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Abstract

We propose a distance measure between two probability distributions, which al-
lows one to bound the amount of belief change that occurs when moving from
one distribution to another. We contrast the proposed measure with some well
known measures, including KL—divergence, showing some theoretical properties on
its ability to bound belief changes. We then present two practical applications of the
proposed distance measure: sensitivity analysis in belief networks and probabilistic
belief revision. We show how the distance measure can be easily computed in these
applications, and then use it to bound global belief changes that result from either
the perturbation of local conditional beliefs or the accommodation of soft evidence.
Finally, we show that two well known techniques in sensitivity analysis and be-
lief revision correspond to the minimization of our proposed distance measure and,
hence, can be shown to be optimal from that viewpoint.
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1 Introduction

We propose in this paper a distance measure which allows one to bound the
amount of belief change that results from transforming one probabilistic state
of belief into another. Specifically, given a probability distribution Pr repre-
senting an initial state of belief, and a distribution Pr’ representing a new
state of belief, we define a distance measure which allows us to tightly bound
belief change as follows: 1/k < O'(a | 3)/O(a | B) < k. Here, k is a constant
that depends on the proposed distance, o and (3 are arbitrary events, O(a | 3)
is the odds of event « given # with respect to Pr, and O'(« | 3) is the odds of
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event v given (3 with respect to Pr’. We show a number of theoretical results
about the proposed measure and then present two of its key applications.

On the theoretical side, we prove that our proposed measure satisfies the three
properties of distance. We also contrast our distance measure with classical
measures, including KL-divergence [12] where we present some results on its
ability to bound belief changes. Specifically, we show that belief change be-
tween two states of belief can be unbounded, even when their KL—divergence
tends to zero. We show, however, that KL—divergence can be used to bound
the average change in beliefs as opposed to the worst—case change in beliefs.

On the practical side, we present two main applications of our proposed dis-
tance measure. The first application is sensitivity analysis in belief networks,
an area which concerns itself with bounding global belief change that results
from applying a local perturbation to a belief network [13,1,11,3,2]. We show
three key results here. First, we show that if Pr is the distribution induced by
a belief network N, and if Pr’ is the distribution induced by a belief network
N’ that results from changing some conditional probability table (CPT) in
N, then the distance between Pr and Pr’ can be computed locally by only
examining the changed CPT. Second, we use our distance measure to provide
a bound on global belief change that results from a local CPT change, and
show that our bound generalizes and provides more insights into the bound
given by Chan and Darwiche recently [2]. Finally, we use our proposed distance
measure to prove the optimality of a prevalent, but formally unjustified, tech-
nique in the literature on sensitivity analysis relating to changing the CPTs
of multivalued variables [13,11,3].

The second application we consider for our distance measure is in belief revi-
sion [5]. Here, we show how our distance measure can be used to bound belief
change that results from incorporating uncertain evidence according to both
Jeffrey’s rule [8] and Pearl’s method of virtual evidence [14]. We actually prove
the optimality of Jeffrey’s rule with regards to minimizing belief change and,
finally, consider the application of our distance measure to quantifying the
strength of evidence, as measured by the amount of belief change it induces.

Proofs of all theorems in this paper can be found in Appendix A.

2 A probabilistic distance measure

Our proposed measure is defined between two probability distributions.

Definition 2.1 Let Pr and Pr’ be two probability distributions over the same



set of worlds w. We define a measure D(Pr, Pr') as follows:

. P / P /
D(Pr, Pr") Y nmax (w) _ In min ~— (w)’
w o Pr(w) w o Pr(w)

where 0/0 is defined as 1.

We will say that two probability distributions Pr and Pr’ have the same
support, if for every world w, Pr(w) = 0 iff Pr'(w) = 0. Note that if two
distributions Pr and Pr’ do not have the same support, D(Pr, Pr') = oc.

Our first result on the defined measure is that it satisfies the three properties
of distance, hence, it is a distance measure.

Theorem 2.1 Let Pr, Pr’ and Pr” be three probability distributions over the
same set of worlds. The distance measure given in Definition 2.1 satisfies these
three properties:

Positiveness: D(Pr, Pr') >0, and D(Pr, Pr') = 0 iff Pr = Pr';
Symmetry: D(Pr, Pr') = D(Pr', Pr);
Triangle Inequality: D(Pr, Pr') + D(Pr', Pr") > D(Pr, Pr").

The interest in the defined distance measure stems from two reasons. First, it
can be easily computed in a number of practical situations which we discuss in
later sections. Second, it allows us to bound the difference in beliefs captured
by two probability distributions.

Theorem 2.2 Let Pr and Pr' be two probability distributions over the same
set of worlds. Let o and (3 be two events. We then have:

/
o~ D(PrPr) O'(a | B) < D(Pr.Pr)

~ Oa|p) — ’

where O(a | B) = Pr(a | B)/Pr(a | B) is the odds of event o given 3 with
respect to Pr, and O'(«a | B) = Pr'(a | B)/Pr'(@ | B) is the odds of event «
given 3 with respect to Pr'.' The bound is tight in the sense that for every
pair of distributions Pr and Pr’, there are events o and 3 such that:

L Of course, we must have Pr(3) # 0 and Pr'(3) # 0 for the odds to be defined.
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Fig. 1. The bounds of Pr'(« | ), as given by Inequality 2, plotted against the initial
belief p = Pr(a | 3) for several different values of distance d = D(Pr, Pr'): d = .1
(top left), d =1 (top right), d = 2 (bottom left), and d = 3 (bottom right).

We can express the bound of Theorem 2.2 in two other useful forms. First, we
can use logarithms:

|IInO'(a | B) —InO( | B)| < D(Pr, Pr'). (1)

Second, we can use probabilities instead of odds:

pe? : pe
p(e‘d—1)+1§PT(a|6)§m’ (2)

where p = Pr(a | §) is the initial belief in « given 8, and d = D(Pr, Pr’)
is the distance. The bounds of Pr/(« | () are plotted against p for several
different values of d in Figure 1.

In the applications we shall discuss next, Pr is a distribution which represents
some initial state of belief, and Pr’ is a distribution which represents a new
state of belief. The new state of belief results form applying some kind of local
change to the initial state. Examples include the change in some conditional
belief or the incorporation of new evidence. Our goal is then to assess the global
impact of such local belief changes. According to Theorem 2.2, if we are able
to compute the distance measure D(Pr, Pr'), then we can bound global belief
change in a very precise sense. For example, we can use Inequality 2 to compute
the bound on any query Pr'(« | ). We will later show two applications from



sensitivity analysis and belief revision where the distance measure can be
computed efficiently.

3 Comparisons with existing measures

Before we discuss the applications of our proposed distance measure, we first
need to settle a major question: Can we bound belief change in the sense given
above using one of the classical probabilistic measures? We show next that this
is not possible using at least two of the most commonly used measures: KL—
divergence and Euclidean distance. We show, however, that KL-divergence
can be used to provide an average—case bound on belief changes and we also
provide a relationship between that bound and ours.

We start first with Kullback—Leibler (KL) divergence, which is one of the most
common measures for comparing probability distributions [12].

Definition 3.1 Let Pr and Pr’ be two probability distributions over the same
set of worlds w. The KL-divergence between Pr and Pr' is defined as:

Pr'(w)
Pr(w)’

KL(Pr,Pr') 2 —3 Pr(w)ln

The first thing to note about KL-divergence? is that it is incomparable with
our distance measure.

Example 3.1 Consider the following distributions, Pr, Pr' and Pr", over
worlds wy, wy and ws:

Pr(w,) = .50, Pr(wy) = .25, Pr(ws)=.25;
Pr'(wy) = .50, Pr'(wg) = .30, Pr'(ws) = .20;
Pr’(wy) = .43, Pr"(wy) = .32, Pr"(w3) = .25.

Computing the KL—divergence gives us: K L(Pr, Pr') = .0102 and K L(Pr, Pr") =
.0137. Computing our distance measure gives us: D(Pr,Pr') = .405 and
D(Pr, Pr") = .398. Therefore, according to KL-divergence, Pr' is closer to

Pr than Pr”, while according to our distance measure, Pr" is closer to Pr
than Pr’.

2 Note that KL-divergence is asymmetric, and is thus technically not a distance
measure.



The next example shows that we can make the KL—divergence arbitrarily close
to 0, while keeping some odds ratio arbitrarily close to some constant k. Hence,
KL—divergence cannot be used to bound belief changes as permitted by our
proposed measure.

Example 3.2 Consider the following distributions, Pr and Pr’, over worlds
wy, wy and ws:

Pr(uw) =p, Pr(wy)=q—p, Pr(ws)=1-gq;
Pr'(wy) = kp, Pr'(ws) = q — kp, Pr'(ws) =1 —g;

where p, q and k are constants, with 0 < p < ¢ <1 and 0 < k < q/p. The
KL—-divergence between Pr and Pr' is:

—k
KL(PT,PT’):—plnk—(q—p)lnq b

q—7p

Assume we have events a = wy and = wy,wy. The odds ratio of a given (3
between Pr and Pr’ is:

O'(a|B)  k(g—p)

Ofa|B)  q—kp

We can see that as p approaches 0, the KL—divergence also approaches 0, while
the odds ratio O'(a | B)/O(« | B) approaches k.

This example shows that we can make the KL—divergence arbitrarily close to
0, while keeping some odds ratio arbitrarily close to some constant k. In this
example, we condition on event (3, which has a probability of ¢ that can be
arbitrarily large. However, the probability of a;, which is p according to Pr and
kp according to Pr’, is very small. Hence, although we have Pr'(«)/Pr(a) = k,
this ratio is ignored by KL—divergence because the term —pln k is very small
as p approaches 0. More generally, the “contribution” of a world w to KL—
divergence is equal to —Pr(w) In(Pr'(w)/Pr(w)). Therefore for a fixed ratio
Pr'(w)/Pr(w), this “contribution” becomes closer to 0 as Pr(w) decreases,
and becomes infinitesimal when Pr(w) approaches 0.

Another popular measure to compare two probability distributions is the Eu-
clidean distance.

Definition 3.2 Let Pr and Pr' be two probability distributions over the same
set of worlds w. The Euclidean distance between Pr and Pr’ is defined as:

ED(Pr, Pr') £} > \/(Pr’(w) — Pr(w))?.



That is, when computing the Euclidean distance, we add up the squared dif-
ferences between pairs of probability values. Therefore, this measure has the
same problem as KL—divergence: even if there is a large relative difference for
the probability of a world with respect to Pr and Pr’, it will be ignored if this
probability is very small. Consequently, we cannot provide any guarantee on
the ratio O'(a | #)/O(a | 3), no matter how small the Euclidean distance is
(unless it is zero).

To summarize, neither KL—divergence nor Euclidean distance can be used to
provide guarantees on the ratio O'(« | 5)/O(a | (), as we did in Theorem 2.2
using our distance measure.

3.1 KL-divergence as an average—case bound

Even though KL—divergence cannot be used to bound belief changes as dis-
cussed above, it can still be used to offer a bound but on the average change
in beliefs. This is given by the following theorem.

Theorem 3.1 Let Pr and Pr' be two probability distributions over the same
set of worlds. Let o and 3 be two events. We then have:
KL(Pr,Pr')

> —Pr(f) (Pr(oz | ) lnM

Pr(a|pB)

+(1—Pr(a|ﬁ))ln1_Pr,(a‘ﬁ)>,

1—Pr(a|p)
or alternatively, in odds:

O +1  O]|p) | O]
Pr(pB) <ln O(a | B)+1 B O(a | B)+1 In O(a | B)

) < KL(Pr, Pr'),

where O(a | B) = Pr(a | B)/Pr(@ | B) is the odds of event a given (3 with
respect to Pr, and O'(a | B) = Pr'(a | B)/Pr'(a | B) is the odds of event «
given (3 with respect to Pr’.

According to this theorem, the KLL—divergence can be used to provide a guar-
antee on the new odds value O'(« | ) in terms of the original odds value
O(« | B). However, the provided guarantee depends on the probability of event
B, where the quality of the guarantee degrades as the probability decreases.
This echoes Example 3.2, where we can get a constant log—odds change even
when the KL—divergence approaches 0, because the probability Pr(/3) also ap-
proaches 0. To give better insights into the guarantee offered by Theorem 3.1,
we plot in Figure 2 the bounds it provides for different values of K L(Pr, Pr’)
and Pr(f3).
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Fig. 2. The bounds of Pr'(a | (), as given by Theorem 3.1, plotted against
the initial belief p = Pr(a | ), for different values of KL(Pr,Pr’) and
Pr(B): KL(Pr,Pr') = .005 and Pr(3) = 1 (top left), KL(Pr,Pr’) = .02 and
Pr(B) = 1 (top right), KL(Pr,Pr’) = .005 and Pr(8) = .1 (bottom left), and
KL(Pr,Pr')=.02 and Pr(8) = .1 (bottom right).

One can also provide a bound on the change in odds of a | # which is indepen-
dent of the probability of # by taking an average over all possible probabilities
of 3, but that would be an average—case bound as opposed to the worst—case
bound provided by our measure.

3.2 Bayes factor

One useful term that can help us further understand our distance measure and
its relation to KL—divergence is the Bayes factor [6,7,9], defined as follows.

Definition 3.3 If Pr and Pr' are two probability distributions, and o and 3
are two events, the Bayes factor (or odds factor), Fp, p.(c : 3), is defined as
the ratio of new-to-old odds:

s Pr'()/Pr(5)
Pr(a)/Pr(5)

Fppr pr(a: )



Our distance measure given in Definition 2.1 can be expressed using the Bayes
factor:

D(Pr, Pr') = Inmax Fp p,(w; : w;).

Wi, Wy

Therefore, our distance measure can be regarded as the logarithm of the max-
imum Bayes factor of any two worlds between the two distributions. Conse-
quently, it can be used to bound the Bayes factor of any two events between
the two distributions.

Theorem 3.2 Let Pr and Pr' be two probability distributions over the same
set of worlds. Let v1 and 7y be two events. We then have:

e~ PERPT) < Fpp pr(71 1 72) < D),

Theorem 2.2 is a special case of Theorem 3.2, when we substitute the following
terms: 71 = a | f and v, =@ | S.

While our distance measure provides us a worst—case bound of Bayes factors,
the KL—divergence can be perceived as an average—case bound of Bayes factors,
as shown by the next theorem.

Theorem 3.3 If a is an arbitrary event, and v1,...,7, 1S a set of mutually
exclusive and exhaustive events, we then have:
Pr'(«)
Pr(a)

0<Y Pr(v)InFp.pr(a:v)—In < KL(Pr,Pr').

If instead of an arbitrary partition vy, ...,7v., we are given the set of worlds
w, then we will get the following equality relation:

KL(Pr, Pr') ZPT’ )In Fpp pr(a: w) —In

Theorem 3.3 gives us a bound on the weighted sum of the logarithms of the
Bayes factors using KL—divergence.

To further relate the two bounds, we ask an interesting question: If we are
given the value of our distance measure between two distributions, can we put
a bound on the KL—divergence between them? The following theorem provides
us the answer.

Theorem 3.4 Given two distributions Pr and Pr', where D(Pr, Pr') = d >
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Fig. 3. The bound of KL-divergence K L(Pr,Pr’) as a function of the distance
measure d = D(Pr, Pr'), as given in Theorem 3.4.

0, we have:

d d

KL(PT,PT’)g—l—lned_l—l—ed_l.

The plot of the bound of Theorem 3.4 against d is shown in Figure 3. Hence,
the smaller d is, the more we can say about the KL—divergence as we can
get a tighter bound. If we view our distance measure as providing a worst—
case bound on belief changes, and KL—divergence as providing an average—
case bound on such changes, it is then not surprising that we can say more
about the average—case bound (KL—divergence) as the worst—case bound (our
distance measure) is less dramatic.

We close this section with some further comments on the suitability of the
average—case versus worst—case bounds:

(1) Average—case bounds have proved to be useful in learning algorithms,
while worst—case bounds are more important in common-sense reasoning,
where conditioning on unlikely events is not uncommon.

(2) Even in learning algorithms, worst—case analysis can be useful if it gives
us tight results.

4 Applications to sensitivity analysis

We now consider a major application of our distance measure to sensitivity
analysis in belief networks [13,1,11,3,2]. A belief network is a graphical prob-
abilistic model, composed of two parts: a directed acyclic graph where nodes
represent variables, and a set of conditional probability tables (CPTs), one for
each variable [14,10]. The CPT for variable X with parents U defines a set of
conditional beliefs of the form 6,), = Pr(z | u), where x is a value of variable
X, u is an instantiation of parents U, and 6,, is the probability value of

10



given u, and is called a network parameter.

One of the key questions with respect to belief networks is this: what can we
say about the global effect of changing some parameter 0, to a new value
ft‘u? That is, what is the effect of such a local parameter change on the value

of some arbitrary query Pr(« | 3)?

Our earlier results [2] have provided a partial answer to this question, for
the case where: variable X is binary (it has only two values, x and T); « is
the value y of some variable Y'; ( is the instantiation e of some variables E,
and neither ¢, nor 0;|u is extreme (equal to 0 or 1). Specifically under these
conditions, we have shown that:

:/Bu GZBU
IInO'(y |e) —InO(y | e)] < |In ,: —1110: : (3)

Using the above bound, we provided a formalization of a number of intuitions
relating to the sensitivity of probabilistic queries to changes in network pa-
rameters. We will now show how our distance measure can be used to derive a
generalization of the above bound, which applies without any of the previously
mentioned restrictions.

Suppose that our initial belief network is NV and it induces a probability distri-
bution Pr. By changing the CPT for variable X, we produce a new belief net-
work N’ that induces a probability distribution Pr’. If we are able to compute
the distance between Pr and Pr’, D(Pr, Pr’), we can then use Theorem 2.2 to
provide a guarantee on the global effect of the local CPT change. As it turns
out, the distance can be computed locally as given by the following theorem.

Theorem 4.1 Let N and N' be belief networks which induce distributions Pr
and Pr’ respectively, and let X be a variable with parents U in network N.
Suppose that N' is obtained from N by changing the conditional probability
distribution of variable X given parent instantiation u from O x|, to @’Xlu, i.e.
we change parameter Oy, to 9;|u for every value z. If Pr(u) > 0, then:

D(Pr, Pr') = D(Ox|u, @'X|u).

The above theorem shows that the distance between the global probability
distributions induced by networks N and N’ is exactly the distance between
the local distributions of X given u, assuming that all other local distributions
in NV and N’ are the same.

Theorem 4.1 is of great practical importance as it allows us to invoke Theo-
rem 2.2 to provide a generalized sensitivity analysis formula for belief networks.

11



Corollary 4.1 Let N and N' be belief networks which induce distributions
Pr and Pr' respectively, and let X be a variable with parents U in network
N. Suppose that N' is obtained from N by changing the conditional probability
distribution of variable X given parent instantiation u from O x|y to @/Xlu, i.€.
we change parameter Oy to 0., for every value x. If Pr(u) > 0, then:

z|u

/
e POxuO% ) « M < P Ox1u:O% )

The bound given by Inequality 3 is a special case of Corollary 4.1, when X
has only two values x and 7. In this case, the distance D(Ox}q, @’Xlu) is equal
to:

/ /
T|u z|u
L P

9x|u eﬂu

D(@X|U7 @/X|u)

In

/
z|lu ‘gcc|u
hl 7 —hl% .

T|u

We have therefore generalized their results on sensitivity analysis to arbitrary
events and belief networks. We have also relaxed the condition that neither
Ozu nOT %u can be extreme.

4.1 Comparison with KL-diergence

Suppose now that we want to compute the KL-divergence between two belief
networks under the same circumstances. We have:

KL(Pr, Pr') = Pr(u)K L(Ox}u, Oxy)-

We can see that to compute the KL-divergence between two belief networks
due to a single parameter change, we need to know the probability Pr(u).
Hence, the KL—divergence cannot be obtained locally as it would require a
global computation to obtain Pr(u). This is not necessary when we compute
our distance measure as given in Theorem 4.1. Hence, we have two differences
between our distance measure and KL—divergence in this regard. One is se-
mantical in which our measure can be used to bound worst—case belief changes,
while KL—divergence can be used to bound average—case belief changes. The
second difference is computational where our measure can be computed in
constant time under local changes, while the KL.—divergence cannot.

12



4.2 Changing parameters of multi—valued variables

We now close this section with a final application of our distance measure.
Suppose X is a variable with parents U, values 1, x5 and 3, and parameters
Oz1ju = -6, 040 = .3 and 0,y = .1. Suppose further that we want to change
the parameter 6,y = .6 to ¢ |, = .8. As a result, we will need to change
the other parameters 0,,, and 0,,, so that the sum of all three parameters
remains to be 1. Because X is multivalued, there are infinitely many ways
to change the other two parameters and the question is: which one of them
should we choose?” One popular scheme, which we will call the proportional

scheme, distributes the mass 1 — 6, , = 1 — .8 = .2 among the other two
parameters proportionally to their initial values. That is, the new parameters
will be 0;,, = 2(.3/4) = .15 and 0, = .2(.1/.4) = .05. This scheme

has been used in all approaches to sensitivity analysis we are familiar with
[13,11,3], yet without justification. As it turns out, we can use our distance
measure to prove the optimality of this scheme in a very precise sense.

Theorem 4.2 When changing a parameter Oy, to Qg‘u for a multivalued vari-
able X, the proportional scheme, i.e. the one that sets 0, = (1—=0,)(0z;ju/(1—
Ozjw)) for all x; # x, leads to the smallest distance between the original and

new distributions of X, which is given by:

/ /

z|ju T|u
D(Oxpu, Oyy) = [In 22 —1
| 0x|u eﬂu
o 0
z|ju z|u
—[ln 2l
! elﬂu ) 0§|u ’

where we define 0_, =1—6'

Tlu z|u

and Qﬂu =1- Qx‘u.

Theorem 4.2 thus justifies the use of the proportional scheme on the grounds
that it leads to the tightest bound on the amount of associated belief change.

5 Applications to belief revision

The problem of probabilistic belief revision can be defined as follows. We
are given a probability distribution Pr, which captures a state of belief and
assigns a probability p to some event v. We then obtain evidence suggesting a
probability of ¢ # p for . Our goal is to change the distribution Pr to a new
distribution Pr’ such that Pr/(y) = ¢q. There are two problems here. First,
usually there are many choices for Pr’. Which one should we adopt? Second,
if we decide to choose the new state of belief Pr’ according to some specific

13



method, can we provide any guarantee on the amount of belief change that
will be undergone as a result of moving from Pr to Pr'?

As for the first question, we will consider two methods for updating a prob-
ability distribution in the face of new evidence: Jeffrey’s rule [8] and Pearl’s
method of virtual evidence [14]. As for the second question, we will show next
that we can indeed provide interesting guarantees on the amount of belief
change induced by both methods. We present the guarantees first and then
some of their applications.

5.1 Jeffrey’s rule

We start with Jeffrey’s rule for accommodating uncertain evidence.

Definition 5.1 Let Pr be a probability distribution over worlds w, and let
Y1, - - - Yn be a set of mutually exclusive and exhaustive events that are assigned
probabilities p, . . ., p,, respectively, by Pr. Suppose we want to change Pr to a
new distribution Pr’ such that the probabilities of 1, ...,v, become qi, ..., qGn,
respectively. Jeffrey’s rule defines the new distribution Pr’ as follows:

Pr'(w) el Pr(w)?, if wE ;.

7

The main result we have about Jeffrey’s rule is that the distance between
probability distributions Pr and Pr’ can be computed directly from the old
and new probabilities of vy, ..., 7,. This immediately allows us to invoke The-
orem 2.2 as we show next.

Theorem 5.1 Let Pr and Pr' be two distributions, where Pr' is obtained by
applying Jeffrey’s rule to Pr as given in Definition 5.1. We then have:

D(Pr, Pr') = Inma KU min &
P b Di

We immediately get the following bound.

Corollary 5.1 If O and O’ are the odds functions before and after applying
Jeffrey’s rule as given in Definition 5.1, then:

1 OlB)

< P <l

~ Ola|p) = 7
where d = Inmax; (¢;/p;) — Inmin; (¢;/p;).
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To consider an example application of Corollary 5.1, we use a simple example
from Jeffrey [8].

Example 5.1 Assume that we are given a piece of cloth, where its color can
be one of: green (cg), blue (cy), or violet (c,). We also want to know whether
in the next day, the cloth will be sold (s), or not sold (s). Our original state
of belief is given by the probability distribution of the worlds Pr:

Pr(s,cqy) = .12, Pr(s,c) = .12, Pr(s,c,) = .32,
Pr(s,c,) = .18, Pr(s,¢,) = .18, Pr(s,c,) = .08.

Therefore, our original state of belief on the color of the cloth (cg, cp,c,) is
given by the distribution (.3,.3,.4). Assume that we now inspect the cloth
by candlelight, and we want to revise our state of belief on the color of the
cloth to the new distribution (.7,.25,.05) using Jeffrey’s rule. The distance
between the original and new distributions of the worlds can be computed by
simply examining the original and new distributions on the color variable as
given by Theorem 5.1. Specifically, the distance between the two distributions is
In(.7/.3) —1In(.05/.4) = 2.93. We can now use this distance to provide a bound
on the change in any of our beliefs. Consider for example our belief that the
cloth is green given that it is sold tomorrow, Pr(c, | s), which is initially .214.
Suppose we want to find the bound on the change in this belief induced by the
new evidence. Given Corollary 5.1 and Inequality 2, we have:

0144 < Pr'(c, | s) < .836,

which suggests that a dramatic change in belief is possible in this case. If we
actually apply Jeffrey’s rule, we get the new distribution Pr':

Pr'(s,cy) = .28, Pr'(s,c,) = .10, Pr'(s,c,) = .04,
Pr'(s,c,) = .42, Pr'(5,¢,) = .15, Pr'(5,¢,) = .01,

according to which Pr'(cy | s) = .667, which does suggest a dramatic change.
On the other hand, if the new evidence on the color of the cloth is given by
the distribution (.25,.25,.50) instead, the distance between the old and new
distributions will be .406, and our bound will be: .153 < Pr'(c, | s) < .290,

which 1s obviously much tighter as this evidence is much weaker.

Alternatively, we can compute the KL—divergence after applying Jeffrey’s rule:

KL(Pr, Pr') Z pzln—
Di

15



Hence for Jeffrey’s rule, one can obtain locally both the average—case bounds
and the worst—case bounds on the amount of belief change.

We close this section by showing that Jeffrey’s rule commits to a probability
distribution which minimizes our distance measure. Hence, Jeffrey’s rule leads
to the strongest bound on the amount of belief change. 3

Theorem 5.2 The new distribution Pr' obtained by applying Jeffrey’s rule to
an initial distribution Pr is optimal in the following sense. Among all possible
distributions that assign probabilities q, . .., q, to events vyi,...,Vn, Pr' is the
closest to Pr, according to the distance measure defined in Definition 2.1.

5.2 Pearl’s method of virtual evidence

We now consider Pearl’s method of virtual evidence. According to this method,
we also have a new evidence 7 that bears on a set of mutually exclusive and
exhaustive events 7y,...,v,, but the evidence is not specified as a set of new
probabilities for these events. Instead, for each ~;, i # 1, we are given a number
A; which is interpreted as the ratio Pr(n | v;)/Pr(n | 71). That is, \; represents
the likelihood ratio that we would obtain evidence n given ~;, compared with
given 7;. Note that under this interpretation, we must have \; = 1.

Definition 5.2 Let Pr be a probability distribution over worlds w, and let
Y1, - - Yn be a set of mutually exclusive and exhaustive events that are assigned
probabilities p1, . . ., pp, respectively, by Pr. Suppose we want to change Pr to a
new distribution Pr' to incorporate virtual evidence n, specified by A1, ..., Ay,
with \y =1 and N\; = Pr(n | v;)/Pr(n| m) if i # 1. Pearl’s method of virtual
evidence defines the new distribution Pr’ as follows:

\
Pr(w) ¥ Prw)—2t— ifw =
(w) ( )ijj)\j =

Again, we can easily compute the distance between distributions Pr and Pr’
using only local information.

Theorem 5.3 Let Pr and Pr’' be two distributions, where Pr' is obtained
from Pr by accommodating virtual evidence as given by Definition 5.2. We

3 Tt has been previously proven that the probability distribution obtained by Jef-
frey’s rule also minimizes the KL—divergence [4]. Hence, our result strengthens this
previously known result as it shows that Jeffery’s rule lead to the strongest worst—
case and average—case bounds on belief changes.
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then have:

D(Pr, Pr') = Inmax \; — Inmin \;.

This immediately gives us the following bound.

Corollary 5.2 If O and O are the odds functions before and after applying
Pearl’s method as given in Definition 5.2, then:

L 0alB) _
S Oalg S

6

where d = Inmax; A; — In min; \;.

For the special case where our evidence n bears only on —y versus v, with
A= Pr(n|~)/Pr(n| —v), the above bound reduces to |InO’(a | ) —In O(« |
B)| < |InA|. Therefore, the bound is tighter when A is closer to 1. Clearly,
when )\ = 1, the evidence is trivial and the two distributions are the same.

Alternatively, we can compute the KL-divergence due to applying virtual
evidence:
by

KL Pr Pr —p; In
Z 2.i D Aj

Note, however, that to compute the KL-divergence, we need to know p; =
Pr(~;), which is not available locally for virtual evidence. Hence, although we
can use KL—divergence to offer average—case bounds on belief changes induced
by the method of virtual evidence, we cannot do this in constant time as is
possible using our proposed distance measure.

Consider the following example from Pearl [14].

Example 5.2 On any given day, there is a burglary on any given house with
probability Pr(b) = 107, while the alarm of Mr. Holmes’ house will go off
if there is a burglary with probability Pr(a | b) = .95, and go off if there is
no burglary with probability Pr(a | b) = .01. One day, Mr. Holmes’ receives
a call from his neighbor, Mrs. Gibbons, saying she may have heard the alarm
of his house going off. Mr. Holmes concludes that there is an 80% chance
that Mrs. Gibbons did hear the alarm going off. According to Pearl’s method,
this evidence can be interpreted as: X = Pr(n | a)/Pr(n | @) = 4. Therefore,
the distance between the original distribution Pr, and the new distribution
Pr" which results from incorporating the virtual evidence, is |[In A| = |In4| =
1.386. We can use this distance to bound the change in any of our beliefs. In
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particular, we may want to bound the new probability that there was a burglary
at Mr. Holmes’ house. Inequality 2 gives us:

2.50 x 107° < Pr/(b) < 4.00 x 107%.

If we actually apply Pearl’s method, we get Pr'(b) = 3.85 x 1074,

Our distance measure is then useful for approximate reasoning given soft ev-
idence, as we can use the bound to approximate the probability of any event
after the accommodation of such evidence. The approximation itself takes con-
stant time to compute since we only need to compute the distance measure
and apply Inequality 2. We stress, however, that the bound becomes trivial in
the case of hard evidence since the initial and new distributions no longer have
the same support in this case, making the distance between them infinitely
large.

We close this section by a final application of our distance measure, relating
to the notion of ewvidence strength.

Example 5.3 Going back to Example 5.1, we ask: What kind of evidence will
assure us that our belief in the cloth being green given that it is sold tomorrow,
which is now at .214, would not exceed .37 Inequality 2 can be used in this case
to obtain a sufficient condition on the strength of evidence which will ensure
this. Specifically, Inequality 2 gives us:

214 ¢~ 214 ¢

< py < .
DTN AU C Aty v

To ensure that Pr'(c, | s) < .3, we must find a distance d that equates the
above upper bound to .3. A wvalue of d = .454 has this property. Hence, any
piece of evidence which has a distance of no more than .454 from the current
distribution on color, (.3,.3,.4), would guarantee that Pr'(c, | s) does not
exceed .3. Following are some pieces of evidence which satisfy this condition:

(.25,.25,.5), (.25,.3,.45) and (.35,.3,.35).

6 Conclusion

We proposed a distance measure between two probability distributions, which
allows one to bound the amount of belief change that occurs when moving
from one distribution to the other. We also contrasted the proposed measure
with some well known measures, including KL-divergence. We then presented
two practical applications of the proposed distance measure: sensitivity anal-
ysis in belief networks and probabilistic belief revision. We showed how the
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distance measure can be easily computed in these applications, and then used
it to bound global belief changes that result from either the perturbation of
local conditional beliefs or the accommodation of soft evidence. Finally, we
showed that two well known techniques in sensitivity analysis and belief re-
vision correspond to the minimization of our proposed distance measure and,
hence, can be shown to be optimal from that viewpoint.
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A Proofs

In this paper, we make the following definitions:

0/0 = 1;

oo/oo = 1.

We also prove the following lemma.

Lemma A.1 Given two distributions Pr and Pr’ over the same set of worlds
w, we must have max,, (Pr’'(w)/Pr(w)) > 1 and min,, (Pr'(w)/Pr(w)) < 1.

Proof If Pr' = Pr, we have Pr'(w)/Pr(w) = 1 for all w, and thus max,, (Pr'(w)/Pr(w)) =
min,, (Pr'(w)/Pr(w)) = 1. Otherwise, since Y, Pr'(w) = >, Pr(w) = 1,

there must exist some w; such that Pr'(w;) > Pr(w;), and some w; such

that Pr'(w;) < Pr(w;). Therefore, we have max,, (Pr'(w)/Pr(w)) > 1 and

min,, (Pr'(w)/Pr(w)) < 1.0

Proof of Theorem 2.1 Let Pr, Pr’ and Pr" be three probability distribu-
tions over the same set of worlds. The distance measure given in Definition 2.1
satisfies these three properties:

Positiveness: D(Pr, Pr') >0, and D(Pr, Pr') = 0 iff Pr = Pr/;
Symmetry: D(Pr, Pr') = D(Pr', Pr);
Triangle Inequality: D(Pr, Pr') + D(Pr', Pr") > D(Pr, Pr").
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Proof Positiveness: Obviously, we have:

Pr'(w)

D(Pr,Pr') =In max Priw) In min Priw) >0
and:
D(Pr, Pr) = Inmax Priw) _ In min Priw) _ 0.
v Pr(w) v Pr(w)

If D(Pr, Pr’) = 0, then we have max,, (Pr’(w)/Pr(w)) = min,, (Pr'(w)/Pr(w)).
From Lemma A.1, we have max,, (Pr'(w)/Pr(w)) > 1 and min,, (Pr'(w)/Pr(w)) <
1, thus we must have max,, (Pr'(w)/Pr(w)) = min, (Pr'(w)/Pr(w)) = 1.
Therefore, Pr(w) = Pr'(w) for all w, and thus Pr = Pr’.

Symmetry: Since max,, (Pr/(w)/Pr(w)) = min,, (Pr(w)/Pr'(w)) and min,, (Pr'(w)/Pr(w)) =
max,, (Pr(w)/Pr'(w)), we have:

Pr'(w)
Pr(w) w o Pr(w)
Pr(w)
Pr'(w) v Pr(w)
= D(Pr', Pr).

D(Pr, Pr')=In max

= —Inmin
w

Triangle inequality: Let Pr”(w;)/Pr(w;) = max,, (Pr"(w)/Pr(w)) and Pr"(w;)/Pr(w;) =
min,, (Pr”(w)/Pr(w)). Since In(Pr”(w;)/Pr(w;)) = In(Pr"(w;)/Pr'(w;)) —
In(Pr'(w;)/Pr(w;)), we have:

D(Pr, Pr'")
=In max Priw) — Inmin Pri(w)
v Pr(w) v Pr(w)
I Pr’(w;) I Pr'(w;)
Pr(w;) Pr(w;)
(1 Pri'(w;) N Pr’(w1)> B (ln Pri'(w;) In Pr’(w])>
Pr'(w;) Pr(w;) Pr'(w;) Pr(w;)
(1 Pri(w;) In PT’(U)Z)) (ln Pri'(w;) In Pr”(wj)>
Pr(w;) Pr(w;) Pr'(w;) Pr'(w;)

E

v Pr(w) Rt Pr(w)) *
im Pr”(w))
w o Pri(w) v Pri(w)

(
Elnmax Pr(w) i 270
(
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= D(Pr, Pr')+ D(Pr', Pr'").0

Proof of Theorem 2.2  Let Pr and Pr’ be two probability distributions
over the same set of worlds. Let o and 3 be two events. We then have:

o~ D(PrPr) O'(a| B) < D(Pr.Pr)

€ )

~ O] p) —

where O(a | B) = Pr(a | B)/Pr(a | B) is the odds of event o given [ with
respect to Pr, and O'(a | B) = Pr'(a | B8)/Pr'(a | B) is the odds of event «
given (3 with respect to Pr'. The bound is tight in the sense that for every pair
of distributions Pr and Pr’, there are events o and (3 such that:

O'(a | B) — (D(PrPY). O'(@a| p) _ -~ D(Pr,Pr)
O(a | B) " O@| B '

Proof If Pr and Pr’ do not have the same support, we have D(Pr, Pr') = oo,
and thus:
D(Pr.Pr) < O'(a | p) < eD(PrPI) —

If they have the same support, let r,, = Pr'(w)/Pr(w). The odds ratio O'(« |
B3)/O(a | B) can be expressed as:

We now introduce max,, 7, and min,, r,, to get the upper bound of the odds
ratio:

(maxy rw) Ywras Pr(w))/((miny, r,) >weag Pr(w))
(Xwpas Pr(w)) /[ (Cupas Pr'(w))

<
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Max,, Iy

miny, 7y,

max,, Pr'(w)/Pr(w)
min,, Pr'(w)/Pr(w)

Similarly, we can also get the lower bound on the odds ratio:

O'(a| B) . (ming, ry) Xypea,s Pr(w))/((max, ) Ypea s Pr(w))
O(& | ﬁ) - (Zw):a,ﬁ Pr(w))/<zw|:5,ﬁ PT‘/(U}))

miny, 7,

maXy, Ty

min,, Pr'(w)/Pr(w)

"~ max,, Pr'(w)/Pr(w)’

We note that the bounds can be expressed using our distance measure:

D(Pr,pr') __ aXy Pr’(w)/Pr(w)‘
(w)/Pr(w)’

—Dp(Pr,pry _ Wiy, Pr'(w)/Pr(w)
) )

 max, Pr'(w)/Pr(w

e

min,, Pr’
/

e

Therefore, we have the following theorem:

—D(Pr,Pr') O'(a | B)

~ O] f)

!
e eD(PT,PT )

IN

If both O'(a | B) and O(a | B) takes on either 0 or oo, the theorem still holds
because 0/0 1 and 00 /00 Y.

The bound is tight in the sense that for every pair of distributions Pr and
Pr', there are events a = w; and 8 = w; or w;, where r,, = max, r,, and
T, = Mily, Ty, such that:

_ w8 o Pr(w)
Zw):&,ﬁ err(w)

B T, P1(w;)
rijr(wj)'

O'(a | )

Since O(a | B) = Pr(w;)/Pr(w;) and eP?TrP) = (max,, 7,)/(min, r,) =
Tw,/Tw;, We have:

O'(a| B) _ D(PrPr)
O | B) '
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Similarly, we can get:

O'(a| p) o~ D(Pr.Pr).

O@|9)

Proof of Theorem 3.1 Let Pr and Pr’ be two probability distributions over
the same set of worlds. Let o and 3 be two events. We then have:

KL(Pr, Pr')

>=pe() (Pria | L

1—Pr'(a] B)
+(1—Pr(a|pf))n 1_Pr(0é’5)>’

or alternatively, in odds:

0P+l O@]f) - O]
P’”<5><1“0<a|m+1‘0<arﬁ>+1m0<a|ﬁ>

) < KL(Pr,Pr),

where O(a | B) = Pr(a | B)/Pr(a | B) is the odds of event o given [ with
respect to Pr, and O'(a | B) = Pr'(a | B)/Pr'(a | B) is the odds of event «
given 3 with respect to Pr’.

Proof To obtain the largest probability change for the event o | § given
some KL-divergence, the new probability distribution Pr’ needs to satisfy the
following three properties:

e For all w = «, 3, Pr'(w) = Pr(w)(Pr'(a | B)/Pr(a| B)).
e For all w =@, B, Pr'(w) = Pr(w)(Pr'(a| 8)/Pr(a| B)).
e For all w = (3, Pr'(w) = Pr(w), i.e., Pr'(8) = Pr(f).

Under these three conditions, we have the following equality:

KL(Pr, Pr')
Pr'(a, B)
Pr(a, )

=—Pr(p) <P7’(a | B)In

Pr'(a, )

Pr(a, )

Pr'(a | B) (e nPr’(6|ﬂ)
Pria]p) "I Pr<a|ﬂ>>'

Since this is the case where we get the largest probability change, the following
inequality must be satisfied:

=—Pr(a,3)In — Pr(@, () In

KL(Pr, Pr')

—Pr r(a niPr'(cﬂﬁ)
>~ pe() (Pria |

+(1—Pr(a|p))In L= Prie] 5)) )

1—Pr(alp)
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We can now plug in Pr'(a | 8) = O'(a | 8)/(O'(a | 3) +1) and Pr(a | B) =
O(a | B)/(O(a | B) + 1), and after simplification, we get:

Ofla[p)+1  Ola|p)
Ola|f)+1  Oa|f)+1 Oa|p)

KL(Pr,Pr') > Pr(5) (ln

Proof of Theorem 3.2 Let Pr and Pr’ be two probability distributions over
the same set of worlds. Let v, and 5 be two events. We then have:

e PP < Fpp pr( 1 2) < ePP0P),

Proof Similar to the proof of Theorem 2.2, by replacing «a, 8 with v, and
@, [/ with 5.0

Proof of Theorem 3.3 If a is an arbitrary event, and ~y,...,v, is a set
of mutually exclusive and exhaustive events, we then have:

Pr'(a) :
0<Y Pr(v)InFp.pr(a:v)—In < KL(Pr, Pr'").
i ’ Pr(a)
If instead of an arbitrary partition vy, ...,%V,, we are given the set of worlds

w, then we will get the following equality relation:

Pr'(a
ZP’/’ )In Fpp pr(c s w) —In Pr((a)) = KL(Pr, Pr").
Proof If ~vq,...,7, is a set of mutually exclusive and exhaustive events, we
have:
P'r”(a)/Pr(a)
Pr(v;)In Fpy pr(a : ;) Pr(v;)1
2 el 00 =2 PrOOM B Pr(a)
Pr'(a) Pr(x)
=>» Pr(v)l1 —» Pr(y)l
Pr'(«) Pr'(yi)
Pr(v;) =) Pr(v)l
" ) Z (%) Z rn)n
/ /
- Pr(a) Py

We also note the following inequality about KL-divergence:
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Therefore, we have:

In ];:/((2)) < ZL: Pr(v:)In Fpp pr(a: ;) <1In 1;:/53)) + KL(Pr, Pr'),
or:
0< Z;Pr(%) In Fpy pp(a: ) — In Z :((2‘)) < KL(Pr, Pr').
If instead of an arbitrary partition 7, ...,7,, we are given the set of worlds

w, then we will get the following equality relation:

Pr'(«)
Pr(a)

> Pr(w)In Fpy pr(a: w) —In — KL(Pr,Pr').0

Proof of Theorem 3.4  Given two distributions Pr and Pr', where D(Pr, Pr') =
d > 0, we have:

d n d
ed—1 ed—1"

KL(Pr,Pr')<—1—In

Proof To prove this theorem, we first establish two lemmas:

Lemma A.2 Given two distributions Pr and Pr’, and a set of worlds S,
where Vs, Pr'(w) > Pr(w), let 1pe, = maxyes, (Pr'(w)/Pr(w)). We have
the following inequality:

S —Pr(uw)n Pr'(w) < _ Pr(Sy) — Pr(Sy)

In 70z (A.1)
wess Pr(w) Tmaz — 1

Lemma A.3 Given two distributions Pr and Pr', and a set of worlds S_,
where Vyes_ Pr'(w) < Pr(w), let rp;, = minges_ (Pr'(w)/Pr(w)). We have
the following inequality:

Pr'(w)
> —Pr(w)ln 2

wES_

Pr'(S_) — Pr(S-)
T(w) < - oo — 1 lIl’f’min. (A2>
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We use induction to prove Lemma A.2. Lemma A.3 can be proved similarly.

Proof Assume S = {w}, where Pr'(w) > Pr(w). We have rp,q, = Pr'(w)/Pr(w).
Therefore:

Pri(w) _ rpaPr(w) — Pr(w)

-P l = Inr,,0e
r(w)In Priw) — nr
Pr’ —
__7 (w) = Pr(w) Inrez-
T"maz — 1

Therefore, Inequality A.1 is satisfied for the set S.

Now we are given sets Si,...,S,, where S; N S; = 0 for all S;, S}, i # j, and
Vwes, Pr'(w) > Pr(w) for all S;. Assume that Inequality A.1 is true for all S;,
i.e. if r; = maxyes, (Pr'(w)/Pr(w)), we have:

Pr'(w) < _Pr’(Si) — Pr(S;)
Pr(w) — ri—1

Inr;.

> —Pr(w)n

wES;

We want to prove that Inequality A.1 is also true for S; = U], S;. First, we
note that if p > ¢ > 1, then:

Inp > _ lnq‘
p—17 q¢-1

Let 7pep = maxyeg, (Pr'(w)/Pr(w)). Since rpq, > r; > 1 for all ¢, we have:

<y - Inr;
~ ; re — 1 nr
n / N
<y _Pr (S;) — Pr(S;) nr
i=1 Tmaz — 1
n / D\
T (Pr(S) = Pr(S))
Tmax — 1
. PT'/(S+) — PT(S+) ln
- Traw — 1 max*

This proves that Inequality A.1 is also true for S,. Therefore, by induction,
Lemma A.2 is true.O

We now proceed with the proof of Theorem 3.4. Given distributions Pr and
Pr', we divide all worlds into three subsets: S, where Vg, Pr'(w) > Pr(w);
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S_, where Ves Pr'(w) < Pr(w); and Sy, where Vs, Pr'(w) = Pr(w). It is
obvious that we must have Pr'(Sy) — Pr(Sy) = —(Pr'(S-) — Pr(S-)). If we

are given T,., = maxy, (Pr'(w)/Pr(w)) and 7., = min, (Pr'(w)/Pr(w)),
then the KL—divergence between Pr and Pr’ is bounded by:

KL(Pr, Pr')

—3" —Pr(w)ln Priw)

Pr

—~

w)

Pr'(w) Pr'(w)
= —Pr(w)In + —Pr(w)ln
w§+ () Pr(w) w;_ (w) Pr(w)
Pr'(w)
+ —Pr(w)In
wgo (w) Pr(w)
< _Pr(Sy) — Pr(Sy) o Pr'(S_) — Pr(S-) nr
T'mazx — 1 T'min — 1
In7in In 7z
—(Pr(S) = Pr(s.) (amey - s ),

We first maximize Pr'(S;) — Pr(S,) with respect to 7,4, and 7,;,. We have
the following constraints:

Pr(Sy)+ Pr(S_)=Pr'(S_)+ Pr'(S.)<1.

The solution we get is:

Pr(S,) - Pr(8,) < Umar = D= Tmin),

Tmaz — Tmin

Therefore:

KL(PT P’I"/) < ((rmag; — 1)(1 — Tmin)) ( In7,m In7pa. >
ST 1

Tmaz — Tmin Tmin — 1 Tmaz —

o (1 - Tmax) 111 T'min — (1 - Tmin) 111 T'maz

T"maz — Tmin

We now maximize this term with respect to d = Inr,,4, — In7,,;,. The maxi-
mum value is attained at:
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The maximum KL-divergence value is thus given by:

(1—- 54y 4 —(1—

d etd
KL(Pr,Pr') < el el )In o

ed—1 1

(e?—1—edd)In edd,l —(e?—=1—d)(d+1n %)

(et —1)d
("= 1dIn %5 — (e* =1 —d)d
(ed —1)d
W d _ed—l—d
N ed—1 ed—1
d d
=—1—1In +

ed—1 ed—1°

Proof of Theorem 4.1 Let N and N’ be belief networks which induce dis-
tributions Pr and Pr' respectively, and let X be a variable with parents U in
network N. Suppose that N’ is obtained from N by changing the conditional
probability distribution of variable X given parent instantiation u from O x|y
to O’y 1.e. we change parameter 0,4 to 0, for every value x. If Pr(u) > 0,

z|u
then:

D(Pr, Pr') = D(Oxju, Oxy)-

Proof We first prove the following lemma.

Lemma A.4 Assume that we change parameter 0, to 9;‘11 for every value x,
and Pr(u) > 0. For all x; where O;i‘u >0 or Oy,1u > 0, there must exist some
w = x5, 0 such that it satisfies the condition Pr'(w)/Pr(w) = 0, /0. For

all other worlds w that do not satisfy this condition, we must have Pr'(w) =
Pr(w), and thus Pr'(w)/Pr(w) =1.*

Proof First we note that Pr’(u) = Pr(u) > 0. For any world w, either w |= T,
or w = x;, u for some z;. We consider the different cases of w.

o If w = @, we must have Pr'(w) = Pr(w), because we are only changing

4 Either Pr'(w) = Pr(w) > 0; or Pr'(w) = Pr(w) = 0, and thus
d

€

Pr'(w)/Pr(w) = 1.

L
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parameters 0y/,.

e If w = x;,u, we consider four cases of x;:

10, = Osu = 0, Pr'(z;,u) = Pr(z;,u) = 0. Therefore, for all worlds
w =z, Pr'(w) = Pr(w) =0.

10, =0and 0, > 0, Pr'(z;,u) = 0 and Pr(z;,u) > 0. Therefore,
for all worlds w |= x;,u, either Pr'(w) = Pr(w) = 0; or Pr'(w) = 0 and
Pr(w) > 0, giving us Pr'(w)/Pr(w) =0 =0, ,/0.,u. Moreover, because
Pr(xz;,u) > 0, there must exist some w = x;, u such that Pr(w) > 0, and
thus satisfying the condition Pr'(w)/Pr(w) = 0, ,/0zu-

10, > 0and 0, = 0, Pr'(z;,u) > 0 and Pr(z;,u) = 0. Therefore,
for all worlds w |= x;,u, either Pr'(w) = Pr(w) = 0; or Pr'(w) > 0 and
Pr(w) =0, giving us Pr'(w)/Pr(w) = oo = 0, ., /0, ju- Moreover, because
Pr'(z;,u) > 0, there must exist some w = x;,u such that Pr'(w) > 0,
and thus satisfying the condition Pr'(w)/Pr(w) = 6, /0.

10, > 0and 0, > 0, Pr'(z;,u) > 0 and Pr(z;,u) > 0. Therefore,
for all worlds w | z;,u, either Pr'(w) = Pr(w) = 0; or Pr'(w) > 0
and Pr(w) > 0, giving us Pr'(w)/Pr(w) = 0. ,/0:,u. Moreover, be-
cause Pr'(z;,;u) > 0 and Pr(z;,u) = 0, there must exist some w = x;,u
such that Pr'(w) > 0 and Pr(w) > 0, and thus satisfying the condition
Pri(w)/Pr(w) = 0, /0.0

Using Lemmas A.1 and A.4, we can conclude:

max Pri(w) =max —;”u'
w Pr(w) 2 Oy
Pr’ r
min " (w) =min zilu

wo Pr(w) % Oy
Consequently, we have:

D(Pr, Pr') = D(Oxu, O ,).0

Proof of Theorem 4.2 When changing a parameter 8, to 9;|u for a mul-
/

tivalued variable X, the proportional scheme, i.e. the one that sets Qmu =
(1=0..)(aija/ (1 = O4pa)) for all x; # x, leads to the smallest distance between

z|u
the original and new distributions of X, which is given by:

/ /
D(Oxju, Oxjy) = |In 9””:“ ~In 61:“
/
zju 090|u
— ~qp
! elﬂu ) 6§|u ’




where we define 9/5|u =1-0,, and Oz =1 — Oy)u.

z|u

Proof Let @’Xlu be the distribution generated by the proportional scheme,
where 0, = (1 — 0},,)(0;ju/ (1 — Ozp)) for all ; # x, and O, be an arbi-

zju

trary distribution with 07, = 0,,,. We want to prove that D(Ox/u, O%),) >
D(®X|U7 @/X|u>

e We note that the proportional scheme is only defined for 0, < 1. If 6, = 1

and 07}, < 1, we must have D(Ox/u, O%;,) = oo.

e If 0,y = 0 and 07, = 0;,,, > 0, we must have both D(Oxy, O,) = co and

D(@X|u, @gqu) = Q.
e We now consider the case where 0, # 0 and 8, # 1. We first assume that

"o _p ’ : : .
vju = O3ju > uju. For Oy, we have the following relations:
/ /
max zilu _ Vzlu,
: - )
Ti 0x2|u eaf\u
/ /
. 0x2|u 1— 9x|u
min =

If ©xu and O, do not have the same support, we have D(Oxu, O%),) =
00 > D(O x|u, @’Xlu). If they have the same support, we have the following
inequality:

1 =00 ZataUriju
1= Opu aita Ooiju
 Ywite Ooiu(0, 0/ Oifu)
B > aite Ozilu
o Zaite Oau(ming (07, /0z,1a))
- > zita Uaiu

"
zi|u

=min ——.
¢ exz|u

Thus, we have the following relations for @/)/ﬂu:

1 1
max z|u > z|u
T 6221|u - ex\u

/
z|u
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1 _

z|u

- 1 _9x|u

/

. xi|u
= min ——
Ti (9961|u

Therefore, we have:

6//. //’
D(O x|, O%y) = Inmax 5l )y in 2
zi|lu zi|u
/ /
;| . Z;|a
> Inmax —=™ — In min -2
- z; A i 0,
zi|u zi|u
- /
_D<®X\U7 X\u)‘
We can prove the above result for the similar case of Q;"U = leu < yfu-

Therefore, the proportional scheme gives us the smallest distance, and this
distance is equal to:

9;|u 1— ;c|u
D(Oxpu; Ok ) = lne | —1In 4,

/
z|lu ‘9x|u
In ; —1In %

T|u

Y

where 0z, = 1 — 0y and %u =1-0¢,.0

z|u

Proof of Theorem 5.1 Let Pr and Pr’' be two distributions, where Pr’ is
obtained by applying Jeffrey’s rule to Pr as given in Definition 5.1. We then
have:

D(Pr, Pr') = Inma KU min 4
oD o Pi
Proof If py,...,p, and q1, ..., q, do not have the same support, we can easily

prove that the distributions Pr and Pr’ also do not have the same support,
and thus D(Pr, Pr') = Inmax; (¢;/p;) — Inmin; (¢;/p;) = oo. Otherwise, from
Jeffrey’s rule, we have:

Pr'(w) £ Pr(w)&, if wE .

i
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Therefore, we have:

Pr(w) _ g

T )
Priw) ~ py if w =

Consequently, we have:

Py P
D(Pr, Pr'):lnmgx P:((;U)) — Inmin P:((Z))))
zlnmaxﬁ — lnmin@.lil
P P

Proof of Theorem 5.2 The new distribution Pr' obtained by applying Jef-
frey’s rule to an initial distribution Pr is optimal in the following sense.
Among all possible distributions that assign probabilities qi,...,q, to events
Vi, .-+ Yn, Pr’is the closest to Pr, according to the distance measure defined
in Definition 2.1.

Proof Let Pr’ be the distribution generated by Jeffrey’s rule, while Pr” be
any distribution that satisfies the constraint, Pr”(~;) = Pr/(vy;) = ¢; for all
i=1,...,n. We want to prove that D(Pr, Pr") > D(Pr, Pr’).

If Pr and Pr” do not have the same support, we have D(Pr, Pr") = oo >
D(Pr, Pr’). If they have the same support, let ¢;/p; = max; (¢;/p;) and
qx/pr = min; (¢;/p;). We now introduce 7., = max,, (Pr”(w)/Pr(w)), and
write the following inequality:

TmazPj = rmazpr(ﬁ)/j)
=Y e Pr(w)

Wk,

Pr’(w)
>
w;j Pr(w)

= Z Pr'(w)

wk;
= Pr(v;)

Pr(w)

This gives us r'mqs > ¢;j/p;. We can similarly introduce r,,;,, = min,, (Pr”(w)/Pr(w)),
and write the following inequality:

T'minPk = rmznpr(vk)
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=Y TpinPr(w)

wEYE

Pr’(w)
<
- w%;/k Pr(w)

=Y Pr'(w)

wEYE
= Pr'(w)
= (k-

Pr(w)

This gives us min < qr/pr. Therefore, the distance between Pr and Pr” is:

P " P !
D(Pr, Pr") =Inmax P7;<(;U)) — Inmin Pi((ww))

=In T'max — In Tmin
>1n 4 _ In ki

D; Pk
_ qi .G
=Inmax — — Inmin —

vt Pi v Pi

= D(Pr, Pr').

Therefore, the distribution Pr’ gives us the smallest distance.O

Proof of Theorem 5.3 Let Pr and Pr’ be two distributions, where Pr’
is obtained from Pr by accommodating virtual evidence as given by Defini-
tion 5.2. We then have:

D(Pr, Pr') = Inmax \; — Inmin \;.

Proof From Pearl’s method of virtual evidence, we have:

def )\z

Pr'(w) = Pr(w)=———, ifwkv.
(w) ( >Zj Y =
Therefore, we have:
Pr’ i
r'(w) : if w = ;.

Pr(w) — Y,;piA’
Consequently, we have:

33



Pr! Pr’
D(Pr,Pr')=In max P?;((ZJJ)) — Inmin PZ((Z))
1 i I i Ai
=Inmax ——— — Inmin ———
DD IPY DY IRY

=Inmax \; — Inmin ;.0
(2 (2
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