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Abstract. Recently, an effective susceptibility propagation method for binary Markov random
fields based on a concept of diagonal consistency was proposed. This improved susceptibility
propagation is a powerful method and exhibits a robust performance for various types of network
structures. In this paper, a generalization of the improved susceptibility propagation using an
orthonormal function expansion is proposed in which any pairwise potential functions and multi-
valued random variables are acceptable. In the latter part of this paper, the proposed method
is applied to a direct problem and an inverse problem on a generalized sparse prior, which is a
recently proposed prior model for natural images.

1. Introduction

There is an increasing demand in the new interdisciplinary scientific fields that involve both
computer sciences and statistical physics [1,2] for techniques that can be used to evaluate
local statistical quantities such as local magnetizations and local susceptibilities (covariances)
of Markov random fields (MRFs) with finite sizes.

Belief propagations (BPs) are one of the most popular message-passing types of algorithms
that are used to compute approximately the local magnetizations of MRFs [3]; they are
equivalent to the Bethe approximations [4] used in statistical physics [5,6]. In the last
decade, a suitable message-passing technique called susceptibility propagation (SusP) (also called
variational linear response in the field of information sciences) was developed to compute the
local susceptibilities of MRFs [7-10]. In general, SusPs are constructed by combining BPs and
linear response methods.

Recently, the author presented an effective SusP for Ising models, referred to as improved
susceptibility propagation (I-SusP) using a concept of diagonal consistency [11]. Briefly, the
concept of diagonal consistency is as follows. In Ising models, the second-order moment, (xf),
are trivially one because z; € {+1,—1}. However, the variances obtained by SusPs are generally
not equal to one due to higher-order effects being neglected [12]. I-SusPs are obtained by
overcoming such a diagonal inconsistency problem. I-SusPs are reduced to normal SusPs on tree
systems and include the adaptive Thouless-Anderson-Palmer equation [13, 14] as a special case.
Almost simultaneously, a similar investigation of Ising models was presented by Raymond and
Ricci-Tersenghi [15], who considered not only the diagonal consistency but also an off-diagonal
consistency [16].
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The I-SusP is a powerful method and exhibits a robust performance for various types of
network structures. However, the original I-SusP can be applied to Ising models only. Thus, in
the present paper, a generalization scheme of I-SusP using an orthonormal function expansion
that was successfully used in a Bethe approximation for a general pairwise MRF [17] is proposed,
in which any pairwise potential functions and multi-valued random variables are acceptable.

The remainder of this paper is organized as follows. In section 2, a pairwise MRF and
its orthogonal function expansion using Chebyshev polynomials are introduced. In section 3,
a Gibbs free energy for the expanded pairwise MRF derived in the previous section and its
diagonal-block consistency are shown. The diagonal-block consistency plays the central role in
the proposed method. In section 4, by using the diagonal-block consistency, an I-SusP based
on the Bethe approximation for the expanded pairwise MRF is proposed. In section 5, the
proposed method is applied to generalized sparse priors and is numerically verified by some
results of numerical experiments. Generalized sparse priors are prior models for natural images
proposed in [18]. Finally, section 6 concludes the paper with some remarks.

2. Discrete Pairwise MRF and Orthogonal Function Expansion

Let us consider an undirected graph G = G(V, E) with n nodes, where V' = {1,2,...,n} is the
set of all nodes and E C V x V is the set of all undirected links (4, j) except self-connecting
links (¢,4). Note that, although links (7, ) and (j,4) indicate the same undirected link, the set
E has both (i,7) and (j,7) as its elements. On the graph G, let us consider a pairwise MRF
with discrete random variables @ = {x; € {0,1,...,¢— 1} | i € V'} expressed by

Pa(@) xexp (S0 + 5 3w (o)), 1

eV (i,4)€E

where the expressions {0;(z;)} and {w(; ;) (v;,x;)} are potential functions of nodes and links,
respectively. Because the graph is an undirected graph, relations w; ;) (i, zj) = w4 (75, %)
are assumed. Relations wy; ;) (7, 7;) = w(; j)(7;, ;) are not enforced, that is, w; j)(zi, z;) does
not have to be a symmetric function with respect to z; and z;.

Let us introduce an orthonormal set {¢x(z) € R | k=0,1,2,...,¢ — 1} such that

q—1
> orl(@)i(x) = bry, (2)
=0

where dy; is the Kronecker delta. If the orthonormal set is a basis, we can expand a function
f(z) of an integer variable z € {0,1,...,q — 1} by using the orthonormal set as

qg—1 qg—1
f@) = arr(z), where o= f(z)¢r(x),
k=0

=0

One possible choice of orthonormal set is the set of Chebyshev polynomials given in Appendix
A. We use the Chebyshev polynomials as the orthonormal set in this paper.

Using the orthonormal set of polynomials, we can expand the potential functions 6;(x;) and
w; j)(xi, 2;) as

-1

q—1
0i(xi) = > uppor(zi) and  wg (i, z5) = Z Jii k), [0k (i) b1 (25), (3)
0 k=0

L=

£
I
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respectively, where u; x and J; g [, are constants given by

q—1 q—1
uf k) = Z O0i(xi)dr (i) and  Jjjp 0 = Z w5y (i, 15) r(x5) 1 (x5), (4)
;=0 zi,2;=0

respectively. When the functional forms of the potential functions have been specified, the
values of the constants are identified uniquely via (4). By these definitions, Jj; x) 1.0 = J1j.,[i.4]
are satisfied, but Jj; 41,15, # Ji,1),[5,k) in general. By using the expansions in (3) and the relation
¢o(x) = 1/,/q (see Appendix A), the MRF in (1) can be rewritten as

Pa(w) = Po(w | h.J) = s exp (= H(ash. 7)), (5)
where
q—1 1 q—1
H(:B; h, J) = — h[l,k@k(xz) — 5 Z Z J[i,k},[j,l]¢k(xi>¢l (.’I}])
k=1 (i,j)€E k,l=1

and the expression Z(h, J) is the partition function. The expression hj; ;) is defined by

1
hii gy == upig + ﬁ Z i k),[5,0) = Wik + = Z Z w5y (T, T5)dr ().

J€EO(3) ]68(1) zi,x5=0

The notation 0(7) is the set of nodes connecting to node i. In the expression in (5), the constant
terms are neglected because they have no influence on the probability. This rewritten expansion
of MRF is in the exponential family. Therefore, it can be found that we can obtain a distribution
in the exponential family that is equivalent to the pairwise MRF in (1) by using the orthonormal
expansion. In the following, we refer the distribution (5) as “the expanded pairwise MREF”.

3. Gibbs Free Energy and Diagonal-Block Consistency

In this section, we formulate a Gibbs free energy (GFE) and its diagonal-block consistency for
the expanded pairwise MRF. GFE representations and their diagonal-block consistencies are
important components for I-SusPs provided in section 4.

3.1. Gibbs Free Energy

Let us introduce a GFE, which is a dual form of the Helmholtz free energy (HFE) defined by
F(h,J):=—InZ(h,J), in the following variational way. Let us define the variational function
with respect to a trial distribution Q(x):

Q==Y H(=@)Q(z +ZQ )In Q( (6)
X
and consider the minimization of the variational function under the restrictions

ZQ(CE) =1, and Z%(%)Q(w) = M k)

These are the restrictions for normalizing and expectations, respectively. By using the Lagrange
multipliers, the constrained minimization of F[Q] leads to a GFE as follows:

G(m) := Hgne;fgr{]:[Q] — Z(ZQ(CC) ) Z’Yz(2¢k x)Q m[i,k])}

eV
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= —h'm + max (’ytm + F(~, J)), (7)

where the notation “extr” denotes the extremum with respect to the assigned parameters and the
notation t is the transposition. In the GFE, we regard m = {m; 3 |i € V;k =1,2,...,q — 1}
as the independent variables. Expression v = {v,x | ¢ € V;k = 1,2,...,¢ — 1} denote the
Lagrange multipliers for the constraints for the corresponding expectations. The expression
G(m) is the GFE of the present system and is regarded as a dual expression of the HFE by
the following reasoning. Suppose that m! are the values of m that minimize the GFE, i.e.,
m! = arg min,,, G(m), the following relations are satisfied:

G(m') = F(h,J) and ml =" ér(w)Pa(x | h,J) = meS, (8)

This fact can be easily verified as follows. From the minimum condition of (7) with respect to
m, we obtain

—hji g + Vi =0 (9)

where v* are values of v that satisfy the maximum conditions in (7), i.e., v* = arg max,, (7tm—|—
F(~,J)), and therefore, v* satisfy relations

m = > ok Pa(z | v, J). (10)

Using (9) and (10), we arrive at the relations in (8).

3.2. Linear Response Relation and Diagonal-Block Consistency
It is known that the GFE satisfies a linear response relation that is obtained in the following
way. By differentiating (10) with respect to my;;, we obtain

q—1 8")/*/ .
0i,j0k,1 = Z Z (<¢k($i)¢r(ﬂfi’)>7* - m[i,k}m[i',r}> ﬁa (11)
eV r=1 5,

where notation (- - -).. denotes the expectation with respect to distribution Pe(x | v*,J). Since
82g(m)/8m[i7k}8m[j,” = 8’)/['; k]/a?nw], (11) is collectively expressed by

H(m)™' = x(m), (12)

where n(q¢ — 1) x n(¢ — 1) matrices H(m) and x(m) are the Hessian matrix of the GFE and
the susceptibility matrix, respectively. They are defined by

9?G(m)

H(m)| 1 .eG) = T g
[H( )]e(l,k),e(]vl) omy; yOmy )

X(m)] e(ik)e(il) " <¢k(xz)¢l(x1)>7* = M kM50

where e(i, k) := (i — 1)g + k and the notation [---],; indicates the (a,b)-element of a matrix.
The relation in (12) is known as one type of linear response relation and always holds for any
m.

By using the relations in (10) and the orthonormal set, one-variable marginal distributions
of Po(x | v*,J), Fi(wi | v*,J) := > g iy Pa(® | ¥, J), can be expanded as Fi(z; | v*,J) =
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g4+ 30421 mys g dx(xi). Therefore, because (dr (2:)du(w:)). = S 2o Si(wi) i (i) Pilwi | 7", ),
the diagonal- blocks in x(m) are explicitly expressed in terms of m as

[X(m)]e(i,k),e(i,l) = “1(3 (M) —mii gy ), (13)

where vlg(mz) = 0k/q+ o0 1 M) Thtr and T, ZZ;E or(x)d(x)dr(z). From (12) and
(13), we find that the relations

[H<m)_1]e(i7k)7e(i7z) = Ul(clg (i) — my; gy (14)

are also ensured for any m. Relations in (14) are referred to as diagonal-block consistency in
this paper.

Although the diagonal-block consistency holds in the true GFE, the diagonal-block
consistency can be broken if one employs an approximate scheme such as a mean-field
method [12]'. A basic concept of I-SusP is that the diagonal-block consistency is enforced
in an approximate scheme, which is always kept in the exact scheme.

4. Improved Susceptibility Propagation for Pairwise MRF

In this section, an explicit formulation of I-SusP based on the Bethe approximation for (1) is
proposed. First, a general scheme of I-SusP is introduced in section 4.1 in accordance with
[11]. An explicit formulation of I-SusP based on a Bethe approximation is then derived in the
subsequent sections.

4.1. Scheme of Improved Susceptibility Propagation
Let us suppose an approximated GFE formed by

Go(m) := —h'm + m;iX (’ytm + Fy(, J)), (15)

and consider a minimization of the GFE. When Fy(«, J) is the true HFE, Gy(m) is equal to the
true GFE.

The scheme of I-SusP can be described as follows. First, with controllable parameters A, we
extend an approximated GFE, Gy(m), by adding an extra term as

Gi(m, A) := Gy(m) — —Z Z [i,k],] zl( 7’7( )_m[i,k}m[i,l}>- (16)

1€V k=1

The extra term is added so that the extended approximate GFE enables to satisfy diagonal-
block consistency?. In the I-SusP on Ising systems, it is known that this extra term eventually
behaves as an Onsager reaction term [11,15]. The goal of I-SusP is to minimize the extended
approximate GFE in (16) with respect to m with searching values of A that satisfy relations

[Hl (m, A>71]6(i,k),e(ivl) = Ul(jj (mz) — m[i,k}m[i,l]a (17)
where Hy(m, A) is the Hessian matrix of G;(m, A) defined by

0°G1(m, A)

[H1<m7A>} 6(1 k‘) 6(] l) W

! Although the investigations of the breaking in [12] addressed only the Ising case, it is expected that they can
be expanded to other cases involving the multi-valued case presented in this paper.
2 In [15], this term was introduced as the Lagrange multipliers.
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Relations (17) correspond to the diagonal-block consistency in (14).
One can solve the I-SusP by using the following way. When m = m(A), where m(A) :=
arg min,, Gi(m, A), relations (17) can be rewritten as

Ko i)(A) = v ) (10 (A)) — g g (Mg (A, (18)

where X(; k1,15, (A) 1= O i (A) /O (see (B.2) in Appendix B). Therefore, the framework of
[-SusP is summarized as follows:

STEP 1 Given A, minimize G;(m, A) with respect to m: m(A) = arg min,, G;(m, A)
STEP 2 For the given A and 712(A), compute X(; x,j,1(A) = O ) (A)/Ohy; -

STEP 3 Solve (18) with respect to A.

STEP 4 Repeat from STEP1 to STEP3 until convergence.

Equation (18) is termed the diagonal-block matching equation in this paper, because it leads
to the matching of the diagonal-blocks of the susceptibilities obtained by an approximation with
those obtained by an exact evaluation. Note that, because the parameters A are treated as
independent variables in (18), the derivatives of A with respect to h are zero in the right hand
side of (18). An alternative interpretation of the diagonal-block consistency in (17) and the
diagonal-block equation was provided in Appendix C.

When Go(m) = G(m), parameters A automatically vanish because the diagonal-block
consistency always holds in the true GFE (see Appendix C). However, if Gy(m) is an approximate
GFE that breaks the diagonal-block consistency, parameters A remain to enforce the diagonal-
block consistency.

4.2. Minimization of Extended Bethe-Gibbs Free Energy

In this section, we construct the extended GFE, Gi(m, A), by using a Bethe free energy, and
subsequently, we derive a message-passing equation for minimization Gi(m, A) with respect to
m.

In the context of the Bethe approximation based on the cluster variational method presented
in [17], the HFE, F(h,J), is approximated by F'(h,J) = Fy(h,J) = min, Fp(z | h,J), where

Fp(z | h,J)
qg—1
= mln( h'z — - Z Z T 0€impan + > U= 10@)) Y Pilws | zi) InPias | z:)
(J)EEkl 1 i€V ;=0
1 =
+ 2 Z Z Py (@i, x5 | ziy 25) P 5y (24, 25 | zi,zj)> (19)

(1,)€E w4,x5=0

is the Bethe free energy for (5) expressed by the moment representation. Marginal distributions
Pi(x; | z;) and 77(7;7]-)(@,% | z;,2;) are defined by Pi(z; | z;) = g+ Z%: z[i,k]ék(a}i) and

-1

(=}

1 i,
i (25 B0 (i) + 2508k () + D G, pane(@i)dil;),

1 k=1

P 7])(%,% | zi,25) ==

|
BN
Il

respectively [17]. It is noteworthy that the minimization of the Bethe free energy with respect
to z can be done without any constraints, because, by the properties of the present orthogonal
set and by the fact that ¢o(r) is a constant, marginal distributions P;(w; | 2;) and P ;) (w4, 75 |

zj, zj) always satisfy the normalization and reducibility conditions, i.e., 371" P | zi) =1,
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Z%% o Py (@iszj | zi,2;) = 1, and Z OPZ])(xl,x] | zi,2;) = Pi(x; | z;). These can be
verified by using the relation

q—1
> on(@) = bk (20)
x=0

This is one of merits of the orthonormal expansion employed in this paper.
By employing the Bethe free energy as Fy(«y, J) in (15), expression Gy(m), namely the Bethe-
Gibbs free energy, is expressed as

Go(m) = —h'm + max (y'm + min Fp(z | v, J)).
~ z

The maximum condition of the right hand side of this equation with respect to v leads to
m = z*, where z* are the values of z that minimize Fp(z | 7, J). By using this relation we can
reach Go(m) = Fg(m | h,J). Therefore, the extended Bethe-Gibbs free energy corresponding
to (16) is expressed as

1 & ;
Gi(m,A) = Fp(m | b, J) - 5 ;/MZIAM (i, (v,ﬁj(mi) - m[i,k]?’”[i,l]) (21)

in this case.
In the following, let us derive a message-passing equation to minimize Gy (m, A) with respect
to m. The minimum conditions of (21) with respect to m yield

! C
— Hp g + (1 — 10(4) Z Or(z) In Pi(x; | my) + = Z Z br (i) In P jy (i, 25 | My, my)

= j€0(i) zi,x;=0
(22)
where
1 q—1 q—1
Hij ) = hig + 3 A ay i Lapk — Z A k], [5,0) i)
a,b=1 a=1
The minimum conditions in Fg(m | h,J) with respect to & lead to
q—1
—Jpi k0 Z br(wi)di(z5) P jy (w4, 75 | My, my) = 0. (23)
x;,75=0

By combining (23) with (22), we arrive at the message-passing equation expressed by

]_,Z Z ¢r(x;)In Z exp (Hjﬂi(fiaxj)» (24)

;=0

where Hjai(azi,xj) = Z: (H[jya} + Zrea(j)\{i} Miﬂj)ﬁba(%’) + ZZ},; J[i,a],[j,b]éba(xi)ﬁbb(ﬂfj)-

(*)

The expression M,”; denotes a message from node j to node 4.

:0’
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By using solutions to the message-passing equation, the values of m that minimize the
extended Bethe free energy (21) are expressed by

q—1 q—1

Mg = Z% > dulai) exp { > (H[i,a] + ) M§a_)w> %(wi)}, (25)

;=0 a=1 jeali)

where expression Z; is the normalizing constant defined by

Zi= Y ep {3 (Hpa + Y0 MO )oula) )

=0 a=1 F€0(3)

Equations (24) and (25) are obtained by similar manipulations presented in [17]. The details of
these derivation are described in Appendix D. By solving (24) and (25), we obtain the values
of m that minimize (21) for a given A. Note that solutions to (24) and (25) are equivalent to
those to the usual BP if A = 0 are fixed.

4.8. Improved Susceptibility Propagation using Bethe Approximation
In this section, we derive the the diagonal-block equation corresponding to (18) for (21).
By differentiating (25) with respect to hi;1; we obtain

VR
g1 (a)
~ aMr—w
Xk = D ( Oa,l — ZAM] (1,6 X[i.6], 050 T Z s )( ;({,)a(mz) M Mpia)),  (26)
a=1 r€d(i)

where X(; 11,15, = Oy k) /O The derivatives of messages are obtained by solving

E)M(_),Z ! oM,

’ Z(‘Sju‘sav ZAJG [G:B1X b, 0] + Z oh :

Pus reo@\(i} ©
y Z e 0 d’la(xj) €Xp (Hjﬂi(xi’ x]))

=0 exD (Hj—i(xi, ;)

(27)

Equation (27) is obtained by differentiating (24) with respect to hy, ). By letting i = j in (26)
and by using the relation in (18), i.e., X[ k), = v,(f% (my;) — my; gmy;, ), we have

q—1 g—1 oM
Z Afial [i.0 [Vi}b,l [Vi}k,a = [Vi}k,a Z 8h] ’ (28)
a,b=1 a=1 j€a(i) [4,0]

where (¢ — 1) x (¢ — 1) matrix v; is defined by [I/i}w = vg%(ml) — m[ xMiy- In the I-SusP
based on the Bethe approximation, (28) corresponds to the diagonal-block matching equation
n (18). Relations in (28) are collectively expressed as v;A;v; = K;, where (¢ — 1) x (¢ — 1)
matrices A; and K; are defined by

L=

1 (a)
oM.
(A=A gy and  [K, =Y (o (ma) = mpgmpa) > T
= Oy
1 j€o(i)

a
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respectively. Therefore, we obtain
Ai = V;lKiV,;l. (29)

By this equation, we can obtain the values of A that satisfy the diagonal-block matching equation
in (28).

By simultaneously solving (24)—(27), and (29), we obtain solutions to the proposed I-SusP
based on the Bethe approximation. It is noteworthy that the I-SusP is reduced to a usual SusP
if A =0 are fixed.

5. Application to Generalized Sparse Priors for Natural Images
An image prior model using MRF, called the generalized sparse prior, which takes the form

(91(151) = 0, w(m) (:Ei,l‘j) = —Oll'j‘ﬂ?i - :Ej|p (30)

was proposed [18], where «;; = aj;. This image prior includes some conventional image priors
as special cases, because it is reduced to @)-Ising image priors when p = 2 and is reduced to
Q-Potts priors when p — 0. By changing the value of p, we can adjust the smoothness, the
flatness, and the appearance frequency of edges in images. It is believed that values of p near
0.5 are appropriate for natural images.

In the following, let us consider a direct problem and an inverse problem on the generalized
sparse prior on an L x L grid system, in which interaction parameters « are independently
drawn from Gaussian p(w;; | o) := (V2m0?)™! exp(—a?j/202) and the flatness parameter p is
set to 0.5.

5.1. Direct Problem on Generalized Sparse Priors
Given a = {a;;} and p, in order to compute statistical quantities on a generalized sparse prior,
let us apply the I-SusP proposed in the previous section to the generalized sparse priors.

2] 1072 7]
® o & | = X
£ 107 . oz F 2 1073 . § 0t i
= - * 3 & gy + °
S0 1074 n o Q v} A
g E x & o I[-SusPg=3 210 E o I[-SusPg=3
—_ - _ = . _
Sloka A N S 3 A
2 E 3 + I-SusPg=4 S 10 + I-SusPg=4
o & - -
S C x BPg=4 1) u x  SusPg=4
4107 o s ISusPg=5 | E10° 3 o I-SusPg=5
—
= a  BPg=5 o SusPg=5
2 10—7 1 1 1 1 1 1 1 1 1 1 q 1 1 1 2 10—7 1 1 1 1 1 1 1 1 1 1 1 1 1
02 04 06 08 10 12 14 02 04 06 08 1.0 12 14
o o

(2) (b)

Figure 1. Plots of results of the direct problem on the generalized sparse priors when L = 3.
(a): Comparison of local magnetizations obtained by the I-SusP with ones obtained by the BP.
(b): Comparison local susceptibilities obtained by the I-SusP with those obtained by the BP.
Each plot is averaged over 1000 trials.

In figure 1, mean absolute errors (MAEs) of magnetizations and susceptibilities between true
values and values obtained by approximate methods against ¢ are plotted when L = 3. We see
that the proposed I-SusP overcomes the normal SusP.
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5.2. Inverse Problem using Observations Generated from Generalized Sparse Priors
In this section, let us solve an inverse problem, the so called inverse Ising problem, using the I-
SusP without specifying the functional forms of potential functions {0;(;)} and {w; ;) (v, ;)}-
That is, we consider a non-parametric learning in this section.

Suppose that M data points, D = {x®) | 4 =1,2,..., M}, are given. The aim of the inverse
problem on which we focus in this section is to find the values of parameters h and J that
maximize the log-likelihood function

M
1
ip(h,J) =+ > I Pu(x" | h,J). (31)

The derivatives of the log-likelihood function with respect to h and J are

Olp(h,J
Apyy(hy J) = % (Pn (1)) Z¢k zi)Pe(x | h,J)
and
dlp(h, J
AJ[i,k],[j,l](h”J) = % <¢k‘(xl>¢l x] Z¢k Ty ¢l .%'])PG(:B ‘ h '])

respectively, where (---)p is a sample average of given data points. Because the log-likelihood
function (31) is a concave function with respect to the parameters, a maximum point of the
log-likelihood can be found by a gradient ascent method:

BH = ik 1y, (RO, TO), (32)
Ti i = Tk pa "AJ i (BT, (33)

where 7 is a small positive constant.
To apply the I-SusP to the inverse problem, the derivatives are approximated by

Ay, g (B J) e AP (R, T) 2= k(i) p — mik, (34)
Agyag gy (B J) = AFE (e T) = (ki) d1(25))p = (Xpa .y + mikma), (35)

where m and x are solutions to the I-SusP. By solving (24)-(27), (29), and (32) and (33) with
the approximations in (34) and (35), we can solve the inverse problem by using the I-SusP for
the given data set D. If A = 0 are fixed, we can obtain solutions based on the SusP. In the
following, results of the inverse problem using data points generated from the generalized sparse
priors are shown.

In figure 2, MAEs between true biases h and interactions J and those obtained by
approximate methods are plotted for ¢ = 3 and ¢ = 4 when L = 3. Here, instead of sampled
expectations, true statistical values of the generalized sparse priors are used, namely, we consider
an identical case where M — oo. The results of the BP in these plots are obtained by using a
non-iterative method proposed in [17]. The results obtained by the SusP are poor and nearly
the same as those obtained by the BP in the region of large o. In contrast, the results obtained
by the I-SusP are improved for the whole region.

Results of the inverse problem when L = 8 and ¢ = 3 for 0 = 0.4 and o = 0.8 are shown in
table 1. In these experiments, M = 10000 data points, that are generated by using the Markov
chain Monte Carlo (MCMC) method on the generalized sparse priors, are used. We can see that
the I-SusP gives the best results.
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Figure 2. Plots of results of the inverse problem on the generalized sparse priors when L = 3.
(a) and (c): MAEs of biases obtained by the BP, the SusP, and the I-SusP when ¢ = 3 and
q = 4, respectively. (b) and (d): MAEs of interactions obtained by the BP, the SusP, and the
I-SusP when ¢ = 3 and g = 4, respectively. Each plot is averaged over 1000 trials.

Table 1. Results of the inverse problem on the generalized sparse priors when L = 8 and ¢ = 3.
M = 10000 data points generated by using MCMC method on the generalized sparse prior are
used. Each value is averaged over 30 trials.

o | MAE of biases || MAE of interactions
BP 0.4 0.0153 0.0262
0.8 0.0197 0.0417
SusP 0.4 0.0153 0.0248
0.8 0.0295 0.0365
I-SusP | 0.4 0.0152 0.0246
0.8 0.0184 0.0278

6. Conclusion and Discussion

In this paper, the generalization scheme of I-SusP using the orthogonal expansion was proposed
in which any pairwise potential functions and multi-valued random variables are acceptable.
Moreover, the proposed I-SusP is applied to the direct and the inverse problems on generalized
sparse priors for natural images. The constraints of diagonal-block consistencies improved the
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performances of the algorithms and yielded results that surpass those obtained by conventional
methods.

Although the orthogonal expansion using Chebyshev polynomials employed in this paper
should not be the only possible choice for a generalization, it enables us to reach moment
representations of free energies as presented in (19) and can make subsequent manipulations
clear. This could help us in future developments, especially in inverse problems, as it helped us
in inverse problems of the normal BP level [17].

In the usual SusP scheme, we first solve the BP ((24) and (25) with A = 0), and obtain
solutions to the BP. These solutions are the values of the local magnetizations and the messages.
Subsequently, to obtain the susceptibilities, we solve the SusP ((26) and (27) with A = 0) by
using the solutions of the BP. Therefore, in the conventional scheme shown in figure 3 (a),
the results of the SusP have no effect on the BP. In contrast, the scheme of I-SusP shown in

‘ Belief Propagation: m, M ‘ ‘ Belief Propagation: m(A), M(A) }(—\

Diagonal-Block Matching: A

Y Y
Susceptibility Propagartion: X‘ ‘ Susceptibility Propagation: y(A)

l

(@) (b)

Figure 3. Illustration of schemes of (a) normal SusP and (b) I-SusP.

figure 3 (b) includes feedback from the SusP to the BP through parameters A. This feedback
marks a significant difference between the scheme of conventional SusP and the scheme of I-SusP.
It is noteworthy that the computational cost of solving the I-SusP is the same as that of solving
the usual SusP, because the diagonal-block matching equation in (29) does not contribute to the
order of the total computational cost.

One of the most interesting future applications is a direct and an inverse problem in the deep
Boltzmann machine [19, 20], which is a Boltzmann machine with a hierarchical structure and
one of the most important learning models in the recent machine learning field.
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Appendix A. Chebyshev Polynomials
One possible choice of orthonormal set is given by [21]

bi() = <—1>"wk<x>\/ <22ﬂ>}<>c£<q—7f . !ﬁ!

forx=0,1,...,q—land k =0,1,...,q—1, where {¢)x(x) | K =0,1,...,g—1} are the Chebyshev
polynomials in the discrete range given by

(A1)

k

o kN (k+1 zl(g—1-1)!
V(@) ‘_Z(_l)l<z>< z >F(az—l+1)(q—1)!’ (A-2)

=0
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where T'(z) is the gamma function. The Chebyshev polynomials (A.2) are also given by the
recursion formula

(k+1)(q =1 = k)Ypqa(z) = =22 — ¢ + 1)(2k + D)n(x) — k(g + F)pe—1(2),

starting from ¢o(z) =1 and ¢;(z) =1 —22/(q¢ — 1). From (A.1) and (A.2), we have

do(x) =1/va,0 1(x) = V3(2z — q+1)/a(g®> — 1),

and so on.

Appendix B. Linear Response Relation for Approximate GFEs
For m = {my; ) |i € V;k=1,2,...,q — 1}, let us consider a function expressed in the form

~

G(m) = —h'm + g(m).

It is to be noted that this expression includes all the GFEs (G(m), Go(m), and G;(m)) presented
in this paper. At a minimum of the function, from its extremal condition, relations

9g(m)
3m [i,k]

m=m*

hold, where m* := arg mian(m). By differentiating (B.1) with respect to hy;;, we obtain

om?
[7" a [r,a]
7] :
;Z‘: f’mwf’m[ a] . Ohyjy ,;Z 5mzk13m[ra} e ORI
This expression indicates that the relation
H'=x* (B.2)

holds, where matrix H denotes the Hessian matrix of G(m) defined by

) 9*G(m)
H(m)| . DT Ome wOman
[ ( )] e(4,k),e(4.0) omy; ;1 Omy;

)

m=m*

and matrix x* is defined by [X*]c(ik).e(1) = am@,k]/ah[j,”.

Appendix C. Variational Interpretation of Diagonal-Block Equation
The diagonal-block matching equation in (18) is introduced to overcome the diagonal-block
inconsistency problem. Here, we provide an alternative interpretation of the equation.

First, we define a measure of closeness between two positive definite symmetric matrices, A
and B, in terms of the Kullback-Leibler divergence as

D(A||B) = /OO dz N(z | A) 1nﬁf%,

where NV(z | ) x exp(—2~'x'Sx) represents the multivariate zero-mean Gaussian with the
covariance matrix X~!. From the properties of the Kullback-Leibler divergence, D(A||B) >
0 and D(A||B) = 0 if and only if A = B is ensured. Let us consider the quantity
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D(H(m)||H;(m,A)), where H(m) is the Hessian matrix of true GFE defined in section 3.2 and
H,(m, A) is the Hessian matrix of G;(m, A) defined in (4.1). Minimizing D(H (m)||H;(m, A))
corresponds to minimizing the distance 3 between the true Hessian matrix and Hessian matrix
H1 (m, A)

The minimum conditions of D(H (m)||H1(m, A)) with respect to A are

o) (m;) — mpgmpy = [Hi(m, A)™']

)

e(i,k),e(i,])’ (C.1)

where we use the fact that [H(m,A)*l]e(i7k)7e(i7l) = v,(;% (m;) — my; gymy;y holds for any m in
(14). The minimum conditions in (C.1) correspond to (17) for any m. When m = m(A),
upon using (B.2), (C.1) yields (18). Therefore, we can reinterpret the diagonal-block matching
equation as the condition of minimization of distance between the true Hessian matrix and its
approximation in terms of the Kullback-Leibler divergence at m = m(A).
When Go(m) = G(m), minimization of D(H (m)||H;(m,A)) obviously leads to A =

because Hj(m,A) = H(m,A) + A, where A is the diagonal-block matrix defined by
[Ale(ik),e(it) = 0 Ak, [6,0-

Appendix D. Derivation of Message-Passing Equation in (24)
As mentioned in section 4.2, the one-variable and the two-variable marginal distributions are
expressed as

1
Pi(xi | my) = p + Zm[i,k]¢k(xi)y (D.1)
k=1
1 14 !
Py (@i, x5 | mi,my) = e + p (mp ok () + mpj e (z;)) + Z &li k) (5,0 0k (i) dr(25).
k=1 k=1
(D.2)
Since relations Zx ZoPij)(wi, x5 | my,my) = Pi(x; | m;) always hold, relations
q—1 q—1 q—1
Z qﬁk(x,) lnPi(xi ‘ m,) = Z ¢k(x,) In Z 77(7;7]-)(.’1,'1',.’1}]' ’ mi,mj) (D.3)
x; =0 ;=0 I]':()
also hold.
We can express (22) as
q—1
—Higg+ Y dr(m) In Pyl | my) — M;@, =0, (D.4)
x;=0 JEI(1)
where
q—1 1 q—1
k
)Z = Z bx (i) nPy(z; | my) — p Z bk (i) P ) (i, 75 | My, my). (D.5)
;=0 x;,75=0

3 This measure is generally not a distance in a precise mathematical sense, because D(A||B) # D(B||A).
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Without loss of generalities, we can rewrite P;(z; | m;) as

q—1

Pi(x; | m;) = exp (InPi(z; | m;)) o< exp (Zczk]¢k () ) (D.6)
k=1

where cj; 3] 1= Zgj} ér(z;) InP;(x; | m;) and relation ¢o(z;) = 1/,/q is used. Substituting
(D.6) in (D.4) and using (20), we get
k
i = Hg + Y MW, (D.7)
J€a(i)
Therefore, from (D.6) and (D.7), P;(z; | m;) is expressed as

-1

Pi(zi | my) = Ziiexp{ (H[i,k] + ) Mﬁ’ﬂl) ¢k(xi)}; (D.8)

1 j€o(i)

O

b
Il

where Z; is the normalization constant. On the other hand, from (D.1) and (20), relations

q—1

Z Gk (i) Piwi | M) = my (D.9)

x; =0

should always hold. Combining (D.8) with (D.9), we arrive at (25).

In the following, we derive an alternative expression of the two-variable marginal distribution
in a similar way to above derivation. Without loss of generalities, we can rewrite P; j)(z;, ; |
m;, m;j) as

Py (@i, w5 | mumj) = exp (lnp(ij)<$iaxj | My, m;))

q— q—1
o eXp( Z [i,k],[5,0) Pk (T4) Z 0,00, (5,9 (T5) + Z d[i,k],[j,l]d’k(xi)¢l($j)>v (D.10)
=1 k=1
where d; 51,1 == g;%_o bk (i) d1(x) I P 5y (w5, 25 | my, my). From (23), we find
dii ) 150 = Jiik) (5] (D.11)
for 1<k <g—1land1<[]<q—1. Using (D.4), (D.5), and the definition of dj; ) [; ), we get

q—1

1
M]—n Z d’k 331 11177 (331 | mz) - % Z Qbk L ¢0($J)1n73(13)(331’x] ‘ mlvmj)
x;=0 z;,75=0

1

= Hjp + Z M§'“_’w - ﬁd[i,k},[j,o}- (D.12)
JEO(5)
Similarly, we can obtain
MY =Hyg+ Y MY (D.13)

i
J [7'90]7[]9”
i€a(j) va
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From (D.10)—(D.13), we find

q—1
Pig) iy zj | mi, my) = 7 GXP{ ( [ik] T Z MW®) Z)Qbk( i)
(:9) =1 red@\}
q—1 Q-1Q-1
> (Hg+ Y MY o) + IED G @)z},

b
Il

=1 red(j)\{i} 1=l

(D.14)

where Z(; ;y is the normalization constant.

Substituting (D.8) and (D.14) in (D.3) and using (2) and (20), we can reach the message-

passing equation in (24).
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