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Efron’s curvature of the structural gradient model

Tomonari SEI*

Abstract

The structural gradient model is a multivariate statistical model in order
to extract various interactions of given data set. In this note, we show that
Efron’s statistical curvature of the structural gradient model is less than that
of a competitive mixture model under a null hypothesis.

Keywords: Efron’s curvature, Exponential family, Information geometry, Mul-
tivariate model, Structural gradient model.

1 Introduction

Exponential families are important in statistical modeling. For example, the Gaus-
sian family and its subfamilies are often used in multivariate analysis, time-series
analysis, geostatistics and any other areas that deal with quantitative data. Using
the exponential family is reasonable because it is derived from the maximum entropy
criterion (see e.g. Cover and Thomas (2006)). It is also compatible with regression
problem, that is, the generalized linear models (McCullagh and Nelder (1989)). A
comprehensive book on exponential families is Barndorff-Nielsen (1978).

A drawback of exponential families is that the probability density function is
sometimes not explicitly expressed due to the normalizing constant. For example, if
one would try to find three-dimensional interaction of given data, a corresponding
exponential family is not available in explicit form. Although the Markov Chain
Monte Carlo procedure is available, it requires some adjustment for convergence.
As an attempt to overcome the difficulty, Sei (2010) suggested a new parametric
family called a structural gradient model (SGM) for multivariate quantitative data.
SGM is numerically shown to have a desirable performance for such a purpose.
However, it is not known whether SGM is close to an exponential family or not. In
this paper, we give a partial answer to this problem.

A measure of closeness to an exponential family is Efron’s statistical curvature

72, refered to the Efron curvature below. It is defined in terms of the second-order
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derivative of the log-likelihood function. See Section 2 for the precise definition.
Efron (1975) showed that information loss of the maximum likelihood estimator is
asymptotically expanded as 72 + o(1) if the sample size N goes to infinity. It is
known that +? vanishes if the model is an exponential family. Furthermore, 4? is an
intrinsic quantity, that is, independent of the parameterization of the model.

Consider two statistical models M; and M5, and assume that they have a common
density py and a common score vector at pg. The Fisher information matrix at pg is
common in both models. Then we can say that, without subjectivity, the model M;
is closer to exponential family at py than M, if the Efron curvature of M; is smaller
than M.

We compare the Efron curvature of SGM and MixM, which is a competitive model
with SGM. MixM is an abbreviation of the structural mizture model. Here we briefly
describe SGM and MixM. For details, refer to Section 3 and Sei (2010). SGM is a
statistical model on hypercube represented by Fourier-expanded optimal transport
between the target density and the uniform density. Here the Fourier coefficients
are the unknown parameter. The model is related to the optimal transport theory.
See Villani (2003) and Villani (2009) for the optimal transport theory. MixM is
represented by Fourier expansion of the probability density function itself. Both
SGM and MixM do not need computation of normalizing constants, in contrast to
the exponential family. We show that the curvature of SGM is less than MixM
under the common null hypothesis. In other words, SGM is closer to exponential
family than MixM. This motivates to use SGM rather than MixM for analyzing
complicated dependency of given data.

The paper is organized as follows. We recall the definition of the Efron curvature
in Section 2 and define SGM and MixM in Section 3. Then we state the main result
of this paper in Section 4. We give some discussion in Section 5. Proofs are given

in Section 6.

2 Efron’s statistical curvature

We recall the Efron curvature of a general statistical model according to Efron
(1975), Reeds (1975) and Amari (1985). Intuitively, the Efron curvature is the
residual when the second derivative of the log-likelihood is projected onto the linear
space spanned by the score functions and the constant function.

Consider a parametric family of density functions p(z|f) with respect to a base
measure dz indexed by a parameter vector 6 = (0,)ucy, where U is a finite set.

Typically U = {1,...,d} with some d > 1, but we will consider other case in the



next section. The parameter space © of § is an open subset of RY, where RY denotes
the set of all real vectors (6, )yey indexed by U. Without loss of generality, we assume
0 € © and define the curvature at 6 = 0.

Denote the first and second derivative of the log-likelihood function by

0
L= L(w) = gg-logp(al0)] .
2
Luv = Lu’l)(x) = aeuaev ]_ng(l‘|€) 0—o

for u,v € U. Define the Fisher information (Jyp)uvey and the e-connection coeffi-

cients (Fuv w)u v,weU and (Fuv)u v,weU by

Juv - /p<x|0)LuLvdxa Fuv,w - /p(x|0)Luvad:E, FZ)’U - Z Fuv’sjsw’

seU

where (J°") is the inverse matrix of (Jg,). We define a fourth-order tensor by

qu,wz = /p(l’|0) <Luv + Juv — ZFZULS> < wz T sz th Lt>

seu teu

Finally, we define the Efron curvature by

7= ) Quuas T (1)
u,v,w,2€U
The Efron curvature is a non-negative scalar quantity independent of parameteriza-
tion of p(x|6).

The Efron curvature is related to the exponential family and information loss
as stated in Section 1. Precise statements are as follows. Recall that a statistical
model p(z|f) is called an exponential family (in canonical form) if it is written
as p(z|0) = exp(d_, e Outu(r) — ¥(0)) with the sufficient statistics ¢,(x) and the

normalizing function (9).

Lemma 1. Let © be an open subset of R¥. Then the Efron curvature vanishes over

© if and only if p(z]f) is an exponential family.

Lemma 2. Let (z1,...,zy) be an i.i.d. sample from a density p(z|@). Then, under
some regularity conditions, the information loss of the maximum likelihood estimator

Oy is asymptotically

e o) — O =37 Qe + 0(1)

w,z



as N — oo, where JI denotes the Fisher information matrix of a statistic 7. Note

u,vEU

For the proof, refer to Efron (1975), Reeds (1975) and Amari (1985).

3 SGM and MixM

We prepare some notations to define SGM and MixM. Let m be a positive integer.
Denote the gradient operator and Hessian operator on R™ by D = (9/0z;)", and
D?* = (9?/0x;0x;)]%_,, respectively. The determinant and trace of a square matrix
A are denoted by det A and trA, respectively. For square matrices A and B, if
A — B is non-negative definite, we write A = B. Let Z and Zx>( be the set of all
integers and all non-negative integers, respectively. Let (ZZ))" = ZZ, \ {0} be the
set of all m-dimensional non-negative integer vectors except for zero vector. Define
Jull = (325, u?)/? for u € Z™. The vectors are considered as column vectors unless
otherwise stated.

We give the definition of SGM and MixM. Examples are given later.

Definition 1 (SGM). Let U be a finite subset of (ZZ)*. The structural gradient
model (SGM) is a set of probability densities on the hypercube [0, 1]™ with parameter
vector 6 = (,) € RY defined by

0. 1
P (al) = det(DP6(al0)). pel) = JaTw— 0 T T costmuzey). (2)
ueU j=1

The parameter vector 6 is said to be feasible if D?¢)(x|0) = 0 for every x € [0, 1]™.

Definition 2 (MixM). Under the same notation as SGM, define
p"(@]0) = 14> Oullull® ] ] cos(mu;a). (3)
uel j=1
The set of p™¥)(z]6) is called MixM in this paper. The parameter vector  is feasible
if ptm)(z]0) > 0 for all x € [0, 1]™.

Remark that both p(&™)(z]0 = 0) and p™™ (|0 = 0) are the uniform density.
Define a matrix H,(z) by

H,(z) = D? (—WZHCOS(WUJ'SC]')) . (4)

j=1



In particular,
tr H,(z) = ||ul|? H cos(mu;x;).
j=1
Then we can rewrite (2) and (3) as

P (2]0) = det (1 +> QuHu(x)> o P (]0) =14 OutrH, (). (5)

uel ueU
We state a fundamental lemma. For completeness, we prove it in Section 6. We

denote the indicator function of a set A by 14.

Lemma 3 (Sei (2010) Lemma 3). The score vector at § = 0 of both SGM and
MixM is (tr H,(x))uey. The common Fisher information matrix J = (Jup)uvey at
0 =0is Jup = ||ul[*2717®WN,_y, where o(u) = {j € {1,...,m} | u; > 0} and |o(u)|

denotes the cardinality of o(u). In particular, J,, is diagonal.

We give a few examples, where we write (u1,. .., u,,) instead of (uy,...,u,,)" for

simplicity.

Example 1. Let m = 2 and & = {(1,1)}. We abbreviate 0 1y as 6 for simplicity.

Then we have

P (2]0) = det (

=1+ 20 cos(mx1) cos(mas) + 02{cos?(mx1) + cos®(mas) — 1}

1+ O cos(mxy) cos(mzy)  —Osin(mxy) sin(masy)
—Osin(mxy)sin(mae) 1+ 0 cos(may) cos(mas)

and p™™)(z]0) = 1 + 20 cos(rx1) cos(mxs). SGM is feasible if and only if |0] < 1.
MixM is feasible if and only if [§] < 1/2.

Example 2. Let m = 3 and U = {(1,0,0), (2,0,0),(1,1,0),(2,1,0),(1,1,1)}. Then

the diagonal part J, := J,, of the Fisher information matrix is

1 25 9
J(1,00) = 5 Ji200 =8, Juio =1 Jeoi0= T Ji1) = 3

4 Main result

Consider a finite subset U of (Z7,)". Let (73)®™ and (72)™* be the Efron
curvature (1) of SGM and MixM at § = 0, respectively. For each i € {1,...,m}, we
set Z; = {u € (ZZy)" | u; = 0if j # i},

Our main result is the following theorem.



Theorem 4. For any finite U C (ZZ;)*, the following inequality holds:
0 < (7)™ < ()™, (6)

Equality holds if and only if there is some ¢ € {1,...,m} such that U C Z;. If the

equality holds, then the two models coincide.

We give more explicit expression of the two quantities. We prepare some addi-
tional notations. For a vector U = (U;) € Z™, its component-wise absolute value
is denoted by abs(U) = (|U;]). For two vectors U = (U;) and V = (V;), their
component-wise product (Hadamard product) is denoted by U o V = (U;V;). Let
B = (B;) € {—1,1}" be a Bernoulli sequence, that is, 3; independently takes the
value +1 with probability 1/2 each. For a Bernoulli sequence (3 and a vector u € U
we call the vector U = (8 o u Bernoulli randomization of u. The expectation with
respect to U (inherited from f3) is denoted as Ey. If Bernoulli randomization of two
or more (possibly the same) vectors are considered, then they are assumed to be
independent. Recall that [Jul| = (3272, u3)"/? and o(u) = {j | u; > 0},

The explicit expression of the Efron curvature is given in the following theorem.

The inequality (6) is obtained as a corollary.

Theorem 5. The Efron curvature of SGM and MixM at 6§ = 0 is given by

iR, UTV)Q(UTV)2
(ng E 2|U(U)|+|O'(’U)| (
Z uv,u,v wu U VU V) ||u||4||v||4 ) (7)
w,veEU
=2 EUVUV[ (U,V,U, V)o@l ®
u,veU

where U, V, U,V are Bernoulli randomization of u, v, u, v, respectively, and

wu(U, VU, V) = Ly g4 77—0, abs(U+V)guu{o}}-
In particular, (v2)®™ and (72)™®) are rational numbers.

Table 1 shows the Efron curvature for several specific cases of U. Let e; =
(1gjziy)7sy, the i-th unit vector.

We end with an asymptotic property. For the first three examples in Table 1, it
is easily confirmed that (77)®&™ /(42)™@%) converges to 0 as m — oco. This property
holds in a more general setting. We define two sets M (U) and N(U) by

MU) = {(u,v) €U’ |u+v U},
NU) ={(u,v) eU? |o(u)No(v) #0}.

We denote cardinality of a set A by |A].



Table 1: The Efron curvature for several cases of U.

u () "= (i) ™
{fei}lgfnggiSm 272d(d + l)m 272d(d + l)m + d2m(m — 1)
{ei + ej}1§i<j§m 2_5m(m — 1)(777, + 2) 2_3m(m — 1)(2m2 —6m + 9)

{e; + e} 2=4(Tm — 10) 272(4m? — 3m — 5)
{e1 + e}, 275(m —1)(3m + 2) 272(m —1)(6m —7)

Theorem 6. Let U, be a finite subset of (ZZ))" for each m € {1,2,...}. Assume
that max,ey,, |0(u)| is bounded over m. Further assume |N(U,,)|/|M (Up,)| — 0 as
m — oco. Then (77 )™ /(42 )™ — 0 as m — .

Let u(U) be the set of maximal elements of U, that is,
pU)={uveld|Voeld\{u}, I e{l,...,m}st. v; <u}.

Corollary 7. Let Uy, be a finite subset of (ZZ)* for each m € {1,2,...}. Assume
that max,ey, |o(u)| is bounded over m. Further assume |N(U,,)|/|u(Un)*> — 0 as
m — oo. Then (17 )™ /(42 )™ — 0 as m — .

Table 2 shows the numbers |N(U)| and |u(Uf)| for the examples in Table 1. It
is consistent with Corollary 7, that is, |[N(U)|/|u(U)|> — 0 only for the first three

cases.

Table 2: The numbers |N(U)| and |u(U)|.

U INU)| [u(U)]
{feihicr<aicicm m m
{ei+ e h<icicm | 27 'm(m —1)(2m —3) | 27 'm(m — 1)

{61' + €i+1};i_11 3m—2>5 m—1
{61 + 61};12 (m — 1)2 m—1

5 Discussion

We evaluated the Efron curvature of SGM and MixM (Theorem 5) and used it to
show that SGM has smaller curvature than MixM (Theorem 4). Here we give some
unsolved problems.

In Table 1, we listed explicit formulas of the Efron curvature for specific U’s by

using (7) and (8). It is challenging to derive formulas for more practical sets, such



as
U={ue @) |l <3, Jule <2}, uli =Y w, fullo = maxu;
j=1
Sei (2010) used this set to analyze multivariate datasets. For each small m, we
can evaluate the curvature by direct computation. However, the computation needs
exponential complexity with respect to the dimension m as long as one uses (7) and
(8). Combinatorial methods may solve the problem.

We studied the averaged curvature v2. Instead, one can consider a tensor H,, :=
sz QuuwwzJ"? appearing in Lemma 2, which is called the embedding e-curvature
(Amari (1985)). Although an inequality Huy, (Gem) < g ig conjectured by numerical
study, it could not be proved.

In this paper, we only considered the curvature at the origin # = 0. The reason
that we restrict comes from two different kinds of difficulty. One is conceptual diffi-
culty: the probability densities (and score vectors) of SGM and MixM are different
except at # = 0. An approach may be to consider a local mixture model of SGM
at each point 0 (Marriott (2002)). The another kind of difficulty is computational
one. The expression of the Efron curvature at § # 0 of SGM seems complicated.
Even the Fisher information matrix J,, is not written in elementary functions in
general. However, the expression is written at least in terms of integration of multi-
dimensional rational functions because p(x|f) is a polynomial of 6, and z; = €™,

Algebraic methods on integration may be helpful.

6 Proofs

6.1 Proof of Lemma 3 and Theorem 5

We calculate the Efron curvature of SGM and MixM step-by-step.

For SGM, we denote the quantities Ly, (), [ypw, [y,
LSE™ (), TEEW) (Tw Yoem) QUem) - (42)(sem)  pespectively. Similarly, for MixM, we
denote L™ (z), Tk (v )mix) Qe - (42)(mix) We use L, (z) and J,, without
superscripts because they are common in both models. Recall that a random matrix
H, = H,(x) is defined by (4).

Quvws, 7> in Section 2 by

Lemma 8. For any u,v € U, the following equality holds:

Ly(x) =trH,, L®W(z)=—tr(H,H,) L™ (z)=—(trH,)(tr H,).

uv uv



Proof. By (5), the log-likelihood of SGM and MixM are expanded around € = 0 as

log p®&™ (x(0) = Y 6, tr H, — Z 0.0, tr(H, H,) + O(||0]*),

ueU uveu
log p™™) (2]6) = Y 6, tr H, — = Z 0.0, (tr H,)(tr H,) + O(||6]]®).
uel uUEM
Then the result follows. O]

Since the random variables Ly (z), LSE™ () and L™ (z) are written in terms of

H,, it is valuable to consider moment formulas of H,.

Lemma 9. Let u € U. Let U be Bernoulli randomization of u. Then H, is written
as H, = EU[ei”UTIU U']. Furthermore, the random variable x can be replaced with
a random variable ¢ uniformly distributed on [—1, 1]™, when any moment of tr(H,)
and tr(H,H,) is evaluated.

Proof. By Euler’s formula cos ¢ = (el™ + e~1™) /2 we obtain

m
H cos(mu;x;) EU[ei”UT“”].

Jj=1

Therefore H,, = EU[ei’TUTxU U T]. Next we consider moments. Consider, for example,
expectation of tr(H,H,). The other moments are similarly evaluated. Let A be a
Bernoulli sequence, which is independent of x and any other Bernoulli sequences.
Put € = fox. Then ¢ has the uniform distribution on [—1,1]™, and

Eeltr(Hu (&) Hy ()] = Bepy[e™ ™ S r(UUTVVT))]
_ E&Uy[ei“UTgei”VTg(UTV)Q]
_ ExB - [ ir(UoB)Tx iﬂ(VoB)T:c(UTv)Q}
— Ex,07\7[elﬁUTm inV T o (UTV) ]

= E,[tr(Hu(z) Hy(2))],
where we put U =U o S and V =V o 3, and used an identity UV = UTV. O

From Lemma 9, we simply write H, = EU[e“rUT§ UU "] below and the expectation
with respect to x is replaced with the expectation with respect to £&. Note that
Eele™ €] = Lq—oy for any a € Z™.



Now the Fisher information matrix is evaluated as

Juy = Eeltr H, tr H,)|
= Ee o [e™ V) ¢ ful o]
= Euy [Liusv=oy [Jull?||v]1?]

= EB,B[]‘{Bouzfﬁov}] ||U||2||U”2

- EB:B H{l{ui:vi:()} + 1{ui=Ui>0,6i=737;}} ||u||2||’U||2
=1

= 1{uzv}2‘|”(“)|||u||4,

where [ and B are Bernoulli sequences. This proves Lemma 3. By similar compu-

tation, we have the following lemma.

Lemma 10. Let U, V, S be Bernoulli randomization of u,v,s € U. Then

()& = —Ep v [Labsw+v)=wy (U T V)?[Jw]| 7],

(T3) ™ = —Euy [Liabsw+vy=ay [l 0] 0] 7],
Proof. We first calculate Fq(w m), By Lemma 8 and Lemma 9, we have

rgjigﬂ = —E¢[tr(H,H,) tr H,]
= Eeuvs |:ei7r(U+V+S)T5(UTv)2||S||2]

= —Euv,s [Lsvis—oy (U V)?[Is]?] -
By using the expression of Fuv s and J* we have

re sgm E F sgm) Jsw

uv,s
seu

==Y Euvs Lpsves= (U V) 1s1%] 1amuy 27O ||
seuU

= —Euvw Lwiviw=o (UTV)*[lw|72217)]]
= —-Eyvgs [1{abs(U+V):w}1{U+V:ﬁow}(UTV>2||w||—22|a(w)|] 7
= —Euv [Liabswv)=uy (UTV)? 0] 7],

where /3 is a Bernoulli sequence. The expression of [ and (T w Y mix) g obtained

similarly. O]

Lemma 11. The curvature tensor of SGM and MixM at § = 0 is

Qe = Eyvw,z [wu(U, VW, Z) UV (WTZ)?],
Q) = Eyvw,z [wu(U, VW, Z)|Jul*|[v]*|w]*||2]*] ,

10



respectively, where U, V, W, Z are Bernoulli randomization of u, v, w, z and

WU(Ua V7 W7 Z) = 1{U+V+W+Z:O abs(U+V)¢UuU{0}}-

Proof. We only derive the expression of qu wz- The expression of qu w= 1s obtained

similarly. We first prove

REE™ () := L™ (2) + Juw — > (T5,) ™ Ly(x)

seu

= By [1{abs<U+V)¢uu{0}}ei’r(U+V)T£(U TV)Q} : (9)
The last term of RS (z) is

- Z(Piv)(sgm) Ls = Z Evyv.s [1{abs(U+V):s}ei7TST£(UTV)Q}
seU sel

im(Bo T
3 B [t O]
seu

=Eyyv;s [1{abs(U+V)eL1}eiﬂ(ﬁo(UJrV))Tg(UTV)Q}
= Eyyv [1{abs(U+V)EZ/{}e "N EUTY)? }
where 3 is a Bernoulli sequence. For the first and second term of RiE™ (x), we have
LEE™ = —Eyy [" U UV
Juw = Euy [Lwsv=0y(U'V)?*] = Euy [1{abs(U+v) oy UTY)? } :

Hence (9) is obtained. Now the tensor Qq(fvgﬁ)z is calculated as follows:

QUes) = Be[REF REE™)
im T
=Ecvvwz [1{abs(U+V)guu{o},abs(w+2)¢uu{o}}e (UHVFW+2) é(UTV)z(I/VTZ)Q}
= Evvw.z [Lp+vawsz=oabsw+vyguoiop (UTV)2(WT Z)?]

Therefore we obtain the desired expression. O

We finally prove Theorem 5. Since the Fisher information matrix is diagonal, we

have

(,}/2)(sgm) _ Z usvgrllzzjuwjvz

u,v,w,zEU
— Z Qusvgrllzgjuut]vv
u,veEU
-~ . olo(w)|+lo(v)]
=Y Epver | [ UV, 0, V) UTVPOTV)? o
u
u,vEU

Thus (7) is proved. (8) is shown similarly.

11



6.2 Proof of Theorem 4

We prove Theorem 4 by using the explicit expression (7) and (8) of the Efron
curvature. We abbreviate 77 as 2.

We prove the first inequality in (6). By the expression (7), it is sufficient to
show that wy(u,u, —u, —u) = 1 for some u € U. Let u be an element such that
|luli = max,ey ||v|l1. Then we have u+u —u—u =0 and u+u ¢ U U {0}, and
hence wy(u, u, —u, —u) = 1.

The second inequality in (6) follows from equations (7), (8), and

UTVPHOTVY? < UIPIVIPIOIPIVIZ = [l *(lo].

We now consider the equality condition. First assume 2/ C Z;. Then (UTV)2(UTV)?
in (7) is equal to (u;v;)?(usv;)?, which is equal to |Jul[*||v]|*. Therefore (y2)(e™) =
mix)

(v?)®x) - Conversely, assume (y2)8™) = (42)(™%)  Since I/ is a non-empty finite

subset, there exist some u € U and some i € {1,...,m} such that

w; > 0 and u; > w; (Yw € U).
Fix such u and i. We show u € Z;. Define an integer vector u € Z™ by u; = u;
and u; = —u; for j # i. Since |u; + @;| = 2u; > u;, we have abs(u + @) ¢ U U {0}
and therefore wy(u, @, —u, —u) = 1. Let {Ug)}i_; be four independent Bernoulli

randomization of u. Note that each U, takes u (resp. #) with probability at least

27" We evaluate

0= (72>(mix) . (72)(sgm)

> EU(le(z)’U(a)vU(@

(U5 U@)* (U Uw)?
wu(Uy, Uy, Ugy, Uay) (1 SC) 3)

J[u[®

T4
> 274 (u, @, —u, —1) (1 - (qﬁ 7‘2 ) > 0.
u

This implies |u" 4| = ||ul|?. By equality condition of the Cauchy-Schwarz inequality,
there is a real number p such that u = pu. This implies u € Z;. Now, by contradic-
tion, assume that there exists some v € U \ Z;. We further assume v; > w; for any
w € U \ Z; without loss of generality. Since u; + v; > v; and u + v ¢ Z;, we deduce
u+v ¢ UU{0}. Hence wy(u,v, —u, —v) = 1. Then we have

2 (mix) 2\ (sgm) —4m (UTU)4
0= () - () > 27wy (u, v, —u, —v) 1_W > 0.

This implies |u"v| = ||u||||v]]. By equality condition of the Cauchy-Schwarz inequal-
ity, there is a real number p such that v = pu. This implies v € Z; and contradict
the definition of v. Thus we have U C Z,;.

12



6.3 Proof of Theorem 6 and Corollary 7

We first prove Theorem 6. Put d = max,, max,ey,, |0(u)| < co. We abbreviate U,,
by U below. It is sufficient to prove that (v73)™) < |[N(U)| and (72) ™% > c|M(U)]
with a positive constant c. If (u,v) € N(U), then UTV =0 in (7). Hence

(UTV2(UTV)?

el lw}*

wZ/{(U7 ‘/a U7 ‘7)

< [N@U)].

()= < Y EByyow
(u,0)ENU)

We next evaluate (8). If (u,v) € M(U), then wy(u,v,—u, —v) = 1. Since u has at
most d non-zero elements, the event U = v happens with probability at least 27,

where U is a Bernoulli randomization of w. Therefore

(B = 3 Buyag U V.0, 7)| 2 27 M)
(u0)EMU)
This proves Theorem 6.
Next we prove Corollary 7. Assume |N(U)|/|n(U)]* — 0. Note that |u(U)] — oo
since [N (U)| > |U| > 1. From the definition of M () and p(U), the set {(u,v) € U? |
u,v € p(U),u # v} is a subset of M(U). Then we have |M(U)| > |u(U)|(|ulU)]|—1).

Thus
INU)| IN(U)|

(M) — [p@)P(1 = |p@)])
and the proof is completed.

—0
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