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Abstract

For parameters n, d, B, C, a sharp asymptotic formula for the number of (n + |n’ |)2-dimensional binary contingency tables
with non-uniform margins taking values of | BCn| and |Cn| is obtained. The obtained sharp asymptotics is compared with
the classical independence heuristic estimate and it is proved that the independence heuristic overestimates by a factor of

™) The comparison is based on the analysis of the correlation ratio. An explicit bound for the constant in © is also
obtained.

Keywords: binary contingency tables; maximum entropy principle; independence heuristic.

2020 Mathematics Subject Classification: 05A16.

1. Introduction

Overview

This paper studies the asymptotic enumeration of binary contingency tables and its connection with the classical indepen-
dence heuristic introduced by I. J. Good 70 years ago [4]. A binary contingency table is a set of 0-1 matrices with fixed
row and column sums. Letr = (rq,...,7,) and ¢ = (¢4, ..., ¢,) be two positive integer vectors with the same total sum of
entries, i.e., Y .o 7 = Z?Zl cj = N. Let

M(r,c) = {X =(Xij): > X =ri,»_ Xpj=c;forall 1 <i<m,1<j< n}
k=1 k=1

be the set of binary contingency tables with row margin r and column margin c. Since X;; € {0,1}, it is easy to see

that r; < n,c¢; < mfor all ¢,j. A binary contingency table has close connections with bipartite graphs with fixed degree

sequence; e.g., see [8] for a historical review. It also arises as the structural constants in the ring of symmetric functions

and representation theory of general linear groups (see [6]).

Estimating the cardinality of M(r, c¢) is a fundamental problem in analytic combinatorics; for instance, see [1,4]. At the
very beginning, we have the following effortless estimate based on the so-called independence heuristic. Precisely speaking,
fixr=(ry,...,7m)andc=(c1,...,c,) With N=ry +... +r,, =c1 + ... + ¢, and let My be the set of m x n 0-1 matrices
with total sum of entries N. Let X be the uniform sample from My and consider the following two events:

Ry = {X has row sumr} and  R. = {X has column sum c}.

It follows from the definition that

|Rr‘ |RC|
P(R,) = and P(Re) = .
Assume that R, and R. are independent, then
Re| R IM(r, c)|
. =PR)P(Re) =P(R:NRe) = ———%.
Myl My~ PR E(Re) =F(Re ORe) = F0

Therefore,

=S5 () i ()12)

Jj=
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We call m N
o= () TG >

the independence heuristic estimate corresponding to margins r and c.

In 1969, O’Neil [7] solved the problem for the case of large sparse binary matrices with r;, ¢; < (log n)%“E foralll <i,j5 <
n. In 2010, Barvinok [1] used permanents and the van der Waerden bound for doubly-stochastic matrix to obtain an estimate
for generic r and c. This estimate has recently been improved in [3] using the techniques of Lorentzian polynomials. Later
on, Barvinok and Hartigan [2] used the Maximal Entropy Principle and local central limit theorem to obtain a more precise
asymptotic formula under certain regularity conditions.

Our main focus is to first derive the asymptotics of | M(r, ¢)| when both r and c take two different linear values of n; see
the precise definition in the next subsection. After that, we compared the results with the independence heuristic estimate
(2) and showed that the independence heuristic estimate leads to a large overestimate by a factor of e©*") . Our derivation
of asymptotics follows closely the spirit of [5] and is mainly based on Barvinok’s asymptotic formula in [1] and the author’s
recent work [9] on the limiting distribution of Random Binary Contingency Tables. Similar asymptotics for the uniform
margin case can also be obtaned with the same techniques and the limiting distribution derived in [10].

Setup and statements of main results

For0<§<1,0<B<4and0<C <1,let

¥=¢:=(|BCnl,...,|BCn|,|Cn]...,|Cn]) € NI+,

[n’ ] entries n entries

and let
M, 5(B,C) := M(r,¢).

Namely, M,, 5(B,C) is the set of (|n°| + n)%-dimensional binary matrices whose first [n°| rows and columns have sum
| BCn| and remaining n rows and columns have sum [Cn].
The first main result of this paper is the sharp asymptotics of | M,, 5(B,C)]|.

Theorem 1.1. Fix0<3<1,n>1,0<C<3and0< B< {, and let

fz):= ;vlogl +(1—2)log ] !
x

Then
g | Mo o(B,C)] = F(C)i + [24(5C) — (BO o (£ ) | i+
L 1-C  (BCO)? B2C _
+ |:f(211) + 211 log < C ' (1(_ B)(;v)2> - 2(1 _ C):| TLQJ + O(n36 ! + nlogn)7
where
. __B(-0)
MT B 9py1)C

Theorem 1.1 is proved in Section 2. For now, we remark that the proof is based on the Maximum Entropy Principle

and the function f(z) is Shannon-Boltzmann entropy of Bernoulli random variable with mean z; the coefficients in front

146
)

of n2,n'*9 n? all come from the Bernoulli entropy.

Next, we study the relationship between |[M,, (B, )| and its corresponding independence heuristic. Recall that for

margins r = (r1,...,7,) and ¢ = (c1, ..., ¢, ), the independence heuristic estimate is the following quantity,
mn -1 m n n m
Z =
(x:¢) <N> g <T1> ]1;[1 (%‘)7

where N =57 r; =>"

j—1¢; is the total sum of entries. We denote
Z,s(B,C) :=1I(r,c).
To study the relation between Z,, 5(B, C) and | M, 5(B, C)|, we consider their Correlation Ratio p, s(B,C). It is defined as

|Mn 5(Ba C)|
B =
p’ﬂ#s( ) C) In’g(B, C)
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Our next main result is on the asymptotic behavior of p,, 5(B, C).

Theorem 1.2. Fix0<d<1,n>10<C < 2and0< B <, we have

. 1 . 1
nh_)n;o - log pn.s(B,C) =0 and nh_)néo pyws log py,5(B,C) = 0.
Furthermore, let
. 1
Apc = nlgrgo pers log pn.s(B,C),

and we have the following explicit formula for Ap c:

Ao 1 BC-2BC+1  ( 1-C
BC = 1-C B2C —2BC + 1
Moreover,
—l—klogl—kl when0<C§%7
C C
OZAB,C>

1 1 1 3

with Ap ¢ =0ifand only if B = 1.

The behavior of Ag ¢ tells us that the independence heuristic overestimates the number of tables in M,, 5(B,C). This
matches Barvinok’s arguments on cloned margins; see [1] for details. Probabilistically speaking, the events

Rn,s(B,C) = {0-1 matrices has row sums r}

and
Cys(B,C) = {0-1 matrices has column sums ¢}

are asymptotically negatively correlated instead of being asymptotically independent. The Ap ¢ quantifies how far they
are away from being independent. In fact, when B = 1, i.e., all row sums and columns sums are equal, the independence
heuristic provides the best estimate. As B moves away from 1, meaning that the margins become less and less uniform,
the independence heuristic overestimates by a factor of O™,

It is really interesting for the readers to compare our results with the recent work of [5] on non-negative integer case.
When the contingency tables are non-negative integer valued, the independence heuristic leads to a large undercounting,
which is opposite to our binary case. The reason behind this phenomenon remains mysterious. It would be nice if we can

obtain the intermediate results on the contingency tables whose entries take values from {0, 1, ..., &k} for finite k.

2. Proof of Theorem 1.1

Letr = (r1,...,7m) € N and ¢ = (¢1,...,¢,) € N™ be two positive integer vectors with total sum of entries. The binary
transportation polytope P(r,c) is defined as

P(I‘,C) = {X = (X”) S [O, 1}mn . ZX7k = Ti,Zij = Cj,VZ',j} .
k=1 k=1

Barvinok introduced the following notion of Typical Table in [1].

Definition 2.1 (Typical Table). Let r = (r1,...,7m), ¢ = (c1, ..., ¢, ) be two positive integer vectors with total sum of entries.
For each X = (X,;) € P(r,c), let
9(X) => f(Xi)),
.

where

1
f(a) =zlog — + (1~ z)log —

for x € (0,1). The Typical Table Z = (z;;) is defined as the unique maximizer of g on P(r,c).

Remark 2.1. The function g is strictly concave so it attains a unique maximum in the interior of the binary transportation
polytope. Hence typical table is well-defined.
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Figure 1: Plot of Ap ¢ = lim, 00 ﬁ log pn.s(B,C) as a function of B € [0,4] for 4 different fixed values of C. For each
0 < C < 3, Bis allowed to take value from 0 to &.

Remark 2.2. The function f(x) = zlog £ + (1 — ) log 1 is the Shannon-Boltzmann entropy of Bernoulli random variable
with mean x. Therefore, g(X) can be viewed as the Bernoulli entropy of X and Z is the maximal entropy matrix on the

polytope P(r,c).

Remark 2.3. By symmetry, two entries in a typical table are equal if they have the same margin conditions, i.e., z;; = 2y

if?”i =Ty, Cj = Cjr.

It turns out that typical table has close connection to the cardinality of M(r,c). The following theorem proved by
Barvinok in [1] plays a key role in our proof.

Theorem 2.1. Fix row margins r = (r1,...,7y) and column margins c = (c1,...,c,) and let Z = (z;;) be the typical table
associated with P(r,c). There exists some absolute constant v > 0 such that

(mn)fv(mﬂ)eg(Z) < [M(r,c)| < e9(2) 3)
Next, by [9, (2.3)] and [9, Lemma 2.4], we have the following lemma on the asymptotics of entries of typical table
7 = (Z”)

Lemma 2.1. Fix0<§<1,0<C < 2and 0 < B< }. Let Z = (z;;) be the typical table for M,, 5(B,C). Then there exists
constants v1(B, C) and ~v2(B, C) such that the followings hold:

21—
L |z11 — #BJS)/C < (B, C)n6_1;
2. |Zl,n+1 — BC| < ’YQ(B, C)néil,

3. |Zn+1,n+1 — C‘ < BCn‘S*l.

Next, we derive the asymptotics of g(Z), which is the entropy for the typical table. Our proof is almost identical to
the [5, Proposition 3.4], except that we plug in different limits of the typical table. Notice that in the binary case, there is
no sharp phase transition for the value of B with respect to C; see [9, Remark 1.4] for more discussions on this aspect.
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Proposition 2.1. Fix 0<§<1,0<C<3and0< B < &. Let Z = (z;;) be the typical table for M, 5(B,C). Then
9(Z) = n2f(2n+1,n+1) + 2n[né]f(21,n+1) + [né}Qf(Zu)

= f(C)n* + {21“(30) — (BC)log (100)] P+

1-C  (BC)? )_ BC
2(

+ {f(zﬁ) + 21, log ( c -BCY T C)} n? +0n* 1) +0(n),

where
B%(1-C)

T B opr1/C

Proof. By symmetry of typical table and marginal condition,
[n°]211 + n21 np1 = [BC]
[n°]21,n41 + N2ng1 i1 = [ON)]

Therefore,
{([n‘s] /n)z11 + 21mp1 = [BCn]/n = BC + O(n~1)

([?°]/n)21 41 + 2Zngrmar = [Cnl/n = C+ O(n™)
Let 2, = pismiaye. then
C = zpsint1 = z101([0°]/n) + O(n ™)
= (BO)([n°]/n) — (BC — z1,041)([n°]/n) + O(n™")
= (BO)([n’]/n) — z11([n°]/n)* + O(n™")
= (BO)([n’]/n) = 211([n°]/n)? — (211 — 251)([n°]/n)* + O(n™ ")
= (BO)([n°]/n) = 2i1([n°]/n)* + O(n* > +n71).
Similarly,
BC = 21 ni1 = (0] /n)z11 + O(n 1)
= z1([n°]/n) + (211 — 231)([n°]/n) + O(n™")
=211 ([n°]/n) + O 2 +n7 ).
Taylor expansion of f(z) around a has the following form,

)= 160 +10g (10 e -+

2(a—1)
Hence,
Fonanin) = £0) = tog (15 ) (BOYY ) 4108 (155 ) s0a(ln o
BQC 2 — —1
+ m([né]/n) +0 (ngé H+0 (n(S )

) = 1(80) tog (158 ) st 0 + 5t G0 ()
+0 (n2‘5_2) + 0 (n_l)

flz11)=f(z)+ 0O (né_l) +0 (n_l) .
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Therefore, we have that
9(Z) = n2f(2n+1,n+1) + 2n[n6]f(21,n+1) + [né}Qf(Zu)

= f(C)n* + {Qf(BO) — (BC)log (100)] i+

1-C  (BC)? )_ BC
2(

[+ stutog (152 [0+ 0671 + 0w

(1-BC)? 1-0)
O
Proof of Theorem 1.1. Notice that for margins T and ¢, by Theorem 2.1,
9(Z) —v'nlogn <log| M, s(B,C)| < g(Z) 4)
Now, Theorem 1.1 follows from Proposition 2.1. O

3. Independence heuristic estimate

Using Stirling formula, we can deduce the asymptotics of independence heuristic estimation. Similar asymptotics of inde-
pendence heuristic for non-negative integer-valued contingency tables can be found in [5, Lemma 4.1].

Lemma3.1. Fix0<§<1,0<C<land0<B<{,

logZ,s(B,C) = f(C)n* + [Zf(BC) — BClog (1;0” ni+o

{BQC —4BC +2C

_0)— _ 25 35—1
21-C) +log(l — C) — 2log(1 BC’)} n* + 0 (n +nlogn).

Proof. By Stirling formula, we have that
a+b
log = (a+b)log(a+b) —aloga —blogb+ O (log(a + b)) .
a

Recall that for general margins r and c, the independence heuristic estimate takes the form

o= () L))

Therefore,

logZ(r,c) = Nlog N + (mn — N)log(mn — N) — Zn— logr; — Z(n —r;)log(n — ;)
i=1 i=1

— Z ¢jloge; — Z(m —¢j)log(m — ¢;) + O ((m + n)log(mn)) .

Jj=1 Jj=1

In our setup, when r = T and ¢ = ¢, the dimension is n + n’ and the total sum of entries N = BCn'*? + Cn?. By Taylor
expansion

x LL'2 .’,UB
10g(x+y):10gy+y_2y2+0(y3)’

we have that

2
log(N) = log(Cn? + BCn'*°) = log(Cn?) + Bn®~* — B?n%*z +0 (n36*3) ,

log(mn — N) = log (1 — C)n® + (2 — BC)n'™ +n?) =log [(1 — C)n?]

2-BC\ ,;, -2-2C+4BC—B*C? ,; , -
<1—C)n 2(1—C)2 n +0 (),
o1 262 o
log [(1 = C)n +n’] = log[(1 = C)n] + - +0 (n*3),

1-C 2(1-C)?
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nzifl n2672

1-BC 2(1-BC)

log [(1 — BC)n +n’] =log[(1 — BC)n] + _+0 (n¥79).

Therefore, logZ,, s(B, C) has the following expansion,

BQ
log Z,, 5(B,C) = (Cn* + BCn'™) |log(Cn?) + Bn® ' — 2n25_2]

2—-B —2-2 4BC — B2(C?
+[1-Cm*+(2— BC)n**® + n%] X [log((l —O)n?) + ( C) no1 ¢ +4BC ¢ n?0-2

1-C 2(1— C)?
nd—1 262
— 2BCn'*91og(BCn) — 2n° [(1-BC)n+ n‘s] [10g((1 — BC)n) + T—BC 3= BC)2]
nd—1 202
—2Cn*log(Cn) — 2n [(1 — C)n +n] - {log((l —C)n) + ¢ 2= C’)Q] +0 (n* ! +nlogn) .

After reorganizing terms, we have that

logZ,s(B,C) = f(C)n* + [Qf(BC) — BC'log (1—CO>} nito

{BQC —4BC +2C

—0)— _ 25 36—1
2(1-0C) +log(l — C) —2log(1 BC’)} n* +0 (n +nlogn).

Proof of Theorem 1.2. By Theorem 1.1,

log | Mo o(B,C)] = 1(C)i + [27(5C) — (8O o (1€ ) | i+

_ 2 2
+ [f(zfl) + 27 log (1 CC . (l(Bg)C’)2> — 2(1300)} n? +0(n* ! + nlogn).

On the other hand, by Lemma 3.1,

logZ,.s(B,C) = f(C)n* + [2f(BC) — BC'log (1_00)} ntto

{B2C —4BC +2C

2(1 _ C) + log(l - C) - 210g(1 - BC):| n26 + o (n‘%fl + nlogn) .

From this, we can easily deduce that

. |Mn75(B,C)| N . 1 |Mn,5(BaC)| _
nl;r{:o 3 1 T.2(B.C) 0, nlggo 7 log 7.5(B,C) 0
and
. 1 |Mn,5(B7C)| _
Rl AN o) M
where
B2C — ABC +2C 1-C L 1-C . ) B2C
e = gy o (o) () ks (o) ~ s O

Notice that

. S St A
" B2C -2BC+ 1’
By direct computation,

A, _ 2B*C—4BC+2C (BC-1? 1-C B1-0) 1-C
BCT 0 -0) B2C —2BC+1 ®|B2C_2BC+1|  B2—2B+1/)C “®|B2C—2BC + 1
_BQC—QBC+1+1 1-C 4
- 1-¢ °®|B20 _2BC 11
>0

)

where the last step is based on the simple fact that x —logz > 1 for all # > 0. For fixed C, the explicit bound of A s ¢ follows
from the elementary analysis. O
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