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Abstract

In this paper a powerful toatalled sensitivity analysis ithe context of knowledge
engineering is discussed. Subtleties relatethéopopular certainty factaalculus
employed bymostshellsarehighlighted. With reference to practical examples, we
also show how sensitivity analyses can help validate a knowledge base.
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1 Introduction

The ultimateproduct of the process dinowledge engineering is tproduce
knowledge-based systems - systaxisibiting intelligent behavior by modelling the
empirical associations and heuristic relationships that experts have acqueed

time. During the process, knowledge of the expert(s) is acquired and some model is
establishedor the building of the knowledge-basedystem or knowledge base
(KB).

Most knowledge-oriented intelligenasksexercising judgement carry sordegree

of uncertainty. This is alsthe nature of heuristic-based reasoning. As such we can

always classify the knowledge acquired of a KB into two types:

* “Objective” knowledge that refers to the characterization of the inference of the
expert such as what causes that, etc.;

» “Subjective” knowledge that refers to the judgemental inputs (eg. weights, pair-
wise comparisonbeliefs, strength of preferencesic.) required to derive the
conclusion (and its relative significance) from the objective knowledge.
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It is also the interaction andanipulation ofthe aboveawo types of knowledge in
theinferencing or reasonini@r conclusion. lmorder toensure the adequacy of the
KB, it is therefore essential to cheftk the accuracygonsistency and compliance
of thesystem performance withe specified requirements and needs. So called the
process ofverification and validatioh!**® However,even if a system has gone
throughsuccessful verification and validationdibes notmean thathe system is
adequateVerified and validated systems catill exhibit unsatisfactory functional
performance caused logany other factorssuch agpoor hardware/softwarepoor
explanation and interface design, etc. As it is common ttitebehavior of the
resulting systemsannot always be predicted in advance, it is therefore important
to have more relevant tools for detecting errors and predicting performance.

In this paper, sensitivity analysis as @owerful tool in aiding validating and
understanding the performance of knowledge-bases is presented. Fivatl we
discuss orthe foundations of the technique. It is ttiellowed by its application in
knowledge engineering.

2 Sensitivity Analysis

Sensitivity analysis is essentially artension and development of a ratheridéh,

which was known in the theory differential equations under theame of a
“correctly set"problent® - thekind of problem admitting a solution yotonly for

an isolatedset of parameters\, but also in at least aufficiently small

neighbourhood o&,.

Traditionally, the objective of the theory of partialdifferential equations was
limited to the determination of representative solutigihpusmakingthe study of
correctly set problems remain essentially qualitative. In sensitivétgalyses
however, a quantitative aspect is addeaskinghow fast (and/or hownuch) the
reference solution,ywaries whemone or more parameters of the Agtre given

slightly different values. As this questioremains legitimatefor problems not
necessarilyassociated with partiaifferential equations, the scope sknsitivity

study therefore appears to be larger than the scope of the theory of correctly set
problems.

In a very broad term, the concept of sensitivity analysis can be visualized as follows
(Fig.1):

how much
change in parameter(s) change in performance?

System

v

Fig.1: Concept of Sensitivity Analysis
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And the sensitivity (function) can be broadly defined as:
S(P,V) _9P
ov
wheredP is the change @ystem performand@r some observed behaviour under
certain perspective)V is the change of some system parameter value.

The problem ofsensitivity is always critical irthe stability design of engineering
systems andhe the techniqudias also been used to validate vari@ystem
models’ With sensitivity analysespne can be shown how model or system
changes with variations or perturbations in its parametgr&hich parameters of
the model havethe mosteffect on model behavior, arilus suggest aimplified
treatment of parameters that ar@t important. Recentlgensitivity analyses have
been applied to models in social studieshysiological systems*° and more
recently expert systems. Of course, sensitivity is a concept that can be
meaningfully defined only byonsidering specific systems and their particular
purposes for existence.

In summary, depending ahe purpose the results sénsitivity analyses can be

utilized

» to pointout important parameters of thmodel by revealindow fast (and
deep) it affects system behaviour, conversely for indicating unimportant ones;

* to guide theformulation ofthe model by pointingout important/unimportant
elements that should or could be treated fully/simply,

» to warn of strange ounrealistic model behavior by showihgw thesystem
changes when perturbed,

* to suggest the accuracywdichthe parameters are to be calculatedsi@mtem
stability,

* to suggest new experiments or guide future data collection efforts,

* to suggest plausible adjustment to tluenerical valueor the parameters, etc.,
and finally

» to validate a model.

2.1 The Relative Sensitivity

In generakhe power ofsensitivity analysesests on theensitivity functions found
for revealing the system’s behaviour to parameters’ chang€&ven the
performance of a system can be viewed from differet perspectives secdstas
state-behaviour, etc., correspondingly a number of sensitivity functions scoktas
sensitiviy, statesensitivity, etc. can also be defindddeed there cahave many
types of sensitivity functiond As long as parameter variations amall and
“regular,” that is,the sensitivity function is assumed a continuously differentiable
function of its arguments at @ominal value ofthe performancemany classical
methods based on conventional differential calculus can be borrowed.
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For comparing theeffects of different parameterthe relative sensitivity function
can be used. The relatigensitivity (R) due to a paramet§ with respect to a
system (function) F is defined as

percent change in F
percent change if
oF/F
oBIp
[BF O * Fo/Bo 1)

BT,

where Fis thefunction andp . is thevalue ofthe parametep evaluated at the
operating point (OP). Thergsence of OP provides the point of referewbéh

the sensitivity is evaluated. Relative sensitivity functions are ideal for comparing the
different effects of parameters, because tl@g dimensionless, normalized
functions.

R(FB) =

3 Sensitivity Analyses for Knowledge Bases

There are anumber of parameters governitige performance of a KB. These
parameters include (Fig.2):

» the knowledge representation scheme (KR),
» the inference mechanism (IM),

» the system architecture (SA),

» the explanation facilities (EP),

» the user-interface facilities (Ul),

» the objective knowledge acquired (OK),

» the subjective knowledge acquired (SK),

» the hardware (HW),

» the software (SW),

* efc.

Requests/ Advices/
Consultation KB with parameters: Conclusion

KR, IM, HW, SW, SA,
EP, Ul, OK, SK, etc.

Fig.2: Parameters Affecting KB Performances

Much have beewlone onvalidatingthe performance oKBs with respect to the
various aspects of hardware, software, etc. There is also a growing trend on
validating the knowledge of the KBs. Howevemngarly most of themare not
counting on the subjéive knowledge aspect in theialidationprocess omodels,

see [11,12,15] foexample. The issue also seenistdess aspired in most current
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investigations although it's very important ttoe validity of advices or conclusion
provided of the KB. Assensitivity analysishas been employed angroved
successful irmany areas, it isbelieved thathe technique is alswiable for KB
validation. Below, before we demonstréiew sensitivity analysigontributes and
yields enlighteningesult in this directionthe way how uncertainty idyandled in
KBs is discussed first.

3.1 Uncertainty Handling in Knowledge Bases

As previously mentioned, subjective knowledge of a KB refethegudgemental
inputs (weights, pair-wise comparisobeliefs, strength of preferencesstc.)
required to derive a conclusion (and its relatignificance). And it is uslly
reflected as uncertainties of the knowledge captured in the KB.

Currently there are aumber of uncertainty handling schemeveloped for KBs
with the most notabléeingthe certainty factors (CFs) derivédm the work of

MYCIN.* Given its popularitywe’ll use CF as thexample todemonstrate the
application of sensitivity analyses to KBs. It shouldsbressed that tha@iscussion

is also applicable to other uncertainty handling models.

3.2 Certainty Factors (CFs) and Its Combinations

In essence, the GbBrmalism isbased loosely on Bayeahalysisand varieslightly

in its implementation from system to system. It is a very straightforward scheme for
the specification and manipulation of uncertainties in KBs wofperations as
follows: associate a certainty value or CF value to a piece of evidence or
conclusion. And this value is an indicationtbé experjudgemental weight on the
item, be it premise or conclusion of a rule. In genenalst CFs are expressed in a
scale of -1 (most certain that it is false) to +1 (most certain thatuteis or ascale

of -100 to 100%.

Assume weare using a_+1 scalehe following states someommon calculation
related to combining CFs.

For conjunctive premisesFor theAND of two (or more) premiseghe certainty

of the rule vill be the minimum ofthe certainty factors in thgremises. This is a
direct borrowing fronthe fuzzy calculus”’ For instance, suppose we aeen the

rule:

If Pl and P2 then C
If a system consultation reveals that P1 is associated with a ce(taiiy of 0.3
and that P2 (CF2) is 0.7, then dlwe true with a certainty of 0.3, theninimum
of 0.3and 0.7, i.e. Minimum(CF1,CF2). The certaifdigtors of thepremiseswill
be determined during the consultation based on user's statement of certainty and by
calculation orotherrules.For simplicity, in thispaper we Wil just write them next
to the premise as follows:
If P1 (0.5) and P2 (0.6) then C
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For combiningcertainties of thgpremise andhe conclusion Certainty factors of
premises and conclusioget multiplied together to get theertainty of the rule.
For example, if P1 is associated with a certainty of 0.5, and a certaity a$
affiliated with the conclusion, then the certainty of the rule would be 0.4. That is,
Given: If P1(0.5) then C (0.8)
Then: the resultant certainty of the deduction is 0.5*0.8=0.4

For combining certainty factors for two rulel rule-1 istrue (with CF1) and rule-
2 is true (with CF2) with the same conclusion, then the certainty o€dhelusion
is calculated according to the following equation:

CFina = CF1+ (1 - CF1)* CF2 (2.a)
or CRia= CF2+ (1-CF2)* CF1 (2.b)
as CF1 and CF2 should be symmetrical in the derivation of the final certainty
factor.

For disjunctive premise$lost MYCIN derived shells treat rules with ORs of two
(or more) premises as two (or more) rules, for example,

Given the rule: If P1 or P2 then C
This rule will be broken into

rule-1: If P1 then C

rule-2: If P2 then C

If both P1 and P2 areue, thecertainty of C would be derived according to Eq.
(2.a or 2.b). Thus if P1 were true with certainty 0.5 and P2 were true with certainty
0.6, then C would be true with certainty 0 8ssume each premise of a disjunctive
rule has a certainty, say CF1 and G62P1 and P2 respectively, and a certainty
value is also associated witte conclusionsayCF3. The formuldor calculating

the final certainty is

CHina = CF1*CF3+(1-CF1*CF3)*(CF2*CF3) (3.a)
or China= CF2*CF3+(1-CF2*CF3)*(CF1*CF3) (3.b)
based on Egs (2.a and 2.b).

However, someshells derivethe certainty for adisjunctive rule by using the
maximum of the premises’ certainty factors, for example,
Given the rule: If PX0.5) or P2 (0.6) then C

These shells would assign a certainty of 0.6 to C, the maximum of 0.5 and 0.6.

Othercases. It should heoted that wéhave omittedhe situations where CFs are
negative. In cases wheedl the CFs are negative, then the treatment is just the
same agor positive withsignreversed. Sincthe way for assertingaffirmity is just

the samefor falsity in theory. Fommixed cases ohavingboth positive anshegative
CFs, a number ofactors have to betaken into account, eg. the setting of
thresholds on meaningful CF valuethe way absolute values of CFs are
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compared, etc. Different systems also have different ways hahdling the
situations. Due to space reason andider not todivert too much from the
theme, these cases a@t presented. Interesteeaderanayconsult [3,8] formore
on the issue. Nonetheless, our discussion is also applicable to them.

3.3 Sensitivity Analyses for Certainty Factors

Assume we have a rule of the following form:
If (P1 (CF1) and P2 (CF2)) or P3 (CF3) then C (CF4) (R1)

Below we first showhow thefinal CF, Chia, is dervied. Then how theensitivity
(functions) are calculated and used to obtain the relative sensitivities.

In the AND clausefrom the rulegiven, onlyone of thepremises’ certainties (CF1
or CF2) wll have an effect orthe final certainty. Thatis, in the AND clause
consisting of onlyCF1 and CF2, if CF1 > CF2 then tlsensitivity function
S(China,CF1) = 0. And if CF1 = CF2, then S(&i,CF1) = S(Ck.a,CF2).

For simplicity, let us assume that CF1< CF2 and that chaagesmallenough so
that this inequality is not violated. The final certainty factor becomes

CFina = CF1*CF4+(1-CF1*CF4)*(CF3*CF4) (4.a)
or ChRina= CF3*CF4+(1-CF3*CF4)*(CF1*CF4) (4.b)
based on Egs (3.a and 3.b).

Now the sensitivities can be calculated as:

aCFﬁnaI
S(ChRina,CF1) = = CF4* (1- CF3*CF4 5
(China, CF1) 3CFL ( ) (5)
aCFﬁnaI
S(CFina:,CF2) = =0 6
(Cha ) 0CF2 ©)
aCFﬁnaI
S(CFRina,CF3) = = CF4*(1- CF1*CF4 7
(CFinai.CF3) = 7= CF4*( ) (7)
aCFﬁnaI
S(Finai, CF4) = = CF1 + CF3 - 2*CF1*CF3*CF4 (8)
0CF4

In order to obtain the relative sensitivity functions we multiply the above by the
nominal values (referring to Eq.1). Thus we have

R(CFina, CF1) = [CF4*(1- CF3*CF4)]¢* [CF1/CFina]op (9)
R(CFina,CF2) = 0 (10)
R(CFina, CF3) = [CF4*(1- CF1*CF4)]¢* [CF3/CFina]op (11)

R(CFinai, CF4) = [CF1+CF3 - 2*CF1*CF3*CF4}* [CF4/CRnalor  (12)

To try out for effect, we canstate some values tothe CFs. Suppose
CF2=CF3=CF4=0.8 and CF1=0.6<CF2. By.(4.a), thenominal value othe final
certainty becomes
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CFina =0.6*0.8+(1-0.6*0.8)*0.8*0.8
= 0.48+0.52*0.64 = 0.813

The sensitivity values for different CFs are
S(China,CF1) = 0.8* (1-0.8*0.8) = 0.8 * 0.36 = 0.288
S(CFﬁna|,CF2) =0
S(China, CF3) = 0.8*(1-0.6*0.8) = 0.8*0.52= 0.416
S(CFina,CF4) = 0.6 + 0.8 - 2*0.6*0.8*0.8 = 1.4 - 2*0.384 =1.4-0.768 = 0.632

with their relative sensitivity values #@hhe operating point of (CF1, CF2, CF3,
CF4)=(0.6, 0.8, 0.8, 0.8) being

R(CFRina,CF1) = 0.288*0.6/0.813=0.213

R(CFﬁna|,CF2) =0

R(CFina,CF3) = 0.416*0.8/0.813=0.409

R(CFina,CF4) = 0.632*0.8/0.813=0.622

The abovemeans thatheinduced changes in G& by CF4 are almost threagnes
as significant as those by CF1 and 30% more significant than those by CF3.

One very interesting thing weanmt to know is how thdinal certainty would
change for premises of having different certainty factors. Suppose wsirggehe
same rule R1:

If (P1 (CF1) and P2 (CF2)) or P3 (CF3) then C (CF4)

And let CF1= 0.5, CF2 = 0.6, CF3 = 0.7 and CF4 = 0.8. Then we have the final CF
being

China= 0.74
and the relative sensitivities for the various factors at the operating point of (0.5,
0.6, 0.7, 0.8) are

R(CFﬁna|,CF1) = 0.253

R(CFﬁna|,CF2) =0

R(CFﬁna|,CF3) = 0.457

R(CFina,CF4) = 0.696

This means thathe premises with bigger certaintiactors are moresignificant
(except in the AND clauseslror example, changinghe certainty ofpremises 1
would only haveabout 40% theffect of changinghe certainty opremise 3 and
about one third of the effect due to changes in CF4.

For those tools that use tmeaximumfunction for disjunctive certaintyfactors,
their sensitivity analyseare relatively simpler.Let CF1= 0.5, CF2 = 0.6, CF3 =
0.7, and CF4 = 0.8. Then

China= CF3*CF4=0.56
and the sensitivities become

R(CFﬁna|,CF1) =0

R(CFﬁna|,CF2) =0



@% Transactions on Information and Communications Technologies vol 19, © 1997 WIT Press, www.witpress.com, ISSN 1743-3517

R(CFina,CF3) = CF4=0.8
R(CFina, CF4) = CF3=0.7

Of coursethis way oftreating premises ithe ORclauses causes sensitivities to be
0 and produces more abrupipnlinear behavior. It also makesly one of the
premises’ certainty factors has significance in the final conclusion.

By carefully examininghe different conditiondor values of CF1 to CF3 we can
come up with some very interesting result as shown in Table-1 (witeaging
some value in the table).

CFl CF2 CF: CF4 CfEatl S(Fﬁnal, S(Fﬁnal,C S(Fﬁnal, S(Fﬁnal,
CF1) F2) CF3) CF4)
0 0 0 notl O S S S S
1 0 0 notl O 0 S S S
0 1 0 notl O S 0 S S
1 1 0 notl CF4 1 1 0 1
0 0 1 notl CF4 0 0 1 1
1 0 1 notl CF4 0 S 1 1
0 1 1 notl CF4 S 0 1 1
1 1 1 notl s S S S S
0 0 0 1 0 S S S S
1 0 0 1 0 0 S S S
0 1 0 1 0 S 0 S S
1 1 0 1 1 1 1 0 1
0 0 1 1 1 0 0 1 1
1 0 1 1 1 0 S 1 1
0 1 1 1 1 S 0 1 1
1 1 1 1 1 S S S S

TABLE-1: Checkingfor Sensitivities based on Some Absolutely Certain and
Uncertain Premises

As can be observed we have omitted many cases in the table. For exantlee we
not taken theaininteresting cases baving CF4 0 for it immediately drives Gl

to O forall inputs and also makedl the sensitivities tazero excepitself. It should
also benoted that the results amdt necessarily based degs. (5 - 12) bcause
those equations are supposed to be evaluated &hahmal’ operating points.
And the values of CFs equaling 0 andafe usuallyconsidered as boundary cases.
Further, the tableeveals some vergdd nonlinearities that result from certainty
factor calculations. It also alerts theltanging a valudor some certainty factor
may produce nceffect onthe output(as 0 in the table entry) for reasons that may
be unrelated to itself.
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4 Some Practical Considerations

In the last section, we illustrate hosensitivity analysis isused to validate a
model/schemenamely the certainty factor (CF) model, fdrandling subjective
knowledge in KBs. This section elaborates some practical consideratiassngn
the model.

In practice, theassignment of uncertaintiesusuallydone in an ad hoc anner by

the domainexpert®** After all the certainty factors are assigned, the knowledge
engineer then tries to adjuste certainty factors to look for changesotput
certainty. However, as previous mentiongis methodmay not work for many
situations. Foinstance, if there is a rule withanyconjunctive premisesnly one

of their certainty factors M affect the certainty of theoutput. The same also
applies tothose shells assuming a maximufanction for disjunctive premises,
letting only one of thepremises’ certaintyfactors have effect othe output
certainty.

Based orour experience of implementirinowledge-based systems in engineering
applications, there are alsmanyinstances where, quitirprisingly,the sensitivity

to some particular certainty factors are quite independent of itsalties. This
usually happens when vege building systems, safpr someengineering prnects,
that a particular engineerirgep or action is of absolute certainty. Translated into
CF, thisfirm belief turns to CF=1 (foabsolutelytrue) or CF= -1 (forabsolutely
false). However, such would inadvertently drives sensitivities of cerfaotyrs of
other premises to zero.

Another situation that would makée insensitivity phenomenohappen is when
the certainty of a knowledgeem, be itthe premise or conclusion isot obtained
in the conventional knowledge-then-certainty manné&or instance, in our
construction of an expesystemfor construction site preparatidhye foundthat
it is more natural for the expert tgse the certainty to determine the knowledge
value Say, if a certainty 0B0% (i.e. 0.9) is required, the taskould require
certain daydor its completion. 1f70% then othedays and s@n. An approach
characterized by first statintpe certainty thervalue. That is, not practising the
knowledge-then-certaintstyle. Moreover, according to theomainexpert, in the
stating of certaintypnly discrete values iWbe assumed. Say, 7% certainty is
usually assumetbr determiningthe time for a task. Othecertaintylevels usually
taken are 90%&and50% where thdormer is for conditions ohigh certainty and
the latter for low degree of certaintnd thesethreelevels ofcertainty, ie.90%,
70% and 50% are then set as tlgeneral norms for statinthe certainty of a
decision/advice. Thus, idesigningour systemfor handlinguncertainty, instead of
a single valu¢hreevalues related tthe thredevels ofcertainty for eactiaskhave
to be acquired fronthe expert. In order that theystem carmproduce consistent
conclusions, a weighted certainty forméda the derivation of certainty iseglised
where the final CF is calculated as
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(Teox0.9) + (Fxx0.7) + (Fxx0.5)
Chia = O000oo0oOoo0oooooooo
(T90+ T7o + Tso)

where Ty : the total days of work with 90% certainty
T+ : the total days of work with 70% certainty
Tso : the total days of work with 50% certainty

Thus in here, the certainties for the knowledgms donot depend ornindividual
certainty factors. Rather it is dependent on the knowl@dge (value), here is the
number of days$or a task. Foexample suppose the estimateldysfor the three
levels ofcertainty for the tasks Setting-out, Hoardi@yt andFill are as shown in
Fig.3.

Setting Out Hoarding Cut Fill

3 days (90%) 10 (90%) 9 (90%) 5 (90%)
2 days (70%) 10 (70%) 6 (70%) 5 (70%)
1 days (50%) 6 (50%) 6 (50%) 4 (50%)

Fig.3: Estimated Task Work-days with Three Levels of Certainty

The sensitivitiesfor 90%, 70%and50% certainties are then obtained based on the
item values oB:2:1, 5:5:3, 3:2:2 and 5:5:4 for the tasks of Setting-out, Hoarding,
Cut and Fill respectively. In other words, if the value is higher, its sensitititigen
higher. This is also consistent with rdifd situations as validated yur domain
expert. More on the related expert system can be found in [16].

5 Discussions

Sensitivity analyses can also be applieckbowledge bases iother ways. For
instance, we can run a test case, look at the ougmudsthen during a consultation
change a valutor some attributeintil the outputchange is observedhis change

in behavior would then be elicitddr further tuning ofthe knowledge-base. All
values ofall attributes wouldchave to be given, along withe change in thearget
value that causethe change imutput. Normally, such technique should be used
on large complex systemsyt for suchsystemghe analysiswould betoo complex

to be described hemgiven the limited space. Nonetheless, we can illustrate the
technique below with a simple example.

Suppose we have the following rules for a classification type knowledgé-base.
Domain Table: _Rules
A=[al, a2, a3] If A=al AND b=bl then O=x1
B=[b1, b2, b3] If B = b1l AND C=c1 then O=x2
C=[c1, c2, c3] If C =cl1 AND A=al then O=x1
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D=[d1, d2, d3] If D =d1 AND A=al then O=x1
E=[el, e2, e3] If C = c2 AND A=a3 then O=x2
O=[x1, x2, x3] If A=a2 AND B = b2 then O=x2

First let'sseteach attribute equal to its firssted domain value as shown. These
valuesproduced thdinal output of{x1, x2}. Next we performed &ensitivity
analysis on thiknowledge base. In separate runsassigned each dhe legal
values tathe individual attributes. We found thahangingthe values of {A, B, C}
may cause changes in the output. However, changingathe of E didhot change
the output. Tius the recommendation was to delé¢hes attribute from the
knowledge base tturn it into asimplerone. Nonetheless, thgoblem with this
technique is that there is sgstematic way to evaluatbBe results of thanalysis.
Moreover, the operation is also relatively ad hoc.

6 Conclusion

In this paper, wehave demonstrated thsg¢nsitivity analysi€an be a powerfitbol

for the validation of knowledge-based systems. Our analysis also reveals that

1. Certainty factors obtained by calculation during system consultaagnender
certain knowledge items irrelevant tioe final conclusion. It is thereforéhat
certainty factorslirectly obtained fronthe domainexpert should be pursued as
they are always more relevant.

2. In manycases, clauses with larger certainty fact@ge moresignificance than
clauses with smaller certainty factors.

3. In many practical cases, for several reasotise final certainty is often
completely insensitive to many premises’ certainties.

Besides telling when and wharesensitivity ofattributes occurs, the technigalkso
aid in the fine-tuning of knowledge-bases.

References

1. Bahill, A. T.Bioengineering: Biomedical, Medical and Clinical Engineering
Prentice-Hall, Englewood Cliffs, NJ, 1981.

2. Bahill, A. T., Latimer, J. R. androost, R. T.Sensitivity analysis of linear
homomorphic modefor human movementEEE Trans. Syst. Mafybern,
1980,10, 924-929.

3. BuchananB.G. and Shortliffe, E.H. Rule-Based Expert SystemAddison-
Wesley, Reading, MA, 1984.

4. Clancey, W. J. Heuristic Classificatiofrtificial Intelligence 1985,27 (3),
289-350.

5. Ford, A.and GardinerP.C. Anew measure of sensitivifipr social system
simulation modeldEEE Trans. Syst. Man Cybeyri979,19, 105-114.

6. Frank, P.M.Introduction to System Sensitivity TheoAcademic Prss, NY,
1978.



@% Transactions on Information and Communications Technologies vol 19, © 1997 WIT Press, www.witpress.com, ISSN 1743-3517

7. Gonzalez, A.J. and Dankel, D.The Engineering of Knowledge-based
SystemsPrentice Hall, Englewood Cliffs, NJ, 1993.

8. Kanal, L. N. and Lemmer, J. F. @&pUncertainty in Artificial Intelligence
North-Holland, Amsterdam, 1986.

9. Lehman, S. an&tark, L. Simulation of linear and nonlinear eye movement
models: sensitivity analyses and enumeratgiolies of time optimatontrol, J
of Cybernatics Information ScienckE979,4, 21-43.

10. Leimanis, Eand Minorsky, N.Dynamicsand nonlinear mechanicSurveys of
Applied MathematigsViley, 1958.

11. Nguyen, T.A. et al., Checking anExpert Systems Knowledge Base for
Consistency and CompletenessPnoc. of the 9th IJCAI1985, 375 - 378.

12. Nguyen, T.A. et al., Knowledge Base VerificatiBhMagazine 1987,8(2)
(Summer), 69-75.

13. O'Keefe,R.M., Balci, O. andE.P. Smith. Verifying and ValidatingExpert
System PerformancesEE Expert 1989,2(4) (Winter), 81-90.

14. Shortliffe, E. H.Computer-Based Medical Consultations: MYCHsevier,
NY, 1976.

15. Suwa, M., A. C.Scoff, and E. H. Shortliffe. An Approach tderifying
Completeness and Consistency in a Rule-B&sexert SystemAl Magazine,
1982,3(3) (Fall), 16-21.

16. Wu, A. K. W. A Knowledge-based Application in Engineerir{§aper
submitted for publication iAdvances in Engineering Software

17. Zadeh, L. A. Fuzzgets as dasisfor a theory ofpossibility. Fuzzy Sets and
Systems1978,1, 3-28.



