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Abstract We prove that three independent fuzzy systems can uniformly approxi-
mate Bayesian posterior probability density functions by approximating the prior and
likelihood probability densities as well as the hyperprior probability densities that
underly the priors. This triply fuzzy function approximation extends the recent theo-
rem for uniformly approximating the posterior density by approximating just the prior
and likelihood densities. This approximation allows users to state priors and hyper-pri-
ors in words or rules as well as to adapt them from sample data. A fuzzy system with
just two rules can exactly represent common closed-form probability densities so long
as they are bounded. The function approximators can also be neural networks or any
other type of uniform function approximator. Iterative fuzzy Bayesian inference can
lead to rule explosion. We prove that conjugacy in the if-part set functions for prior,
hyperprior, and likelihood fuzzy approximators reduces rule explosion. We also prove
that a type of semi-conjugacy of if-part set functions for those fuzzy approximators
results in fewer parameters in the fuzzy posterior approximator.
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242 0. Osoba et al.

1 Triply fuzzy function approximation for Bayesian posteriors

We extend a new theorem on uniform Bayesian approximation to the more general
case that allows the use and approximation of hyperprior probability density functions
(pdfs). We have recently shown (Osoba et al. 2011) that independent additive fuzzy
systems H and G can uniformly approximate the respective Bayesian prior pdf /(6)
and the likelihood pdf g(x|6) and thereby uniformly approximate the posterior pdf
f(0]x). The posterior pdf f(0|x) arises from the usual Bayes Theorem (Kosko 2004)
combination of the prior #(6) and the likelihood g(x|6):

h(6)g(x16)

FOlko = [ h(u)g(xluydu”

D

The last section shows that conjugate and what we call “‘semi-conjugate” fuzzy if-part
sets can further simplify triply fuzzy function approximation.

The fuzzy posterior approximator F is an additive fuzzy system (Kosko 1992, 1996)
that has the ratio form F(0|x) = H(0)G(x|0)/Q(x). H(0) is a 1-D standard additive
model (SAM) fuzzy system that uniformly approximates /() in accord with the Fuzzy
Approximation Theorem (Kosko 1994, 1996). G(x|6) is a 2-D SAM that uniformly
approximates g(x|6). The integral term Q = fD H(0)G(x]0)d6 is the approximate
Bayes factor that integrates over a compact set D of 6 values. This Bayesian Approx-
imation Theorem allows users to work with arbitrary priors and likelihoods based
on if-then rules as well as based on familiar closed-form pdfs (Osoba et al. 2011).
The Watkins Representation Theorem in Sect. 2 below further shows that an additive
fuzzy system with just two rules can exactly represent any such closed-form pdf so
long as the pdf is bounded. So fuzzy approximators substantially extend the practical
and theoretical range of Bayesian statistical inference.

Figure 1 shows two simulation instances of this recent Bayesian Approximation
Theorem (Osoba et al. 2011) and the resulting doubly fuzzy approximation of the
posterior pdf. Each fuzzy SAM fuzzy system uses 15 rules. The prior approximator
H (0) uses sinc-shaped if-part fuzzy sets while the posterior approximator G (x|6) uses
Gaussian if-part fuzzy sets. The next section defines SAM fuzzy systems and shows
how to adapt these two types of if-part fuzzy sets given training samples from the prior
pdf 2 (0) and the likelihood pdf g(x|6). The samples can be noisy and the approxima-
tors can also use histograms to uniformly approximate the pdfs from noisy random
draws from the pdfs (Osoba et al. 2011). The histograms uniformly approximate the
pdfs in accord with the Glivenko—Cantelli Theorem (Billingsley 1995).

The simulations in Fig. 1 use a standard-normal prior 2(0) = N (0, 1) and the two
different normal likelihoods g(x|0) = N(—0.25,1/16) and g(x|6) = N(2, 1/16).
The well-known conjugacy relation between normal priors and normal likelihoods
yields a normal posterior pdf f(6|x) (Bickel and Doksum 2001; Carlin and Louis
2009; DeGroot 1970). Iterative Bayesian inference takes the current posterior as the
new prior in the next round of Bayesian inference from new likelihood data. Conjugacy
relations greatly simplify this process but also unduly restrict the choice of Bayesian
priors and likelihoods and thus of posteriors.
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Fig. 1 Doubly fuzzy Bayesian inference: comparison of two normal posteriors and their doubly fuzzy
approximators. The fuzzy approximators use Gaussian and sinc set functions. The doubly fuzzy approxima-
tions use fuzzy prior-pdf approximator H (0) and fuzzy likelihood-pdf approximator G (x|6). The sinc-SAM
fuzzy approximator H (@) uses 15 rules to approximate the normal prior 2(9) = N (0, 1). The Gaussian-
SAM fuzzy likelihood approximator G(x|0) uses 15 rules to approximate the two likelihood functions
g(x|0) = N(®, %) for x = —0.25 and x = 2. The two fuzzy approximators used 6,000 learning iterations

based on 500 uniform sample points

We next state the Bayesian Approximation Theorem (Osoba et al. 2011) for sake
of completeness and for comparison with Theorem 2 below.

Theorem 1 Bayesian Approximation Theorem. Suppose that h(0) and g(x|0) are
bounded and continuous and that H(0)G (x|0) # 0 almost everywhere. Then the
doubly fuzzy SAM system F(0|x) = HG/Q uniformly approximates f(6|x) for all
€>0: |F@|x)— f(O|x)| < € forall x and all 6.

Our goal is to extend the Bayesian Approximation Theorem to allow the prior pdf
h to depend on its own uncertain parameter t through hyperprior pdf 7w (t) ~ h(0|1)
where random variable t has pdf 7 (7). This hierarchical Bayes case implies a more
complex posterior with an extra parameter dimension:

f @O, tlx) ~ g(x]0) h(0|7) 7 (7). @)

Integrating over T removes the extra parameter dimension and gives back the original

posterior pdf:
f@lx) N/g(XIQ)h(OIT)ﬂ(T)dt 3)
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(a) 2D Posterior f(p,7]x) (b) Triply Fuzzy 2 Posterior F(u,7ix) (c) Triply Fuzzy 2D Posterior F(pu,t|x)

Using Joint Prior P(p,7)

Fig. 2 Triply fuzzy Bayesian inference: comparison of a 2-D posterior f(u, t|x) o g(x|uw)h(u|t)m ()
and its triply fuzzy approximator F(u, t|x). The first panel (a) shows the approximand f(u, t|x). The
second panel (b) shows a triply fuzzy approximator F (1, 7|x) that used a 2-D fuzzy approximation H (u|7)
for the conditional prior 4 (u|t) and a 1-D fuzzy approximation I1(7) for the hyperprior pdf 7 (7) and a
1-D fuzzy likelihood-pdf approximator G(x|uw). The third panel (¢) shows a triply fuzzy approximator
F(u, t|x) that used a 2-D fuzzy approximation P(u, t) = (H x IT)(u, t) for the joint prior p(u, t) =
(h x m)(u, t). The likelihood approximation is the same as in the second panel. The sinc-SAM fuzzy
approximators H (u|t) and P(u, T) use 6 rules to approximate the respective 2-D pdfs h(u|t) = N(1, 7)
and h(u|t)m () = N(1,1t)IG(2, 1). The hyperprior Gaussian-SAM approximator IT(7) used 12 rules to
approximate an inverse-gamma pdf 7 (r) = IG(2, 1). The Gaussian-SAM fuzzy likelihood approximator
G (x|w) used 15 rules to approximate the likelihood function g(x|®) = N(u, %) for x = —0.25. The 2-D
conditional prior fuzzy approximator H (¢|7) used 15,000 learning iterations based on 6,000 uniform sam-
ple points. The hyperprior fuzzy approximator IT(7) used 6,000 iterations on 120 uniform sample points.
The likelihood fuzzy approximator used 6,000 iterations based on 500 uniform sample points

Theorem 2 below achieves this extension by adding a third SAM system I1(7) to
approximate the hyperprior 7 (7). This involves triply fuzzy function approximation of
the posterior. So we call the theorem the Extended Bayesian Approximation Theorem.
The proof of this theorem in the Appendix is quite general and does not depend on
the structure of the uniform fuzzy approximators. So the approximators can be neural
networks or polynomials or any other uniform function approximators.

Figure 2 shows a simulation instance of triply fuzzy function approximation
in accord with the Extended Bayesian Approximation Theorem. It shows that the
2-D fuzzy approximator F(u, t|x) approximates the posterior pdf f(u, T|x)
g(x|w)h(pn|t)m (r) for hierarchical Bayesian inference. The sample data x is nor-
mal. A normal prior distribution 2 (u|t) = N (1, 7) models the population mean p of
the data. An inverse gamma / G (2, 1) hyperprior models the variance 7 of the prior. An
inverse gamma hyperprior 7(t) = I G(«, B) hasthe form (7) = e_g (g)a /tF(oe)
for r > 0 where I' is the gamma function. The posterior fuzzy approximator
F(w, t|x) is proportional to the triple-product approximator G (x|n)H (u|t)I1(7).
These three adaptive SAMs separately approximate the three corresponding Bayesian
pdfs: G(x|u) approximates the 1-D likelihood pdf g(x|w). H (i|7) approximates the
2-D conditional prior pdf i#(u|t). And I1(7) approximates the 1-D hyperprior pdf
(7).

Figure 2 also shows a simulation instance where the posterior approximator
F(w, t|x) uses a single 2-D approximator P (u, t) for the joint prior pdf p(u, t) =
h(u|t)m(t) instead of a separate 2-D approximator H(u|t) for h(u|r) and a
separate 1-D approximator IT(r) for m(r). Both fuzzy posterior approximators
F(u, tlx) o« G(x|w)H(u|t)II(r) and F(u, t]x) o G(x|w)P(u, ) quickly and
uniformly approximate the posterior pdf f (i, t|6).
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Triply fuzzy function approximation 245

2 Adaptive additive fuzzy systems

This section reviews the SAM fuzzy systems (Kosko 1994, 1995, 1996; Mitaim and
Kosko 2001). A key property of a SAM fuzzy system F is that it represents the output
F(0) as a convex combination of the centroids of the then-part fuzzy sets in the
system’s if-then rules.

2.1 SAM fuzzy systems

A SAM fuzzy system computes the output F (6) by taking the centroid of the sum of the
“fired” or scaled then-part sets: F(0) = Centroid(wia1(0)B1 + - -+ Wy am (0) By).
Then the SAM Theorem states that the output F'(0) is a simple convex-weighted sum
of the then-part set centroids c¢; (Kosko 1992, 1994, 1996; Mitaim and Kosko 2001):

2 wia;@)Vie;
2 wia; @)V,

F(0) = = D pj);. )
j=1

Here V; is the finite area of then-part set B; in the rule “If X = A; then ¥ = B;”
and c; is the centroid of B;. The then-part sets B; can depend on the input ¢ and
thus their centroids ¢; can be functions of 8: ¢;(0) = Centroid(B;(0)). The convex
w;a;(0)V;
2t wiai ()Y
cients p; (@) change with each input 6. The positive rule weights w; give the relative
importance of the jth rule. They drop out in our case because they are all equal.

The scalar set function a; : R — [0, 1] measures the degree to which input 6 € R
belongs to the fuzzy or multivalued set A;: a;(0) = Degree(f € Aj). The sinc set
functions below map into the augmented range [—0.217, 1]. They require some care
in simulations because the denominator in (4) can be zero. We can replace the input
0 with 6’ in a small neighborhood of & and so replace the undefined F (0) with F(0")
when the denominator in (4) equals zero. The fuzzy membership value a;(6) “fires”
the rule “If ® = A then Y = B;” in a SAM by scaling the then-part set B; to give
aj(0)B;. The if-part sets can in theory have any shape but in practice they are parame-
trized pdf-like sets such as those we use in Mitaim and Kosko (2001): sinc, Gaussian,
triangle, Cauchy, Laplace, and generalized hyperbolic tangent. The simulations below
use sinc and Gaussian if-part sets. The if-part sets control the function approximation
and involve the most computation in adaptation. Users define a fuzzy system by giv-
ing the m corresponding pairs of if-part A; and then-part B; fuzzy sets. Many fuzzy
systems in practice work with simple then-part fuzzy sets such as congruent triangles
or rectangles. Sinc if-part sets often produce the approximators that converges fastest
in simulations (Mitaim and Kosko 2001).

SAMs define “model-free” statistical estimators in the following sense (Kosko
1996; Lee et al. 2005; Mitaim and Kosko 2001):

weights p1(6), ..., pu(0) have the form p;(0) = . The convex coeffi-

E[Y|®© =0] = F(O) = > p;jO); )
j=1
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VIYI® =601=> p;©)o;, + D piO)c; — FOT. 6)
j=1 j=1

The additive fuzzy structure yields the conditional expectation in (5). The SAM
additive structure (4) yields the more specific form of the conditional variance in (6).
Neither conditional moment involves any assumptions of joint probability structure
such as joint Gaussianity. Nor do they reflect a particular state model such as a linear
model. They are in this sense model-free estimators.

The first term on the right of (6) measures the inherent uncertainty in the m then-part
rules. The second term is an interpolation penalty. It uses the normalized rule-firing
weight p;(6) to weight how much the fuzzy system’s output F'(6) resembles the cen-
troid ¢; of the jth then-part set B;. Relations (5) and (6) generalize the usual uncondi-
tional mean and variance of mixture densities (Hogg et al. 2005) both because of their
conditional structure and because (5) and (6) expressly depend on the current input 6.

The fuzzy applications in Lee et al. (2005) plot both the conditional expectation or
F(9) surfaces and the corresponding conditional variance surfaces. This paper does
not plot the conditional variances because it focuses just on first-order function approx-
imation. We thus ignore the attendant second-order uncertainty of the rules used in
the function approximation.

A SAM fuzzy system F' can always approximate a function f or F ~ f if the fuzzy
system contains enough rules. But multidimensional fuzzy systems F : R" — R suf-
fer exponential rule explosion in general because they require O (k™) rules (Jin 2000;
Kosko 1995; Mitra and Pal 1996). Optimal rules tend to reside at the extrema or
turning points of the approximand f and so optimal fuzzy rules “patch the bumps”
(Kosko 1995). Learning tends to quickly move rules to these extrema and to fill in with
extra rules between the extremum-covering rules. The supervised learning algorithms
can involve extensive computation in higher dimensions (Mitaim and Kosko 1998,
2001). The respective prior, hyperprior, and likelihood approximators H : R> — R,
G:R*—> R,andT1: R —> R require at most O(k?) rules and thus do not suffer rule
explosion. But Theorem 3 below shows that iterative Bayesian inference can produce
its own rule explosion (Osoba et al. 2011).

2.2 The Watkins representation theorem

Fuzzy systems can exactly represent a bounded pdf with a known closed form. Watkins
has shown that in many cases a SAM system F can exactly represent a function f in
the sense that F = f (Watkins 1994, 1995). The Watkins Representation Theorem
states that F' = f if f is bounded and if we know the closed form of f. The result is
stronger than this because the SAM system F exactly represents f with just two rules
with equal weights w; = w; and equal then-part set volumes V| = V;:

YioiwiajO)Vjc;

F(0) =
i wjajO)V;

)
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_a(@)c; +a‘(O)cz ®
T a®) 4 ac6)
) 9)

ifa; (0) = a(@) = % a(0) = a¢(0) = 1—a(0), ¢; = inf f,andc> = sup f.

The representation technique builds f directly into the structure of the two if-then
rules. A constant f needs a SAM with only one rule. Let /#(6) be any bounded prior
pdf such as the beta B(8, 5) pdf. Then F () = h(0) holds for all realizations 6 if the
SAM’s two rules have the form “If ® = A then Y = B;” and “If ® = not-A then

Y = B,” for the if-part set function

suph — h(6) 1t 4
)= ——F=1——==0'(1-0 10
A0 = o Zinth 7t =9 (1o
if ® ~ B(8,5). Then-part sets By and B, can have any shape from rectangles to
Gaussians so long as 0 < Vi = V, < oo with centroids ¢; = infh2 = 0 and
cy = suph = %(%)7(1“—1)4. So the Watkins Representation Theorem lets a
SAM fuzzy system directly absorb a closed-form bounded prior /(6) if it is available.

The same holds for a bounded likelihood or posterior pdf as in Corollary 3.2.

2.3 ASAM learning laws

An adaptive SAM (ASAM) F can quickly approximate a prior h(6) (or likeli-
hood) if the following supervised learning laws have access to adequate samples
h(61), h(62), ... from the prior. This may mean in practice that the ASAM trains
on the same numerical data that a user would use to conduct a chi-squared or
Kolmogorov-Smirnov hypothesis test or other tests for a candidate pdf. An ASAM
can learn the prior pdf even from noisy random samples drawn from the pdf (Osoba
et al. 2011). Unsupervised clustering techniques can also train an ASAM if there is
sufficient cluster data (Kosko 1992, 1996; Xu 2009). The ASAM prior simulations in
the next section show how H approximates /(6) when the ASAM trains on samples
from the prior. These approximations bolster the case that ASAMs will in practice
learn the appropriate prior that corresponds to the available collateral data.

ASAM supervised learning uses gradient descent to tune the parameters of the set
functions a; as well as the then-part areas V; (and weights w ;) and centroids c¢;. The
learning laws follow from the SAM’s convex-sum structure (8) and the chain-rule

IE AE OF 04;

decomposition Im; = OF da; Im; for any SAM parameter m; and error E in the

generic gradient-descent algorithm (Kosko 1996; Mitaim and Kosko 2001)

0E
mj(t+1)=m;({) _Mlamj

(1)
where u; is a learning rate at iteration . We seek to minimize the squared error
1 21 2
E@©) = E(f(G) —F(0)” = 55(9) (12)
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of the function approximation. Let m ; denote any parameter in the set function a;.
Then the chain rule gives the gradient of the error function with respect to the respective
if-part set parameter m ;, the centroid c;, and the volume V/:

oE OE OF Oaj
— == (13)
am]' F 8aj ij
0E 0E OF
—_— = (14)
ac; oF oc;
0E oE OF
= (15)
av;  OFaV;
with partial derivatives (Kosko 1996; Mitaim and Kosko 2001)
oE
3F —(f(®) - F@©®) = —¢e@) (16)
oF p;j©0)
— =[c; — F(0)]——. 17
b, [c; ( )]aj(@) (17)
The SAM ratio (4) with equal rule weights w; = --- = w,, gives (Kosko 1996;
Mitaim and Kosko 2001)
oF aj@)V;
— == = p:H) (18)
oc; S a@)yv;
OF  a;j0)lc; — F(0)] i (0)
i % =[c; — F(@)]pf_. (19)
Vi 2L a®)Vi Vi

Then the learning laws for the then-part set centroids c; and volume V; have the final
form

ci(t4+1) =cjt) + @ p;©O) (20)
pj©)

J

Vit +1) = V() + we®)lcj — F(O)] 21

The learning laws for the if-part set parameters follow in like manner by expanding
%’, in (13).

The simulations in Figs. 1, 2 tune the location m ; and the width or dispersion d;
parameters of the if-part set functions a; for sinc and Gaussian if-part sets with the

following learning laws.
2.3.1 Sinc ASAM learning law

Define the sinc function as

sin(x) 22)

sinc(x) =
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The sinc set function a; has the form

a;(0) = sinc (9 o ) @3)

J

with parameter learning laws (Kosko 1996; Mitaim and Kosko 2001)

i+ 1) =m0 + e @l = FOILES (a;(e) — cos (9 :zmj)) 1

(24)
i+ 1) = d; (1) + me®ic; — FO LY (“'(9)_005(9_%))i
; =d, Wi j aj@) "’ dj dj
(25)

2.3.2 Sinc 2D ASAM learning law

The sinc set function a; has the form

aj (_x’ y) — sincC m sinc ﬂ (26)
dx.j dy,j

with parameter learning laws (Kosko 1996; Mitaim and Kosko 2001)

My j(t 4+ 1) =my j (@) + pee(x, y)lej — Fx, y)l

p— . J— o . s 1
x \aj(x,y) —cos LT ) ine ((2210) ) 2 (x. ) (27)
dy.j dy.j aj(x,y) \x —my ;

dej(t +1) = dy j(t) + puee(x, y)lcj — Fx, y)]

— My j . - j AT 1
x \aj(x,y) —cos RS smc(y my"/) pi(x. ) — . (28)
dx,j dy,j aj(xa y) dx,j

2.3.3 Gaussian ASAM learning law

The Gaussian set function a; has the form

G—mj 2
a;(0) = cxp _( 7 ) (29)

with parameter learning laws

9 — .
mj(t+1) =m;j)+ wne@)p;O)lc; — F©O)] dzm] (30)
J
© —mj)*
djt+ 1) =dj) + e @) pj@lej — FOl—7z"— (€2))
J
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The Gaussian learning laws have the same functional form in the 2-D case. We
replace a;(0) with a;(x, y):

. N2 _ N\ 2
aj(x,y) =exp |:_ (x d:jx»l) _ (y d:jy’l) :| (32)

with parameter learning laws

X —my j
my j(t 4+ 1) =my j () + pee(x, y)pj(x, y)lej — Fx, y)]T] (33)
x.J

(x —my j)?
de j(t+ 1) = dy j () + pe(x, ) pj(x, ycj — F(x, y)]——5—2—. (34)

x,j

3 Triply fuzzy approximation with hyperpriors

We use the term triply fuzzy to describe Bayesian inference where I(7), H (6|7), and
G(x|0) are the respective uniform approximators for the hyperprior pdf 7 (7), the
prior pdf 2(6|7), and the likelihood pdf g(x|0). The 2-D pdf p(0, t) = h(0|t)7(7)
describes the dependence between 6 and 7.

The statement and proof of both Bayesian approximation theorems require the fol-
lowing notation.The hyperprior pdf is 7 (7). The prior is ~(6|t) and the likelihood is
g(x10). P(0, ) is a 2-D SAM fuzzy system that uniformly approximates p(0, 1) =
h(@|t)m (7) in accord with the Fuzzy Approximation Theorem (Kosko 1994). G (x|6)
isa2-D SAM that uniformly approximates g (x|6). Let D denote the set of all (6, 7) and
let & denote the set of all x. Assume that D and X are compact. Define the Bayes fac-
tors as g (x) = [, p(8, 1)g(x|0)dtdd and Q(x) = [, P8, 1)G(x|0)dTdb. Assume
that g (x) > 0 so that the posterior f (0, t]x) is well-defined for any sample data x.

We can now state the Extended Bayesian Approximation Theorem. The proof is
in the “Appendix” and relies on the Extreme Value Theorem (Munkres 2000). It does
not require that the uniform approximator be a fuzzy system. The vector structure of
the proof also allows the hyperprior prior to depend on its own hyperprior and so on.
Figure 2a shows the approximand or the original posterior pdf. Figure 2b shows the
adapted triply fuzzy approximator of the posterior pdf. Figure 2c shows an adapted
non-separable fuzzy approximator of the posterior.

Theorem 2 Extended Bayesian Approximation Theorem. Suppose that h(0|t), m (),
and g(x|0) are bounded and continuous. Suppose that TI(t)H(O|t)G(x|0) =
P@, 1)G(x|0) # 0almost everywhere. Then the triply fuzzy SAM system F (6, t|x) =
P G/ Q uniformly approximates f (0, t|x) foralle > 0: |F(0,t|x)— f(0, t|x)| <€
forall x and all (0, 7).

The proof of Theorem 2 also implies that an n-D fuzzy posterior approximator F
uniformly approximates the posterior f.

Figure 3 shows another simulation instance of triply fuzzy function approxima-
tion. But this instance works with a non-conjugate arbitrary Bayesian model. It uses
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Triply fuzzy function approximation 251

(a)

(b) Triply Fuzzy 2D Posterior F(u,7x)

2D Posterior f(4,71x) Using Conditional Prior H(c|7)

Fig. 3 Triply fuzzy Bayesian inference: comparison of a 2-D non-conjugate posterior f(o, T|x)
g(x|o)h(o|t)m(r) and its triply fuzzy approximator F(o, t|x). The first panel shows the approximand
f (o, t|x). The second panel shows a triply fuzzy approximator F (o, t|x) that used a 2-D fuzzy approxi-
mation H (o |t) for the conditional prior (o |7) and a 1-D fuzzy approximation IT(t) for the hyperprior pdf
7 (7)and a 1-D fuzzy likelihood-pdf approximator G (x |0 ). The Gaussian-SAM fuzzy approximator H (o |7)
used 6 rules to approximate the 2-D pdf i(o|t) = B(6+27,4). The hygerprior Gaussian-SAM approxima-
tor IT(7) used 12 rules to approximate a beta pdf 7 (t) = %/3(12, 4) + 5B(4,7). The Gaussian-SAM fuzzy
likelihood approximator G (x|o) used 12 rules to approximate the likelihood function g(x|o) = N(0, o)
for x = 0.25. The 2-D conditional prior fuzzy approximator H (o |7) used 6,000 learning iterations based
on 3,970 uniform sample points. The hyperprior fuzzy approximator I1(7) used 15,000 iterations on 1,000
uniform sample points. The likelihood fuzzy approximator G (x|o) used 15,000 iterations based on 300
uniform sample points

normal data with unknown standard deviation o. A conditional prior h(o|t) =
B(6 + 27,4) models the distribution of the unknown standard deviation. A hyper-
prior 7 (t) = %,3(12,4) + %,3(4, 7) models the t parameter of the conditional
prior h(o|t). The hyperprior n(t) = %/3(12,4) + %,3(4, 7) is a bimodal mix-
ture of two B pdfs. The 2-D fuzzy approximator F (o, t|x) approximates the pos-
terior pdf f(o, t|x) o g(x|o)h(o|t)m(r) for this arbitrary model. The posterior
fuzzy approximator F' (o, T|x) is again proportional to the triple-product approximator
G(x|o)H (o|t)I1(r). G(x|o) approximates the 1-D likelihood pdf g(x|o). H(o|T)
approximates the 2-D conditional prior pdf (o |7). And I1(7) approximates the 1-D
hyperprior pdf 7 (7).

4 Semi-conjugacy of the if-part sets in the fuzzy posterior approximator
4.1 SAM posterior and if-part conjugacy

This section explores conjugacy and semi-conjugacy effects on the if-part setfunctions
involved in doubly and triply fuzzy Bayesian inferences. We restate Theorem 3 for
the doubly fuzzy case in Osoba et al. (2011) that shows that updates preserve the
SAM structure but with exponentially increasing rules and extend it to triply fuzzy
and any n-many fuzzy cases. Theorem 4 and Corollaries 4.1-4.4 show that updates
also preserve the shapes of the if-part sets (semi-conjugacy of if-part set functions)
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Fig. 4 Conjugacy and semi-conjugacy of the doubly fuzzy posterior if-part set functions ap(0) =
ap(0)ag(x|0). a Gaussian if-part set functions have the form of (77) where a;(0) = G(1,1,1;6) and
ag(0) = G(3,2,1;0) give Gaussian ap () = G(%, %, e*4/5; 0). b beta if-part set functions have the
form of (93) where a;,(6) = B(0,4,2,3,29;60) and ag(9) = B(1,6,6,12,9 x 104; 0) give semi-
beta ap(0). ¢ gamma if-part set functions have the form of (102) where a;, = G(0, 1, 2, 3,2.7; 0) and
ag = G(1,1,2,0.5,7.4; 0) give semi-gamma a  (0). d Laplace if-part set functions have the form of (108)
where aj, (0) = L(1,2; 6) and ag(9) = L(3, 3; 0) give semi-Laplace a (6)

if both SAM fuzzy systems in the doubly fuzzy cases use if-part set functions that
belong to conjugate families in Bayesian statistics. The result also holds for triply
fuzzy systems. Figure 4 shows examples of such if-part sets in Corollaries 4.1-4.4.
The conjugacy of Gaussian if-part sets is straightforward. The conjugacy of the beta,
gamma, and Laplace if-part sets is only partial (semi-conjugacy) because we cannot
combine the functions’ exponents and because two beta set functions or two gamma
set functions need not share the same supports.

Theorem 3 Preservation of SAM structure in fuzzy Bayesian inference:

(i) Doubly fuzzy posterior approximators are SAMs with product rules.

Suppose an mi-rule SAM fuzzy system G(x|6) approximates (or represents) a
likelihood pdf g(x|6) and another m>-rule SAM fuzzy system H () approximates (or
represents) a prior i (0) pdf with m, rules:

zm—ll Wg, jdg,j(O) Vg jCg,j <
G(x|p) = == = D> pg.j(O)cq.j (35
2w jag OV, ;
S wnjan @) Vi jen; L2
H®) = =5 => pnj@cn; (36)
22 wn,jan,j ) Vi, /; ! !

Wy, jdg.j OV d e W, jan,j (O Vi, j
ST e jag OV Pm.j(©) S wh,jan,jO) Vi, j
coefficients: Z;";l pg,j(0) =1 and Z]mi1 pn,j(6) = 1. Then (a) and (b) hold:

where p ;(0) = are convex
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(a) The fuzzy posterior approximator F (6]x) is a SAM system with m = mm; rules:

> wriarpi(0) Veicr,

F(Olx) =
DL wriar,i(0) Vi

(37

(b) The m if-part set functions ar ; () of the fuzzy posterior approximator F(6|x)
are the products of the likelihood approximator’s if-part sets ag ;(0) and the prior
approximator’s if-part sets aj j (6):

ar,i(0) = ag,j(@)ani(©). (38)

fori =my(j—1)+k,j=1,...,mi,andk =1, ..., my. The weights wr, , then-part
set volumes V;, and centroids cf; also have the same likelihood-prior product form:

WF, = Wg,jWh k (39)

Vi = Ve, jVik (40)
Cg,jCh,k

cp = S8 1)
0(x)

(i) Triply fuzzy posterior approximators and n-many fuzzy posterior approximators
are SAMs with product rules.

Suppose an m1-rule SAM fuzzy system G (x|6) approximates (or represents) a like-
lihood pdf g(x|0), anm,-rule SAM fuzzy system H (6, T) approximates (or represents)
a prior pdf h(6|t) with m» rules, an m3-rule SAM fuzzy system IT(6) approximates
(or represents) a hyper-prior pdf pi(r) with m3 rules:

Zmil Wg,jag,j(0) Vg, jcg. “
G(xl0) = == =D Pg.jO)cg, (42)
Z;'n:ll wg, jag, j(O) Vs j ;
D2 wnjan, i, D) Vajen; 22
H®,7) = == = ZPh,j(Q, T)Ch,j (43)
221 Wh,janj(©0,T)Vh,; —
ms . . . . m3
i—1 Wr,jln,j (T)Vh,jch,j
M(r) = =2 = pnj(T)cn,; (44)
ZTil Wy, jar, i (T) Vr, Z;‘ ! /
where pg’](e) = — we jdg.jO) Ve, j , Ph,j(e» ‘L') — wp,jan,j(0,0) Vi, , and Pn,j('f) —

Z:‘n=11 wg idg,i (0)Vy.i Z,tzl wp iani(0,T) Vi

wrj4r ) @V)  are convex coefficients: 2 pe @ = 1,372, pu 0. 1) =1,

22’21 Wy, idpi i (T) Vi
and 2721 Pr,j(0) = 1. Then (a) and (b) hold:

(a) The fuzzy posterior approximator F (6, t|x) is a SAM system with m = mymom3
rules:

S wriarp,i(0) Veicr,
Diei wriari () VE,

F@,tlx) = (45)
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(b) The m if-part set functions ar ; (6, t) of the fuzzy posterior approximator F (6, t|x)
are the products of the likelihood approximator’s if-part sets a,_; (0), the prior approxi-
mator’s if-part sets ay, j (0, T), and the hyper-prior approximators’s if-part sets ax ; (7):

ar,i(0,7) = ag j(0)ani (0, T)az(7) (46)

fori =1+m3tk—1)+mm3(j—1),j=1,....,m,k =1,...,mp,and ] =
1,...,m3. The weights wp,, then-part set volumes Vr,, and centroids cr also have
the same likelihood-prior-hyper-prior product form:

WE; = wg,jwh’kwﬂ,[ (47)

Ve, = Ve, i Vi Vai (48)
Cg,jCh,kCr 1

L= 49

SOTE)) @

where Q(x) = fD Gx|0)H@, t)I1(r)dtdb.
This implies that the n-many fuzzy posterior approximators are also SAMs with
product rules.

Proof Doubly fuzzy case.
The fuzzy system F(0|x) has the form

H(0)G(x]0)
F@x) = >0)
Jp H®G(x|r) dt
mi mz
= > pei@ces | [ X Pri@en; Gb
o) \ ‘5 =1
j= J=
oo Ch.k
=D e i@ pra®) gQ’( : (52)
j=1k=1
B %i wg jag j(@)Vg Wh k0. k(0) Vi k Cg.j Ch.k (53)
j=1k=1 L We,ide,i (@) Vi Z, 2y whian,i @)Vii Q)
- ijl ZZ:zl We, j Wik g, j(0)ani(0) Vo j Vik Cgéi(ih),k s

m m
200 22y Wej Whik ag.j(0)anik(©) Ve j Vik
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> wriari(0) VEcr,

= (55)
> wriari(0) Ve

m
=> pri®)cri. (56)

i=1
O

Proof Triply fuzzy case.
The fuzzy system F (6, t|x) has the form

FO,tIx) = G(x|0)H@, t)I1(7) 57)

Jpyxp, GEINH (1, $)T1(s) dt ds

1 mj myp m3
= 0(x) (Z pg,j(mcg,j) (Z Ph,j(9,f)ch,j) (Z p,,,j(e)cmj) (58)
j=1

j=1 =
mjp mp Co i Ch kCr.l
=22 PeiOpni (0, 1)pr () (59)
==t o)

mjp mp m3

_ Z Z z Wy, jdg,j(0) Vg, j wh kan k0, ) Vi k (60)
i=lk=11=1 S weiag i (0)Vg i 212wy ian,i (0, T) Vi

Wr 1ag (D) Vrk  Cg.jChkCrl
m
S Wil (DVe; Q)
LD St B i ; , . Ce.j Chk Crl
_ Zj:l Dokt 21 We, jWhkWwr k dg, j(@)an kO, Dax 1(T) Ve iV ik Va1 0

m m m
L 2 28 we jwh kW k ag, j(O)an k., T)ax 1(T) Ve, Vi k Vi

(61)

_ > wriari®) VEicp, .
> wriap,i(©) Vi

O

Corollary 3.1 Two-rule representation of g(x|0).

Suppose a 2-rule fuzzy system G (x|0) represents a likelihood pdf g(x|0) and an
m-rule system H (0) approximates the prior pdf #(6). Then the fuzzy-based posterior
(or “updated” system) F(6]x) is a SAM fuzzy system with 2m rules.

Proof Suppose a 2-rule fuzzy system G (x|0) represents a likelihood pdf g(x|60):
2 2
G(xl0) =D pejO)ce = D ag;jO)cg; (63)
j=1 k=1
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where the if-part set functions have the form (from the Watkins Representation
Theorem)
(x]6) — inf g(x0)
ag1(x1) = == & (64)
sup g(x|6) — inf g(x|6)
ag2(x10) = ag 1(0) = 1 —ag1(x]6) (65)

_ supg(x|0) — g(x[0)
~ supg(x|f) — inf g(x]0)

(66)

and the centroids are ¢y 1 = supg and ¢g > = inf g. And suppose that an m-rule
fuzzy system H (6) with equal weights w; = --- = w,, and volumes V; = --- =V,
approximates (or represents) the prior 4(6). Then (37) becomes

5 e
Z,r/'nzl 2 k=1 agk(x10) an j(6) Cg'Qk(ich)'J

F(6lx) = e (67)
2.1 2=t agk(x16) an,j(0)
_ X a1 (x19)an j0) it + aga(x18)an; 6) F5 )
>t ag1(x16) an,j () + ag2(x|0) ap,; (0)

_ X agal6)an,;0) a5t + (1 - aga(x16))an,; ) <55 )

D7t ag1(x10) an,j(0) + (1 — ag,1(x10)) an;(6)

J

O

The above results imply that the number m of rules of a fuzzy system F(6|x) after
n stages will be mm5 = 2"m rules. So the iterative fuzzy posterior approximator will
in general suffer from exponential rule explosion.

At least one practical special case avoids this exponential rule explosion and pro-
duces only a linear or quadratic growth in fuzzy-posterior rules in iterative Bayesian
inference. Suppose that we can keep track of past data involved in the Bayesian infer-
ence and that g(xy, ..., x,|0) = g(x,]60). Then we can compute the likelihood pdf
g(x,—110) from g(x,|0) for any new data x,,. Then we can update the original prior
H (9) and keep the number of rules at 2m (or mz) if the fuzzy system uses two rules
(or m rules).

Corollary 3.2 Two-rule representation of both h(6) and g(x16).

Suppose a 2-rule fuzzy system G (x|6) represents a likelihood function g(x|6) and
a2-rule system H (6) represents the prior /4 (6). Then the fuzzy-based posterior F (6 |x)
is a SAM fuzzy system with 4 (2 x 2) rules.

Proof Suppose a 2-rule fuzzy system G (x|0) represents a likelihood pdf g(x|0) as in
(63-66). The 2-rule fuzzy system H (9) likewise represents the prior pdf 4 (6):

2 2
H©O) =D prx@cnr = D ani®)cni- (70)

k=1 k=1
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The Watkins Representation Theorem implies that the if-part set functions have the
form

an 1(6) = h(0) — inf h(0) 71
' sup h(6) — inf h(0)
an2(0) = a1 (0) = 1—ay1(0) (72)
sup h(9) — h(0)

= suph(9) — inf 7(0)

(73)

with centroids ¢, 1 = sup k and ¢ 2 = inf h. Then the SAM posterior F (6]x) in (37)
represents f(6]x) with 4 rules:

2 2 Cg.j Ch.
2 =1 2k=1 ag.j (x16) ank(0) gQ"Och)k

F(0)x) = (74)
> e g (x10) an i (©)
2 2
= Z ag.j (x16) @y (6) LK (75)
=5 q(x)
4
Z ari(0)cr.i (76)
because D" a, j(x|0) = > api(0) = 1 and Q(x) = g(x) in (74). O

Figure 5 shows the if-part sets ay x(6) of the 2-rule SAM H (0) that represents
the beta prior 2(6) ~ B(9,9) and the if-part sets ag, ;(0) of the 2-rule SAM G (x|0)
that represents the binomial likelihood g(20]6) ~ bin(20, 80). The resulting SAM
posterior F(0]20) that represents f(0|20) ~ B(29, 69) has four rules with if-part sets
ar,i(0) = ag, j(0)ay 1 (9). The next theorem gives the main result on the conjugacy
structure of doubly and triply fuzzy systems.

Theorem 4 Conjugate fuzzy set functions.

(i) The if-part sets of a doubly fuzzy posterior approximator are conjugate to the if-part
sets of the fuzzy prior approximator. The product fuzzy if-part set functions ar ; (0)
in Theorem 3.i(b) have the same functional form as the if-part prior set functions aj, k
if aj  is conjugate to the if-part likelihood set function ay ;.

(ii) The if-part sets of a triply fuzzy posterior approximator are conjugate to the if-part
sets of the fuzzy prior approximator. The product fuzzy if-part set functions ar ; (6)
in Theorem 3.ii(b) have the same functional form as the if-part prior set functions aj,
if ay x is conjugate to the if-part likelihood set function ay ; and if-part likelihood set
function ax ;.

Proof The productar ; (0) = ag, j(0)ap k(9) of two conjugate functions ag, ; and aj i
will still have the same functional form as ag ;(0) and ay, x(6). Then the n parameters
ai, ..., ay define the if-part likelihood set function: ag ;(0) = f(a1, ..., ay; 0). The
n parameters fi, ..., B, likewise define the if-part prior set function aj, x (6) with the
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Fig.5 Doubly fuzzy posterior representation. Top: two if-part sets ag ; (6) of the two-rule SAM likelihood
representation G(x|0) = g(20|6) ~ bin(20, 80) and two if-part sets aj, ; (9) of the 2-rule SAM prior
representation H (x|0) = h(0) ~ B(9,9). Bottom: four if-part sets ar ; (0) = ag, j(0)ap i () of the 4-rule
SAM posterior representation F(0|x) = f(0]x)

same functional form: ap (@) = f(B1, ..., Bn; 0). Then ar ;(0) also has the same
functional form f given the n parameters yi, ..., ¥n: ar.i(0) = f(y1,..., Vn; 0)
where y; = gi(a1, ..., an, B1, ..., Bn) forl = 1..., nforsome functions gi, ..., g,
that do not depend on 6. O

Gaussian if-part sets are self-conjugate because of their exponential structure.
Corollary 4.1 Conjugacy of Gaussian if-part sets.

(i) Doubly fuzzy case.

Suppose that the SAM-based prior H(f) uses Gaussian if-part sets aj () =
G(mp g, dp i, vur; 0) and the SAM-based likelihood G (x|6) also uses Gaussian if-
part sets ag j(0) = G(myg j,dg j, vg, j; 0) Where

G(m.d, v: 0) = ve~@—m*/d 77

for some positive constant v > 0. Then F(6|x) in (37) will have set functions ar ; (6)
that are also Gaussian:

ar,i(0) = ag, j(0) apx(0) (78)
= vp e TR AR (79)
=G(mpr,;,dr;, vr;0) (80)
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where

2 2 .
dg,jmh,k + dh,kmg’l

mri = 3 3 (81)
dg,j +dh’k
d* .d?,
dp; = 21— (82)
dg,j +dh)k
(mpy —mg j)?
VF,i = VpkVg, j eXpl——a— ), (83)

2 2
dg’j + dh’k

forj=1,...,m,k=1,...,my,andi =mp(j — 1) + k.
(i1) Triply fuzzy case.

Suppose that the SAM-based prior H (6, 7) uses factorable (product) Gaussian
if-part sets apor (0, t) = G(mpok, dnok, Vrok: )G (Mpck, dpcks Vieks T), the SAM-
based likelihood G (x|6) uses Gaussian if-part sets agg; (0) = G(myggj, dggj, Vgs;: 6),
and the SAM-based hyper-prior I1(7) also uses Gaussian if-part sets aj; () =
G (mpz1, dpeis vier; T). Then F (0, T|x) in (45) will have set functions ar ; (6, T) that
are products of two Gaussian sets:

ar,i(0,7) = ag, j(@)anx (0, T)az, (1) (84)
— UFGie—(e—mFé)i)z/d%m VFU.e—(f—an)z/d%,,- (85)
= G(mFgi,drei, Vrei; 0)G(mFi, dpei, VFei; T) (86)

where

2 2 _
_ digimnor + djgimge;

mF(-)i - 2 2 (87)
dgej + djjgi
2 2
P2 = dgejdhek (88)
F6i = 72 | 2
l dgej + djjpi
(Mmpox — mgp;j)*
VF6i = VhokVgaj eXpl——s——2—} (89)
dyg; + djgy
d%_ mpr +d*,m
Mgy = L AT (90)
dnrl + dhrk
d?_d?
d%- = 27‘[1’[ h‘L’2k (91)
o dﬂrl + dhrk
(Mpek — Myz1)?
VFzi = VhtkVrtl CXP{—%} (92)
dntl + dhrk

for j = 1,....mi,k = 1,...,ma,l = 1,....,mz,and i = [ +ms(k — 1) +
mam3(j — 1).

@ Springer



260 0. Osoba et al.

Corollary 4.1 also shows that if the fuzzy approximator H (6, t) uses product if
part set functions ay (0, ) = app(0)an (r) then the fuzzy posterior F (0, t|x) also
has product if-part sets ar (6, ) = arg(0)ar,(r). This holds for higher dimension
fuzzy approximators for Bayesian inference. Thus the corollaries below only state the
results for doubly fuzzy cases.

Corollary 4.2 Semi-conjugacy of beta if-part sets.

Suppose that the SAM-based prior H(6) uses beta (or binomial) if-part sets
apk(0) = Bmpk,dp k. oh k. Brk, Vhk; @) and the SAM-based likelihood G (x160)
also uses beta (or binomial) if-part sets ag j(0) = B(myg j,dg j, g . Bg.j, Vg, ji 0)
where

B(m.d,a, B, v: 0) =u(9;m)a(1 —(Q_Tm))ﬁ 93)

if 0 < Q*Tm < 1 and for some constant v > 0. Then the posterior F (6|x) in (37) will

have if-part set functions ar ; (¢) of semi-beta form

ar,i(0) = ag j(0)ank®) (94)

_ ‘ 0 — mp jo\ %k 0 —mp g \Prk (0 —mg j\%.j 0 —mg j \Psj

- ”F’l( dnx ) (1 e )) ( dy ) (] L ))
95)

6 —m apktag, k(@) 6 —m Bn.k+Bg.jvik(©)
:VFi( h,k) g.Jj%i (l h,k ) 2. Vi (96)

dh,k dh,k

. o— O—myg ; )
if0 < 28k~ Jand 0 < 284 < 1orif6 € (mp g, mpg +dni) N (mg j,mg i +
dp i dg. , , , &J>""e.J

dg. ;) where

- _1 0 —myg 9
)\.jk(e) = Og(Hfmh’k ) —d ( 7)
i 8.J

L (0) =1 1_M 08
ij( ) = Og( 60— mhk) d. . . (98)
g,

A special case occurs if my p = mg ; and dj r = dg ;. Then ap; has the beta
conjugate form:

0 — mp j \@F.i 0 — mp \\Pr.i
ars®) = v (=20 ) T (1= (7)) ©9)
= B(mpk, dni, dF,i, Br,i, VF,i; 0) (100)

if0 < ed:":k < L.Hereap; = ap+q j, Bri = Bnk+ Bq.j, and vp ;i = vj kg, j.

The if-part fuzzy sets of the posterior approximation in (96) have beta-like form
but with exponents that also depend on 6. Suppose we repeat the updating of the
prior-posterior. Then the final posterior will still have the beta-like if-part sets of the
form
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0 — mp g\ okt 2 egidik(©) 0 — mp g \\Prkt+2i Be.ivik(0)
ars©) = v (— ot ) (1- (52t

dh,k dh,k

(101)

for6 € D =N(mg;,mg; +dg ;) N (Mp i, Mp i + dp.i)-
Corollary 4.3 Semi-conjugacy of gamma if-part sets.

Suppose that the SAM-based prior H(f) uses gamma (or Poisson) if-part sets
apk(0) = Gmp i, dnk, 2.k, Bnk, Vik; 0) and the SAM-based likelihood G (x60)
also uses gamma (or Poisson) if-part sets ag ;(0) = G(myg j, dg j, Qg . Bg.j, Vg, ji 6)
where

6 — o-m
G(m.d,a, B, v: 0) =v( dm)ae‘( el (102)

if Q_Tm > 0 (orif & > m) for some constant v > 0. Then the posterior F'(6|x) in (37)
will have set functions ar ; (f) of semi-gamma form

ar,i(0) = ag j(0)apx(0) (103)
60— O—m, ;
O — mp g \hk —( kg 00 —mg N\ —(—d) /By
=Vri\— e ok _ e 8.J
dp k dg,j
(104)
T 1 (07mg’,- ) P
Qp T0g, jl0Z g— . 6— —mg.
. (w) TR ) g i D By s
= ; . . ,
' dp k
(105)
07mg,
0 — mpy k ap kg, IOg(Q—‘"h.k)(Tjh)
= vpl-(—’) Ik
' dp k
7(97lsg,jdg.j’”h.k*ﬂh,k%,k’"g,j )/ Bg.iPn.kdg, jdn k
X e Be. i, i FPnknk Be.jdg.iFPn ki (106)

if0 > myp; and 6 > myg ; (or 0 > max{my i, mg ;}).
A special case occurs if m, x = mg j and dj, x = dg ;. Then ap; has gamma form

9 —m ar; _ 0_’”h,k ;
ari(0) = vF’i( h,k) o i Pr
dp k

= G(mpk, dpk, QF,i, BF,i, VF,i; 0) (107)

Bg.jBn.k
Bg.j+Bn.k

if0 >mpy . Hereap; = app +oag j, Bri = sand vE; = v Vg, ;.
Corollary 4.4 Semi-conjugacy of Laplace if-part sets.

Suppose that the SAM-based prior H(6) uses Laplace if-part sets aj x(0) =
L(mp k, dn k; 0) and the SAM-based likelihood G (x|0) also uses Laplace if-part sets
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ag
ar = agxag e—l.SzAbs[4.+6] e—l.98Abs[2.+6] e—1.42Abs[—1.96+9]

Exp(-1.5210 + 4.| - 149160 + 4.)) Exp(-1.9810+2.|-1.49|0 +4.]) |Exp(-1.4210 - 1.96| — 1.4910 + 4.

e—1.49Abs[4.+6]
Exp(-1.5116+2.| - 15216 + 4.)) Exp(—-1.9816+2.| - 15116 +2.]) | Exp(-1.4210 — 1.96] — 1.5116 + 2.))

m::: e 1-51Abs[2.+0]
Exp (-1.5210 - 2.| - 1.52]0 + 4.) Exp(-1.5210 - 2.| - 1.98|0 + 2.|) |Exp(-1.5210 —2.| - 1.42|6 — 1.96|)

le~1-52Rbs[-2.+0]

Fig. 6 Laplace semi-conjugacy: plots show examples of semi-conjugate Laplace set functions for the
doubly fuzzy posterior approximator F(0|x) o H(6)G(x|6). The approximator uses five Laplace set
functions a g for the prior approximator H (¢) and five Laplace set functions ag for the likelihood approx-
imator G (x|0). Thus F(0]x) is a weighted sum of 25 Laplacian semi-conjugate set functions of the form

0— 0— i . . .
ar (@) = exp (,| dzl:'k [ —1 d;njf o) |). The plots show that the Laplace semi-conjugate function can

have a variety of shapes depending on the location and dispersion parameters of the prior and likelihood
set functions

ag, j(0) = L(mg j,dg, j; 0) where

O—m ‘

L(m,d;0) =e @ (108)

Then F(6]x) in (37) will have set functions ar ; (f) of the (semi-Laplace) form

‘G—mh’k —mg |

0
ari(0) = ag ;@) ane@) = ¢ W A, (109)

Figure 6 shows examples of these semi-Laplace forms and their shapes. Convex com-
binations of semi-Laplace set functions give the doubly fuzzy Laplace-SAM posterior
approximators in Fig. 7.

A special case occurs if my = mg j and dj x = dg ;. Then ap; is of Laplace form

0_’”h,k

Bl (110)

ar,i(0) =e

Such semi-conjugacy differs from outright conjugacy in a crucial respect: The
parameters of semi-conjugate if-part sets increase with each iteration or Bayesian
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Fig.7 Doubly Fuzzy Laplace-SAM approximator for two normal posterior pdfs: fuzzy prior and likelihood
approximators use Laplacian set functions to generate the posterior approximator F (6 |x) for the same nor-
mal posteriors in Fig. 1. The prior and likelihood fuzzy approximators H () and G (x|0) use Laplace-SAM
instead of sinc-SAMs and Gaussian-SAMs. All fuzzy approximators used 15 rules for 6,000 iterations on
500 uniform sample points

update. The conjugate Gaussian sets in Corollary 4.1 avoid this parameter growth
while the semi-conjugate beta, gamma, and Laplace sets in Corollaries 4.2—4.4 incur
it. The latter if-part sets do not depend on a fixed number of parameters such as centers
and widths as in the Gaussian case. Only the set functions with the same centers m ;
and widths d; (in the special cases) will result in set functions for posterior approxima-
tion with the same fixed number of parameters. Coping with this form of “parameter
explosion” remains an open area of research in the use of fuzzy systems in iterative
Bayesian inference.

5 Conclusion

We have shown that additive fuzzy systems can uniformly approximate a Bayesian
posterior even in the hierarchical case when the prior pdf depends on its own uncer-
tain parameter with its own hyperprior. This gives a triply fuzzy uniform function
approximation. That hyperprior can in turn have its own hyperprior. The result will
be a quadruply fuzzy uniform function approximation and so on. This new theorem
substantially extends the choice of priors and hyperpriors from well-known closed-
form pdfs that obey conjugacy relations to arbitrary rule-based priors that depend on
user knowledge or sample data. An open research problem is whether semi-conjugate
rules or other techniques can reduce the exponential rule explosion that both doubly
and triply fuzzy Bayesian systems face in general Bayesian iterative inference.
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Appendix: Proof of Theorem 2

This appendix restates the Extended Bayesian Approximation Theorem and gives its
proof.

Theorem 2 Extended Bayesian Approximation Theorem. Suppose that h(0|t), w(7),
and g(x|6) are bounded and continuous. Suppose that TI(v)H(@O|t)G(x|0) =
P (0, 1)G(x]|0) # 0almost everywhere. Then the triply fuzzy SAM system F (0, t|x) =
P G/ Q uniformly approximates f (0, t|x) foralle > 0: |F(0, t|x)— (0, t|x)| <€
for all x and all (8, 7).

Proof Write the posterior pdf (0, t|x) as f(0, t|x) = W and its approxi-
mator F (6, t|x) as F(0, t|x) = w. The SAM approximations for the prior
and likelihood functions are uniform (Kosko 1996). So they have approximation error
bounds €, and ¢, that do not depend on x or 0:

|[AP| < €, and |AG| < € (111)

where AP = P(0,7)— p(0,t)and AG = G(x|0) — g(x|0). The posterior error A F
is

PG P8

AF = F— f = - = (112)
Q) qx)
Expand PG in terms of the approximation errors to get
PG = (AP + p)(AG + g) (113)
= APAG + APg+ pAG + pg. (114)

We have assumed that PG # 0 almost everywhere and so Q # 0. We now derive an
upper bound for the Bayes-factor error AQ = Q — g:

AQ:/D(APAG+APg+pAG+pg—pg) dt db. (115)

So
|AQ| §/D|APAG+APg+pAG|dr do (116)
S/D(|AP||AG|+|AP|g+p|AG|) dt dé (117)
</D(epeg+e,,g+peg) dt d6 Dby (111). (118)

Parameter set D has finite Lebesgue measure m (D) = fD dt df < oo because D
is a compact subset of a metric space and thus (Munkres 2000) it is (totally) bounded.
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Then the bound on A Q becomes
|AQ] <m(D)epeg+eg+ep/ g(x10) do (119)
D

because fD p@, 1)dt d6 = 1 and g has no dependence on .

We now invoke the extreme value theorem (Folland 1999). The extreme value the-
orem states that a continuous function on a compact set attains both its maximum and
minimum. The extreme value theorem allows us to use maxima and minima instead of
suprema and infima. Now fD g(x]0) dO is a continuous function of x because g(x|0)
is a continuous nonnegative function. The range of fD g(x]0) dO is a subset of the
right half line (0, oo) and its domain is the compact set D. So fD g(x]0) dO attains a
finite maximum value. Thus

IAQ| < ¢ (120)
where we define the error bound ¢, as
g =m(D)epeg + €4 + €, max I/ g(x|9)d9] . (121)
X D

Rewrite the posterior approximation error AF as

P —

Af - PG —9ps (122)
q0

_ q(APAG+ APg+ pAG + pg) — Opg (123)

q(g +A0Q)

Inequality (120) implies that —e;, < AQ < ¢, and that (¢ —¢;) < (¢ + AQ) <
(g + €4). Then (111) gives similar inequalities for AP and AG. So

ql—epeg —min(g)e, — min(h)eg] — €,pg -
q(q — €q)
- qlepee + max(g)e, + max(h)egl + €,pg
q(q — €4)

AF

(124)

The extreme value theorem ensures that the maxima in (124) are finite. The bound
on the approximation error AF does not depend on 6. But ¢ still depends on the
value of the data sample x. So (124) guarantees at best a pointwise approximation of
f(0, t|x) when x is arbitrary. We can improve the result by finding bounds for g that
do not depend on x. Note that g(x) is a continuous function of x € X because pg is
continuous. So the extreme value theorem ensures that the Bayes factor ¢ has a finite
upper bound and a positive lower bound.

The term ¢ (x) attains its maximum and minimum by the extreme value theorem.
The minimum of ¢ (x) is positive because we assumed ¢ (x)>0 for all x. Holder’s
inequality gives |g|< (fD |pldt d@) (||g(x, 9)||oo) = |lg(x, 0)| 5 since pis apdf. So
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the maximum of ¢ (x) is finite because g is bounded: 0< min{q (x)}< max{g(x)}<oo.
Then

e_ < AF < €4 (125)
if we define the error bounds €_ and €4 as

€. = (—epeg — Inin{‘.g}ep - II.liH{P}Eg) min{q} — pgey (126)
min{¢} (min{q} — €;)
(epeq + max{gle, + max{ple,) max{g} + pge,

min{g} (min{g} — €;)

e = (127)

Nowe; — Oase; — Oand e, — 0.Soe_ — 0and €, — 0. The denominator
of the error bounds must be non-zero for this limiting argument. We can guarantee
this when €, < min{q}. This condition is not restrictive because the functions p and
g fix or determine g independent of the approximators P and G involved and because
€ — Owhene, — 0and ¢, — 0. So we can achieve arbitrarily small ¢, that
satisfies €; < min{q} by choosing appropriate €, and €,. Then AF — O ase; — 0
ande, — 0.So |[AF| — 0.

Theorem 2 now follows from the following lemma: If Y is compact and f,, — f
uniformly then

/ fa(x,y,2)dy — / f(x,y,z) dy uniformly. (128)
Y Y

The result guarantees that uniformity in approximation still holds after marginaliz-
ing a multidimensional uniform approximator. This result implies Theorem 2 because
we have uniform approximators for f (6, t|x). We can marginalize over t to get a pos-
terior approximation in terms of just 6. Thus F — f uniformly implies [ F dt —>
| f dt uniformly.

We now prove this lemma (128). The uniform convergence of the sequence f, to
f implies that for all € > 0 there is an n € N such that

|fn(-x7y9z)_f(xsy’z)| < €
forall (x,y,z) € X xY x ][] Z;. Thus
—€ < fn(xayaz)_f(x7y7z) < €. (129)

Thus

—/edy < /fn(x,y,z)dy—/f(x,y,z)dy
Y Y Y
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and

/fn(x,y,Z)dy—/f(x,y,Z)dy < /edy.
Y Y Y

Y has finite Lebesgue measure m(Y) = fY dy because Y is compact. Define s, (x, z) =
Jy fa(x,y.2) dy and s(x,z) = [}, f(x, y,z) dy. Then

—em(Y) < sp(x,z) —s(x,z) < em(Y) . (130)
Thus |s,(x,z) —s(x,2z)] < em(Y) . (131)

Define €’ as €’ = em(Y). Then for all ¢’ > 0 there exists an n € N such that
lsn(x,2) —s(x,2)| < €

forall (x,z) € X x [[ Z;.

Therefore
/nyn(x, y.2)dy — /ny(x, y.z)dy (132)
uniformly in x and z. O
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