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ABSTRACT OF DISSERTATION

SYNTHESIS OF DESIGN OPERATION AND MANAGEMENT
OF SURFACE IRRIGATION CONVEYANCE SYSTEMS

A theory for the design of conveyance systems, synthesizing with it the
operation and management and set in an interdisciplinary mode is proposed.
The theory involving eleven steps is required in the development of solutions
to six basic problems hitherto inadequately addressed. These solutions are
given in the following six modules of the dissertation:

(i) Optimal Turnout Area Module,
(ii) Turnout Area Water Requirement Module,
(iii) Project Scale Farm Design Module,
(iv) Ground Water Interaction Module,
(v) Water Issue Strategy Module and
(vi) Hydraulic Simulation Module.

The problem of optimal turnout area was studied using causal processes
theory (of mathematical sociology). Independence models and first order
Markovian dependence models describing farmer behavior in the turnout area
were studied.

The turnout area water requirement problem was studied using a
probability based design evapotranspiration computation procedure.
Requirement depths were obtained by deriving optimal scheduling in space and
time applying dynamic programming, using recent crop production functions

and considering recent soil moisture stress models.
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water requirements in terms of depth were converted to flow
requirements in an optimal manner considering the hydraulics of the
application system again using a two stage programming approach.
Requirement efficiency and deep percolation ratio functions were developed
for level borders using a zero-intertia model for four different soil types and
for furrows using SCS approaches for the use in the model.

Ground water interactions in the irrigated areas were studied using a
linearized Boussinesq equation and Green's Function approach. Recharge
excitation was represented by a finite Fourier series fitted to the excitations
obtained using the developed deep percolation functions and the appropriate
boundary conditions. Long term water table build up was studied using this
approach for any detrimental effects due to application system design.

Different water issue strategies and their optimaility/acceptability were
studied. The optimal strategy for a Rotational Water Issue (RWI) was that the
rotations be as low in the hierarchy of the canal system as possible and the
capacities depended on the irrigation intervals.

The problem of hydraulic simulation was studied using the linearized
diffusive wave equation for canal flow. The integral method was found to
compare well with the analytical solution and was used for the solution of the
advance problem. Delay times in releasing fixed steps of flow were computed
using this approach. The operational criteria and necessary control measures
were developed.

The solution procedures were applied to a sample hypothetical project
area and found to be applicable.

Subramaniaiyer Sritharan
Department of Civil Engineering
Colorado State University

Fort Collins, Colorado 80523
Summer, 1984
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CHAPTER 1
INTRODUCTION

1.1 GENERALITIES

Surface irrigation systems have been built and operated by mankind since
early history. Canals convey diverted or stored water in relatively large
quantities to individual farms and to fields to be spread or distributed to the
crops in relatively small amounts. The composite system distributes the
available water resources over the areal extent it is designed to serve. The
pressures on efficient use of resources have increased especially in the case of
water. In an irrigation system the final distributed amounts to the individual
farms are small and non visible changes in the issue of water, which are more
likely at that scale, when summed up lead to large changes in the project scale
water requirement. At an individual scale for obvious reasons, farmers tend to
be greatly concerned about the availability of water. In many systems the
farmers, whether charged or not for the irrigation water, tend to over use
water despite the concern they have for the availability of water. Thus, at an
individual scale often times water is a resource in a qualitative sense rather
than in a quantitative sense. The managers of delivery systems too appear to
be having similar notions. Water management scientitsts wrestle essentially
with this problem.

Large scale irrigation water delivery systems intertwine themselves with
the bureacracy and the individual farmers, in a literal sense and once set,

develop their own characteristics. Once an irrigation season begins, an area



with such a system becomes a matrix for physico-human interactions not only
in a dual sense but with the numerous human sub-divisions in a multi-faceted
sense. A first order subdivision of the human interactions results in the
identification of the bureacracy that manages the system and the individual
farmers who are supposed to be the beneficiaries of the system. Associated
with this schism is the division of the physical system. We tend to call the
sub-systems below the points at which bureacracy has no control over the
distribution of water as the micro-systems and the rest of the system as the
macro-system.
1.2 STATEMENT OF THE PROBLEM

The early designs of irrigation projects have tended to weigh more heavily
on the macro system with simplistic assumptions about the nature of the micro
system. The operational features were not given along with the design but
evolved in their own way yielding to some extent to the wishes of the
farmers. Water management programs were proposed to look into and solve
the problems that arose due to such design procedures and also due to myriad
reasons of sociological, economical, agronomic and engineering nature. Such
water management programs logically tended to analyze the micro-systems.
The macro-system was some times viewed as rigid defacto. Thus,
sequentially, it is logical to analyze the designs of the macro-system using the
concepts that have arisen due to the recent water management studies of the
micro-system. Macro system design must emphasize the pressing nature of
the water resource problem and must accommodate the aspects of
Physico-human interactions as well as the engineering aspects. This means

that the macro-system design can only be done in an interdiciplinary mode.



13 OBJECTIVE AND SCOPE OF THE STUDY

The macro system design cannot be done disparately from the micro
system design and behaviour. Since newer concepts have evolved in the micro
system design, new theory for the macro system design are necessary using
such concepts. Operational procedures are an essential part of the design
package and need to be developed along with the physical system design.

Considering these, the objective of this study is to formulate a theory for
the design of the macro system synthesizing with it the operation and

management of the system and taking into account the following:

(i) Farmer behavior in the micro systems;
(ii) water resources constraints on the design;
(iii) micro system design and operation;
(iv) longterm effects on water table conditions due to irrigation;

(v) acceptability of the modes of spatial water distribution;
(vi) operability of the system; and

(vii) optimality of the system.

1.4 ORGANIZATION OF THE STUDY

Some aspects of the macro system design are well known and have been
dealt with in the related literature extensively. This study does not dwell on
them. The study of the composite system in a micro manner in a project scale
design procedure requires immense efforts and the necessary models need to
be compact and be balanced between accuracy and the efforts required. With
these two preliminaries in mind, this study hypothesizes a theory for the

macro system design which requires general models and in the application



requires inputs from the various disciplines involved in the design. This theory
is given in the next chapter. The models required for the theory is given in
separate chapters each containing a module addressing a given aspect of
design. Each chapter is complete in itself with respect to the presentation of
solutions to the problem addressed to in the module. Each of these six
modules has an application part where hypothetical project data are used to
demonstrate the applicability of the models. The general results appear in the
ninth chapter and in the tenth chapter general conclusions and

recommendations are made.



CHAPTER 2
PROPOSED DESIGN THEORY

2.1 GENERALITIES

The design procedure hypothesized in the study emphasizes an
interdisciplinary approach which is now recognized as one that is essential for
a successful design. Any farm in the given project is not a separate entity by
itself, but is one of many interacting farms in the project. The same
recognition should be afforded to different irrigation projects in a region as
long as there is distinguishable interaction between them. This problem is not
addressed to in the procedure directly, but can be included through the input
from the discipline of water resources. The procedure assumes a deterministic
setting as far as the source water availability is concerned, and for those
systems that show greater sensitivity with regard to the hydrological inputs,
the methodology should be modified to accommodate the stochastic nature of
the hydrological inputs.
2.2 THE DESIGN THEORY

The proposed design theory, since it is interdisciplinary, is set to receive
inputs from other disciplines and the details are given in the different modules
separately. The structure of the overall procedure is best explained by the
flow chart given in Figures 2.2.1(a) and 2.2.1(b). The disciplines involved in the
inputs are also given in the flow chart. The associated modules are sometimes

given together for reasons of convenience.



2.3 MODULES REQUIRED

The procedure begins by addressing the issue of the optimal number of
farmers who might be allowed to share a single turnout. This is called the
Optimal Turnout Area Module. The problem of the determination of depth
requirements over the season is described in Turnout Area Water Requirement
Module. Once the depth of irrigation is determined, the conversion of this to
the optimal application system design is described in the Project Scale Farm
Design Module. The effect of the application system design on the water table
build up is studied in the Ground Water Interaction Module. The spatial water
issue strategies to deliver the farm design flows are described in the Water
Issue Strateqy Module. Finally, the hydraulic design parameters of the
conveyance system and its operational features are obtained from the

Hydraulic Simulation Module.
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CHAPTER 3
OPTIMAL TURNOUT AREA MODULE
3.1 INTRODUCTION

Turnouts are control points in irrigation conveyance systems. An
irrigation project model could be conveniently divided into a macro model and
a micro model about these control points. Decision variables for the macro
model are the flow rate, the time of flow and the frequency of flow at the
turnouts. These become the inputs to the micro model of the farm systems
(served by the turnouts). Turnout areas may be a part or whole of a system
managed mostly by farmer groups rather than the bureacracy. Farmers within
a turnout area interact amongst themselves either as groups or as individuals
socially and in their irrigation activities. If there is rotation of water issues
within the turnout area their interaction becomes very pronounced. If the
system is of continuous delivery type, inequity in the waterflow to the
individual fields brings about conflicts amongst the farmers. In systems of
rotational delivery type, inequities in the sequence, frequency, duration of
flow and the flow rates bring about conflicts amongst the farmers. Conflicts
could arise despite irrigation equity.

In many instances the nature of the construction of the field canals from
the turnout and the nature of the position of the field in relation to the water
surface elevation in the canal give rise to inequities in the distribution of
water. A clinical approach is often necessary to rectify such problems and

this requires a considerable amount of human and financial resources. Water
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management programs have often attempted to solve such problems of
physical nature. In this sense, in all those irrigation projects where the
resources of the farmers are meager, a water management improvement
program subsequent to their construction becomes essential. Such attempts to
rectify problems due to physical systems would reduce the conflicts to a
considerable degree in continuous flow systems. In rotational systems
conflicts may still occur due to inequities in duration and frequency of water
flow which depend on the system operators. An important point to note is that
conflicts regarding water receipts amongst farmers within a turnout area need
not necessarily lead to reduced farm production. Conflict causing factors,
thus, tend to be stochastic in nature both in temporal and spatial senses though
they may have deterministic components.

From the above point of view the number of conflicts are expected to be
lower when lesser number of farmers share a single turnout. The concept of
canal system being an integrative mechanism breaks down if the farmers
realize that water receipts are not dependable and they have no control even
as a group over the dependability of water supply - a case that is more likely
to arise if too many farmers share a single turnout. Turnouts require to be
constructed and managed and hence the resource contraints tend to minimize
the number of turnouts in the whole system.

For new canal irrigation projects we should envision two basic situations.
One is that of already existing farms being provided with irrigation water and
the other is that of new farms being opened up with a settlement scheme.
Unequal individual farm sizes may occur in the former case and in the latter
one deals with mostly equal farm sizes. In the case of equal farm sizes,
Providing turnouts on the basis of area or on the basis of number of individual

farms served by the turnout would be the same provided that the turnout area
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contains an integral multiple of the individual farm sizes. Even in the case of
unequal farm sizes it may be expedient to provide turnouts on the basis of area
than on the basis of number of farmers.

In such a situation in the design of a new canal irrigation project in a
matrix of sociological, economical and engineering contexts, the issue of the
optimal turnout areas is posed. Quantitatively, in the case of equal farm
sizes, this problem could be translated into finding the optimum number of
farms served by each turnout. In the case of unequal farm sizes the problem
posed would again be the optimum (maximum) number of allowable farms
served by each turnout.

In its true aspect, this problem needs an interdisciplinary approach for
solution. In recent times there has been a considerable flux of literature
related to the sociology of irrigation areas. While necessary engineering and
economic criteria for the design of turnouts could be more easily formulated
the sociological criteria appear to be critical and very elusive. It is the
objective of this module is to construct a model for the determination of the
optimal turnout area that would be managerially ideal.

3.2 LITERATURE REVIEW
3.2.1 Generalities

The problem of an optimal turnout area as mentioned previously is a
complex issue and has not been specifically dealt with in detail. Since
farmers' cooperation is needed within a turnout area, the relevant questions
for the sociology discipline would be the optimum number of farmers who may
be allowed to share a single turnout. Wade (1976) mentions:

".....Much seems to depend on the size of the group which needs to
cooperate: a group of 10 or possibly 15 people who depend on a
single water source seems to be able to perform such tasks

relatively successfully....."
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Coward (1977) quotes a study by Taillard on a Laotian system:
".....Lao Society is founded on reciprocal solidarity bonds connecting
the members of a group; in order for these bonds to function
satisfactorily the group must not have more than 70 or 80
members....."

Such assessments unless qualified by a more thorough analysis would not
be optimum. However, conflicts and cooperation amongst farmers served by
canal water have been studied by many sociologists. There is a vast body of
literature that deals with these issues and most of them are site specific case
studies in static settings. It is sufficient to reveiw a few here. The references
in the reviewed literature would give the fuller spectrum of the studies made.
3.2.2 Sociological Studies

Dynamics of conflict or cooperation over water in canal irrigation is
describable only in a certain parametric sense. Some hitherto identified
parameters are "relative proximity" to the turnout of any given farmer,
kinship or brotherhood relationship of the farmers, power/influence wielded by
them, centrality and equality of such power/influence in a given water course,
size, distribution of farms in the area, and total number of farms in the water
course. Available literature would be reviewed using frequent use of these
parameters.

Pasternack (1968) studied a system in Taiwan that consisted of a canal
system augmented by local pumps. He identified that the relative location of
fields with respect to the water source is an important factor. Kinship is
irrelevant to irrigation in that still conflicts could occur should there be
inequity in water receipts. Pasternack's (1968) hypothesis that when access to
irrigation water is equalized in terms of time and quantity there would be

fewer conflicts over water is only well known now.
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VanderMeer (1971) studied water thievery again in a system in Taiwan. An
important finding was that the effect of the degree of control of main system
operators is inversely related to the cooperative spirit. Thus, a factor that
should go into the analysis is the amount of the control the main system
operators have on the water issues. This factor however, can be included in
the power/influence parameter of Lowdermilk et.al. (1978). VanderMeer (1971)
observed that the water scarcity reduced water thefts since the farmers
become more alert during such times. Duration of the flow of water in the
distributing canal has an influence on the design and so do the methods of
water control from a designer's point of view. The following general rules

need be adhered to:

(1) Reduce inequities of water issues amongst the farmers;

(2) Reduce the duration of flow along reaches where the
possibilities of thievery are high;

(3) Design in such a way as to induce cooperation to obtain water
and;

(4) Reduce the number of farmers served by a canal outlet as far

as possible to reduce conflicts.

Of these rules, (1), (2) and (4) are already familiar to us. Difficulty lies in
(3). VanderMeer points out that cooperation depends on the degree of
spiritedness and the tradition of cooperation amongst farmers - a factor that
we should consider in designing. Such an attitude and tradition, we should be
careful to note, might have evolved due to the nature of the physical system
and, the water control methods imposed on to the farmers and other climatic

and social factors. However, in design, it is preferable to allow explicitly for
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such a factor for the degree of spiritedness and tradition of cooperation. A
system design that also lays down the operational procedure may have to
incorporate the idea of guarding the water issue. VanderMeer (1971) states
that careful guarding would result in lesser thefts and fewer conflicts.

Hunt and Hunt (1976) described in broad terms, the social organization in
irrigation systems. However, they did not analyze the basic mechanisms of
cooperation and conflict, the emphasis being again based on case studies. The
external-local systems interaction described by them is more powerfully and
accurately described by Lowdermilk et.al. (1978) in terms of power/influence.
The tendency of Lowdermilk et.al. (1978c) was to look from an individual
farmer's point of view in contrast to the attempt by Hunts (1976) to strike it
middle-between the farmers and the external social environmental system. In
design the approach would be to minimize conflicts and to bring in a new
social order in sharing the water than to let the system achieve equilibrium on
its own with loss of production. In this sense, linkages and role embeddedness
(as given by Hunts (1976)) cannot be factors of design though their final
evolution without affecting the optimal production states may be anticipated.

Significant contributions to the study of farmer conflicts have come from
the work of Lowdermilk et.al. (1978a, 1978b, 1978c), Freeman et.al. (1978a,
1978b), Mirza and Merrey (1979), Merrey (1979) and Early et.al. (1978). These
contributions have arisen in an interdisciplinary mode and are attempts at
factor analyses than mere synchronic descriptions of the systems. The ideas
embodied in these papers have come about after extensive field research in
Pakistan by an interdisciplinary team (Clyma et.al. 1977) of professional
students (a synonym for professionals who are students) from Colorado State
University and would be referred to here as CSU studies. Despite attempts at

generalization of these studies one could still find elements that are peculiar
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to the Pakistani systems. In abstracting very general factors from these
studies, therefore, we should exercise caution.

A definition of conflict in the social sense is that it is a cleavage in the
social network - a cleavage that results in nonfunctioning or reluctantly
functioning (in the social sense) of a particular element where smoooth
functioning is expected. The magnitude of these conflicts are given two
qualtitative descriptors - polarizing and nonpolarizing. Colorado State
University studies indicated that conflicts once counted should not be ignored
on the basis of their magnitude. The major findings of the CSU researchers as
regards the following factors that affect the conflicts are described below.

(i) Kinship or Brotherhood Relationship.

This factor may not exist in some systems. (For example, settlement
schemes.) Another situation that has to be studied is the existence of a formal
irrigation association in an area that already has a certain web of kinship or
brotherhood relationship. Pasternak (1968) observed in such a situation that
kinship is irrelevant to irrigation. CSU studies reveal that a high percentage
(about 80) of farmers in the area studied where there were no irrigation
associations, were bounded by the brotherhood ties. Along these lines for
design purposes, we may consider for conflict causing factors two parameters
- the percentages of different kinships in a turnout area for areas without
irrigation associations and a measure of power of an irrigation association over
the individual farmer, depending on the system. Different kinships would
indicate a potential for conflict. CSU studies indicate that in single
brotherhood areas, (in studies of watercourses in Pakistan), there was a
tendency for more cooperation in watercourse maintenance. Differences in
castes may have to be treated like differences in kinship/brotherhood

relationship when only different caste groups share a turnout area.
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(ii) Power/Influence Distribution

This factor was identified in the context of watercourse cleaning and
settling watercourse disputes and would be useful in a design process. Two
kinds of power/influence have been identified. One is that of internal nature -
within village and kinship or brotherhood relationship - and the other is that of
external nature - the power/influence farmers have with governmental
officers or system officials. These concepts may be meaningless in certain
societies where everybody is treated very equally as far as system rules are
concerned.

Colorado State University studies reveal that a very high percentage of
the farmers have no real power and influence both within their community
(about 70%) and with government officials (about 80%). A notable finding that
is relevant here is that land (farmed or owned) size is weakly correlated to
power/influence and being close to the turnout does not guarantee higher
power. Colorado State University studies came out with two parameters for
this distribution of power/influence that are important. These parameters are
centrality and equality of power/influence in a watercourse. It is preferable
to briefly describe them here.

The measure of centrality of power is given in relation to the potentially
high score for power/influence in a watercourse area. This index will reveal
what percentage of farmers have 90+, 80+, etc. of the potentially highest
score in a watercourse area. If the centrality index is high, (say the 80+ level),
it indicates that a high percentage of farmers have a high influence/power.

The measure of equality of power gives the extent to which power is
distributed equally among farmers in a watercourse and is calculated by

finding the fraction of the farmers who would account for 50% of the total
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power/influence scores when counted from the highest score. The lower the
score the more unequal is the power distribution and vice versa.

Colorado State University studies in Pakistan tend to show that there is
more cooperation on those watercourses where there is a high centrality and
high equality of power. Such watercourses have been termed pluralist as
opposed to elitist watercourses where there would be low centrality and low
equality of power. The relevance of these indices of centrality and of equality
of power for the design of irrigation systems where the farms are already
existing can be seen. In new systems of the settlement type, we can only deal
with the expected values of these indices which may be obtained from an
existing system.

The sociological input could come in assessing levels of centrality and
equality that are desirable in a watercourse or a turnout area and in finding
ways to increase the values of these indices. CSU studies in Pakistan's Punjab
reveal that 70+ level for the indication of high centrality of power. It can be
seen from the CSU studies (Lowdermilk et.al. (1978), page 222) that equality
and centrality do not depend on the number of farmers in the watercourse.
This may be due to the methodology applied to collect power/influence data
(Freeman et.al., (1978)). A 25 percent sample farmers were chosen in a
watercourse area and were asked about the rest of the farmers in the area as
to their influence. As the number of farmers increases, this assessment may
tend to be inexact. In certain watercourses the number of farmers has been of
the order of 60 (Lowdermilk et.al., 1978, page 222). Whereas the centrality
and equality parameters would indicate the conflict resolution capabilities of
the system, the number of farmers would indicate the degree of potential for
conflict. This has also been indicated by Bromley et.al. (1980). They (Bromley

et.al.) identified location of a farmer in relation to the water source and the
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number of farmers preceding them in the sense of water flow as a factor that

one should study for water reform.

Two more sociological factors worth mentioning here are previous

conflicts and previous cooperation (Mirza and Merrey, (1979)). The latter had

also been mentioned by VanderMeer (1971). An index for each of these factors

would be useful in design. These indices may not be necessary in a new project

with a settlement scheme. In an area that already has farms that are to be

provided with irrigation facilities average indices may have to be used.

In summary the following are the sociological factors that one should

study for the problem of optimal turnout areas:

0}
(2)

()

(4)
()

It may be

turnout areas.

Number of farmers served by the turnout;

Possible or existing Kinship/Brotherhood
relationship/patterns in the absence of irrigation
associations;

Possible or existing power/influence distribution;

a) centrality of power in the turnout area and,

b) equality of power in the turnout area,

Degree of spiritedness and tradition of cooperation and

Degree of previous conflict.

seen that factor (4) finally describes farmer behavior in the

Factors (2), (3) and (5) influence factor (4). The modeling of

farmer behavior in turnout areas, which is given subsequently, incoporates

factors (1) and (4).
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3.2.3 Engineering Studies

It is now relevant to see the types of engineering analyses that have been
undertaken to study this problem. In a recent paper Tabbal and Bhuiyan (1982)
addressed the problem of optimal turnout areas as applied to the diversion
irrigation systems in the Philippines. The context of their optimality however
needs mention here. The terminal systems they studied consisted of a turnout
which was supposed to release water continuously for the turnout area
consisting of 5 sub-areas (or rotation areas) that were designed to get water in
five day rotations and a system of ditches from the turnout. However, the
main laterals that serve the turnouts, due to low flow situations in the feeder
stream carried water discontinuously during the dry seasons. This resulted in
the practice of continuous delivery whenever water was available in the
sub-areas in contrast to the theory of rotational delivery. Farmers also
constructed unregulated extra turnouts to facilitate water delivery from the
lateral to the Main Farm Ditches (MFD) (Figure 3.2.1) under constraining
conditions. Construction of extra turnouts indicates the failure of the
turnout-farm ditches systems at the terminal level built by the bureacracy and
implies that only a certain optimal area that can be effectively served by a
turnout. Orientation of the MFD also has been found a critical factor that
could affect the extent of area manageable with a given turnout flow.

A basic assumption of Tabbal and Bhuiyan (1982) is that in the process of
fixing the optimal turnout area, the farmer practices related to irrigation (i.e.
water sharing, watercourse cleaning, etc.) do not change. That is, the
sociological factors would not change when sub areal delineations are

changed. The validity of this assumption has to be sociologically verified.
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The following are the physical parameters that have been identified by
Tabbal and Bhuiyan (ibid) as those which affect this size of turnout area:

(i) Water Flow Rate at the Turnout - Q (litres/sec/ha)

The average daily flow rate during the whole irrigation period.

(ii) Fluctuation of Q

a) Percent of Irrigation Period with Zero flows - 1Z
This is defined as:
IZ = (No. of days during the irrigation period that
waterflow at the turnout is zero)/(Total number of days
of the irrigation period).
b) Variation of waterflow rate - CV
Definition is as follows:
CV = (Standard deviation of daily waterflow
rate)/(Average daily waterflow rate).
(iii) Average Farm Size in the Turnout Area - Fs (ha)
The definition of Fs is:
Fs = (Turnout Service Area (ha))/(Number of farmers in the area).
(iv) Farm Ditch Density - FD (m/ha)
FD is given by:

FD = Total length of farm ditches
Turnout Service area

(v) Main Farm Ditch (MFD) Gradient - G
G = (Summation of fall in elevation per 20 m of MFD length)/(Total
effective MFD length).

(vi) General Land Slope - S
S = (Difference in elevation between the fields near the MFD and

drainage canal or creek)/(Total distance between the fields).
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(vii) Slope Factor - SF

SF = Effective MFD length (m)
Average width of rotation area

Average width of rotation area is equal to the average length of
farm lots.

(viii) Percent of farms with direct access to MFD - AC
The definition for AC is as follows:

AC = Number of farms with direct access to MFD Nos.
Total Number of Farms.

(ix) The orientation factor of the MFD with respect to the main supply
canal - Or
MFD's are classified either as parallel or perpendicular to the
supplying lateral.
Or = O when MFD is parallel to the supply canal and
Or = 1 when MFD is perpendicular to the supply canal.
Of these factors, AC and to some extent SF also would indicate the
orientation of the MFD.
From the data collected in the Camiling River Irrigation System
(Cam RIS) a regression analysis was made using initially a functional
relationship of the form.

AR = f (Q, Fs, SF, Or, 1Z, G, S, FD) (3.2.1)

where AR is the turnout area (in ha). The final analysis revealed that the

equation:

AR =22.32+.33Q + 2.70 Fs + 1.OB SF - L.I9 SF? +
.96 (Q SF) - .1.95 S + 26.93 Or + .42 1Z - .20 (SFxIZ) (3.2.2)
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explained 90% of the variation. The farm ditch density FD is not included in
the equation since this does not significantly affect the turnout area size. The
findings of the Trilateral Commission (as quoted by Wade and Chambers (1980))
that suggested a density of 50m/ha as the dividing line between adequately and
inadequately irrigated areas. The value of FD = 53.50 m/ha for the case of
parallel MFD system reported by Tabbal and Bhuiyan (1982) is close to this
value. It was also found out that the orientation factor Or contributed
significantly to the value of Ar. For the average situation in Cam RIS:
Q = L.5 litres/sec/ha,
S =0.87% and
Fs = .87 ha/farm,
Tabbal and Bhuiyan determined from Equation (3.2.2) that the optimal turnout
areas to be 20 (ha) and 47 (ha) for Or = o and | respectively. This meant that
the optimal number of farmers in a turnout area to be 23 for the case of
parallel MFD (Or = O) and 54 for the case of perpendicular MFD (Or = 1).
It is now relevant to analyze the dominant factors, SF, Or and IZ as to
their generality. The orientation of the main farm ditch in this case had a
significant influence because in the parallel case farmers could resort to extra
turnouts. Tabbal and Bhuiyan (1982) mention, in the case of MFD being
perpendicular to lateral or supply canal:
" ....farmers are obliged to collectively maintain their farm
ditches in order to facilitate the conveyance and distribution
of water to their farms...."

The 1Z factor accounts for water availability and also affects farmer behavior.

The above are some physical factors that are causative of individual
farmer behavior. Existing or expected disparities in the physical systems such

as fields being above the water surface in the canal, etc., can also be included
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in the list of causative factors. The sociological factors play an important
role in the analysis of conflict resolution and cooperation which are conducive
to efficient farm production.

The construction of a model that would lead to the determination of the
optimal turnout area also involves a good approximation of the mode of
interaction of the factors reviewed above. The basic tools necessary for such
a model building could come from the discipline of applied mathematics. The
relevant mathematical approaches will be reviewed as we proceed to build the

necessary model.

3.3 A PROBABILISTIC SYSTEMS APPROACH FOR TURNOUT AREA
INTERACTIONS
3.3.1 Generalities

In the previous chapter a survey of the factors that affect the farmers'
interactions within a turnout area was made. The sociological and the physical
factors that have been identified as dominant are site specific and have to be
interdisciplinarily studied when one proceeds to determine the size of optimal
turnout area or the optimal number of farmers who may be allowed to share a
single turnout. The definition of optimality has to be defined in a manner that
transcends the confines of different disciplines and in a manner in which a
balance is struck between the farmer's benefits in his individual and collective
states. For instance, an economic criterion per se may give too crowded a
turnout area. Conflicts may be to such a degree and magnitude that only a
relatively small proportion of the farmers in the turnout area may be
successfully receiving water for irrigation. Since our concern is that an
individual farmer receive water for irrigation, the optimality criterion is
related more specifically to water receipts than to purely an economic

criterion.
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The problem of optimal turnout area as has already been observed
involves both physical and social factors. Thus, the tools developed by
mathematical sociologists (Coleman (1973)) and systems engineers (Rau (1970))
are relevant for analysis. However, when a mathematical sociology construct
is used, the physical factors also should be taken into account and when a
systems engineering approach is taken, the sociological factors should be
used. As is seen subsequently, parameters that may be combinations of both
physical and sociological factors need evaluation. It should be emphasized
again that this evaluation is an interdisciplinary task.

3.5.2 A Mathematical Sociology Approach

Coleman (1973) identifies two types of basic theories that can be used to
analyze collective action. The first type is called the causal processes theory,
and the second, purposive action theory. In causal theories the actions of a
group member is an event and the analysis deals only with a pair of descriptors
as cause and event outcome. In purposive action theories the actor is supposed
to look beyond the outcome of the event, weigh the consequence of the
outcome to him/her and adjust his/her actions. It is important to mention here
a basic aspecl of these studies. In sociological processes the variation of the
factors with time are important considerations. This aspect complicates the
analyses and in relation to the question at hand, we may have to resort to an
equilibrium or an evolved model rather than a complete dynamic model. As
was observed previously, both the physical and sociological factors should be
incorporated appropriately.

Causal Process Models For Turnout Area Interactions

Causal theory uses probability models to account for the distribution of
different actions of different members in the group studied. A member's

action could be due to his or her being in a particular state (mental) which
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again may not be deterministic. A popular and basic model for causal
processes is the Bernoulli Trials Model (BTM) in which a certain number of
independent and identical trials take place with each trial giving an outcome
called "success" and another called "failure". Irrigation events in a turnout
area can be modelled regarding the event of a farmer obtaining irrigation
water in "sufficient" amounts as "success" and the event 