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Abstract : This document provides a rough sketch of development and initial
evaluation of fuzzy-controlled management procedures (MP’s) for Southern Bluefin
Tuna. The fuzzy control is an engineering technology that applies fuzzy reasoning to
control systems. Actual operation of fuzzy control built in the MP was briefly described in
the document giving an example. Major findings of this initial evaluation were: trends of
TAC change and values of performance measures differed between combinations of
target probabilities and target year; shorter target year and higher target probability
resulted in lower mean, minimum, and maximum catches; both options of maximum
TAC change and implementation time lag did not affect on TAC change patterns and
performance; the year/probability target was achieved for most of robustness trials as
in the reference case, except for "highCPUECV”, “STwin”, “omega75”, and “upq”
scenarios. The evaluated management procedure was consisted of only one particular
set of rules and specific forms of fuzzy set membership functions (although testing the
very limited numbers of its variants were conducted). So, there may be some room to
modify those rules and/or forms of membership functions and to explore variants to get
different TAC change patterns and better performance.
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1. Introduction

This document provides a rough sketch of development and initial evaluation of
fuzzy-controlled management procedures (MP’s) for Southern Bluefin Tuna. The fuzzy control
is an engineering technology that applies fuzzy reasoning (Cox 1994) to control systems. The
fuzzy control has many applications, for example, to household appliances such as washing
machines, and automatic operation of unmanned trains. Major advantages of applying the
fuzzy control are: specification of complicated mathematical formulae for controlling is not
necessary when building systems; empirical or expert knowledge can be incorporated into
the control systems; uncertainty that humans handle in decision-making process is
quantified and can be dealt with in the systems.

2. Schematic Representation of Fuzzy-Controlled MP (“FZ1")

CPUE(age4+) Ratio

—>
CPUE(age4) Index I::> FZ1 MP ::> TAC

Aerial Survey Index

The “FZ1" MP uses the following three indicators as inputs to evaluate stock status and
then to specify the next year’s TAC:

(1) CPUE(age4+) Ratio - Use as an indicator of change in spawning stock biomass (the
ratio of the most recent 3-year average to the 3-year average before those 3 years);

(2) CPUE(age4) Index — Use as an indicator of change in recruitment level (the most
recent 3-year average, evaluated comparing to historical minimum and maximum
levels)

(3) Aerial Survey Index — Also use as an indicator of change in recruitment level (the
most recent 3-year average, evaluated comparing to historical minimum and
maximum levels)

3. Feedback Control in FZ1 MP using Fuzzy Reasoning

This section briefly explains how feedback control using fuzzy reasoning is incorporated
into the FZ1 MP and also provides relevant information of the fuzzy reasoning used in the
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management procedure (for further details of fuzzy reasoning, see Cox 1994). The first step
of building a fuzzy control system is to consider and determine a set of rules (IF-THEN rules)
such as “If the current condition is ... , then do ... .” Here is an example,

“IF CPUE(age4+) ratio indicates Medium Increase of the stock AND CPUE(age4) is Medium
level AND Aerial Index is Strong level, THEN TAC change action is Positive Medium”

This set of rules can be given in the table form below (called “fuzzy associative memory
(FAM)"). By defining these rules, empirical or expert knowledge can be embodied into the
control system, and also resulting TAC change actions for certain stock conditions can be
explicitly described.

IF CPUE(age4+) is MI (Medium Increase) AND:
CPUE(age4)

WK | MM | SG

For instance, this square represents the following rule:

AL | wk | Ps | pPs | pm
MM | Ps | pM |(PM |

/ “IF CPUE(age4+) ratio indicates MI AND CPUE(age4) is SG level AND AI

is MM level, THEN TAC change action is PM”

SG|PM|PM| P

Al (Aerial Survey Index)
WK (Weak), MM (Medium), SG (Strong)
PS (Positive Small), PM (Positive Medium), PL (Positive Large)

Now, suppose that we have some values for CPUE(age4+) ratio, CPUE(age4), and Aerial
Survey Index, respectively. In most cases, it is not 100% certain to state that, for example,
the age4+ CPUE ratio indicates “"Medium Increase” of the stock. It may be 70% certain or
only 30% reliable in some cases. Furthermore, the degree of “Increase” itself is ambiguous
(e.g., In what range of the CPUE ratio do we state that the stock is in Medium Increase
status?). The same notion is true for other two indicators as well. Given such fuzziness in the
premise for stock status, there may be uncertainty in resultant TAC change action (e.g., Is it
100% reasonable to say that TAC change action is “Positive Medium” when our knowledge of
the stock status is ambiguous?). In control systems using fuzzy logic, the idea of fuzzy set
theory is applied to deal with such ambiguity pertinent to such approximate reasoning.

In general crisp set theory, whether an element ais a member of the set Xis either 0% or
100% (yes/no or 0/1 dichotomy). In contrast, the fuzzy set theory defines whether an
element ais a member of the set X by the degree of membership between 0% and 100%
(called “membership function”, usually represented as (A a)) (compare the two figures below
and note the nebulous boundary of the fuzzy set).
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Actual operation of TAC control using fuzzy reasoning in the FZ1 is described below
giving an example. For illustrative purpose, only the two indicators, CPUE(age4+) ratio and
Aerial Survey Index, are used as inputs for the MP in the example. The operation can very
easily be expanded to the case of using all three indicators.

Suppose we have some values of CPUE(age4+) ratio and Aerial Survey Index (AI),
respectively. The CPUE ratio falls within the domain of two CPUE ratio fuzzy sets, MI (Medium
Increase) and LI (Large Increase), and Al falls within the MM (Medium) level fuzzy set region
(see the figure below). Then, consider the following rules:

[Rule 1] IF CPUE(age4+) ratio is MI (Medium Increase) AND Al is MM (Medium)
THEN TAC change action is PM (Positive Medium)

[Rule 2] IF CPUE(age4+) ratio is LI (Large Increase) AND Al is MM (Medium)
THEN TAC change action is PL (Positive Large)

The first rule causes the PM TAC action to be copied into the output TAC action fuzzy set.
But before doing this its membership (height) is truncated at the truth of the rule’s premise
(the minimum® of [.57] and [.48]). The figure below shows how this works and how the TAC
action output fuzzy region looks after the first rule is fired.

The second rule is selected because the CPUE(age4+) ratio has some degree of

! The basic Zadeh type “AND” operation is to take the minimum of memberships in the predicate (Lotfi Zadeh is its
inventor of fuzzy logic).
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membership in MI (Medium Increase) as well a small degree of membership in LI (Large
Increase). When the second rule is fired, the PL (Positive Large) fuzzy set is also truncated at
the truth of its premise (the minimum of [.25] and [.48]) and then copied into the output TAC
action region. Since the region is not empty, however, this modified fuzzy set is “OR*"
-operated with the PM fuzzy set. The figure below shows the final TAC action output fuzzy set.
When the centroid defuzzification method (Cox 1994) is applied, an TAC change action of
+2418 t is calculated as the expected value.

CPUE(age4+) Ratio

1 MI LI Rule 1
e
p(x)
TAC Change
.25
0 i S 1 PM PL
CPUE ratio
.48
Aerial Survey Index
.25
1 MM ; “"». R o
0 >
v (ton) 1000 2418 4000
K .48
0 /z_\ \ > Rule 2
Index Level 1200

For tuning purpose in the MP evaluation, the final TAC specification is defined as below:

ATACxa if ATAC >0

TAC(year) =TAC(year —1) + ,
(vear) (vear=1) {ATACxﬂ if ATAC <0

where A4 7ACis a centroid-defuzzified TAC from the fuzzy reasoning described as above, and

agand pare tuning parameters.

2 The basic Zadeh type “OR” operation is to take the maximum of memberships in the predicate.
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The actual set of rules (9 rules/table X 7 tables = 63 rules) embedded in the FZ1 are provided

below. In each table, the following abbreviations are used.

CPUE(age4+):
Large Decrease (LD), Medium Decrease (MD), Small Decrease (SD), Stable (ST),
Small Increase (SI), Medium Increase (MI), Large Increase (LI)

CPUE(age4) & Aerial Survey Index:
Weak (WK), Medium (MM), Strong (SG)

TAC change action:
Negative Large (NL), Negative Medium (NM), Negative Small (NS), Zero (ZR),
Positive Small (PS), Positive Medium (PM), Positive Large (PL)

(1) IF CPUE(age4+) ratio indicates LD AND
CPUE(age4)
WK | MM | SG

Al | WK | NL | NL | NL
MM | NL | NL | NM
SG | NL | NM | NM

(2) IF CPUE(age4+) ratio indicates MD AND

CPUE(age4)
WK MM SG
Al | WK | NL | NM(NL)" | NM(NL)
MM | NM NM NM
SG | NM NM NS

Note *: All output TAC change actions in parentheses were built in the FZ2 (a variant of the FZ1)

(3) IF CPUE(age4+) ratio indicates SD AND

CPUE(age4)
WK MM SG
Al | WK | NM(NL) | NS(NM) | NS(NM)
MM NS NS NS
SG NS NS ZR
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(4) IF CPUE(age4+) ratio indicates ST AND

CPUE(age4)
WK MM SG
AI | WK | NS(NM) | NS(NM) | ZR(NS)
MM NS ZR ZR
SG ZR ZR PS

(5) IF CPUE(age4+) ratio indicates SI AND
CPUE(age4)
WK MM SG

Al | WK | ZR(NS) | ZR(NS) | PS(NS)
MM | ZR PS PS
SG | PS PS PM

(6) IF CPUE(age4+) ratio indicates MI AND
CPUE(age4)
WK MM SG

Al | WK | PS(ZR) | PS(ZR) | PM(PS)
MM | PS PM PM
SG| PM PM PL

(7) IF CPUE(age4+) ratio indicates LI AND
CPUE(age4)
WK MM SG

Al | WK | PM(PS) | PM(PS) | PL(PM)
MM | PM PL PL
SG | PL PL PL
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The actual membership functions for fuzzy sets defined in the FZ1 MP are provided below.

The same abbreviations as above are used to represent the fuzzy sets.

Fuzzy sets for age4+ CPUE ratio

1.2

0.8

04

0.0
1

cpue ratio

Fuzzy sets for Aerial Index level

membership grade

T T T T
800 1000 1200 1400

aerial index level

0.0

Fuzzy sets for age4 CPUE level

T T T T T
0.0 0.1 0.2 0.3 04

age4 cpue level

Two types of membership functions for output TAC change actions were used.

(a) For the FZ1 and the FZ2 (a variant of the FZ1)

Fuzzy sets for TAC +/- 3000 version

0.8 1.2
|

04
membership grade

0.0
1

T
-4000 -3000 -2000 -1000 0 1000 2000 3000 4000

TAC change

1.2

0.8

0.4

0.0

(b) For the FZ1b (a variant of the FZ1)

Fuzzy sets for TAC +/- 6000 version

T T
-8000 -6000 -4000 -2000 O 2000 4000 6000 8000

TAC change
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4. Preliminary Results

Simulation tests were conducted using the following combinations of tuning options
(squares in tables given tuning parameter values) for the reference case and robustness
trials. The selected combinations were based on the management guidance from the SFMWG
to the ESC in April 2010 for MP development (CCSBT 2010). For each combinations, first the
FZ1 MP was tuned using the reference set and then all robustness trials were done with the
same values of tuning parameters as the reference. For all combinations, TAC change
frequency was set to every 3 years. Tuning exercises were done allowing the error range
between -1% and +1% (e.g., 69%-71% when the tuning option is 70%). In addition, two
variants of the FZ1 (named “FZ1b"” and “FZ2", see the tables and figures in pages 6-8 for the
specifications) were explored. Simulation tests were conducted using the projection software
“sbtprojv118.exe” (distributed on 19 May 2010) based on conditioning results obtained by
the conditioning program “sbtmod22.exe” (distributed on 21 April 2010).

(1) Max TAC change = 5000 t, implementation time lag = 0 year

probability
60% 70% 90%
year | 25 a=1.0 | a=1.0(0.76% 0.8°) | a=0.2
B=1.42 | B=1.9(1.24%, 1.0°) | B=2.3
30 |0=1.68 | a=1.28 a=1.0
B=1.0 | B=1.0 B=1.58

Note a: Values used for the FZ1b (a variant of the FZ1)
b: Values used for the FZ2 (a variant of the FZ1)

(2) Max TAC change = 5000 t, implementation time lag = 1 year

probability
60% 70% 90%
year | 25 E: ig
30

(3) Max TAC change = 3000 t, implementation time lag = 0 year

probability
60% 70% 90%
year | 25 a=0.95 | a=0.15
B=2.0 | B=4.0
30
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Major findings of this initial evaluation were summarized below:

Trends of TAC change and values of performance measures differed between
combinations of target (tuning) probabilities (compare a, b, and cin Fig. 1, or a, b, and c
in Fig. 2) and target (tuning) year (compare Fig. 1a with 2a, 1b with 2b, and 1c with 2¢),
also see Table 1)

Two combinations (25-year/70% and 30-year/90% targets) showed similar trends of TAC
change and performance measures (Fig. 1b and Fig. 2c, Table 1)

Shorter target year and higher target probability resulted in lower mean, minimum, and
maximum catches (Fig. 1 and Fig. 2, Table 1)

For the combination of 25-target-year and 90% target probability (maximum TAC change
was set to 5000 t), TAC could not be increased after reducing TAC in large amounts in the
early part of the projection period (Fig. 1c)

There was no noticeable difference found in TAC change trends and performance
measures between implementation year lag 0 and 1 options (Fig. 3a and 3b), but the
0-year lag option tended to give a bit larger mean, minimum, and maximum catches
(Table 1)

The year/probability target was achieved for most of robustness trials as in the reference
case, except for “highCPUECV", “STwin", “omega75”, and “upq” scenarios (Fig. 4 and Fig.
5)

Two maximum TAC change options (5000 t versus 3000 t) gave quite similar TAC change
patterns and performance measures (compare Fig. 1b and Fig. 2a, Fig. 1c and Fig. 2b,
also see Table 1)

Variants of the FZ1 which give different TAC change patterns and performance are
possible to be developed and explored by modifying IF-THEN rules and/or forms of fuzzy
set membership functions (compare Fig. 7a to Fig. 1b, also see Table 1)

Some variants give similar TAC change patterns and performance to the original FZ1
even if different IF-THEN rules and/or forms of fuzzy set membership functions are
embedded (compare Fig. 7b to Fig. 1b, also see Table 1)

10
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Fig. 1. Comparisons of spawning biomass and TAC trends between different target (tuning)
probabilities. [Reference casel; target (tuning) year is 25; maximum TAC change is

5000 t|; implementation time [lag is 0 yeat.
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Fig. 2. Comparisons of spawning biomass and TAC trends between different target (tuning)
probabilities. [Reference casel; target (tuning) year is 30; maximum TAC change is

5000 t|; implementation time [lag is 0 yeat.
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Fig. 3. Comparisons of spawning biomass and TAC trends between different implementation

time lags. [Reference casel; target (tuning) year is 25]; target (tuning) probability is
70%]; maximum TAC change is [5000 t.
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Fig. 4. Comparisons of spawning biomass and TAC trends between different robustness trials.
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Fig. 5. Comparisons of spawning biomass and TAC trends between different robustness trials.

Target (tuning) year is
is 5000 t.

16

B0]; target (tuning) probability is [70%]; maximum TAC change



CCSBT-OMMP/1006/10
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MP: FZ1_2c_lag0_c1s1i1

Pr(B2022>B0x10%): 0.384, Pr(B2022>B2009x2): 0.364, Pr(B2035>B0x20%): 0.702
Pr(B2025>B0x10%): 0.699, Pr(B2025>B2009x2): 0.712, Pr(B2040>B0x20%): 0.938
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Fig. 6. Comparisons of spawning biomass and TAC trends between different target (tuning)
probabilities. [Reference case]; target (tuning) year is 25; maximum TAC change is
3000 t]; implementation time [lag is 0 yeat.
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Spawning biomass and TAC trends of two variants, FZ1b and FZ2, of the FZ1.
Reference case]; target (tuning) year is 25 maximum TAC change is [5000 ;
implementation time |lag is 0 year| (@) The FZ1b embodied a different form of fuzzy
set membership function for the output TAC change action (see the bottom figure in
page 8); (b) the FZ2 incorporated a different set of IF-THEN rules (see the tables in
pages 6-7).
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