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We consider a method for the accurate estimation of quenched random fields in the inverse Ising problem.
Approximations such as the mean-field or Bethe methods are applied to estimate quenched random coupling
parameters and external fields. A diagonal matching method is introduced to ensure consistency of the diagonal
part of the susceptibility, and the method yields an accurate estimation of the external fields. We introduce the
diagonal matching method into the mean-field, Thouless-Anderson-Palmer, and Bethe approximations, and we
investigate the effect of the diagonal matching method on the accuracy of estimation of the external fields.
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I. INTRODUCTION

Statistical physics has been deeply connected with com-
puter science in recent years [1]. Techniques developed in
statistical physics have been applied to various problems
in computer science. The Monte Carlo method is one such
technique, and the popularly used Monte Carlo method relies
significantly on computing power. Two other techniques
applicable to problems in computer science include the
mean-field and Bethe approximations in statistical physics.
These approximations are useful to estimate the marginals
of a probability distribution with many random variables.
Obtaining the average over a probability distribution with
many variables is a laborious task even if we utilize an
advanced computer. However, expectations can be easily
evaluated using the marginals. Consequently, researchers have
attempted to discover an accurate approximate method to
estimate marginals. Invoking the Bayes formula, we can infer
a cause from results, and the posterior probability in the
Bayes formula is evaluated using the marginals. In the field of
statistical physics, the mean-field and Bethe approximations
have been developed to estimate expectations averaged over
the Boltzmann distribution. In the field of computer science,
the belief-propagation algorithm, which is the same as the
Bethe approximation, has been discovered independently. The
belief propagation consists of recursive procedures in which a
message is passed from one vertex to another.

The inverse Ising problem, which is a typical problem
common to fields ranging from statistical physics to computer
science, has attracted considerable attention in recent years
[2-6]. The inverse Ising problem originates from Boltzmann
machine learning. In the conventional Ising model, magneti-
zations and correlation functions are estimated by averaging
over the Boltzmann distribution, and these expectations are
functions of coupling parameters between spins and external
fields applied to spins. The inverse Ising problem consists of
obtaining the inference of the coupling parameters and external
fields from magnetizations and correlation functions. It has
been pointed out that the inverse Ising problem has a close
connection with inference in biological problems [7-11].
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Provided that magnetizations and correlation functions are
given, obtaining the inference of the coupling parameters
and external fields is a computationally difficult problem.
In this light, approximate methods have been proposed
for obtaining the inference within feasible computational
times. The mean-field method is useful to infer coupling
parameters and external fields [12]. However, estimations
made via the mean-field method lack accuracy and, therefore,
advanced approximations such as the Thouless-Anderson-
Palmer (TAP) method, Sessak—Monasson expansion, and
Bethe approximation have been developed [13—17]. Since the
mean-field approximation does not provide the correlation
function between spins, we have to resort to the linear
response theory [12]. The linear response theory provides the
inference equations for the coupling parameters. When we
solve the inference equations for the coupling parameters, the
use of the diagonal matching method yields good estimations.
Recently, it has been shown that the adaptive TAP equation
[18,19] yields accurate estimations of the external fields [20].
It has also been shown that the adaptive TAP equation is similar
to the mean-field approximation with the use of the diagonal
matching method [21]. Raymond and Ricci-Tersenghi have
expanded the matching method into off-diagonal constraint
[22,23]. Thus, the diagonal matching method has drawn
revived interest.

In this paper, we concentrate on accurate estimations of
the external fields. The external fields are estimated more
accurately by the diagonal matching method than by any
conventional method. Although almost all of the existing
studies have been performed by numerical methods, we focus
on analytic elucidation of the diagonal matching method.
We introduce the diagonal matching method into the mean-
field, TAP, and Bethe approximations. The effect of the
diagonal matching method is investigated analytically. The
mean-field and TAP methods correspond to Gibbs free energy
approximated up to the first and second order of the coupling
parameters, respectively [24—26]. Therefore, the external fields
are expressed as expansions up to the first and second orders
of the coupling parameters. The introduction of the diagonal
parameter into the mean-field and TAP approximations leads
to the introduction of infinite-order terms of the coupling
parameters into the external fields. The Bethe approximation
is exact for treelike graphs. We find that the diagonal matching
method introduces the effect of loops into the external fields.

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.89.062135

HIROHITO KIWATA

Recently, susceptibility propagation has been considered
as an efficient approach to estimate a correlation func-
tion between spins [27-29]. Susceptibility propagation is
an iterative algorithm for solving recursive equations. In
addition, susceptibility propagation incorporating the diagonal
matching method has been proposed and shown to provide
good results. We show that the susceptibility propagation
incorporating the diagonal matching method is identical to the
Bethe approximation with the use of the diagonal matching
method.

II. MODEL

Let us consider a graph G = (V,£), where V denotes a set
of vertices labeled by {1,2,...,N}, and £ denotes a set of
edges connecting vertices. On each vertex i € V), there is an
Ising spin S; € {41, — 1}, and an external field /; is randomly
applied to the Ising spin. The system is completed by the
following energy function:

H=-Y"mS— > I;S5j, (1)

ieV (i,j)e€

wherein the second summation for (i, j) runs over all of the
edges. The quantity J;; represents the weight of a random
coupling parameter between Ising spins §; and S;. For
simplicity, we assume that the coupling parameter J;; is
symmetric with respect to i and j. If there is no edge between
avertex i and j, the value of J;; is zero. The probability for the
system to be found in the state {S;} is given by the following
Boltzmann distribution:

P({Si}) = exp(=pH)

1
Z({hi} . {Ji})
with Z(h) (Ih =[] D exp(=BH), (@)

ieV §i==*1

where 8 denotes the inverse temperature. Denoting the expec-
tation value with respect to the above Boltzmann distribution
by angle brackets (---), we obtain the magnetization on
a vertex i and the correlation function between §; and S
as (S;) and (S;S;), respectively. The magnetizations and
correlation functions are functions of {4;} and {J;;}. Given
{h;} and {J;;}, we can evaluate the magnetizations (S;)
and correlation functions (S;S;). However, an inverse Ising
problem is formulated by evaluation of a set of {h;} and {J;;}
from a given set of (S;) and (S;S;). Given (S;) and (S;S;),
it is possible to evaluate the exact values of {A;} and {J;;}
by adjusting them at the expense of an enormous amount of
computation. In order to avoid such expensive computation,
approximate methods have been developed.

It is useful to introduce the Gibbs free energy for the
formulation of approximate methods. The Gibbs free energy
is defined as

1
G({m;).{;)) = max [Z him; = 2 In Z<{hi},{1i,-}>} .3
' ieV

The magnetization is derived from (S;) =
argmin, G({m;},{J;;}). Although it is impossible to
evaluate Eq. (3) exactly, the Plefka expansion is a useful
approximate method to evaluate G({m;},{J;;}), and it is an
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expansion with respect to the coupling parameters {J;;} [25].
The Plefka expansion of G({m;},{/J;;}) is given by

G({mi},(Jh) =Y GP(mi}. (), “)

k=0

wherein the superscript represents the order of the coupling
parameters {J;;}, and the values of G®({m;},{J;;}) up to the
third-order term are [26]

GOm0

1 1+m, l—l—m,
= — 1
S (i

ieV

l—mil l—mi (5)
n ’
2 2

GO(m) Ty == Y Jyjmim;. ©

i.))e€

1
GOmih D == 5B D (1 —mi)(1=m3), (D

(.)e€

GO(m 1))

2
— —3/32 Z Jl-zm,-mj(l — m,z)(l — m?)

(i,))e€

— B Jipdudia(1 = m)(1=m3)(1—m). (8

(0, J.k)

The symbol 3 _; , ; in Eq. (8) denotes summation over all three
distinct vertices. The Gibbs free energy up to the first-order
approximation in Eq. (4),i.e., G ~ G + GV, corresponds to
the mean-field approximation, and the Gibbs free energy up to
the second-order approximation, i.e., G ~ G© + G + G?,
corresponds to the TAP approximation [24].

By the property of the Legendre transformation, we obtain
the external field /; conjugated with m; as follows:

_ 9G({mi} . {Ji;})
- Bm,-

1 . = AGOm (T )
_Etanh mi—i-k;a—mi- &)

hi

As for the nth-order approximation, the external field yields

1 "L GO {mh (T )
hj = —tanh'm; + y —— WY (10)
B ,Z:]: om;

The right-hand side (rhs) of Egs. (9) and (10) are functions
of {m;} and {J;;}. Consequently, if {m;} and {J;;} are given,
the external field {#;} is approximately evaluated by Eq. (10).
In order to estimate the coupling parameters {J;;}, the linear
response theory is utilized [12,13]. In the case of Eq. (1), the
susceptibility between spins on the vertices i and j is defined
by xij = (SiS;) — (85;)(S;) and is also expressed as Bj;; =
dm;/oh;. We distinguish x;; from );; because y;; is a given
quantity in the inverse Ising problem and j;; is derived from
Eq. (9) or (10). We introduce two matrices X and G whose i jth
elements are given by (X);; = x;; and (G);; = 82G/8m,-8mj,
respectively. The coupling parameters {J;;} are evaluated from
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the relations
2G({m;}.{Ji;})
8m,-8mj

wherei # j,and X~!is aninverse matrix of X. Within the nth-
order approximation, we approximate the Gibbs free energy at
G =) }_oG".In the case of i # j, the coupling parameter
Jij is estimated by the ijth element of Eq. (11). In the case
of i = j, the left-hand side (lhs) of Eq. (11) does not equal
the rhs when we use the approximate methods. In order to
equalize the lhs of Eq. (11) with the rhs, the diagonal matching
method has been proposed [12,13]. The diagonal matching
method introduces additional parameters {A;} into the Gibbs
free energy as follows:

=X, (11)

1
Gom(mih, (i) = Glmid 4 i) = 5 3 Ai(1—m]
iey
(12)

where the subscript DM denotes the Gibbs free energy
obtained using the diagonal matching method. The quantities
{A;} are determined to satisfy the diagonal element of Eq. (11)
or the following relation:

B1—=m?) = (Gpm),y» (13)

where  (Gpm)ii = 02Gpm/0m? = 9°G/om? + A;  and
(GDM)ij = BZGDM/E)miamj = 82G/8m,-8mj, provided
i # j. Equation (13) is derived from the diagonal
elements of BX =Gy, by using the relation
Xii = (SiS;) — (Si)(S;) =1— m[2 By considering Eq. (11)
and the relation 32GDM/8mi8mj = 82G/8mi3mj fori # j,
we conclude that the use of the diagonal matching method
does not influence the evaluation of J;;. Substituting Eq. (12)
into Eq. (9), we can derive the external field by the diagonal
matching method as follows:

aGpm({m;}.{Ji;H)  9aG({m;i},{Ji;})
8mi - E)mi

h; = + A;jm;. (14)

Upon comparing Egs. (9) and (14), the external fields {4;} are
found to be modified by the diagonal matching method, and
they significantly depend on the values of { A;}. We evaluate A;
using various approximate methods and compare them from
the viewpoint of accuracy of approximations.

III. RESULTS
A. Mean-field theory with diagonal matching method

In this section, we consider the mean-field theory with the
diagonal matching method. The Gibbs free energy of the mean-
field theory with the diagonal matching method becomes

GO (imi} i h) = GOUmi A Ji D) + GV (mi} (i)
—E;Ai(l—mf), (15)

where G© and GV are given by Egs. (5) and (6), respectively.
The second derivatives with respect to m; and m; yield

o Umd ) i 6)
- ij )

Bmiamj
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Gy (mi} ) _ 11
am? B1—m?

1

+ Aj, a7

where Eq. (16) corresponds to the off-diagonal element of Gy
and Eq. (17) corresponds to the diagonal element of Gpy.
Substituting Eqs. (16) and (17) into Eq. (13), we obtain the
relation that determines A;. Equation (13) is the adaptive TAP
equation first introduced in Refs. [18,19]. In order to derive
an implicit relation for A;, we utilize the following formula
given in Appendix A: upon dividing the matrix Gpy into
the diagonal elements and off-diagonal elements, the diagonal
elements and off-diagonal elements correspond to A and B,
respectively. The formula (A3) can be applied to the derivation
of (Gpyyii as follows:

A1 —my)
(1 —my) p(1 —m3)
T AL —m) 1+ AB(1—m))
— ) p(1 = m)
X]EXB‘: ” +Aﬁ1—m§)J”1+Aiﬁ(1—mg)

—m3)

”1+A ﬁ(l—m)

B(1
+1+A,31—m Z Z

l jeodi kedi(k#j)

S Bl-m) o p-m)
T4 Bl —m2) 1+ M B(1—m2) ’
(18)
where ), _,; denotes the summation with respect to all of the

vertices connecting to a vertex i. Upon dividing both sides of
Eq. (18) by B(1 — m?)/[1 + A;B(1 — m?)], we have

1+A~/3(1 —mz)

2) B(1 —m?)

2 i
+,§, +Aﬁ ) T T B (1 - )
m3) B(1 —m;)

+ J k
/%:zkef%;ﬁn +A ’3(1 —m3) 1+ AB(1 —mg)

B )

T+ AR —md)

After rearrangement of the expression, we obtain the following
implicit relation for A;:

X Jiijkai (19)

1
1+ A:8(1

ﬁ(l—m?) 2
— ) Za T80 _mg) /i

i =

m3)
+WZ Z +A,8(l— )

jEBl kedi(k#£j)

B(1—mp)
1+Ak,3(1 —m?)

J,J.Ijk.]k, 4+ (20)

We evaluate A; using an iterative method. Substituting A; = 0
into the rhs of Eq. (20), A;, which is up to the third-order terms
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of {J;;}, is obtained as
A=BY JE(1-m) B2 > Uy
jedi jedi kedi(k))
X Jidii(1=m3) (1 —mg) +O(J3). @D
Correction for higher-order terms of {J;;} in A; is obtained by
considering the higher-order terms in Eq. (18) and substitution
of Eq. (21) into the rhs of Eq. (20). The first term in

Eq. (21) corresponds to the Onsager reaction term. Substituting
Egs. (15) and (21) into Eq. (14), we obtain

ZJ,jm]—i—ﬂZJ ml l—m

jeoi jeai

w2) (1 =) + O(J3).

(22)

1
h; = — tanh™'m; —
B

+24? Z Jijdjxdkimi (1 —
(. oeE

The third and fourth terms in Eq. (22) stem from the diagonal
matching method, i.e., A; in Eq. (14). Substituting Eqgs. (6)—(8)
into Eq. (9), we obtain an exact formula of the external field
as follows:

h; =%tanh_lm, S Tymi+BY  Timi(l—m
jeoi jeai
2
-3 > (1 =3m})m; (1 — m3)
jeai
+ 2}32 Z Jij-]jk-]kimi(l - mi)(l - mi)
(Jj.ke&
+0(}). (23)

The mean-field method is an approximation up to the first
order of {J;;}. By the use of the diagonal matching method, the
external field is correct up to the second order of {J;;}, and it is
partially correct up to the third order of {J;;}. The second-order
term of {J;;} in Eq. (22) corresponds to the Onsager reaction
term. Although the mean-field method does not contain the
Onsager reaction term in the approximated Gibbs free energy,
the term {A;} in Eq. (15) includes the Onsager reaction term.
The term A; partially reproduces the third-order term of
{Jij}, but the underlined term in Eq. (23) is not included in
Eq. (22). We consider that the term A; of the diagonal matching
method partially reproduces the higher-order terms of {/J;;} in
the external field. General-order terms of {J;;} are discussed
later.

B. TAP theory with diagonal matching method

Within the TAP approximation, the Gibbs free energy is
expressed by an expansion up to the second order of {J;;} as
follows:

Gpm (i), (i)
= GOUm}.{7;H + GVUmi )4 H

% D OAi(1—mf). (24)

ieV

+ GP({m} () —
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The second derivatives with respect to m; and m yield

2GS (fmi} (i)

=—Jj —zﬁmimJJ,J @ #J),

om; 8mj
(25)
2Goy (mi} {Jy) 1 1
: — TH(1—m3) + A
am? T Bl-m A DD
i m; jeai
(26)

Equation (25) corresponds to the off-diagonal element of
Gpm, and Eq. (26) corresponds to the diagonal element.
Using Eq. (A3), we can evaluate an inverse matrix of Gpy.
Substituting the inverse matrix into Eq. (13), we obtain the
relation that determines A; as follows:

1 —m?
P =0) = S P =]
. (1 —m)
L+ B(L—m?)[ Xyep B(L—mi) I + A
X Z i+ 2Bmim; l])
jedi
8 ,3(1 —m?)
1 +:3(1 - mz')[zkeaj :3(1 - mi)ffk + Aj]
( i+ 2Bmim; l])
(L —m?)
T B =) S B = m)JE + A1
X+ (27)

Multiplication  of {1 + (1 —m?)[> ;s Bl —mHJI5 +

A1/ B — ml.z) to both sides of Eq. (27) yields
1+,31— [Zﬂl—mk +A,»]
kedi
B(1—m3)
=1+
,%):11""3 l_m)[zkef)j B(1 m%)szk"‘Aj]
p(—m)
X
1+ '3(1 - m'z)[Zkeai (1 - m%)Jﬁ( + Ai]
x (i +2Bmim JT) 4 (28)

After rearrangement of the expression, we obtain

S B(1—md)JE + A

kedi

Z 13(1 —m?)

jedi 1+ﬂ 1_ )[Zkeajﬂ(l_m%)Jng+Aj]
(Jij +2Bmim;J2)°
X
1+13(1_mi)[2k63i ( _mk)Jﬁc‘*‘Ai]
+... . (29)

062135-4



ESTIMATION OF QUENCHED RANDOM FIELDS IN THE ...

Equation (29) determines A; implicitly. Before evaluation of
A;, we estimate Y, ;. B(1 — m)J3 + A; iteratively. Substi-
tuting Y o B(1 —m)J3 + A, =0, where [ =i or j, into
the rhs of Eq. (29), we obtain

> B —m) g+ A

kedi

=2_B(1=m)(

jeoi

T +2B8mm I3 + . (30)

JYij

As aresult, A; becomes

A; = 482 Z Smimj (1 —m3) + 27 Z m

jeai (j.k)e€
X Jii(1=m3) (1 —mi) + 0(J). 31)
The second term in Eq. (31) is evaluated by considering the

next-order term in Eq. (27). Substituting Egs. (24) and (31)
into Eq. (14), we derive the external field as

D dymi+ By Jimi(1—m

1 -1
h; =—tanh™ m; —

jeoi jeai
+4B2 Y Timim (1 —m3) + 28> Y JiJp
jedi (j.k)e€
x Jiimi(1—m3) (1 —mi) + O (). (32)

Equation (32) represents the external field evaluated by the
TAP approximation with the diagonal matching method. A
comparison of Egs. (23) and (32) indicates that the TAP
approximation with the diagonal matching method does not
correctly yield the underlined term in Eq. (23). Although the
TAP approximation is exact up to the second-order term of
{Ji;}, the diagonal matching method yields a part of correct
terms, which are of a higher order than the second-order
term.

C. Arbitrary-order theory with diagonal matching method

In this section, we consider the effect of the diago-
nal matching method on inference about the external field
in the case that the Gibbs free energy is composed of
arbitrary-order terms of the coupling parameter. The Gibbs
free energy up to nth order of the coupling parameter is
given by

GOWmi} (T h)

" 1
=2 GYmi Jyh = 5 3 A1 —mi). (33)

k=0 ieV

The above Gibbs free energy with n = 1 corresponds to the
Gibbs free energy of the mean-field approximation and that
with n = 2 corresponds to that of the TAP approximation. The
diagonal matching parameter A; is determined by the diagonal
element of Eq. (11) or Eq. (13). Substituting Eq. (33) into the
diagonal element of Eq. (11), we obtain the following relation
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for A;:

92G®M

82G(mh)
1 +BA =Xy (34

B——> = ﬁ
8mi2 pard Bmi

The rhs of Eq. (34) is given by the inverse matrix of the
susceptibility matrix X, which is composed of the susceptibil-
ities. Since the susceptibilities are evaluated by the Boltzmann
distribution, the inverse matrix of the susceptibility matrix is
given by the exact Gibbs free energy. Substituting the exact
Gibbs free energy, i.e., Eq. (4), into the rhs of Eq. (34), we
obtain A; as follows:

0]
9°G™
k=n+1 mi

A=

By substitution of Eq. (35) into Eq. (14), we formulate the
external field given by the diagonal matching method as
follows:

IGH 0G0 K 92GW
hy = —2M = + —m;. (36
om; Z am; kz;l Bm[2 " (36)

Equation (36) provides the approximate external field eval-
uated by the nth-order Gibbs free energy with the diagonal
matching method. The exact external field is given by
Eq. (9). A comparison of Egs. (9) and (36) indicates that
the diagonal matching method yields exact terms up to nth
order of the coupling parameter and approximates dG*)/dm;
at 32G® /om? x m; for n < k. When the dependence of G®
on m; is G® =a + bm% (a and b are independent of m;),
the relation dG® /9m; = 8°G® /dm? x m; is satisfied, and
the diagonal matching method yields the correct terms. Since
the m; dependence of the term in Eq. (7) and the second
term in Eq. (8) are proportional to (1 — m?), these terms are
correctly reproduced by the diagonal matching method. We
conclude that the higher-order terms, whose m; dependence is
- m[z), are correctly reproduced by the diagonal matching
method. Since the first term in Eq. (8) is not proportional
to (1 —m?), it is not correctly reproduced by the diagonal
matching method. Substituting the first term in Eq. (8) into
the formula 3>2G®/dm? x m;, we obtain the fourth term in
Eq. (32) in the case of the TAP approximation. Although
we investigate the validity of the diagonal matching method
by using the relation (34), the diagonal matching parameter
A; is determined by the relation (13). As for the mean-field
approximation, since the off-diagonal elements of Eq. (16)
are given by 9°G (mf) M /0m;dm; = —J;;, the diagonal matching
method does not yleld the fourth term in Eq. (32). Taking
into consideration the higher-order terms of the coupling
parameter, we can reproduce the fourth term in Eq. (32)
by using the mean-field approximation with the diagonal
matching method.

D. Bethe approximation with diagonal matching method

In this section, we consider inference about the external
field by the Bethe approximation with the diagonal matching
method. The Gibbs free energy of the Bethe approximation is
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formulated by [15-17]

1
G (mi} () =— Y Jikij + 5 DA —18i) D pi(Silmi)In pi(Silm;)

(i.))eE iey Si==%1
1
+ B Z Z Z p2(S;, Sjlmi,m;.&;)In po(S;, Sjlmi,m;j.&j), (37)
(i, )€€ Si==%1 §;==I
where
1+ S,‘m,'
pr(Sifmi) = ———, (38)
14+ S,'m,' +Sm; + S,Sé,

028, Sjlm;,m;,&;) = éjl ! L (39)
&; = cosh(2BJ;j)[1 — \/1 — (1 —m} —m?) tanh®(2BJ;;) — 2m;m ; tanh(2BJ;)). (40)

The mean-field approximation adopts an approach to account for the effect of the other spins with an external field. In the Bethe
approximation, the effect of two spins is considered in the approximation, and the effect of the other spins is considered as
an external field. Equations (38) and (39) correspond to the one-spin and two-spin marginal probabilities, respectively. From
the viewpoint of the expansion with respect to the order of the coupling parameter, the Bethe approximation corresponds to
resumming for all of the orders of the coupling parameters between two spins in the Plefka expansion [30]. Another advantage of
the Bethe approximation is that it is formulated by the message-passing rule of belief propagations [31]. The Gibbs free energy
by the Bethe approximation with the diagonal matching method is given by

1
Gom (i} (D) = GEM(mid () = 5 D~ Ai(1 = m). (41)
iey
By differentiating Eq. (41) with respect to m;, the external field is obtained as

aGBehe

1
hi=—2M  — —tanh'm; — =Y M, + Aimy, 42
jeai
where M;_,; denotes a message that propagates from vertex j to vertex i. The quantity M;_,; is defined as
1 i +&ij 1 _ i — &ij _
M;.; = —~ tanh™! Mt Lt (M8 4 anh . 43)
2 1 =+ mj 2 1 — mj

or expressed by an iterative relation. The second derivatives of ngfhe) with respect to m; and m ; are derived as

*Gpn  (mid () _ 1M,

, 44
amiamj ﬁ ij ( )
32G B (1 (T 11 1 IM; .
pu_ (mah ) _ 1 D~ (45)
8mi2 B1— ml2 B oy om;

Substituting Egs. (44) and (45) into the rhs of Eq. (13), we obtain the relation that determines A;. By using the same derivation
as those used in the mean-field and TAP approximations, the implicit equation for A; is obtained as follows:

pa =y My p B(1 - ) (_gaMHy
[ xedi Im; jedi 1+ (1 - m?)[ﬁAi - erai d?fo] 1+ (1 - m%)['BAJ - Zyeaj B?T‘jl] B 8mj

_ B B(1 —m3)
Z Z L+ (1= m})[BA: = X ecni T aM'H"]

icdi kedi(kst ) o Ji+ (1- m?)[ﬁAj =D yes “om,

» B(1 —my) (_lan—ﬂ)(_laMk—”‘)<_laMi—>k>
L+ (1= m2)[BAr — 3o 2x=t] B om; B omy B om;

zedk  9my

+ooe (46)
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Substituting BA; — Fr
follows:
oM;_,; oM;_,;
BA =) i) (1—m )( ! ) +2. 2
jeoi ! jeoi jedi kedi(k£))
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Y cenl M — () with [ = i, j,k into the rhs of Eq. (46), we obtain A; up to the third-order terms of 2 ”‘ as

8M]4>1 8Mk~>j aMz%k
om;  dmy om;

—my) 47)

By substitution of Eqs. (B2) and (B3) into Eq. (47), we obtain the diagonal matching parameter A;, which is expanded with

respect to J;;, as follows:

Ai=,322 Z Jij ki (1 =

jedi kedi(k#j)

m3)(1 —mg) + 0(J3). (48)

Substituting Eq. (48) into Eq. (42) and expanding Eq. (42) with respect to the coupling parameters, we obtain

hi :ltanh_lm, ZJUmJ +,BZJ ml j __:3 Z 3m ml(l_ 3)
ﬂ jeai jeoi jeai
+28% Y Jididami(1—m3) (1 —mp) + O(J3). 49)
(j.k)e€

Equation (49) is in accord with Eq. (23) up to the third-order
terms of the coupling parameters. The above term A; includes
the fifth term in Eq. (23). Since the Bethe approximation
includes the contribution of clusters composed of two vertices,
the Bethe-approximated Gibbs free energy includes all of the
terms of (J;;)" in the Plefka expansion given by Eqgs. (6)—(8).
The Bethe approximation is exact for the system that does not
include loops consisting of more than three edges. Equation
(48) indicates that the contribution of the loops is included in
the Bethe-approximated Gibbs free energy by the introduction
of the diagonal matching method. By the diagonal matching
method, the arbitrary-order terms that satisfy the relation
AG® /am; = 3°G® /dm? x m; are included in the inferred
external field.

E. Equivalence between Bethe approximation
and susceptibility propagation

Susceptibility is required to infer the coupling parame-
ter in the inverse Ising problem. In order to estimate the
susceptibility, the susceptibility propagation algorithm has
recently been introduced to address the inverse Ising problem
[27-29]. In this section, we show the equivalence between
the Bethe approximation with the diagonal matching method
and susceptibility propagation with the diagonal matching
method [21]. Differentiating both sides of Eq. (42) by 4;
and rearranging the expression, we obtain the susceptibility
as follows:

1-—

Pxij = 1+ﬁA(

(ﬁa,, +5° n,i’i,-), (50)

kedi
where §;; represents the Kronecker’s delta and n,(('ii =
OMi—;/0h;. ,(f_)” is also expressed by a
recursive equation. Substituting the iterative solution n,(cjli
of the recursive equation into Eq. (50), we can evaluate the
susceptibility. The adjustment of A; for j; = 1 — ml2 leads to
_ 1 1 ;
A= — ' 51)

21 _ 2 j—i
B 1 —m; jedi

The formula 75

(

In order to distinguish Eq. (51) from A; derived by Eq. (11),
we attach a bar to A;.

To begin with, we show the equivalence of the inferred
coupling parameter between the Bethe approximation with the
diagonal matching method and the susceptibility propagation
with the diagonal matching method. By multiplication of
both sides of Eq. (50) by [1 + BA;(1 — m?)]/[,B(l — m?)], we
obtain

11
il = 8i W (52
ﬁxl(ﬁ]_m > J+ ;nk—n ( )

From the definition of M;_,; in Eq. (43), n(’ ) is transformed

k—i
into
Gy _ OMi;  OMy—; dmy n OMji Om;
Tt = T T T Tomy oh; | am; ok,
BMIH, 3M1Hi _
= ﬂ Xk + om, Biij» (53)

where we use the property that My_,; is a function of m; and
m;. Substituting Eq. (53) into Eq. (52), we obtain the following
formula:

(1)
IBXz] ,31—1’}12 i

aMk%l 8Mk~>z
- 81} + - ﬂ Z( ,6 kj

ny m
kedi 9 9

ﬂx,,> (54

Equation (54) is transformed into
1 8Mk—>l
80 (1 = 5 L et )
B1- keB om;

1 8Mk~>i _
— 2 2 BXy =i (55)
z Z i P10 =

and, subsequently, taking Egs. (44) and (45) into consideration,
we obtain the following formula:

.BXU + Z

kedi

(Bethe)

:Bij = 81] (56)

8ZG(Bethe)
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Equation (56) is rewritten as
ﬂ(Gg&the)X)U = &ij, (57)

where (X); ; = Xij- Equation (57) indicates the equivalence
between the Bethe approximation with the diagonal matching
method and susceptibility propagation with the diagonal
matching method.

We next show the equivalence between A; evaluated by
Eq. (11) and A; in Eq. (51). Invoking Eq. (53), we transform
Eq. (51) into the following formula:

- 1 oM;_,;  _ oM;_,;  _
i =— i + ———PBXii
B> 1 —m? %( am; PXi om; Px >

1 oM;_,; _ 1 oM;_,;
i i (sg
m2/23: m, B E 2 T O

jeadi !

where we use the formula y;; =1 — m2 On the other hand,
A, 1s determined by the diagonal element of B(Gaa™);; =
(X~ ), j» which is derived from Eq. (57), as follows:

a2G(Bethe) azG(Bethe) _
ploM ,8(—2 + A,) =X i, (59

am?

and, subsequently, we obtain

aZG(Bethe) 1 -
+ (X i

Aj=——
Bm% B

1 1 1 M 1
=—= + = + —(X i, (60
AT % g T 5 X D (60

where we use Eq. (45). The expression (X 71),-,- is derived from
the following relation:

1= (XX
j

=Y X&)+ XX

j€di
=Y XX+ X (1 -md), (6D
jedi
and, subsequently, from the final line in Eq. (61), we obtain

1
— & X);

i m; jeoi

X Ny =

Substituting Eq. (62) into (X _1),-,» in Eq. (60), we obtain

M, 1 oM,
Ai:— j~>l+ j%l_l_A
ﬂzzaw B1— 2%; om; %

jedi
(63)

From Egs. (57) and (63), we observe the equivalence between
the Bethe approximation with the diagonal matching method

PHYSICAL REVIEW E 89, 062135 (2014)

and susceptibility propagation with the diagonal matching
method. The quantity A;, therefore, is obtained as Eq. (47)
or (48). These two methods yield the same values of {J;;} and
{h;} in the inverse Ising problem.

IV. SUMMARY AND DISCUSSION

We considered inference about the coupling parameters
and external fields in the inverse Ising problem by the use
of approximations. Some conventional approximations are
classified by the order of the coupling parameters. The Gibbs
free energy approximated up to the first-order term of the
coupling parameters and the second-order term correspond
to Gibbs free energies of the mean-field method and the TAP
method, respectively. The Gibbs free energy that includes all of
the (J;;)" terms corresponds to the Bethe approximation. The
higher is the order of terms that the approximation contains
in the Gibbs free energy, the more accurate is the estimation
of the coupling parameters and the external fields it gives.
Although the number of the unknown coupling parameters
{Jij} is N(N — 1)/2, the number of the derivatives of the
Gibbs free energy with respect to m; and m; is N(N + 1)/2.
The number of the unknown parameters is smaller than the
number of conditions. In order to utilize redundant conditions,
the diagonal matching method is introduced. The diagonal
matching method has been numerically shown to provide
an accurate estimation of the external fields. We analytically
evaluated the diagonal parameters A; for the mean-field, TAP,
and Bethe approximations, and we investigated the effect of
the diagonal matching method on inference of the external
fields. As for the naive mean-field approximation and TAP
approximation, the estimated external fields are given by
expansions of the finite-order terms of the coupling parameters.
By introduction of the diagonal matching method, we can
include the infinite-order terms of the coupling parameters in
the external fields. The diagonal parameter A; is evaluated by
means of two distinct approaches using Eqs. (13) and (34),
and A; evaluated by Eq. (13) differs from that by Eq. (34).
In the case of the mean-field approximation with the diagonal
matching method, it has already been numerically shown that
the external fields evaluated through A; by Eq. (13) differ
from those evaluated using Eq. (34). The derivation through
Eq. (13) corresponds to the adaptive TAP equation. In this
paper, we extended the adaptive TAP equation to the case
of the Gibbs free energy that contains the higher-order terms
of the coupling parameters, and we clarified the relationship
between the external fields obtained by Eq. (13) and those
obtained using Eq. (34).

The Bethe approximation is known to be identical to the
belief-propagation algorithm. In order to estimate susceptibil-
ity efficiently, susceptibility propagation was introduced. Sus-
ceptibility propagation combined with the diagonal matching
method has been numerically shown to provide an accurate
estimation of magnetizations and correlation functions. We
showed that susceptibility propagation with the diagonal
matching method is the same as the Bethe approximation with
the diagonal matching method.

Although we can estimate the external fields accurately by
means of the diagonal matching method, the estimation of
the coupling parameters is not affected by it. The coupling
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FIG. 1. Inference performance of naive approximations and those
with diagonal matching method (dm) on the Sherrington-Kirkpatrick
model. Magnetizations and correlations used to infer coupling
parameters and external fields are calculated through exact exhaustive
enumeration. The coupling parameters and external fields are gener-
ated as J;; ~ Normal (0,6%) and h; ~ Normal (0,02), respectively.
The inference error is defined as Ah = [, (h¥ — h;)*/ N1/, where
h} is the inferred external field. The number of vertices is N = 16,
and B is fixed at unity.

parameters are estimated by the naive approximations. Since
the external fields are estimated by using the inferred coupling
parameters, the accuracy of the inferred external fields seems
to depend on the accuracy of the inferred coupling parameters.
We investigate the effect of errors of the inferred coupling
parameters on the inference of the external fields. Figure 1
shows a comparison between the external fields estimated
by using the exact coupling parameters and those by using
the inferred coupling parameters. The external fields by using
the exact coupling parameters are less accurate than those by
using the inferred coupling parameters. Within the diagonal
matching method, the exact coupling parameters do not

J
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increase the accuracy of the inference of the external fields.
The accurate estimation of both of the coupling parameters
and the external fields is a problem for future research. We
discussed the approximations based on the expansion with
respect to the order of the coupling parameters, and these
are applicable to the case that the coupling parameters are
small. The development of a method that is applicable to large
coupling parameters is also a problem for future research.

APPENDIX A: INVERSE MATRIX

In this Appendix, we present the formula of an inverse
matrix by perturbation. Let us consider two n x n matrices,
A and B. We can easily derive the following formula for an
inverse matrix of (A + B):

1 1 1 Bl
A+B A  A+B A

Using the above formula iteratively, we obtain the inverse
matrix of (A + B) as follows:

(AL)

1 1 11
A+B A A+B A
1 | | Iy 1
:X_(Z_m X) A
111 1 11
—— __B— 4 —B-
A A ATA+rB A A
1.1 1. 1.1 1111
=a a’atatata atatata
:fil{eﬂylr. (A2)
A A

Il
=}

n

In order to evaluate the inverse matrix Gpy, in Eq. (13), we
divide Gpy into two matrices, the diagonal part and the off-
diagonal one. By setting A as the diagonal part of Gpy and B
as the off-diagonal part, Eq. (A2) is applicable to evaluation
of the inverse matrix. The diagonal element (Gp,,);; becomes

1 1 1
G:l). = 3" (Gom)ij ———(Gow)ji ——
( DM)” (Gpm)ii + (Gpm)ii ,'eai( DM)J(GDM)J']‘( o), (Gpm)ii
1 1
Gpm)i G ; cee A3
(GDM», Z}@,;af DM)’(G w5 O G OO G T (A9

APPENDIX B: BETHE-APPROXIMATED GIBBS FREE ENERGY EXPANDED WITH RESPECT
TO COUPLING PARAMETER

An expansion with respect to the coupling parameter for the Bethe-approximated Gibbs free energy given by Eq. (37) is

obtained as follows:

GBD (), (U )) = 1 Z <1 —i—zm; in 1 +2mi N 1 —m; n 1 —2m,) 3 Z Jymim,;
'Biev (i,))e€
L 0w -2 S (- )+ 0(). @D
(i.)e€ @.))ee
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The expansion (B1) shows that the Bethe approximation includes all of the (J;;)" terms in the formula (37). By substitution of
Eq. (B1) into Egs. (44) or (45), the differentiations of M;_,; with respect to m ; or m; are, respectively, derived as follows:

8M'—>i
S = By + 28 mim; + O(J), ®2
J
oM;_,; . _IBZJZ(I —m2) _4ﬂ3j3m<m»(l — mz) + 0(]4) (B3)
om; ij i U / v
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