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ABSTRACT

Fisheries management decisions in commercial marine fisheries are carned out on an extremely

complex biological, economic and social system However, fisheries decision making is most often
focused on reactronary policy-making in response to crises. Accordingly, there is a recognized need in
ﬁshenes management to develop decision alternatives that may be evaluated in terms of the multiple
impacts on the various components of the fishery. The development and evaluation of decision
alternatives takes place in a problem solving context. As in any appropriately defined problem, it is
necessary to identify the multiple objectives, the constrammg factors and the form of decisions. It is
then necessary to describe a model of the system. The management science literature has contributed
much toward the formulation and analysxs of multicriteria decision making. These approaches range
from multiattribute uuhty methods to interactive tradeoff approaches using fuzzy set theory.

In this paper we present a wholistic view of multicriteria decision making for fisheries under
uncertainty. The modelling approach i is predrcated on the nature of the problem to be solved. Strategic
problems, e.g., making decisions about the size of annual global quotas over a planmng period, are
formulated as nonlinear optimization problems. Multiple objective funcuons are measured in weighted
value terms measuring economic viability of fish harvesting, fish processing, and sector employment
levels. Strategic problems are constrained by biological considerations for stock size and measured by
stock abundance indices from stock assessments. Taken together this problem formulation represents a
multiple criteria approach to the development of and evaluation of strategic bloeconormc alternatives
for the fishery. Short-term operational or in-season problem resolution (e.g., opemng and closing of
areas to fishing) requires a multicritera decision making perspective. The ongoing operational view of
the fishery provides a valuable source of learning and feedback to the general direction of the strategic
plan. For example, the abundance status of the stock can be taken into account on the basis of repeated
measurements made by fishermen through their fishing acuvrtres catch, by-catch economic
considerations (price, market strength. quality of product) and ecosystem indicators (presence of prey,
condition of habitat, water temperature, etc.) These multiple criteria all provide useful real-time
information that in turn, can be used to assist in-season management decision making. Applications of
_ strategxc and in-season multicriteria decision making will be illustrated by examples from the Scotia-
Fundy commercial herring fishery in NAFO divisions 4WX.
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Fisheries Multiple Criteria Decision Making
Under Uncertainty

1. Introduction

Management of commercial marine fisheries acts on an extremely complex biological,
economic and social system. Perhaps as a consequence, actual fisheries decisions are most often
characterized as reactionary central agency policy-making in response to crisis situations that require
direct intervention. Nevertheless, there is a well-recognized need in the literature for fisheries
management to set out procedures for developing innovative decision alternatives and evaluating them
in terms of the multiple criteria on all components (biological, economic, social, operational) of the
fishery system (Stephenson and Lane 1995, Lane and Stephenson 1995).

Stephenson and Lane (1995) attribute the limitations of current management approaches and
the ongoing problems of dealing with multiple criteria in fisheries to several causes. They cite these as
the inherent variability and complexity of the system, the inability to define appropriate operational
objectives to guide fisheries management, the lack of accountability in decision making, and the
institutional imbalance created by a predominance of biological advice versus a lack of stakeholder
involvement in decision making.

In the context of multicriteria problem solving, Ozernoy (1992) describes two barriers to
effective decision making: structural barriers and methodological shortcomings. As Ozemoy states,

The methodology of multiple-criteria decision making can be divided into three steps:
1) structuring the decision problem; 2) formulating a preference model, and 3)
evaluating and comparing alternatives. Structuring the decision problem includes the
specification of objectives and attributes, the generation of alternatives, and the
assessment of consequences of each alternative in terms of multiple criteria. A formal
preference model is developed in order to represent the decision maker’s values and
elicit relevant information about the decision maker’s preferences. Finally, evaluating
and comparing alternatives provides the ordering of decision alternatives required in a
problem. Ozernoy (1992, p.159).

In this framework, the difficulties experienced in fisheries management problem solving are attributed
almost entirely to structural barriers. Examples of structural difficulties and the inability in fisheries to
define the decision making problem abound. In a workshop entitled “Risk Evaluation and Biological
reference Points for Fisheries Management”, Smith et al (1993, pp. vi-vii) pointed out that the “major
source of uncertainty identified was associated with the lack of hard objectives for the management of
fish stocks™. As a principal component of problem structure, the inability to set objectives negates
almost any possibility that even the most refined model may assist decision making,

Wooster's (1988) volume on the proceedings of a workshop on *“Fisheries Science and
Management: objectives and limitations™ contains several discussions on the differences bewteen
objectives and constraints in fisheries management. Appropriate arguments are presented for
delineating between value-based objectives (maximization of economic or social benefits to society)

£,
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and bxologlcany-based limitations or constraints. In that same volume Larkin argues for an
anthropocentric approach to fisheries management (as opposed to an ichthyocentric one). He states:

Itisa contradmtxon in terms 1o to speak of biological ob)ectxves of fisheries -
management Much more logical to speak of biological constraints to
management...The real questions are: what should be the biological constraints and
what should be the social ob)ecuves. The answers are: whatever is necessary to
presene future biological opuons until we know more biology and, whatever seems
appropriate to the society at the time. (Larkin 1988, p.289)

In spite of these clear desxgnanons crucxal to deﬁnmg problem structure, the fisheries research
and fisheries bxology literature maintains a preoccupation with settmg “bxologxcal objecm es" and
enumerating lists of standardized “reference points” for management purposes independent from other
aspects of the fishery problem. Indeed, many ICES member countries set annual stock catch limits on
" the basis of single standardized biological reference points.

, The exermse of developing soph:stxcated methodologies as aids for multi- cntena decision
makmg would appear to be ineffective (Ozernoy 1992) until such time as the issues of problem
structuring in ﬁshenes can be agreed upon. With this cavear having been stated, the puxpose of this
paper is to present fisheries decision problems with SpeCIﬁC interest in defining problem structure
toward formulating multi-criteria decision problems Following a brief review of multi-criteria research
in the operations research literature, fisheries problems taken from the Canadian 4WX Scot:a-Fundy
commercial hemng fisheries are used to illustrate fisheries management decision making in a multi-
criteria setting .

2. Méthodologies in Multi-Criteria Decision Making (MCDM)

The deveIopment and evaluation of decision alternatives takes place ina problem solvmg
context. As in any appropnately structured and defined problem, it is necessary to identify the multiple
objectives, the constraining factors, and the form of decisions. It is then necessary to describe a model
of the system. Finally, the results of the model need to be interpreted, evaluated and compared in order
to help decision makers make ultimate choices.

The development of MCDM methodologxes and apphed reséarch falls within the domain of -
management science/operations research. Management scientists have contnbuted much toward the
formulation and analysis of multicriteria decision making and the presentation of tools for supporting
multi-criteria problems. At the same time, the rapldly evolving field of MCDM is very new. The first
conference devoted entirely to MCDM was held in 1973 (Cochrane and Zeleny 1973). Since then
biannual international MCDM conferences have taken place and proceedings have appeared (e.g.,
Angehm 1990, Fandel and Spronk 1985, Hwang and Yoon 1981 Hwang and Masud 1979). Many
professional conferences in management science, engineering, and cornputers regularly carry tracks and
tutorials on MCDM advances and applications. And, Joumals such as European Journal of
Operational Research (1991), Mathematical and Compuring Modeling, Computers and Operations
Research, Naval research Logzsmcs. INFOR (Kersten and Michalowski 1992), Management Science
(Starr and Zeleny 1977 and Stronk and Zionts 1984), and Interfaces (Bodily 1992) have all recently
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published special issues on this topic.

Methodologies in MCDM range from the two main *'schools’: multiattribute utility methods
(Keeny and Raiffa 1976, Fishburn 1970, Samson 1988, Clemens 1986) to outrankmg methods (Roy
1985, Roy and Vincke 1981). Interactive tradeoff approaches (Saaty 1980), ideal point comparison
methods (Zeleny 1982), hierarchical approaches (Saaty 1980, Ehtamo and Hamalainen 1995), fuzzy set
analyses (Sakawa 1993), and visual interactive programming methods (Hamalainen 1999, Bell 1991,
Elder 1996, 1992, Belton and Vicke 1989) have all become popularized as applied approaches to
MCDM problem solving.

In recent years, more and more *‘user-friendly” software has been made available as decision
support for MCDM problems. These include Saaty’s “Expert Choice”, Istel's “SEE-WHY™, and
“VISIT", British Steel’s “FORSIGHT, Insight International’s “OPTIK" and “INORDA", Elder’s
“V.1.S.A”, Hamalainen's “HIPRE 3+" as well as other smaller systems that are cornmercially available
and/or sold as modules of larger mathematical programming or decision support software systems.

From this brief review, it is clear that potential decision makers have a wide range of options
when it comes to selecting a choice of MCDM models both from the point of view of methodology
and presentation. The breadth of most MCDM approaches for providing decision support, including
problems in fisheries, precludes any attempt to categorically select one method or one presentation as
the ultimate “‘problem solving” procedure In any case, we argue that the issue for fisheries
management, as alluded to previously, is not due to a lack of appropriate methodology, but the lack of
clear definition of the multicriteria fisheries problem. The purpose of this paper then is to explore
further the problem structure for specific fisheries problems.

In this paper we examine two multicriteria fisheries problems:

1. Strategic decision making: Setting annual stock TAC (Total Allowable Catch) limits
2. Operational decision making: Stock assessment and opening and closing fishing areas

In examining these problems we focus on particular fisheries rather than on a general problem
formulation approach. In this sense, it is felt that each fisheries multiple objective problem is unique in
itself and must be defined in the context in which the problem arises. At the same time, we apply
specific MCDM methodologles as decision support approaches without advocating any one
methodology or presentation system over any other. In the end, it is the decision maker who makes the
ultimate decision on the basis of a clearly deﬁned problem and additional information from the MCDM

decision support system.

3. Strategic Decision Making: Setting TAC Schedules

Setting annual TACs is viewed as a highly strategic exercise for planning in a fishery
system over a medium term (approximately 3 to 5 years) planning period. Setting TACs has
obvious implications for meeting biological stock targets, for determining commercial investment
and payback incentives, and for affecting individual fishermen’s operating decisions. -
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 Asa strategxc multxobjecuve problem, setting TACs involves a “rolling” horizon, ie.; one
that is continually planned for into the future, but not necessarily attained as ongmally predicted.
As with all “business” planning predlcuons and goals, conditions change requmng continual
updaung and adaptmg of goals and objectives to realize feasible outcomes. This is also how we
view TAC decision making in fisheries. The following example presents a multiple objective
problem formulation for TAC planning with data taken from the 4WX herring fishery. Further
details on this fishery are provided in Stephenson er al. (1993).

Problem definition: The task of the fisheries management commmee (compnsed ofa blologmst an
operauom manager, an economist, harvesting sector and processmg sector representauves, and local
community representatives) is to set out the revolving five year TAC plan. The committee has
previously agreed to act under the followm guidelines (determined by consensus with all
stakeholders):

B1oIog1caJ targets: the target stock size in 5 years time for Juvemles and adults combmed (ages
1+) is 360 000 t and for adults (ages 4+) is 260 000 t from current estimates at the beginning of
year 1 of 325 000 t and 221 000 t respectively.

Economic targets: the average viability measured in levels of year end cash (after income taxes)
of the harvesting fleet and the processing sector will be monitored; the breakeven ta.rget level
(including reasonable return on investment) is at $5.5 million in total discounted cash over the
five year planning period; and, average levels of annual employment should be maintained at
7500+ equivalent person years over the five year planning period.

Operational targets: some fishing areas will be closed to access during a portion of the
spawning period.

TAC policy opuons were developed as alternative strategic pohcxes each aimed at attaining the
desired stock level targets. A mathematical programming formulation was used to calculate
deterministic solutions.

Deterministic Modelling:  Deterministic model results are obtained by prOJecuon of the “best
esumate” input population values over the five year projection period using a mathematical
programming modeL The model uses stock data including initial estimates for numbers at age, average
weight at age, partial recruitment, natural mortality and fishing mortahty data to determine year-over-
year stock at age distributions for (i) numbers of fish, (ii) stock biomass, and (m) catch (weight and
numbers).The population dynamics model is based on the following system of equations:

@ Nos = R 2 caSu(l-185.1 /" exp(z0)
2) i N&.: = Na-l.t-ieipﬁM’ PR& Fl)

. o . - PR, F:
3) Cau = WalNa (I'CXP[-:W-PRGFJ)———"

M+ PR, F,



Lane Fisheries MCDM 6

for t=0,1,2,...T, and a=0,1,2,...A, where t=0 denotes the initial (current period), and t=T the final year
of the planning horizon, and a=0 denotes births and a=A the oldest age of fish in the stock.

Equation (1) represents the stochastic version of a generalized stock-recruitment function
(Schnute 1985) as the mechanism used to generate the yearly reproductive capacity of the stock. No.
denotes the numbers of births at the beginning of each year t as a function of the spawning stock
biomass (herring ages 4+) and the scale, productivity, and shape parameters , B, ¥ respectively of the
stock-recruitment function; z is the standard normal variate and & is the standard deviation in the
lognormally distributed error term. Different families of stock-recruitment functions are obtained from
equation (1) by either substituting values for the shape parameter, or through mathematical limits.

Equation (2) defines the year-over-year changes in each cohort of the stock. The changes in the
numbers of stock is a function of M, the continuous rate of natural mortality (assumed as elsewhere to
be constant across all ages in the population), the partial recruitment at age, PR, (constant over all
years of the planning period), and the fishing mortality level, F, for fully recruited ages of the stock.
Using (2) and the expected weight at age (at the beginning of each year, and on average over each
year), corresponding biomass levels for different age groups can be determined.

Equation (3) defines the catch weight at age, C,, for a given level of fishing mortality by year.
The average weight per fish at age a, w, is determined over the entire yearly catch period. The adjusted
weight at age at the beginning of each year, w,” is approximated by the midpoint between successive
age's average weights, i.e., w,=(w,,+w,)/2. This equation also provides the basis for determining (i)

catch numbers at age in a given year, and the total catch (TAC) resulting from fishing mortality, F.

In order to generate the results of the iterative set of related formulae (1)-(3), an initial
distribution of the stock numbers, N, at the beginning of year 0 (e.g., from the most recent VPA) is
required along with either (1) a schedule of fishing montalities, F, to apply annually to the harvestable
fraction of successive cohorts, or (2) a desired level of annual TAC:s. If the TAC schedule is provided
explicitly, then the corresponding fishing mortalities are determinable that yield the specified TACs.

A deterministic problem formulation to determine the schedule of TACs over the planning
period while simultaneously satisfying biological constraints was developed. The overall objective of
the deterministic optimization problem is to maximize the discounted sum of annual economic value to
the fishing industry over the planning period by choosing decision variables for the fishing mortality, F.
This objective function explicitly incorporates resource allocation considerations among competing’
gear types. For a given allocation policy, the deterministic optimization results provide insight into the
characterization of the optimal, feasible solution. The multiobjective functional for this nonlinear
dynamic optimization problem for TAC setting is written as follows:

@) Z = MAXr, XU exp(-91) T2, Rai( Fo,Fipeee, Fra1)

where Ry, is the value-based reward from fishing attributed to the various gear sectors of the fishery
and & is the continuous rate of discount of annual TACs. R, is a function of the suballocation of TACs
to herring purse seiners, gillnets, and weirs and their individual (estimated) price and cost data.
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The objective function (4) is constrained by biological constraints that take the form of biomass

Largets specified over the planning period. For the hemno problem, these constraints may be defined as
follows:

(5) Total Stock Biomass 2wl N.,

v

B(1'), t € {0,...,T)

(6) Adult Biomass A W Na 2 Bi(4), t € [0.,T)

(7) Policy Variable 0s F, <r t=0]1,..,T-1

‘ The left hand sides of constraints (5) and (6) are expressions for the total stock biomass of
herring, and the adult stock biomass reSpecmely at time 1. The right hand sides of these constraints are
the specific biomass targets for each time t. Since each Ny is a nonlinear function of the fishing
mortahty, F, then these constraints are also nonlinear in the decision variables, F.. Equanon (7) declares
annual upper (r) and lower (0) bounds on the annual fishing monahty decision variables. These
constraints are used to construct feasible policy scenarios, such as mcreasmg. decreasmg, constant, or
pulse TAC strategies over time. In each case, the schedule of aninual TACs are derived together with-
and dependent on the stock targets. Figure 1 illustrates selected candidate strategies for the Scotia-
Fundy herring TAC planning problem. It remains to consider the multiobjective value-based
implications of biologically “feasible™ alternative TAC schedules.

Simulation Modelling: The next phase of the multiobjective décision support process involves
anal)sxs of candidate alternative TAC schedules through modelling the probabxhstxc events in the
system over the planning penod A simulation model is developed to prov1de probabx]mes on
correspondmg outputs of the system. Input data for the main probabilistic components are modelled by
randomizing key model elements. Biological parameter values represenung natural monahty, initial
stock abundance, gear selecuvny, and average weight at age are defined in terms of mput probability
distributions from which realizations are taken to define a pamcular Lnal of the stock size simulation.
Sxmﬂa:ly, economic data components for effort, catchability, pnces and costs were randomized
according to empmcal data observations. These provided simulated socioeconomic value results for the
TAC alternatives (Figure 2). (See also Lane and Kaufmann 1993 where a similar analysis on Northern
cod is carried out).

@) Risk Asessment. The output measures of the Monte Carlo simulation expenmems provide the
results for the first stage of the decision risk analysis: risk assessment. Risk assessment provides a
pxcture of the probabilistic outcomes of decision alternatives under the series of randomized biological
and economic inputs. The outcomes are typically presented in the form of cumulatwe probabﬂny
distribution functions on the space of the output variables. Figure 2 illustrates such cunes for each
alternative for the key output measures: (a) target juvenile stock abundance at start of year 6 (end of
year 5); (b) target adult stock abundance at start of year 6; (¢) total discounted cash from harvesting
and processmg over the five year period; and (d) average total person years of employment over the
five year period.
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Examination of the results of Figure 2 reveal no clear stochastically dominated alternatives with
respect to stock abundance - all three alternative TAC schedules are relatively close in distributions.
With respect to the biomass targets at the start of year 6, the simulation and the probability results
show that under any of the three alternatives the possibility that the ages 1+ and 4+ biomass targets will
be met is less than 50%. The “‘constant” strategy's performance with respect to these targets is slightly
below target. However, with respect to discounted economic performance and employment levels, the
“constant” strategy outperforms the other two schedules although the results for final year of the
planning period is marginal. The “increasing™ TAC schedule is not strictly dominating, but it is clearly
superior especially in comparison with the *“deereasing” strategy as can be noted from Figures 1¢ and
1d where the “constant” curve is nearly everywhere 1o the left (increasing cash and employment values)
of the “increasing’ strategy curves.

(5) Risk Management: The alternative TAC schedules for herring must be evaluated to
provide a quantitative ranking that reflects not only their probability of occurrence (from risk
assessment) but also the relative acceptahility of the outcomes of various alternatives (risk
management). The methodology is provided by the process of utility function analysis (Keeny 1977 and
Walker et al. 1983). *“Utility” is an abstract mcasure of the relative strength of preference/desirability
for a particular decision alternative as a funct®on of its weighted outcomes. Considerable effort is
required to develop representative utility fur " *n< which will incorporate ecological, economic and
social concerns (Keeny 1977, Bodily 1992). i" r example, consider the “utility curves” of Figure 2.
These curves are representative of decision rukers' valuations of the key output measures of the
problem, namely, (a) the ages 1+, juvenile an:! -ulu}t biomass at the end of the planning period (ie.,

start of year 6), and (b) adult stock abund.»ov, wues 4+ targets at start of year six, (c) the total
discounted cash position of the industry (hmv.- 12 wnd processing operations combined), and (d) the
average annual level of employment in the is!. ln\ practice, utility curves may be derived empirically
from an analysis of decision makers' tradeolts. .

The most direct procedure for risk r-—:gement is to evaluate the expected utility of each
alternative by computing the vector prod r the probabilities from the simulation analysis
corresponding to.the measured performance  :veenes of the four criteria in terms of their utility
values. The results, presented in Figure 4, s+ srise the multidimensional utility valuation for each
TAC schedule alternative. It is on the basis ™ - : results that decision makers may best evaluate the

overall performance of their decision options.

(6) Multiattribute Utility Evaluation: [*:lonsmient of tradeoff functions and comparison of
variability of expected utility, leads to infosination which will permit decision makers to make an
informed, overall evaluation and ranking of the alternatives prior to taking the final decision. By way of
illustration, suppose the fisheries management + ~muittee agreed that among the four critieria, the two

biomass measures (for 1+ and 4+ fish) had ¢ +2ighting and that these measure should account for
70% of the total valuation of a strategy. As .. ur~ose that the industry’s discounted cash had twice
the weight of the annual employment result : -~ "'AC schedule alternative. With this information we
can construct a weighted linear function for t* !l utility of an alternative.

Let ¢, denote the weight attached t+ ' * ¢xnected utility w; on criteria § such that the sum of

thecr; over all criteria is 1. Then we may wri-  » :iinear Jorm of the multiattribute utility function Ufa)
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4
for alternative a simply as, U (@=).¢, ,(a)With the vector of weights derived from the decision
1=} -

makers’ expressed tradeoffs gtven as a = (0.35, 0 35 0.20,0.10) . The selection of the utility maximizing
strategy follows from the calculating U (a)= max{U (a),a= 1,2,3}.

For the case of Scotia-Fundy herring, the U (a) = max{555.565.56,05} = 565. Accordingly,
the “constant”” TAC strategy yields the highest ranked weighted utility. Intuuvely, its perfonnance in
terms of the biomass targets is not very different from the other alternatives. It is arguably a superior
strategy with respect to the socioeconomic measures of discounted cash and employment levels.
However, the expected annual cash trend declines over the plannmg penod to a slightly negative
posmon in the last year. This additional observation may require a revision in strategy choice that will
depend on the feedback of the decision makers involved that may include plans in the short run to
prepare for this eventuahty or other strategies designed to improve the trend, e.g., marketing
arrangements, etc. It is obvious that a shift in the assigned wexghts to the criteria will result in a
changed ranking. MCDM software routines expend a relatively large proportion of their effort (usmg
graphical and tabular methods) in examining the sensitivity of such rankmgs through the criteria
weights, This mformauon will help decision makers determine the robustness of their rankings and
provide further opportunity for adjustment and reconciliation due to other factors.

4. Operational Decision Making: Spatial-Temporal Considerations

Stock assessment i an inexact art. In the discussion of the mulu-cntena strategic TAC setting
exercise above, the latest stock assessment results formed a key input to the longer term planning
process For aggregate stock considerations, VPA and cohort methods are used to provide
deterministic estimates of stock abundance. However, at the level of the fishery, additional information
is available that is ignored ag,,regate abundance estimation methods. This additional information is in
the form of spatial and temporal (seasonal) data from regular stock dynamics behaviour. Understanding
this information prowdes independent means for updating and estxmatmg stock status throughout the
season. The followmg multicriteria model mcorporates uncertainty and multiple measures into an
updating stock estimation procedure. As above, the case of Scotia-Fundy herring is used to illlustrate
this MCDM problem.

Probler definition: . The task of the hemng fishéries management committee is to monitor seasonal

paual-temporal ﬁshmg activity and mcorporate fishing observations into an updaung procedure for
stock abundance status. This information is mdtspensable for makmg in-season decisions on when to
open or close particular areas to the fishery, e.g., spawning grounds or feeding aggregations. .

Stochastic aspects of the ﬁshery resource may be described by two major components: (1) the
underlymg and unobservable dynamics of the stock, and (2) the observations about the underlymg
process that are subject to observation error. Define the elements of the model and model notation as
follows:

The Core Process:  Consider a planning period of T weeks during a season and, let te T={0,1,....T} .
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denote the weekly periods of the season. Consider a stock comprised of cohorts of juvenile and adult
herring. Let ze Z represent an independent segment of the stock with 1ZI= Ny (finite) denoting the
number of discrete population segments, e.g., juvenile and adult stock. Represent the state of stock
abundance by the population of the components of the stock. Let X, be an N-dimensional random
variable defined on a sample space Q. Let the random variable X, an element of the vector X,, denote
a discrete level of abundance of population segment z, an (unobserved) state of the system at period t.
Assume that X, takes on only discrete values in the finite set 1,2,...,Nx, where Nx (finite) is constant
for all periods t and all population components z.

The *“core” stochastic process {Xute T} describes the dynamics of fish abundance over the
season. The state-to-state dynamics of the process of the system between periods t-1 and t is assumed
to be a finite state Markov chain with stationary transition probabilities

t)) p.,:Pr[ Xi=jl X:.F’i]

where p; is the probability of moving from state X.,=i in period t-1, to state X.=j in period t and ij are
members of the set of Nz-tuples, N with INI=(Nx) **(Nz). The process of stock abundance dynamics is
completely described by the INIxINI probability transition matrix for each period t, Pi/pix], and the initial
probability distribution over N at time t=0 which is denoted by the vector x(0)=(x,(0),72(0).....%ea(0))
where m,(0)=Pr{X,=i}, ieN.

The Observation Process:  The core process provides a mapping for the various auxiliary data that
together form the “‘observation process™. The core and observation processes are linked by a measure
of reliability of observation on core. This takes the form of probability distributions of observation
states to given core states forming the observation matrix.

Let Y, be an Ny dimensional random variable which denotes the signals or observations of the
actual state of the system at period t. These signals are a tunction of the levels of stock abundance and
total catch by weight and may include, for example, all sources of auxiliary data that provide
information about the actual state of stock abundance, e.g., research survey results, abundance indices,
CPUE, average catch per “standardized” set. Let the random variable Yy, an element of the vector Y,,
denote a discrete level of the signal for population segment z at period t. Assume that Y takes on only
discrete values in the finite set 1,2,...,Ny, where Ny (finite) is constant for all t and all z. The stochastic
process {Y,, te T} is known as the observation process of the system.

Information regarding the actual abundance, X, is obtained when Y, signals are made during
fishing activities. The probabilistic relationship between X, (not observed) and Y, (observed) is assumed
to be known. The state-to-observation function for each period t relates observations Y, to actual state
X. by the probabilistic relationship

) g =Pr{Y=mi Xi=j ]

(assumed to be independent of all X, t'e T and t"#t) where Qi is the probability that catch level Yi=m

will occur in period t given that the actual state of abundance is defined by X.=j in period t; me M; and
jeN. The observation process is described by the signal or observation matrix for each period t,

Q=[qim).
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In the hemng ﬁshery, fishermen (seiners, gillnetters, weirs operators) are privy to a wide range
of local observations that have implications for abundance. 'I'he mulnphcuy of observations (e.g., the
“feediness” of the fish, presence or absence of predators, spawning state, length at age, location in the
water columin, etc.) all contribute to descnbmg the observation process.

When mulnple observations such as these are involved (Rlchards 1991), they can be welohted
together (e.g., as in the multiattribute utility process described above) to form an overall observation
(discretized) index that then provides a composite picture (in the form of probabilities on core states) of
stock size.

M Naturally, the stochastic nature of the inputs (stock dynamics) lead to stochastic outputs (e.g.
stock effects, economic performance of various TAC schedules). The vanabxhty and range of these
outputs must be captured Traditionally, valuation schemes are required here through statements of the
problem objectives. In the decision making arena uncertainty valuations are recognized as being a
function of the possible outcomes, and the decision maker's interpretation of these, though the
evaluation of the decision maker's utility functions. Measuring the utility of decisions is not difficult, but
it does require prior disclosure and feedback from the decision maker about the valuation of particular
outcores.

The Décision Space: In order to develop a decision evaluation objective measure, we first define the
space of posmble decision alternatives. Let A be a finite set which denotes all actions (ie., all choices
for opening or closmg ﬁshmg areas) available to decision makers in each period t. Denote a parucular
decision in this set for period t by a;€ A. Action a, is defined as the total removals by population
component z in period t.

The controllability of the core and observation processes depends on the choxce of a, in each
penod Thus, if X, is the current state of the core process and action 2 (over all z for simplicity) is
chosen at the end of the current period, then the core process moves to a new state X with
probabxhty Di1(a) dependent on action a. Similarly, the state-to-observation process may depend on
actions taken, @ /(d:)=qm+1. Thus, in general,

(10) ) Pt(at-l)-;[pij'(ac-l)] and Qz(al-l)‘:[‘bm(dt-l)]

denote the probabﬂxty transmon matrices of Lhe COre process and the 51gnal matrices of the observation
process, respectively as a function of the actions chosen.

Let yteM denote the level of signals, Y, observed at penod t. And, let I be the vector of
information accumulated from successive decisions and signals in the system up to and including ume
period t, with /i=(yo,... Y803 G 1).

. The discrete space process (for states and observations) can be “reduced” to, a continuous
space MDP usmg a sufficient statistic that summarizes all information history of the problem. One form
of a sufficient statistic is the expression of Bayes' Theorem:

an A a(t)=Pr{ X=j 11}, jeN
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the conditional probability that the abundance level X=j occurs at period t, given information

L. m(t) may be considered as the new state variable of the transformed system. Using Bayes' formula,
the sufficient statistic is defined by the transfer function % as follows for te {1,2,...,T}; Lje N; meM;
and a.=ae A:

q[ml(a)zl pi;l (a)ﬂ',
Z-.qum(a)p.j,(a)ﬂi .

(12) rl(”"n,a)--ﬂ'j(t'i'l):

Intuitively, Bayes' formula examines the observed outcome of the fishing decision, ie., catch,
and then asks what would be the probability that the catch was due to a particular cause, namely, an
unobserved level of abundance. In this manner probability distributions of actual abundance are
updated after every fishing period (week). The =,(0) priors on the initial abundance levels at the start of
the season are assumed to be known explicitly.

Policy Dynamics: Once a complete policy has been developed, application of the decision rules
depends on the actual evolution of the system and the corresponding observations (Bertsekas 1976,
p.113). Initially, a prior probability distribution, 7(0) on the population size, X is provided. Next, a
policy is assigned for the current period, then observation data are collected. The action combines with
the state to provide current multiobjective rewards. The subsequent state of the system is derived as a
function of the previous state and policy. Successive observations and results are recorded, actions
taken, etc., to the end of the planning period. :

Solution Procedures: The proposed solution procedure for developing fisheries management advice
combines the results of alternative solution methods in the presentation of overall advice for fisheres
management decisions. A step-by-step solution procedure is as follows:

1) Use information about stock discreteness and spawning stock dynamics to build the
probability transition matrix P. Use simulation to include observed variation in spatial-
temporal dynamics.

2) Estimate the reliability (state-to-observation) matrix, Q using available empirical data
on survey reliability and fishermen feedback (e.g., Rivard and Foy 1987).

3) Develop a multiattribute weighting scheme to assign multiple observations of the fishery to
“fuzzy” (Kosko 1993, Sakawa 1993) observation classes.

4) Update the priors from spatial observations each period and produce probability
distributions of stock status.

5) Develop a multiattribute decision rule for opening and/or closing fishing areas taking
into account the impacts on fishermen’s earnings/losses and the stock status.
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5. Discussion

This paper attempts to present multicriteria problem constructions for fisheries
management decision making. While it is not the purpose of this paper to apply particular MCDM
techniques to specific fisheries problems, we do point out in the problem formulations where
MCDM problem analyses are required. In this respect, we have explored two aspects of fisheries
decisions: strategic (TAC setting over a planning period) and operational problems (for stock
assessment and in-season maintenance of fish population areas). In doing so, we point out:

l The lack of strategic planmng that has taken place in most government-managed

~ fisheries historically.

2. The need for much more focus on operational aspects of fisheries, in particular, the
wealth of multi-criteria spatial-temporal information available (but essentially unused)
at the level of the opeartion of the fisheries.

3. The inappropriate institutional arrangements in fisheries not conducive to MCDM
problem formulation and resolution.

We perceive the major stumbling block to the application of effective MCDM methods in
fisheries to the difficulties associated with problem definition and structuring. Remedies for
dealing with these problems will require a much more interdisciplinary structure to our fisheries
management institutions. Without this, the necessary dialogue and discussions among biologists,
economists, sociologists, ecologists, etc., in a concerted problem solving setting, cannot take
place.

thm an interdisciplinary management structure it will furthermore be necessa.ry to define
the appropnate roles and responsibilities of all participants. In pamcular in our view, it is not
government agencies who will be ultimately “responsible” for deﬁmng particular objectives and
constraints of the MCDM problems. Rather, government agencies should act as decision support
expens charged with providing the stakeholders who operate the fishery system (and produce
value from it) with the range of interpretations arising from both strategic and operational
decision problems. On the basis of appropriately presented information, these stakeholder-
decision makers will be best able to make effective multi-criteria decisions in a consensus setting.
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