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Abstract. In this paper, we obtain the main term of the average
stochastic complexity for certain complete bipartite graph-type spin
models in Bayesian estimation. We study the Kullback function of the
spin model by using a new method of eigenvalue analysis first and use a
recursive blowing up process for obtaining the maximum pole of the zeta
function which is defined by using the Kullback function. The papers
[I2] showed that the maximum pole of the zeta function gives the main
term of the average stochastic complexity of the hierarchical learning
model.

1 Introduction

The spin model in statistical physics is also called the Boltzmann machine. In
mathematics, the spin model can be regarded as the Bayesian network or the
graphical model. So, the model is widely used in many fields. However, its many
theoretical problems have been unsolved so far. Clarifying its stochastic complex-
ity is one of those problems in the artificial intelligence. Stochastic complexities
are used in model selection methods well. Therefore, it is an important problem
to know the behavior of stochastic complexities. The fact that the spin model
is a non-regular statistical model makes the problem difficult. We cannot ana-
lyze it by using classic theories of regular statistical models, since their Fisher
matrix functions are singular. This is the reason why we may not apply model
selection methods such as AIC[3], TIC[], HQ[5], NIC[6], BIC[7], MDLIg] to the
non-regular statistical model.

Recently, the papers [12] showed that the maximum pole of the zeta function
of hierarchical learning models gives the main term of their average stochastic
complexity. The results are for all non-regular statistical models which include
not only the spin model but also the layered neural network, the reduced rank
regression and the normal mixture model. It is known that the desingularization
of an arbitrary polynomial can be obtained by using a blowing up process (Hi-
ronaka’s Theorem [0]). Therefore, the maximum pole is obtained by a blowing
up process of its Kullback function.

However, in spite of such results, it is still difficult to obtain stochastic com-
plexities by the following two main reasons. (1) The desingularization of any
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polynomial in general, although it is known as a finite process, is very difficult.
Furthermore, most of the Kullback functions of non-regular statistical models
are degenerate (over R) with respect to their Newton polyhedrons, singularities
of the Kullback functions are not isolated, and the Kullback functions are not
simple polynomials, i.e., they have parameters. Therefore, to obtain the desin-
gularization of the Kullback functions is a new problem even in mathematics,
since these singularities are very complicated and so most of them have not been
investigated so far. (2) Since the main purpose is for obtaining the maximum
pole, getting the desingularization is not enough for us. We need some techniques
for comparing poles. However, no theorems for comparing poles have developed
as far as we know.

Therefore, the exact main terms of the average stochastic complexities of
spin models were unknown, while upper bounds were reported in several pa-
pers [TO[IT]. In this paper, we clarify explicitly the main terms of the stochas-
tic complexities of certain complete bipartite graph-type spin models, by us-
ing a new method of eigenvalue analysis and a recursive blowing up process
(Theorem H).

We already have obtained the exact main terms of the average stochastic
complexities for the three layered neural network in [12] and [13], and the reduced
rank regression in [I4].

There are usually direct and inverse problems to be considered. The direct
problem is to solve the stochastic complexity with a known true density function.
The inverse problem is to find proper learning models and learning algorithms
under the condition of an unknown true density function. The inverse problem is
important for practical usage, but in order to solve the inverse problem, first the
direct problem has to be solved. So it is necessary and crucial to construct fun-
damental mathematical theories for solving the direct problem. Our standpoint
comes from that direct problem.

This paper consists of five sections. In Section 2, we summary Bayesian learn-
ing models [T2]. Section 3 contains Hironaka’s Theorem [9]. In Section 4, our
main results are stated. In Section 5, we conclude our paper.

2 Bayesian Learning Models

Let 2™ := {x;}}_, be n training samples randomly selected from a true prob-
ability density function ¢(z). Consider a learning model p(x|w), where w is a
parameter. We assume that the true probability density function ¢(z) is defined
by ¢(x) = p(z|w*), where w* is constant.
Let K, (w) = 1 ilog M
n <" p(a"fw)
The average stochastic complexity or the free energy is defined by

F(n) = fEn{log/exp(ann(w))w(w)dw}.
Let p(w|z™) be the a posteriori probability density function:
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1 n
p(w|a™) = Z—w(w) Hp(aﬂw), where (w) is an a priori probability density
" i=1

function on the parameter set W and Z,, = [, ¥(w) [T;_; p(x|w)dw.

So the average inference p(z|z™) of the Bayesian density function is given by
p(zlz") = [ p(zlw)p(w|z")dw.

Set K(q||lp) = Z q(z)log alr) . This function represents a measure func-

- p(z|z™)

tion between the true density function g(x) and the predictive density function
p(z|z™). It always takes a positive value and satisfies K(¢||p) = 0 if and only if
a(2) = p(alz™).

The generalization error G(n) is its expectation value over training samples:

oy P@w")
Gl = B (3 plelu ) low P

which satisfies G(n) = F(n + 1) — F(n) if it has an asymptotic expansion.

Define the zeta function J(z) of a complex variable z for the learning model

by J(z) = /K(w)zw(w)dw, where K(w) is the Kullback function: K(w) =

o plx|w®)
;P(ﬂw )log e

. Then, for the maximum pole —\ of J(z) and its order

0, we have
F(n) = Alogn — (0 — 1) loglogn + O(1), (1)

where O(1) is a bounded function of n, and
G(n) 2 A/n—(0—1)/(nlogn) as n — oco. (2)

Therefore, our aim is to obtain A and @ in this paper.
We state Lemmas 2 and 3 in [14] below which are frequently used in this

paper. Define the norm of a matrix C' = (c;;) by [|C|| = />, ; |eij[*

Lemma 1 ([14]). Let U be a neighborhood of wy € R, C(w) be an analytic
H x H' matriz function from U, ¢(w) be a C* function from U with compact
support, and P, Q be any reqular Hx H, H' x H' matrices, respectively. Then the
mazimum pole of [, ||C(w)|[**¢(w)dw is the same of [, ||[PC(w)Q|[**1(w)dw.

3 Resolution of Singularities

In this section, we introduce Hironaka’s Theorem [9] on a resolution of singular-
ities and construction of blowing up. Blowing up is a main tool in a resolution
of singularities of an algebraic variety.

Theorem 1 (Hironaka [9])

Let f be a real analytic function in a neighborhood of w = (wy,--- ,wq) € RY
with f(w) = 0. There exists an open set V 2 w, a real analytic manifold U and
a proper analytic map p from U to V' such that
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(1) p:U—E—V — f10) is an isomorphism, where & = p~1(f1(0)),

(2) for each u € U, there is a local analytic coordinate system (u1,--- ,uy,) such
that f(u(u)) = £uitus?---usr, where s1,--- , s, are non-negative integers.

Next we explain about blowing up along a manifold used in this paper [I5].
Define a manifold M by gluing k open sets U; = R4, i = 1,2,--- ,k(d > k) as
follows. Denote a coordinate system of U; by (&1, , &ai)-

Deﬁne an equivalence relation (511‘, §2i7 e 7§di) ~ (51]’752]’7 e 7§dj) at fji 7é 0
and &5 # 0, by & = 1/&5i, §j5 = &ii&jis €ng = §ni/&ii(1 S h < kh #14,5),6 =
Ci(k+1 < /¢ < d), and set M = H§:1 U;/ ~. Also define 7 : M — R by
Ui 3 (&1is 5 &ni)s— (Caaluos 5 &iiim1a, Coir Caibirrin+  §aalkis Ehras -+ 5 Edi)-

This map is well-defined and called blowing up along

X = {(w1, W, Wey1, - ,wq) ERY | wy =+ =wy, =0}

The blowing map satisfies (1) 7 : M — R< is proper and (2) 7 : M —

771(X) — R? — X is isomorphic.

i i

Fig. 1. Hironaka Theorem Fig.2. A complete bipartite graph-
type spin model

4 Spin Models

For simplicity, we use the notation da instead of Hfil Hlel da;; for a = (ai;).
Let 2 < M € N and N € N. Consider a complete bipartite graph-type spin

model Y N
exp(_isy Dojot GijTiYj)

M N
p(z,yla) = Z(@) )= Y exp()] Y aimy;),

r;=*1,y;==+1, i=1 j=1
with z = (z;) € {1, -1} and y = (y;) € {1, —1}.
We have N o o
(2]a) = [1;=: (IL2 explaijzi) + T2, exp(—ai;z;)
! Z(a)
N o M M N M cosh aij
- {H(Hu + z; tanh(a,;)) + H(1 — tanh(aij)))}njzl H;(la) (@)
Hj‘vzl Hf\il cosh(ai;)
Z(a)

N
X H(2 Z Z Tj, Ty, - - - T4y, tanh(a;, ;) tanh(ag,;) - - - tanh(ag,,;)).

j=1  0<p<M/2i1<<izp
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Let B = (bij) = (tanh(aij)).
Denote BY = [T, [T, b;];j and z7 =[]

Jj=

M x N matrix with J;; € {0,1}.
Then we have N o
2" Hj:l [Ti=: cosh(ai;) Z
Z(a)
Z(a)
2N [T, T2, cosh(as)

1
and B! =3 ,cum ;. iewen B for I € Z. Then we have p(z]a) = —— § Blg!
i=1 7ij Z(b) =

N
M Izjzl Jij

im1 T , where J = (J;;) is an

p(zla) = B7a27.

J:X M. J;; even for all j

. Set T = {I € {0,1}M| "M I is even },

Let Z(b) =

Z]J.Vzl Jij=1I; mod 2
. M _
and Z(b) = 2V B. Since Y ;< pr/ (22) =((1+D)M +(1-1)M)/2 =2M-1
the number of all elements in Z is 21,
Assume that a true distribution is p(z|a*) with a* = (a};). Then the Kullback
function K (a) is
* * o= (1) p(zla i
3" plela’)ogplala’) ~ logplela) = Y plala) Y- (LI
r;=%1 ri==+1 =92 ? p<$|a’ )

p(z|a)
p(z|a*)

Since we consider a neighborhood of

= 1, we only need to obtain the

maximum pole of J(z) = [¥§db, where
Z BICEI Z B*ImI
_ (p(z]a) — p(x|a*))* _ (=S — o7 )
P L T e L (ala)
By Lemma 5 in [I], we may replace ¥ by

BI B*I BI B*I
Lp = 22N _— = 2 = RN 2_
1 Z (Z(b) Z(b*)) Z (BO B*O)
Ie{0,1}M Ie{o,1}M

Assume that the true distribution is p(z|a*) with ¢* = 0. By using Lemma [I]
¥, can be replaced by

wb)= Y (B 3)

T#40€T

and from now on, we consider the zeta function J(z) = [;, #*db, where V is a
sufficiently small neighborhood of 0.

Let I,I', 1" € T. We set BL, = B! and bf = Hf\il bfj’ Also set

By = (BL) = (B](\(]) ....,0)7BJ(\},1,0,...,0)’B](\},O,l,o,...,o)7 )

We have BY = 3214 17— mod 2 by Bi_1-

Now consider the eigenvalues of the matrix Cy = (cf\}ll) where cJI\}I, = by
with I’ +I"” = I mod 2. Note that By = CnyBpy_1. Let £ = (61, e ,£2M71) =
(¢r) e {—1, 1}21”71 with £, o) = 1. £ is an eigenvector, if and only if

IJ’é —¢ (0,..y 0)»1/5 — bl/é That is
ZI/GICN I = IZI/GICN = IZI’GI NI at is,
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¢ is an eigenvector <= if I+ I' =" mod 2 (I+1I' + 1" =0 mod 2)
then £y = 0l ( bilplrn = 1)
Denote the number of all elements in a set K by #K.

Theorem 2. Let K1,K, C{1,...,. M}, 1€ Ky, KiNKy=¢, and K1 UK =

{1,...,M}.
. -1, Zf #{Z eKy:I; = 1} 18 odd, . .
SetEI{L otherwise. IfKi=¢, sett=(1,...,1).

Then £ = (1) is an eigenvector of Cy and its eigenvalue is 3 ;o7 (1bX.

Proof. Assume that I’ + I"” + I" = 0 mod 2. If all #{i € K; : I = 1},
#{Z e Ky Iz(/ = 1} and #{Z e Ky I{N = 1} are even, then £y lpnlpm = 1.
If#{ie Ki:I/ =1} and #{i € Ky : I/’ = 1} are odd, then #{i € Ky : I!'" =
1} is even and £y 8yl =1 since I' + I + ' =0 mod 2.
If#{ie Ki:I/=1}isodd, then #{i € K1 :I]' =1} or #{i € K1 : I]" =1}
is odd, since I' + I + I"" = 0 mod 2. O

Since we have 2M~1 pairs of K1, K, with 1 € Ky, K1 N Ky = ¢ and K; U
Ky = {1,..., M}, those eigenvectors £’s span the whole space R2"™" and are
orthogonal to each other.

Set 1=(1,...,1)" € Z2" "~ (¢ denotes the transpose). Let D be the matrix

t
11 ) and DD = 2M-1E,

by arranging the eigenvectors ¢’s such that D = (1 D

where F is the unit matrix.

2M—1 ltD/
Since DD = (1 D111t +D'D’> =2M-1F we have D'1 = —1.
505 00--- 0

0 S1j 0--- 0
Theorem 3. Let C} = DC;D/2M~t =pC;D~t=| . . . .
0 00--- S21v1—1_1,j
which is the diagonal matriz. We have the followings.
1, ifi=1o0rj=1,
(1) Letdyy = 4 P 1 1=10,...,0,1,0,...,0)
and J = (1 0,...,0,1,0,...,0).
Then D7/ = [Lierjesdij for all I,J €.
(2) By =CnBy_1=Cn---CyB; =DC)y---C4D™'B; =
(3) We have 2M~*D'~! = D' — 11%.
(4) Let Bl = (Bi’)]#o, BN = (BJIV)]750 and S =
[ ys; 0 0- 0
0 I8 0+ 0

DCly - Ci1
oM—1

1.--1

N
(JIso) | : = ]+

j=2 1.1 : Lo N
0 0 0--- Hj:2 S21v1—1_1,j
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We have
Hi;éo vazz Sij
N _ i T2 565
(det S)D'~LS—1D—12M-1B = (det §)B; — (1 D) L=
Hi;éZM*lfl H;V:2 Sij
Hi;ﬁO H;V:Q Sij

IL HN: Sij
(5) The corresponding element to I of (1 D’) #t 7 2 consists of

LN
Hi¢2M71_1 H_j:2 Sij
monomzials cgy Hi\il H;Vﬂ b'lé-”, where cg € R, 0< J;; € Z and Z;vzl Jij =1,
mod 2.

Proof. (5) is obtained by

N
UILLsy 0 0
1 _ L.
(CN---C2)_1 :D 0 /H]:Q Sl] ' 0 D_1.
0 0 1/1—[;\]:2 SoM—1;
We prove only (4). Let H =2M~1 — 1. We have
21V[—1BN:(1D/)C/ C/ 1 ]_t Bl
N 2 1 D/
| Y No 0--- 0
0 II._551;0--- 0 11t
:(1Dl) . J. . . (ID/)BI
0 0 0 T[l,sm;
[1;—2 50 H;V:2 805 0 0 0
[[;=2 515 0 [[;=251; 0 0 1t
:(ID/){ J J‘ ] (Dl)Bl}
Hj:2 SH,j 0 0 0 H;V:Q SH,j
H% 50 T17, 505 No 0 0
112, s15 0 IT;_,s15 0 0 1t -
=) " | +p(-1E) = ( ;)D’Bl
Hj:2 SH,j 0 0 0 Hj:2 SH,j
H;szz 805
’ Hj:2 Lj ’ s
=(1D") . + D' SD' B;.
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N
H;\/:z S0j
I—1oM—17 Hj:2slj IH
Therefore D'~ 2%~ BN:(fl E) . + SD'B;.
.
Hj:g SH,j
We have
H N o .
St det )7 ! Din=0,inziy Hocicm sy in [j=2 835 11 = Jn,
i1J1 _( et ) N . if 4 .
0<i<H it =2 Sis: if i1 # Jja,

and det S = Zg o HHM2 Hj\’ o Sij-
Hz;éo H §=2 Sij H@;él H =2 Sij
Lot s — Hz;ﬂ HJ 2 Sij and § — H@;ﬁz HJ 2 5ij
[Lizn Hévzz Sij [Lizn szz Sij
Hj\;z 815 — Hj\;z 505
Since (det §)S™* = Zg:o [Tizi, H;Vﬂ 551 — 2715 we
H;'V:2 SH,j — H;V:2 505

have

(det S)D'~'S7'D' 2" By = (det §) By — Z 11 st1—2M ‘D5

i9=01i7#ig j=2

= (det S)B; — ZHstlf ' —11%3

i9=0i7#ig j=2

N
= (det §)Br — [[ [] 5151 — D'S = (det $) By — (1 D')s,

i£0 j=2
by using (3) 2M~'D'"! = D’ —11*. O

Theorem 4. The average stochastic complezity F(n) in {I) and the general-

ization error G(n) in (@) are given by using the following mazimum pole —\ of
J(z) and its order 6.

) . . J2, ifM =2,

(Case 1): If N =1 then A= M/4 and 0 = {17 if M >3,

, B B 2, if N=1,

(Case 2): If M =2 then A =1/2 cmd@—{17 N >2
P 1, if N=1,
(Case 3): IfM—3then)\—{§72L’ Z%;; and 8 =13, if N=2,
’ =% 1, if N> 3.

1, if N=1,

2. if N =2 and =1, if N =1,2.

(Case 4): If M =4 then A = {
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Proof. By Theorem [l (4) and Lemmalll we only need to consider the maximum
Sij
H7,750 H'}\] 2°Y

~ Hz H Sij
pole of J(z) = [ ||¥'||?*db, where &' = (det S)By — (1 D')| ~ 7' I

N
Hi;éH Hj:Z Sij
M M—-1
(Case 1): Since B = [1;c; b15, we have the poles T and —
(Case 2): The fact B'' = "0 biybox(1 + -+ - ) yields Case 2.

(Case 3): Assume that M = 3.

1 —1—1 505 = 1+ b1jbaj 4 b1;b3; + bajbs;,
Let N >2 Wehave D' = -1 1 -1 515 = Lo+ Digbay = bijbs; = ba;bsy,
- 1.1 1 )] 52 = 1 buybay A bujbs; — bajbsy,
ng =1- blijj — bljbgj + b2jb3j,

N
Hi;éo H%vZQ Sij

2

b11b21
and 0 = (det 8) [ buabar | — (1, ) | Hiza Li=a 5
bo1b31 Hz;éZ H] 2 Sij

Hz;é3 H] =2 Sij
Construct blowing up of ¥’ along the submanifold {b;; = 0,1 <1i < M,1 <
j< N}
Let b11 =u, bij = Ub;J for (Z,]) 7& (1, 1)

Remark. By setting the general case as bi,j, = b} ;, bij = b ; bi; for
(i,7) # (i, Jo), we have a manifold M by gluing MN open sets U, j,
with a coordinate system (bi1,b19, - ,0),;n) (cf. Section 3). We don’t
need to consider all cases since we obtain the same poles in U;, ;, as those
in U11.

by Yoreo bibhy + U fi
We have ¥ = u?(det S) /bgll + 4u? Zgﬂ )b, +u?fo |, where fi,
b1 b3y S bbbl 4+ Ut f3
f2 and f3 are polynomials of b’ with at least two degree.

// / /
By putting (b ) = ( ) +4<Zk 2 Vb, + u fl)/(detS), we have

b, by Zk o Vb + P f2
11 u2
= det S
(det S)2bl;
« (det S)2bY;
(b det S — 43 0L, bl by, — du? 1) (b, det S — 4377, by by — 4u® fo)
0
+u? 0

AN b, b+ du fs
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By using Lemma [l again, the maximum pole of [ |[¥”||**u3"db is that of
/1
21
J(z) = [||#"][**u3Ndb, where ¥ = u?* | bY; |, and
g1
N N N
g1 = (e Dby + 02 1) (g U1y bly + 0P f2) + 955 (300 by by + u? f3)
Construct blowing up of ¥’ along the submanifold {b5; = 0,04, = 0,b;, =
0,2 < k < N}. Then we have (I), (IT) cases.
(I) Let b5y = v, by, = vbyy, by = vbyy, by, = vbf,, for 3 <k < N. Then ¥ =
by
u?v b%{ , where g7 = (35l bbhy + uf1) (bl + Xopog biybiy + w2 fa/v) +
1
o N
9 by + Do byl + U f3/v).
By Theorem Bl (5), we can set fo = vf} and f3 = vf4, where f} and f} are
polynomials. v N v
We have (32525 bbby, ) (Bho + S04y 0, b50) + 955 (bhy + 3045 Uy b5

v, 1

/ 1/
. , bis ;o , det S b33
= (b2,27b2,37"' ) 2,N) . (b1,27b1,37"' ) 1,N)+ 4 E .
/ 1/
bin b3 n
/
b o
b/
: L3 / / / det S . .
Since i (b19,07 3, ,b] y) + S=E is regular, we can change vari-
/
bin
/ / / I/ /! /! 1/ /! /! _
ables from (b5 5,05 5, , by x) t0 (b3 9,05 3, by ) by (b59,05 3, by ) =
/
1,2
b/
1,3
/ / / ’ / / / det S
(b2,27 b273, e 7b2,N) . (b172, b1,3, te ’bl,N) + 1 E . 1\/[01'60\761'7 let
/
bi N
7/ N/ /! 1/ 1/ /!
boy = by o + b5 3b3 3 + -+ + b5 yb3 N
Then, we have
/1!
) bo1
n __ /1
U = ufv b51 ,

by 4 u? fa

3N N+1 3
where f4 is a polynomial. Therefore, we have the poles R —T+, —5

(IT) Let by, = v, b3, = vbyy, by, = vby,, for 2 < k < N. Then we have the poles
3N N+1

47’ 2
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-1-1-11 1 1 -1
-11 1 -1-11 -1
-11 -1-11-11
(Case 4): Let M =4. Wehave D'=| 1 -1 -1-1-1 1 1 | and
1 -11-11 -1-1
1 1 -11-1-1-1
-1-11 1 -1-11
S0j = 14 b1jbaj + b15b3; + b1;baj 4 bajbs; + bajbay + bsjbaj + b1bo;bs;bay,
51j = 1 + b2jb3j + b2jb4j + bgjb4j - blj (ij + bgj + b4j + szbgjb4j),
ng = 1 + bljbgj + bljb4j + bgjb4j - bgj (blj + bgj + b4j + bljbgjb4j),
s3j = 14 b1jbsj + bajbaj + b1;ba;jbsjbaj — (b1j + bs;) (b2 + baj),
845 = 1+ b1jboj + b3jbaj + b1;ba;bs;bay; — (blj + b2j)(b3j + b4j),
S5 = 14 b1jbaj + bijbaj + bajba; — bsj(b1j + baj + baj + b1jba;bay),
36j =1 + blijj + bljbgj + szbgj - b4j (blj + sz + bgj + bljszbgj),
s7; = 1+ b1baj + bojbsj + b1ba;bs;bay; — (blj + b4j)(b2j + b3j).

Let M =4 and N = 2. Then we have

b11b21 —b12b22(8 + f1)
b11b31 —b12032(8 + f2)
b11b41 —b12b42(8 + f3)
W’ = det S b21b31 — 7b22b32 (8 + f4) 5
ba1b41 —ba2b42(8 + f5)
b31b41 —b32b42(8 + f6)
b11b21b31b41 b12b22b32b42(40 + f7)
where f;’s are polynomials of b;; with at least two degree. As space is limited,
6 5 9
we will omit the proof in detail, but we have the poles 1y T ]

5 Conclusion

In this paper, we obtain the main term of the average stochastic complexity
for certain complete bipartite graph-type spin models in Bayesian estimation
(Theorem[]). We use a new method of eigenvalue analysis and a recursive blowing
up method in algebraic geometry and show that these are effective for solving
the problems in the artificial intelligence. Our future purpose is to improve our
methods and apply them to more general cases. Since eigenvalue analysis can be
applied to general cases, we seem to formulate a new direction for solving the
behavior of the spin model’s stochastic complexity.

The applications of our results are as follows. The explicit values of generaliza-
tion errors have been used to construct mathematical foundation for analyzing
and developing the precision of the MCMC method [16]. Moreover, these val-
ues have been compared to such as the generalization error of localized Bayes
estimation [I7].
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