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Abstract

In this article, we derive the distribution of partially exchangeable binary random
variables, generalizing the distribution of exchangeable binary random variables and
hence the binomial distribution. The distribution can be viewed as a mixture of
Markov chains. We introduce rectangular complete monotonicity and show that par-
tial exchangebility can be characterized by rectangular complete monotonicity. The
distribution aided with rectangular complete monotonicity can be used to analyze
serially correlated data common in many areas of science.
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1. Introduction

Binary responses commonly arise in many fields of science. The literature de-
scribing the analysis of correlated binary data is extensive. In this article, we propose
to exploit the perception of partial exchangeability to investigate multiple serially
dependent responses.

Introduced by de Finetti in 1938, partial exchangeability was studied by many
authors including Diaconis (1988), Diaconis and Freedman (1980a, b, c), Freedman
(1962a, b), and Zaman (1984). A sequence of binary random variables is partially
exchangeable if the joint distribution of any sub-sequence of the first finite terms is
invariant under permutations that keep the initial state and the numbers of transitions
from i to 7 for ¢ = 0,1 unchanged. A more stringent assumption is ezchangeability
which requires invariance under any permutation. Also introduced by de Finetti
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in the 1930’s and intensely studied over the past century, exchangeability is meant
to capture the notion of symmetry in a collection of random variables and often
used as an alternative to independence. Partial exchangeability captures symmetry
more generally and grasps dependence in a collection of random variables and can be
utilized as a candidate for dependence.

A model in which an individual binary sequence is assumed to be recurrent and
partially exchangeable is, according to Diaconis and Freedman (1980a, c¢), a mix-
ture of Markov chains. Whereas the latter, as pointed out by Quintana and Newton
(1998), can be viewed as a random-effects model in which the unobservable latent
transition matrices follow some unknown distribution. Our proposed distribution can
be viewed either as a Markov-chain-mixture model (both parametric and nonpara-
metric), a random-effects model, or a Bayesian model. We represent the distribution
of partially exchangeable binary random variables in moments of the mixing proba-
bility measure, an analog to the formula of the distribution of exchangeable binomial
random variables by Kendall (1967), Chow and Teicher (1997), George and Bow-
man (1995), and Dang, Keeton and Peng (2009) among others. We show that partial
exchangebility can be characterized by rectangular complete monotonicity. The distri-
bution aided with rectangular complete monotonicity can be used to analyze serially
correlated data. Peng, Garner and Dang (2009) used rectangular complete mono-
tonic functions to give a class of parsimonious Markov chain mixtures, and applied
the parsimonious mixtures to analyze two real datasets. Their method is related to
the procedure used in Dang, et al. (2009) in which a unified approach is presented
for analyzing exchangeable binary data with an application in developmental toxicity
studies. By exploiting partial exchangeability, Quintana and Newton (1998) investi-
gated the assessment of the order of serial dependence for multiple binary responses.
Relating to the Pélya sequence from a one-urn model, Quintana and Newton (1999)
constructed a two-urn model for the mixtures of Markov chains, providing interesting
and useful interpretation.

The rest of the article is organized as follows. In Section 2, we derive the distribu-
tion of partial exchangeable binary random variables, discuss the sufficient statistics
of the distribution, and introduce rectangular complete monotonicity to characterize
partial exchangeability. Technical details can be found in the Appendix.

2. The Partially Exchangeable Model and Rectangular Complete Mono-
tonicity

In this section, we first give the distribution of partially exchangeable binary
r.v.’s, followed by rectangular complete monotonicity and characterization of partial
exchangeability.

As Diaconis and Freedman (1980a) elaborated, a sequence of binary r.v.’s By, By, ...
are partially exchangeable if for any two binary sequences {b; : i =0, 1, ..., n} and
{¢; : i =0, 1, ..., n} which have the same initial state and the same transition counts,

]P)(BQ = bo, Bl = bl, ceny Bn = bn) = P(BQ = Cp, Bl =C1y ..ny Bn = Cn)~
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Recall that a sequence of binary r.v.’s By, By, ... is recurrent if
P(B,, = By for infinitely many n) = 1.

Diaconis and Freedman (1980a) show that if By, By, ..., B, are recurrent and par-
tially exchangeable, then the joint probability of them is a mixture of Markov chains.
Specifically, for the binary {0, 1} state space there exists a unique probability measure
Qy, on [0, 1]% such that

P(BO = bo, B1 = b17 ceey / / tOO - tOlUtu(l - U)tm deO (U, U), (1)

where t;; is the number of transitions from 7 to j for ¢, j = 0, 1. From this and the
binomial formula, we have the following result.

Theorem 1. Suppose that By, By, Bs, ... are recurrent and partially exchangeable.
Then

to1 tio
) tor\ (t10) (s
P(Bo = bo, By = by, ... Z Z +]< ) ( j )Agogli,tlﬂrﬁ (2)

=0 7=0

where by, by, ..., b, are {0,1}-valued, and )\Z(SQ) is the joint probability that the tran-
sitions 0 — 0 and 1 — 1 wn By, By, ..., B, simultaneously occur i and j times with
wnitial state by, or symbolically,

AP =P (By = by, (0 — 0)', (1 — 1)), b= 0,1, 0 < < tog+tor, 0 < j <ty + o

i\j

We refer (2 ) the partially exchangeable model and denote it by PE(X), where
A= {)\(bo . O,]_, 1 = 0 too + t117 ] = O tll + tlg} Representatlon
(2) is an analog to the formula of the distribution of exchangeable binomial random
variables by Kendall (1967), Chow and Teicher (1997), George and Bowman (1995),
and Dang, et al. (2009) among others. It is interesting to observe that a (parametric
or nonparametric) mixture of Markov chains is a parametric model with a sequence
of parameters A in which the number of parameters increases with the length of
the binary sequence. The following remark describes the relationships among the
distributions of partially exchangeable, exchangeable and independent and identically
distributed r.v.’s.

Remark 1. If By, ..., B, are exchangeable, then
j .
A Z(_1)i<5)wg’j3, bo € {0,1}, 0<j <too+to, 0 <k <ty +tgo (3)
i=0
where 7ri(b°) =P(By=by,B1=1,...,B;=1),i>0. Hence

too+tio ton —+ 1
i [ “00 10
P(By =bi,.... B, =b,) = Y (~1) ( . )wtmmﬂ-. (4)



where m; = P(By = 1,B; = 1,...,Bj_1 = 1),j > 1 with myp = 1. This is the
probability under exchangeability, see Dang, et al. (2009). Accordingly, the Bino-
mial distribution is a special case of the partial exchangeable model. Further, under
exchangeability, "

_ 1 _
T =Ty Ty, Ty = T+,

where 7, = P(By=1,B,=1,...,Bj_1 =1), 7 > 1 with 7y = 1.

Remark 2. By Diaconis and Freedman (1980a), the binary state space in Theorem 1
can be generalized to a multi-state space.

The marginal probabilities A = {)\gblg)} are moments of the mixing probability
measure. Specifically,

1 1
MG :/ / w'v? dQpy(u,v), by =0, 1,4, j =0,1,...
0 0

The moment problem is a folklore in functional analysis and one-dimensional Haus-
dorff moment problem is related to complete monotonicity (CM). Here we extend it
to a two-dimensional sequence, which is related to the two dimensional Hausdorff
moment problem. A finite bivariate sequence {a;; : 0 < j < J, 0 < k < K} is said
to be (finite) rectangular completely monotone (RCM) if

(=)t AARa; . >0, 0<j+r<J 0<k+mr <K, (5)

where Ay, A, are the (univariate) marginal difference operators, i.e., Aja;, = ajp16—
ajr and Aoaj ) = a;j 1 — ajp with A2 = Ay(A;) and A = AY = I being the identity
operator. It is not difficult to verify the useful expansion

Aquau’” - Z Z (2) (Z) (_1>T+s_j_kau+jw+k rs,u,v=0,1,.. (6)

j=0 k=0

for a two-dimensional sequence {a; : j,k = 0,1,...}. The above expansion can be
used to verify RCM. Applying (6) to (5) for r = s = 1 gives ay+1,p+1— Gut10 — Qupt1 +
@y, > 0, which motivates us to call rectangular.

It is interesting to observe that the marginal probabilities A = {/\5.?2)} are com-

prised of two RCM sequences {/\50,2} and {/\51,2} satisfying )\é?[)) + /\8()) = 1. Specifically,

for r1,7o > 0 and )\((f()) + )\83) =1,
(_1)T1+T2A?AQQ>‘§?;2) >0,0<j+r <tpw+ton, 0<k+r,<ti+tpn (7)

An infinite bivariate sequence {\(i, ) : i, = 0,1,...} with A(0,0) = 1 is called
infinite rectangular completely monotone (IRCM) if \(i, ) satisfies (5) for all non-
negative integers 7, j and r1, 5. IRCM characterizes partial exchangeability as stated
in the following theorem. The simple proof is based on the well-known result in the
two-dimensional Hausdorff moment problem by Haviland (1935) and is relegated in
the Appendix. This characterization is useful in obtaining parsimonious mixtures of
Markov chains, see Peng, Dang and Garner (2009).
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Theorem 2. Two infinite sequences {A®) (G 5) 14,5 =0,1,...} for by = 0,1 satisfy-
ing A(0,0) + A1 (0,0) = 1 induce a probability distribution (2) if and only if they
are IRCM.

Clearly the matrix t = {t;; : 7,7 = 0, 1} of transition counts and the initial state by
are sufficient statistics of the PE distribution. The number of the strings By, By, ..., B,
that have a common transition matrix t is ("fogl) (”tll_ll), where ng, n, are the number
of zero’s and one’s respectively. See Quintana and Newton (1998) for details. Let
p(t,bo; X) be the probability that By, By, ..., B, have a common transition matrix t

with initial state by. Then by (2),

no — 1 no— 1 tor  tio ¢ ¢
p(t,bo; )‘) = ( " ) ( 1 ) ZZ H_]( 01) ( ;O> )\gggli,tlﬂr]" (8)

t t
00 11 =0 j=0

This formula seems to suggest that the possible values of toy and ¢;; with which
{p(t,bo; ) : by = 0,1, Vt} constitutes a probability distribution are {0,...,ny — 1}
and {O, ...,ny — 1} respectively. A further glance reveals that the constraints on o1, t19
are not taken into account, that is, tg, t19 can take at most half the value of the length
n + 1 of the string because the number of transitions from zero to one or from one
to zero is determined by ng A n; = min(ng,ny). Indeed, the values of t5; and 5
are equal if the initial state by and terminal state b, are identical by = b,,, otherwise
they differ by one, ie., tgy — 1 =ty if bp = 0,0, = 1 and t;0 — 1 = tg; if bg = 1
and b, = 0. Thus given the initial and terminal states by, b, either of ty; and tig
determines the other. Note that the length of the string By, ..., B,, can be calculated
by n+1l= t00—|—t01+t10+t11+1. Also no—l[bo = 0] = t00+t10, nl—l[bo = 1] = t11+t01,
and ng + ny = n + 1. Thus the pentuple (t,by) can be equivalently expressed as the
pentuple (s, ng, by, by, n + 1) where s is either tg; or t1p. In fact, the latter is more
convenient in describing the distribution. For this reason, we shall write p(t, by; A) as
p(s,ng, bo, by, m + 1; X) or as usual omit n + 1 and write as p(s, ng, bo, bn; A). We now
derive the formula for p(s, ng,bo, by; A). To simplify our description, let us consider
the string starting with state by = 0 and denote s = typ;. Then ng — 1 = too + to,
ny = t11 + tor, and ny = n + 1 — ng. There are now two cases.

Case 1. The terminal state is 0. Then tgy = t19 = s, tgo =ng — 1 — s, t11 = ng — s.
The range of s is the integers in the interval [0, (ng — 1) A nq].

Case 2. The terminal state is 1. Then tg; = s,t10 =5 — 1, togo =ng — S, t11 = N1 — S.
The range of s is the integers in the interval [1, ng A nq].

Accordingly, we have

—1 —1
p(s7n0a07 bn7 A) = <ZO_ 11) (T;l_ 1 ) X

s s—11 S—]_
Z Z H_]( >( ))\510) 1o—s+i,n1—s+j?

i=0 4j=0 ‘7
b,=0,1,ng=1,...n+1,s =14, ..., (ng — 1o) A ny. 9)



where 1; = 1[b, = 1] and 15 = 1 — 1;. Here we set ("7) = 0 if either ¢ > m, or m < 0
or i < 0 except (TZ”) =1 when m =i € {0,—1}. Analogously one has the formula for
the string starting with one. The two formulas can be combined in one as follows:

no—l n1—1
) 7babn7A = X
p(s 70, % ) (8—1‘|—100) <S— 1+111>

s—110 s—1p1 Z+] 1 10 S — ]-0]. A(bO)
2. 2= P DU v

=0 j7=0

bo, bn = O, ]_, ng = i(), .., n +1-— il, S = 101 + 110, ..., oo AN ni1, (10)
where ]-ij == 1[[)0 == Z,bn :j],l7] == 0, 17 Nop = Ng — 100, ni =ny — 1117 i() == 1[b0 == 0]
and i; = 1 —1ip. Since the sum of all the probabilities P(By = by, By = by, ..., B, = b,)
for by, ...,b, = 0,1 is one, it follows

1 n+l—-i1 ngoAnii

Z D> > plsinosbo,baA) =1 (11)

bo=0b,=0 no=ip s=Lloi1+110
This shows the following result.

Theorem 3. {p(S,no,bo,bn;A) : bo,bn = 0, ]., Ng = io,...,n + 1 - il, s = 101 +
110, ..., o0 A n11} 48 a probability distribution.

The justification that p(s,ng, by, by,; A) constitutes a probability distribution provides
the theoretical basis for the statistical inference with it, such as the use of the log
likelihood as a criterion of model selection, see the application of the distribution in
real data by Peng, et al. (2009).

From the above discussion, it is easily checked these relations:

s =tmip +tiol1, 7m0 =too +tio —io, by = Lto1 = tio)bo + L[tor = tio + 1].

Let S = By + ... + B,. Then an immediate consequence of the above theorem is

noo/AN11

P(S=n+1—mng) = ZZ > plsino.bo b A), no=0,1,...n+1. (12)

bo=0 b,=0 s=1p1+110

This generalizes the binomial distribution under exchangeability and hence under
independence (binomial). The proof of (11) is a probabilistic one. An algebraic proof
is interesting and gives additional insight. Using the integral representation (1), we
have surprisingly found that we can prove the following stronger result:

Gni1(u,v|bg) =1, by=0,1, 0 <wu,v <1, (13)
where ¢, 1(u, v|by) equals

nO - ]- > ( nl - ]' >un005(1 _ u)sfllovnllfs(l _ U)S*lol.

S—l—f-].()() S—l—f-].ll

)IDINDS

1 n+1 noo/An11 (
bn=0no=io s=1lo1+110



The proof of (13) is given in the Appendix. The identity (13) certainly implies (11).
In addition, it is noteworthy to mention that (13) is an identity which generalizes the
binomial identity, i.e., when u + v = 1, it simplifies to the binomial identity

n+1
1
Z (’I’L + )UnOUn+1_nO — (’LL + U)n-i—l -1
no

np=0

Appendix: Technical Details

Proof of Theorem 2. We only have to show the sufficiency. It follows from
the case 6 (page 168) of the theorem in Haviland (1935) that an infinite sequence
{\(i,7)} is IRCM if and only if it can be represented as

)‘(iaj):/()/o e I dP(x,y), i,5=0,1,...

for a probability P on [0,00)2. An application of the result to {\(by,i,7) : 4,7 =
0,1,...} for by = 0,1 and substitution of the representations in (4) yields the desired
result. O

Proof of Theorem 3. We shall prove (13) for by = 0 and the case for by = 1
holds by symmetry. Let F,(u,v) = ¢u+1(u,v|bp = 0). Then (13) immediately follows
from the iterative formula:

Fo(u,v) =uF,_1(u,v) + (1 —u)F,_1(v,u), 0<u,v<1l, n=12 .. (14)

We shall prove this by mathematical induction. For n = 2k, we have

Fo(u,v) = émzl ( ) (2’; - ;”) WIS (1 = )k ()
. “’Z Qkim <m5_ 1) (21;: T) WIS (1 — B ems(]  g)e

m=k+1 s=0
k. m
2k —
+ Z (S B 1) < o 1%) Um_s(l o u)sv%—‘rl—m—s(l _ U)S_l
m=1 s=0
2k 2k+1-m
m—1\ (2k —m
+ Z Z (S B 1) ( .1 )um—s(l _ u)802k+1_m_8(1 _ U)s—l'
m=k+1 s=0

Keep in mind that we make use of the convention (T) = 0 if either ¢ > m, or m < 0



or i < 0 except () =1 when m =i € {0,—1}. For n = 2k + 1, we have

For1(u, v)

1s s—1
+ 2§ Qkim (ms_ 1) (Qk ;‘_1 I m) WIS (1 — ) SRS (] g)s
e
+ %ZH %im (7?__11) (% 1‘_1 I m) WS (1 — )Pt 2mes (] )l

m=k+2 s=0

k+1 m—1
-1\ /2k+1-
— <m ) ( + m) um—l—s(l o u)sv2k+2—m—s(1 _ U)s
S

By the identity (Z) = ("71) + (’; i) we have Foiq1(u,v) = Dy + Dy, where

D, =

D2:

s

2k+ 2k+2 m
2k+1 —
( ) ( + )um—l—s(l o u)sv2k+2—m—s(1 o U)S

s—1

e 2k+1—m _ 2k4+2—m— —1
m=s(1 _ ) m=s(1 _ )8
2(5_1)( - )u (1 —w) (1-v)

2k+1 2k+2—m

2k+1—

< ) ( + ) )um—s(l . u)sv2k+2—m—s(1 _ U)S_l
8 —_

k+1 m—1
-2\ (2k+1—
m + m umflfs(l . u)s,UQkJermfs(l o 'U)S
s—1 s—1
m=1 s=0
2k+1 2k4+2—m
-2\ [(2k+1—
m + m um—l—s(l . u)sv2k+2—m—s(1 o U)S
s—1 s—1
m=k+2 s=0
k+1

= —2\ [2k+1—
Z <m ) ( k+ m) um—s(l _ U)SU2k+2_m_S(1 _ ’U)S_l
s—2 s—1

2k+1 2k+2—m
—2\ [2k+1—
Z (m ) ( + m) um—s(l o u)sv2k+2—m—s(1 _ U)S_l.
g s — 2 s—1



By the change m — 1 — m of the variable, we have

D,

k. m
— 1\ [2k —
Z Z (m ) ( m) um—s(l . u)sv2k+1—m—s(1 . ?})S
s s—1
1ls
2k+1 2k+1-m

S LIl R
S i T

2k 2k+1-m
m—1\ (2k—m 1 et —rm— _
m 5(1 — s +1m31_ s—1
)OI D G [ G e (E e (R

k. m
m—1 2k —m m—s s —-m—s s
Dy = ZZ(S—l)(S—l)U (1 — u)sv** ! (1—v)
=0
2k 2k—m+1
m—1 2k —m m—s s, 2k+1—m—s s
+ Z 2_: (s—l)(s—l)u (1 —u)’v (1—wv)

m=1
2k 2k—m
m—1\ (2k—m\ , . < s
1 S B Gty | G PR R
m=k+1 s=0

Again by the change [ = 2k + 1 — m — m of the variable, we have

D,

_|_

2k+1 2k+1-1 1
Z Z ( ) ( 1) Ul_s(l . ,U)su2k+1—l—s(1 o U)S
I=k+1 s=0 a
k ! 1
l—s s, 2k+1—l—s s
1-— 1—
Sy (T (L))
=1 s=0
2k+1 2k+1-1

> > (S - 1) ( ; 1) P17 (1 — p)ruHlos(] gyt

I=k+1 s=0

= uFy(u,v).

Z lz_i <25k—_1l) (l ; 1) VT = o) (L = )T = (1= ) P (v, w).

=1 s=0

Thus the iterative formula (14) holds for odd n. Analogously, it holds for even n. O
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