-

sired optimum within a predetermined accuracy. Accordingly some algorithmic 

device is needed to reduce the number of those constraints to be incorporated 

into the objective function. 

(ii) The special type of problem, i.e., that of finding a minimum (or maximum) 

for a linear set of constraints has proven to be very effectively approachable 

by those variants of gradient methods. Methods include that of feasible di-
                            7) 

rections due to Zoutendijk, those of gradient projection method developed by 
 8)9)10)11) 12)13)14) 

Rosen, the cutting plane method of Kelley and so on. 

     The above considerations have led the authors to the idea of combining the 

two kinds of techniques, that is, both the method of penalty function by Fiacco 

and McCormic and that of feasible directions due to Zoutendijk . That is to say 
that the original nonlinear programming problem is rendered to that special type 

of nonlinear programming with a property that only the objective function is non-

linear which is confined by a set of linear constraints . More detailed des-
cription of the algorithm will immediately follow. 
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 3.  4.  2 Developed Algorithm 

Let the problem be

Min imizeZ=fir)

defined as follows.

Ate >B -. 

gi ( a 0 

step 2 

iterations o: 

nonlinear sr >0 where Pr) and step I Find an] As a matter c order to 

of constrain-

(i=1, ......, nz.)

subject to

(3 

(3 

(3 

(3

• 

• 

• 

•

4 

4 

4 

4

• 

• 

• 

•

1) 

2) 

3) 

4)

where pre) and g(.ujrepresent nonlinear functions. 

step I  

Find (how an arbitrary feasible solutionse(1)to the above nonlinear problem. 

As a matter of fact this step should be backed up by some sophisticated algo-

rithm  ading an initial feasible solution. We have developed an effective 

sub-algorithm for this purpose whose explanations will be deferred to 3.4.3 in 

order to gh out the major algorithm beforehand. 

step 2 

For a properly predetermined penalty factor P0(K denoting the number of 

iterations E the process being discussed now). 

Let us convert the above nonlinear programming problem into that type of 

nonlinear oblem of optimizing a nonlinear objective function with a linear set 

of constraints. 

       Minimize F(K)= Z— pq 1 
      L=19i(3.4.5)

AsrA 

sc. 0 

     The abo 

on Method of 

aside 

remaining 

     By star 

hand, 

we take the 

     At the 

Otherwise 

step  

     Compare 

with 

condition

     The above formulated model will be handled by another sub-algorithm 

   Method of Zoutendijk whose explanation will be given later in 3.4.4. Puttin 

de the tailed explanation of it for the moment, we shall proceed to the 

aining rt of the major algorithm. 

     By starting from the initial base point sc(xlwhich has been obtained 

d, solve the above nonlinear programming by the method of Zoutendijk. 

   take the optimum of this problem sv )as our next initial base point 

     At the first iteration(K=1), we skip step 4 to follow, and proceed 

erwise we go to step 4. 

     Compare the old optimum of the penalty function 140 for the K-th iteration 

h the new one of F (1) for the JK i-th iteration and check whether the following 

dition holds.

IF ') _ „rutl 

e is a 

If the above 

this optimum as 

5 

Reset the 

M(K)

(3.4.2) 

(3.4.4) 

thm based 

g 

to the 

ad before-

jk. Then 

d to step 5.

where 

take 

step

-------------------------------------------------------------------------------------------------------------------------- (3.4.6) 

predetermined tolerance for the convergence of the algorithm. 

bove ndition holds, the above procedure terminates and we shall 

imum as our desired one. Otherwise we step up to step 5. 

e value of p(K) as 

---------------------------------------------------------------------------------------------------------------------------------- (3.4.7)
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 where  M(")is the modification factor of PM for the k-th iteration to give a series 

 of p(1)> p(2)>.........>pA> p (141) >......... which converge to zero. 

      Then we return back to step 2 and the procedures should be repeated between 

 steps 2 and 5 until the above convergence condition is found to be satisfied. 

      Two points seem to be needed to receive further discussions at a greater 

 length. 

      One is the explanation of the sub-algorithm based on the method of Zoutendijk 

 and the other the development of some efficient technique for finding a feasible 

 solution. The remainder of this section (3.4.3 and 3.4.4) will be devoted to 

 the discussions of these two algorithms. 

3. 4. 3 Techniques for Predetermining Initial Base Point (Sub—algorithm 1) 

      As explained before step 1 of the major algorithm needs to be based on some 

 sophisticated sub-algorithm for predetermining the initial base point. 

     One straightfoward way to set an initial base point is to find any feasible 

 solution to the model, whether derived from the computation by hand or on digital 

computer. One fatal drawback to this method is the inefficiency involved in the 

 selection of an arbitrary feasible point with no account taken of the evaluation 

of the objective function. 

      In light of this considration an attempt will be made to present an efficient 

technique for predetermining some appropriate base point which will lead to the 

exact solution (or its precise approximation) within a limited number of iter -
ations. In this regard it should be noted that the nonlinear inequalities of 

 (3.3.9) can be rendered to the mold of linearity by replacing the variables Bi 
and BU(=B) by BL and Bi*, respectively.That is, 

             1 f        B` QLlBt*(Q+—xi —xD) +bigt3+bEU,E+boup}.........................................................(3.4.8) 

     The above modification implies that in each zone the water quality control 

is required to be performed, so as to meet the most pessimistic case that the 

quality of the river flow running down to the zone in question from its nearest 
upstream zone happens to be equal to the quality limit , namely the standard BOD 
Bi. In consequence the optimal solution to this linearized -constraint model is 
expected to be a good candidate for the initial base point . 

     It is inferred that this will be especially true in case relati vely higher 
standards are imposed on the water quality control . 

     In accordance with the anove discussion we shall utili ze the modified model 
as a tool for finding an initial base point and compare the results thus obtained 
with those derived from that search starting from an arbit rarily-chosen point. 

3.4.4 Method of Feasible Directions (Sub—algorithm 2) 

     The method of Zoutendijk called feasible directi ons is used to handle the 
following type of nonlinear programming probl em. 

Minimize Rr=p(x) ------------------------------------------------ 
                                                                          (3.4.9) 

subject to 

A.rc> L ------- --- 
-----                                                                                      --(3 .4.10-1) 

n 

  or E aii xi —b ,>p(Z=1,...... , m)---------------------                 i=1=(3.4.10-2)
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where  F(x) is a nonlinear objective function 

     This method moves, essentialy, in the 

ry is encountered. When the search is made 

exactly on the boundaries, the gradient of 

the direction of movement as 

_a_F       -W
i ax

with respect to x (xl,......... ,xn) 

search for a maximum, until a bounda-

within the feasible region but not 

the objective function determines

                      n aF                                                                         (3.4.11) 

1 ~~ 1=1axi 

Once the direction of movement is found, a one-dimensional search is con-

ducted along the direction and an optimum found, if one exists. The search 

stops, however, when constraint boundaries are encountered. We therefore need 

to determine which is the smaller, the distance measured from the base point to 

the optimum along the line of search or the distance to the first violated con-

straint. Since the point .S')is feasible (k denoting the number of iterations 

for the search by the method of Zoutendijk), we know that 

z¢i;a()—b>0 (1=1,...... , m) - - - ---- - -- . ............ (3.4.12) 
           ,=1 

     In moving from x(k}along the direction of search, we have 

     ¢i;,z(k.)-b+h2' ¢iie) >0 -------------------------------------------------------------------------------------------------(3.4.13) 
           1=1 

where h denotes the distance of movement. 

     Which of these m constraints are in danger of being violated as h in-

                                                                  n creases? Certainly, only those for which f¢"ek)<0 can possibly be violated. 
                                                                i=1 

     Assume that there are r(r m)such constraints. The greatest allowable dis-

tance of movement hi without violating a constraint, is found by solving the 

equation 

b ai;x{ 
i=. 

A. = —---------------------------------------------------------------------------------------------------------------(3.4.14)

for the r inequalities for whi 

     The distance of movement 

h=min (/L*,hm ,~m-----.~) 
        12 r 

     Here h* is the distanceto 

base point is thus located. 

If h,=4*, then the 

than one of the subscripts ...... 

~' ai.x;(k+1)-bi=0 for i 

     The constraints of this k 

therefore select the new 

constraints. The movement 

constraints will not be violat 

before finally adopting

i=1z1 1 

       r inequalities for which 

 distance of movement is

E ¢ i;•t()<0 
iq 
selected as

holds.

the optimum

procedure is 

ipts 1,, m) , 

f this kind a 

ew cti 

ment will 

violated. 

a the new

along the line

repeated. 

we are on

If .0mmp       0( 
a boundary

of search.

(3.4.15) 

 A new

denoting one 

(boundaries

are called "operative constraints" 

on of movement so as to satisfy the 

hopefully, be small enough so that the 

             All the constraints must therefor 

point. For the operative constraint 
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3. 5 Case Study on the 

3.5.1 Regional 

     We shall 

The Kakogawa 
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The drainage 

activities are requi 

and polluted 

     In view or this

    ¢ii tj1) _>0 

 addition we   i=1 shall require that the t(k+1)shall satisfy the

(3.4.

linear

17)

rest-

          permits us to control the distance of movement by 

   since the t541) are forced to remain prescribed limits. We now wi 
o as to optimize the d W as defined in the below, while sat 

inequalities (3.4.17) and (3.4.18) 

        0 _ t(h+-1) OF 
    .7=-4ar.(3.4.19) 

is a linear problem which can be solved using the simplex method of 

          provided we make the following transformation:

(3.4.18) 
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    ), our 

     optimize 

(3.4.21)

             this .near problem defines a new direction of 

le hive constraints. The new point found by moving a 

:ion should be tested to see, if the gradient 

            or if the t(k+l) vanishes at a boundary . Such being 
found and the procedure terminates . Otherwise 

ted. 

          Basin of the Kakogawa River 

r the asin of the Kakogawa River as the case study area
. 

ains the most urbanized and industialized region of Hyogo 

percent of the total area, into the Seto Inland Sea . 
ludes Kakogawa and Takasago Cities where growing indu

strial 
ing ended developments of water resources on one hand 

aters are becoming a serious matter on the other hand . 
             situation we selected this basin as our case study area .

(3.4.22) 

(3.4.23) 

(3.4.24) 

vanishessearch ient  

ag the case, 
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 3.5.2 Model Data 

1) Zoning 

      Taking account of local 

differences in hydrology 

 and water uses, as well as 

 legislative and economical 

boundaries, the study area 

was divided into three zones. 

 (See Figure 3.5.1.) 

2) Water Demands 

      By setting each zone as 

the geographical unit for 

predicting the water demands 

and forecasting the per-

capita demands, per-unit-

production demands at the 

time of 1985 and the in-

creased population and pro-

duction by that time, the 

predicted water demands 

were estimated as tabulated 

in Table 3.5.1. 

3) River Discharges 

     By constructing the 

flow-duration curve for each 

river based on the data pro-

vided by the authorities 

concerned, that value of 

flow was obtained such that 

the percent of time it is equ 

than that value is around 20 

set the average of each of th 

five years (1970-1974) as the 

minimal discharge requirement 

amounts of existing collected 

     As for the available fre 

be developed by dams, they ar 

0.5 million m3/day on the bas 

terials provided by the Minis 

ructi       15) This value was set 

value to be used for the stan 

4) Estimated Cost Curves 

     Practical experience sho 

question exhibit the mold of 

curves for the filtration Ala

the

e it is  equal 

 around 20 

 each of the 

974) as the 

requirements ql 

g collected 
ailable fresh 

ms, they are 

on the basis o 

y the Ministry 
ue was set 

or the standard

c ~;

Kakogawa Rives 

Seto Inland Sea
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f.. r 
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        Fig. 3.5.1 Zoning of Study Area 

 al to or lessemand Industrial 

percent. WeZone ,,Water Demand* Wat 
                     Zone 1(10cmyday)  eceding26 .9 

sum of theZone 2 84 .5 
      and the 

                    Zone 3 182.2 
           2 waters9i

,                              * Increased Water Demand 
sh waters to 

timated as 

is of the ma- Table 3.5 .1 Projected 

try of Const-

    he standard 

dard case as will be explained later.

 emend

Zone ^

Industrial

Water Demand*

Domestic

Water Demand*

Zone 1
(10' m%day)26

.9
(10'myaayl

10.0

Zone 2 84.5 16.7

Zone 3 182.2 60.6

 (1974-85)

Water

shows that many, if not most, of the cost curves 

of linearity. Some exceptions to this are those 

plant, tertiary treatment plant and distribution 
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expressed in the form of nonlinear concave functions as 

3.5.3 and 3.5.4.
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5) Water Quality Values 

      The quality of the wastewater treated by the wastewater treatment plant 

was set to be 20 ppm by considering the values commonly experienced in the ex-

isting plants. The quality of the renovated wastewaters was taken to be 4 ppm, 

assuming that the higher standard processes are employed for the tertiary treat-

ment as shown in Figure 3.5.5. The quality of every tributary stream is equally 

assumed to be 2 ppm, providing that it is constrained to satisfy the standard 
16)17) 

value as legislatively prescribed by the authority concerned. The set quality 

of the most upperstream of each river is 3 ppm. 

     As for the quality of different parts of the streams, it was set as follows . 

cD B0=3.0, A=5.0, B2=7.0, B-2=8.5, B4 10.0 (ppm) 
(Bo Bl = Bi ) 

O 730=3. 0 , /31=4 .  0, B2 5. 0, —B3=6 . 0 , 164=7. 0 (ppm) 
      The former case which will be called "Case a" is characterized by the lower 

standards for the water quality control, whereas the latter which will be named 
"Case b"

, the higher standards. 

3. 5. 3 Calculation Cases 

     In prior to the calculations on the model, the following cases were pre-

planned. 

(1) According to the difference in the predetermined available fresh waters, 

cases I, II, III, and IV are established.
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Fig. 3.5.5 Assumed Tertiary Treatment Processes 
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(ii) Case II was further subcategorized as Cases  II-a and, II-b depending on 

whether either of the lower standards or the higher ones for the water quality 

control are employed. Let us take the results for Case II-a as our standard case 

and then make a comparative analysis of the results for the different cases. 

3. 5.4 Calculation Results 

1) Mathematical Consideration of Efficiency of Search 

     Since our nonlinear model does not belong to a class of so called "concave 

programming", there is no guarantee of whether the obtained solution is a global 

minimum or a local one. The difficulty of this kind seems to be overcomed only 

by starting the search at a number of initial base points widely separated, and 

if the same value is found for all test cases, regarding this value as global 

and otherwise selecting the best as that value which can be termed global with 

some degree of confidence. 

     In this connection our attention is offered to the comparison between the 

results obtained from that search starting from the base point that has been 

found by solving the linearized-constraint model and those derived from that 

search initiating from an arbitrarily-chosen point. The study of Figure 3.5.6 

which gives a good picture of the efficiencies of a number of searches attempted 

for the standard case (Case II-a) shows: 

                                                      (i) A number of those 

                                                        searches which initiate
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 from a different initial 

 base points selected ar-

 bitrarily from the feasible 

 solution set are seen to 

 converge to two different 

 local optima, one being 

 obtained within 15 to 17 

 iterations and the other 

 within 12 iterations. 

 Those flat lines seen in 

 the "tails" of the curves 

 as illustrated in Figure 

 3.5.6 mean that the searches 

have already reached the 

 local optima and the re-

mainder of the searches 

 follows the substantial 

ones and terminates only 

when the convergence is 

guaranteed to satisfy the 

predetermined tolerence. 

     This implies that 

0 the substantial part of 
the searches ends up at 

the point corresponding 

to the joint of the tail

I I



(the left end of the flat line) and that()the excessive accuracy predetermined 
for the check of convergence does not necessarily lead to the enhancement of 

the solution but it sometimes involves unnecessary additional searches. 

(ii) There is little difference in value between the two optima, one being smal-

ler by less than 0.2 percent than the other. This means that the difference can 

be considered negligible from the practical viewpoint. 

(iii) That search  starting from the base point that has been found beforehand 

by solving the linearized-constraint model is found to be the most efficient 

procedure, judged from the points of view that O1 it takes a reduced number of 
iterations, that is, as small as 9 iterations (three-fourths to half of those 

for the aforementioned cases) including the dummy processes, or 2 iterations 

(one-fourth to one-eighth of those cases) excluding the processes, and that 

O2 it leads to the minimum of the local optima which can be regarded as the 
global optimum or some good approximation to it. (The minimum thus obtained 

proved to be smaller by 2 percent than the second best local optimum.) 

(iv) The above findings are shown to apply to Case I, where relatively large 

amounts of fresh water are assumed to be developed as compared to the standard 

case. Things turn out to be somewhat different for Case II-b, where the water 

quality control is assumed to be more strictly made than the standard case or 

for Cases III and IV where smaller amount of fresh water is assumed to be de-

veloped. That is to say that the initial base point derived from the linearized-

constraint model proved to be identified exactly with the optima obtained from 

a number of iterative procedures which start from an arbitrarily-chosen point 

of the nonlinear-constraint model. 

(v) It follows from this that the linearized-constraint model provides an ef-

ficient initial base point and that if the quality regulations are assumed to 

be strictly imposed on the stream, or if available quantity of fresh water is 

taken to be rigidly limited, it may be conceived as a good substitute for the 

nonlinear-constraint model. 

2) Standard Case (Case II-a) 

      The results for the standard case are diagrammatically shown in Figure 3.5.7. 

from which the following may readily be understood. 

 (i) The reclamation system is implemented only in that downstream zone where 

some 35 percent of the wastewaters undergo the tertiary treatment, of which 100 

percent are reused for industrial uses. This appears to be derived from the 

fact that relatively large amounts of water demanded for industrial uses in the 

downstream zone ------- more than double as much as that demanded by the indus-

tries in the middle zone, guarantee remarkable decrease in the marginal costs 

associated with the increased implementation of the reclamation system as com-

pared to the increased additional costs associated with that of the industrial 
water supply system. 

      Therefore one might easily understand that intensive implementation of the 

system proved to be more economical than otherwise. But at first blush the 

intensiveness of this kind does not seem to be reasonable for the purpose of 

alleviating water quality, because relatively large amount of water collected 

in both the upperstream and midstream would result in the deteriorated water 

quality in the downstream. But closer study shows that a large-scale imple-
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mentation of the reclamation system to the extent that the renovated waters 

are utilized for both providing water and improving the quality of the waste-

water effluents would lead to both the decrease in the amount of  streamflow 

collection and the improvement in the quality of the downstream at the point 

of wastewater discharges. This means that the intensive implementation well 

serves for regulating water quality to reach the standard quality as well as 

minimizing the associated costs at the same time. 

(ii) The quality of streamflow at the check-point of the upperstream or mid-

stream zone is better than the standard quality. One exception to this is 

the downstream zone where the quality is found to be equal to the set standard. 

This suggests that on the upperstream and midstream such quality of streamflow 

better than the set standards is both attainable and efficient, judged from 

the point of view of minimizing the implementation costs. In this connection 

the reader is invited to the point that the linearization of the quality con-

straints is justified as a good alternative to our model only if the quality 

of each check-point is found to be close to the given standards.
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3)  Comparative Study of Different Cases 

(i) Figure 3.5.8 gives the results for Case II-b where the quality standards 

are taken to be severer than the standard case (Case II-a). From this it is 

evident that O water utilization patterns are the same as those obtained for 
the standard case insofar as the upperstream and midstream are concerned; ® 
some amount of wastewaters are required to be renovated so as to improve the 

effluent quality;® the streamflow quality at each check-point is found to be 
equal to its set standard; ®accordingly, this solution derived from our model 
is a posteriori shown to be identical to that obtained from the linearized-

constraint model; 5 this is meant to imply that the latter can become a good 

substitute for the former in case high quality standards are a priori estab-

lished. 

(ii) Figure 3.5.9 shows the comparative analysis of Case I, Cases 

II-a (standard case), III and IV. From this we may easily understand that 

Qthe needed amount of renovated waters decreases roughly in proportion to the 
increase in the amount of available fresh waters to be developed in the head-

waters; ()the  associated costs decrease with the increase in the available 
amount of fresh waters. (See Figure 3.5.10.) The cost curve exhibits a de-

                                                            creasing marginal cost
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associated with the imple-

mentation of the reclamation 

system. But if the cost 

for developing fresh water 

is included into the as-

sociated costs, the total 

costs tend to increase as 

larger amounts of fresh 

water are developed; O3 the 
streamflow quality at each 

check-point tends to become 

better as the quantity of 

available fresh water in-

creases; ® this means to 
imply that if relatively 

large amounts of fresh 

water are predetermined, 

it does not seem to be a 

good way to employ the 

linearized-constraint 

model instead of the origi-

nal nonlinear-constraint 

model, whereas it serves 

as a good tool for finding 

some effective base point 

from which to start the 

solution search of our 

model.
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 3.6 Conclusion 
AThe primary objec-

                                                        tives of this study 

                                                              have been: 
---- Linearized-constraint Model to emphasize the im- 

------ Nonlinear Constraint Modelportance of studying the 
                                                           development and utili-

                                                              zation of an intra-basin 

 3000-water resources system; 
oand2Oto present a non-

                                                           linear  programming model 

                                                           as an effective tool for 
Ch 

manalyzing the problem. 
                                                             The major findings 

o could be summarized as c+ 2000- 
r•                              " ---follows: 

                                                         (i) The implementation 
   r• 

                                                             of the reclamation system 

                                                              is found to be concent- 

                                                              rated on the downstream 

    1000-                                                               zone where the entire 
                                                           demands for industiral 

                                                             uses are estimated ex-

                                                        clusively higher than 

                                                                 the other zones. 

                                                        (ii) Accordingly intensive 

                                                           implementation of the 

0 200300 400500 TotalAmounts reclamation system proved 
of Fresh Water 

        Case Iv-e;III-a II-a I-a Developed to serve for both regu- 

       Fig. 3.5.10 Compared Results of Cases(10' m/day)lating water quality to 
                                                           reach the set standards 

relative to the downstream and minimizing the associated costs , relative to the 
entire basin. 

(iii) Any type of inter-zonal water distribution system should not be implemented. 

(iv) The needed amount of renovated waters decreases roughly in proportion to 

the increase in the amount of available fresh waters to be developed in the head-

waters. 

(v) The associated costs decrease with the increase in the available amount of 

fresh waters. But if the cost for developing fresh water is included into the 

associated costs, the total costs tend to increase as larger amounts of fresh 

water are developed. 

(vi) When the quality standards are taken to be higher (severer) , a larger amounts 
of wastewaters are required to be renovated in the downstream zone , while the 
water utilization patterns taking place in the upperstream and midstream zones

, 
remain the same as those obtained for the standard case . 
(vii) The method of feasible directions combined with the penalty method deve-

loped by Fiacco and McCormic proved to be effective to the sol ution search of our 
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model. If the quality regulation are assumed to be strictly imposed on the 

stream, or if available amount of fresh water is taken to be rigidly limited, 

the linearized-constraint model may be conceived as a good alternative to our 

model. 

     In light of these considerations, our conclusions, then, point to a need 

for more inclusive evaluations of intra-basin water resource development system. 

 It is also clear that the presented nonlinear programming model will provide 

important information for planning and designing water resource systems. 

     The research needs uncoverd by this study stem first from the general 

lack of high-quality data on those costs associated with the implementation and 

running the concerned facilities, especially the reclamation system. 

     A second search need is to learn about the mechanism governing the stream-

flow pollutions, which seems to be oversimplified in our model. 

     Greater knowledge in these areas can lead us closer to the goal of adequate 

assessment of the problem treated by this study.
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  Chapter 4  Decomposition-  principle-  based Analysis of Integrating 

   Process of Inter-basin, Multi-modal Water Utilization System 

4. 1 Introduction 

     In the foregoing chapter the intra-basin, multi-modal water resources de-

velopment system has been discussed in detail. The problem to which we now turn 

concerns the inter-basin, multi-modal water resources development system which 

is assumed to be a combined system of fresh-water development and reclamation 

systems. The major advantages of the fresh water development system may be sum-

marized as follows. 

(i) Although water resources are scarce in limited areas, especially in highly 

urbanized areas, it is also true that water would be available if the develop-

ment is conducted in such a large scale that it includes other areas (basins) 

where water resources are still relatively abundant as compared to the low water 

demands generating there. 

(ii) This means that the inter-basin development system that is characterized by 

the large-scale, inter-basin transfer of water from "surplus" to "deficit" areas, 

can be looked upon as a most promising and efficient measure for overcoming the 

water-shortage problem. 

(iii) The low-flow augmentation by diverting streamflows from one basin to an-

other contributes to the alleviation of the streamflow quality. 

Chiefly from the viewpoints of (i) and (ii), we shall consider this system. 

     On the other hand recent technological progresses in the field of water 

resources have made it possible to introduce the reclamation systems. Major 

advantages of this system have already been discussed in the preceding chapter. 

Excluding other sources of supply such as desalted water, groundwater etc. and 

different ways of economizing of the demand side, the study is confined to the 

optimal combination of the above-cited two alternative systems, mainly because 

they are considered most promising and economical amongst different available 

measures. The term "optimal" is used to refer to the most economically combined 

system.

4.2 Integrating Planning Process Incorporated 

     At this point of discussion we need to observe that the inter-basin fresh-

water development system is relatively concerned with the interests of area-wide 

regions, whereas the reclamation system to be implemented on a local basis, is 1) 2)3)4) 5) 

exclusively concerned with the interests of a specified locality. This means 

that the problem of the optimal mix of the two different alternatives entails 

the efficient coordination of the conflicting interests between them. 

     In this connection it seems reasonable to assume the following. 

(i) Any alternative of the fresh-water development system (whose exact definition 

will be given later) is selected by some planning agency of regional level whose 

jurisdiction covers some area-wide interests. 

(ii) Any alternative of the reclamation system (whose exact definition will also 

be given later) is selected by some planning agency of local level whose responsi-

bility mainly concerns the local interests. 

(iii) Both kinds of alternatives are combined and readjusted by some central 

planning agency of national level whose responsibility lies in the coordination
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of different interests involved. 

     The above assumptions provide an important basis on which to construct our 

mathematical model. That is, the following three planning functions are to be 

incorporated into the model, i.e.,  ()function  that corresponds to the selection 
process of an appropriate alternative of the inter-basin fresh-water development 

system, O2 function that corresponds to the selection process of an appropriate 
alternative of the reclamation system and(3)function that corresponds to the 
integrating process where those alternatives derived from the above two processes 

are mutually combined to yield a global alternative. The term "appropriate" 

is used to mean that each function is required to select as economical an alter-

native as possible, assuming that the explicit criterion with which to check 

whether it is appropriate or not is limited to economical one. And the "global 

alternative" refers to that alternative synthesized from the two kinds of alter 

natives. 

4.3 Model Formulation 

4. 3. 1 Identification of the Problem 

(i) The area-wide multiple river basins are treated where midstream and down-

stream areas in each basin are assumed to be grouped into one conceptual region 

which will be called hereafter "the demand region" of a given basin, and dams 

are assumed to be constructed at a number of sites in the upperstream valleys 

on each river. 

(ii) The facilities to be explicitly considered are a set of dams to be con-

structed in each basin, inter-basin channels for streamflow diversions to be 

built between two adjacent basins. In each basin are also assumed collection 

facilities (1), filtration facilities (2) for industrial water supply and those 

for domestic water supply, wastewater treatment plant (1) and tertiary treatment 

plant (1). The numbers in the parentheses represent the numbers of facilities 

involved. 

(iii) The objective function is taken to be the minimized total costs for const-

ructing aforecited facilities. 

4.3.2 Notation 

1) Variables 

wT : amount of fresh water developed by dam G to be constructed in the head-
      waters of river r 

 xr : amount of water treated in the filt ration facilities for industrial supply 
      to be constructed in the basin of river r 

xT' : that for domestic water supply 

y,(ys): amount of river flow to be diverted from river r to s through the 
      channel built between them . (This channel will be denoted by(rs)(or (sr))

. 0; : amount of wastewater treated by th e wastewater treatment plant to be con-
      structed in the basin of river r 

mr : amount of treated wastewater to be further renovated by the tertiary plant 
      to be constructed in the basin of river r (=amount of renovated water to be 

     reused for industrial uses)
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satisfied. 

where z 

4. 3.4 Objective Ft 

The objectil 

as expressed

2) Constants 

 C1: upper bound on12,7                                                 _1 

DI : water demands for industrial uses in the demand region of river r 
 DD : those for domestic uses 

 sP : total amounts of existing water supply for industrial uses in the demand 
      region of river r 

aT : unit cost associated with construction and maintenance of the industrial 
      water filtration facilities in the demand region of river r 

a° : that of the domestic water filtration facilities 
 ar : that of the collection facilities 

NTs(i sr): that of the streamflow diversion channel (r$) (or(sr)) 
rw: that of the wastewater treatment plant 

 rR•that of the tertiary treatment plant 

Sr: that of dam l to be constructed on the upperstream of river r 

Lr number of dams to be constructed on river r 

  v : number of rivers 

4.3.3 Constraints 

     In addition to the nonnegativity conditions of all the variables, we set 

the following conditions for each river basin r=1,...... ,v. 

     In view of the limited capacity of each dam it follows 

    wr
lGCrl(r=1,......v.L=1....,Lr)(4.3.1) 

     In each demand zone the following constraints hold with respect to the sup-

plies of industrial, domestic and renovated waters as well as the wastewater 

treatment. 
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 be handled by a well-known technique, i.e., the simplex method or its variants. 

 But as explained before our another concern is to present a mathematical metho-

 dology for analyzing the optimal coordinating process of two planning functions 

 involved in the above-specified water resources system. In accordance with 

 this objective, we shall further dissect the above-formulated model by utilizing 

 the principle of Decomposion due to Dantzig. 

      To begin, we define any set of solutions that satisfy Equation (4.3.1) as 
 "an alternative of the fresh-water (development) system" , and in likewise any 

 set of solutions that satisfy Equations (4.3.2) through (4.3.5) as "an alter-

 native of the reclamation  system"_ In the following discussions where there is 

 no danger of ambiguity, the terms "an alternative of the fresh water system" and 
 "an alternative of the reclamation system" will be simply referred to as " a fresh-

water alternative" and "a reclamation alternative", respectively. 

      Furthermore under the assumptions made in 4.2 the integrating processes of 

planning the combined system would be interpreted as follows. 
Process 1  

      The fresh-water alternative and reclamation alternative are independently 

 selected by the planning agencies of regional and local levels, respectively . 
Process 2  

      Then the selected alternatives are sent to the central agency of national 

level to be optimally blended. That is to say that on receipt of these alter-

natives, the central agency is called upon to coordinate them , primarily because 
there is no guarantee that they will satisfy the water-quantity balance equation 

of (4.3.6), (Let this condition be named "feasibility condition" .) and secondarily 
because thus combined system will not necessarily constitute the optimal alter -
native in the context of the area-wide economy as expressed by Equation (4 .3.7). 

 (Let this condition be named "optimal condition" .) If some alternatives have 
already been stored at the central agency (these alternatives are c alled "old 
alternatives"), they are used to combine with the newly-selected ones (they are 

called "new alternatives"), thus producing a "new global alternative" . 
Process 3  

     If it proves to be inadequate from the viewpoints of either or both of the 
conditions, the central agency calls on the other agencies to 

propose another 
new alternative based on the information concerning how th e preceding alternative 
is inadequate and how it should be modified . 

     Matters proceed as before, the global alternative being ren ewed and its 
value improved, until it is found to be most adequ ate (or optimal) in the con-
text of the mentioned conditions . 

     We shall see later that the above assumptions gi ve a well-illustratedinter- 
pretation of the decomposion-based solution technique applied to our model) 

     Since the set of the feasible solutions f or Equation (4.3.1) is bounded 
convextly, any one of the feasible solution s can be represented by a convex com-
bination of a certain number of the basi c feasible solutions in this set . This i

s also true of any one of the feasible sol utions that satisfy Equations (4 .3.2) to (4.3.5) . Let {WP)} and .{_r M. represent any one of the basic feasible solutions 
to Equation (4.3.1) or to the set of Equati ons (4.3.2) to (4.3.5), respectively. 
Here sc`g~ (x7(41u,~'(9) ,w ?(q)), Then, any feasible solutions , { w } and { }, where 

  =' T,wR) can be expressed in terms of linear combinations of {w~) } (p=l 

                                                                                       L 
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   (4.3.13) 

T1

If we set 

  z(P)=~z     1
r=1 L l 

               U 

  z(Z)=j{(a 
              r_1 

    () _,S'w(P)  rrC 

Equations (4. 

     Po

r + a
C ) T(q) + (aD+arc ) a,D(q) +rW 0W(q) +rR wR(2)}

D(q) --------------------------------------------------------------------------------------------------------------------- 

then3.12) and (4.3.13) are rewritten as 

qo 
e(4) u(q)+ E (yT, - yr ) >0 ------------------------------------------------------------------ 

9=1sezr 

P
p mi. imizez=X z(P),;(P)+Ez~4) ,u(4)+x2(QTys+fLyTs) ........................ 

P=1 1r=i3O.°zT 

     Observing that in Equations (4.3.18) and (4.3.19) Q(P), 0), z(!), 
and Aare all constants while 2W, AO), y r , y s all variables, and taking 
of Equations (4.3.9) and (4.3.11) which ,((P) and ,u(q) respectively should 
we know that Equations (4.3.18), (4.3.19), (4.3.9), (4.3.11) and the 
tivity conditions of all the variables concerned constitute a linear 
ming problem. We shall call this problem "the Master Problem", which- 
as: 
Master Problem  

       Minimizez=2zi) 2(P)+~z24)~(4)+2E(sTys+/yrs) ............................(4. 
7_12=1r=lsezr 

subject to 

4 

     EQ(P) 2(P)--Ee(T),u(q)+E(ys— y0)0 .................................................................(4. 
714=1sezr 
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proper weight 
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     The new 
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= z(P) 
     1 1 

       z(2q) =z(2q) 

where 

        ~~Y)=(6(P ........... 

      ~(q) =(ei9 ...... 

=(r(k) ........... 

In the above r( 

optimal basis 

calculated as 

7r(k) 

 where (B 

problem of the k-th 

and/or z(P) 
     The values of 

the k-th 

agency for 

This mechanism 

     On receipt 

are called 

this mechanism 

      Zr~ 
                           T=1 L 
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r=1 

         (5T
L=a-7ik)-- 

         aI = a'-7G(k) 

                      T (7iD=aD-7N 

     The theory of 

 - and i{2) are found 
this new global

       z,yTs —0) 

ter problem can be considered a mathematical expression of the 

what comes to the same thing, the problem of finding a set of 

s to be assigned to both the new and old alternatives, thereby 

ew global alternative. 

global alternative thus obtained is warranted to satisfy the feasi-

      rhe optimality condition which is called "simplex criterion" 

d as follows.

S(7,) 

((q)

 (4.3.9) 

(4.3.11)

,0,1)` 

CIO - 7GCk+1 ,7C 

resents a 

for he master

              kj BC -1

CIO   ) 
m+2 . 

set of simplex 

problem of the

(4.3.20) 

(4.3.21)

multipliers corresponding 

k-th iteration. That is,

to the 
r(k)1S

represents the inverse matrix of the optimal basis for 

                      iteration, (,(k) its corresponding coefficient parameters          
1 in the objective function (4 .3.19). 

         values of the simplex multiplers derived from the master problem 

         iteration can be considered the information provided by the 

r the fining two agencies as to the way to cut the total 

anism corresponds to the process 3. 

eceipt of this information the two agencies other than the 

d upon to modify their own alternatives. We shall further 

anism in terms of the decomposion principle. 

w(P)7r(k)---------------------------------.....        m1 

 ar),xiD +        (q) +(aaT)
 D(q)+

rW~W(q) +rRw R(q)1-„(k)

(4.3.22) 

rthemaster 

rametersz(r)              1 

oblemof 

 central 

centralone 

explain

ofthe simplex method shows that if 

                  tobe nonnegative, then the global 

alternative is shown to be identical 
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the minimal valuesofi 

condition is satisfied 

 to our desired

  3 (4.    3.23)      .23) 

(4.3.24) 

(4.3.25) 

(4.3.26) 

(4.3.27) 

     Vin) 

        1 isfied and 

solution.



 it also tells that otherwise that new alternative, whether w(/)(r=1,...... ,v; 
b=1, , Lr ; p=p,+ 1 ) or x(q) ( r=1, ...... v ;9=9° +1), which yields the most negative 
value among them should be added to those old alternatives which constituted 

the old master problems. Here we obtain the problems of finding the minima 

of both-i(213) and subject to Equations (4.3.1), and Equations (4.3.2-1) through 

(4.3.5-1), respectively which can be stated as follows. 

Subproblem I  

Minimize z(P) = ~
1 s b w(P) - 7c(k+................................................................................... (4.3.28) 

w(p) <T.(w(P) > 0 ,p0=p0+1) ..........................................................................................(4.3.1) 

Subproblem II  

Minimize z(2q)-- {(a1 +a;' )x,(c)+(aD+ar )xP(a) 
r=1 

+rW wW(q) +rR wR(q) }—rik+2 - ---------------- ---- - --- ----- - (4.3.29) 

xr(q) 4-7DR(4) >D,1

x(q) >DD --

                ,or (q) <5 '(q) 

wu'(q) G DT 

     The above 

of the process 

    Finally the

DD + SP 
1(q), xD(q), ,4(0, vyr'(q)>0, q=qo+1 ) 

two problems can be considered 

1. 

optimality condition is

ered the 

checked

(4 

(4 

(4

                                                                                                                                                                                                                                         •                                                                                                                                                                                                                                          

• 

                                                                                                                                                                                                                                         • 

                                                                                                                                                                                                                                                                                 •

3 

3 

3

                                                                                                                                                                                                                                                

• 

                                                                                                                                                                                                                                                • 

                                                                                                                                                                                                                  • 

                                                                                                                                                                                                                                                •

3-1) 

4-1) 

5-1)

 mathematical representations 

with the following criterion:

----------------------------------------- (4.3.30) 

and H?0------------------------------------------------------------------------------------------------------------------------------------------ (4.3.31) 

where zl(P) and i (9) represent the optimal values of the objective functions of 

the above subproblems. 

     If the above condition is found to be invalid, the new alternatives cor-

responding to i-142)) and P2'(9) are sent to the central agency and matters proceed 

as before until the above condition holds. These mechanisms can be interpreted 

as the mathematical expressions of the process 3. 

     We have now shown that the decomposition-based solution algorithm as ex-

plained in the above can be conceived as a modelled integrating process of the 
two different kinds of alternatives. 

4.4 Case Study on Southern Part of Hyogo Prefecture 

4. 4. 1 Regional Setting 

     The conceptualized system of inter-basin, multi-modal water resources 

development is diagrammed in Figure 4.4.1, which shows that the inter-basin 

system consists of 5 intra-basin systems, i.e., the Chigusa, Ibogawa, Yumesaki, 

Ichikawa and Kakogawa Rivers. 

4.4.2 Model Data 

1) Estimated Water Demands 

     On the basis of the projected increments of population and growth of pro-
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Fig. 4.4.1 Model Diagram and Calculation 

Results of Standard Case

(Million m3/day)

Name of
River Basin

Industri-
al Demand

Domestic

Demand

 Kakogawa 0.90 0.48

Ichikawa 0.61 0.32

Yumesaki 0.11 0.05

Ibogawa 0.03 0.06

Chigusa 0.07 0.24

kind

Table 
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Demands
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Minimize z = ' e x +  ------------------------------------------------------------------------------------- 
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fiGrd are ontinuous nonlinear 
We first find some large values

4.4.) The nonlinearities involved 

cost curves were overcomed as follows. 

3) Modified Linear Programming 

     Whether the model is solved 

as a linear programming problem 

by use of the decomposition 

lution algorithm developed is required 

based on the simplex method which is o 

cable to a class of linear 

To get around this difficulty 

the modified linear programming 

procedure will follow.

 duction over the 

 period ranging from 

 1965 through 1985, 

 predicted per-capita 

 demands and per-unit-

 production demands 

 at the time of 1985, 

 the predicted water 

 demands were esti-

 mated as tabulated 8) 9) 

 in Table 4.4.1. 

 2) Estimated Cost 

    Curves 

      The same data 

 as used in the pre-

 ceding chapter were 
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 further details see 
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high water demands. 

(iv) The parametric programming analysis in which the associated costs are 

parameterized to see the effect of its change on the outputs, shows that over-

estimated costs for the fresh water development system, for instance, tend to 

lead to a higher coverage of the reclamation system and vice verse. (See 

Figure 4.4.3.) 

                                           (v) In case the water demands are para- 

                                                   0 

    •meterized, the scale of the reclamation
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Fig. 4.4.3 Calculated Implemen -
tation Scale for Different 
Unit Costs Predetermined
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2.0

1.0

0

X 
•

system expands roughly in proportion to 

the increment in the water demands, 

whereas the scale of the fresh water 

development system remains almost the 

same. (See Figure 4.4.4.) From this 

we may reason that the overestimated 

water demands tend to place the recla-

mation system in a more advantageous 

position, because of increased advan-

tage of the scales of economy related 

to the system. 

2) Decomposition Principle-Based Analy-

   sis 

     Keeping the above findings in mind 

we proceed to the analysis of the interg-

rating planning processes involved in 

the inter-basin, dual-modal water re-

sources development system. 

(a) Changing Pattern of Alternative 

    Selected at Each Stage 

 o The study of Figure 4.

         Tatal  Water Demands(Million m?/day) 

Fig. 4.4.4 Calculated Implementati
on Scal

e for Different Water Demands 
Predetermined
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a rn 
oU) 

a) 

0 
U

4.5 reveals the following: 

(i) A crucial difference 

seen in the changing pattern 

of alternatives selected 

at each stage lies between 

the former stages (from stages 

1 to 4) and the latter ones 

(from stages 5 to 7). That 

is to say that in the former 

stages those scales of both 

the fresh water and recla-

mation systems represented 

by the selected new alter-

natives exhibit comparatively 

drastic changes for each 

stage as compared to those 

changes in the latter stages. 

This seems to imply that the



 4.0

H 
5 

3.0 
CD 
m 

rt a 

Hr H. 
0 

0 
a 
H 
m 

H.z.0 

H. 
O 

3W

1.0

0

 0

 >< Fresh Water Alternative 

0 Reclamation Alternative 

fl Diversion Facilities

1 2 3 4 5 6 7 8 9 10 

Fig. 4.4.5 Changing Pattern 

Sub-alternatives Selected at 
Each Stage

Step 

of

mated to be more than 0.50 million m3/day. 

(b) Changing Patterns of New Alternatives Selected 

    Assigned to Them 

     Comparative analysis of Table 4.4.2 shows 

(i) The assigned weights to the new alternatives added t 

for each stage are considered to represent their relativ 

set of alternatives involved. 

(ii) The weight assigned to that reclamation alternative 

has proven to be equal to 1.0 at the final stage, 

native system can be considered the reclamation 

tues the optimal water resources system. 

(iii) Those fresh water alternatives selected at stages 
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former stages can be interpreted 

as the process of roughing out 

the percentages of the coverages 

of the total demands by either 

of the two kinds of systems, 

whereas the latter stages cor-

respond to the refining process 

where detailed assignments of 

the afore-examined coverages by 

either of the systems to each 

basin are developed step by step. 

(ii) In this connection it should 

be observed that the quantity 

of the water demands covered 

by the reclamation system amounts 

to 0.64 million m3/day and that 

covered by the fresh water system 

2.22 million m3/day. Notably 

the marginal cost for that scale 

of the reclamation system from 

as much as 0.50 million m3/day 

to more than that amount becomes 

as low as the sum of both unit 

implementation costs of the fresh 

water system (whose scales total 

2.22 million m3/day) and those 

of the diversion channels in-

volved. This means that the 

basic coverages by two kinds of 

systems can be approximated by 

selecting those dam sites whose 

implementation costs are estimated 

at 15 yen/m3 or less than that 

and by identifying those basins 

where the water demands are esti-

         ch Stage and Weights 

as added to the master program 

ir e importances in the 

lternative selected at stage 3 

ge, which implies that this alter-
          :m itself which consti-

          3 and 7 are combined



Kind of

Alternatives

No. of

 (p),  (q)

Initially Intro-
duced at
step :

Step

1 2 3 4 5 6 7

Fresh Water

Alternatives

(p)

1 1 1.0 0.75 0.08

2 1
^

3 2 0.25
^

4 3 * * 0.92 1.0 0.80 0.72 0.61

5 4 * * *

6 5 *
* * * 0.20

7 6 * * * * * 0.28 ^

8 7 * * * * * 0.39

Reclamation

Alternatives

(q)

1 1 1.0 1.0 ^

2 1
^ ^

^

3 1

4 1
^

^

5 1
^ ^

6 2 *

7 3 * * 1.0 0.77 1.0 1.0 1.0

8 4 * * * 0.23 ^

9 5 * * * * ^

10 6
* * * *

^

11 7 * * * * *

- denotes zero 

 * that alternative not yet introduced into the Master Problem 

     Table 4.4.2 Calculated Weights for Different Steps

 into the fresh-water subsystem which constituted the optimal water resources 

system. By observing that the weight assigned to that alternative selected at 

stage 3 is 0.61 whereas that selected at stage 7 is 0.39, we might easily reason 

that the basic characteristics of the optimal (global) system is determined 

by that alternative selected at stage 3 and that some modifications of the 

structure are made by that alternative selected at stage 7. 

(iv) This leads us to the conclusion that those alternatives selected at stage 

3, whether fresh-water or reclamation alternative, represent the basic structure 

of the optimal system. In other words stage 3 proves to be the crucial point 

in the roughing-out phase (from stages 1 to 4) . 

(c) Changing Pattern of the Value of the Objective Function 

     The above findings can be validated also by the study of the changing 

pattern of the value of the objective function as illustrated in Figure 4 .4.6. 
That is, drastic decreases are seen from stages 1 to 3 as compared to the slight 

decreases seen from stages 4 to 7. This implies that the phase of the framework -
making of the optimal system ranges from stages 1 to 3 or so and th at the phase 
that follows can be thought of as the refining processes . 

4.5 Conclusion 

     The study included in this chapter concerns the interb asin, multi-modal 
water development system which consists of two kinds of s ubsystems, i.e., fresh-
water development system and reclamation system . Thereby our attention was 
devoted to the analysis of the integrating proces s of the two different plan-
ning functions involved in combining fresh -water and reclamation alternatives 

presented respectively by their concerned agencies . Then thus specified problem 
was modelled by linear programming and further analyzed by use of the decom-
position principle. To illustrate the potential of the model a case study on 
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                                                            the southern part of 

                                                               Hyogo Prefecture was 

                                                            made, from which the 

                                                            following points have 

                                                                  been made clear. 

 -(i) The reclamation 

csystem should be im- •25 -plemented exclusively 

                                                               in those regions where 

 relatively high water 
• _demands are estimated, 

                                                            mainly owing to the 

                                                                  scales of economy in- 

ovolved in the imple- 
                                                               mentation of this system. a 

•20 _This kind of region is 

ofound to be the basin 
-of the Kakogawa River 

                                                                  in our case study. 

                                                            (ii) The inter-basin 

steram£low diversion 

                                                            systems should be im-

                                                              plemented to convey 

streamflows from both 
15-the Chigusa and Ibogawa 

                                                            Rivers to both the     

r-------------------------------------------------------------------------------------------r r r fir II III)Yumesaki and Ichikawa 
    0 1 2 3 4 5 6 7 8 9 10 11 12 Step 

                                                                  Rivers, and also from 

                                                            the Kakogawa to Ichi-
         Fig. 4.4.6 Changing Pattern of Objective 

     Function at Each Stagekawa Rivers. 
                                                         (iii) The parametric 

                                                              programming analyses in 
which either of the associated costs or the estimated water demands are paramet-

rized, reveals that the overestimated implementation costs and/or the overesti-

mated water demands tend to place the reclamation system in a more advantageous 

position. 

(iv) The decomposition-based analysis reveals that the earlier stages of the 

integrating process correspond to the phase of roughing out both the total amounts 

of the water supply to be covered by the fresh-water development system and 

those shared by the reclamation system. In view of the fact that this kind of 

coordination was found to contribute largely to the enhancement in the integ-

ration, we might well conclude that if such roughing-out mechanism is given 

primary consideration in prior to the detailed examination of the optimal global 

system, it would reduce a vast amount of work needed to follow it. 

     The above findings seem to provide important information for the planner 

who examines the possibilities of the inter-basin, multi-modal water resources 

development system as one of the practical strategies to overcome the water-

shortage crisis in the years immediately to follow. 
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     Lastly the study is incomplete in that: 

 (D The quality of streamflows involved should be included into the objectives 
of the study. 

2O Even within a single basin there seems to be much difference in localism, 
hydrological conditions, economical and social situations, etc. Accordingly 

further study should be continued where each of the concerned river basins 

are divided into several subregions. 

      In light of these considerations another feature of the inter-basin, multi-

modal water development system will be considered in next chapter.
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Chapter 5 Nonlinear Goal Programming Approach for 

ment of Multi-goal, Inter-basin, Multi-modal Water

Coordinated Attain-

Utilization System

5. 1 Introduction 

     Practitioners and researchers of the art of water management have increas-

ingly come to the realization that allocation and control of this resource in 

the high population areas where the demand for water is growing rapidly, re-

quires considerably greater skills than have been utilized in the past if effec-

tive management is to be attained. Furthermore with the increasing awareness 

of the importance of environmental quality, planning and construction agencies 

are asked to broaden environmental considerations. As such, the evolution of 

area-wide, multi-modal water resources planning to include multiple means of 

water-usage modes on an integrated regional basis has become a matter of in-

creasing concern in the area of resource management. As a result the central 

question now in the planning of water resources development and utilization is 

how to blend the attainment of the required goals related to developing sources 

of water as well as to controlling water quality. In light of these consider-

ations the primary concern of this paper is the proper coordination of the 
                                                                            1)2)3)4)5) 

attainments of multiple goals involved in the planning of this kind. For this 

purpose a mathematical methodology by use of goal programming will be high-

lighted as a means to approach the problem.

 5.2 Multiple Goals In the Planning of Water Utilization System 

      The system to which our discussion is addressed is the water resource 

 system of inter-basin development and dual modal utilization. (This system 

will be called "inter-basin system" for short.) Among several goals involved 

 in the planning of this system the following two seem to be given first con-

 sideration. 

 (i) to secure a sufficiency of fresh water provisions for the water users on 

each river basin by means of developing dams on a cross-basin basis and diver-

 ting river flow from one stream to another, 

 (ii) to attain an efficiency of economy on a cross-basin, area-wide basis. 

      In addition to the above goals, chiefly owing to the increased awareness 

of the need to make concerted attacks on the problems of the environment, the 

planner in the field of water resources development is called upon to include 

some forms of water quality considerations into the principal goals for the 

planning. From this point of view, let us deal with the reclamation system 

as a means to improve water quality of the receiving waters. In this regard, 

it seems better to divide one river basin into multiple zones by allowing for 

different localisms of hydrology and water uses for the reasons that follow. 

Ol Some forms of recycling usages of water resources have been and are being in 
operation on each stream where stream waters which are collected and used on 

the upperstream are partially returned back with waste loads to the receiving 

stream and they are re-collected and reused and returned back to the receiving 

water body on the midstream and/or downstream. ®In this viewpoint it is keenly 
needed to establish an efficient water recycling system combined with the rec-

lamation system. 
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     To sum up in dealing with the above-analyzed system, the following goals 

should be given major consideration. 

(i) to secure a sufficiency of the provisions of water, whether fresh or reno-

vated, as much as possible for the use in each zone, 

(ii) to attain an efficiency of economy as much as possible on a cross-basin, 

area-wide basis, 

(iii) to improve the water quality of each stream as much as possible. 

     Herewith attention needs to be paid to the fact that these three different 

goals can be attained to full extent only at the expense of the others. Stated 

otherwise, the more economical alternative is seeked for, the less amounts of 

renovated waters seem to be needed, and the more deteriorated quality of stream 

water should be permitted. Moreover the more sufficient provisions are called 

upon in a given zone, the less amounts of water are available in the other 

zones, whether they may be located on the same stream or not. Accordingly the 

planner would be rather concerned with such an alternative that assures coor-
dinated attainments of the multiple goals than he would seek for that alter-

native which maximizes the attainment of a single goal. We shall dissect this 

type of problem in this paper. 

 5.3 Goal Programming 

5. 3. 1 Preliminary Discussion 

     Goal Programming is a special extension of linear programming. Though the 
                                                                          6)7)8)9) i

nterest for it is rather new, the literature is already copious. 

     Recently T.Fushimi and T.Yamaguchi demonstrated that the introduction of 

the L-type utility function into the formulation of the model as a mathematical 

representation of the trade-off relations between the concerned goals , leads 
to the problem of finding such a solution which can be thought of as well-bal- 

anced attainments of those goals We decided to make use of this approach 
developed by T.Fushimi and T.Yamaguchi, primarily because our main concern is 

to find that alternative which assures well-balanced attainments of our goals . 
     In this regard it seems to be of vital importance that their approach 

bases its frame of modelling on linear programming and in this context it is 

not applicable to those cases where the goals to be set takes a mold of non -

linearity, as is exactly the case with our model . (This point will explicitly 
be described later.) 

     In light of these considerations our secondary concern is placed on ex -

ploring Fushimi-Yamaguchi's approach and developing a new type of goal pro-

gramming which is applicable to the problem involving nonlinear goal constraints. 

As will be seen, the authors present a modified goal programming approach based 

on the cutting plane method developed by Kelley )and will demonstrate its appli -
cability to the non-linear-type problems . 

5.3.2 Permitted-level and Satisfied-level of aGoal 

     To begin, let us introduce the notions of the "permitt ed-level" and the 
"satisfied -level" with reference to a 

given goal. The term "permitted level" 
is defined as the level such that the planner is determi ned to accept any alter-
native that assures the attainments of the concerned goals to th e extent equal 

                                 —70—



to, or larger than it, but otherwise he would never accept that alternative. 

The term the  "satisfied level" is used to mean that after taking account of 

various conditions, such as the case where one specified goal would be attempted 

to reach its full attainment by confining the remaining goals to be achieved 

at their permitted-levels, the planner becomes willing to accept that level of 

alternative as a satisfactory one, if not optimal. 

5.3.3 Specification of the Method 

     For brevity and clarity of explanation this will be deferred to the for-

mulation of our model. 

5.4 Model Formulation 

5.4. 1 Identification of the Problem 

(i) The area-wide, multiple river basins are considered where we assume that 

by taking account of local differences in water usages, hydrology, legislative 

and economic boundaries, etc., the area of each river basin is a priori divided 

into a couple of subareas which we call "downstream (demand)zone", "midstream 

zone", "upperstream zone" and the like. 

(ii) In the valleys up the rivers and above the upstream zones are constructed 

dams to develop freshwater. 

(iii) Each zone on a given river is considered a geographical unit for water 

utilization in which a dual-modal water utilization system — a combined sys-

tem for utilizing both fresh water and renovated water — is assumed to be 

implemented. 

(iv) There are two types of water users in each zone, i.e., industrial water 

and domestic water users. 

(v) As shown in Figure 5.4.1, in each zone water is collected from the nearest 

stream running through the area and then undergoes purification at two differ-

ent utilization plants (one for industrial water supply and the other for do-

mestic water supply), and is provided for both kinds of water users. The used 

water with waste loads are carried by the sewers to a wastewater treatment 

plant and then undergo primary and secondary treatments. The effluents from 

the plant are partially returned back through an outlet to the same stream 

 (receiving water body) at a point further down from the point of withdrawal, 

the remainder of which being treated by the tertiary treatment plant and then 

returned back to the receiving water body at the point near the wastewater-

discharge point, and partially provided again for the industrial water use. 

 (vi) Between a given water body and its adjacent ones is constructed a diver-

sion channel through which river flows are diverted from one stream to another, 

if necessary. 

 (vii) It is also admitted that between any two of all the zones, whether loca-

ted on the same stream or different streams, can be constructed a distribution 

aqueduct through which some portions of purified industrial water are conveyed 

from one zone to the other. 

 (viii) At a given point on the stream in each zone which assumed to be located 

most downstream in each zone water quality of the stream is required to meet 

 the set standard. we stand on the premise that water quality is checked with a 
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 single parameter,i.e.,BOD ppm. 

 (ix) The construction costs are rendered to the amortization cost per annum. 

 (x) The set goals are the following three:  Ol  minimized total costs associated 
with the construction and operation of the concerned facilities (cost-goal); 

2O maximized attainment of water supply to meet the projected water demands 
of each zone (supply-goal); ()maximized attainment of water quality conserva-
tion at the check-point on the stream in each zone (quality-goal).
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                        Fig. 5.4.1 Model Diagram 

 5.4.2 Notation 

1) Variables 

wTi: capacity of dam I to b
e constructed on the upperst

ream valley of river r 
z;.: amount of water treated by the filt ration facility for industrial water 

       supply to be constructed in zone i 
on river r 

: that for domestic water supply 
s'      : amount of water supply f or industrial use 

: that for domestic uses 

yT{sf: amount of purified industrial water to be distrib uted from zone i on        river r to zone j on river s 
yr;st: that of purified domestic water 

  yr,~: amount of river flow to be diverted from river r in zone i t o river s       in zone] th rough the channel built between th em (This channel will be       d
enoted by channel(r,s

.0 vf: amount of wastewater treated by the wastewater t reatment plant to be       constructed in zone i on river r 
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 wr : amount of treated wastewater to be discharged into the receiving water 
      body r 

wR : amount of treated wastewater to be further renovated by the tertiary 

      plant 

w" : amount of renovated water to be reused by industry 
 w°: amount of renovated water to be discharged into the receiving water body 

  QL : average annual discharge at the downstream-most point on river r in     r
i 

       zone i 

Q° : that at the upperstream-most point 
Br : average BOD at the downstream-most point (check-point) on river r in 
       zone i 

B°.: that at the upperstream-most point 

Bsi: average BOD of streamflow diverted by channel(risi) 

ec,7S deviational variables related to cost-goal 
  e;(er°) : those related to industrial-(domestic-)supply-goal for river r 

    i 

  '1r.(~1°i) : the same above 

e8 ?7. : those related to quality-goal for river r 

2) Constants 
Cr

i: upper bound on the capacity of dam l on river r 

Qrt: minimum discharge requirement of that part of river r running through 
       zone i to be reserved to maintain the natural functions of the stream 

   9`ri: amount of streamflow of river r already being collected by existing 

       water users in zone i 

qr.: inflow from tributary streams running through zone i into river r 

  sP.:total amounts of existing water supply for industrial and domestic uses 
       in zone i on river r 

aI73 
   bri: average BOD of1ri 

bE: average BOD of the effluent from the wastewater treatment plant (same 

       value for each zone) 

       average BOD of renovated waters (same value for each zone) 

Br .: BOD standard prescribed a priori at the check-point downstream-most of 

       river r in zone i 

GC, qC : satisfied and permitted levels of cost-goal, (2°qC GC) 

4,A: : those of industrial-supply-goal for zone i on river r (%i=G,'-4. ) 
  G,°.4°ri : those of domestic-supply-goal (~°~ G°-- qr°i ) 

Gai yr : those of quality-goal)-,asGB                                  (ri4rtri) 
ark: unit cost associated with construction and maintenance of the collection 

       facilities in zone i on river r 

       that of the industrial water filtration facilities in zone i on river r 

D: that of the domestic water filtration facilities in zone i on river r 

         y that of the industrial water distribution aqueduct which conveys     r 1 1 r 
      wa!ter from zone i (j)to 1 (i) 

46(11i4: that of the domestic water distribution aqueduct 

   rscg.r)' that of the streamflow diversion chanel (risj)(or(sjr)) 
• that of the wastewater treatment plant 

       that of the wastewater effluent facilies 

71i: that of the tertiary treatment plant 
TTi: that of the renovated-water effluent facilities 
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 : that of the renovated-water distribution conduits 

On: that of dam l to be constructd on the upperstream of 

   Lr: number of dams to be constructed on river r 

mr,ms: number of zones on river r (s) 

   v : number of rivers 

5.4.3 Physical and Technical Constraints 

     In addition to the nonnegativity conditions of all the 

lowing physical and technical constraints are incorporated 

For brevity of explanation, otherwise stated, the following 

for r=1t...... ,v; 1-1, ,L7-; i=1, ...... . Mr; J=1, ......, ins 

     Each dam to be constructed is limited its capacity as
wr

i SCri

river r

variables the fol-

into the model. 

constraints hold

where 

zone

Available amount of streamflow 

x.+4. Qur.-q'.-q1.+e(y.r,-ri-yr ,.) 

 zr.tdenotes the set of those ril

i on river r. 

For water supply for 

  SrSx+ ysr—£yri/s.+wr 
   tiseir,J2sezriJ 

Likewise for water supply for

to be collected is constrained as

running through the zones 

 it follows

(5, 4.1)

                          tnose rivers 

                       industrial uses

adjacent

(5.4 2)

(5.4.3)

to

                                                •, _ Z`se„.J•tsemr
t- ' 

The amount of wastewater 

 limlted 

    sP .......................                       r

 omestic uses,

is so 

     And the 

and that of  

 wR=uy wE 

       NRO            w
Ti—tUri—wri 

     The average a 

stream in zone i i 

zone as follows. 

where uriftts
j) denotes 

     On substituti

(5.

treated by the wastewater treatment plant

4.4) 

in zone i

amount of 

renovated

 renovated water treated by the 

water to be reused in this zone

tertiary plant 

are so constrained

     Tne average annual discharge of river r at the withdrawal point most upp 

stream in zone i is governed by the streamflow condition of the nearest 

zone as follows. 
                                                    Lr       EO/D

7GT                    +wri~wrixrixrt)fi~1T1+('JsT~,ri,yriii') ------------------- 
                                               /Gus. 

                                                             J 
                                                                                      i'6 Ur.. sezr. 

wheredenotesthe set of those zones locatedfurther upward from 
     On ng Equation (5.4.8)into(5 .4.2) , we get 

                        (4.,+a,)S ['6UTri'—(Qri+1Ti) 

   ~+Lr 

                   T.s~)+~,G(ys.,r.,—yr,s.,)+,e(wr,+W )+wr -----------------------             teU
~Jz[JieU,rii'(!(5.4.9) 

                                     i'eUr, seZ,r                    Ur
it 

     For preparation for the formulation of the quality -goals , let us assume 
a case where the water quality(BOD) of river r at the check-point downstream-
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              Br
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            Zone 
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         +1Yrrisi 917 

         e -c+7; 
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is expressed as
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ri ( ri —'~_ 

 assume here

sezr, 
1

rba y
ri~)~'ri9ri  bEwEb°w°r      i+ri+SBTriySri

* 

tes that zone located one-zone above zonei(j). (See Figure 5.4 

                         By substituting Equations (5.4.12), (5.4.13) a            (up) 
                    (5.4.14) into (5.4.10) and (5.4.11), we obtain the 

                     following recurrence relation with respect to is 
           Zone )• 

                            1{LQLr _I)_ba                                 BrL_iQLBrt*(ri*—i.Z'rikyri 1)ri Qri    ----------ri 

       Zone j+bE+bow°+Bs* y sTiri } SEri --------------------------(5.4.15) 

                          Since both BLr.* and QT.* are also required to mee 

                                                                                      t RiversEquations (5.4.11) and (5.4.15), respectively, we k 
             (down)                     that Equatio n (5.4.15) is a nonlinear inequality. 

Illustrated 
on en Zone i 5.4.4 Goal Constraints 

         Zone j 
                          The goal concerned with the total construction 

                     and operation costs are fomulated as 

       p4 .+4.)±q/I,ID~p           {,+ccr .~'~.+ar(s~(Nrij9a+N~rir^art+Nri~_riSiS~ri^s~r{ 
ttezri 

        -
i /QT 

 

,ri!^~ri)+?.wri+1'RiwR+lrtwr,+roiw°+Iri4j}+T1~~'drlDS-1-----(5.4.16)

 el)*

elJ

 +77c=Gc

explicitly 

 (5.4.10) 

 (5.4.11) 

 (5.4.12) 

 (5.4.13) 

 (5.4.14) 

figure 5.4.2.) 
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to i . 

(5.4.15) 
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— 'l
rj —

the goals 

follows 

n
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(5.4.17) 
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(5.4.19) 
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5.4. 6 
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          wereed to consider that case where the control of water 
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ngtheBOD standard ari with the permitted-level of the qua: 

ttingnigher quality values as its satisfied-level, the goal 

          follows. 
                                                                                                B
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     Inviewofthe fact that QT is constrained by variables such as 

      itisfir that the goal constraints (5.4.25) and (5.4.26) are 

     Then that faces us now is the mold of nonlinearity involved 

constraints, because our ordinary goal programming approach is 

      tothatcase where the goal constraints and physical and technical 

ntsasL as the objective function are all expressed in linear 

     Soastofickle with this difficulty in a straightfoward way, z 

L programming approach will be presented later by the 

ethatweShall proceed to the formulation of the objective fur _______ 
               model.eteour 

       ObjectiveFunction 

Z= ec -----------------------------------------------------------------------------------------------------------------------(5.4.28) 
      eccanbereplaced by any one ofe; .or eB                                            t, eriTi (i=1,...... m.rir=1 ,......v) 

      FormulatedModel 

      tive'on
Minimize Z - eC 

Technical and Physical

- (5 .4.24) 
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       ) 

 (5.4.27) 
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Lvedinthe 
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           authors.
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Constraints

 For t=1,.... ,LT; r=1, ...... v; i=1 ,...... ,mr; 
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(5.4.28)
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Linear

Qr=.,(qri,+ruri+w~-zT =z           ri 

Goal Constraints

 -x°
Lr 

  wrTT    +t =1/au
,(ys~,riiyri~,) 

i'6Ur ,          
t s

e - eC+77CGC 

esgc ..............

(5.4.8)

             ri =-9ri 
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feasible 

(linear 
set)  X 

(given point)

 G(a)='x

Fig. 5.5.1Geometry of Per-

pendicular to a Linear Hyperplane

This means to imply that the magnitude 

tance between a given point and the foot of the perpendicular drawn from it onto 

the hyperplane representing the satisfied-level 

otherwise, our original goal programming  approach can be interpreted as a mathe-

matical expression of the problem to find a point as close to the goal hyperplan 

as possible subject to the technical and physical constraints. This is, howevel 

somewhat misleading, because our objective 

minimized, but y- z not necessarily being minimized. 

in 7 which might be geometrically interpreted 

hyperplane, would never contribute to the improvement of our solution. Accordin 

ly it needs to be added that the solution is limited to some neighborhood domain 

of the set of points on the goal vectors if the unbiased attainmentsof all the 

goals are pursued. 

     Now that it becomes evident that the deviational variables y and z are 

geometrically interpreted as such, our next concern is to develop a modified ap-

proach in which this geometric property would never be lost. 

5. 5. 2 Modified Approach by Cutting Plane Method 

     The difficulty involved in uniquely determining the hyperplane with respect 

to the satisfied-level condition can be overcomed in a manner that follows . 
     Let us first define our goal programming problem in a general form as 

Mznimmzze Z=Eu -----------------------------------------------------

d  tax—G --------------------------------------(5.5.1) 

     By noting that any goal constraint 

concerned with its satisfied-level can 

be expressed as 

    am~e-~7=G--------------------------- (5.5.2) 

the above equation can be converted 

to the following: 

d=p(e-27 ) --------------------------------(5.5.3) 

where 

    p=--------'a(constant).(5.5.4) 

de ofy-zis in proportion to the dis-

of the perpendicular drawn from it onto 

-level condition of a given goal. Stated 

hyperplaneapproach can be interpreted as a mathe- a point as close to the goal  

however,physical constraints. This is,  

e function is so formulated that e be 

inimized. This means that a decrease 

eted as a step further close toward the 

improvement of our solution. According-

 is limited to some neighborhood domain 

if the unbiased attainments of all th

Ar+B (E0-7f 0)=1 

G (x)+60 —77u=G

G(sr)Zg

where ((u)is a nonlinear function and Equations (5 .5.7) any' (5.5.8) represent the 
nonlinear goal constraints in question . Equation (5.5.6) represents technical 

and physical constraints as well as the other goal constrain-s expressed in 

linear forms. 

Letx(')be a given point defined on the compact polyhedral convex set s={J4a~1} 
and let R ={-'1 .9SG (xK G } be nonempty and R S S. 

     Then the hyperplane involved can be so determined that it is a tangent 

hyperplane to the curve of G(v)-G at a certain point x(')and that it is also in 
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parallel with the tangent hyperplane to the  graphc(x)at the point zeQ These hy-

perplanes and their points of contact are graphically illustrated as shown in 

Figure 5.5.2. Accordingly the distance between a given point '(')and the foot of 

the perpendicular drawn from it to the hyperplane with respect to the nonlinear 

goal constraint can be uniquely determined as also shown in Figure 5.5.2. There-

fore our modified goal programming problem can be geometrically interpretea as 

a mathematical problem of finding a point as close to the set hyperplane as 

possible. This can also he expressed in terms of algebra as: 

Find(x(0, e(kW)such that it minimizes 
z=eo(5.5.5) 

subject to 

Ax-j-a(ea—To)z(5.5.6)
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       G  (,c (k--0)-1-VG (,c (k-1))( ce— (k-1))+eo -~/0=G(5.5.10) 

G (x(k`1))+PG  (k-1))(Q,—tt'(k-1))G(5.5.11) 

jt',e,11?0,E_(e0,e0),71=(7o, o)(5
.5.9) 

where the supercript (k) denotes the number of iterations being tried on. 

     This procedure terminates if and only if m (k) and Jv t)satisfy the following 

condition: 

x(k)_'(k-')I <e(5 .5.12) 

where e is a properly small value set a priori. 

     There are many cases where this procedure converges to the exact solution. 

This is especially true when the nonlinear function G(x)posseses a relatively 

                                                                  small curvature in 

                                                             the neighborhood of 

                                                                  the exact solution 

                                                               and convexity of the 

                                                                  function is warranted 

                                                                   (See Figures 5.5.3 

                                                                         and 5.5.4.)

initial
—base 

point M"'

Fig. 5.5.3  Example of Valid

     initially approximated 

     solution which happens 

     to be identical to the 

     exact (theoretical) so-

     lution 

Solution (1)

representing the contour 

corresponding to the most 

efficient -ttainment of a 

                  given goal i
nitial base—G(x) =G representing th

e 
point x" 

_ontour corresponding 
'(0 114141\ to the satisfied level of                          f easible region'",., . given goal 

KO 

G(x)=G1<G 
                         representing the contour 

                        corresponding to a specific initially approximated 
                      attainment of a given goalsolution which happens 

                                                             to be identical to the 
                                                             exact (theoretical) so-
                                                             lution 

          Fig. 5.5.4 Example of Valid Solution (2) 
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     But it must also 

be noted that the 

above procedure will 

not necessarily lead 

to the exact solution 

as illustrated in 

Figure 5.5.5. In 

this regard the fol-

lowing discussions 

seem to be of vital 

importance. 

(i) In case  c(m) is 

convex, there is no 

guarantee of achiev-

ing the desired 

global optimum point 

(the exact solution). 

Since the function 

G(sr)is not known to 

be convex, our pro-

cedure is to begin 

the search at a 

number of initial 

base points widely 

separated; and if 

the same value is 

found for all test 

cases, this value 

can be termed global



tangent  hyperplang_ _ to graph G(K)=G1\_ 
     \nitial base point 

\ K"'

tangent hyperplane 

  to graph 

    G(K)=G2 /

tangent 

     to

hyperplane 

graph 

 G(K)=G

initially approximated 

solution which is 

set as the second 

base point

exact 

solution

secondarily approximated 
solution to be set as the 
third base point, from 
which the third search 
starts and is found to 
converge to the same 

point, thus leading to 
the false solution 
different from the 
exact solution

 G(x)=Gi G(x)=G2 G(x)=Go 
G(x)=G 

G(x)=G : contour corresponding to the satisfied 
                                                        level of a given goal 

G(x)=Go: contour corresponding to the most 
                                                            efficient attainment level 

G(x)=G2: contour corresponding to the erroneously-
                                                            calculated attainment level 

G(x)=G1 contour passing the initial base point 

                                                                      in case the attainment of the 
G > Go> G2> G1 goal is to be maximized 

G < Gp< G2< G1in case the attainment is to be                                                                  minimized 

                Fig. 5.5.5 Example of Invalid Solution (1) 

with some degree of confidence. If several optima are found, the best, of 

course, is selected. 

(ii) Even if c(u)is known to be convex, difficulties can possibly arise for those 

cases where the function G(.lr)=Gforms a strictly curving boundary as shown in 

Figure 5.5.6. In these cases also we need to start from a new base location and 

again looking for another peak. 

5.6 Case Study on Southern Part of Hyogo Prefecture 

     In likewise as our preceding studies of Chapters 2 and 4, the southern 

part of Hyogo Prefecture was selected as our study area where the five major 

streams (the Chigusa, Ibogawa, Yumesaki, Ichikawa, and Kakogawa Rivers) run in 

parallel with one another from the northern hilly countries down through the 
southern flat countries, all flowing into the Seto Inland Sea. 
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initially approximated 
solution to be set as the 
second base point, from 
which the second search 
starts and is found to 
converge to the same point, 
thus leading to the false 
solution 

solution

                    base point \\ \ 
                       cv G(X)=G,          XG(X) =Go 

G(X)=G2 

                                           G(X)=G contour corresponding to the satisfied 
                                                    level of a given goal 

G(x)=GO contour corresponding to the most 
                                                        efficient attainment level 

G(X)=G2 contour corresponding to the erron-
                                                        eously-calculated attainment level 

G(X)=G1 . contour passing the initial base point 

                Fig. 5.5.6Example of Invalid Solution (2) 

5. 6. 1 Model Data 

1) Zoning 

     Taking account of the differences in water uses, and hydrological 

as well as institutional and economical boundaries, the zoning of the 

was preplanned as shown in Fiugre 5.6.1. 

                                         •~ 

') 
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2)  Projected Water Demands 

     By setting each zone as a geographical unit for predicting water demands 

and forecasting the demands per capita and those per unit of production at the 

time of 1985, 10 years (being set as the planning time horizon) ahead of 1975 

(being set as the outset of the project implementation) as well as the increased 

population and production by that time for each zone, the projected water demands 
were estimated as tabulated in Table 5.6.1. 

3) Estimated River Discharges 

     By constructing the flow-duration curve for each river based on the data 
                                                12)13)14) 

(1970-1974) provided by the authorities concerned, that value of flow was ob-

tained such that the percent of time it is equal to or less than that value 

is around 20 percent. On this basis the sum of the minimal discharge require-

ment 4'r, and the amount of existing collected water 0, were estimated as shown 

in Table 5.6.2. 

4) Estimated Cost Curves 

     Practical experience shows that many, if not most, of the cost curves at 

issue exhibit the mold of linearity, chiefly owing to the conventional unit-

cost estimation method on the basis of which the curves were plotted against 

a given scale of facilities, and which seems to be only available and effective 

in case we have limited information on related costs. (See Table 5.6.3.) On 

the contrary, those cost curves for the filtration plant, wastewater and ter-

tiary treatment plants, proves to be expressed by the nonlinear concave func-

tions with respect to their scales as shown in Figures 5.6.2 to 5.6.3. Here 

again we seem to be confronted with the problem of nonlinearity. 

     This problem may effectively be handled by the cutting plane method as

Zone

Projected

Industrial

Water  Demand

Projected

Domestic

Water Demand

U.S.Zone of the

Chiausa R.

(10'r/day)
3.99

(10'mr/day)
1.05

L.S.Zone of the

Chigusa R.
42.55 10.75

U.S. Zone of the
Ibogawa R 7.95 2.07

L.S. Zone of the

Ibogawa R.
72.82 16.67

U.S. Zone of the

Vimwsaki R.
3.89 1.22

L.S. Zone of the
yumesaki R. 40.27 9.87

U.S. Zone of the
Ichikawa R. 13.75 4.65

L.S. Zone of the
Ichikawa R.

161.09 39.27

U.S. Zone of the
Kakcaawa R.

38.14 9.72

M.S. Zone of the
Kakogawa R. 76.40 19.85

L.S. Zone of the
Kakcgawa R. 189.78

119.40

Table 5.6.1 Projected Water Demands

Zone River

 Discharge

Water

Quality

Standard:

U.S. Zone of the
Chiausa R.

(10'nf/day
127

(BODP1in)
5

L.S. Zone of the
Chigusa R. 258 10

U.S. Zone of the
Iboaawa R. 389 5

L.S. Zone of the
iboaawa R.

400 10

U.S. Zone of
Yumesaki R.

32 5

L.S. Zone of the
Yumesaki R. 71 10

U.S. Zone of the
Icikawa R.

183 5

L.S. Zone of the
Ichikawa R.

216 10

U.S. Zone of the
Kakogawa R.

483 5

M.S. Zone of the
Kakogawa R. 579 6

L.S. Zone of the
Kakogawa R.

752 10

Table 5.6.2 Estimated River 
Discharges and Established 

Water Quality Standards
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utilized on our modified goal  programming approach which replaces the nonlinear 

constraints step by step by the linearized ones. Hence, this approach will be 

attempted to handle the said nonlinear constraints. 

5) Water Quality Standards 

     By taking account of the averages of the BOD measurements in the effluents 

from common wastewater plants and tertiary treatment plants, the values for bE 

and b°were taken to be 20 ppm and 4 ppm, respectively. The BOD's in the stream-

flows of the tributary rivers were set to be equal to 2ppm by assuming that they 

are so regulated to meet the standard values officially established by the Pre-

fectural Government of Hyogo. The BOD standards for the major rivers were pre-

scribed in a likewise manner. This explanation immediately follows. 

5. 6. 2 Calculation Cases 

     Before performing our calculations the following cases were preselected. 

(i) All the cases are classified into three types, i.e., Cases A, B and C which 

are characterized by relatively high quality standards, medium ones and lower 

ones, respectively. 

(ii) Case A is further subcategorized as Cases A-(1), A-(2) and A-(3) according 

to the difference in the values of the permitted-levels of the supply-goals. 

Likewise Cases B and C are further categorized as Cases B-(1), C-(1); B-(2), 

C-(2); and B-(3) and C-(3). It might well be interpreted that Cases A-(1), 

B-(1) and C-(1) are the problems of selecting "demand-regulatory alternatives", 

Cases A-(2), B-(2) and C-(2) those of finding "medium alternatives", and Cases 

A-(3), B-(3) and C-(3) those of choosing "demand-dependent alternatives". 

(See Table 5.6.4.)

Goals

Industrial-supply-goal
 ( 103m3/day)

Domestic-supply-goal
( 103m /day )

Quality-goal
( BOG ppm )

Cases

Zones

IG
r

9I
GD

D
gr,

B
gri

eG
ri

A B C(1) (2) (3)(1) (2) (3)

U.S.Zone of the
Chigusa R. 1.05 0.84 0.94 1.00 3.99 3.19 3.59 3.79 5 4 3 2

L.S.ZOne of the
Chigusa R. 10.75 8.60 9.68 10.20 42.55 34.09 38.30 40.42 10 9 8 7

U.S.Zone of the
Iboqawa R. ---- 2.07 1.66 1.86 1.97 7.95 6.36 7.16 7.55 5 4 3 2

L.S.Zone of the
Ibogawa R. 16.67 13.34 15.00 15.80 72.82 58.24 65.52 69.18 10 9 8 7

U.S.Zone of the
Yumesaki R. 1.22 0.98 1.10 1.16 3.97 3.18 3.57 3.79 5 4 3 2

L.S.Zone of the
Yumesaki R. 9.87 7.86 8.84 9.38 40.27 32.22 36.24 38.26 10 9 8

3

7

2U.S.Zone of the
Ichikawa R.

4.65 3.72 4.19 4.42 13.75 11.00 12.38 13.06 5 4

L.S.Zone of the
Ichikawa R. 39.27 31.42 35.34 37.31 161.09 128.87 144.98 153.04 10 9 8 7

U.S.Zone of the
Kakogawa R. 9.72 7.80 8.72 9.23 38.14 30.51 34.33 36.23 5 4 3 2

M.S.Zone of the
Kakooawa R.

19.85 15.88 17.87 18.86 76.40 61.12 68.76 72.58 6 5 4 3

L.S.Zone of the
Kakogawa R. 119.40 95.52 107.46 113.40 189.78 151.82 170.80 180.30 10 9 8 7

Table 5.6.4 Calculation Cases 
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 5.  6.  3 Calculation Results 

     To begin, we shall take Case A-(1) as the standard case and make an in-depth 

analysis of its results. 

1) Standard Case (Case A-(1)) 

     The results for this case are diagrammatically shown in Figure 5.6.4, from 

which the following may readily be understood. 

(i) A relatively small amount of river flow is diverted from the upperstream of 

the Ichikawa River to both the upperstream and midstream of the Kakogawa River. 

(ii) Instead of inter-basin streamflow diversion systems, another type of inter-

basin water transfers, that is, inter-zonal industrial water distribution systems 

are also implemented from the downstream zone of the Ichikawa River to that of 

the Yumesaki River where 38 percent of those distributed are provided for its 

own use there, and 4 percent for its nearest upperstream zone, and from there to 

the downstream of the Ichikawa River the remaining 58 percent are distributed. 

(iii) In the basin of the Chigusa River it seems better to establish an intra-

basin system which is separated from the other basins. 

(iv) In each basin some of those purified industrial waters are distributed up-

ward to its upperstream zone. 

(v) So far as the reclamation system is concerned, its implementation is con-

centrated on the downstream zones of the Ichikawa and Kakogawa Rivers, from 

either of which 21 percent of the renovated waters are further distributed to
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their upward zones to supplement the provisions of water for industrial uses 

there. 

     One might expect that the distribution system would be more economically 

implemented so as to convey water from upperstream (midstream) zones to their 

downstream zones than to  convey vice versa. We shall examine this point later. 

2) In-depth Analysis of the Findings of Standard Case 

     On the basis of the above findings 1)-(i) through 1)-(v), let us carry out 

an in-depth analysis with an aim to probe into the underlying mechanism operating 

to yield those results. Once this is done, we shall be able to obtain some basic 

yardsticks with which to formulate our water resources management policies. 

Ol Taking account of scales of economics related to the facilities of purifi-
cation, wastewater treatment and tertiary treatment and in view that inter-basin 

river-flow diversions are not as much economical as inter-zonal distributions 

chiefly owing to a "round-about" way of supply involved in the former as compared 

to the latter, one might intuitively expect that if economic efficiency alone 

is pursued to its full extent, inter-basin water transfers, if necessary, will 

take the form of inter-zonal purified-water distributions rather than that of 

inter-basin streamflow diversions. The findings of 1)-(i) through 1)-(iii), 

however, show that the results derived from our model come out a little bit 

against our expectation, because among those transported from one basin to 

another totalling 316,000 m3/day (102,O00m3/day in net quantity), only 43 percent 

 (36 percent) are covered by the inter-zonal distribution system, and the remain-

ing 57 percent (64 percent) by diversion channels. 

OIn this connection it seems evident that the implementation of the diversion 
system would be more effective to this goal than that of the distribution system 

if one observes that the former alternative augments directly the stream discharge 

with much less chance of degrading streamflow quality than the latter that con-

tributes to the augmentation of streamflow only in an indirect manner and merely 

after waters are used and polluted whether they undergo secondary or tertiary 

treatments. 

     In light of these considerations it might be concluded that to the end of 

the cost-goal our alternative derived from our model proved to be a second-best 

policy, because a more extended scale of the inter-zonal distribution system 
would be more economical. Likewise we might well say that in the light of the 

quality-goals our alternative is also a second-best policy in the sense that 
higher quality of fresh-water could be more extensively developed in the upper-

stream valleys. 

   Next we proceed to the analysis of the findings of 1)-(v). As referred to 

before, it seems quite natural to expect that any form of conveyance from an 

upperstream (or midstream) down to its downstream would be more inexpensive than 

that from a downstream up to its upperstream (or midstream). This also implies 

that the alternative obtained from our model is a second-best policy in the 

light of the cost-goal and that it is also a second-best policy to the end of 

attaining the quality-goals. 

   Next we should study how and how much our remaining goals, i.e., supply-goals 

which have been put aside from our foregoing discussions, influenced the calcu-

lation results. For this purpose it seems better to assume that case where the 
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supply-goals are excluded and only their permitted-levels set as technical  con-

straints. Then one might readily understand that the amounts of water supplied 

for use in the downstream zone on each river would be reduced to their permitted-

levels in order to augment the stream dicharges, because it would lead to the 

increased attainments of both the cost-and quality-goals. 

O5 From what have been studied above it will be obvious that our alternative 
obtained from our model can be conceived as an efficient solution, because a 

further improvement in the attainment of any one kind of goals would be achieva-

ble only at the expense of the others. 

   This efficient solution can be characterized by its well-balanced attainments 

of all the goals, mainly because of the stipulated L-type utility curves. The 

attainment ratio for each goal which is defined as the ratio of the deviation 

between the attained- and permitted-levels to that between the satisfied- and 

permitted-levels, is calculated as 0.50 to 0.40 for the different goals. 

OOur modified (nonlinear) goal programming approach which was developed by the 
authors proved to yield a very reasonable solution after a couple of iterations. 

The nonconvexities involved in our nonlinear goal constraints can be overcomed 

if such an initial base point is predetermined on the basis of the foregoing 
"path-breaking" computations on the model . 

3) Comparative Study 

(i) Let us first compare those results of Cases A-(1), A-(2) and A-(3) which are 

characterized by passive, ordinary and active actions, respectively, toward 

the conservation of water quality. Furthemore our discussions will be limited 

to the Kakogawa River which seems to provide us with the most suggestive infor-

mation for the policy-formulations. From Figure 5.6.5 it is obvious that Ol the 
varying pattern of the amounts of the renovated waters is found to take a dis-

symmetrical form as compared to that of the diverted streamflows; O the augmen-
tation of stream discharges by promoting the inter-basin streamflow diversion 
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               renovated in the 

               Kakogawa Basin 

               P 

              /              / 

amount of streamflow 
diverted to the 
Kakogawa R.

0.0 i-------------------------------------------------------> 
Case-C-(1) Case-B-(1) Case-A-(1) 

                                (Standard Case) (10*)(*) 
( S.) ppm Moderate Ordinary Rigid 

QualityQuality 
RegulationRegulation 

* represents the permitted quality 
          level for the downstream of 
          the Kakogawa R. 

Fig. 5.6.5 Comparative Study of 
Cases A-(1), B-(1) and C-(1)

systems seems to be effective for the 

purpose of quality alleviations to certain 

extent, but a higher standard of water 

quality is effectively attainable by 

chiefly promoting the reclamation systems. 

`J The same discussion applies to Cases 

B and C. 

(ii) We shall next take Cases A-(1), A-(2) 

and A-(3) to analyze the results by com-

parison. Let us first observe that as 

referred to in the setting of our cases, 

Cases A-(1), A-(2) and A-(3) might well 

be called "demand-regalatory alternative", 
"medium alternative" and "d

emand-depen-

dent alternative", respectively. The 

comparison of the results shown in Figure 

5.6.6 reveals that if one takes a demand-

dependent alternative system, a balanced-
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                                   mix of the two modes of utilizations is most 

 0.2propitious, whereas if one seeks for an ordi-

  0 

 C 

 a/amount of waste-                        e--.o nary alternative, main sources of supplies 
       ~i renovated in the °n,Kakogawa Basinare shared by dams and renovated waters play 

K 
                                     solely a support's part in providing water. 

, &' 

,,.&'And for a demand regulatory alternative system 

ao.la little more increase in the amounts of reno-
Or 

asvated waters with a little more decrease in ,.o 

w"the amounts of fresh waters seems to be most DO k "'amount of streamflow 
—ndiverted to the propitious. 

aKakogawa R. aI
n this regard attention needs to be 

 0.0paid to the fact that the varying patterns 
  Case-A-(1) Case-A-(2) Case-A-(3)of the amounts of fresh water and renovated 

(Standard Case)Million 
(0.12*) (0.13*)(0.14*) 

  Demand- ordinaryDemand- m3/day water appear to be similar to that discussed 
 regulatorydependent 

       * represents the permitted demandin (i) . This is quite natural, because if 
           level for the downstream of the 

      Kakogawathe cost-goal and supply-goals are required 

                                        to retain given attainment levels, an incre-
 Fig. 5.6.6 Comparative Study ofment in water demands would inevitably lead 

 Cases A-(1), A-(2) and A-(3) 
                                      to such deteriorated quality that would 

 violate our quality standards. This means that the attainment levels of the 

 goals should be lowered until the quality restrictions are satisfied. That 

 seems to tell us again that the variation in water quality determines the 

 characteristics of the alternative to be obtained.

 5.7 Conclusion 

     The central question to which this paper is addressed is the coordination 

problem of the attainments of the different kinds of goals assigned to the 

planning of the water resources systems of inter-basin development and dual-

modal utilization. At the outset of our study we placed into perspective those 

different goals involved in the planning of this field and gave primary con-

sideration to the specification of those goals. 

     We shall summarize here our findings of this chapter. 

(i) In the basin of the Chigusa River it seems better to establish an intra-

basin system which is separated from the other basins. 

(ii) So far as the Kakogawa River is concerned and if the water quality is con-

fined to be less than 3ppm in the upperstream, 5 to 6 ppm in the midstream and 

7 to 10 ppm in the downstream, it appears that the inter-basin streamflow diver-

sion system should be implemented from the Yumesaki River via the Ichikawa River 

to the downstream basin of the Kakogawa River so as to meet both the demands and 

the given standards of quality. 

     But things turn out to be somewhat different if one wishes to achieve a 

higher quality management especially in the upperstream and midstream. That is 

to say that a relatively small amount of streamflow is diverted from the upper-

stream of the Ichikawa River to both the upperstream and midstream of the Kako-

gawa River. On the contrary the diversion is not implemented from the downstream 
of the Yumesaki River via the Ichikawa to that of the Kakogawa. Instead, the 

reclamation system needs to be implemented on a larger scale. This seems to be 
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derived from the fact that the increased necessity for augmenting  streamflow 

might be more efficiently meeted by extending the scale of the reclamation system 

 than increasing the amounts of diverted water or developing more fresh water on 

 its upperstream valley. 

 (iii) So far as the Ichikawa River is concerned, the implementation of the inter-

basin river flow diversion system as well as the inter-zonal industrial water 

distribution system seems to be consistently required irrespective of the dif-

 ference in the water quality management. 

 (iv) Anyhow the inter-basin water transfer systems are believed to be necessary 

 insofar as the Ichikawa and Kakogawa Rivers are concerned. The diversion system 

should be introduced primarily for the purpose of improving streamflow quality 

rather than to the end of water supplies. On the other hand the implementation 

of the inter-zonal distribution system seems to be most adequate for securing 

increased amount of water supply but not propitious to the conservation of stream-

flow quality. 

 (v) The modified goal programming approach developed by the authors proved to 

serve as an effective tool for handling nonlinear goal constraints which are 

frequently encountered in many of practical problems. 

      From this broad base of information a narrowed set of recommendations could 

be developed after appropriate economic and technical studies were subsequently 

carried out. Some of them are: 

OHow high and in what specific a manner should we set the levels of the goals 
to aim for? 

20 Is it an acceptable assumption to the planner of the practical field of water 
resources that all the goals should be well-achieved? 

O Is it reasonable to treat water quality with a single parameter, i.e., BOD 
and should we not consider more detailed mechanism of water quality changes? 

OThe uncertainties involved in estimating costs, the rate and direction of 
technological innovation should be given more detailed attention . 

     For all those questions to be further analyzed in future
, it seems to be 

important to go as far as possible with the model presented in this paper and 

it is believed by the authors that enough information would come from this kind 

of analysis.

1) 
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Chapter 6 Nonlinear Programming Approach  for Analysis 

     and Design of Water Distribution System

6. 1 Introduction 

     Two topics to be covered in both this chapter and the subsequent one 

(Chapter 7) concern the water supply and distribution system, which is con-

sidered a subsystem of the water resources utilization system, that is, a sub-

system related to the provision of water at the extremities of the total system. 

The specified feature of the said subsystem to which explicit consideration 

will be given in this chapter is the optimal implementation of the distribution 
1)2)3)4) 
system, whereas the treatment in the subsequent chapter places a specified focus 

on the optimal operational control of the water supply and use system in the 

phase of droughts.

6.2 Water Distribution System 

     Extensive distribution systems are needed to deliver water to the individu-

al consumer in the required quantity and under a satisfactory pressure. The 

design or extension of this water distribution system generally involves a large 

initial capital outlay as well as the continuing cost of operation, maintenance 

and repairs, and is often the major investment of a municipal waterworks. There-

fore selection of the most economical system in the design phase should receive 

due concern of the engineers in this field. But because of the complex nature 

of the problem arising from the great number of design components and their inter-

actions, a minimum cost design is very difficult to obtain by trial and error. 

Although the pursuit of optimal design is not a new idea, relatively few work 

in this line has already been reported by the researchers home and abroad. They 

possess several inherent characteristics that are discouraging : © Some of them 
lack mathematical justification of modelling and/or solution algorithms. ® The 
systems treated are oversimplified, which seem to limit largely the applicability 

of the presented models to practical design problems. In 1966, Sueishi motivated 

the availability of the method of steepest ascent in minimizing the installation 
                                                                 6) cost of a simple 

grid-iron (looping network) distribution system. Though the 
idea was unique and practical needs for this kind of approach claimed by him , 
the technique of solution search seems to demand further sophistication from a 

mathematical point of view. One fatal drawback to the said technique is that 

the treatment of inequality constraints especially in the neighborhood of the 

boundary conditions lacks due mathematical examination and in consequence the 

solution may be remote from the actual optimum . 

     The treatment of looping networks by nonlinear programming was also at- 

tempted by Jacobi,) but the network presented was a single arrangement of two 
loops of seven pipes and no attempt was made on complex networks . Nakajima 
has approached the problem by observing its analogy to the shortest route search 

problem; but this stipulation seems to limit largely the domain of its applica-
bility, because topographic conditions and predetermined co

nfiguration of the 
treated distribution system would not necessarily warrant the justification of 

the shortest-route pipes as the optimal basic skelton of th
e system. 

Amongst many approaches already presented
, those due to Watanatada and Lam 

are considered most advantageous the former evolvingan approach pproach based on the
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 11)  "gradient balancing"concept of Haarhoff and Buys, and the latter approaching 

the problem by virtue of the modified Newton Raphson Method. 

6.3 Objectives of the Study 

    Although the study included in this chapter is motivated in part by the 

aforementioned work, its objectives derive from some original concerns : ®pro-
vision of basic information needed for the "optimal" design of a distribution 

system through operational handlings of the model to be developed, thereby 

identifying the notion of "optimal" with the minimum cost; ® comparative analy-
sis of the efficiencies of the different solution algorithms developed by the 

authors; and(3)application of the model to some practical problems, with a view 
to demonstrate the potential of the model as a tool to produce some adequate 

alternative plans of the development of a distribution system in the phase of 

plan-formulation other than that of design-making, thereby specific focus being 

placed on the integrated implementation of multiple distribution systems related 

to different localities. 

     In light of these considerations the problems to be considered are identi-

fied as follows.

6.4 Plan of the Study 
     In light of above considerations a mathematical model will be constructed in 

6.6. That is, 6.6 deals with the mathematical formulation of the optimal design 

problem where the criterion will be selected as the minimization of the total 
implementation costs. 6.7 discusses the developments of three different solution 

algorithms for the model. In 6.8 a comparative study will be conducted to 

identify the advantages and disadvantages of those algorithms. Then in 6.9 

the model will be applied to the optimal design of a simple network system with 

a view to provide some basic yardsticks with which to design distribution systems. 

Finally 6.9 deals with the integrated development of an area-wide water distri-

bution system with a case study on the jointed area covering parts of both 

Kakogawa and Takasago Cities. Thereby our focus will be placed on the potential 

of the model when applied to this kind of planning problem involved in its de-

velopment. To conclude our discussions the obtained results are summarized with 

the assessment of the potential of the extended systems approach with the model 

or its variants.

6.5 Identification of the Problem 

(i) The gridiron system (looping network system) will be given explicit con-

sideration, the reasons being : ®another type of distribution system, that is, 
a treelike distribution system with many deadends is unsatisfactory because 

water may become stagnant at the extremities of the system; ®moreover as for 
the latter system, if repairs are necessary a large district must be cut off 

from water; ®also in the latter system, with a locally heavy demand headloss 
may be excessive unless the pipes are quite large; and ®these difficulties 
are minimized with the gridiron layout. 

(ii) If pumping is necessary, it is assumed that it will be pumped into dis-

tribution reservoir(s) instead of water being pumped directly into closed dis-

tribution lines. This assumption is vitally necessary to circumvent the dif-

                                 -93-



ficulties which would be posed otherwise, because it justifies the implicit 

treatment of pumping facilities by  parameterizing the inlet piezometric pres-

sure(s) at the supply node(s). The term "supply node" is used to refer to 

that node which water comes in through the supply conduit leading to the 

distribution reservoir(s). Additionally another kind of nodes are called 
"demand nodes" . 

(iii) Since our concern is to determine the skelton of the distribution system, 

only supply mains are considered excluding both auxiliary mains and minor dis-

tributors (feeder pipes). 

(iv) The layout of the system is predetermined by taking account of street plan, 

topography, location of supply works and distribution reservoirs. 

(v) Within each gridiron are assumed individual consumers of water. The esti-

mated water demands are preassigned to each of the related nodes as illustrated 

in Figure 6.4.1. This demand assigned to a given node will be referred to as the 
"outlet flow" at a given demand node . 

                               (vi) At each demand node it is required that water 

  14should be supplied in a required pressure, which 
i--------------------------------- will be called the ''minimum allowable pressure" 

I IVat each node. 

                              (vii) The selected design variables are the pipe 

        IIIIIdiameters, the pressure heads at the node dis- 
                                 charges and head losses in pipelines. The size 

  23 of the diameters is arbitrary if it falls within 

                                 the range of the permissible one. 

                              (viii) The prescribed criterion to check the opti-
  Fig. 6.4.1 ignment 

mality is considered relative whose selection   of Water Demandsandsto 
 Concerned Nodesdepends on the primary interest specified there . 

                              We shall stand on the position that one of the 

most common interest in the design of the distribution system is the minimization 

of the cost associated with its installation and operation . Accordingly this 
criterion is selected throughout our study. 

(ix) Other minor assumptions will be given where necessary. 

6.6 Model Formulation 

6.6.1 Notation 

: discharge in pipe i (variable) 

h) : head loss in pipe j (variable) 

di : diameter of pipe j (variable) 

G) : length of pipe j (constant) 

Ht: piezometric pressure head at node i (variable) 

q1: external discharge leaving node i (7a,(0) or entering node (q, 0) (constant) 

gt: minimum permissible pressure head at node i (constant) 
Li: elevation of node i (constant) 

do: minimum permissible pipe deameter (constant) 

c : Hazen-Williams coefficient (constant) 

mi: number of consumption nodes (constant) 

m2: number of source nodes (constant) 

mo: number of nodes (constant) 
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 : number of pipelines (constant) 

p  : number of loops (constant) 

4 : pipe-node incidence matrix, whose elements ¢_.7 are +1 
if the flow in pipe j enters node i, -1 if it leaves the node, 0 if 

not incident to node i (predetermined) 

6.6.2 Constraints 

     Kirchhoff's node law states that at each junction 
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6. 6. 3  Objective Function 

     The objective function is 

mentation cost. That is, 

Minimize z=~' (ad+r) 

     The practical experience 

r are subject to construction 
local conditions. In this 

a =9.72, ,8 =1.635 and 

     Considering that a, 1. 

objective function can be

taken to be the minimization of the tots

Minimize w=E s,de 
1=i 

where 8 =al  . 

6. 6. 4 Formulated Model 

     The above-formulated 

Objective Function

nce shows that the values of the parameters a 

ion conditions, pipe materials used and some 

study they are so determined : 

nd r=2.05. 

                                 and L., (j=1 . ...... ,n) are all held constant, the 
reduced to the following function : 
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6.7 Solution Algorithms 

Preliminary Discussion 

     The e-formulated model is a class of nonlinear programming. Before 

straightfoward applications of various techniques developed for dif-

ferent types nonlinear programming problems, we shall examine the mathematical 

structure of the model with a view to develop some proper solution algorithms which 

will make t use of the specified structure of the model. 

     The conspicuous features of the model are pointed out . 

reduced incidence matrix A can be partitioned such that 

1 G D ----- - ---- - ---- -------------------------------------------(6 .7.1) ------------- 

whereEisthe mo-1 square matrix which contains a subset of all branches such 

that every de is connected but no loops are formed; this subset is called a 

spanning tree; and the associated cotree is represented by G . 
Combining Equations (6.6.2) and (6.7 .1), and partitioning f in accordance 

with Equation (6.7.1) into fl and f2 , we get 

Eft+Gf2=7 ----- --------------------(6 .7.2)

-96-



    It is apparent that the determinant  IElof a tree is ±1, since it is always 

possible to make E upper triangular with ±1 elements on the main diagonal by 

giving any node the index number of its preceding branch, starting with no label 

at a reference node. Therefore E is nonsingular and its inverse E-sexists. By 

multiplying Equation (6.7.2) by E-1, we get 

fl=E 1y—E"1 G fz ............................................................................................................................(6.7.3) 

(ii) The optimal directions of the pipe flows and in consequence those of the 

head losses can be a priori inferred by allowing for the topographic elevation 

contours, because we are assuming that no pumping stations are installed at the 

nodes other than the reference node (one of the supply nodes). Accordingly 

without loss in generality we can set 

   f;>_0 (J=1 ...... ,m) ...............................................................................................................(6.7.4-1) 

provided that the signs of ¢L., which are the components of the reduced incidence 

matrix A are predetermined so that they represent the optimal flow directions. 

The above equation can be rewritten as follows.

(iii  Substitution of 

E"lq-E-1 Gf2>0

.,fl>0,,J2>m

Equation (6.7.3) into (6.7.4-2) gives

(6.7.4-2)

f2->-m 

That is

E-1 G.f2 <E 14

(6.7.5-1) 

(6.7.6)

     The above discussion tells us that the linear set of equality 

of Equation (6.6.2) can be converted to a linear set of inequality 
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to n—nc0 + 1 . 
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which are subject to a set of linear inequality constraints; and2®one which 
incorporates the nonlinear constraints into a modified objective function by 

the use of penalty factors. 

     In light of these considerations we have developed two types of solution 

algorithms based on two different ways of incorporating penalty factors. The 

detail explanation of these algorithms will be given in 6.7.2 and 6.7.3. 

6. 7. 2 Solution Algorithm I 

     Solution Algorithm I deals with the following reduced nonlinear programming. 

 Nu  nimize u1 6,4......................................................................................................................(6.6.8) 

subject to both the linear constrints :to both the 

GJf2<y..... -----

f2>-0 

  >_d 

Hi+Li

o (j=1 , ...... . n) 

>Hi (2=1 ........... ,md

(6.7.5-3) 

--(6 .7.6) 

-16 .6.6) (6.6.6) 

--I6 .6.4)

and the nonlinear constraints : 

M(d,f2,B)=AtB -se (d,f2)=m.........................................................................................(6.7.8-1) 

where G=E-1 G and q=•E-1q . 
     This algorithm combines the method of penalty factors developed by Fiacco 

            13)14) 
and MacCormick (the internal point unconstrained minimization techniques) with 

15)16) th
e method of gradient projection due to Rosen. The former methods provides the 

main algorithm whereas the latter serves as the sub-algorithm. 

1) Main Algorithm 

Step 1  

     Find anyhow an arbitrary feasible solution (d(1), ,f21), A4),11(0) to the above non-
linear problem. This feasible solution can be easily found in the manner as fol-

lows. First for arbitrarily selected values for a set of variables, di (j=1 ....... ,n) 
and .f;k(k=1,......,n-m+1), check its feasibility. If first trial is found to be 
infeasible, update again the values for these variables and proceed in the same 

fashion until a feasible solution is obtained . 
Step 2  

     For a properly predetermined penalty factor r('(K denoting the number of 

iterations of the process being discussed now) , convert the above nonlinear pro-
gramming problem into the problem of optimizing a nonlinear objective function 
with a linear set of constraints. That is , 

                                             rt 

Minimize F09=w ~ r(A){M) (d, 4, to }2..............................................................................(6
.7.9) 

subject to the linear constraints .

where

Gf2q

f2 > m 

d~ 

HL 

M

o (1=1 

.f2 , g)

...... , n)

;Z=1 ......,mo) 

(j-1 ,...... , n) are the components of vector function 
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Equation  (6.7.8-1), 

    The above-formulated model will be handled by Sub-algorithm I-1 based on 

the method of Gradient Projection due to Rosen. This will be explained later. 

    By starting from the initial base point (d(x), f'(19, h(j9, 1I(x)) which has been 

obtainted beforehand, solve the above nonlinear programming problem by the said 

sub-algorithm. Then we take the optimum of this problem (d(A, f(x), A(& ) as our 

z next initial base point(d(K+1)f(x+1)h(x+i) ,B(x+i)) 

At the first iteration (K=1), we skip step 4 and proceed to step 5. Other-

wise we go to step 4. 

Step 4  

     Compare the old optimum of the penalty function p'J9 with the new one of F(x+i) 

and check whether the following condition holds. 

F(x+1)_FA I < .........................................................................................................................(6.7.10) 

where ij is a predetermined tolerance for the convergence of the algorithm. 

     If the above condition holds, our procedure terminates and we take this 

optimum as our desired one. Otherwise we step up to step 5. 

Step 5  

     Reset the value of r(' as 

  r(K+1)—r(~..............---------------------------------------------------------------------------------------------------------------------(6.7.11) 
            T(~ 

where TM is the modification factor of r(x) to give a series of r(1)> r(z)>......>i<4> 

r(K+1)>...... which converge to zero. 
     Then we return to step 2 and the procedures should be repeated between 

steps 2 and 5 until the above convergence condition is found to be satisfied. 

     That is all for the outlined process of Solution Algorithm I. Additionally 

Sub-algorithm I-1 will be explained. 

2) Sub-algorithm I-1 

     This algorithm utilizes the method of Rosen, which was developed to handle 

the following nonlinear programming problem. 

Nth) imize x= f(uc)........................................................................................................................(6.7.12) 

subject to 

Ax>b..........................................................................................................................................(6.7.13-1) 

or I avjxj—bi>_0 (2=1,......, m.)..........................................................................................(6.7.13-2) 
31 

where •f(a') is a nonlinear objective function with respect to x(x1,•••xn) . 
      The Rosen's method uses certain rules of computation, starting from a base 

point x(1), with r operative constraints, G of which (G< r) are to be associated 
with x(1). These rules are :az 

 (i) The components of the gradient,az,. , are evaluated at the point x(1) . 

(ii) Calculate the projection of the gradient on to the intersection of all 
the planes associated with the point 02.(1). (Initially, let I be equal to r. In 

case G is zero, the gradient projection is the gradient itself.) This projection 

determines a direction in space which is constrained to lie along the G associ-

ated planes. This is the direction expressed as
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tedplanes.02If z (x(1))is not an improvement, find that po 
eating x(1) and x(1) which yields the best value of 

         Once x(z) is found, we return to step (ii) 

ion along the t planes vanishes, there are no components of 

   planes. This implies that the gradient is perpendicular 

      other words, we have

(6.7.15) 

(6.7.16) 

search in 

i-8 encoun-

provement 

uded in 

d that point 

z. This 

onents of

G ̂ 12 9

action are required in this event. O1 If all Am >-( 
Kuhn-Tucker conditions for a minimum. The point 

optimum. O2 If the 2mkdo not all have the same sign, 
                     to be associated with x(1) by deleting from the set 

                          k<0 and return to step (ii) .

(6.7.17) 

the point 

is then 

    define 

t of G some

                     is a variant of Solution Algorithm I with the difference 

erent type of penalty factors developed by Powell. That is 

alty unction consists of two kinds of penalty factors, O, 

assigned to each of the constraints to be incorporated into 

                 {{lit) (d, lz,H) +0(19}z ...............................................................                   .-- (6 .7.18) 

ar constraints :

  4 > 0 - 

d3d 0 

Hi+ Li 

The abo.

(J =1 , ...... , n)

?Hi (1=1 , ...... ,>na) 

     The above-formulated 

Sub-algorithm II-1 of

ted model 

Solution

will be handled by the same 

Algorithm II. 
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   Fig. 6.8.3 Effect of Initial Penalty 
   Values on the Computational Efficiency 
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manner if the searches start from different i 

preassigned initial value(s) for the penalty 

different local minima. These different opti 

nonconvexities involved in both the objective 

the model. By comparison of these diffent op 
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6. 8 Model Application I (Comparative 

    Study of Two Types of Solution 

    Algorithms) 

     At this point of discussion 

we shall study the potentials 

and efficiency of the two kinds 

of solution algorithms developed 

by the authors. For brevity of 

analysis a simple nine-node net-

work (including one supply node) 

with twelve pipes is considered 

as a sample network. We shall 

name the network of this con-

figuration the "window-type 

network". (See Figure 6.8.1,) 
     The results of the com-

putations derived from the same 
initial base point, while start-

ing with different initial values 

set for the penalty factor(s), 

are listed in Figures 6.8.2 and 
6.8.3. Close scrutiny of these 

figures leads to the following 

observations. 

(i) Different searches starting 
with different values set for 

the penalty factors, where the 

same initial base point is 

selected, lead to different 

local minima. In a likewise 

 ial se points, where the 

        are the same, it reaches 

should be attributable to the 

nction and the constraints in 

a and choice of the best one,



it is found that the most adequate order of the initial value for the penalty 

factor is identified with  10-4 to 10"5 for Solution Algorithm I, and 104 to 105 

(6(1)) and 10-5 to 10-6 (Os") for Solution Algorithm II. 
     This is also the case with the calculated constraint satisfaction errors 

defined by 1 iM(d,,fz,fp,which would theoretically be equal to zero. 

(ii) This alsoimplies that the adequate order ofc7 used in Solution Algorithm 
II is found to be roughly the reciprocal of that of r(e)used in Solution Algo-

rithm II. This seems to be quite reasonable, because r(gis theoretically identi- 

cal withQ(N, if the remaining factor, 0), is neglected. 
(iii) There is slight difference between the results of both algorithms, so far 

as the computation time and the calculated errors are concerned. But more rig-

orously, Solution Algorithm I seems to take a little shorter time than Solution 

Algorithm II. 

(iv) In light of these considerations the subsequent two application studies 
will be approached by Solution Algorithm I. 

6. 9 Model Application 2 (In-depth Analysis of Window— type Network) 

     In this section our mathematical model will be applied to the optimal 

design problem of the "window-type" distribution network system. Our focus 

will be placed on the difference in the results derived from different design 

conditions with a view to provide some basic guidelines in which the optimal 

designs should be considered. With this understanding sensitivity analysis 
will be made by virtue of Solution Algorithm I for the reason as explained 

just before. The main reasons for the choice of the window-type network as a 
sample are that O in spite of its simple configuration it can be considered the 
most typical and simple structure, while possessing the characteristics of 

more complicate ones. O This or its variants find(s) itself (or themselves) 
in frequent uses in practical designs such as the design of the distribution 

system of a small-scale residential section. 

     The calculation results for different cases are shown in Figures 6.9.1 

through 6.9.7. From them the following observations are made : 

(i) Given the piezometric pressure head H1 at the supply node 1, the calculated 

costs increase roughly in proportion to the increase in the inflow g
1. (See 

Figure 6.9.1.) 

(ii) On the contrary given the inflow q1, the cost decreases almost in inverse 

proportion to the increase in H . This provides a basis for the incorporation 1 
of the costs associated with the installation of pumping facilities or a distri-

bution reservoir, because some artificial elevation of the pressure head at the 

supply node involves the installation of such facilities . (See Figure 6.9.2.) 

(iii) Given the conditions of both the inflow and the supply head and the lo-

cation of the supply node being held fixed, the central horizontal pipelines 

denoted by 6 and 7 as illustrated in Figure 6 .9.3 are moved to three different 
locations. If the other input conditions are the same , the network denoted 
by B1 leads to the most economical system , whereas C1 the most uneconomical one. 
The standard network configuration, A1 , proves to be the medium. 

     The maximum-diameter pipe is found to be one of the central vertical axes
, 

that is, pipe 4, for both Networks Al and B1, and pipe 9 for Network C1. 
(iv) Given both a network configuration, and supply node conditions associated 
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 with the inflow and pressure head, the point of supply is changed. (See Figure 

 6.9,4.) The results are  that  Ol  choice of the node, upper central, yields more 
 economical system than that of the upper left (or the upper right since the 

 network is given symmetrical with respect to the central vertical pipelines). 

O The maximum-diameter pipe is identified with pipe 4 for the choice of the 
 upper-central point as a supply node, whereas pipes 1 and 3 for that of the up-

 per left. 

 (v) Next let us consider those cases where the number of supply points are aug-

mented, thereby the total quantity of supply as well as the other input con-

 ditions being fixed. Study of the results as shown in Figure 6.9.5 shows :0 
As the supply points are multiplied, the total costs decrease. This seems 

 natural, because it contributes to the improvement in the hydraulic conditions 

of the entire network. In this connection observation should be made that the 

pluralism of supply points involves increased investments in the additional 
 facilities, such as those pipes jointing at the supply nodes, pumping facilities , 

distribution reservoirs,etc. Therefore if these costs are included into the 

total costs, we cannot easily say which alternative is preferred and in this 

 sense further examinations are needed. 2O The maximum-diameter pipe is found to 
be pipe 4 consistently for all the cases, although the multiple supply nodes 

tend to reduce the maximum diameter by about 40 percent and lead to the equali-

 zation of the entire pipe diameters. 

 (vi) In connection with the above cases let us compare the results for those 

cases where two supply points are given, one being fixed at the upper-left corner
, 

the other moved to different locations. (See Figure 6 .9.6.) Then the following 
would be clearly understood. O If the discussion is confined to some ideal flat 
topography, the system becomes more inexpensive as the points of supply are 

further remote from each other. 2O But it should also be noted that in practice 
the locations of supply points can seldom be determined without allowing for 

the locations of distributing reservoirs and other related facilities . 
 (vii) To supplement the above findings we shall consider a further complicate 

network denoted by B5 , (See Figure 6.9.7.) What comes to be clear from this are 
the following. O1 The results derived from both the window-type network and the 
complex one have proven to be similar . O One difference is that the latter leads 
to a more equalized-diameter network than the former. U It also differs from 
the former in it that it yields a more expensive network mainly because of some 

cross-type feeder distributors added to the former configuration
. 

(viii) Finally on the basis of this refined network
, attention will be turned 

to that case where the topography is not flat and the diff
erence in the elevation 

is given as shown in Figure 6.9.8. Close analysis of this reveals :OlIf a 
moderate geographical slope is given from the point of sup

ply node to the demand 
nodes, we can get a more economical distribution syst em. This seems reasonable, 
judged from the more favorable hydraulic conditions given by the topography . 
®In spite of the loss in the topographical symmetry, the results show that the 
symmetrical structure remains still held

. It is inferred that a larger degree 

of dissymmetry would lead to the loss in the s
ymmetrical structure of the calcu-

lated hydraulic conditions .
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6. 10 Model Application 3 (Case Study on the Integrated Development of Area-wide Water 

     Distribution System for Kakogawa and Takasago Cities) 
6. 10. 1 Preliminary Discussion 

     The remainder of this study will be devoted to the application of the 

model to another feature of the problem, that is, a kind of problem which will 

be encountered in the phase of planning an urban water supply system. Since 

our main theme discussed thoughout this thesis concerns area-wide development 

of water utilization facilities, whether at a local, regional or national level, 

the problem considered is limited to the integrated development of cross-boundary 

water distribution system, thereby the study area being selected as the local 

area covering parts of Cities of Kakogawa and Takasago as illustrated in Figure 

6.10.1. This area consisting of two local districts called by the namesake of 
"Yoneda -cho", while one belonging to Kakogawa City and the other to Takasago 

City, reflecting the historical background such that they had constituted the 

same local administrative body before they were divided into two municipalities. 

In consequence this historical career is partially reflected in the existing 

water distributuion system which is presently used jointly by the two sections.
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Node

No.

Design

Outlet

Flow

Node

Elevation

 T1
(id2m,sec)

0.45
(m)
3.7

T2 3.22 3 .5

T3 0.41 3.9

T9 0.32 4.0

T5 1.43 3.5

T6 0.21 3.7

T7 1.58 3.5

T8 0.89 3.5

TO 0.42 3.8

T10 3.39 3.1

T11 1.50 3.9

T12 1.03 3.9

Total 14.86

Table 6.10.1 
Table 6.10.2 

Table 6.10.3 
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Pipe-
line
NO.

Pipeline

Length

Cl
(m)

680

C2 1,200

C3 750

C4 400

 C5 1,060

C6 400

C7 600

C8 430

C9 610

C10 990

C11 780

C12 1,300

C13 1,090

C14 90

C15 1,010

C16 510

C17 1,350

C18 230

C19 240

C20 440

C21 580

C22 1,080

C23 990

Table 6.10.4 Input 

Data (2) (Case C)

Pipe-
line

No.

Pipeline

Length

 T1
(m)

680

T2 1,200

T3 780

T9 990

T5 400

T6 610

T7 90

T8 1,300

T9 1,090

T10 1,010

T11 1,030

T12 440

T13 240

T14 230

T15 580

T16 1,080

T17 990

Table 6.10.5 Input 

Data (2) (Case T)

 Pipe-

line
No.

Pipeline

Length

K1
(m)

400

K2 750

K3 400

K4 1,060

K5 600

K6 610

K7 430

K8 990

K9 90

K10 510

K11 330

K12 1,010

K13 1,350

K14 230

Table 6.10.6 Input 

Data (2) (Case K)

 Case
 Cost

Case K Case T Case C

Calculated Implemen-
tat'on Cost forEaCriCase 143.7 198.3 263.4

Total Cost 342.0 263.4

                    (Million yen) 

Table 6.10.7 Calculated Implementation Costs

6.  10.  2 Identification of the Problem 

     In light of these considerations this jointed area was selected as the 

case study area, although we conceptualize a new development planning problem 

provided that the study area is presently not equipped with a distribution 

system and it will be implemented to meet the projected water demands as given 

in Tables 6.10.1 to 6.10.3. Other input values are also given in Tables 6.10.1 

to 6.10.6.
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     Since  our primary concern is to analyze the advantage and disadvantage of 

the integrated development system by comparison with the independent develop-

ment system isolated from each other, we shall consider the following three 

cases, namely Case K where the isolated development of the distribution system 

for the section of Kakogawa City is considered, Case T where it is implemented 

for that of Takasago City, and lastly Case C where the joint implementation 

system is considered. 

6. 10. 3 Calculation Results 

Computations are conducted on the model by the use of Solution Algorithm 

I as used in the former study. Thereby amongst several trials with different 

initial values for the penalty factors, the best solution was singled out as 

our optimum. 

     The results for the three cases are shown in Figures 6.10.2 to 6.10.4 and

Table 6.10.7.
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Fig. 6.10.2 Illustrated Results for Case C

leads to the following 

observations. 

(i) So far as the total 

costs are concerned, the 

joint implementation sys-
tem have proven to be more 

economical than the isolated 

implementation systems. 

The reduced total costs of 

the former system are found 

to be about 80 million yen, 

about 20 percent lower than 

the latter. This seems to 

be derived from the scale 

advantages of the former 

system. 

(ii) The hydraulic condi-

tions are also seen to be 

more favorable in the former 

system, because, for instance, 

the gap in the piezometric 

pressure heads is smaller 
for the former than for the 

latter, implying a higher 

attainment of equalization 

in hydraulic conditions 

at the extremities of the 

supply nodes. 

(iii) At first blush one 

exception to this appears 

to be the diameters of 

pipes. That is to say that 
the gap between the maximal 

and minimal diameters tend
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to extend if the separate networks are combined. But we should also observe that 

another tendency typical of the joint implementation system is that there are 

several pipes of medium sizes (say, 250 to 300 mm) incorporated into the system, 

whereas the isolated implementation system is likely to be polarized to two ex-

tremes, i.e., the  mazimum- and minimum-diameter pipes. Therefore the incorpo-

rated pipes of medium sizes which are considered to serve as supplementary mains 

seem to contribute to the equalization in the hydraulic conditions. 

(iv) To sum up the above findings, the integrated water distribution system is 

found to be more advantageous, judged from the viewpoints of economy and hydrau-

lic conditions. 

(v) If other features of the problem, such as physical, administrative and 

managerial questions involved in the integrated development of an area-wide dis-

tribution system are also examined, our mathematical model would provide well-

informed guidelines along which to consider this kind of problem in the planning 

phase, not to say in the design one.

6.11 Conclusion 

     To begin with, the important findings are summarized. 

(i) The mathematical model presented in this study provided some basic frameworks 

for both the design and the planning of the water distribution system, if some ef-

fective solution algorithm could be developed. 

(ii) In this viewpoint our first attention was offered to the development of 

those tools. For this purpose two different algorithms were developed by the 

authors with a view to obtain any adequate tools that would take a good advantage 

of the mathematical idiosyncrasy of the model. 

(iii) Comparative study of the computation results stemmed from the applications 

of the different algorithms to a simple network, reveals that O1 although there 
can be found no conspicuous differences in the adequacy of the techniques, we 

might well say that at the risk of a slight loss in the constraint satisfaction 

accuracy, Solution Algorithm I is preferred, because it takes a little shorter 

computation time than the other. O2 In this connection such a practical consider-
ation should be added that in practice available diameters for pipes are not 

continuous but discrete. Therefore if the rounded-off solution is found to ex-

ceed the range of errors, it makes no sense to stick to the more accurate so-

lutions. Therefore it might be concluded that a priority should be given to 

Algorithm I. The author acknowledges that these points should receive further 

consideration. 

(iii) On the basis of the above analysis our next concern went to the comparative 

study on the optimal design of the "window type" and its variants. Thereby our 

intention lied in it that it might offer an informative analysis, from which 

some fundamental guidelines for the optimal design could be derived. 

(iv) As a result some important guidelines were obtained concerning ®1 the ade-
quate locations of both arteries and complementary distributors, ®the effect 
of the change in the location(s) of the supply point(s) on the computation re-

sults,® the effect of the increased complexity in the network configuration 
on the results, O the effect of the difference in the geographical topology on 
the results, 5 and other few points. 

(v) At the last stage of our study we addressed ourselves to the area-wide de-
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velopment planning problem of the urban water distribution system. Case  study 

was conducted on the local district covering parts of both Kakogawa and Takasago 

Cities in Hyogo Prefecture. 

(vi) Close scrutiny of the results have led to the conclusions that O the inte-
grated water distribution system is found to be more advantageous, judged from 
the viewpoints of economy and hydraulic conditions. ®If further analyses will 
be made on the other features of the problem such as other technological exami-

nations, administrative and managerial questions, etc., we could be better in, 

formed of this kind of planning problem. 

(vii) Although the criterion for the optimality was established of the minimi-

zation of the total costs, the model with slight modification would be well 

adapted to other kinds of criteria such as maximization of the attainment of the 

equalization in the entire piezometric pressure heads. The author believes that 

the presented model finds itself in other various uses though untouched in this 

study. These include the capacity expansion problem of distribution network 

systems. 
(viii) Comprehensive analysis of the above findings have led the author to the 
conclusion that the model or its variants would serve as an effective tool for 

providing basic guidelines on both the design and the planning of the water 
distribution system.

1) 

2)

3)
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    Chapter 7 Systems Analysis of Operational Control of Water 

           Supply and Use System in  Drought-  time 

7. 1 Introduction 

      In spite of increased recognition that water resources are limited and 

should be developed and used more effectively than they used to be, there seems 

to be many of the problems which have scarcely received proper attention of 

researchers and practitioners. One typical example is the problem of water 

droughts. The purpose of the studies included in this chapter is to present 

the development of a systematic methodology for determining the optimal policy 

for water supply and demand control problems. The term "optimal" in this con-

text means a rule that leads to the operational policy most acceptable to the 

water users. 

7. 2 Identification of the Problem 

      Since water supply cut-off is a degradation of water supply service, ut-

most efforts should be made to avoid it. But when it is found unavoidable by 

any means after a long continuation of water droughts, next best attempt should 

be made to alleviate as much as possible the extent of undesirable effects of 

water supply cut-off upon the water users. 

     In this chapter we shall take the position that in coping with water dro-

ught problems, operational control policies for alleviating unacceptable dama-

ges of droughts to the water users are as much important as long-range stra-
tegies for water resources development. In light of these considerations our 

attention will be exclusively placed on the explorement of systems approaches 

for finding the optimal rule for drought-time water supply and demand controls . 

7. 3 Scope of the Research 

     This chapter contains three major studies. 7.4 presents a pilot approach 

to the analysis of drought-time water demand and use characteristics with spe-

cific reference to the behavioral characteristics of the water users . An at-
tempt is made to explore a methodology for measuring "acceptability" in terms 

of statistical variates. On the basis of this analysis follows presentation 

of a mathematical model in 7.5. Applicability and potentiality for further 

developments are also explained with a case study on Kyoto City . 7.6 deals 
with a mechanism of the dynamic interactions between the water supply and 

water demand sectors during the periods of water droughts
, thereby presenting 

a system dynamics approach to the problem with a case study on Toyonaka City 

in Osaka Prefecture. 
     The paper closes with our assessment of the usefulness of the fundamental 

methodology proposed here for analyzing the drought -time operational control 

problems. 

7.4 Statistical Analysis of Behavioral Characteristic
s of Water Users in Drought—time 

     In this section a statistical approach is 
presented for analyzing the b

ehavioral characteristics of the water users in time of droughts. We shall 
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construct a statistical model which will be applied to the analysis of the 

behavioral characteristics of the water users in Tenri City in Nara Prefecture. 

We owe most of our basic data to the survey conducted there by the Kinki Branch 

of the Ministry of Construction with a view to gathering basic data relevant 

to the evaluation of water supply and demand control operations. In this sur-
vey attempt was made to carry out a questionnaire which was so designed that 

it could present a basic framework in which statiscal analyses would be made                                                                                              5)6) 

by use of the Multidimensional Quantification Analysis, developed by C.Hayashi. 

In spite of much reliance on these data, or the same statistical technique used 

in that survey, the study that follows is unique and original in that it evol-

ves an analytical approach from another angle, thus leading to different out-

puts and results. Another purpose of the study is to present a basis on which 
different systems approach will follow in 7.5 and 7.6. 

 7.4.1 Questionnaire 

     The questionnaire was so designed that it could collect basic information 

related to the behavioral characteristics of the water users in Tenri City, who 

had experienced right ahead of the time of the survey, one of the longest and 

severest droughts they ever had. The contents of the questionnaire are mainly 

related to the following problems: 

(i) to identify the recognized service level of cut-off operations, 

(ii) to comprehend the recognized service level of the provisional measures 

taken by the authority such as itinerant water-supply wagons, "save water" 

campaigns, etc, 

 (iii) to gauge the impact of fall in water supply on their everyday life, 

 (iv) to investigate the manner the water users adjusted themselves to the water-

supply cut-offs. 

      Let us now proceed to the analysis of the results of the questionnaire. 

7.4. 2 Preliminary Discussion 

 1) On Cut-off Operation 

      We here define the cut-off ratio as the ratio of the cut-off amount to 

the normal water supply. The term "normal" in this context means the phase 

when water droughts never occur and there is no need to cut-off water supply. 

Then by way of illustration, Table 7.4.1 shows that for the same cut-off ratio, 

the water users are likely to prefer an operation by lowering pressures on 

 supply, rather than "direct" cut-off operation for limited hours of the day. 

This seems to imply that the water users are apt to accept rather an uninter-

mittent supply of water which leads to an indirect cut-off of water supply, 

 whereas they are unwilling to have their water supply operated in an on-and-

 off way to cut-off supply. 

      Since the average of the recognized cut-off ratio was found to be 0.35 

 and that of the actual ratio 0.20, there tends to be a certain discrepancy 

 between the actual cut-off ratio and the recognized one. This gap tends to 

 become smaller with rise in the actual cut-off ratio. Interestingly, there 

 seems to be a smaller gap found between the changing rate of the actual cut-

 off ratio from one day to another and that of the recognized one. (See Table 

—117—



                                                               7.4.2.) This means 

  OperationalRecognized Severeness that the water users 
             verymoder- very Total    M

easuressevere severe medium ate moder-                                                                more easily recognize 
                                                           ate 

    Ordinary 3 24 25 59 68 170 the present degree of 

 oE zOperation (1.7) (13.4) (14.0) (33.0) (37.9) (100.0) 
rocLowered 24 75 62 114 25 300Cut-Off, namely the  ToygPressure (8.0) (25.0) (20.7) (38.0) (8.3) (100.0)cut-off ratio by re- 

 •"Cut-offs for 23 1378711019 376
callingthat of the o 0

•HI       Limited Hours (6.1) (36.4) (23.1) (29.3) (5.1) (100.0)g 
S Cr i-3 Both of the 64 137 44 4410 299 preceding day by com-  NaT

wo(21.4) (45.8) (14.7) (14.7) (3.4)(100.0)  
 ~,parison. This pro- ••m Complete6 7 1 20 16 

      Shutdown (37.5) (43.8) (6.3) (12.4) (0.0) (100.0) vides a good theoret-

                                                          ical basis for the 

       Table 7.4.1 Recognized Severeness forfollowing discussions 
     Different Operational Measureswhere it will be as-

                                                            sumed that the recog-

                                                            nized condition of 

                                                                   cut-off operations 
               STAGEcorresponds to its 

        OPERATION 
    PATTERNINITIAL MIDDLEFINALactual condition in- 

                                                            sofar as the quali-
      Actual Pattern Severe Medium Moderatetative characteristics 

         of Cut-off 
      Ratio0.40.5 0.3"0.4 0.1,-0.2                                                                of the operational con- 

                                Medium Moderate                                                                    ditions are concerned.  m v x m 47.2 Severe 
o 00 H 

       tO(D e e 
     g.Nwma20.9 Medium Severe Medium2) Acceptable Cut-off 

 artrtmRatio 
       ^ya r'n             7 .5 Moderate Medium SevereFigure 7.4.1 which 

    rtaax 
„ 0                                                           displays the upper limit 

m 24.4 Severe Severe Severe                                                              to the acceptable cut-

                                                          off ratio for different 

     Table 7.4.2 Comparison between Actualduration times of cut-
      Operation Pattern and Recognized Patternoff operations shows 

                                                             that: 

(i) The average of the upper limit ratio decreases as the duration time extends 

longer. 

(ii) The distribution patterns of the upper limit ratio for the duration time 

of 1 week and for that of 1 month are mutually similar, though the pattern for 

the duration time of 3 months completely differs from the above two. 

(iii) This can be otherwise interpreted in two different manners. lO The extent 
to which the water users manage to adjust themselves to cut-off operations, 

decreases as the duration time expands. ()The water users become less willing 
to spare water as the duration time expands. 

     The reader is required to recall the above findings in the model-building 

discussions in 7.5 and 7.6. 

7.4.3 Drought-time Behavioral Pattering by Multi-dimensional Quantification 

      Method 
     Next we shall patternize the behavioral characteristics of the water users 

from a mathematico-statistical point of view. An approach is presented by the 
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Multidimensional Quantification 

Method developed by C.Hayashi . 

That is to say that the primary 

concern of the analysis is to 

find out those dominant factors 

which determine the drought-

time behavioral pattern of the 

water users.

item. Furthermore we need to make another assumption 

contains another question of different nature, which 

a set of the foregoing questions (items). This type of qu 

consist of 7 kinds of non-scalable choices out of which is 

choice by the answerer. We call this type of question 

(variable)" or the "external criterion (variable)", 

the "strata". In this context the questionnaire is so des 

tum to which each of the answers belong can automatically 

     Now our concern is to obtain a functional relation 

mathematics between a given stratum to which a group 

long and their qualitative responses obtained from 

the item. Once this is done, this statistico-mathematical 

us of an effective tool whereby the following examinations 

(i) to identify those important (dominant) items which are 

closer relation to a given stratum (pattern) than 

(ii) to infer the strata (pattern) of a given set of sampl 

the information on the response characteristics 

     In either sense of the word we can avail ourselves 

to "stratify" or "patternize" the samples' character______ 
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1) Multidimensional Quantifi-

   cation Method (II) 

(a) Preliminary Discussion 

     Consider a questionnaire 

which contains R items corres-

ponding to R kinds of questions. 
Each of the items, say item j, 

is assumed to consist of k 

kinds of choices (subcategories) 

from among which the answerer 

is required to select only one 

alternative. Here it is also 

postulated that all the items 

are non-scalable in the sense 

that any numerical value is not 

assigned by the answerer to 

each item, but only qualitative 

responses are identified from 

the dichotomous choices of the 

ption that the questionnaire 
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           hotomous choices of 

thematical model will provide 

aminations are available. 
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reflected in each item. 
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     The  maximization of r1means the maximization of the effect of stratifi-

cation, because the larger is7)2, the more homogeneous the response patterns of 

the samples belonging to each stratum, whereas the smaller becomes 712, the more 

heterogeneous they turn to be. In this sense of the word, 7)2 is considered a 

measure of discriminative power for stratification. 

     Accordingly, to maximize 7) with respect to xuv(u=1,......,R ; v=1, 2, ......, ku), we 
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Accordingly our problem proved to be a class of eisen-value problem 

esolvedby any one of the many elaborate techniques already de 

Itiscommonly the case that the values of xjk () =1, ...... ,R ; k =1 ,........... 

nedaretransformed intoxjk for statistical convenience. That
Exjknjk/n 

or 

hitemast1 

thesetof 

lnection we shall set forth the notion of "range" which 

  Ltem as the difference between the maximum and minima 

le set of )1 ......... , ,x1k1) . Then the range of item i i; 

  idicates the degree to which the item is concerned with 

  (patternization) of the external variable. 
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 recognized In your memory the

duration time
cut-off operations
lasted about

of cut-off 1 below 1 week -0 .058

operations
2 below 2 weeks
3 below 3 weeks
4 below 1 month

-0.077
-0 .050

0.051
0.128

5 below 1.5 months 0.009

6 over 1.5 months 0.022

recognized In your memory the

changing pattern
cut-offs seem to
be operated

of cut-off 1 initially severest, 0.073

operations
then grarinally
more moderate

2 severest in the -0.038

middle of the period
3 initially most 0.099

0.246

moderate, then

gradually severer
4 always moderate -0.052

5 otherwise 0.194

frustration You got blues

caning from
1 extremely
2 rather

0.008
0.122

prolonged 3 a little -0 .112 0.255

cut-off
4 little
5 never

-0.133
-0 .051

operations as the cut-offs
were prolonged

recognized You felt save-water

level of canpaigns worked

save-water
1 very effective
2 rather effective

0.440
0.446

campaigns 3 not effective, -0 .132

nor ineffective 0.578

4 rather ineffective -0.023

5 very ineffective -0 .077

to lead yourself
to voluntary
curtailment

external criterion corresponding to the
item of questionnaire

recognized degree You felt the water

of water supply
supply cut-offs were

1 very severe

cut-off 2 rather severe 0.797

3 medium
4 rather moderate
5 very moderate

candidate factors corresponding to the
item of questionnaire

 score range

quantity and You felt the water

pressure of water
from the tap came
out

from the tap 1 sufficient -0 .312

2 insufficient with -0 .376

low pressure

3 sometimes sufficient, -0 .116

otherwise no water 1.020

4 sometimes insufficient 0.641

with low pressure,
otherwise no water

5 no water all the 0.168
time

6 otherwise 0.485

recognized You felt you were

percentage of
forced to reduce
your usual water demand

water supply approximately by

cut-off
1 100%
2 90%

0.109
0.118

3 80% 0.148

4 70% -0.009

5 60%
6 50%

0.005
0.156

0.295

7 40% 0.070

8 30% -0.031

9 20% -0 .053

10 10% -0 .013
11 0% -0.139

(1)
 (2)

Table 7.4.3 Recognition Pattern Concerning Severeness of Cut-off Operations
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recognized In your  memory the

duration time
cut-off operations

lasted about

of cut-off 1 below 1 week -0 .072

operations
2 below 2 weeks
3 below 3 weeks
4 below 1 month

0.044
0.026
0.003

0.116

5 below 1.5 months 0.016

6 over 1.5 months -0 .020

recognized In your memory the

changing pattern cut-offs seemed to
be operated

of cut-off 1 initially severest, -0 .031

operations then gradually
more moderate

2 severest in the 0.039

middle of the period 0.070

3 initially most 0.036

moderate, then

gradually severer
4 always moderate -0.007

5 otherwise 0.006

recognized In your memory

level of the you had supplementary
water supply services

supplerentary by wagons

water supply
1 never
2 quite rarely

-0.005

-0 .020

service by 3 once every 0.058 0.085

wagons
two days

4 once a day 0.065

5 more than twice -0 .013

a day

recognized You felt save-water

level of
campaigns worked
1 very effective 0.040

save-water 2 rather effective 0.031

campaigns
3 not effective,

nor ineffective

-0.022 0.062

4 rather ineffective 0.014

5 very ineffective 0.012

to lead yourself

to voluntary

curtailment lment

external criterion  corresponding to the
item of questionnaire

willingness of You reduced your

the water users
water demands
1 rather willingly

0.795

to save water 2 unconsciously
3 rather unwillingly

candidate factors corresponding to the
item of questionnaire

score range

existence of Do you have

wells
wells in your house 7
1 yes
2 no

-0 .008
0.006

0.014

quantity and You felt the water

pressure of
from the, tap came out
1 sufficient 0.083

water from 2 insufficient with -0.056

the tap
low pressure

3 sometimes sufficient, -0.045

otherwise no water

4 sometimes insufficient 0.070 0.139

with low pressure,
otherwise no water

5 no water all -0 .009

the time

6 otherwise -0 .052

recognized You felt you were

percentage of
forced to reduce

your usual water demand
water supply approximately by

cut-off
1 100%

2 90%

-0.002

0.106

3 80% 0.055

4 70% 0.090
5 60% 0.096 0.250

6 50% -0.139

7 40% -0 .091

8 30% -0.069

9 20% -0 .087
10 10", -0.144

11 0° 0.101

(2) (1)

Table 7.4.4 Recognition Pattern Concerning Willingness to Save Water



 2) Recognition Pattern Concerning Severeness of Cut-off Operations 

      In order to find out the dominant factors determining the recognition 

 pattern concerning the severeness of cut-off operations, we set as the external 

 variable the item of "recognized severeness of cut-off  operations"_ Table 7. 

 4.3 shows the calculation results for this case. As explained in the foregoing 

 discussion, the theory underlying the quantification method tells us that the 

 calculated range of each item (factor) stands for the degree of relevance to 

 the patternization of recognized severeness. In light of this theory we ex-

 amine the calculated range of each item as listed in Table 7.4 .3. It shows 

 that the item of the biggest range, i.e., the most influential factor,is "quan-

 tity and pressure of water from the tap", which is followed by "recognized cut-

 off ratio", and then by "recognized duration time of cut-off operations" . In 

 contrast to this those items (factors) proved to have smaller ranges such as 
 "recognized changing pattern of cut -off operations" , "recognized level of com-

 plementary water supply by wagons", and "recognized level of campaign activi-

 ties". This means that those factors are less influential to the determination 

 of "recognized severeness of cut-off operations" . 
      Moreover comparison between those ranges and the scores assigned to those 

 categories of each item, reveals whether or not the item has positive relevance 

 to the patternization of "recognized severeness". To take an example of the 

 item "quantity and pressure of water from the tap" , we know that those who se-
lected one of those categories, O "enough",2® "a little with a low pressure" 
and ®"sometimes enough, otherwise no water" , are more likely to feel that the 
cut-off operations were not severe for them

, than to feel otherwise. Conversely 

the rest of the water users who selected one of those categories , ® "sometimes 
a little with a low pressure, otherwise no water" and ®"no water all the ti me", 
tend to feel that the operations were rather severe for them

. This kind of dis-
cussion will also apply to the other items . 

3) Recognition Pattern Concerning Willingness to Save Water 

     In likewise as the above, we shall patternize the recogniti
on pattern con-

cerning willingness to save water , thereby analyzing what items (factors) are 
most influential to it. In applying the quantification 

method to the problem, 
the item "willingness of the water users to save 

water" is set as the external 
variable. The calculation results are listed in Table 7

.4.4, the study of 
which shows the following: 

(i) Those factors which are considered to be relatively influenti
al to the pat-

ternization of "recognized willingness to save wat
er", are(' "recognized level 

of campaign activities" , ® "weariness about the prolonged duration of cut-off 
operations", and ®"recognized cut-off ratio" . On the other hand, the item 
"existence of wells" proved to be less influential to the "r ecognized willing-
ness". 

(ii) From this we may conclude that insofar as th e water users who answered the 
questionnaire, or the samples of the survey in terms of statistics are concerned, 
there can be found such a conspicuous b ehavioral characteristic that the water 
users tend to take account of those i nfluential items, consciously or unconscious-
ly before they become willing or unwilli ng to spare water. It must be noted 
here that among those influential it ems, "recognized level of campaign activi-
ties" proved to be the most influ ential to the "willingness of the water users 
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to spare  water"- This seems to vindicate our conclusion obtained in the pre-

liminary discussion. 

7.4.4 Summary and Discussion 

     The findings of our study are summarized: 

(i) The recognized condition of cut-off operations corresponds to its actual 

condition insofar as its qualitative characteristics are concerned. 

(ii) The extent to which the water users practised water-saving has much re-

liance on the recognized level of "save water" campaigns. 

(iii)The water users become less willing to spare water as the duration time 

expands. 

(iv) The recognition pattern concerning the severeness of cut-off operations 

is determined mainly by those factors such as Ol "quantity and pressure of water 
from the tap', and2O"recognized cut-off ratio". 
     From this we may conclude that the mathematico-statistical analysis ap-

proach presented here provides a basic framework in which the studies to follow 
in 7.5 and 7.6, are performed. It also presents basic information on policy-

making for acceptable operational controls in times of droughts. 

     In spite of such fruits obtained from our study, more study is needed to 

overcome the difficulties mainly involved in the technical problems of the de-

sign of questionnaire contents. That is to say that more sophisticated manner 

of questioning needs to be examined so as to make the answerer understand ex-

actly what the answerer intends to mean. 

7.5 Dynamic Programming Approach for Determining Optimal Policy for Drought—time 

     Operational Controls 

     In this section our focus is shifted onto the problem of determining ope-

rational controls by some water supply agency. Basic to the problem is our 

 assumption that water collection can be controlled by the agency, whereas it 

 cannot control water demand, and that the term "operational control" exclusively 

 means the control of water collection and that of water distribution is not 

 explicitly treated here. In coping with this problem which will be further 

 specified in the below, an attempt is made to build up a mathematical model 

 which will be applied to the case study on Kyoto. 

7. 5. 1 Description of the Problem 

 (i) Suppose a water supply-demand system which is conceptualized as consisting 

 of single "reservoir" and single "water-user block". The term "reservoir" in 

 this context means the totality of the water supply and distribution facilities 

which are operated by a water supply agency or "water supply sector" as will be 

 referred to hereafter. Similarly "water user block" means the totality of those 

water users who owe their water supply to the water sector. 

 (ii) The term "water droughts" is defined here as a state where the storage of 
 "reservoir" is depleted after a long continuation of secant rainfall, con-

 sequently leading to the inability to maintain the normal service level of 

water supply without cutting off "normal water supply". The definition of 
"normal water supply" is such that the amount of water supply which would be 

 realized unless water droughts occurred. This term is used as synonymous to 
 "normal water demand". 
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(iii) The droughts are predicted to continue for a certain period of time, which 

is referred to as "predicted duration period" or simply  "duration period". The 

duration is divided into several stages. 

(iv) Available amount of collected water which is conceptualized as the input 

to the reservoir changes with the passage of time. The changing pattern of maxi-

mal quantity is assumed to be predictable and given a priori. 

(v) Available release from the reservoir which is conceptualized as the output 

of the reservoir assumed to be a control variable of the system. 

(vi) Unless the potential water demand exceeds the storage in a given stage of 

the period, the draft is so operated that it equates the potential demand at 

that time. Otherwise the draft is so operated that it equates the storage at 

that time. That is to say that the reservoir is totally emptied if the poten-

tial water demand exceeds the storage. 

7.5.2 Notation 

xe : reservoir volume 

xi-1: volume of remaining water in storage immediately after release in stage 

a-1 (or immediately before the initiation of stage i) 

yi : volume of water in storage immediately after replenishment (by collection) 

       in the initiation of stage i 

zi : (available) amount of collected water in the initiation of stage i 

   i : (amount of) water supply which is equal to the amount of released water 
       in stage i 

qi (amount of) water demand in stage 

(qd : probability distribution function for qi 

7. 5. 3 Model  Formu lation 

     The volume of water in storage immediately after replenishment in the in-

itiation of stage i
,yi,is formulated: 

yi=xi-1+zi (z=1, 2, ....... n) ...........................................................................................(7.5.1) 

     The amount of water supply
iei, which is equal to the amount of released 

water in stage i is determined by the following rule:

can

i=1y, for q, �y,�0 

  The volume of water 

 be written as follows: 
xi=yi-q, for 

x.=O for q,% ya'O . 

Additionally, there are 

0~—``yz_<xc .. . ......................... 

  Then we set up the obje 

the degree of 

the operational policies 

Min imizeZ=

:er in storage immediately after release in stage

constraints on the amount of replenished

of 

to

              up the objective function which stands for the expected 

                           eness recognized by the water users in relation 

1 policies to be carried out with a given probability: 

                  z(rz) • 0(q,)'dgi ................................................ (7.5.7) 
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(7.5.3) 

i x 
z , 

(7.5.4) 

(7.5.5) 

 water: 

(7.5.6) 

value



where 

 9i : upper bound on the 
: lower bound on the 

            qi-yi         y,
z= for gi>yi q

i 
ri=0 for gi<yi .......... 

ri : cut-off ratio 

pi(ri) =0for ri=0 

o pi(ri) S1for 

p(r) : penalty function 
        acceptableness 

7. 5.4 Solution Technique 
     The mathematical 

ture. One of the 

loped and appliedtodiffer 

is dynamic programming 

technique by use ofdynamic 

     Since dynamic 

let us rewrite the 

z=fm(xo)=Minff 

xCyx0— 

          fq2=q2             q 2= Y 2 

     Here the first 

to the evaluation 

the second and the 

functions with respect 

to the statementthatifir 

limit to the suppliable 

stages initiatewiththecc 

equal to zero, with 

happens to be lower 

then it followsthattheix 

termined that the 

immediately after 

probability of ti 
     Similar discussion 

relation between 

fz(xn-z) 

xn 

f qn-1+2 
qn—z+2

rater 

ame

 demand 

above

with respect to stage i

(7 

(7

• 

•

5 

5

• 8) 

9)

ionINwithrespect 

recognized by the

i>0

to ri 

water

representing 

 users.

the degree

(7.5.10) 

(7.5.11) 

of un-

           as formulated in the above has a multistage struc-

           solution techniques which have already been deve-

          ent models of this type of mathematical structure, 
                           7)8) 

ming :loped by Gellman. We shall present a solution 

f dynamic programming. 

programming requires to define the recurrence functions, 

objective function to introduce them as follows. 

Pi(n) (qi) dqi

q2=y2 
dq2+ f fn-1 (y2-g2)t6(g2)dq 2)...............................(7.5.12) 

qz=11. 

.rst term on the right-hand side of the above equation refers 

al of the malty function with respect to the first stage, 

:he third arms the integrated evaluation of those penalty 
-espect to the subsequent stages. The second term is equivalent 

: that if in the first stage the water demand exceeded the upper 

amount of water, then it follows that the subsequent 

with the condition that the volume of water in storage x,, is 

rith probability of ¢(q2). It also states that if the water demand 

maer than the upper limit to the suppliable amount of water, 

that the initial condition of the subsequent stages is so de-

              water in storage x,, equates the volume in storage 

replenishment y2 less the amount of released water q2 with 

icussion )lies to the formulation of the general recurrence 

 a given :age and its subsequent stage. 

Min ij=qn-t+l Pn-t+i(rn- z+1)¢(gn-z+1)dgn-i+1 
     qm qn-1+1  

             xr 

(0)¢(q +_,)dq,--, 
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          fqn—i+2=zfn—z+2 fi-1 (yn-i+2-qn-z+2)~(gn—z+2) dqn-z+2} ........................(75 
   qn-i+2 =qn-z+2..13) 

 (i=2, ....... n) 

where 

         f,(xn-1) =Min {qn=gnPn(rn)O(gn)dqn q
n=qn..............................................................(7.5.14) 

xn-1 ~1/fC'xc 

     The recurrence relation thus obtained yields a theoretical basis for ob-

taining the sequence fi(x)inductively once f1(x)is known. We see that f,(x) 

determines f 2(x), that f2(x)leads to an evaluation of f 3(x) , and so on. This 

procedure called the technique of dynamic programming assures a quick and ac-
curate solution to the multistage (stochastic) model. 

Additionlly for convenience sake of computation on a digital computer we 

shall replace the above recurrence relation of Equations (7.5.13) and (7.5.14) 

by the equations as follows. 

       f(x) =Min{qni+qn-i+1-(r      zn-inz+1n-i+1)0(gn-i+1)a8n-z+1 
q n-i+1 =qn-i+1  

xn-i�- yn-i+1�-xc 

qn-1+2 .4n-i+2 {{ +Z 
Ji-1(coo (gn—i+2)n—i+2 q- ,+2 = yn- i+2 

    + qn-i+2-,yn-i+2/~,,                                           fi -1(yn-i+2-qn-z+2)0(qn-i+ .2)an-z+2}----------------------------(7.5.15) q n-i+2 -  q n-i+2  
(z =2. ......n) 

qn=qn 
fl(x-1) =Min {Pn(rn)0(4066n}...............................................................(7.5.16) 

qn=qn 

                    x.-1�Y.5=27,   

7. 5. 5 Case Study on Kyoto City 

1) Water Supply Problem of Kyoto City 

     Kyoto is characterized by a relatively affluent water source called "Sosui" 

or "Aqueduct from Lake Biwa". However population expansion and industrial de-

velopment seem to be gradually menacing water scarcity crisis with Kyoto, es-

pecially in case the water level of Lake Biwa drastically drops from its normal 
level mainly due to a long duration of secant rainfall . As a matter of fact 
Kyoto experienced an unusual water drought in 1973 when it was forced to carry 

out "save water" campaigns. Additionally Kyoto is ready to provide necessary 

data for the model. 

     In light of these considerations we selected Kyoto as a study area . 

2) Model Data 

(a) Probability Distribution of Water Demand 

     By utilizing data on the actual amounts of water supply conducted from 

1970 to 1974 except for 1973 when the drought in question occurred , the proba-
bility distributions of water demand were obtained as shown in Figure 7 .5.1. 
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                                                    (b) Penalty Function 
  ProbabilityProbabilityProbability 

                                                           We employ the function 

                                                         obtained in 7.4, representing 

                                                      the  number of those who would   0.3 0,4 0.3 Demand 0.2 01                                 0.3 Demand 0.3I C.5 0.2                                             Demand not accept the operation in-
  0.68 0.73 0.780. •9 0.74 0.790.64 0.69 il

ls      (Million m3)(Million m')so far as the cut-off ratio                                                            (bullionm') 
  JULYAUGUSTSEPTEMBER                                                       i

s held constant at a given 

                                                        percentage or more than that 
     Fig. 7.5.1 Probability Distributionfor a limited duration time .     of Water Demand (Kyoto City)

(See Figure 7.4.1.) 

(c) Calculation Cases 

                                                              Before performing calcu-

lations, we preplanned the following analytical policies. 

(i) Three different kinds of cases were established with respect to the duration 

time of the water-droughts. In one of them the duration time was set as the 

period ranging from (the beginning of) July to (the end of) August. In another 
case it was set as the period from August to September. In the last case it 

was set as the period from July to September. 

(ii) Two different cases were established for two different "degrees of availa-

bility in collection" which are defined as the ratios of the total amounts of 

collected water over the period to the total amounts of potential water demand 

over the period. For a given degree of availability in collection, the assign-

ment of available water to be collected is patternized according to the extent 

the water is assigned to each stage. This assignment pattern is termed "ope-

ration pattern" or simply "pattern" which represents how much water is collected 

for each stage. 

     In light of these policies we considered those six cases ,thereby three 

different patterns being set a priori for Cases I-1 to I-4 and nine patterns 

for Cases II-1 to II-2, as listed in Table 7.5.1. 

3) Calculation Results 

     Since similar results were obtained for Cases I-1 to 1-4, we shall merely 

refer to the results of Cases II-1 and II-2. 

(a) Case II-1 

     From the results as depicted in Figure 7.5.2 we understand: 

(i) Irrespective of the initial storage, the most acceptable operational policy 

is such that relatively smaller amount of water is collected in the first stage, 

then increased amount of water in either of the subsequent two stages. (pat-

tern 2) 

(ii) In contrast to this the least acceptable policy irrespective of the ini-

tial level of storage is such that relatively larger amount of water is col-

lected in the first stage, then it decreases with the passage of time, and the 

smallest amount of water in the last stage. (pattern 9) 

(iii) Pattern 1 belonging to the type of operation similar to pattern 4 proved 

to be the second best alternative if and only if the initial storage exceeds 

three-fourths of the potential water demand, while it proved to be the least 
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0.68'0.73 0.78
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0.2

0.G9 0.74 0.79

De1 I.s
0.3  0.2

0.64 0.69 0.74



PATTERN  Zi:Z2 STAGE 1 STAGE 2 TOTAL

CASE
NUMBER

C

0

th

0

cH

H

N

CH"

H

H
z

nO

H
H
Oz

0 .2

1 1 : 2

4C

Million m3
0.393 CC

aC
m

Million m3
0.787

Million m3
1.18

I-10.590 1.182 1 : 1 0.590

0.393 1.183 2 : 1

K

0.787

1.14

I-20. 2

1 1 : 2 0.381
ro0
H
t9

01

0.763

2 1 : 1

C

C'. 0.572 0.572 1.14
cn

3 2 : 1

H

0.763 0.381 1.14

0.590 0.89

I-30.9

1 1 : 2

4

0.295

0.443

0.590

CC

CCn
H

2 1 : 1 0.443 0.89

3 2 : 1 0.295 0.89

0.9

C,:
C,:ro

H
C9

NCtl
b

0.572 0.86

I-4

1 1 : 2 0.286

2 1 : 1 a 0.429 0.429 0.86

3 2 : 1

4

0.572 0.286 0.86

(1)

PATTERN  Z1:Z2:Z3
STAGE 1 STAGE 2 STAGE 3

TOTAL
CASE

NUMBER
JULY AUGUST SEPTEMBER

O
0

t9

0

C
H H

00

0

0.2

1 1:2:4
Million m3

0.247
Million m3

0.494
Million m3

0.987
Million m3

1.73

II-1

2 1:2:2 0.346 0.691 0.691 1.73

3 1:2:1 0.432 0.864 0.432 1.73

4 1:1:2 0.432 0.432 0.864 1.73

5 1:1:1 0.576 0.576 0.576 1.73

6 2:2:1 0.691 0.691 0.346 1.73

7 2:1:2 0.691 0.346 0.691 1.73

8 2:1:1 0.864 0.432 0.432 1.73

9 4:2:1 0.987 0.494 0.247 1.73

0.4

1 1:2:4 0.185 0.370 0.741 1.30

II -2

2 1:2:2 0.258 0.519 0.519 1.30

3 1:2:1 0.324 0.648 0.324 1.30

4 1:1:2 0.324 0.324 0.648 1.30

5 1:1:1 0.432 0.432 0.432 1.30

6 2:2:1 0.519 0.519 0.258 1.30

7 2:1:2 0.519 0.258 0.519 1.30

8 2:1:1 0.648 0.324 0.324 1.30

9 4:2:1 0.741 0.370 0.185 1.30

(2)

Table 7.5.1 Calculation Cases
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acceptable one next to 

pattern 9 if and only 

if the storage falls 

short of half of the 

demand. 

(b) Case II-2 

     Figure 7.5.3 shows 

graphically the results 

of this case. From this 

we see: 

(i) If the storage exceeds 

one-third of the potential 

water demand in the in-

itial stage, the most ac-

ceptable policy is pattern 

1. Pattern 2 which be-

longs to the same type of 

operations is the second 

best policy next to pat-

tern 1. The difference 

between the two patterns 

of operations lies in 

that pattern 1 takes a 

more drastic changing 

pattern than pattern 2. 

Herewith attention needs 

to be paid to the fact 

that if the storage goes 

down from one-third of 

the demand, both of the 

two patterns become no 

more acceptable policy 

at all but fall in a cate-

gory of the most unac-

ceptable policies. 

(ii) If the storage falls 

short of one-third of the 

demand, the most accepta-

ble policy proved to be 

Pattern 4. This pattern 

belongs to the type of 

operation similar to pat-

terns 1 and 2, the dif-

ference being that the 

former assumes less dras-

tic changing pattern than 

the latter.



 7.5.6 Summary and Discussion 

     The results of this part of the paper have indicated that: 

(i) The problem of determining optimal policy for drought-time operational con-

trols can be formulated as multi-stage stochastic programming to which dynamic 

programming is most efficiently applicable. 

(ii) The "optimal" policy in this context means that it is an operation which 

is regarded as the most acceptable one to the water users. 

(iii) The measurement of "acceptableness" in the above sense of the word can 

be performed by making use of the functional relationship obtained in 7.4. 

But it must also be noted that there remain difficult problems left to be dis-

cussed from another viewpoint: Ol whether or not it is reasonable to take 
such a qualitative factor as the objective function ; O2 whether or not it is 
appropriate to measure such a qualitative factor by the manner presented here. 

In this connection more study is needed to overcome the difficulties. 

     The formulated system was based upon the assumption that although the 

total amounts of water is collected throughout the period limitedly from the 

water-source reservoir which was not explicitly included in the system, the 

choice of the optimal operational policy concerning the allocation of the total 

collected water in each stage of the period is under control of the water sec-

tor. This assumption inevitably precludes the study of such conditions that 

if the droughts are so severe that we cannot freely control collecting water 

any more. 

     Such being the case, our concern should be shifted from the control of 

collected water onto the controls of both water distribution and water demands. 

Let us now consider this type of problem in the next part of the paper. 

7. 6 System Dynamics Approach for the Analysis of Drought-time Water Supply-Demand 

    Control Mechanism 

     This study treats the problem of drought-time water supply-demand control 

mechanism and present a systems dynamics approach to its analysis. To begin, 

we define the terminology which will be frequently found in this section and which 

provides basic idea underlyinglour~study. 

7. 6. 1 Terminology and Specification of the Problem 

1) Water Droughts 

     To specify our definition of "water droughts", it will be called "extreme 

water droughts". The term "extreme" means that the droughts considered are 

so severe that controllability of collected water does not hold any more. But 

if otherwise specified, "extreme water droughts" are referred to simply as 
"water droughts" . 

2) Water Supply Control System (Mechanism) 

     We conceptualize the "water supply control system" as consisting of three 

components: 0 collection, 2O storage, and ®distribution . It must be noted 
here that we assume that collection is uncontrollable. As a result impoundage 

of water by dams or reservoirs is given a priori. Then it follows that storage 

and distribution can be conceived as the major functions of the system . Here 
the storage is conceptualized as the total amount of water existing in water 

purification ponds and water transmission conduits as well as distributing 
—132—
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reservoirs. 

     The time lag in transmission or distribution is neglected simply because 

our time scale for computation runs is selected as  "day" as will be explained 

later. 

3) Water Demand Control System (Mechanism) 

     The water demand system is a conceptualized system which describes the 

mechanism of the drought-time behavioral structure of the water users. It is 

assumed that the system is composed of four processes as follows. 

(a) Potential Water Demand Generation Process 

     The "potential water demand" is defined as a "normal" water demand which 

would totally come out unless "water droughts" occurred. Here the term "normal 

is used to refer to the state where no drought is being encountered. Accord-

ingly the "potential water demand generation process" describes the generation 

process of the "potential water demand". 

 (b) Water Users' Behavioral Response Process 

      It is assumed that the water users who would require the total amounts of 

the potential water demand are forced to spare some of them so as to adjust 

themselves to the water droughts. This process represents the following two 

processes: 

 (i) A process through which the water users are assumed to come to curtail 

their potential water demand to a certain extent in response to the "save-

water" campaigns. This process will be referred to as the "economizing process". 

 (ii) A process through which the water users who get tired of cut-off operations 

are assumed to push up again their water demand closer to the potential water 

demand. This process will be referred to as the "anti-economizing process"-

      At this time the reader is required to recall that the setting of these 

 two processes describing the water users' behavioral responses to cut-off ope-

 rations is based on the results obtained in 7.4. 

(c) Actual Water Demand Generation Process 

      The "actual water demand" is defined as a demand which is synonymous to 

 the amount of water actually used by the water users and therefore synonymous 

 to that actually supplied by the water supply sector. In this context the 
 "actual water demand generation process" describes the process through which 

 the amount of actual water demand generates and the amount of actual water 

 supply is determined to meet it. 

      In this connection we shall explain the definition of the "water supply-

 demand gap". This term is defined as the difference in amount between the 

 potential water demand and the actual water demand. 
      It needs to be added that the term "water demand sector" is used to mean 

 collectively the water users. 

7.6.2 Basic Structure of the Model 

      For limited space, the basic structure consiting of major feedback loops 

 is depicted in Figure 7.6.1.
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7. 6.4 Study Area 

     Toyonaka City in Osaka was selected as the 

7. 6. 5 Model Formulation 

1) Water Supply Control Mechanism 

The Storage in the reservoir is expressed as: 

     SWR1.K = SWR1.J + (DT)(RG1.JK - RS1.JK)...... 

     SWR2.K = SWR2.J + (DT)(RG2.JK - RS2.JK) .......

study

7. 6. 3 System Dynamics 

      Approach 

     In formulating the 

mechanism as outlined in 

this figure, a systems 

dynamics approach is at-

tempted for the reasons 

as follows. ()The basic 
structure of the mechanism 

to be incorporated in our 

model is characterized by 

several feedback loops 

which are mutually inter-

related in a complicate 

manner. 2® Accordingly 
the system will behave 

against our intuitive ex-

pectations ®The per-
formance of the mechanism 

varies with time. ®In 
this context the system 

can be conceived as a 

dynamic system. ®The 
incorporated structure 

that involves rather 

qualitative characteris-

tics of the water users 

can hardly be formulated 

otherwise than system 

dynamics.

area.

     SWR1 : storage of 

     SWR2 : storage of 

     RG1 : amount of 

     RG2 : amount of 

    RG : total amounts 

Here the amount of collection 

priori by the table function 

     RG1.KL = TABLE(TA

                        water ollected from the 

                        water ollected from the 

collection from the main 

collection from the minor 

nts of collection 

lection which is assumed 

nction as follows. 

K,0,46,1)..................

 main water source (m3) 

 minor water source (m3 

water source (m3/day) 

 water source (m3/day) 

uncontrollable is given

(7.L.1) 

(7.L.2) 

(7.A.1)
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     RG2.KL =  (FIT)(YTAC.K)............. 

     YTAC.K = TABLE(TAB 

       YTAC : amount of 

                   W.S.A.) 

       FIT : ratio of amount of 

     Here the number 46 

period. 
     The water demand is cut-ofi 

This is written as follows. 

SWL.K = MIN (WWD. K, SWR.K)- -

     SWR.K = SWR1.K + SWR2.K......... 

      RS1.KL = (1 - COF.K)(SWL.K) 

       RS2.KL = (COF.L) (SWL.K). -----

     COF.K = SWR2.K / SWR.K .......... 

        SWL : amount of actual wz 

        SWR : total amounts 

        WWD : reduced water 

       COF : ratio of SWR2 to 

2) Water Demand Control 

     The cut-off ratio is detern 

RQCUT.K = (1/GWD.P 

     RRQT.K = MAX(RQCUT.K,O).......... 

       RQCUT : ratio of water de 

       GWD : potential 

       RRQT : cut-off 

     Here the potential 

entire period. 

     Campaign magnitudes 

PR.KL = TABLE (TAE 

(a) Ecconomizing Process 

     The repeated campaigns 

paigns with a certain time lag. 

      LAB.K = LAB.J + 

OUT2.KL = LAB.K/DAM 

      PATB.K = PAB.J + 

    OUT3.KL = PATB.K/DAX ............. 

LAB : accumulation 

PATB : accumulation 

       OUT2 : decreasing 

       OUT3 : decreasing 

       DAM : lag constant 

       DAX : lag constant 

     Here it is assumed that in 

PR and OUT2, respectively 

in Figure 7.6.2. 

     Then the accumulation 

curtailment in water-demand. :,0,46,1)                        supply I:

 amount of collect 

represents 

s cut-off if the

           Osaka Prefectural Water Supply Agency 

collection from supply by O.P.W.S .A to 

s 46 Sys which corresponds to the computation 

          if the potential water supply-demand gap exists. 

                                                    (7.A.5)

(7.R.4) 

(7.A.4) 

) YTAC

                       actual water supply (m0/day) 

nts of storage of water (m3) 

ter id (m3/day) 

WR2 to WR 

sm 

                          is lined as follows: 
                 - SWL.K).............................

(7.A.6) 

(7.R.8) 

(7.R.9) 

(7.A.7)

(7.A.11) 

(7.A.12)



 Impulse Input

^

\
N

\Output

n Time

Lag Constant

Step Input

  Lag 

 Time                 Fig. 7.6.2 1st-order Exponential 

     SAVE.K = CLIP(AIR.K, SAVEl.K, TIME, K, 7) ............... 

     AIR.K = CLIP(SAVE3.K, SAVE2.K, TIME.K, 30).......... 

SAVE1.K = TABHL(TAB21, PATB.K, 0,1,0.1).................... 

     SAVE2.K = TABHL(TAB22, PATB.K, 0,1,0.1).................... 

SAVW3.K = TABHL(TAB23, PATB.K, 0,1,0.1)-------------------- 

       SAVE : reduction ratio 

      AIR : dummy 

        SAVE1 : reduction ratio with respect to first 

       SAVE2 : reduction ratio with respect to first 

       SAVW3 : reduction ratio with respect to first 

     Here the table function (SAVE) of the reduction 

value of the recognized effects of campaigns (PATB) 

which was obtained from Figure 7.4.1.

D ------ 

Constant 

Lag

Output

one week 

one month 

 three months 

ratio for the 

is plotted in

(7.A.20) 

(7.A.21) 

(7.A.22) 

(7.A.23) 

(7.A.24)

 accumulated 

Figure 7.6.3

(b) Anti-economizing Process 

     In formulating the mechanism of this process let us assume on the basis of 

the results obtained in 7.4, that the process consists of two parallel processes, 

i.e. , O1 directly-anti-economizing process, and O2 indirectly-anti-economizing 
process. The former describes a mechanism such that the accumulated frustration 

of the water demand sector depending on the strength of cut-off operations (i. 

e., cut-off ratio) leads to an immediate push-up of its water demand. The lat-

ter is concerned with a mechanism such that the accumulated frustration of the 

water demand sector derived from the prolongation of cut-off operations will 

give another push-ups to its water demand after a certain time lag. Therefore 

two different push-ups are combined to increase the demand. 

     In this context the directly-anti-economizing process is expressed as fol-

lows. 

  ACUT.K = (WEEKLY.K)(RRQT.K) ............................................................................................(7.A.25) 

    PUSH1.K = (CONST1) (ACUT.K)- - .. ..-._ ...............(7.A.26) 

    WEEKLY.K = TABHL(TAB8, TIME.K, 0, 90, 10) ...........................................................(7.A.27) 

    RDB.KL = CLIP(AUR.K, RDB1.K, TIME.K, 7)................................................................(7.R.20) 

    AUR.K = CLIP(RDB3.K, RDB2.K, TIME.K, 30)...........................(7.A.28) 

    RDB1. K = TABHL(TAB11, RRQT.K, 0, 0.6, 0.1)------------------------(7.A.29) 

    RDB2. K = TABHL(TAB12, RRQT.K, 0, 0.6, 0.1) ......................................................(7.A.30) 

    RDB3. K = TABHL(TAB13, RRQT.K, 0, 0.6, 0.1) ..........................(7.A.31) 
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    DB = BOXLIN (7; 
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     SUDB.K = 

     SSDB.K =
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            (%) PATB 
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 and SAVE

is 

1)

expressed as

duration

follows.

ACUT : accumulated frust-

       ration of the water 

        demand sector de-

       pending on the 

       strength of cut-

       off 

PUSH1 : direct push-up 

       ratio (ratio of 

        directly-pushed-up 

       amount to the po-

        tential water de-

       mand) 

CONST1 : factor of trans-

       formation 

WEEKLY : coefficient with 

       respect to RRQT 

RDB : dummy for a boxcar-

       train 

RDB1 : dummies for table 

       functions 

RDB2 : same above 

RDB3 : same above 

AUR : dummy for a clip 

        functions 

     The indirectly-anti-

          (DT)(RDB.JK -

              )B. K).....- .-................... 

(INT*1.K) / WEEK-

: accumulated frustration 

long ation of cut-off 

: dummy for a boxcar-train 

: dummy representing the 

  boxcar-trains 

: average of DB over the 

: 7 days 

: dummy rich takes on 

aae of :-off ratios

*1.J)

DB

DB*1 

SUDB

SSDB 

WEEK

INT*l 

The average 

QAU = BOXLIN(7, 1) 

QAU*1.K = RRQT.K - 

SUQU.K = SUM1(' 

MEAN.K = (SUQU. 

 QAU : dummy 

QAU*1: same abo 

 - 

 SUQU

  of the water 

:rations

total amounts

past one week

demand

of the

or every seventh 

over every one week

......................... (7.B.32) 

........................ (7.L.33) 

......................... (7.A.34) 

......................... (7.A.35) 

sector due to pro-

levels stored in the

day, or 0 otherwise 

is calculated as:

MEAN

)AU. K ) 

( INT 

for a 

above

.K) / WEEK 

xcar-train

        : dummy representing 

           boxcar-trains 

: average of cut-off

the total amounts of the

ratio over every one week

(7 

(7 

(7

• 

• 

•

6) 

A.37) 

A.38) 

A.39)

levels stored in the
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     The average of the accumulated frustration (SSDB) which is weigted by the 

average of cut-off ratio over every one week is transformed into the weighted 

average of accumulated frustrations. Then the weighted average which is accumu-

lated with a certain time lag gives rise to the integrated push-ups of the water 

demand. This process is expressed: 

   VADB.KL =  (MEAN.K)(SSDB.K)...............................................................................................(7.R.40) 

    LAT.K = LAT.J + (DT)(VADB.JK - OUT.JK).................................................................(7.L.41) 

  OUT.KL = LAT.K / DAB............................................................- ...................................(7.R.42) 

   PUSH2.K = (CONST2)(LAT.K) ------------------------------------------------------------------------------------------------(7.A.40) 

       VADB : weighted average of SSDB 

       LAT : accumulated level of VADB 

       OUT : its decreasing rate 

      DAB : lag constant 

       CONST2 : factor of transformation 

(c) Actual Water Demand Generation Process 

     Finally the reduction ratio is defined as follows. 

           RD.K = PUSH1.K + PUSH2.k .. ..... ............................. .................. . ..----- - -- -(7.A.43) 

     Accordingly the reduced water demand is given by the following equations. 

   WD.KL = (GWD.K)(1 +RD.K)---.................................................................................................(7.R.45) 

    WWD.K = WWD.J + (DT)(WD.JK - WWD.J)--.......................................................................(7.L.46) 

      WD : dummy 

       WWD : reduced water aemand (m3/day) 

     Now we obtained the outlined formulation of the model. 

7. 6. 6 Simulation Results 

1) Preliminary Discussion 

     Since our approach has stressed taking explicit account of the dynamic 

interaction between the water supply sector and water demand sector, our pri-

mary concern is with the questions that follow. 

(i) Whether or not the assumed structure of the simulation model reflects well 

the existing mechanism governing over the drought-time water supply-demand 

controls. 

(ii) Such being the case, which of the incorporated feedback loops plays an im-

portant role in balancing water supply and demand? 

(iii) What are the inputs to the model which need to be given a priori and what 

about its outputs from which we may obtain some useful information on policy-

making for the drought-time water supply-demand controls? 

(iv) If there is a change in the assumptions, data inputs or policies, what 

impacts will it have on the outputs of the model? 

     The first question can be checked with a validity test by which the per-

formance of the system (i.e., the outputs of the model) is set against the 

real-world data, and the discrepancy between the two is examined . If the dis-
crepancy proves to be negligible in light of required accuracy for the model, 

we can conclude that the simulated model is a good representation of the real-

world mechanism. 

     The questions of (ii) and (iv) can efficiently be approached by sensitivity 

experiments, which consist of making changes in the model , usually in the value 
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Day  A* g**  C*** B/A C/A

0 178050 180000 180000 1.011 1.011

1 176560 180000 180000 1.019 1.019
2 179220 180000 180000 1.009 1.004
3 178510 179550 180000 1.006 1.008
4 175690 178740 180000 1.017 1.025
5 172160 178120 180000 1.034 1.046

6 176910 177650 180000 1.004 1.017
7 171070 177290 173960 1.036 1.016
8 164490 177100 174510 1.077 1.061
9 171510 171040 170140 0.997 0.997

10 171100 168940 168940 0.987 0.987

11 169840 165280 165280 0.973 0.973

12 165980 164960 164960 0.994 0.994

13 160300 164640 164640 1.027 1.027
14 159320 163840 163840 1.028 1.028
15 163910 164660 164660 1.005 1.005

16 155030 145440 145440 0.938 0.938
17 154950 145460 145460 0.939 0.939
18 159030 151310 151310 0.951 0.951
19 156370 153180 153180 0.980 0.980
2C 151360 151080 151080 0.998 0.998

21 153650 137780 137780 0.897 0.897
22 152100 140290 140290 0.992 0.992
23 154380 139690 132500 0.905 0.858
24 155080 146120 131110 0.931 0.835
25 156950 142610 135270 0.909 0.862

26 152390 152080 139540 0.998 0.916
27 153720 147380 144570 0.959 0.940
28 152040 148660 150280 0.978 0.988
29 144550 145830 156670 1.009 1.084
3C 131570 146150 163680 1.111 1.244

31 133340 147130 162110 1.103 1.216
32 138370 153230 153230 1.107 1.107
33 144850 155380 155380 1.073 1.073
34 143770 144700 144700 1.006 1.006
35 145010 150080 150080 1.035 1.035

3( 151420 160190 160190 1.058 1.058
37 150880 161960 161960 1.069 1.069
3£ 152480 161870 161870 1.062 1.062
35 146470 160600 160600 1.096 1.096
4C 139050 157230 157230 1.131 1.131

41 150390 151880 151880 1.010 1.010
4; 142380 151610 151610 1.065 1.065
4= 151990 151200 151200 1.062 1.062
44 155870 151420 151420 0.996 0.996
45 157830 147600 147600 0.935 0.935

46 147330 168680 168680 1.145 1.145

of a particular parameter and compare the result simulated with the change to 

the result simulated without the change. This procedure is helpful in identi-

fying those parameters or aspect of the model that could make significant dif-

ferences in the outputs. 

     In light of these considerations the following simulation-run cases were 

prepared to make different kinds of experiments. 

(i) The standard case is prepared by assigning to the inputs those actual values 

as were experienced by Toyonaka City in the selected drought-year of 1973. This 

is meant to say that the outputs are checked up with the actual values of the 

real-world data, in order to examine the validity of the model. (Case I, stan-

dard case) 

(ii) Then to modify the structure of the model the following cases were prepared: 

 O two different cases corresponding to two different time-lag constants for both 
the economizing and anti-economizing processes (Cases I and II-1); 

Otwo different cases corresponding to the two types of potential water demand 
patterns (Cases I and 11-2); 

------------------------------------ (Done  case where campaign magnitudes ay A* B**C*** B/A C/A  
------------------------------------------------------------------------------------------------------------------------ are extraneously patternized, and the 0 178050 180000180000 1.011 1.011 

1 176560 180000180000 1.019 1.019 other where its generation mechanism 
2 179220 180000180000 1.004 1.004 
3 178510 179550180000 1.006 1.008 is incorporated into the model (Case 
4 175690 178740180000 1.017 1.025 
5 172160 178120180000 1.034 1.046-------------------------------------------------------------------------------- 11 -3); 

                                                   6 176910 177650180000 1.004 1.017 (Done case where a complementary water 
7 171070 177290173960 1.036 1.016 
8 164490 177100 174510 1.077 0.997  

 9 171510 171040170140 0.997 0.997source for emergency is assumed to be 
10 171100 168940168940 0.987 0.987 

non-existent, and the other where it is 
11 169840 165280165280 0.973 0.973 
12 165980 164960164960 0.994 0.994 assumedly existent. (Case II-4) . 
13 160300 164640164640 1.027 1.027 
14 159320 163840163840 1.028 1.028 (iii) To identify the impacts of a 
15 163910 164660164660 1.005 1.005  
16 155030 145440 145440 0.938 0.938change in the imputs upon the outputs, 
17 154950 145460145460 0.939 0.939 the followings were prepared: 
18 159030 151310151310 0.951 0.951 
L9 156370 183180153180 0.980 0.980 1` four different cases according to 
20 151360 151080151080 0.998 0.998 

21 153650 137780137780 0.897 0.897 the difference in the campaign pattern 
22 152100 140290140290 0.992 0.992 
23 154380 139690132500 0.905 0.858 (Cases I, III-1, 111-2 and III-3) ; 
25 155080 146120 131110 0.931 0.835®th ree different cases according to 25 156950 142610135270 0.9090.862 

?6 152390 152080139540 0.998 0.916 the difference in the water-collection 
?7 153720 147380144570 0.959 0.940 
?8 152040 148660150280 0.978 0.988 pattern (Cases I, 11I-4, 11I-5 and 
?9 144550 145830156670 1.009 1.084 
3C 131570 146150163680 1.111 1.244 111-6) .

* 

** 

***

actual values of SWL 
calculated values for SWL (standard case) 
calculated values for SWL (another case) 

Table 7.6.1 Validity Test

1062) Model Validation 
)35 As explained above

, the model's 

)69validity can be tested only by ex- l65 

95 amining how well the model can pro-
31 duce past performance of the real 

X65 world. As is obvious in Table 7.6.1, 
~96 there seems to be a "negligible" dis-
,35 

45 crepancy in the simulation outputs 
     and real-world data in the sense 

     that such extent of discrepancy can 

     be regarded as inevitably attendant to 
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our simulation runs if we allow for the accuracy in measuring our input data 

as well as the hypothesized structure of the model which were constructed on 

the basis of rather qualitative inspection of the real-world phenomena. From 

this we concluded that the simulation model can be considered a good repre-

sentation of the real world, on the basis of which we  can  further conduct various 

experiments which seem to be otherwise impossible. 

3) Standard Case 

     The outputs of this case are plotted in Figures 7.6.4, 7.6.5 and 7.6.6. 

At first blush the following can be easily understood. 

(i) The amount of actual water supply (SWL) takes such a changing pattern quite 

similar to that of the total amount of collection (RG). This can be explained 

by the uncontrollability of collection which tends to lead to the uncontrol-

lability of storage. Consequently the water supply demand gap can be adjusted 

only by reducing water demands indirectly (by doing "save-water" campaigns) or 

directly (by cutting off part of water supply). 

(ii) A sharp rise or drop in the changing pattern of the cut-off ratio (RRQT) which 

is plotted in Figure 7.6.4 corresponds to the phase of an ill-balance in the amount 

of water between supply and actual demand. 

(iii) This ratio (RRQT) changes with time in a manner quite contrary to that the 

amount of actual supply (SWL) changes. This can well be accounted for by the fact 

that the smaller SWL becomes, the more RRQT increases, and vice versa. 

(iv) This seems to suggest that the macroscopic changing trend of RRQT is depen-

dent on that of SWL. A closer examination of Figure 7.6.4 reveals, however, 

that the microscopic trend of RRQT is governed by that of the reduction ratio

SWL RRQ 
    ACU 
    LAT 

103} SAV 

200 .50

 0

/
 'LAT 

/SWL ---}-SAVE

r1V---- 
                                                                RRQT 

:~_.~--~^-.ter-~'_/~..~ACUT

 5 10 15 20 25 30 

Fig. 7.6.4 Calculation Results (1) for

35 40 45 DAY

Standard Case
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(SAVE) and/or accumulated level of UADB(LAT). This is particularly the case 

for periods of 24th to 36th day and 40th to 45th in which RRQT sharply fluctu-

ates and tends to decrease. 

(v) Accordingly the combined changing pattern of the anti-economizing process 

which is obtained by superposing the above two patterns, LAT and SAVE, shows 

a pattern quite similar to that of RRQT. Especially from 15th to 23rd day, 

it takes a decreasing pattern, reflecting the effect of the foregoing  save-

water campaigns. 

(vi) The model provides well-illustrated information with which deep insight 

into the mechanism treated can be obtained. (See Figures 7.6.4 and 7.6.6.) 

4) Modified Cases 

     Mainly out of space consideration, we merely summarize the points. 

(i) A slight change in the lag constant for LAB has little impact on the out-

puts. In case it largely changes, say from 7 days to 2 days, the results appear 

to differ much. But a closer inspection of the results reveals that so far as 

RRQT is concerned, there is slight difference between the two cases. This veri-

fies that the assumed structure is qualitatively valid. 

(ii) The calculation results for the case where Feedback Loops I and II (see 

Figure 7.6.1) are incorporated into the model, show that the patterns of the 

outputs for this case has a close resemblance to those for the standard case. 

In this context the mechanism incorporated seems to be valid in the sense that 

it is at least consistent with the standard case. 

(iii) In the standard case the potential water demand was set fixed at 0.2 mil-

lion m3/day so as to take the average of the amounts of the water supplies con-

ducted by the agency in the years of 1971 to 1974 (exclusive of 1973) when no 

cut-off operations were done. On the other hand in the case where it is assumed 

that the potential water demand obeys the normal distribution law with an ave-

rage of 0.2 million m3/day, Figure 7.6.7 shows that the changing patterns of 

the outputs differ to a considerable extent from those for the standard case. 

The most conspicuous difference is that the period of cut-off operations is cut 

down by some 35 days as compared to that for the standard case. This seems to 

be derived from it that the fall-down period of the potential water demand GWD 

happened to coincide with that of the available amount of supply SWL. 

(iv) A different water-collection pattern leads to different patterns of the 

outputs. This can be explained by a heavy reliance of SWL on RG owing to the 

uncontrollability of the latter. 

7. 6. 7 Summary and Discussion 

     The above findings seem to suggest that the assumed structure underlying 

the model, though invisible and intangible directly, proved to be valid enough 

in the sense that it well explains the real world and the results obtained from 

it are consistent with the actual phenomena. On this basis we can expect that 

the model provides an effective tool by which a deeper insight into the mecha-

nism functioning in the drought-time water supply-demand controls can be ob-

tained, and with which effective operational control policies can be examined 

when that situation occurs to which our assumptions adopted here roughly applies. 

     Lastly it should be added that the model is incomplete in that: 
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Fig. 7.6.7 Calculation Results for a Modified Case

(1) The parameters of the model applied to Toyonaka City, are identified on 

the basis of data collected in the survey of the drought-time behavioral 

characteristics of the water user of Tenri City in Nara  Prefecture But pro-
perly speaking the parametric identification should be performed on the basis 

of those data which exactly reflect the behavioral characteristics of the water 

users in Toyonaka, although it was attempted in vain, mainly because of limited 

data availability. 

(2) The validity of the model needs to be more rigorously examined, because our 

approach attempted in this study is considered to guarantee merely that some 

of the necessary conditions for the validity of the model are satisfied in the 

constructed model. There seems to be two different approaches open to us. One 

approach is to go back to some basic statistical analyses of the drought-time 

behavioral characteristics of the water users. The other is to modify the struc-

ture of the model by utilizing those data which are warranted to reflect the 

behavioral characteristics of the water users in the study area. 

7.7 Conclusion 

     In this chapter three approaches were presented to the analysis of drought-

time water supply and demand control problems , which have scarcely been treated 
so far by researchers and practitioners concerned. Available approaches to 

this kind of unexplored fields of science seem to be classified into two. One 

is to initiate data-collecting works and to carry out very basic analyses of 

widespread dimensions of the problem . The other may be called a problem-finding 
approach whose primary objective is to demonstrate that a model, mathematical 

or simulation, constructed on the hypothesized structure , proves to be an effec-
tive tool to discuss how the mechanism should be controlled . As a matter of 
fact these two different approaches should be jointly performed, because the 
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latter approach requires former approach to be carried out in advance, and the 

former is, more often than not, motivated by the latter. In this sense of the 

word either of the two approaches is complementary to each other, and should 

be combined in practice. 

     In view of the above considerations included in this paper are three studies. 

That is to say that the study presented in 7.4 whose approach falls into the 

first category, discussed a basic behavioral characteristics of the water users 

with specific reference to the periods of droughts, by making use of the Multi-

dimentional Quantification Method. From this we could obtain basic information 

on some features of the drought-time behavioral characteristics of the water 

users. On this basis we explored two different studies, one included in 7.5, 

the other in 7.6. The approach adopted there can be classified into the second 

category. 

     The objective of the former study was to develop a mathematical model by 

which the optimal policy for the drought-time operational controls of water 

supply and demand has mathematically been analyzed. 

     In-depth examination of the assumptions adopted in either of the two studies 

reveals that though both concern the operational control problems, the study 

of 7.5 is mainly directed at the control of water collection by the water supply 

agency, while that of 7.6 deals with the interactive control mechanism func-

tioning between the water supply and demand sectors, thereby controllability 

condition of water collection being replaced by that of both water distribution 

and demand. The latter study aimed first at analyzing the mechanism which are 

considered to control the water supply and demand in the times of droughts, 

and secondly at selecting effective operational policies concerned. 

     With much potentiality to be further developed, our systems approach for 

systematically analyzing the unexplored problem of the drought-time operational 

control has proven to be very effective and essential to the end of the analysis.
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                  Chapter 8 Conclusion 
 8.1 Summary 

      The objective of this paper has been to evolve a systems approach to the 

multi-faceted problem of area-wide, multi-modal water resources utilizations. 

 The meaning of "water resources utilizations' has been narrowed to refer to the 

exploitation and use of water resources for water supply including its related 

regional activities. The notion of "area-wide" has been used to refer to some 

 forms of extensive utilizations such as inter-basin streamflow deversions (inter-

basin water transfers) and cross-boundary municipal and industrial water supplies. 

The term "multi-modal" ("dual-modal") means some forms of conjunctive utilization 

of both fresh water developments and wastewater reclamations. 

8. 1. 1 Identification of the Problems Treated 

      By limiting the scope of this paper as such, the introductory chapter has 

explained the need for some systems approach to the above defined problem by 

Ogathering evidence on the importance of area-wide, multi-modal water utiliza-
tions;®by illuminating the variety of system levels involved in the perceived 
problems of the area; and O by identifying the six kinds of studies. Thereby 

 the high potential of the applicability of models, whether mathematical or 

 simulation, was also pointed out by the author, and with this understanding the 

 secondary objective of this paper was identified with the model-buildings and 

 the developments of some effective solution algorithms for them. 

 8. 1.2 Systems Analysis of the Water Resources Management on Regional Basis 

      Chapter 2 has treated the analysis of the impact of water resources manage-

ment policies on the regional economy as well as those of the latter on the for-

mer with a view to provide the planner of this field with some basic information 

concerning: ® Is it not propitious to control the growth of population and/or 
 industrial activities in case the available water resources are limited?; O 

 If the answer is yes, then in what occasions and to what extent?; ® What the 
 impacts on the region involved would be of some regulatory policies for the 

development of water resources? With this in mind, a systems analysis has been 

performed to study the problem by virtue of systems dynamics and with a case 
 study on the two adjoining regions, the Tohban and Hokusetsu Regions — both 

located in the highly industrialized area (called the Hanshin Industrial District) 

of Hyogo Prefecture in Japan. 

      The analysis of the simulation runs has revealed: 

 (i) As far as the Tohban and Hokusetsu Regions are concerned, the water resource 

management has been seen to have much impact on the regional development, es-

pecially in the earlier stages of the period, say in 10 or 20 years, on the as-
 sumption that relatively efficient water use patterns coupled with the intensi-

 fied developments of water resources could not be attained. 

 (ii) Otherwise if such kind of intensified developments can be practiced, the 

population or industrial land area eventually reaches its upper limit, thereby 

resulting in the slowdown of the growth of the water demand. 

 (iii) Is follows from these findings that the development of the regions con-

cerned will be, early or late, confronted with either of the two problems: 
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shortages of water or land either of which would restrict further growth 

of the regions. 

8. 1. 3 Systems Analysis of Intra—basin, Multi—modal Water Utilization System 

     Chapters 3 to 5 are based on the assumption that the future development 

pattern of the regional economy is given a priori. Then the author's attention 
has been turned to the three features of the problem related to the development 

and utilization of some specified water resource systems, i.e., intra-basin and 

inter-basin systems. 

     To begin with, Chapter 3 has treated the analysis of the intra-basin deve-

lopment systems. 

     The intra-basin system that utilizes water within the boundary of a given 

single basin is considered a geographical unit of water supply and use. 

     The major findings of the case study on the basin of the Kakogawa River 

which runs across the part of Hyogo Prefecture could be summarized as follows. 

(i) The implementation of the reclamation system is found to be concentrated 

on the downstream zone where the entire demands for industrial uses are esti-

mated exclusively higher than the other zone. 

 (ii) The needed amount of renovated water decreases roughly in proportion to 

the increase in the amount of available fresh water to be developed in the 

headwaters. 

(iii) The associated costs decrease with the increase in the available amount 

of fresh water. But if the cost for developing fresh water is included into 

the associated costs, the total costs tend to increase as larger amounts of 

fresh waters are developed. 

(iv) When the quality standards are elevated to higher ones, a more extensive 

scale of reclamation system is demanded. 

(v) The method of feasible directions combined with the penalty method due to 

Fiacco and McCormick has proven to be effective to the solution search of the 

presented nonlinear model. 

(vi) This kind of intra-basin development problem should receive increased at-

tention in prior to and together with the analysis of some inter-basin develop-

ment. 

8. 1.4 Systems Analysis of Integrating Process of Inter—basin, Multi—modal 

      Water Utilization System 

     On the basis of Chapter 3, our next concern has been shifted from the intra-

basin system to some form of inter-basin system with a conjunctive use of the 

water reclamation system. Thereby on the basis of the observation that both 

systems are implemented and managed by different planning bodies, the author's 

incidental interest has been identified with the analysis of the integrating 

process of the two different planning functions involved. With this intention 
the problem has been further specified and modelled by use of linear program-

ming and the decomposition principle. The close scrutiny of the results derived 

from the case study on the southern part of Hyogo Prefecture has led the author 

to the observation that: 

(i) The reclamation system should be implemented exclusively in those regions 

where relatively high water demands are estimated. 
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 (ii) The parametric programming analyses in which either of the associated costs 

or the estimated water demands are  parameterized, have revealed that the over-

estimated implementation costs and/or the overestimated water demands tend to 

place the reclamation system in a more advantageous position. 

 (iii) The decomposition-based analysis has revealed that the earlier stages of 

the integrating process correspond to the phase of roughing out both the total 

amounts of the water supply to be covered by the fresh water development system 

and those shared by the reclamation system. This implies that if such a rough-

ing-out mechanism is given primary consideration in prior to the detailed ex-

amination of the optimal global system it would reduce a vast amount of work 

needed to follow it. 

8. 1. 5 Systems Analysis of the Coordinated Attainment of Multi-goal, Inter-basin, 

       Multi-modal Water Utilization System 

      Chapter 5 has dealt with the inter-basin, multi-modal water resource de-

velopment system from another point of view. Its primary objectives have been: 

Ol to identify the major goals of the system; O to illustrate the need of the 
coordination of the goals involved; ®3 to convert the problem to a mathema-
tical programming problem which can be modelled by virtue of the nonlinear 

goal programming method. 

      The major findings of the case study on the same region as in Chapter 4 

are summarized. 

 (i) The modified nonlinear programming developed by the author has proven to 

yield a very reasonable solution after a certain number of iterations. It has 
also been found that the nonconvexities involved in the , nonlinear goal const-

raints can be overcomed in this manner. 

 (ii) The augmentation of streamflows by promoting the inter-basin streamflow 

diversion system has been found effective for the purpose of quality allevi-

ations to certain extent, but a higher quality has been proven effectively 

attainable chiefly by promoting the reclamation system. 

 (iii) It has also been shown that if one takes a demand-dependent alternative, 

a balanced mix of the two alternative systems are required to be implemented, 

whereas if one seeks for a demand-regulatory alternative, increased coverage , 
ratio of the total demands by the fresh water system seems to be efficient. 

8. 1. 6 Analysis and Design of Water Distribution System- 

      Two topics covered in Chapters 6 and 7 have concerned the water supply 

and distribution system ---- an extremity sub-system of the total water utili-

zation system. With this view the central question of Chapter 6 have been the 

optimal implementation of the distribution system. 

      Close examination of the results of the application studies has revealed: 

 (i) The mathematical model presented in this study provides some basic frame-

works for both the design and the planning of the water distribution , system. 

 (ii) Some important guidelines in which to design some distribution system have 

been obtained. 

 (iii) The cross-boundary water distribution system has been found , more advan-, 
tageous than isolated systems, judged from the viewpoints of economy and hy-

draulic conditions. 
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8. 1.  7 Systems Analysis of Drought—time Operational Control of Water Supply and 

      Use System 

     Chapter 7 has presented three approaches to the analysis of water supply 

and use system, which has scarcely been treated so far by researchers and 

practitioners. The first study has discussed a basic behavioral characteris-

tics of the water user with specific reference to the periods of droughts, by 

use of the Multidimensional Quantification Method. From this we could obtain 

basic information on some features of the drought-time behavioral character-

istics of the water users. The objective of the second study has been to deve-

lop a mathematical model by which the optimal policy for the drought-time ope-

rational controls of water supply and demand could be operationally considered. 

The last study has aimed at Ol analyzing the mechanism which functions to control 
the water supply and demand in times of droughts, and 0 selecting effective 
operational policies concerned. Analysis of the computation runs of the case 

study on Toyonaka City has shown that the model presents an effective tool by 

which a deeper insight can be given into the mechanism functioning in the 

drought-time water supply-demand controls, and with which effective operational 

control policies can be examined.

8. 2 Overall Assessment of the Presented Approach 

8. 2. 1 Potential of Systems Approach 

     If the problem is confined to the exploitation and use of water resources 

for water supply as has been done in this paper, the presented systems approach 

has been found to serve quite effectively the purpose of presenting some well-

structured information to find our future courses of action for tackling the 

related complex problem. The author believes that ()this  paper has illustrated 
both the need and way to apply a systems approach to the problem and® it has 
thrown light on the potential of different levels of systems analyses as tools 

to present the evaluated material in the form of relevant information to the 

planner, designer, or manager of the related fields. 

     Though the author's conclusions point to a vital need for this kind of 

systems approach to the specified problem, it seems also clear that the studies 

included in this paper is not complete nor exhaustive. They are broken down 

into three categories; ()much room to be modified and sophisticated;2Ofurther 
extensive scope of the problem uncovered; O3 limitations of systems approach. 
The first and third points have already been touched upon as research needs in 

each of the chapters. At the final stage of this paper the second point is 

briefly explained in the following paragraphs.

8. 2. 2 Problems Uncovered 

     Many important water problems have not been at stake in this paper. They 

include flood control, power generation, navigation, recreation, etc. This 

paper has given them only passing consideration before limiting the scope of 

study to the problem of water supply. Furthermore political, administrative 

and institutional questions involved in the water resources management have 

been untouched in this paper. All of them have been excluded not because they 

are less important, but because they are too complicate and multi-faceted to 

be covered by this paper. The author understands that same kind of systems
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