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ABSTRACT 

One r.esult of the search for inexpensive 

alternative sources of protein has been the rise in 

interest in aquaculture, the rearing of aquatic organisms 

under controlled conditions. In this dissertation we 

examirie several management approaches to the efficient 

rearing of aquatic animals, using mathematical modeling to 

discover optimal production decisions. In addition we 

demonstrate the feasibility of simultaneous decision and 

performance control, providing empirical support for a 

theoretical extension of traditional variance analysis 

techniques. 

The results of three studies are included. In the 

first we model a situation in which the manager of an 

aquaculture system must decide when and how many animals to 

stock initially, how many animals to harvest each period, 

and when to restock an enclosure in order to maximize 

contribution. We consider both limited and unlimited 

growing seasons, solving mixed-integer and linear programs. 

We examine the effects of technological improvements on 

production strategies. 

contribution is noted, 

strategy. 

Consistent improvement in 

along with some variation in 

x 



xi 

In the second study we introduce seasonal variation 

in revenues and lengthen the growing season. The resulting 

large-scale real-world mixed-integer problem necessitates 

the use of a heuristic and two strategies, selective 

expansion and sieve, in order to achieve a near-optimal 

solution within a reasonable length of time. 

In the third study we focus on the uncertainty 

inherent in the aquaculture environment. We provide 

empirical evidence of the feasibility of a performance 

evaluation system which gives explicit consideration to the 

effects of environmental uncertainty and incorporates 

intraperiod adaptive behavior on behalf of the individual 

responsible for implementation of model-specified 

activities. The system we describe may be used in the 

simultaneous evaluation of individual and model 

performances, thus clarifying responsibilities for 

variances and improving production control. 



CHAPTER 1 

INTRODUCTION 

In recent years fish has become the major source of 

protein for more than half of the world's population 

(National Academy of Sciences 1977). The overexploitaticn 

of many species and the recognition of limited potential 

for ocean fishery expansion have intensified the search for 

inexpensive alternative sources of protein. One result has 

been the rise in interest in aquaculture, the rearing of 

aquatic organisms under controlled conditions. Several 

researchers have attempted to use mathematical modeling as 

a tool in the development of improved rearing technologies 

and strategies for managing aquaculture systems. While 

they have focused on elements of the management decision 

process, they have failed to incorporate all factors of 

production in a single model to support optimal decision 

making. 

In the studies which follow, we examine several 

management approaches to the efficient rearing of aquatic 

animals in controlled environments. Using mathematical 

modeling we incorporate all of the major factors affecting 

production in an attempt to discover optimal production 

decisions. In addition we demonstrate the feasibility of 

1 



simultaneous 

empirical 

2 

decision and performance control, providing 

support for a theoretical extension of 

traditional variance analysis techniques. 

The Importance of Aquaculture 

The demand for fish as a protein source is expected 

to increase as the world's population increases (Webber 

1973, Shang and Fujimura 1977, McVey 1980). While 

aquaculture is seen as a means of supplementing depleted 

natural fisheries, the establishment of a viable 

aquaculture industry depends upon the ability of producers 

to attain a minimum level of profitability. It is not 

sufficient merely to keep aquatic animals alive in a 

controlled environment. It is necessary to develop 

stocking and harvesting strategies which are simultaneously 

responsive to environmental constraints and profitable. 

In the studies which follow, we do not consider the 

initial decision to invest in a production facility. 

Instead we assume an investment of capital and a level of 

(unavoidable) fixed costs. We focus on marginal income, or 

contribution margin (less avoidable fixed costs), as we 

construct a model which enables the determination of 

optimal production strategies. 

Factors Affecting Profitability 

Aquatic animals may be reared on land in ponds or 

raceways, or in large bodies of water in cages or pens. 
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Accordingly, when considering profitability, the focus may 

be on contribution per unit of land or water surface, or, 

alternatively, contribution per enclosure. We make 

reference to each as appropriate. 

There are three primary factors which affect 

contribution per unit of surface area: production volume, 

production and marketing costs, and revenue. Thus 

contribution may be increased by increasing production 

volume, decreasing production or marketing costs, or 

increasing revenue, ceteris paribus. Each of these primary 

factors in turn is influenced by a number of other 

biological, 

Figure 1.1. 

Stocking Rate 

technological and economic factors as shown in 

We discuss several of them briefly. 

For most aquatic animals there is a maximum 

stocking rate (weight/square unit of surface area) above 

which growth and survival rates decrease significantly due 

to increased competition for food, incidence of disease, 

and aggressive behavior. Gibson and Wang (1979) call this 

upper limit the critical biomass. In addition they 

identify, for prawns, a lower biomass threshold, above 

which survival rates vary inversely with stocking rates, 

and below which survival rates and stocking rates appear 

unrelated. Maximum stocking rates may increase with animal 

age, though at a decreasing rate (stamp 1978). They may be 
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increased, 

feeding, 

as 

the 

indicated in Figure 1.1, by 

practices of polyculture 

5 

supplementary 

and stock 

manipulation, and aeration. 

Survival and Growth Rates 

Genetic characteristics and management practices to 

a large extent determine survival and growth rates. Good 

management 

stocking 

quality, 

practices 

rates, feed 

include 

types 

the maintenance of 

and quantities, and 

as well as the prevention of disease 

proper 

water 

and 

predation. Morita (1977), Willis and Berrigan (1977), and 

Mancebo (1978) provide evidence of the survival rate

stocking rate relationship described above; that is, the 

survival rate decreases as the stocking rate increases. 

Disease is more prevalent at higher densities, contributing 

to the decline in growth and survival (Saltus 1980). 

Mancebo notes the decrease in survival rates with 

increasing age. 

Growth rates are density dependent, decreasing with 

increased stocking rates (Botsford 1971, Willis and 

Berrigan 1977). We also find evidence linking growth and 

survival rates with levels of specific feed components 

(Andrews, Sick and Baptist 1973). 

Feed and Feeding 

Frequently the largest single expense item in the 

operating budget of an intensive (artificially fed) culture 
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system is feed (Webber 1973, Brown 1977, Shang 1981). The 

total cost of feed depends upon the feed conversion ratio, 

which is the amount of f~ed required to produce one unit of 

animal weight, and the unit cost. Clearly what is desired 

is a low-cost diet which results simultaneously in a high 

rate of growth and a low feed conversion ratio. 

Technological advances (Barbieri and Cuzon 1980) and the 

elimination of waste due to overfeeding will improve the 

feed conversion ratio which, for some species, increases at 

an increasing rate with age and size. 

Seed 

Among species, seed costs vary relative to total 

operating costs. Where technology needed to support 

artificial hatching is undeveloped, the dependence on 

natural sources for seed can result in costs accounting for 

a substantial portion of the operating budget (Shang 1981). 

Climatological problems, diminishing supplies and the lack 

of year-round availability of seed stock may mean higher 

production costs to be borne by producers or transferred to 

consumers. Where technological advances and management 

skills are sufficient to maintain hatchery/nursery 

facilities, however, seed costs relative to total operating 

costs are small (Brown 1977, Shang and Fujimura 1977). 

Revenues and Seasonal Variation 

The output of individual producers is still small 
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relative to the total market supply, making them "price 

takers" with little influence on market prices. We observe 

seasonal fluctuation in selling prices as a result of 

variations in supply and demand (Warren and Griffin 198~). 

Thus stocking and harvesting operations, properly 

may enable individual producers to capture the 

prices of the off-season. 

phased, 

higher 

In summary, there are many factors which affect 

profitability in aquaculture. To a large extent they 

interact with one another. The discovery of optimal 

production strategies under such conditions requires an 

approach which simultaneously incorporates all of the major 

factors affecting production, capturing their interactions. 

Modeling is the approach taken in the studies which follow. 

Modeling for Optimal Decisions : Three studies 

Mathematical modeling is a tool which can be used 

to represent concisely complex real-world problems. 

Models describe relationships among desired objectives and 

relevant environmental factors. Presently the desired 

objective is maximization of contribution margin; the 

relevant environmental factors are those discussed above. 

The models which are developed and utilized herein are 

programming models. Of primary interest is a mixed-integer 

linear programming (MILP) model. A similar linear 

programming (LP) model, distinguished only by the absence 
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of integer va~iables, finds limited but special use. Both 

models are fully described in the first study. Here we 

review, in the context of the three studies, some of the 

important model characteristics. 

First study 

We consider a situation in which the manager of a 

single-species aquaculture system, aware of his complex 

environment, wishes to maximize contribution margin. He 

must decide when and how many animals to stock initially, 

how many animals to harvest each period , and when to 

restock an enclosure. We note here that partial harvests 

are permitted, resulting in periodic reductions in 

population and an overall increase in yield. The maximum 

stocking rates, survival and growth rates, feed conversion 

ratios and feed costs the manager assumes behave as 

described above, tempered, perhaps, by his past experience. 

With respect to revenues he is unable to make reasonable 

predictions as to seasonal behavior and therefore assumes a 

constant "average" selling price for each marketable animal 

weight. 

We place this manager in two different settings in 

order to solve the problem. In the first he is faced with 

a limited growing season of 36 weeks, as might be the case 

in a pond culture system. The problem, a mixed-integer 

linear programming problem, is solved with a reasonable 
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amount of effort, yielding a production strategy described 

in four-week intervals. The problem is mixed-integer in 

form because of a culture system characteristic requiring 

that animals within an enclosure be of the same type and 

age. The integer variables in effect assure that 

restocking occurs only when an enclosure is empty. 

In the second setting the manager is faced with an 

unlimited growing season, as might be the case in a raceway 

culture system. We solve this problem with a linear 

programming formulation and a complete enumeration of n

week strategies, n varying from the minimum number to the 

maximum number of one-week periods required to produce a 

marketable animal. The optimal strategy, for repeated 

implementation, is that which maximizes contribution per 

enclosure per week. 

In both settings we consider the effects on 

strategies of technological improvements and restructured 

selling prices. Consistent improvement in contribution is 

noted, along with some variation in strategy. 

Second Study 

In the second study we introduce seasonal variation 

in revenues and expand the season modeled to 52 weeks. One 

year includes the complete cycle of variation and is 

considered a reasonable length of time for planning 

purposes. Except for changing selling prices, the scenario 
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is as described above. The solution procedure varies, of 

necessity. To solve a MILP problem for 52 one-week periods 

would require days rather than minutes of computing time. 

Instead we employ a heuristic and two solution strategies 

in order to make this very-large-scale problem tractable. 

Required solution time is reduced by nearly 75%0 The 

result is a near-optimal, if not optimal, production 

strategy, achieved within a reasonable length of time. We 

also illustrate, with a single example, the use of the 

model in the examination of decision alternatives. 

Third study 

In the final study we focus on the uncertainty 

inherent in the aquaculture environment. We introduce into 

the setting described above, a foreman whose responsibility 

it is to implement the model-specified activities and to 

revise the production schedule when uncertainty is 

resolved. With a large-scale real-world problem we provide 

empirical evidence of the feasibility of a performance 

evaluation system designed by Itami (1977), giving explicit 

consideration to the effects of environmental uncertainty 

and incorporating intraperiod adaptive behavior on behalf 

of a subordinate. The system we describe may be used in 

the simultaneous evaluation of individual and model 

performances, thereby helping to clarify responsibility for 

variances from expected performance and to improve control 

rr.,)·" ,_. . - " .. ~ .. . . 
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of production. 

Overview 

In Chapter 2 we describe and present results of the 

first study. Chapter 3 is devoted to the second in the 

series of three studies, and the third study is presented 

in Chapter 4. In Chapter 5 we summarize briefly the work 

t~at has been completed and consider future applications 

and extensions. 



CHAPTER 2 

AN APPLICATION OF MATHEMATICAL MODELING 
IN AQUACULTURE: OPTIMAL PRODUCTION DECISIONS 

Introduction 

Aquaculture is defined as nthe rearing of desirable 

aquatic organisms under controlled conditions for economic 

or social benefitsn (Shang 1981, p.4). Much of the 

research in aquaculture has been directed toward gaining 

sufficient understanding of the biological and 

environmental complexities (Sandifer and Smith 1975, Willis 

and Berrigan 1977, Mancebo 1978) to enable the development 

of improved rearing technologies and strategies for 

managing aquaculture systems. Mathematical modeling is a 

tool with potentially rewarding application in the latter 

areas. In the capital- and energy-intensive controlled 

environment of aquaculture, it is essential that optimal 

use be made of production resources. Yet how does the 

manager of a culture system make optimal stocking and 

harvesting decisions? What is noptimal" in a setting? 

There is no alternative but to model the system, making use 

of all that is known of the biological and environmental 

complexities. 

Modelers have focused on elements of the management 

decision process. Polovina and Brown (1978) have developed 

12 
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a stochastic population model to simulate animal size 

distribution as a function of time, while a deterministic 

population prediction model has been developed by Gibson 

and Wang (1979). Morita (1977) described an econometric 

model which predicts total population on the basis of 

survival rate, stocking density and growth rate data. 

However, none of these models incorporates all factors of 

production to yield optimal production decisions. The 

model we present does incorporate all of the major factors 

affecting production, capturing their interactions. We 

illustrate its use in guiding the development of optimal 

stocking and harvesting strategies which maximize 

contribution. 

Consider the following situation. The manager of 

an aquaculture system wishes to find the optimal production 

strategy, one which maximizes his return. Markets exist 

for animals of various weights. Prices in these markets 

are a function of animal weight as well as seasonal supply 

and demand factors. The weight of an animal is affected by 

length of time in the system enclosure and type of feed. 

Survival rates vary with age and total stocking weight. 

Animal enclosures (ponds, pens, raceways, etc.) are fixed 

in size, and transfers to new enclosures are costly, 

affecting survival and growth rates adversely. A 

characteristic of the culture system modeled below is the 

requirement that animals within an enclosure be of the same 
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type and age. Faced with these complexities, the manager 

must decide when and how many animals to stock i.nitially, 

what type of feed to administer, how many animals to 

harvest each period (partial harvests are permitted), and 

when to restock an enclosure. 

Model Description 

The system model which we develop consists of four 

parts: (1) stocking density constraints; (2) harvesting 

constraints; (3) restocking constraints; and (4) objective 

function. Discussion of each part is made easier by use of 

the following notation: 

a = 
j 

h = 
ij 

z = 
i 

= 

n = 

s = 
ij 

number of animals to be placed in enclosure at 

beginning of period j (decision variable). 

number of animals placed in enclosure at 

beginning of period j to be harvested at end of 

period i (decision variable). 

o if number of animals remaining in enclosure 

at end of period i-I is 0 (decision variable). 

1 if number of animals remaining in enclosure 

at end of period i-I is greater than 0 

(decision variable). 

number of periods modeled. Periods may vary in 

length. 

period i survival rate for animals placed in 

enclosure at beginning of period j. Periods 



w = 
ij 

d = 
ij 

r = 
ij 

c = 
ij 
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are defined to be one week (one month, etc.) in 

length. Thus i-j+l represents age of animals 

in weeks (months, etc.). Further, note that we 

assume entry age to be~. This assumption may 

be relaxed in the first period to allow initial 

stocking of older animals. Then each 

and d associated with the initial 
ij 

must be adjusted. 

s , w , 
ij 1) 

stocking 

period i weight per animal placed in enclosure 

at beginning of period j. 

period i maximum stocking weight per enclosure 

for animals placed in enclosure at beginning of 

period j. These weights are computed by 

multiplying maximum densities (weights/square 

unit of surface area) by surface area of 

enclosure. 

period i revenue per animal placed in enclosure 

at beginning of period j. Selling prices are 

quoted on the basis of weight, and the weight

period relationship is established by w • r 
ij 1) 

is net of marketing costs, including packing 

and freezing, and will be ~ when no market 

exists for animals of weight w • Note that 
ij 

the use of i and j enables incorporation of 

seasonal variation in selling prices. 

period i maintenance cost per animal placed in 



v = 

f = 

k = 
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enclosure at beginning of period j. Feed costs 

per animal are computed by multiplying feed 

quantities by unit feed costs. Feed quantity 

is weight gain multiplied by feed conversion 

ratio, the amount of feed necessary to produce 

one unit of animal weight. 

initial (seed) cost per animal placed in 

enclosure. 

fixed cost of total harvest, including cost of 

treatment of enclosure when empty. Such 

treatment is undertaken to reduce losses due to 

disease. 

arbitrarily large constant. 

The introduction of a recursive relation which describes 

population changes over time further simplifies the model 

statement. To this end we let p represent the number of 
ij 

animals which were placed in the enclosure at the beginning 

of period j and remain in the enclosure at the end of 

period i. 

described: 

With this notation population change may be 

p = s p. - h 
ij ij i-l,j ij 

where i = l, ••• ,n, j = l, ••• ,n, i L j, and by 

definition p = a , the number of animals placed in the 
j-l,j j 

enclosure at the beginning of period j. This equation 

simply represents the period i population of period j 
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animals as the period i survivors of the period i-l 

population less the period i harvest. Below, the 

restocking constraints assure that for any period, i, at 

most one p is positive. This precludes the holding of 
ij 

animals of different ages in a single enclosure. 

With the above notation we describe the model as 

follows: 

1. Stocking density constraints. There is a maximum 

stocking density (weight/square unit of surface 

area) above which the growth and survival rates of 

animals decrease significantly (Shang 1981). We 

model this effect as a period i upper limit, d , 
ij 

on the total weight of period j animals in the 

enclosure. For n periods there will be n(n+l)/2 

stocking density constraints: 

w p ~ d 
ij i-l, j ij 

where i = l, ••• ,n, j = l, ••• ,n, and i L j. 

2. Harvesting constraints. Recall that a percentage, 

s , of animals, a , placed in the enclosure at the 
ij j 

beginning of period j, survive period i. At the 

end of period i none, some, or all of the surviving 

animals, h , may be harvested. The harvesting 
ij 

constraints assure that the number of animals 

removed from the enclosure does not exceed the 

number of survivors. For n periods there will be 
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n(n+l)/2 harvesting constraints: 

p 2. ~ 
ij 

where i = l, ••• ,n, j = l, ••• ,n, and i L j. 

3. Restocking constraints. These constraints, 

together with the harvesting constraints, assure 

that the placement of animals in the enclosure 

occurs only when the enclosure is empty. For n 

periods there will be 2(n-l) restocking 

constraints: 

i 

p - kz ~ 0 
ij i+l 

j=l 

a - k(l - z ) oS 0 
i+l i+l 

where i = l, ••• ,n-l. Recall that k is an 

arbitrarily large constant and z is a 0-1 variable. 

If z 
i+l 

binding 

= 0, then the first constraint becomes a 

constraint which, together with period i 

harvesting constraints, describes a total harvest 

at the end of period i. The second constraint 

becomes redundant; i.e., any nonnegative a will 
i+l 

satisfy it. Thus, following a total harvest, 

restocking may occur. Alternatively, if z 
i+l 

then the second constraint becomes binding 

with the nonnegativity constraint, a 
i+l 

= 1, 

and, 

2. 0, 

prohibits period i+l restocking. In this case, the 
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first constraint becomes redundant. When animals 

remain in the enclosure at the end of the period, 

restocking in the next period may not occur. 

Effectively these constraints permit only one of 

the p terms in the above sum to be positive at 
ij 

any given time. 

4. Objective function. Subject to the constraints 

above 

and h 
ij 

is: 

max 

and nonnegativity constraints a 2 0 
j 

2. 0, the objective function for n periods 

n i 

i=l j=l 

n 

(r h 
ij ij 

- c p (s 
ij i-l,j ij 

n 

- f~ (1 - z ). 
i 

i=2 

+ 1)/2) 

The first term of the objective function represents 

revenues from harvests less maintenance costs associated 

with the average animal population. The second and third 

terms represent the initial investment in animals and the 

fixed costs associated with total harvests. 

Solution Procedure 

The solution procedure is designed to solve two 

related but different problems. In each problem the 

manager wishes to maximize contribution per enclosure. In 



one he faces a limited growing season of t weeks; in the 

other he faces an unlimited growing season. The manager in 

the first problem seeks the optimal t-week 

stocking/harvesting/restocking (SHR) strategy in a, h 

terms, where a 
j ij 

> B prescribes the placement of animals in 
j 

an enclosure at the beginning of period j, and h 
ij 

> 

prescribes the harvest of period j animals from an 

enclosure at the end of period i. A maintained practice 

requires that animals be placed in an enclosure only when 

it is empty. This and other requirements are embodied in 

the stocking density, harvesting and restocking constraints 

above. 

The inclusion of either/or constraints and B - I 

decision variables makes this first problem a mixed-integer 

linear programming (MILP) problem. In it the manager 

partitions the t weeks into n periods of equal or varying 

lengths. He specifies the environmental factors: survival 

rates, animal weights, maximum stocking weights, selling 

prices, maintenance costs, seed cost and cost of total 

harvest. The solution he wishes to implement is the t-

week (n-period) SHR strategy which maximizes contribution 

per enclosure. 

The manager in the second problem also seeks the 

strate9Y which maximizes contribution per enclosure; 

however he faces an unlimited growing season. Linear 

programming (LP) and MILP models typically maximize 
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(minimize) the total value of an objective function over 

time, giving explicit consideration to the time horizon. 

An unlimited growing season cannot be partitioned into n 

periods where n is finite. This difference in growing 

season requires a different solution approach. The 

approach taken is one of complete enumeration in which a 

series of n-period linear programming problems are solved, 

n varying from the minimum number, n , to the maximum 
min 

number, n , of one-week periods required to produce a 
max 

marketable animal. In each LP problem the z, no longer 
i 

decision variables, are set to prevent restocking, thereby 

limiting the optimal n-week (n-period) strategy to a single 

stocking/harvesting (SH) cycle prescribed in a , h terms. 
1 ij 

As in the MILP problem, contribution per enclosure is 

maximized, subject to the constraints above. The result 

is a series of contributions, beginning with the maximum 

contribution for a period n weeks long and ending with 
min 

the maximum contribution for a period n weeks long. 
max 

From this complete enumeration, a series of ratios, 

(contribution per enclosure}/(number of weeks modeled), is 

derived. The manager, having specified n ,n and the 
min max 

environmental factors listed above, seeks the SH strategy 

for which the ratio is largest. In so doing he maximizes 

contribution per enclosure per week. The repeated 

implementation of the n-week SH strategy which maximizes 

contribution per enclosure per week will maximize 
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contribution per ~nclosure for the unlimited growing 

seasoll, as long as environmental factors remain unchanged. 

The number of LP problems which must be solved in 

the complete enumeration approach may be less than 

n - n + 1. Recall that the n-period problem is 
max min 

simply the (n-l)-period problem extended by one week. 

Period n maintenance costs will always be non-negative. 

Period n revenue, behaving as a step function, may not 

increase. If so, the n-period problem need not be solved. 

While the number of weeks modeled will increase, 

contribution per enclosure will not. Consequently 

contribution per enclosure per week will not increase. 

Obviously mid-season changes in environmental 

factors may occur. The structure of selling prices may 

change as a result of fluctuations in supply and demand. 

Technological change may result in improvement in feed 

conversion ratios, thereby affecting maintenance costs. 

Experimentation may lead to increased stocking weights. In 

contrast, the failure to prevent disease may affect 

adversely the animal population. The ability to respond to 

such ?hanges is an important characteristic of the present 

approach to modeling. When change does occur, the 

environmental factors must be respecified. In addition, 

animal population at the beginning of the period in which 

change occurs must be specified. The manager in the first 

problem must define period one to be equal in length to 
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animal age at the time of change. The remainder of the t 

weeks may be partitioned as desired and the problem 

resolved. There will be neither costs nor revenues 

associated with the first period. It serves merely to 

establish as period 2 initial conditions those which 

prevailed at the time of change. Then a and h for j 2. 2 
j ij 

will prescribe the SHR strategy which is optimal from the 

time of change forward. The manager in the second problem 

likewise must define n to be equal to animal age at the 
min 

time of change. The resolving of this problem yields the 

optimal strategy for completion of the current SH cycle. 

To determine the n-week SH strategy which maximizes 

contribution per enclosure henceforth, the manager simply 

respecifies n , n and the environmental factors, 
min max 

incorporating all changes, and resolves the problem. 

For both problems the models (constraints, 

objective functions) are computer generated. The LP 

problems are solved using XMP, a hierarchically-structured 

library of subroutines developed by Marsten (1981). The 

MILP problems are solved using code developed by Singhal 

(1982) • She utilizes a fixed-order branch-and-bound 

strategy with selective expansion to improve an initial 

solution and to reduce quickly the gap between the best 

known solution and the smallest known upper bound on the 

optimal solution. A very brief description of the strategy 

follows. 
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Using a search tree representation, fixed-order 

branch-and-bound requires the branching variable to be the 

same for all nodes at a given level. As a result all nodes 

at the same level share the same set of dual feasible 

solutions. This permits the performance of bounding tests 

on every node at a given level with each dual simplex 

pivot. Singhal modifies this approach, developed by 

Marsten and Morin (1978), using selective rather than 

complete expansion of nodes. At each iteration the level 

containing the candidate problem with the largest upper 

bound is selected, and a fixed number of "best" nodes are 

expanded a fixed number of levels. Expansion of less 

attractive nodes is delayed, and perhaps avoided, thereby 

hastening the reduction in gap between the best known 

solution and the smallest known upper bound on the optimal 

solution v 

Sample Problems and Results 

For purposes of illustration we model a shrimp 

culture system. The model described above, however, is not 

species specific. It can be used to model other single

species culture systems with little or no adaptation. Data 

used in the sample problems, though not drawn from an 

existing system, are realistic. Where there is support in 

the aquaculture literature for specific behavior exhibited 

by the data, it is noted. 
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Sample Problem 1 

Assume a limited growing season of 36 weeks for 

which we seek to maximize contribution per enclosure. 

Input data, used in the machine generation of constraints 

and objective function, are: 

Number of periods modeled, n = 9. Each period 

is four weeks in length. 

Period i survival rate for animals placed in 

enclosure at beginning of period j , 

s, i = 1, ••• ,9, j = 1, ••• ,9, i L j, (Table 
ij 

2.1). We choose period survival rates to yield 

an overall rate (nS which varies inversely 

with age • 

Period i weight 

at beginning of 

j = 1, ••• ,9, i L 

ij 

per animal placed 

period j, w , 
ij 

j , ( Table 2.1). 

pattern is s-shaped (Broom 1971). 

Period i maximum stocking 

in enclosure 

i=1, ••• ,9, 

The growth 

weight per 

enclosure for animals placed in enclosure at 

beginning of period j , d , i = 1, ••• ,9, 
ij 

j = 1, ••• ,9, i L j, (Table 2.1) • The weights 

increase as age increases (Figure 2.1, (1», though 

at a decreasing rate (Stamp 1978) • 

Period i revenue per animal placed in enclosure 

at beginning of period j, 

i=1, ••• ,9, j = 1, ••• ,9, i L j, (Table 2.2). 

r , 
ij 

As 



TABLE 2. 1. 

5<1. J) 

O.9DO A 

0.geo 
0.970 
0.96t 
0.9~t 
0.901 
0.96t 
0.9t.l 
0.961 

we I. J) 

4. 795 
9.146 

13.900 
18.827 
23697 
;;'>8.279 
32.342 
34. 107 
34.107 

DU,,}) 

471.000 
653.001) 
797.000 
903.000 
970.000 

INPUT DATA: SURVIVAL RATES. ANIMAL WEIGHTS (GRAMS), MAXIMUM STOCKING 
WEIGHTS (THOUSAND GRAMS). 

0.980 
0.980 
0.970 
0.961 
0.961 
0.961 
0.961 
0.961 

4. 795 
9. 146 

13.900 
18.827 
23.697 
28.279 
32.342 
34. 107 

471. 000 
653.000 
797.000 
903.000 
970.000 

0.980 
0.980 
0.970 
0.961 
0.961 
0.96t 
0.961 

4. 795 
9. 146 

13.900 
18.827 
23.697 
28.279 
32.342 

471. 000 
653.000 
797.000 
903.000 
970.000 

0.980 
0.980 
O. 970 
0.961 
0.961 
0.961 

4. 795 
9. 146 

13.900 
18.827 
23.697 
28.279 

471. 000 
653.000 
797.000 
903.000 
970.000 

0.980 
0.geo 
0.970 
0.961 
0.961 

4. 795 
9. 146 

13.900 
18.827 
23.697 

0.980 
0.980 0.980 
0.970 0.980 O. 980 
0.961 0.970 0.980 

4. 795 
9. 146 4.795 

13.900 9. 146 4. 795 
18.827 13.900 9.146 

0.990 

4. 795 

1000.000 
1000. OCJ 
10oo.0C!: 
1000.oeo 

1000.000 
1000.000 
1000.000 

1000.000 
1000.000 1000.000 

471. 000 
653.000 
797.000 
903.000 
970.000 

471. 000 
653.000 
797.000 
903.000 

471. 000 
653.000 
797.000 

471.000 
653.000 471.000 

A. ALL NUMBERS ARE ROUNDED. 
t..> 
0\ 
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FIGURE 2. 1. HAXIHUH STOCKING WEIGHTS 



TABLE 2.2. INPUT DATA: REVENUES (PER THOUSAND). MAINTENANCE COSTS (PER THOUSAND), 
VARIABLE COST. FIXED COST. ARBITRARILY LARGE CONSTANT. 

R (I,,}) 

O.oooA 
O.O;)() 

75.0CO 
142.0CO 
174.0CC 
221. O~O 

o.oec 
0.000 
0.000 

C<I.J) 

4. 560 
5.81·) 
7. 180 
8.630 

10.060 
11. 190 
11.710 
11.430 
11.440 

0.000 
0.000 

75.000 
142.000 
174.000 
221. 000 

0.000 
0.000 

4.560 
5.810 
7. 180 
8.650 

10.060 
11. 190 
11. 710 
11. 480 

V 2.000 
F 0.000 
K 99999.000 

0.000 
0.000 

75.000 
142.000 
174.000 
221. 000 

0.000 

4.560 
5.810 
7. 180 
8.650 

10.060 
11. 190 
11.710 

0.000 
0.000 

75.000 
142.000 
174.000 
221. 000 

4. 560 
5.810 
7. 180 
8.650 

10.060 
11. 190 

0.000 
0.000 

75.000 
142.000 
174.000 

4.560 
5.810 
7 180 
8. 650 

10. 060 

0.000 
0.000 

75.000' 
142.000 

4. 560 
5.810 
7.180 
8.650 

0.000 
0.000 

75.000 

4. 560 
5. 810 
7. 180 

0.000 
0.000 

4. 560 
5.810 

0.000 

4. 560 

A. WE ASSUME ARBITRARILY THAT NO MARKET EXISTS FOR ANIMALS WEIGHING LESS THAN 10 

GRAMS OR MORE THAN 31 GRAMS. 

~ 
(X) 
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noted above, selling prices vary with animal 

weight. Seasonal variation, though easily 

incorporated, is omitted. 

Period i maintenance cost per animal placed in 

enclosure at beginning of period j, 

c , i = 1, ••• ,9, j = 1, ••• ,9, i L j, (Table 2.2). 
ij 

Recall that one factor of maintenance cost is feed 

conversion ratio. We incorporate a series of 

ratios which vary with age from 2.ee to 5.55 

(Figure 2.2,(1», increasing at an increasing rate 

(Broom 1971). 

Initial ',ariable cost per animal placed in 

enclosure, v - .ee2. 

Fixed cost of total harvest, f = e. 
The optimal solution to the problem of maximizing 

contribution per enclosure for 36 weeks involves an 

initial stocking (period 1) with two partial harvests 

(periods 3 and 4) and a total harvest (period 5). The 

initial stocking/harvesting is followed by a restocking 

(period 6) with one partial harvest (period 8) and a total 

harvest (period 9) • These results are summarized in Table 

2.3. Assuming annual fixed costs, including labor, of 

$3,6ee per enclosure, and an initial investment of $42,ee0 

per enclosure, a contribution of $11,786.4e represents an 

annual return on investment of 19.49%. 

The optimal solution changes as various problem 
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WEEK 

a 12 16 24 

FIGURE 2.2. FEED CONVERSION RATIOS 
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TABLE ~3. OPTIMAL STRATEGY WITH ORIGINAL INPUT DATA, LIMITED GROWING SEASON. 

PERIOD LENQTH POP.BEQ SURV.END ... AINT COST HARV.END SALES REV POP. END 
(WEEKS) ( THOUSANDS) (THOUSANDS) (. FOR AVE POP) (PERCENT) (.) (THOUSANDS) 

1 4 59.68 58. 50 269.46 0.00 O. 00 58. 50 
2 4 ~8.50 57.34 336.51 0.00 0.00 57.34 
3 4 ~7.34 55.64 405.58 13. 79 ~75.~1 47.96 
4 4 47.96 46. 07 406.71 11. 16 729.83 40. 93 
5 4 40.93 39.32 403.68 100.00 6841. 94 o 00 
6 4 59.68 58. 50 269.46 O. 00 0.00 58.50 
7 4 58. 50 57.34 336.51 0.00 0.00 57. 34 
8 4 57. 34 55.64 405. 58 13. 79 575.51 47.96 
9 4 47. 96 46.07 406. 71 100.00 6542.~2 0.00 

TABLE 2.4. OPTIMAL STRATEGY WITH ALTERED FEED CONVERSION RATIOS, LIMITED GROWING SEASON. 

PERIOD LENQTH POP. BEG SURV.END ... AINT COST HARV.END SALES REV POP. END 
(WEEKS) (THOUSANDS) (THOUSANDS) (. FOR AVE POP) (PERCENT) (.) (THOUSANDS) 

1 4 59.69 58.50 265.91 0.00 0.00 59. 50 
2 4 59. 50 57.34 317.39 O. 00 0.00 57.34 
3 4 57.34 55.64 359. 13 13. 79 575. 51 47. 96 
4 4 47.96 46.07 331. 01 11. 16 729. 83 40.93 
5 4 40.93 39.32 302.96 100.00 6941. 94 0.00 
6 4 59.68 58.50 265.91 0.00 0.00 58. 50 
7 4 58. 50 57.34 317.39 0.00 0.00 57. 34 
8 4 57.34 55.64 359. 13 13. 79 575. 51 47. 96 
9 4 47.96 46.07 331. 01 100.00 6542. 52 0.00 

CONTRIB 
(CUM •• ) 

-388. 83 
-725.33 
-555.40 
-232.28 
6205.99 
5817.16 
5480. 65 
5650. 59 

11786.40 

CONTRIB 
(CU ..... ) 

-395. 29 
-702.68 
-495.29 

-86 47 
6452. 51 
6067. 23 
5749.84 
5967.22 

12178.74 

W 
I-' 
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coefficients change. Consider, for example, a change in the 

method of feeding animals which results in a new series of 

feed conversion ratios, varying with age from 2.00 to 3.38 

(Figure 2.2, (3». This technological improvement results 

in new cost coefficients and a new contribution for the 36 

weeks, $12,178.74 (Table 2.4). The increase in 

contribution is small, and there is no change in the SHR 

strategy. A technological improvement which permits an 

increase in maximum stocking weights (Figure 2.1, (2)) 

results in a greater increase in contribution, to 

$13,797.32, and changes in the SHR numbers (Table 2.5). 

Table 2.6 summarizes the changes in contribution and 

returns caused by changes in feed conversion ratios and 

maximum stocking weights. 

Neither technological improvement results in a 

change in the timing of partial or total harvests. A 

change in the structure of selling prices, however, does 

modify the SHR schedule. Consider, for example, a 

situation in which selling prices for animals weighing less 

than 18.82 grams increase by 30%. The optimal solution to 

the problem of maximizing the 36-week contribution per 

enclosure now involves an initial stocking and two 

restockings, each with a total harvest at the end of three 

periods (Table 2.7). There are no partial harvests. 



TABLE 2.5. OPTIMAL STRATEGY WITH ALTERED MAXIMUM STOCKING WEIGHTS. LIMITED GROWING SEASON. 

PERIOD LENOTH POP. BEG SURV.END MAINT COST HARV.END SALES REV POP. END 
(WEEKS) (THOUSANDS) (THOUSANDS) (. FOR AVE POP) (PERCENT! (.) (THOUSANDS) 

1 4 69. 79 68.41 315.10 0.00 o 00 68.41 
2 4 68.41 67.0~ 393.~1 O. 00 0.00 67.05 
3 4 67.0~ 65.06 474.28 13.63 664.85 56.20 
4 4 56.20 53.98 476. 52 10.96 840. 13 48.07 
5 4 48.07 46. 17 474.01 100.00 8033.96 0.00 
6 4 69.79 68.41 315. 10 0.00 0.00 68.41 
7 4 68.41 67.05 393. 51 0.00 0.00 67.05 
8 4 67.05 65.06 474.28 13. 63 664.85 56 20 
9 4 56.20 53. 98 476.52 100.00 7665. 52 o. 00 

CONTRIB 
(CUM •• ) 

-454.69 
-848.20 
-657.62 
-294.01 
7265.94 
6811. 25 
6417.74 
6608.31 

13797 32 

w 
w 



TABLE 2.6. CONTRIBUTIONS AND RETURNS FOR VARIOUS FEED 
CONVERSION RATIOS AND MAXIMUM STOCKING 
WEIGHTS. 

FEED CCNVERSION RATIO 

STOCKIN<1 
WEIGHT 

(2) 

(3) 

(l)B 

$11786.40 

19.49'1. 

$13797.32 

24.28'1. 

$15806.22 

29.06'1. 

(2) 

$12029.84 

20.07'1. 

$14082. 51 

24.96'1. 

$16133. 17 

29.84'1. 

A. NUMBERS REFER TO FIGURE 2. 1 PLOTS. 

B. NUMBERS REFER TO FIGURE 2. 2 PLOTS. 

(3) 

$12178.74 

20.43'1. 

$14256.94 

25.37'1. 

$16333. 12 

30.32'1. 

34 



TABLE 2. 7. OPTIMAL STRATEGY WITH ALTERED SELLING PRICES. LIMITED GROWING SEASON. 

PERIOD LENQTH POP. BEG SURV.END HAINT COST HARV.END SALES REV POP. END 
(WEEKS) (THOUSANDS) (THOUSANDS) (S FOR AVE POP) (PERCENT) (S) (THOUSANDS) 

1 4 59.68 58.50 269.46 0.00 0.00 58. SO 
2 4 58. 50 57.34 336. 51 O. 00 0.00 57. 34 
3 4 57.34 55.64 405.58 100.00 5424.66 0.00 
4 4 59.69 58. 50 269.40 0.00 0.00 58. 50 
5 4 58.50 57.34 336.51 0.00 0.00 57 34 
6 4 57.34 55. 64 405. 58 100.00 5424. 37 O. 00 
7 4 59.68 58.50 269.46 0.00 0.00 58. 50 
8 4 58.50 57.34 336.51 0.00 0.00 57.34 
9 4 57.34 55.64 405.58 100.00 5424.66 0.00 

TABLE 2.8. OPTIMAL STRATEGY WITH ORIGINAL INPUT DATA. UNLIMITED GROWING SEASON. 

PERIOD LENGTH POP. BEG SURV.END I1AINT COST HARV.END SALES REV POP. END 
(WEEKS) (THOUSANDS) (THOUSANDS) (S FOR AVE PCP) (PERCENT) lS) (THOUSANDS) 

8 69.99 67.24 711.57 0.00 O. 00 67.24 

;1 t 67.24 66.91 111.34 9.42 264.62 60. 1t1 

3 1 60.61 60.30 105. 79 0.00 0.00 60. 30 

4 1 60.30 59.70 110.40 3.96 129.88 57.34 

5 1 57.34 56. 76 110. 11 6.99 297.42 52.<:0 

6 1 52.80 52.27 lOb. 12 0.00 0.00 52.27 

7 1 52.27 51. 75 110.26 6.38 34990 48.45 

8 1 48.45 47. 96 106.53 0.00 0.00 47.96 

9 1 47.96 47.48 109. 76 100.00 6742. 79 0.00 

A. CONTRIBUTION PER WEEK IS $6062.73/16 OR $378.92. 

CONTRIB 
(CUH. S) 

-388.83 
-725. 33 
4293. 75 
3904.92 
3568.41 
8587.20 
8198.37 
7861.87 

12880.95 

CONTRIB 
(CUH.S) 

-851. 56 
-698.28 
-804.08 
-784.59 
-597.29 
-703.41 
-463. 76 
-570.30 A 
6062. 73 

w 
U1 
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Sample Problem 2 

Assume an unlimited growing season, a continuous 

production cycle, for which we seek to maximize 

contribution per enclosure per week. Input data are: 

Number of periods modeled, n = 2,3,4, ••• ,19. 

Recall that we assume the absence of a market for 

animals weighing less than 10 grams or more than 31 

grams. Weight per animal is 9.146 grams at the end 

of eight weeks and 31.387 grams at the end of 27 

weeks, making n = 9 and n = 26. In that no 
min max 

animals are harvested during the first eight weeks, 

we let the first period be eight weeks in length. 

Periods 2 through 19 are each one week in length. 

Survival rate, s weight per animal, w 

maximum stocking 

revenue, r , 
ij 

ij 
weight, d , 

ij 
maintenance and 

ij 
k = 1, ••• ,19, 

cost, c , 

i = 1, ••• ,19, j=1, ••• ,19, 
ij 

i L j. Characteristics 

are as described above. 

z 
i 

decision 

= 1, i = 2, ••• ,19. These are no longer 

variables. Effectively they prevent 

restocking following a total harvest. 

Table 2.8 summarizes the SHR strategy which 

maximizes contribution per enclosure per week. A 16-week 

growing season with four partial harvests results in a 

contribution per week of $378.92. The optimal strategy 

changes with an improvement in feed conversion ratios 
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(Table 2.9; Figure 2.2, (3». Seven partial harvests and a 

total harvest at the end of week 26 result in an increased 

contribution per week, $389.28. An increase in maximum 

stocking weights (Table 2.10; Figure 2.1, (2» results in a 

SHR strategy which differs from that summarized in Table 

2.8 only in stocking and harvesting numbers. However, the 

contribution per week is substantially increased. The 

selling price changes described above result in yet another 

strategy (Table 2.11), requiring three partial harvests and 

a week-14 total harvest. 

Execution times for most Sample 1 problems, 

involving 62 variables and 106 constraints, vary from 

261.46 to 266.03 CPU seconds on a VAX/VMS 11/780. Sample 1 

problems involving an increase in selling prices require an 

average execution time of 308.65 seconds. For Sample 2 

problems execution times are substantially reduced, varying 

from 42.42 to 61.86 seconds. The reduction results from a 

change in the nature of the problem and hence a change in 

the solution procedure utilized. Sample 1 problems are 

mixed-integer linear programs~ Sample 2 problems are 

ordinary linear programs. 

Analysis of Results 

In order to explore responses of 

growing-season (LGS) model to changes in 

factors, we consider the effects of 

the limited

environmental 

improved feed 



TABLE 2.9. OPTIHAL STRATEGY WITH ALTERED FEED CONVERSION RATIOS, UNLIHITED GROWIUG SEASON. 

PERIOD LENQTH POP.BEQ SURV.END I1AINT COST HARV.END SALES REV POP. END 
(WEEKS) (THOUSANDS) (THOUSANDS) (. FOR AVE POP) (PERCENT) (.) (THOUSANDS) 

1 8 69.99 67.24 684.81 0.00 0.00 67.24 
2 1 67.24 66.91 101.28 9. 42 264.62 60.61 
3 1 60.61 60.30 94.31 0.00 0.00 60.30 
4 1 60.30 59. 70 96.60 3.96 129.88 57 34 
5 1 57.34 56.76 94. 71 6.99 297.42 52.80 
6 1 52.80 52.27 89.31 0.00 0.00 52.27 
7 1 52.27 51. 75 90.50 6.38 349.90 48.45 
8 1 48.45 47.96 85.81 0.00 0.00 47.96 
9 1 47.96 47.48 86.86 8.60 579. 73 43. 40 

10 1 ~3.40 42.97 79.89 0.00 0.00 42.97 
11 1 42.97 42.54 80.37 0.00 0.00 42.54 
12 1 42.54 42. 11 80.42 7.97 584.22 38. 75 
13 1 38. 75 38.37 74.04 0.00 0.00 38.37 
14 1 38.37 37.98 73.68 0.00 0.00 37.98 
15 1 37.98 37.60 73.32 9.81 815.31 33.91 
16 1 33.91 33. 57 6546 0.00 0.00 33.57 
17 1 33.57 33.24 64.81 0.00 0.00 33.24 
18 1 33.24 32.91 63.83 0.00 0.00 32.91 
19 1 32.91 32.58 62.54 100.00 9382.63 0.00 

A. CONTRIBUTION PER WEEK IS $10121.20/26 OR $389.28. 

CONTRIB 
(CUf1 •• ) 

-824. 79 
-661. 46 
-755. 77 
-722.48 
-519.77 
-609. 08 
-349.68 
-435. 48 

57.39 
-22.50 

-102.87 
400.93 
326. 90 
253.22 
995.22 
929. 75 
864 94 
801. 11 

10121.20 A 

w 
OJ 



TABLE 2. 10. OPTIMAL STRATEGY WITH ALTERED MAXIMUM STOCKING WEIGHTS, UNLIMITED GROWING SEASON. 

,,~,:u 011 LEm;TH POP. SEe guRV.END MINT COST HARV. END SALES REV POP, END CON1RIB 
twfE.I(S) I TIiOL'SAND5) I TtlOU:SANDSI It fOR AVE POP) IPERCENT) (II I TliOUSAN[)S ) (CUM.~I 

1 8 til. 41 7E1.21 B~7.60 o 00 o 00 78 21 -'190 41 
2 713·21 77.132 129.50 9 08 290 92 7,) 75 -622 99 
3 70·7~ 70.39 123.5() o 00 o 00 7·) 39 -946 48 
4 70.39 b9.b9 1 ;?tl. 87 379 145. 10 b7 05 -9:30 .25 
5 b7.05 bb.3& 12tJ.76 6 BB 342.35 61 82 -710.66 
0 01.82 b1. 20 12-1.24 0.00 o. 00 bl 20 -840 91 
7 61. ~O bO.59 129.09 6 31 405.08 5b 76 -564.91 
03 5!>.70 56.20 124.82 o 00 0.00 50 20 -689 73 
9 56.~0 55.63 120.'60 100 00 7900. 16 o 00 7081. s;? A 

A. CONTRIBUTION PER WEEK IS $7081.82/16 OR t442.61. 

TABLE 2.11. OPTIMAL STRATEGY WITH ALTERED SELLING PRICES, UNLIMITED GROWING SEASON. 

PERIOD LENQTH POP.BEQ SURV.END MAINT COST HARV.END SALES REV POP. END CONTRlB 
(WEEKS) ( THOUSANDS) (THOUSANDS) (S FOR AVE POP) (PERCENT) (t) ( THOUSANDS) (CUtt •• ) 

1 B 69.99 67.24 711.57 0.00 000 67.24 -851.56 
2 1 67.24 66.91 111. 34 9.42 344.00 60.61 -61889 
3 1 60.61 60.30 105.79 0.00 0.00 60. 30 -724.69 
4 I 60 30 59. 70 110.40 3.96 ~~B.B5 57.34 -bbb.24 
5 1 57.34 56. 76 110.11 6.99 3B6.b4 52.80 -389. 71 
b 1 52.80 52.27 106. 12 0.00 0.00 52.27 -495.83 A 
7 1 52.27 51. 75 ItO.2b 100.00 7131.08 0.00 6524. 99 

A. CONTRIBUTION PER WEEK IS $6524.99/14 OR '466.07. 
W 
\0 



conversion ratios, increased maximum stocking weights and 

restructured selling prices on contribution per enclosure 

and SHR strategy. A comparison of Tables 2.3 and 2.4 

reveals the effects of improved feed conversion ratios: a 

small reduction in maintenance costs, a small increase in 

contribution per enclosure and no change in SHR strategy. 

Similarly, Tables 2.3 and 2.5 reveal the effects of 

increased maximum stocking weights. The results include 

substantial increases in stocking numbers, relative 

decreases in harvesting numbers, a substantial increase in 

contribution per enclosure and no change in the timing of 

partial or total harvests. Finally, Tables 2.3 and 2.7 

reveal the effects of restructured 

moderate increase in contribution per 

marked change in SHR strategy. 

selling prices: 

enclosure and 

a 

a 

We explore, too, responses of the unlimited-

growing-season (UGS) model to the same improved feed 

conversion ratios, increased maximum stocking weights and 

restructured selling prices. Tables 2.8, 2.9, 2.10 and 

2.11 reveal changes in contribution per enclosure per week 

and/or changes in SH strategy associated with each of the 

changes in environmental factors. 

For purposes of analysis we summarize these results 

in Table 2.12, using average contribution per enclosure per 

week. We include results obtained by resolving Sample 

Problem 2 with periods each four weeks in length. 



TABLE <. 12. AVERAQE CONTRIBUrION PER wEEK FOR VARIOUS SEASONS, FEED CONVERSION RATIOS, MAXIMUM 
STOCKING WEIGHTS, SELLING PRICES. 

LIMITED 36-WEEK GROWINQ SEASON 

PERIOD LENGTH: 4 WEEKS 

OPTIMAL AVERAGE 
CHANGE CY!;LE, WEEKS CONTRIBUTION/WEEK 

BASE 20, 16 $327.40 

IMPROVED FEED 
CONVERSION RATIOS 20, 16 $338.30 

INCRFAS£D MAXIMUM 
STOCKINQ WEIQHTS 20, 16 $383.26 

RESTRUCTURED 
SELLING PRICES 12, 12, 12 $357.80 

UNLIMITED GROWING SEASON 

eERIOu LENGTH: 4 WEEKS PERIOO LENGTH: 1 WEEK 

OPTIMAL AVERAGE OPTIMAL AVERAGE 
CHANGE CYCLE, WEEKS CONTRIBUTION/WEEK CYCLE, WEEKS CONTRIBUTION/WEEK 

BASE 16 .348. 78 16 .378.92 

IMPROVED FEED 
CONVERSION RATIOS 16 .357.89 26 .389.28 

INCRFAS~D MAXIMUM 
STOCKINQ WEIGHTS 16 .408.22 16 .442.61 

RES TRlK: TURED 
16 .359.57 SELLING PRICES 14 $466.07 

~ ,..., 
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In Table 2.12 we note that LGS average 

contributions per enclosure per week, hereafter average 

contributions, are consistently less than UGS average 

contributions, and UGS average contributions for the four

week-per-period model (UGS) are consistentl~ less than 
4 

those for the one-week-per-period model (UGS). Reasons 
I 

for the differences vary. Therefore we consider the cases 

one-by-one. 

Base Case 

The LGS-UGS difference is due simply to the 
4 

difference in seasons being modeled. Two "optimal" 16-week 

cycles could be scheduled for the limited 36-week season, 

with four weeks idle time. The resulting 36-week average 

contribution would be $3IB.B3, which is less than the 

contribution generated by the combination of a 20-week 

cycle ($3lB.3B) and a l6-week cycle ($348.78). 

The difference in average contributions for UGS 

and UGS is explained by the difference in length 
4 

of 
I 

periods modeled. With a finer partition of time there are 

increased opportunities for partial harvests, mitigating 

the effects of maximum stocking weights and making possible 

larger initial stockings. Observe that the UGS strategy 
4 

requires three SH activities while the UGS strategy 
1 

requires six. Comparison of strategies should include 

consideration of fixed costs. Although we consider labor a 
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fixed cost, optimal deployment of individuals in a 

multiple-enclosure system may become a problem in itself as 

the length of periods decreases and the number of periods 

and SH activities increases. A change in strategy which 

requires a level of activity in excess of "normal" may also 

require an increase in fixed costs. 

Improved-Feed-Conversion-Ratios Case 

Improvement in feed conversion ratios results in a 

substantial change in the UGS SH cycle while only slightly 
1 

increaSing all three average contributions. The increase in 

cycle time from 16 to 26 weeks may be somewhat misleading. 

The actual difference in average contribution between the 

optimal 26-week cycle and the near-optimal l6-week cycle is 

slight: $389.28 - $388.78. In any case the four-week-per

period specification precludes the possibility of a 26-week 

cycle in the LGS and UGS4 models. 

Increased-Maximum-Stocking-Weights Case 

The effects of an increase in maximum stocking 

weights are similar across models, with substantial 

increases in initial stocking numbers and the resulting 

increase of approximately 17% in average contribution. 

There are no changes in SH cycles. 

Restructured-SeIling-Prices Case 

Again the four-week-per-period specification of the 



44 

LGS and UGS models makes impossible the incorporation into 
4 

their schedules of the "optimal" 14-week cycle. The 12-

and 16-week cycles which surround it generate substantially 

less in average contribution with the UGS model: $396.53 
1 

and $497.81 respectively. This "peak" effect is caused by 

the uneven perturbation of selling prices, a condition not 

present in the cases above. In neither the improved-feed-

conversion-ratios case nor the increased-maximum-stocking-

weights case is the change in environmental factor a basic 

departure from the functional form originally assumed. In 

the restructured-selling-prices case we have a change in 

which the point of strongest impact is beyond the 

capability of the LGS and UGS models to capture. 
4 

Conclusions 

In this study we present a model which incorporates 

all of the major factors affecting production of aquatic 

animals. We describe a tested solution procedure which 

appears capable of handling problems of reasonable size. 

Our intent is to provide managers with a tool that will aid 

in decisions affecting production. Using sample problems 

we illustrate its use in guiding the development of 

contribution-maximizing stocking and harvesting strategies. 

While we do not model the choice of feed-type, we note that 

it can be examined simply by resolving the problem for each 

feed-type under consideration. 
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The model appears to have broad applicability. By 

modeling a variety of scenarios the benefits of proposed 

changes in technology become clear. Important areas in 

which knowledge is insufficient are brought into focus. 

There are elaborations of the model in the planning 

stage. One involves an extension to include the 

hatchery/nursery period in the production cycle. We have 

thus far modeled only the growout period. Another involves 

the incorporation of a transfer technology, allowing for 

the movement of animals to new enclosures in lieu of 

partial harvesting. 

The present solution procedure suffers several 

limitations. One obvious limitation is the relatively long 

time required to solve one problem. This may be alleviated 

in part by the development of a heuristic and the expanded 

use of the selective expansion and sieve strategies 

incorporated in Singhal's (1982) MILP code. A more rapid 

solution procedure may also make possible the solution of 

larger problems, specifically problems in which there is a 

finer partition of the time period being modeled. 

Nevertheless we believe that the model we present now is a 

first step in assisting managers of aquaculture systems to 

improve productivity. 



CHAPTER 3 

NEAR-OPTIMAL SOLUTIONS FOR LARGE-SCALE 
MIXED INTEGER PROBLEMS IN AQUACULTURE 

Introduction 

Mathematical modeling is a tool with demonstrated 

utility in the development of improved rearing technologies 

and strategies for managing aquaculture systems. 

earlier study we described a scheduling model 

In an 

which 

incorporated the major factors affecting production of 

aquatic animals. We considered a situation in which the 

manager of a single-species aquaculture system wished to 

know when and how many animals to stock initially, how many 

animals to harvest each period, and when to restock an 

enclosure in order to maximize his return. We illustrated 

the usefulness of the model in the development of stocking 

and harvesting strategies under a variety of essentially 

static conditions. We did not, however, attempt to develop 

an optimal strategy for a situation in which one of the 

environmental factors is changing during the period 

modeled. For example, we did not consider the situation in 

which selling prices vary with season as well as with 

animal weight. Such conditions obviously prevail in the 

real world. In this study we focus specifically on the 

changing environment. The resulting substantial increases 

46 
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in model size and time required for solution make necessary 

the development of new solution procedures as described 

herein. 

Again we consider a situation in which the manager 

of an aquaculture system wishes to find a production 

strategy which maximizes his return. He faces markets for 

animals of various weights. Prices are a function of 

animal weight, which in turn is affected by length of time 

in the system enclosure. 

total stocking weight. 

Survival rates vary with age and 

Finally, animals within an 

enclosure are required to be of the same type and age. 

We increase the realism of the situation by 

considering a 52-week period with seasonal variation in 

selling prices. The solution procedures described in the 

earlier study no longer suffice. We employ, instead, a 

heuristic and two solution strategies, selective expansion 

and sieve, in order to make this very-large-scale problem 

tractable. The result is a near-optimal, if not optimal, 

production strategy, achieved within a reasonable period of 

time. 

Model Description 

The system model consists of four parts: (1) 

stocking density constraints; 

(3) restocking constraints; 

We use the following notation: 

(2) harvesting constraints; 

and (4) objective function. 



a = 
j 

h = 
ij 

z = 
i 
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number of animals to be placed in enclosure at 

beginning of period j (decision variable). 

number of animals placed in enclosure at 

beginning of period j to be harvested at end of 

period i (decision variable). 

o if number of animals remaining in enclosure 

at end of period i-I is 0 (decision variable). 

- 1 if number of animals remaining in enclosure 

n = 

s = 
ij 

w = 
ij 

d = 
ij 

at end of period i-I is greater than 0 

(decision variable). 

number of periods modeled. Periods may vary in 

length. 

period i survival rate for animals placed in 

enclosure at beginning of period j. Note that 

where periods are defined to be one week (one 

month, etc.) in length, i-j+l represents age in 

weeks (months, etc.). Our assumption that 

entry age is 0 may be relaxed in the first 

period to allow initial stocking of older 

animals. 

w , and 

Subsequent adjustment of each s 
ij 

d associated with the initial 
ij ij 

stocking is required. 

period i weight per animal placed in enclosure 

at beginning of period j. 

period i maximum stocking weight per enclosure 

for animals placed in enclosure at beginning of 



r = 
ij 

c = 

v 

f 

k 

ij 

= 

= 

= 
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period j. 

period i revenue per animal placed in enclosure 

at beginning of 

marketing costs, 

period j. 

including 

r is net of 
ij 

packing and 

freezing, and will be ~ when no market exists 

for animals of weight w Note that the use 
ij 

of i and j enables incorporation of seasonal 

variation in selling prices. 

period i maintenance cost per animal placed in 

enclosure at beginning of period j. 

initial {seed} cost per animal placed in 

enclosure. 

fixed cost of total harvest. 

arbitrarily large constant. 

We also use the following recursive relation to describe 

population changes over time: 

p = s p - h 
ij ij i-l,j ij 

where i = 1, ••• ,n, j = 1, ••• ,n, i 2. j and, by 

definition, p = a . p represents the number of 
j-l,j j ij 

animals which were placed in the enclosure at the beginning 

of period j and remain in the enclosure at the end of 

period i. 

With this notation and recursive relation we 

describe the model: 

1. Stocking density constraints. For n periods there 



2. 

5~ 

are n(n+I)/2 constraints on the total weight of 

animals in the enclosure: 

w p .s. d 
ij i-l,j ij 

where i = l, ••• ,n, j = l, ••• ,n, and i L j. 

Harvesting constraints. For n periods there are 

n(n+l)/2 constraints on the number of animals 

removed from the enclosure: 

P L ~ 
ij 

wher~ i = l, ••• ,n, j ~ l, ••• ,n, and i L j. 

3. Restocking constraints. For n periods there are 

2(n-l) constraints which, together with the 

harvesting constraints, assure that animals are 

placed in the enclosure only when it is empty: 

i 

p - kz .s. ~ 
ij i+l 

j=l 

a - k(l - z ).s. ~ 
i+l i+l 

where i = l, ••• ,n-l. Note that these constraints 

in effect permit only one p in the above sum to 
ij 

be positive at any given time. 

4. Objective function. Subject to the constraints 

above and nonnegativity constraints a L ~ 
j 

and h L~' the objective function for n periods 
ij 

is: 
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n i 

max L L (r h - c p (s + 1)/2) 
ij ij ij i-l,j ij 

i=l j=l 

n n 

- v ~ a - f L (1 - z ) . 
j i 

j=l i=2 

The first term represents revenues from harvests less 

maintenance costs associated with the average animal 

population. The second and third terms represent initial 

investment in animals and fixed costs associated with total 

harvests respectively. 

Solution Procedure 

As previously stated, the manager of an aquaculture 

system wishes to find the optimal production strategy for a 

period of t weeks during which changes in environmental 

factors are forecast. He must partition the t weeks into n 

periods of equal or varying lengths and specify survival 

rates, animal weights, maximum stocking weights, selling 

prices, maintenance costs, seed cost and cost of total 

harvest. He seeks the stocking/harvesting/restocking (SHR) 

strategy which maximizes contribution per enclosure, 

subject to the constraints above. 

The either/or restocking constraints in essence 

preclude the simultaneous holding of animals of different 

ages in a single enclosure. Their inclusion makes this a 
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mixed-integer linear programming (MILP) problem which is 

solved using XMP, a hierarchically-structured library of 

subroutines developed by Marsten (1981), and a mixed 

integer code developed by Singhal (1982). A description of 

the solution procedure, using fixed-order branch-and-bound 

with selective expansion and sieve strategies, follows (see 

Figure 3.1): 

step 1. Initialize: UB, LE, E Using XMP, an initial 

global upper bound (UB) on the optimal solution is 

established by relaxing the integrality constraints 

on the z variables 
i 

programming (LP) problem. 

and solving the linear 

The initial lower bound 

(LB) is heuristically determined or set to - 00 • 

£ ~ [~,~ specifies the required closeness to 

optimality. 

step 2. Determine branching order. The branching order, 

once determined, is fixed. The branching variable 

is required to be the same for all nodes at a given 

level in the search tree. The z 
i 

from the (step I) relaxation 

values resulting 

determine the 

variable-level assignment. Under these conditions, 

Marsten and Morin (1978, 198~b) show by (i) 

incorporating in the MILP problem formulation the 

partial solution at a particular node, (ii) 

relaxing the integrality constraints, and (iii) 

formulating the dual of the relaxed MILP problem, 



-------.oj 

NO 

1-

INITIALIZE: 

2. 

UB, LB, E.. 

DETERMINE BRANCHING QRDER. 

3. 

SELECT LEVEL FOR EXPANSION. 

4. 

EXPAND K BEST NODES L LEVELS. 

5. 

MAKE RESOURC~ SPACE TOUR. 

6. 

UPDATE: UB, LB. 

STOP, 

FIGURE 3. 1. FLOWCHART OF SOLUTION PROCEDURE. 
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resulting set of dual constraints is 

all nodes at the level of the original 

node. Thus each dual feasible solution at a given 

level can be used in bounding tests on every node 

at that level, thereby increasing computational 

efficiency. 

Step 3. Select level for expansion. Initially that level 

is level~, the root of the search tree. 

Subsequently the level chosen for expansion is that 

level which contains the surviving node with the 

single largest upper bound. A "discounting" of 

upper bounds associated with nodes higher in the 

search tree may be used to encourage selection of 

lower levels with potentially better solutions. 

Step 4. Expand K best nodes L levels. In lieu of expanding 

all surviving nodes at each level in the search 

tree, K "best" nodes, at a selected (Step 3) level, 

are expanded L levels. The K "best" nodes are 

those with the largest upper bounds. By focusing 

on the "best" nodes and moving rapidly (L > 1) to 

lower levels in the search tree, we may eliminate 

and avoid expanding "bad" nodes at higher levels. 

Thus the error estimate is reduced more quickly. 

Step 5. Make a resource space tour. For a selected (step 

4) node in the search tree, the dual of the relaxed 

MILP problem at that node is solved. If the 
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resulting upper bound is less than or equal to LB, 

the node is eliminated. Parametric linear 

programming is next used to solve a series of such 

problems, one for each surviving node at the level 

of the original node. With each pivot a bounding 

test is performed on each surviving node. Nodes 

with associated upper bounds less than or equal to 

LB are eliminated. 

Near-optimal solutions may be found more 

quickly by using stronger-than-optimal bounds 

(Marsten and Morin 1980a, Singhal 1982). The 

modified bounding test is: eliminate a node if its 
s 

upper bound is less than or equal to LB(l + E. ) 
s 

where £ approaches 0 as we move lower in the 
s 

search tree. At the lowest level £ = 0. It is 

this gradual tightening of the bounding test that 
s 

gives rise to the term "sieve". E is chosen to 

eliminate a node if its upper bound exhibits a 

greater than average drop, where average drop is 

defined as the drop per remaining level in the 

search tree that would permit us to find an integer 

solution as good as the current LB. We can further 

modify the bounding test by utilizing a parameter, 

called the shrink rate, which controls the drop 

rate but permits a greater than average drop in 

upper bound before eliminating a nodeo Singhal 
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(1982) shows that in general the MILP solution is 
s s 

at least £ -optimal, where c is the sieve 
1 1 

value associated with level 1 in the search tree. A 
s 

solution which is £ -optimal lies between LB and 
s 1 

LB(l + ~ ) . 
1 

Update: UB, LB. If a feasible solution is found 

which is greater than LB, update LB and eliminate 

every surviving node which has an upper bound less 

than or equal to the new LB. Update UB by equating 

it to the larger of LB and the largest upper bound 

among the surviving nodes. 

step 7. Test for optimalitYa If (UB - LB)/UB ~ ~ , the 

required closeness to optimality is achieved. 

Stop. Otherwise, go to step 3. 

While this solution procedure incorporates several 

strategies designed to solve MILP problems more quickly, 

the real-world problems of interest remain too large to 

solve in a reasonable length of time. The model for 52 

one-week periods includes 2,858 constraints and 1,481 

structural variables, of which 51 are ~ - 1 variables. The 

required solution time would doubtless be measured in days 

rather than hours. Thus a heuristic is developed which 

appears to yield a good, though not necessarily optimal, 

solution to some "large" problems of interest. 
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Heuristic 

Table 3.1 provides an indication of the way in 

which CPU time on a VAX/VMS 11/780 increases with an 

increase in the number of constraints and/or the number of 

integer variables. While use of the selective expansion 

and sieve strategies shortens CPU times, the reduction 

clearly is not sufficient to enable solution of a 52-period 

production strategy problem in a reasonable length of time. 

The intractability of large real-world problems leads us 

away from the search for an optimal solution and toward the 

development of a heuristic which does not guarantee 

optimality but does appear to provide a good solution to 

the 52-period problem. We evaluate the heuristic by 

comparing its results with those of 1,000 randomly chosen 

strategies. The heuristic follows: 

Let 

Then 

where 

t = length of time, in weeks, for which 

production,is to be scheduled, 

m = minimum time, in weeks, required to produce 

a marketable animal, m < t, 

n = number of periods into which t weeks are 

to be partitioned, 1 < n < (t - m + 2). 

q = max( 8t - m)/(n - l)J , 1) 

[(t - m)/(n - 1)] denotes the largest integer less 

than or equal to (t - m)/(n - 1), and 
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TABLE 8. 1. CPU TIMES FOR VARIOUS PROBLEM FORMULATIONS. 

NUMBER OF: 

PERIODS, N 

CONSTRAINTS 

VAR II-,BLES, 
STRUCTURAL 

VARIABLES, 
Q - 1 

1A 

3 

5 

7 

9 

11 

8 

86 

51 

3.87 

7.24 

27.23 

1:20.89 

10 12 14 

128 178 236 

74 101 132 

CPU TIME'§ 

6.30 11. 11 19.37 

11.87 21.31 34.98 

46.83 1:25.02 2: 19.03 

2:47.52 4: 17.84 6:37.23 

9: 18.91 16:00.19 25: 17.28 

46:06.72 B 

18 B 

A. WHERE THE NUMBER OF INTEGER VARIABLES IS LESS THAN N - 1, 
1 HE REMAINDER HAVE BEEN SET TO 0 OR 1. 

B. CPU TIM£ EXCEEDED ONE HOUR. 
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(m - 1 + i) weeks 

q weeks each 

max«t-(m-l+i+(n-2)q»,9) weeks 

for i = l, ••• ,q, defines the partitions for q t-week MILP 

problems which are to be solved. Effectively the q 

partitions differ with respect to periods 1 and n. The 

remaining n - 2 periods of equal length represent a core 

which moves forward by one week with each new partition. 

Period 1 is initially equal in length to the minimum time 

required to produce a marketable animal. The next 

partition results in the addition of one week to period 1 

and the deletion of one week from period n, a "residual" 

period. The solution to each MILP problem consists of a 

sequence of t -week stocking/harvesting (SH) schedules, the 
i 

sum of which constitutes the overall t-week SHR strategy. 

Each t -week schedule is further partitioned into t one-

week 
i 

periods. 
i 

The associated z variables are set to 
i 

prevent restocking, and the resulting LP problem is solved. 

We choose as optimal the sequence of t -week schedules for 
i 

which the LP sum is greatest. Thus the solution to a very 

large MILP problem is approached through a series of 

smaller MILP and LP p(oblems. 

While use of the heuristic results in a reduction in 

problem size, the reduction may not be without cost. 

Partitioning a t-week period into fewer than t periods of 

length greater than one week affords fewer harvest and 
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partial-harvest opportunities than does the partitioning of 

t weeks into t one-week periods. Clearly the optimal SHR 

strategies may differ between partitions. In order to use 

to best advantage the reduced number of periods, we require 

period one to be at least as long as the minimum time 

required to produce a marketable animal. Neither harvest 

nor partial harvest can occur profitably in less time. The 

length of each of the next n - 2 periods is minimized, 

subject to the limitations: number of weeks to be 

scheduled, and size of problem, in periods, to be solved. 

Period n is assigned the weeks remaining. The lengthening, 

by one week, of period one with each new partition makes it 

possible for the first SH schedule to assume any length, 

from the minimum to the maximum number of weeks required to 

produce a marketable animal, depending on environmental 

conditions. In some instances this is true of the last SH 

schedule as well. Those schedules in between suffer the 

requirement that they must be multiples of q. 

Figure 3.2 illustrates the use of the heuristic. 

In it t weeks are partitioned into n periods (3.2a). 

Solution of the MILP problem results in a schedule of 

stockings, S, harvests, H, 
i i 

Each SH schedule is further 

and partial harvests, h. 
i 

partitioned into one-week 

periods (3.2b) • Solution of the LP problem results in a 

new schedule of partial harvests, h, while retaining the 
i 

original Sand H • 
i i 
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FIGURE 3.2. HEURISTIC PARTITIONS. 
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To evaluate the heuristic, we compare objective 

function values, or sums of LP objective function values, 

obtained using the heuristic with objective function values 

for 1,000 randomly generated strategies. Use of the 

heuristic results in four schedules and values: 

Harvest Weeks Objective Function Values 

14, 30, 52 $ 22,727 

16, 32, 52 22,388 

17, 33, 52 22,173 

19, 35, 52 21,844 

Figure 3.3 shows the distribution of objective function 

values for the randomly generated strategies. Table 3.2 

lists strategies with the ten greatest objective function 

values and their frequencies of occurrence in the random 

sample. The four "heuristic n objective function values 

rank among the ten greatest nrandom n objective function 

values, with the greatest heuristic value exceeding all 

those randomly generated. If we order the 1,543 possible 

52-week schedules by objective function values from 

greatest to least, the probability that at least one of the 

1,000 random values is among the top 1/2% or seven values 
1000 

is 1 - (.995) = .9933, while the probability that at 

least one is among the top 1/4% or three values is .9182. 

Thus we conclude that use of the heuristic has yielded a 

very good, 

examined. 

if not optimal, solution to the problem 

We can say little about the performance of the 
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FI~URE 3.3. DISTRIBUTION OF OBJECTIVE FUNCTION VALUES. 
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TABLE 3.2. TEN GREATEST RANDOM OBJECTIVE FUNCTION 
VALUES. 

OBJECTIVE FUNCTION 
HARVEST WEEKS VALUE FREGUENCY' 

14, 36, 52 $22,531 2 

16, 36, 52 22,215 4 

16, 35, 52 22, 198 2 

i 7, 36, 52 22, 195 8 

j 6, 38, 52 21,912 5 

20, 36, 52 21, 860 2 

19, 35, 52 21, 844 5 

22, 36, 52 21, 736 5 

22, 38, 52 21, 600 4 

16, 34. 52 21,457 6 
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heuristic with problems not examined. This is a limitation 

of empirical testing as a means of validation. However the 

problem examined exhibit.s no special characteristics which 

would distinguish it from others we wish to solve. Thus we 

use the heuristic, anticipating similar results. 

Sample Problems and Results 

We model a shrimp culture system using data we 

believe to be realistic. The desired output is a 52-week 

SHR strategy which maximizes contribution per enclosure. 

Table 3.3 provides a partial listing of input data, before 

modification made necessary by specific partitionings of 

the 52 weeks. There is no "seasonal" variation in survival 

rates, animal weights, stocking weights or maintenance 

costs. For example, maintenance costs for a ten-week 

animal in week l~, c , and a ten-week animal in week 

25, c 
25,16 

, 
l~,l 

are the same. There is ·seasonal" variation 

in revenue, or selling prices, however; r 
l~,l 

trend 

and r 
25,16 

line which are different. Table 3.3 includes a 

summarizes this variation. Initial variable cost per 

animal, v, is .B~2, and fixed cost of total harvest, f, is 

~. 

Data for use with the heuristic are: 

Length of time, in weeks, for which production 

is to be scheduled, t = 52. 

Minimum time, in weeks, required to produce a 



TABLE 3.3. INPUT DATA AND SEASONAL VARIATION TREND. 

S( 1.1) "'([·Il Dj 1.11 C i r'lI 

1 0.995 1. 934 309.000 1.030 
2 0.995 2.842 365.000 1. 100 
3 0.99"; 3. 797 419.000 1. 180 
4 0.995 4. 795 471.000 1.250 
5 0.995 5.832 520.000 1. 330 
6 0.995 6.905 567.000 1. 410 
7 0.995 9.011 611. 000 1. 490 
9 0.?95 9. 146 653.000 1.580 
9 0.995 10.306 693.000 1.660 

10 0.995 11.497 730.000 1.750 
11 0.990 12.686 765.000 1.840 
12 0.990 13.900 797.000 1. 930 
13 0.990 15. 125 927.000 2. 020 
14 0.990 16.357 955.000 2. 120 
15 0.?90 17.592 980.000 2.210 
16 O. ?90 19.927 903.000 2.300 
17 0.990 20.059 923.000 2.390 
19 0.990 21. 294 941. 000 2.470 
19 0.990 22.499 957.000 2.560 
20 0.990 23.697 970.000 2.040 
21 0.990 24.979 981. 000 2. 710 
22 0.990 26.039 999.000 2. 770 
23 0.990 27.173 995.000 2.830 
24 0.?90 29. 279 1000.000 2.890 
25 0.99,1 29.352 1000.000 2.910 
26 0.990 30.389 1000 000 2.930 
27 0.?90 31.387 1000.000 2.940 
29 0.990 32.342 1000.000 2.930 
29 O. ?9tJ 33.250 1000.000 2.900 
30 0.?90 34. 107 1000.000 2.860 

TRENO lINE: 

JAN r t::B HAR APR JUN JUL SEP 

JAN 1 
AGE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
19 
19 
20 
21 
22 
23 
24 
25 
26 
27 
29 
29 
30 

OCT 

R 

0.000 
0.01)0 
O.O·JO 
O. 000 
0.000 
0.000 
O. 000 
0.01)0 

42.000 
42.000 
55.000 
75.000 
75.000 

106.000 
100.000 
142.000 
142.000 
142.000 
174.0.)0 
174.000 
174.000 
221. 000 
221. 000 
221. 000 
221. 000 
289.000 

001)0 
0.000 
o 000 
0.000 

NOV DEC 0'1 
0'1 
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marketable animal, m = 9. 

Number of periods into which t weeks are to be 

partitioned, n = ll~ The choice of 11 periods 

appears to permit maximum modeling flexibility, 

subject to the requirement the we solve the problem 

in a reasonable length of time. 

q = max( [(52 - 9)/(11 - 1)] , 1) 

= 4 

and the four MILP problems to be solved are partitioned: 

MILP 
1 

MILP 
--2 

MILP 
--3 

MILP 
--4 

period 1 9 weeks 10 weeks 11 weeks 12 weeks 

periods 2, ••• ,10 4 

period 11 7 

4 

6 

4 

5 

4 

4 

The four problems are solved as three cases, 

demonstrating use of the selective expansion and sieve 

strategies described above. In the first case selective 

expansion is used with a single "best" node expanded one 

level with each iteration; i.e., K = 1 and L = 1. The 

second case differs from the first only in the number of 

levels each node is expanded with each iteration; 

i.e., K = 1 and L = 2. In the third case the sieve 

strategy is used with selective expansion; i.e., K = 1, 

L = 2, and sieve shrink rate is 2, where strength of bound 

varies inversely with shrink rate. Table 3.4 summarizes 

computational results for the three cases. 
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The solution to each MILP problem consists of a 

sequence of stockings and harvests, denoted in Table 3.4 by 

harvest weeks. Each schedule from Case 3 is further 

partitioned into one-week periods. The z terms, no longer 
i 

decision variables, are set equal to 1 to prevent 

restocking, and the resulting LP problem is solved. The LP 

objective function values are summed for each sequence, and 

the largest sum is the desired maximum contribution per 

enclosure. 

Specifically, for 

number of periods, n 

first week 

MILP 
1 

LP 
1 

17 

1 

we solve three LP problems: 

LP LP 
2 3 

16 19 

18 34 

Table 3.5 summarizes computational results for the four 

sequences. The largest sum, $ 25,771, is associated with 

the MILP sequence. 
4 

Tables 3.6, 3.7 and 3.8 present, in 

detail, the 52-week schedule of stockings, partial 

harvests, total harvests and restockings suggested by the 

solution to MILP • 
4 

Responses to changes in environmental factors can 

be examined quite easily. We illustrate with one example. 

Suppose it is possible, by modifying animal feed, to 

improve feed conversion ratios. There is a cost associated 

with the modification although the amount of the. cost is 

not known. For a specific improvement in feed conversion 

ratios, we wish to know the maximum additional cost that we 



TABLE 3.4. COMPUTATIONAL RESULTS FOR THREE MILP SOLUTION STRATEGIES. 

CASE 1 CASE 2 
NO SIEVEi K :II: 1. L - ! NO §IEvEi K 1. L. .. ~ 

CPU 
HARVEST OBJ FCN TIME HARVEST OBJ FCN 

HILP WE'EI{S VALUE MIN: SEC HILP WEEKS VALUE 

1 17. 33. 52 .23.100 6:10.63 1 17. 33. 52 .23.100 

2 26. 52 22.970 6:50.02 2 26. 52 22.970 

3 19. 35. 52 23.035 6:23.01 3 19, 35, 52 23,035 

4 16. 36. 52 23.436 6:00.10 4 16. 36. 52 23,436 

25:23.76 

CASE 3 
~IEVEi K::t.L-2 

CPU 
HARVEST OBJ FCN TIME 

.1ILP WEEKS VALUE HIN:SEC 

1 17. 33. 52 .23, 100 1:42.14 

2 22, 38, 52 22,723 1: 38.25 

3 19, 35, 52 23,035 1:39.53 

4 16, 36, 52 23,436 1: 31. 45 

6: 31. 37 

CPU 
TIME 

HIN:SEC 

4:13.52 

4:13.42 

4:01.24 

3:50.23 

16:18.41 

0'1 

"" 



TABLE 3. 5. COHPUTATIONAL RESULTS FOR FOUR LP SEGUENCES. 

MILP MILP 
-1 --2 

CPU 
OB..I FCN TIHE OB..I FCN 

kf' N VALUE MIN: SEC N VALUE 

1 17 $ 6.994 13.86 22 $ 9.442 

2 16 9.360 12.89 16 9.470 

3 19 ~ ~ 14 ~ 

.25.634 0:49.47 $25.163 

MILP 
!:!!!:f4 --3 

CPU 
OB..I FeN TIME OB..I FCN 

LP ~ ~~L.!.!E tnI'!!· BE~ N VALUE 

1 19 $ 7.988 22.85 16 $ 6.994 

2 16 9.421 12. 74 20 10.680 

3 17 ~ 12.53 16 .!!..m 
$25.506 0:48.12 $25.771 

CPU 
TIME 

MIN: SEC 

44.98 

14. 14 

~ 

1:08.72 

CPU 
TIME 

t1IN· §EC 

13.86 

23.46 

12.59 

0:49.91 

" ~ 



TABLE 3.b. OPTIHAL STRATEGY FOR WEEKS 1 TO lb. 

PERIOD LE"N01H POP.BEQ SURV.END "AINT COST 
(WEEKS. (THOUSANDS. (THOUSANDS. ,. FOR AVE POP. 

1 1 69.99 69.64 71. 91 
2 1 69.64 69.30 76.42 
3 1 69.30 68.9~ Bl.56 .. 1 68.9~ 68.60 8:1.97 
5 1 68.60 68.26 91.02 
6 1 68.:26 67.92 96.01 
7 1 67.92 67.58 100.95 
8 1 67.58 67.:24 106.51 
9 1 67.:24 66.91 111. 34 

10 1 60.61 60.30 105. 79 
11 1 60.30 ~9. 70 110.40 
12 1 ~7.34 56.76 110.11 
13 1 52.80 ~2.:27 106. 12 
14 1 5:2.27 51.75 110.26 
15 1 4B.45 47.96 106.53 
16 47.96 47.4B 109.76 

HARV.END SALES REV 
(PERCENTt ( .. 

0.00 000 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
9.4:2 281. 16 
0.00 0.00 
3.96 138.00 
6.99 316.01 
0.00 0.00 
6.38 393.64 
0.00 0.00 

100.00 7585.63 

POP. END 
(THOUSANDS. 

69.64 
69.30 
loB. 95 
68.60 
loB. 26 
67.92 
67.58 
67.24 
60.61 
60.30 
57.34 
52. SO 
52.27 
48.45 
47.96 
0.00 

CONTRIB 
4CUt1 •• ' 

-211. 90 
-28832 
-369 8S 
-455.85 
-546. 87 
-642.87 
-743.82 
-850. 33 
-680. 52 
-786.31 
-758. 71 
-552.81 
-658.93 
-375.55 
-482.09 
6993. 78 

-..J 
~ 



TABLE 3.7. QPTIHAL STRATEGV FOR WEEKS 17 TO 36. 

PERIOD LENQ1H POP.BEO SURV. END I1AINT COST 
(WEEI'.S) (THOUSANDS I ( THOUSANDS) (. FOR AVE POP) 

11 1 69.99 69.64 71.91 
19 1 69.64 69.30 76.42 
19 t 69.30 69.95 QI.56 
20 1 69.95 69. 60 U5.97 
al I 69.60 68.26 'It. 02 
22 1 69.26 67.92 96.01 
23 1 67.92 67. 58 100.9~ 
24 1 67. ~8 67.24 106.51 
2~ 1 67.24 66.91 111.34 
26 1 60.61 60.30 105. 79 
27 I 60.30 '9. 70 110.40 
29 1 '7.34 56. 76 110.11 
29 1 52.80 52.27 106. 12 
30 1 52.27 ~I. 75 110.26 
31 1 50.02 49. 52 110.00 
32 1 47.96 47.48 109. 76 
33 1 43. 40 42.97 103.21 
34 1 42. 97 42.54 105.60 
35 1 42.54 42. 11 108.35 
36 1 o 00 0.00 0.00 

HARV.END SALES REV 
(PERCENT) (t) 

0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
9.42 314.23 
0.00 0.00 
3.96 170.47 
6.99 390.36 
0.00 0.00 
3.33 240.09 
3. 15 237.63 
8.60 833.36 
0.00 o. 00 
0.00 0.00 

100.00 10533.45 
0.00 0.00 

POP. END 
(THOUSANDS I 

69.64 
69.30 
68.95 
68.60 
68.26 
67.92 
67.58 
67.24 
60.61 
60.30 
57.34 
52.BO 
52.27 
50 02 
47 96 
43.40 
42. 97 
42 S4 
000 
0.00 

CONTRIB 
(CUI1. t, 
-211.90 
-288. 32 
-369.98 
-4~'. 8~ 
-~46.B7 

-642.87 
-743.82 
-850. 33 
-647. 44 
-753.24 
-693. 16 
-412.91 
-519.03 
-389 20 
-261. 57 

462.03 
358.82 
:253.22 

10678. 32 
10678 33 

-.J 
N 



TABLE 3.8. OPTIMAL STRATEGY FOR WEEKS 37 TO 52. 

PERIOD LENGTH POP. BEG SURV.END MAINT COST 
(WEEtI,S) (THOUSANDS) (THOUSANDS) (f FOR AVE POP) 

37 1 69.99 69.64 71. 91 
38 1 69.64 69.30 76.42 
39 1 69.30 68.95 81. 56 
40 1 68.95 68.60 85.97 
41 1 68.60 68.26 91. 02 
42 68.26 67.92 96.01 
43 67.92 67.58 100.95 
44 67.58 67.24 lCl6. 51 
45 67.24 66.91 111. 34 
46 60.61 60.30 105. 79 
47 1 60.30 59.70 110.40 
48 1 57.34 56. 76 110.11 
49 1 52.80 52.27 106. 12 
50 1 52.27 51.75 110.26 
51 1 48.45 47.96 106.53 
52 1 47.96 47.48 109. 76 

HARV.END SALES REV 
(PERCENT) (f) 

0.00 0.00 
0.00 0.00 
0.00 0.00 
O. 00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
9.42 363.85 
0.00 0.00 
3.96 178.59 
6.99 408.95 
0.00 0.00 
6.38 437.38 
0.00 0.00 

100.00 8428.48 

POP. END 
( THOUSANDS) 

69. 64 
69.30 
68.95 
68. 60 
68.26 
67.92 
67.58 
67.24 
60.61 
60.30 
57.34 
52.80 
52.27 
48.45 
47.96 
0.00 

CONTRIB 
(CUM. f) 

-211. 90 
-288.32 
-369.88 
-455.85 
-546.87 
-642.87 
-743.82 
-850.33 
-597.83 
-703.62 
-635.43 
-336. 59 
-442. 71 
-115. 59 
-222. 13 
8096.59 

-....J 
W 
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can incur without adversely affecting the contribution per 

enclosure. The current series of feed conversion ratios 

may be 
2 

described by the equation, y = 1.982 + .~14x + 

o rlHB5x , where x represents age in weeks and y represents 

feed conversion ratio. The improved series may be 
2 

described: y = 1.982 + .~~98x + .~~123x Maintenance 

costs, c , are a product: weight gain by feed conversion 
ij 

ratio by unit feed cost. Therefore we can systematically 
* * 

vary the unit feed cost component of c 
ij 

the improved 

where c is 

c modified to reflect 
ij 

feed conversion 
ij 

ratios, and observe the effect on contribution. Table 3.9 

presents the results of our analysis. An increase of more 

than 12% will result in a deterioration in contribution 

per enclosure. 

Analysis of Results 

Problem size makes the use of a heuristic in the 

discovery of an optimal 52-week production strategy 

mandatory. The heuristic we develop appears to preserve 

the essence of the problem while making it tractablev 

Indeed it fares well when compared with a random process 

for generating production strategies. The "heuristic" 

solution obtained appears to be a very good one, if not 

optimal. However, the limitations of empirical validation 

are obvious. It is expensive in its use of computer timeo 

Generation and evaluation of l,~~~ random strategies 
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TABLE 3.9. EFFECT ON OBJECTIVE FUNCTION VALUE OF INCREASE 
IN FEED COST. 

HARVEST OBJ FCN 
MILP WEEKS VALUE 

( I ) FEED COST 1 i 7, 33, 52 $26, 184 
UNCHANGED 

2 '-;'1 c,/;. , 38, 52 25,758 

3 19, 35, 52 26,056 

4 16, 36, 52 26,322 

(II) FEED COST 1 SAME $25,959 
INCREASED 
5/~ 2 25,529 

3 25,831 

4 26,096 

<I I I) FEED COST 1 SAME $25,734 
INCREASED 
10/~ ..... 

25,302 e 

3 25,604 

4 25,870 

( IV) FEED COST t SAME $25,642 
INCREASED 
12~; 2 25,210 

3 25, 514 

4 25,780 

~ 
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required 13.98 CPU hours. Furthermore it provides little, 

if any, evidence relative to the performance of the 

heuristic with problems not tested. One can easily imagine 

input data exhibiting perverse behavior, e.g., selling 

prices with isolated spikes, such that no generalized 

heuristic could discover the optimal strategy. But that is 

not the nature of the data with which we are concerned. 

Lacking an analytic approach, such as worst-case analysis, 

to the evaluation of our heuristic, we must be satisfied 

with its empirical validation. 

Table 3.4 summarizes the computational results for 

three cases involving use of the selective expansion and 

sieve strategies with the heuristic. CPU time required for 

solution is reduced by nearly 36% with the increase in 

depth of expansion of nodes from one level to two levels. 

A further reduction of nearly 39% is achieved with use of 

the sieve strategy, resulting in a total reduction of 

n~arly 75% between Cases 1 and 3. This represents a very 

significant improvement in CPU time required to solve large 

MILP problems. 

intractable. 

Without it many such problems would remain 

It should be recalled, however, that use of 

the sieve strategy, in which stronger-than-optimal bounds 

are employed, may lead to near-optimal, rather than 

optimal, solutions. Table 3.4 illustrates this. In Cases 

1 and 2 the objective function value for MILP is $ 22,970. 
2 

In Case 3 the value declines by approximately 1% 
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to $ 22,723. Clearly a "good" node has been eliminated in 

error. Thus there is a tradeoff between the effort 

required for solution and the final error gap. 

As we consider CPU time required for solution we 

should comment on the size of the problem solved. The 11-

period MILP problems include 152 constraints and 87 

structural variables, of which ten are 0 - 1 variablese We 

can, however, choose to eliminate some of the integer 

variables, setting them equal to 0 or 1 and making the 

required adjustments to the constraints and the objective 

function. As evident in Table 3.1, this leads to a 

reduction in required CPU time. The CPU times reported in 

Tables 3.4 and 3.5 are shortened by the judicious setting 

of two of the ten 0 - 1 variables. Familiarity with the 

input data and behavior of the model might have justified 

the setting of others. 

A comparison of Tables 3.4 and 3.5 indicates that 

orderings of Table 3.4 MILP problems by objective function 

values and Table 3.5 sequences by sums of LP objective 

function values will result in identical hierarchies. If 

this were always true, we would need only to partition 

further the MILP schedule with the greatest objective 

function value. However, in general the orderings will not 

be the same. The increase in partial harvest opportunities 

that comes with finer partitioning often results in 

reversals. 
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An examination of Tables 3.6, 3.7 and 3.8 reveals a 

week during which the enclosure is empty, week 36. During 

that week maintenance costs would have exceeded any 

increase in revenue, and the holding of animals would have 

resulted in a decrease in contribution. The 52-week 

partition, consisting of one 12-week period and ten four

week periods, does not permit the restocking of animals in 

week 36. Thus the enclosure remains empty for that week. 

Realizing this limitation of the solution process we can 

resolve the MILP sequence of Table 3.5 for n = 16, 19, 17. 
4 

Doing so produces no change in the objective function 

value. Instead the enclosure remains empty during week 52. 

Table 3.9 illustrates use of the model for other 

than production scheduling decisions. The feed cost vs. 

feed- conversion- ratio analysis is only one of many 

analyses which can be undertaken with relatively little 

effort. The reduction in required solution time 

significantly increases the utility of the model for such 

purposes. Indeed it may be used to define goals for 

technological improvements by systematically varying the 

relevant environmental factors, comparing incremental 

benefits and costs, and invoking the appropriate criteria 

for undertaking technological changes. 

Conclusions 

In an earlier study we presented a model 
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incorporating the major factors affecting production of 

aquatic animals. With sample problems we illustrated its 

use in the development of contribution-maximizing stocking 

and harvesting strategies under a variety of essentially 

static conditions. In this study we consider the situation 

in which one environmental factor is changing during the 

period modeled. We expand the capabilities of the model, 

making possible the solution of large-scale problems which 

characterize the real world. We do so by means of a 

heuristic and two solution strategies, selective expansion 

and sieve. We illustrate the expanded capabilities by 

using the model to develop a contribution- maximizing 

stocking and harvesting strategy for a 52-week period 

during which selling prices are changing. Required 

solution time is reduced by nearly 75% with use of the 

solution strategies. 

We also illustrate, with a single example, use of 

the model in the examination of decision alternatives. One 

can easily imagine many production management situations in 

which similar analyses could be performed with little cost 

and substantial benefit. These remain to be explored. 

We 

tool in 

usefulness 

explored. 

have focused primarily on use of the model as a 

production planning. The question of its 

as a tool in production control remains to be 

While we have attempted to accommodate anticipated 
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changes in the environment, clearly changes may occur which 

are unanticipated. When such changes do occur, 

environmental factors must be respecified and the problem 

resolved as described in the earlier study. 



CHAPTER 4 

USING DECISION MODELS IN AQUACULTURE: 
DECISION AND PERFORMANCE CONTROL 

Introduction 

Decision models are used in managerial decision 

processes with increasing frequency. In two earlie~ 

studies we described a production decision model for use in 

aquaculture. We now consider the issue of control 

associated with its use. While management traditionally is 

concerned with the control of performance by individuals 

and processes, the use of decision models results in 

another level of control, namely control of the decision 

model itself. Dopuch, Birnberg and Demski (1967) note that 

when decision models are employed, management frequently is 

uncertain with respect to the appropriateness of the model 

and the estimates of input data critical to the use of the 

model, as well as the extent to which activities specified 

by the model are performed as prescribed. The traditional 

analysis of variance from expected performance often 

ignores important model inputs. In addition, it fails to 

allow for decision revision based on observed variances. 

These shortcomings limit its effectiveness in situations in 

which decision models are used. 

In this study we assume that our model is 

81 
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appropriate to the decision problem specification, and we 

focus our attention on uncertainties surrounding all model 

input data as well as the implementation of model-specified 

activities. We consider the adaptive behavior or decision 

revision which uncertainty makes necessary at the operating 

level and the concomitant need for management control. 

Itami (1977) presents a theoretical analysis of this 

behavior from the management control perspective. He 

designs a performance evaluation system which gives 

explicit consideration to the effects of environmental 

uncertainty and incorporates intraperiod adaptive behavior 

on behalf of the subordinate charged with operating 

authority. We present an empirical application of Itami's 

approach, with some modification, in a complex, real-world 

environment. We describe standards and illustrate their 

use as control devices. The implications of our results 

are, by nature, limited to the specific decision model 

used. Nevertheless, feasibility of this approach to 

performance evaluation is demonstrated, and the use of 

formal decision models in uncertain environments 

supported. 

Uncertainty, Adaptive Behavior and 
Performance Evaluation 

is 

Recognizing that the presence of uncertainty is a 

primary reason for the need for management control, we 
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examine the problem of incorporating adaptive behavior, 

also made necessary by uncertainty, into the management 

control system. There is a need to structure a performance 

evaluation system which recognizes environmental 

uncertainty and encourages appropriate adaptation. 

"Conformance to plan" without "adaptation of plan" is 

senseless in a changing environment. Demski (1967a, 1967b) 

extends the traditional standard cost variance analysis 

techniques in a partial attempt to consider adaptive 

behavior by a subordinate. Itami (1977, Ch. 4) presents a 

more complete attempt in a budgetary control setting. It 

is his system for which we provide a detailed application 

below, but first we review its development. 

The process of intraperiod adaptive behavior 

includes the determination of an ex ante operating plan for 

the time period, and the repetition, as necessary, of three 

steps: the implementation of this plan; the obtaining of 

information regarding the present environment; the revision 

of the ex ante plan, accordingly, for the remainder of the 

time period. For simplicity it is assumed that perfect 

information is obtained at a single point in time. Perfect 

implementation of plan is also assumed. The framework for 

the development of performance standards is that of a 

linear programming model with random parameters, and the ex 

ante plan is determined by solving the model with the 

random parameters replaced by their expected values. 
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Ex Ante standard 

For a given ex ante plan and level of adaptation to 

new information, the ex ante standard defined by Itami 

(1977, Ch. 4) is that level of performance expected, on 

average, from the subordinate with perfect implementation 

of the ex ante plan and appropriate adaptation to 

information on the realized values of random parameters. 

The ex ante standard communicates to the subordinate the 

level of adaptation considered acceptable by the superior. 

For an attainable level of adaptation, the ex ante standard 

appears consistent with Horngren's (1982, p.181) "currently 

attainable standard." 

Ex Post standard and Optimum 

Demski (1967a) proposes for use as an ex post 

standard, the level of performance which should have been 

achieved had the subordinate known with certainty, at the 

beginning of the period, the values of the random 

parameters which obtained. This "ex post optimum", 

consistent with Horngren's (1982, p.181) "perfection, ideal 

or theoretical standard," suffers reduced motivational 

impact. Instead, Itami (1977, Ch.4) suggests for use as an 

ex post standard, one which reflects for a given level of 

adaptation the level of performance which should have been 

achieved under realized conditions. Demski's (1967a) and 

Itami's ex post standards differ only in their levels of 
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Demski's requires perfect foresight. Itami's 

allows time for the obtaining of information on parameter 

values. 

Variance Analysis 

where 

Variances are defined as follows: 

Total Variance. (TV) = Adaptation Variance (AV) 

+ Forecast Error Variance (FEV) 

+ Uncertainty Variance (UV) 

AV = actual performance level - ex post standard, 

FEV = ex post standard - ex post optimum, 

UV = ex post optimum - ex ante standard. 

In the application below we examine the behavior of each of 

these variances and suggest a modification of the 

adaptation variance, AV. 

Application 

Consider a culture system which produces a single 

species of aquatic animal. For n periods the manager must 

decide when and how many animals to stock, harvest and 

restock, given multiple, interacting environmental factors. 

For example, markets exist for animals of various weights. 

Prices in these markets are a function of animal weight as 

well as seasonal supply and demand. The weight of an 

animal is affected by length of time in the system 

enclosure and type of feed. Animal maintenance cost varies 
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with growth rate and feed conversion ratio. Finally, 

survival rates vary with age and total stocking weight. 

The optimal production schedule or plan, then, is one which 

maximizes contribution per enclosure over n periods, 

subject to these and other environmental factors. 

The Model 

To simplify notation we use the following 

recursive relation to describe population changes over 

time: 

p = s p - h 
ij ij i-l,j ij 

where i=l, ••• ,n, j=l, ••• ,n, i 2 j and, by definition, 

p = a. p represents the number of animals which 
j-l,j j ij 

were placed in the enclosure at the beginning of period j 

and remain in the enclosure at the end of period i. In 

mathematical terms the mixed-integer linear programming 

(MILP) production decision model becomes: 

n i 

max L L (r h - c p (s + 1)/2) 
ij ij ij i-l,j ij 

i=l j=l 

n n 

- v L a - f L (1 - z ) 
j i 

j=l i=2 

subject to 

w p S. d 
ij i-I, j ij 

i=l, ••• ,n, j=l, ••• ,n, i2j, (4.1) 



where 

P 2 ~ 
ij 

i 

i=l, ••• ,n, j=l, ••• ,n, i2j, 

p - kz ~ ~ and 

j=l 

a 
i+l 

ij i+l 

- k(l -z ).s.~ 
i+l 

i=l, ••• ,n-l, 

a L~' h L~' z = ~ or I 
j ij i 
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(4.2) 

(4.3) 

a = number of animals to be placed in enclosure at 

beginning of period j (decision variable); 
j 

h = 
ij 

z = 
i 

number of animals placed in enclosure at 

beginning of period j to be harvested at end of 

period i (decision variable); 

~ if number of animals remaining in enclosure 

at end of period i-I is ~ (decision 

variable), 

= 1 if number of animals remaining in enclosure 

n = 

s = 
ij 

at end of period i-I is greater than ~ 

(decision variable); 

number of periods modeled. Periods may vary in 

length; 

period i survival rate for animals placed in 

enclosure at beginning of period j. Note that 

where periods are defined to be one week (one 

month, etc.) in length, i-j+l represents age in 



w = 
ij 

d = 
ij 

r = 
ij 

c = 
ij 
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weeks (months, etc.). Our assumption that 

entry age is 0 may be relaxed in the first 

period to allow initial stocking of older 

animals. Subsequent adjustment of each s , 

w , and d 
ij ij 

ij 
associated with the initial 

stocking is required. 

period i weight per animal placed in enclosure 

at beginning of period j~ 

period i maximum stocking weight per enclosure 

for animals placed in enclosure at beginning of 

period j. These weights are computed by 

multiplying maximum densities (experimentally 

determined weights/square unit of surface area) 

by surface area of enclosure; 

period i revenue per animal placed in enclosure 

at beginning of period j. r is net of 
ij 

marketing costs, including packing 

and freezing, and will be 0 when no market 

exists for animals of weight w Note that 
ij 

the use of i and j enables incorporation of 

seasonal variation in selling prices; 

period i maintenance cost per animal placed in 

enclosure at beginning of period j. Feed costs 

per animal are computed by multiplying feed 

quantities (weight gains multiplied by feed 

conversion ratios) by unit feed costs; 
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v = initial (seed) cost per animal placed in 

f 

k 

= 
= 

enclosure; 

fixed cost of total harvest; 

arbitrarily large constant; 

limit, 

Constraints (4.1), stocking density constraints, 

during period i, the total weight of period j 

animals in the enclosure. Above these limits, growth and 

survival rates of animals d~crease significantly. For n 

periods there will be n(n+l)/2 stocking density 

constr a ints. . 

Constraints (4.2), harvesting constraints, assure 

that the number of animals removed from the enclosure does 

not exceed the number of survivors. Recall that a 

percentage of animals placed in the enclosure at the 

beginning of period j survive period i. At the end of 

period i, none, some or all of the surviving animals may 

be harvested. For n periods there will be n(n+l)/2 

harvesting constraints. 

Constraints (4.3), restocking constraints, in 

concert with harvesting constraints, assure that animals 

are placed in the enclosure only when it is empty. 

Effectively these constraints permit only one p in the 
ij 

above sum to positive at any given time. For n periods 

there will be 2(n-l) restocking constraints. 

As indicated, the production .manager wishes to 

maximize contribution per enclosure over n periods. The 
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first term of the objective function represents revenue 

from harvests less maintenance costs associated with the 

average animal population. The second and third terms 

represent initial investment in animals and fixed costs 

associated with total harvests respectively. 

Control in the Absence of Uncertainty 

Before we consider uncertainty, let us assume its 

absence with respect to the input data; that is, survival 

rates, growth rates (animal weights), maximum stocking 

weights, selling prices (revenues) and maintenance costs 

are known with certainty. Even allowing for imperfect 

implementation, this is our simplest management control 

setting. A manager delegates responsibility for 

implementation of the production schedule to a foreman. 

The manager is able to measure output and profit, thereby 

detecting deviations in the foreman's implementation of the 

schedule. 

In the absence of uncertainty, the control problem 

is simple. Consider a total of 52 one-week periods for 

which the manager wishes to maximize contribution. For the 

input data shown in Table 4.1, solution of the production 

decision model yields the "optimal" schedules shown in 

Tables 4.2, 4.3 and 4.4. An initial stocking of 67.00 

thousand animals at the beginning of week (period) 1 is to 

be followed by partial harvests of 3.24 thousand, 5.13 



TABLE 4. 1. INPUT DATA AND SEASONAL VARIATION TREND. 

"jI\N 1 
8(1." WillA' DIl·J.! Ci I'll Age: R 

1 0.995 1.977 309.000 1. 080 1 o 000 
2 0.995 2. 930 365.000 1. 160 2 0.000 
3 0.995 3. 933 419.000 1. 240 3 O. 000 
4 0.99:; 4 980 471.000 1.320 4 0.000 
5 0.995 6.070 520.000 1.400 5 0.000 
6 0.995 7. 197 567.000 1.480 6 0.000 
7 0.995 8 358 611.000 1.570 7 0.000 
9 0.995 9. 549 653.000 1.660 8 0.000 
9 0995 10. 767 693.000 1. 750 9 42.000 

10 0.995 12.007 730.000 1.840 10 55.000 
11 0.990 13. 267 765.000 1.930 11 55.000 
12 0.990 14.541 797.000 2.030 12 75.000 
13 0.990 15.827 827.000 2.130 13 106.000 
14 0.990 17 121 955.000 2.220 14 106.000 
15 0.990 18 418 880.000 2.320 15 106.000 
16 0.'190 19 715 903.000 2. 410 16 142. 000 
17 0.990 21 008 923.000 2 ~HO 17 142.000 
18 0.990 22.294 941. 000 2."00 19 174000 
19 0990 23. 569 957.000 2.690 19 174.000 
20 0.990 24.82B 970.000 2. 770 20 174.000 
21 0.990 26 06B 981. 000 2.B40 21 221.000 
22 o 9911 27.2B6 989.000 2.910 22 221.000 
23 0.990 28 47B 995.000 2.970 23 221 000 
24 0.990 29.639 1000.000 3.020 24 221. 000 
25 0.990 30. 766 1000.000 3.060 25 ·.2BB. 000 
26 0.990 31 B55 1000.000 3.080 26 0.000 
27 0.990 32 903 1000. 000 3.090 27 0.000 
29 0990 33.905 1000.000 a.OBO 28 0.000 
29 o 99\) 34 B58 1000.000 3. 050 29 0.000 
30 0.990 35. 758 1000.000 3.000 30 ·0.000 

TREN(l liNE: 

, I 

JAN Ft::8 HAR APR HAV JUN JUL AUG SEP OCT NOV DEC 
\0 ..... 



TABLE 4.2. OPTIMAL (EX ANTE) STRATEGV FOR WE£KS 1 TO lB. A 

PERIOD LENGTH POP.llLG SUHV.E"NIl MAINT COST HARV.END 
(Wt::EKS) ( TH(jU5AI~DS ) (THOUSANDS) ,. FOR AVE. POP) IPERCENT) 

07 00 bb 6b 72. HI o 00 
;;: bb bt> be. :J3 77 13 o 00 
3 ob 3:1 ot. 00 8204 0.00 
4 toto. 00 65.t.7 96 90 o 00 
:;, 6:' t.1 65 34 91 70 a 00 
t. 6:' 34 65 01 96 46 a 00 
7 65 01 64 69 101 Bl o 00 
9 601 69 64.36 107 11 a 00 
9 64 :J6 64 04 112 35 5 06 

10 60 1:10 60 49 111 59 B. 48 
II 55 3b 54.BI 106 32 0.00 
12 1 54 81 54 26 110 71 3. 70 
13 t ~2 2~ 51 73 110.74 3. 46 
14 1 49. 94 49 44 110 31 6 42 
15 t 46 ~7 45 80 lOb 80 o 00 
16 1 45 80 45 34 109.83 5. 98 
17 1 42 64 4;! ;!1 106. 48 0.00 
18 1 4~ ~l 41 79 109 19 100 00 

A. GROwTH RATE: FIGURE 4.1 (8), 

SALES REV 
I.) 

0.00 
0.00 
0.00 
a 00 
o 00 
a 00 
o 00 
a 00 

144 75 
299.77 

0.00 
160 17 
201 74 
37B 49 

o 00 
432.87 

0.00 
8179.92 

POP. END 
I THOUSANDS) 

66 6t. 
66 33 
6b 00 
65. 67 
65 34 
65 01 
64 69 
64 36 
60 90 
55. 36 
54 Bl 
5~ 25 
49 94 
4b 27 
45 80 
42 64 
42 ;!1 
o 00 

CONTRIB 
IClIH .•• 

-20b 17 
-~'B.J. 30 
-::165 J!l 
-4~~ ~4 

-:'43 95 
-040 41 
-742 2~ 
-B49 33 
-816 94 
-628 70 
-73:'> OB 
-b85 b~ 
-59461 
-326 43 
-433 23 
-110 20 
-216 67 
7854 05 

~ 
N 



TABLE 4.3. OPTIMAL (EI( ANTE) STRATEG\' FOR WEEKS 19 TO 34.
A 

PErdOD LENGTIi POP.DEG 5UIW.END MAINT COST HARV.ENO 
(WI:.EI\SI (THOUSANDS) (THLlU5ANOS) 'S FOR AVE POP) IPE.RC~NTI 

19 67 00 66 b6 72 18 o 00 
.24) 6b to6 66 33 77 13 0.00 
.21 b6 33 66 00 82 04 o 00 
22 bb 00 65 67 86 90 o 00 
n 65 67 b5 34 91 '/0 O. 00 
24 be. 34 65 01 9b ~b o 00 
25 b5 01 LA 69 101 81 o 00 
1e 64 b9 64 36 107 II o 00 
2' 64 3b 64 04 112 35 5 06 
;:13 60 80 60 49 111. 59 8. 48 
2-'/ 55 36 54 til lOb 32 o 00 
).: 54 BI 5 .. 26 110 71 3 70 
::\ ~2 25 51 ·'3 110.74 9 bb 
~2 46 73 4b 27 103 23 o 00 
)J 46 2., 45 BO lOb. 80 0.00 
.:i4 45 90 45 34 109. 83 100.00 

A. GrlOWTH RATE: FIGURE 4. 1 (B ). 

SALES REV POP.ENO 
Itl 'THOUSANDS I 

O. 00 66 b6 
0.00 66. 33 
o 00 66 00 
o. 00 65 67 
0.00 65 34 
o 00 6~ 01 
o 00 64 69 
o 00 64 3b 

178 81 60 80 
370 30 55 36 

0.00 54 81 
197 86 52.25 
761 46 4b 73 

o 00 46 27 
o 00 45 BCI 

9256 18 o 00 

CilN1R1B 
ICUH.$; 

-20b 17 
-283 30 
-365 35 
-4:'..! .2~ 

-543 'is 
-640 41 
-742 22 
-tN9 33 
-"182 BB 
-5~4 1"'P 
-630 48 
-543 34 

t07 3f:1 
4 Io!> 

-102. b4 
""043 7\ 

'" w 



TABLE 4 4. 
A 

OPTIHAL (EX ANTE) STRATEGV FOR WE£KS 35 TO 52. 

PERIOD LENC.TH POP. DU. 5URV.ENIl I'IAINT COST HAr.V.END 
I W!:"EI\S I I TUuUSANOS I ITHllUSANOS I 's FOR AVE POPI (PERCENrl 

]5 b7 00 be 06 n.18 0.00 
Jo I b6 bb 66 33 77. 13 O. 00 
37 1 bb 33 be, 00 82 04 0.00 
]13 I bb 00 b5 b7 8b.'i0 0.00 
]9 1 b::' 67 b::' :14 91 70 o 00 
10) I b5 34 65 01 9b 46 o 00 

011 I b:; 01 b4 09 101 81 a 00 
01.1 I b4 b9 b4 3b 107 II o 00 
013 I b4 36 b4 04 112 35 5. Ot. 
.j.j 1 60 80 bO 49 111 59 8.48 
4'5 1 ~5 )6 5·1 81 lOt. J2 o 00 
4 .. 1 ~4 81 54 2b 110 71 3 70 
47 1 5..! ;,,!::> 51 73 llv 74 9 bo 
old I 46 13 tit.. ~7 103 23 o 00 
-19 ~b 27 4~. eo lOb 80 0.00 
'5,) 45 80 4'3 34 10'i.83 5 98 
51 42 04 4' ~). 

~ ~ . 106 48 o 00 
S' ~ .Q~ 21 41 79 109 19 100 00 

A. GROlolTH RATE: FIGURE 4.1 (0), 

SALES REV PO~.END 
'S) <THOUSANDS I 

o 00 be, bo 
o 00 bo 33 
0.00 bo 00 
o 00 bS.b7 
o 00 bo;, 34 
o 00 b~ IH 
o 00 b4 69 
o 00 b4 3b 

187 32 60 80 
387 93 55.3b 

o 00 54 81 
207 28 52 25 
728 35 40 73 

o 00 40 27 
o 00 45 80 

4E10.9b 42 b4 
V 00 42 21 

9088.1:10 a 00 

CONTRIB 
ICUH.S; 

-2uo 17 
-283 Jo) 
-305 35 
-4::'2 ;!4 
-:;43 95 
-bolO 41 
-74~ f.'~ 

-849 :'13 
-774 ~c. 

-498 li2 
-004 34 
-:;07 77 

10'1 84 
., 01 

-100) Ie 
270 901 
leA .p 

9144 0 7 

\0 
~ 
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thousand, 2.~1 thousand, 1.79 thousand, 3.17 thousand and 

2.7~ thousand animals at the end of weeks 9, l~, 12, 13, 14 

and 16 respectively. A total harvest of 41.79 surviving 

animals is scheduled for the end of week 18, with 

restocking scheduled to occur at the beginning of week 19. 

Standard maintenance (feed) quantities, in kilograms, for 

each week may be determined by dividing maintenance costs 

by $~.6~, the standard cost per kilogram of feed. The task 

of the foreman, then, is to stock, feed, harvest and 

restock animals according to this schedule. Deviations in 

implementation may be assessed by means of traditional 

variance analysis techniques. 

The actual solution 

detail in the second study. 

procedure is described in 

The model for 52 one-week 

periods would include 2,858 constraints, 1,481 structural 

variables, of which 51 would be ~ - 1 variables, and 78,749 

non-zero elements. Its solution would require days of CPU 

time. Therefore a heuristic is developed and used which 

appears to yield a good, though not necessarily optimal, 

solution to the otherwise intractable problem. Hereafter 

noptimal n shall be read "near optimal or optimal n
• The 

much-reduced problem which ultimately is solved includes 

152 constraints, 87 structural variables, of which l~ are ~ 

- 1 variables, and 1,175 non-zero elements. 
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Control in the Presence of Uncertainty 

We now introduce uncertainty with respect to the 

input data~ Furthermore we assume that sometime during the 

52 weeks modeled, the uncertainty will be resolved; that 

is, we assume that the foreman will obtain perfect 

information about the input data in question. When that 

information is obtained, the production schedule will be 

revised appropriately. Even with the assumption of perfect 

implementation our management control setting is no longer 

simple. How can the manager motivate the foreman to seek 

information about the uncertain input data and revise the 

schedule to maximize contribution, prior to the end of the 

52 weeks? 

Specifically, the setting 'may be described as 

follows: 

1. At the beginning of week 1, there is uncertainty 

2. 

3. 

with respect to some of the input data. Between 

the beginning of week 1 and the end of week 

52, the foreman can obtain perfect information 

with respect to the actual input data values, 

eliminating all uncertainty. 

Prior to the foreman's obtaining information, the 

ex ante production schedule, the 52-week 

production schedule determined at the beginning 

of week 1, prescribes activities. 

Once the foreman obtains information, the 
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production schedule is revised appropriately. 

Thereafter the new production schedule, determined 

to maximize contribution given the now-certain 

input data values, prescribes activities. 

Several observations may be made before we consider 

specific input data and related uncertainties. Recall that 

we assume that all information with respect to uncertain 

input data is obtained at a single point in time. 

Realistically it may be obtained over a period of time, 

making necessary several production-schedule revisions. 

Incorporation of multiple revisions appears to be a logical 

extension of the present analysis, though perhaps a non

trivial one. Second, we postulate behavior by the foreman 

which falls between the extremes of complete adaptation and 

no adaptation. Complete adaptation corresponds to perfect 

foresight; that is, all input data values are known by the 

foreman with certainty at the beginning of week 1, and the 

production schedule is revised immediately. The opposite 

extreme is represented by no adaptation; that is, the 

foreman simply implements the ex ante schedule, failing to 

obtain information, during the 52 weeks, with respect to 

the uncertain input data. While we postulate behavior 

between these extremes, we observe that the ability of the 

foreman to adapt to new information is expected to decrease 

as time passes. Itami (1977, Ch. 3, Appendix) provides 

proof of this relationship in a linear programming 
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framework. Intuitively, there is less room for correction. 

Mathematically, the objective function and all constraint 

sets are affected by the implemented portion of the ex ante 

schedule and by the length of time remaining. 

Input Data 

We now consider the input data and uncertainties 

surrounding the data. We assume that the ability of the 

manager or the foreman to control or alter the 

characteristics of the animal survival rates, weights or 

growth rates, maximum stocking weights, revenues or selling 

prices, and maintenance costs is limited. Of greater 

importance is the ability to characterize the behavior of 

the data and to do so sooner rather than later. The extent 

to which this is practicable varies with the data set. 

In the application described below, the week-by

week survival rates yield an overall rate ( T1 s, ,> which 
1J 

varies inversely with age. Survival rates appear to depend 

primarily on genetic characteristics and culture system 

conditions (Morita 1977, Shang 1981). Clearly, attempts at 

genetic alteration are not expected to be undertaken by 

either the manager or the foreman. Neither is the foreman 

expected to alter the maximum stocking weight, one of the 

culture system conditions known to affect survival rates. 

Instead he may reasonably be expected to monitor the 

survival rate by means of a simple counting procedure and 
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to revise the production schedule when appropriate. 

Growth rates, too, depend primarily on genetics and 

culture system conditions. Maximum stocking weight and 

type of feed affect animal weight, as does length of time 

spent in the culture system enclosure. The growth pattern 

assumed below is sigmoidal (Broom 1971). Animals are 

expected to grow slowly initially, then to experience a 

period of more rapid growth before tapering off in 

maturity. The rate of growth in each phase, however, is 

uncertain. The need to monitor the growth rate closely, 

perhaps employing an existing estimation model (Huang, Wang 

Fujimura 1976), is clear. 

Maximum stocking weight, above which survival and 

growth rates 

experimentally 

decreasing rate 

decrease significantly, is determined 

to increase as age increases though at a 

(stamp 1978). Though there may be 

uncertainty as to the precise critical values, it cannot be 

resolved through simple observation by the foreman. 

Selling prices, which vary with animal weight and 

seasonal supply and demand factors, obviously will be 

surrounded by uncertainty. The manager, in this case, may 

be in the best position to monitor and to revise the 

production schedule appropriately. Uneven perturbations, 

rather than overall increases or decreases in selling 

prices, are more likely to result in modified stocking and 

harvesting activities. 
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Total malntenance costs are affected by growth

rate- determined weight gains, feed conversion ratios and 

feed costs. While experimentally-determined feed 

conversion ratios are not necessarily within the limits of 

the foreman's control, feed costs are easily monitored. 

Uncertainty with respect to total maintenance cost remains, 

however, due to the growth-rate factor discussed above. 

Clearly there is substantial unoertainty 

surrounding our input data. Some of it can be resolved 

with monitoring by the manager and/or the foreman; some of 

it cannot be resolved by either. It should also be clear 

that the impact of uncertainty on the production schedule 

will vary with the specific setting. Sensitivity analyses 

may reveal which input data sets are most important for 

control purposes. In the application which follows, we 

focus on the uncertainty surrounding the growth rate which 

affects three of the five input data sets: animal weights, 

revenues and maintenance costs. We assume that all other 

input data are known with certainty. 

Ex Ante Schedule 

We examine Itami's (1977, Ch. 4) performance 

evaluation system, designed, as stated above, to motivate 

adaptive behavior by a subordinate, the foreman, desired by 

a superior, the manager. In order to simplify the control 

setting, we assume that the actual growth rate is 
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sufficiently close to one of the four growth rates 

described in Figure 4.1 to be so characterized. The ex 

ante production schedule (plan) is based on the manager's 

expectation that growth rate (b) in Figure 4.1 will be 

realized. Should growth rate (c) or (d) be realized, 

animals would be understocked and overfed. Should growth 

rate (a) be realized, however, animals would be overstocked 

and underfed. The cost of overstocking and underfeeding is 

assumed to exceed the cost of understocking and 

overfeeding, favoring the latter for planning purposes. 

The complete set of input data and the 52-week production 

schedule are shown in Tables 4.1, 4.2, 4.3 and 4.4. This 

schedule is to be implemented by the foreman until such 

time as he obtains perfect information, enabling him to 

know the actual growth rate with certainty and to revise 

the production schedule appropriately. 

Ex Ante Standard 

The ex ante standard reflects the manager's desire 

that the foreman obtain information and revise the 

schedule, if necessary, by the end of week 13. It 

represents the level of performance expected, on average, 

given appropriate week-13 adjustment for the actual growth 

rate. Table 4.5 shows the revised schedules and resulting 

contributions for each of the four growth rates. The 

average of these is the ex ante standard, $25,999.59. Note 



WEEK 

(A) Y = 1.07700 + O. 91410X 

(B) Y = 1.07700 + 0.87255X 

(C) Y = 1.07700 + 0.83100X 

(D) Y ::. 1.07"/00 + O. 78945X 

FIGUR~ 4. 1. GROWTH RATES. 

+ 0.02970X 2 

+ 0.02835X
2 

+ O.02700X
2 

+ 0.02565X
2 

(A) 

< B) 

(C) 

(D) 

- 0.00066X
3 

- O.OO063X
3 

- O. 00060X
3 

- 0.00057X
3 
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TABLE 4.5. REVISED STRATEGIES AND CONTRIBUTIONS FOR VARIOUS GROWTH RATES. 

STOCKINGI 
GROWTH RESTOCKING 

PARTIAL 
HARVEST 

WEEKS RATE WEEKS 

(A) 1 

(B) 

(C) 

(D) 

14 

16 

36 

1 

14 

19 

35 

1 

14 

17 

37 

, 1 

14 

15 

39 

9. 10. 12 

14 

23, 25, 26, 27. 
28, 30. 31. 32 

43. 45. 46. 48. 50 

9. 10. 12 

14. 16 

27. 28. 30. 31 

43. 44. 46. 47. 50 

9. 10. 12 

14 

25. 27. ~1J. 30. 
31. 32 

45. 47. 48. 50 

9. 10. 12 

23. 25. 27. 28. 
31. 34 

47. 49. 51 

TOTAL 
HARVEST 

WEEKS 

13 A 

15 

35 

52 

13 A 

18 

34 

CONTRIBUTION 

$ (594.61) 

7.201.60 

12.333.77 

9. 182. 71 

• (594.61) 

8.448.66 

9.043.71 

$28.123.47 

9.144,07 .26.041.83 

• (724.47)B 

7.382.42 

10.678.33 

8.096.59 

(767. 18) B 

5.796.03 

12.806.40 

6.564.93 

.25.432.87 

.24.400.18 

1~3 

A. THERE IS NO HARVEST AT THE END OF WEEK 13. THIS DIVISION IS USED TO 
INDICATE CONTRIBUTION AT THE TIME OF SCHEDULE REVISION DUE TO DISCOVERY 
OF THE ACTUAL GROWTH RATE. 

B. THE EX AN1E SCHEDULE. TABLE 4.2 .• INDICATES A CONTRIBUTION OF. (594,61) 
AT THE END OF WEEK 13. THIS FIGURE MUST BE REVISED TO REFLECT THE SALE 
OF ANIMALS LARGER OR SMALL~R THAN EXPECTED, DUE TO DIFFERENCES BETWEEN 
ACTUAL AND EXPECTED QROWTH RATES. 

C. THERE WILL BE WEEKS WITH NO ACTIVITY SCHEDULED, DUE TO A PERIODIC 
FLATTENING OF SELLING PRICES WHILE TOTAL MAINTENANCE COSTS ARE INCREASIN~ 
THE HOLDING OF ANIMALS DURING THESE TIMES WOULD RESULT IN DECREASES IN 
CONTR I6UTION. 
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that the schedules are labeled to be consistent with the 

growth rates in Figure 4.1. Schedule (a), for example, 

reflects growth rate (b), of the ex ante schedule, for 

weeks 1 through 13, and growth rate (a) for the remainder 

of the 52 weeks. 

Table 4.6 confirms our expectation that as the ex 

ante standard, set by the manager, increases, adaptive 

behavior by the foreman becomes more difficult. For actual 

growth rates (a), (c) and (d), the pre-information period 

decreases from 18 weeks to 0 weeks as the ex ante standard, 

the contribution for 52 weeks, increases. For actual 

growth rate (b), no revision is required; contribution is 

unaffected. 

Tables 4.5 and 4.6 reflect our assumption that 

adaptation (revision) will occur no later than week 18. 

The ex ante production schedule prescribes a week-18 total 

harvest. If it is implemented without adaptation, the 

actual growth rate will be revealed at that time. 

Revision, therefore, must take place by the end of week 18. 

Ex Post Standard and Optimum 

The ex post standard reflects the level of 

performance which should have been achieved during the 52 

weeks by the foreman with week-13 adaptation to the actual 

growth rate. For an actual growth rate of (c) in Figure 

4.1, the ex post standard would be $25,432.87 (see Table 
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TABLE 4. 6. EX ANTE STANDARDS AND REVISION WEEKS FOR VARIOUS GROWTH RATES. 

WEE", OF GROWTH RATE A EX ANTE 
REVISIm~ (A) (B) (C) (D) STANDARD 

0 .28,259.64 $26,041. 83 $25,768.70 $25,056.13 $26,281. 58 

8 28,139.67 26,041.83 25,646.49 24,802.59 26,157.65 

13 B 
26,041.83 C C 28,123.47 25,432.87 24,400.18 25,999.59 

18 27,602.38 B 26,041.83 23,755.21 
C 

23,925.84 
C 

25,331.32 

A. DURING WEEKS PRIOR TO REVISION, THE EX ANTE SCHEDULE, REFLECTING 
GROWTH RATE (B), IS IN EFFECT. FOR WEEKS FOLLOWING REVISION, THE 
INDICATED SCHEDULE IS IN, EFFECT. I 

S. THESE FIGURES HAY BE OVERSTATED. FOR WEEKS 9 THROUGH 13 (9 THROUGH 18) 
EX ANTE POPULATIONS EXCEED MAXIMUM STOCKING WEIGHTS CONSISTENT WITH GROWTH 
GROWTH RATE (A), IF THE RESULT IS A DECREASE IN THE ~ROWTH RATE, REVENUES 
FROM PARTIAL HARvESTS HAY BE LESS THAN INDICATED. 

C. THESE FIGURES HAVE BEEN REVISED TO REFLECT THE SALE OF ANIMALS 
SHALL~ THAN EXPECTED DUE TO DIFFERENCES BETWEEN ACTUAL AND EXPECTED 
GROWTH RATES. 
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4.6). The ex-post-standard production schedule is shown in 

Tables 4.7, 4.8 and 4.9. 

Finally, the ex post optimum, as proposed by Demski 

(1967a), is the performance level which should have been 

achieved by the foreman with perfect foresight. For our 

application, the ex post optimum would be $25,768.79 (see 

Table 4.6). Tables 4.1~, 4.8 and 4.9 show the ex-post-

optimum production schedule. Note that the ex-post-

standard and ex-post-optimum schedules differ only during 

the first 16 weeks. 

Variance Analysis 

Having defined ex ante and ex post standards, 

giving explicit consideration to adaptive behavior by the 

foreman, we can identify variances as Itami (1977, Ch. 4) 

describes them. Given 

ex ante standard = $25,999.59 , 
ex post standard = 25,432.87 

ex post optimum = 25,768.79 , 

actual contribution = 25,646.49 , 
then 

AV = $25,646.49 $25,432.87 = $213.62 , 
FEV = 25,432.87 25,768.79 = (335.83) 

uv = 25,768.79 25,999.59 = (239.89) 

and TV = 25,646.49 25,999.59 = (353.19) 

If we assume perfect implementation by the foreman, the 



TABLE- 4.7. EX-POST-STANDARD STRATEGY FOR WEEKS 1 TO 16. A 

PERIOD LHIGTH f'OP.~r.G SURV.END MA!NT CuST 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

A. 

(WeEKS) (THOUSANDS) (THOUSANDS) ($ FOR AVE POP) 

67.00 66 66 72 18 
1 66 66 66 33 77. 13 
1 66 33 66 00 82 04 

c6 00 65 67 86 90 
65 67 65 34 91 70 
65 34 65 01 96 46 
65 01 64 69 101 B1 
64 69 64 36 107 11 
64 36 64 04 112 35 

1 60 80 60 49 111 59 
1 55 36 54 81 100 32 
1 54 81 54 26 110 71 
1 52 2S 51. 73 110 74 
1 49.94 49.44 105.34 
t 48.45 47.96 106. 53 
1 47.96 47.48 109. 76 

GROWTH RATE. WEEKS 1 TO 13, 
WEEKS 14 TO 16; 

FIGURE 4.1 (8); 
FIGURE 4.1 (C) 

HARV.END 
(PE.RCeNT) 

o 00 
o 00 
0.00 
o 00 
000 
o 00 
o 00 
O. 00 
5 06 
B. 48 
o 00 
3 70 
3 46 
201 
0.00 

100.00 

SALES REV POP. EtlD 
($) (THOUSANDS) 

Ouu b6 66 
O. 00 60 33 
o 00 60 00 
0.00 65 67 
o 00 65 34 
o 00 65 01 
O. 00 64 69 
o 00 64 36 

144 75 60 80 
:2:28. 91 5:1 36 

O. 00 54 Bl 
160 17 5~ 25 
142. 74 49 94 
118.43 48. 45 

0.00 47 96 
7585.63 0.00 

CLlNTRIB 
(ClJM.$) 

-20b 17 
-~'83 JC 
-::l65. 3';, 
-4!)2 24 
-543 95 
-640 41 
-742 22 
-849 33 
-816 9"1 
-628 7c, 
-735 08 
-685 62 
-7:24. '17 

13. 08 
-93.45 

6657.95 

I-' 
51 
-J 



TABLE 4.8. EX-POST-STANDARD (OPTIMUM) STRATEGY FOR WEEKS 17 TO 36. A 

PERIOD LENG1H POP. BEG SURV.END HAINT COST HARV.END SALES REV 
(WEE!(.S) (THOUSANDS) (THOUSANDS) (S FOR AVE POP) (PERCENT) (S) 

17 1 69.99 69.64 71.91 O. 00 0.00 
18 1 69.64 69.30 76.42 0.00 0.00 
1<;1 1 69.30 68.95 81. 56 0.00 0.00 
20 1 68.95 68.60 85.97 0.00 0.00 
21 1 68.60 68.26 91. 02 0.00 0.00 
22 1 68.26 67.92 96.01 0.00 0.00 
23 1 67.92 67.58 100.95 0.00 0.00 
24 1 67. 58 67.24 106.51 0.00 0.00 
25 1 67.24 66.91 111.34 9.42 314.013 
20 1 60.61 60.30 105. 79 0.00 0.00 
27 1 60.30 59. 70 110.40 3.96 170.47 
28 1 57.34 56. 76 110.11 6.99 390.36 
~9 1 52.80 52. 27 106. 12 0.00 0.00 
30 1 52.27 51. 75 110.26 3.33 240.09 
31 1 50.02 49.52 110.00 3.15 237.63 
32 1 47.96 47.48 109. 76 8. 60 833.36 
33 1 43.40 42.97 103.21 0.00 0.00 
34 1 42.97 42.54 105.60 0.00 o. 00 
35 1 42.54 42. 11 108.35 100.00 10533.45 
30 1 0.00 0.00 0.00 0.00 o. 00 

A. GROWTH RATE: FIGURE 4. 1 (C l. 

POP. END 
(THOUSANDS ) 

69.64 
69.30 
68.95 
68.60 
68.26 
67.92 
67. 58 
67.24 
60. 61 
60.30 
57.34 
5280 
52 27 
50.02 
47.96 
43.40 
42.97 
42.54 
0.00 
0.00 

CONTRIB 
(Clm.S) 

-211.90 
-288.32 
-369.88 
-455.85 
-546.87 
-642.87 
-743.82 
-890.33 
-647.44 
-753.24 
-693. 16 
-412 91 
-519. 03 
-389.20 
-261. 57 

462. 03 
358. 82 
253.22 

10678.32 
10678. 33 

I-' 
lSI 
OJ 



TABLE 4.9. Ex-PQST-STANDARD (OPTIMUM) STRATEGY FOR WEEKS 37 TO 52.
A 

PERIOD LENGTH POP.BEQ SURV.END HAINT COST HARV.END SALES REV 
(WEEKS) (THOUSANDS) (THOUSANDS) (t FOR AVE POP) (PERCENTI (t) 

37 69.99 69.64 71. 91 0.00 0.00 
38 1 69.64 69.30 76.42 0.00 0.00 
3q 1 69.30 69.95 91. 56 0.00 0.00 
40 1 68.95 68.60 95.97 0.00 0.00 
41 1 68.60 68.26 91.02 0.00 0.00 
42 1 68.26 67.92 96.01 0.00 0.00 
43 1 67.92 67.58 100.95 0.00 0.00 
44 1 67.58 67.24 106.51 0.00 0.00 
4S 1 67.24 66.91 111.34 9.42 363.85 
40 1 60.61 60.30 105.79 0.00 0.00 
47 1 60.30 59. 70 110.40 3.96 178.59 
48 1 57.34 56. 76 110.11 6.99 408.95 
4q 1 52.80 52.27 106. 12 0.00 0.00 
50 1 52.27 51. 75 110.26 6.38 437.38 
51 1 48.45 47.96 106.53 0.00 0.00 
S2 1 47.96 47.48 109.76 100.00 8428.48 

A. GROWTH RATE: FIGURE 4. 1 (CL 

POP. END 
(THOUSANDS) 

69. 64 
69.30 
69.95 
68.60 
68.26 
67.92 
67. 58 
67.24 
60.61 
60.30 
57.34 
52.80 
52.27 
48.45 
47.96 
0.00 

COtHRIB 
(CUM.t) 

-211.90 
-298.32 
-369.99 
-455.95 
-546.87 
-642.87 
-743.82 
-850. 33 
-597.83 
-703.62 
-635.43 
-336.59 
-442. 71 
-115.59 
-222. 13 
8096.59 

..... 
~ 
\0 



TABL~ 4. 10. EX-POST-OPTIHUM STRATEGY FOR WEEKS 1 TO 16.
A 

PERIOD LE.NI}TH POP. BEG SURV.END I1AINT COST HARV.END 
(WEEKS) (THOUSANDS) (THOUSANDS) ($ FOR AVE POP) (PERCENT) 

1 1 69.99 69.64 71. 91 0.00 
2 1 69.64 69.30 76. 42 0.00 
3 1 69.30 68.95 81. 56 0.00 
4 1 68.95 68.60 85.97 0.00 
5 1 68.60 68.26 91.02 0.00 
6 1 6e.26 67.92 96.01 0.00 
7 1 67.92 67.58 100.95 0.00 
8 1 67.58 67.24 106.51 0.00 
9 1 67.24 66.91 11 1. 34 9.42 

10 1 60.61 60.30 105. 79 0.00 
11 t 60.30 59. 70 110.40 3.96 
12 1 57.34 56. 76 110. 11 6.99 
13 1 52. 80 52.27 106. 12 0.00 
14 1 52. 27 51. 75 110.26 6.38 
15 1 48.45 47.96 106. 53 0.00 
16 1 47.96 47.48 109.76 100.00 

A. QROWTH RATE: FIQURE 4. 1 <C ). 

SALES REV 
(.) 

0.00 
O. 00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

281. 16 
0.00 

138.00 
316.01 

0.00 
393.64 

0.00 
7585.63 

POP. END 
(THOUSANDS) 

69.64 
69. 30 
6S. 95 
68.60 
68.26 
67.92 
67.58 
67.24 
60.61 
60.30 
57.34 
52.80 
52.27 
48 45 
47.96 
0.00 

CONTRIB 
(CUM •• ) 

-211.90 
-2S8. 32 
-369.88 
-455.85 
-~46.87 

-642.87 
-743. 82 
-850.33 
-680.52 
-786.31 
-758. 71 
-552.81 
-658.93 
-375. 55 
-482.09 
6993.78 

..... ..... 
IS1 
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adaptation variance will be positive, ~, or negative as the 

foreman's adaptive behavior is better than, the same as, or 

worse than that specified by the manager. The positive 

variance of $213.62 indicates that the foreman made an 

adjustment to the actual growth rate prior to the end of 

week 13; that is, his adaptive behavior exceeded that 

specified by the manager. The actual contribution of 

$25,646.49 corresponds to adaptation to growth rate (c) at 

the end of week 8. 

The forecast error variance, representing the cost 

of a forecasting error, will always be nonpositive. A 

variance of $~ indicates perfect forecasting or the lack of 

a delay in obtaining perfect information. The uncertainty 

variance, as the name implies, is due to the difference 

between an expected value and a particular realization of a 

random variable, in this instance the growth rate. It will 

be ~ only in the absence of uncertainty. 

Now suppose the manager's desire is that the 

foreman obtain information as to the actual growth rate and 

revise the production schedule by the end of week 8. Then 

and 

ex ante standard = $26,157.65, 

ex post standard = 25,646.49 

ex post optimum = 
actual contribution = 

AV = $25,646.49 

25,768.7~ , 

25,646.49, 

$25,646.49 = $ 0 , 



112 

FEV = 25,646.49 25,768.70 = (122.21) 

uv = 25,768.70 26,157.65 = (388.95) , 
TV = 25646.49 26,157065 = (511.16) 

The adaptation variance becomes 0, as it should. The 

forecast error variance decreases, the delay in obtaining 

perfect information having been shortened from 13 weeks to 

8 weeks. The uncertainty variance increases as does the 

total variance. Thus it is apparent that as standards 

become tighter, adaptation becomes more difficult and total 

variance increases. 

What happens if we retain the assumption that 

perfect information is obtained but relax the assumption of 

perfect implementation? Suppose, for example, the foreman, 

by the end of week 13, discovers the actual growth rate, 

(c), and revises the production schedule according1y~ that 

is, he resolves the MILP for weeks 14 through 52 using 

growth rate (c). However, nto be safe", he routinely 

overfeeds the animals, adding 20% to the feed quantities 

indicated by the production schedule. This extra feed is 

wasted, and maintenance costs are 20% higher. Thus actual 

contribution is $25,115.13, and the adaptation variance 

becomes $25,115.13 - $25,432.87 = $(317.74). How can this 

unfavorable variance correctly be attributed to poor 

implementation rather than poor adaptation? Recall that 

schedule revision requires resolving the MILP. In that 

non-trivial effort and cost are involved in resolving the 
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program, it is reasonable to assume that the manager will 

be aware of the event. He will be aware of standard 

quantities and standard costs associated with prevailing 

schedules. While adaptation, forecasting error and 

uncertainty variances must await the end of the planning 

period to be computed, implementation variances may be 

computed more frequently, using traditional variance 

analysis techniques. At the end of the planning period, 

the actual contribution - ex post standard difference will 

represent the combined adaptation and implementation 

variances. Separation is easily accomplished. 

Thus we provide an example of a feasible control 

system in a decision model setting. The system which we 

describe may be used to evaluate simultaneously the 

performance of a subordinate and a model. It may hep 

clarify the issue of responsibility by separating total 

variance into several components which reflect directly the 

beior of subordinate, manager or model. Improved 

clarification of responsibility, or accountability, makes 

possible the improvement of control systems and may result 

in increased profits, providing the cost of improved 

control does not exceed the benefits. 

In this 

Conclusions 

study we summarize Itami's (1977) 

theoretical analysis of adaptive behavior and management 
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control, both of which are necessary in an uncertain 

environment. We present an empirical application of his 

approach, modifying it slightly. We recognize that any 

implications of our results are limited to decision models 

like ours. At the same time we claim that we have 

demonstrated, in a real-world setting, the feasibility of a 

performance evaluation system which gives explicit 

consideration to the effects of environmental uncertainty 

and incorporates intraperiod adaptive behavior. 

Observe that we have not considered the cost of 

implementing this ex post system, that is, the cost of 

monitoring all random variables in the model and revising 

schedules appropriately. The solution strategies described 

earlier have substantially reduced required solution times, 

making repeated schedule revision at reasonable cost 

possible. Nevertheless it is imperative to weigh the 

related costs and benefits in order to determine the 

feasibility of implementation in each situation. 



CHAPTER 5 

CONCLUSIONS 

Summary 

The aquaculture industry becomes increasingly 

important as the world's population and the demand for 

protein sources increase. Viability of the industry 

depends upon the ability of producers to attain a minimum 

level of profitability. Recognizing the inherent vagaries 

of biological systems, mathematical models which simulate 

the production of aquatic animals represent a practical and 

valuable tool for system managers and researchers. For 

system managers, modeling provides a means of exploring 

different management strategies, assisting in the selection 

of an optimal strategy. For researchers, modeling 

facilitates comparisons of theoretical relationships 

between biological variables and animal growth with actual 

growth data. We have presented three studies in which 

modeling 

decisions 

is used in the development of optimal 

and the evaluation of performance 

uncertain environment of aquaculture. 

production 

in the 

In the first study we model a situation in which 

the manager of an aquaculture system must decide when and 

how many animals to stock initially, how many animals to 
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harvest 

order to 

effects 
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each period, and when to restock an enclosure in 

maximize contribution. We also consider the 

on production strategies of technological 

improvements and restructured selling prices. Consistent 

improvement in contribution is noted, along with some 

variation in strategy. 

In the second study we introduce seasonal variation 

in revenues and lengthen the growing season. The resulting 

large-scale real-world problem necessitates the use of a 

heuristic and new solution strategies in order to achieve a 

near-optimal solution within a reasonable length of time. 

In the final study we focus on the uncertainty 

inherent in the aquaculture environment. We provide 

empirical support for the feasibility of a performance 

evaluation system which gives explicit consideration to the 

effects of environmental uncertainty and incorporates 

intraperiod adaptive behavior on behalf of the individual 

responsible for implementation of model-specified 

activities. The system we describe may be used in the 

simultaneous evaluation of individual and model 

performance, thus clarifying responsibilities for variances 

and improving control of production. 

Future Work 

The model in its present form appears to have broad 

applicability in real-world situations. There are many 
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areas in which technological advances could be pursued, 

including stocking practices, feed-types, feeding practices 

and harvesting practices. In modeling a variety of 

scenarios, the net benefits of proposed changes in 

technology become clear. Use of the model in capital 

budgeting can also be imagined. 

Elaborations of the model are anticipated. One 

involves inclusion of the hatchery/nursery phase of the 

production cycle, providing a link between system 

enclosures. This inclusion will likely require the 

development of new solution techniques due to a significant 

increase in problem size. Presently we model a single 

enclosure. Another elaboration involves the incorporation 

of a transfer technology which would allow the movement of 

animals to new enclosures in lieu of partial harvesting. 

Transfers represent one way of increasing the average 

production output per enclosure by permitting increased 

stocking rates. There are costs, however, due to temporary 

reductions in growth and survival rates. Clearly it is 

important that transfers be optimally managed. Modeling 

may provide the means to do so. 
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