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ABSTRACT. This paper defines and develops the concept of a prod-
uct dispersion over any finite number of dimensions. The concept
itself is nontrivial because products over several dimensions cannot
be constructed by an iterative binary operation. Yet the paper’s
most important contribution is to characterize product dispersions
by means of monomials. This result is derived through elementary
linear algebra, and can be used to characterize the consistency of
beliefs in extensive-form games (Streufert (2006a)).

1. INTRODUCTION

A dispersion is a system of relative probabilities over some underly-
ing set. Such a dispersion must satisfy a basic cancellation law that
resembles transitivity. If the underlying set is a Cartesian product, one
can also define a stronger concept known as producthood. A prod-
uct dispersion must satisfy not only the basic cancellation law, but
also a vast number of other cancellation laws which embody the notion
that cancellations can occur in the different dimensions independently.
(Essentially, the concept of producthood extends the concept of inde-
pendence from ordinary probabilities to relative probabilities.)

Theorem 5.1 is this paper’s central result. It shows that a table of
relative probabilities is a product iff it can be represented by a product
of monomial vectors.

It might be useful to frame this result with an analogy. Consider
consumer theory under the very restrictive assumption that the com-
modity space is finite. There we know that a binary relation is an
ordering iff it can be represented by a utility function. Analogously, a
table of relative probabilities is a dispersion iff it can be represented by
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2 STREUFERT

a vector of monomials (McLennan (1989b) as reformulated in Streufert
(2005, paragraph containing Note 4)).

Now continue this analogy when the underlying set is a Cartesian
product. In consumer theory, we know that an ordering is separable
across the dimensions of the Cartesian product iff it can be represented
by a sum of (sub)utility functions defined at each dimension (as in
Gorman (1968)). Analogously, Theorem 5.1 shows that a dispersion is
a product iff it can be represented by a product of monomial vectors
defined at each dimension.

Streufert (2006a) uses this theorem to characterize the consistency
of beliefs in extensive-form games. Further, Streufert (2006b) shows
that the absence of this theorem corresponds to a fallacy in the proofs
of Kreps and Wilson (1982).

Although it takes nine pages to prove this theorem, the argument is
surprisingly elementary. It draws on the insights of Scott (1964) and
Krantz, Luce, Suppes, and Tversky (1971) and uses nothing more than
basic linear algebra (the first paragraphs in Subsections 5.3 and 5.4
provide further details).

Although Theorem 5.1 is this paper’s main contribution, a number
of subsidiary results are also provided.

Section 2 develops an alternative formulation of producthood that
allows one to use reciprocals. Section 3 shows that producthood coin-
cides with dispersionhood when the underlying set is taken to be one-
dimensional. Section 4 discusses the nontrivial relationship between a
product and its marginals. And finally, Appendix A exhibits an ex-
ample which demonstrates that three-dimensional products cannot be
constructed by iteratively applying the two-dimensional concept.

All of the above employs nothing more than basic linear algebra.
Section 6 mixes in a little topology. It shows that the set of products
is compact (Theorem 6.1) and that it coincides with the closure of the
set of positive products (Remark 6.3). Remark 6.3 is equivalent to
a reformulation of a theorem in Kohlberg and Reny (1997) (and this
result appears to be this paper’s closest predecessor).

2. ProDUCTS

2.1.  DEFINITION

This section formally defines producthood over several dimensions.
For introductory examples and intuition in a two-dimensional setting,
see Streufert (2005, Sections 2 and 3).
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Let (X;){_, be a nonempty finite vector of nonempty finite sets (it
is convenient but not logically necessary to make these ¢ sets disjoint).
Then construct the Cartesian product X = IIf_; X; containing vectors
x = (x;)f_,. For example, if X; = {A, B,C} and X, = {a,b}, then
one of the six vectors in X = X;xX, = {A, B,C}x{a,b} would be
xr = r129 = Cb (the notation = = (x1,z2) = (C,b) is too clumsy).

Then let a table over X be a [g,/.] € [0,00]%" which lists a relative
probability ¢,/,» € [0,00] for every pair of elements 2 and 2’ from X.
For example, suppose X; = {A, B,C} and X5 = {a,b}. Then the table
G/2] would contain 36 = | X|? scalars, the scalar gy 4, would give the
probability of Cb relative to Aa, and the value qcp/4, = 00 would mean
that Cb is infinitely more likely than Aa.

This paragraph uses an example to introduce the concept of a cancel-
lation law. Imagine encountering the following product of three relative
probabilities

qch/Ab X qAa/Cb ¥ 4Bb/Ba -

It would seem natural to cancel out the B in the “numerator” of the
third term with the B in the “denominator” of that same term to arrive
at

dcb/Ab X Aa/Cb X qBb/Ba

then to cancel out a pair of A’s and a pair of C’s to arrive at

Agb) Ab X4 Aa)/Zb X qBb)Ba

and finally to cancel out a pair of a’s and two pairs of b’s to reach the
conclusion that

qcb)/Ab X qAa/Cb X qBb/Ba = 1

However, relative probabilities can take on values of 0 and oo, and this
can lead to cases in which our product of three terms is undefined.
Accordingly, the formal definition of producthood below will impose
the cancellation law

(1) 1 € ©(qen/ab, Qaa/chs 4Bb/Ba)

in which the set ©(qcb/ap, Qaa/cb, 4Bb/Ba) is either [0,00] (in the case
that one of {qcw/ab, Qaa/cv, 4By/Ba} 15 0 and another is co) or the sin-
gleton containing the ordinary product gcp/apXqaa/cbxqBy/Ba (in all
other cases). Hence (1) imposes a restriction exactly when the ordi-
nary product is well-defined.
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To formulate such a cancellation law rigorously, we must first define
exactly what the symbol ® means. It is a set-valued function which
assigns a subset of [0, 00] to every finite vector (u?)}2; € [0, 00]"*™ of
scalars u/ from [0, oo]. It is defined by the rule

O@)n, = [0,00] if (Fj)u!=0 and (37)u/=0c0
U )j=0 = {HT: Ouj} otherwise

when (u/)7 Lo is nonempty, and by the rule that the empty vector is
mapped to {1} (for example, ©(u/))_, = {1}).

Here are two tangential remarks about ®. First, the argument of
® is a vector and not a set. If it were a set, ® would need to as-
sume the same value at {3} as at {3,3} and we do mean to say that

®(3) = {3} and ©(3,3) = {9}. Second, the notation ®7"u’ is not used
because it suggests that there is a binary relation ® Wthh could de-
rive ©(3,00,0) as 3©(co®0). This cannot be done because 3 (00®0)
reduces to 3|0, oo], which is an ill-defined “product” of a scalar with
a set.

Formally, a cancellation law is a statement of the form

(2) (V(@")}2o) 1 € O(a,0, Jai)i=0

where m is a nonnegative scalar, where o = (0;)!_, is a vector listing in
each dimension ¢ a permutation o; of the set {0,1,2,...m}, and where
each vector %7 € X is defined by

$U’j _ (xcln(j)’ $t272(j)’ o xgn(j)) )
The integer m is called the order of the cancellation law, and, an
application of the law at a particular (z7)7", is called an instance of
the law.

For example, (1) is the instance x°=Ab, x'=Cb, x*=Ba of the second-
order cancellation law

(3) (V:z; xt , T ) 1e @{qx1x1/$9x(2),qm x2/:c 332 14,2 xz/xlxz}

This law has the form (2) when the permutation vector o = (01, 09)
defined by 01(0) = 1, 01(1) = 0, 01(2) = 2 and 02(0) = 1, 09(1) = 2,
09(2) = 0. To make these two observations about the cancellation law
(3), keep your eyes on its superscripts and note that its denominators
are fixed.

Before proceeding further, notice that the cancellations in the exam-
ple are occurring independently in the two dimensions. One can see
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this in both (1) and (3). This independent cancellation is the heart of
the definition of producthood.
A product over (X;)¢_, is an element of the set A(X;){_, defined by

(4) { 6571 € 10,0017 |

(¥m) (Vo) (V(27)}Lo) 1 € O(gp05 /)70 }

That is, a product is a table [g,/,/] over the Cartesian product X =
I;X; that satisfies every instance (as specified by (27)7,) of every
cancellation law (as specified by o) of every order m > 0.

There are ((1+m)!)* cancellation laws of order m because there are
(14+m)! permutations in each of the ¢ dimensions. Further, there are
(TTE_, | X; )1 +™ instances of each cancellation law because there are
I15_, | X;| vectors in X. These numbers increase astronomically with
the dimension £, the order m, and the sizes (| X;|){_; of the underlying
sets.

2.2. AN ALTERNATIVE FORMULATION

Remark 2.1 gives an alternative formulation of producthood. Among
other things, this result implies that the /-dimensional concept of pro-
ducthood defined in this paper is an extension of the two-dimensional
concept of producthood defined in Streufert (2005) (equation (21) there
coincides with (5) here when ¢ = 2). Further, that paper’s Note 2
explains that producthood is similar and equivalent to the acyclicity
appearing Kohlberg and Reny (1997, Theorem 2.10), and addition-
ally, that producthood is dissimilar but nonetheless equivalent to fur-
ther concepts in McLennan (1989b), Blume, Brandenburger, and Dekel
(1991), Hammond (1994), and Kohlberg and Reny (1997).

REMARK 2.1. The set A(X;)‘_, of products over (X;)t_, is equal to
2
(5) { gy 0] € 10,00 |
(Vm) (Vo) (V(@')720) 440 /o0 € Odyors )i I -
The remainder of this subsection proves Remark 2.1 with the assis-

tance of the following lemma.

LEMMA 2.2. For any (v?)7-y € [0, 00]'™™, we have that 1 € ©(u/),
iff 1/u® € o).

Proof. It m = 0, the two inclusions become 1 € {u°} and 1/u° € {1},
which are equivalent.
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If m > 1, there are twelve cases defined by

&), =[0, 00) T T T
o)1 ={oc} T F F
(Fve(0,00)) O )i ={v} | F & F
o), ={0} F F T

u=0 u’€(0,00) u’=o00

In five cases I will show that both inclusions are true, in six cases I will
show that both inclusions are false, and in the remaining case I will
show that the two inclusions are equivalent by another route.

First consider the top three cases. There, ®(u/)", is [0, 00], thus

m
Jj=1

O(u), is also [0, 00], and thus, both inclusions vacuously hold.

Then consider those three of the remaining nine cases in which
u’ = 0. In the case ®(uw/); = {oo}, the left inclusion is true be-
cause ©(u’ )ity = [0,00] and the right inclusion is also true because
1/u’ = oo. In the case (Fve(0,00)) O(u!)2, = {v} and also in the
case O(u’)7; = {0}, the left inclusion is false since ®(u?)7, = {0}
and the right inclusion is also false since 1/u° = oco.

Next consider those three of the remaining six cases in which u® €
(0,00). In the case ®(v/)J; = {oo}, the left inclusion fails since
O(u)y = {oo} and the right inclusion also fails since 1/u’ € (0, 00).
In the case (Fve(0,00)) ©(w)7, = {v}, the left inclusion is equiv-
alent to 1 = II7"ju/ which is equivalent to 1/u® = II'X u/ which is
equivalent to the right inclusion. In the case ®(u?)}2, = {0}, the left
inclusion fails because ®(v/)7-, = {0} and the right inclusion fails
because 1/u’ € (0, 00).

Finally consider the remaining three cases. Here u” = oo. In the case
O(w)7-; = {oo} and also in the case (Fve(0,00)) O(w’)7-; = {v}, the
left inclusion is false since ®(u’)7, = {oo} and the right inclusion is
also false since 1/u® = 0. In the case ®(u?)7-; = {0}, the left inclusion
is true because ®(u/)7-, = [0,00] and the right inclusion is also true

since 1/u® = 0. 0

0

Proof of Remark 2.1. (4) C (5). Suppose that [g,/,/] is an element
of (4). A first-order cancellation law is (Vz,2’) 1 € ©®{¢s/s’, ¢/2}, and
thus it must be the case that (Va,2’) ¢y/p = 1/¢u /.. Hence [gy),] is
an element of (5) by Lemma 2.2.

(4) 2 (5). Suppose that [¢,/,/] is an element of the set (5). The zero-
order cancellation law is (V) ¢,/» € {1} and a second-order cancella-
tion law is (V, %) ¢u/0 € ©{qu/ar, @w /o }- By using the first inclusion to
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replace the ¢, /, in the second, one finds that (Vz,2') 1 € ©{qu/a, @o/a }
and thus, that (Vz,2') ¢/» = 1/¢u/.. Hence [gy/,] is an element of
(4) by Lemma 2.2. O

3. DISPERSIONS

3.1.  DEFINITION
Consider any finite set Z. Streufert (2005, page 9) defines a disper-
sion over Z to be a table [q././] that satisfies unit diagonality

and the basic cancellation law

(7) (VZ,Z/,ZH) qz/2r c @(qz/zl,qz//zu) .

It is easy to show that every dispersion satisfies reciprocity

(8) (\V/Z, Z/) qz/z = 1/Qz’/z

(unit diagonality and the basic cancellation law at (z, 2/, 2") = (z, 2/, 2)
imply that (Vz,2) 1 = ¢.;. € ©(q./>,¢>/-), and thus, it must be the
case that either ¢,,./q.,/. = 1 for some positive finite numbers ¢.,.» and
¢z /=, or that one of ¢./. and ¢.//, is zero and the other is infinity).

Note 1 of that Streufert (2005) explains that a dispersion here is
similar and equivalent to a matrix of log-likelihoods in McLennan
(1989b), a conditional probability system in Myerson (1986), and a
random variable defined on a relatively probability space in Kohlberg
and Reny (1997). The same note also explains how dispersionhood is
dissimilar but nonetheless equivalent to concepts in McLennan (1989a),
Blume, Brandenburger, and Dekel (1991), Monderer, Samet, and Shap-
ley (1992), Hammond (1994), and Vieille (1996).

3.2.  DISPERSIONHOOD IS ONE-DIMENSIONAL PRODUCTHOOD

Note that Section 2’s definition of producthood can be applied to
one set (i.e., to a one-dimensional vector of sets). Accordingly, the set
A(Z) of “products” over some set Z is

(9) { [qZ/Z/] S [0,00
(V) (¥) (V) 0) 1€ Ol )0 }

where 7 is a permutation of {0,1,...m}. In particular, (9) is the defi-
nition (4) of producthood evaluated at ¢ =1, X; = Z, and 01 = 7.

17|
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Remark 3.1 shows that A(Z) equals the set of dispersions over Z.
Accordingly, one-dimensional producthood is equivalent to dispersion-
hood (and hence A(Z) can be used to denote the set of all dispersions
over 7).

REMARK 3.1. For any set Z, A(Z) is the set of dispersions over Z.

Proof. Necessity of Dispersionhood. By Remark 2.1, the set (9) is
equal to

(10) (a1 € 0,007 |
(Vm)(VT)(V(zj)T:O) QZO/ZT(O) S G(er(j)/zj)?ll }

Since the only permutation of {0} is the identity map, (10)’s cancella-
tion law at m = 0 is

(vzo) q20/20 € {1}7

which is equivalent to unit diagonality (6). Further, (10)’s cancellation
law at m = 2 and the permutation 7(0) =2, 7(1) =0, 7(2) = 1 is

(vzoazlazz) q:0 /2 € Q(on/z17Qz1/z2) )

which is the basic cancellation law (7).

Sufficiency of Dispersionhood. Suppose that [g./.] is a dispersion.
Then fix any m > 0, any permutation 7 of {0, 1,...m}, and any (7).
Our task is to derive (9)’s cancellation law, namely, 1 € ©(q,-0) /.5)jo-
Since this holds trivially if (37) ¢.-¢)/,; = 0 and (3j) ¢,y = 0,
we may assume without loss of generality that either every element of
(@27 /23)1L 1s finite or every element is positive.

First suppose that every element of (q,-i,.s)L is finite. This and
the next two paragraphs will show that for all £ € {0,1,...m}, there
exists a permutation 7% of {0, 1, ... k} such that

m k
(11b) every element of (qZTk(j) /Zj);?:() is finite.

This task will be accomplished by induction on k. The initial step at
k = m holds by defining 7 = 7: (11a) is then trivial and (11b) holds
by the assumption beginning this paragraph. Now suppose there is a
7% satisfying (11) at some k € {1,2,...m}. The next two paragraphs
derive a 771 satisfying (11) at k—1. Two cases arise.

On the one hand, it might be that 7%(k) = k. In this case, let 7571
be the restriction of 7% to {0,1,...k—1}. Then (11b) at k—1 follows
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from (11b) at k. Further (11a) at k—1 holds by

20,7 /29
—1 H;?:oqzr’“(j) /29
=2 (H?;éqzrk(j)/zj)qurk(k)/zk
=3 (H?;équkfl(j)/zj) Xk ) 2
=4 Hﬁ;équ’“‘l(j)/zj ,

where =; holds by the (11a) at k, =3 holds by the definition of 75!
and the case definition 7%(k) = k, and =4 holds by the unit diagonality
(6) of the dispersion [g../].

On the other hand, it might be that 7%(k) # k. In this case, let
kO = (7%)71(k), and note that k° # k because 7 is a permutation and
(k) # k. Then define 7"~! at k° to be 7%(k), and define 7*~1 over
the remainder of {0, 1, ... k—1} to coincide with 7%. Casually speaking,
7F=1 is defined so as to “bridge” over k by mapping k’s “predecessor”
k% to k’s “successor” 7F(k). We begin with two observations about the
probability of k’s successor relative to k’s predecessor:

(12&) qZTk_l(kO)/ZkO

=1 qZTk(k)/ZkO

=2 qzrk(k)/zk- X qzk/zko )
(12b) and qZkal(kO)/sz is finite,
where the =; holds by the definition of 771 and both =, and (12b)
hold by the basic cancellation law (7) of the dispersion [g.,./] and by
the fact that the two factors after = are finite by (11b) at k. Then

(11b) at k—1 holds by (12b), by (11b) at k, and by the definition of
78~ Further (11a) holds at k—1 by

. k
=1 j—oq_rx(j) /29
=2 (Wje 1 ke kb Oyrh) ) X Dyt p ok X L 0

=3 (Hje{O,l,...k}m{k,ko}qzrk(j)/zj) X qukfl(ko)/zko
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— k—1
=5 HJ:OqZTk_l(J)/Z] y

where =1 holds by (11a) at k, =5 holds by the definition of £°, =3 holds
by (12a), and =, holds by the definition of 771,

Thus, we may conclude that there is a permutation 7° of {0} such
that (11a) holds at & = 0. In other words, there is some 7° such that

m o 0
Hj:quT(j)/Zj = Hj:quTO(O)/ZO .

Therefore, since the only permutation of {0} is the identity map and
since [g././] has a unit diagonal (6) by dispersionhood,

F0d,76) )0 = 4,0/,0 =1

Recall the two cases laid out in the second paragraph of the proof.
The first assumed that every element of (q,-¢)/.)j=y was finite. Now
assume that every element of (q,-¢),.;)7%, is positive. Here

CD(qz”(j)/zj );n:O
=1 HTzoqu(j)/zj
_ m —1
=2 [Hj:()qzj/ZT(j)]
=3 [l_lz-nzoqu—l(j)/zj]71
—4 [1]_1 =1 )

where =; follows from the positivity of every g,-;).;, =2 follows from
reciprocity (8), =3 holds because multiplication is commutative, and
=, follows from the previous case since every q_,-1(; Joi 18 finite because
eVvery ¢.-(;) . 1S positive. O

3.3.  EVERY PRODUCT IS A DISPERSION

Now consider a vector of sets (X;){_,. By (4) in Section 2, the
symbol A(X;){_, denotes the set of products over (X;){_;. By (9) in
this section, the symbol A(IT{_, X;) denotes the set of dispersions over
IT{_, X;. These two sets are comparable because both the products and
the dispersions are tables over I1_; X;. Remark 3.2 shows that every
product is a dispersion (and thus the terms “product” and “product

dispersion” are synonymous).
REMARK 3.2. A(X;){_, is a subset of ATI¢_, X;).
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Proof. As in (4), let X = II{_,, let x denote a vector in X, and let
o denote a vector of ¢ permutations. Also, as in (9), let 7 denote one
permutation. Then

A(Xi)izy
=1 { [go/2'] | (YM)(¥0)(V(27)]2g) 1 € ©(Gursjai)jo }
Co { [guyw] | (Ym) (Vo) 01 = 09 = - - - = 0y implies

(v(xj);nzo) le Q(Qx"vj/mj);nzo }
=3 { [qa/o] | (V) (VT)(V(27)}20) 1 € O(¢uras)j20 }
—4 A(Hf=1Xi) )
where = is (4), =3 follows from setting 7 = oy, and =4 is (9). O

Further, Remark 3.2’s inclusion is typically strict because Cq typi-
cally holds only one way. In other words, dispersions are typically not
products because products satisfy the cancellation law for all permuta-
tion vectors o = (04,09, ... 0y), while dispersions need only satisfy the
cancellation law for permutation vectors in which o1 = g9 = -+ = oy.
Essentially, the definition of dispersionhood over IT‘_, X; treats the el-
ements of I1%_, X; as if they were one-dimensional.

In accord with the preceding paragraph, there are instances in which
A(ITE_, X)) ~A(X;)_, is nonempty. In other words, there are disper-
sions over Cartesian products which fail to be products. One such
example is discussed in Streufert (2003, next-to-last paragraph of Sec-
tion 3.2): it has ¢ = 2 and | X;| = | X3| = 3 and reformulates Kohlberg
and Reny (1997, Figure 1). A second such example appears in the proof
of this paper’s Remark A.1(b): it has £ = 3 and | X, | = | Xs| = | X35]| = 2,
it is a dispersion over II3_, X; because it is a product over (X1, Xox X3),
and yet, it is not a product over (X, Xs, X3). I am not aware of any
simpler examples.

4. M ARGINALS

The marginals of a product [g,/,s] over (X;){_, are the ¢ dispersions
([@:/a:])f=1 which satisfy

Note that marginals are defined to be dispersions, and consequently,
each marginal must itself satisfy unit diagonality (6) and the basic
cancellation law (7) (hence “marginal” and “marginal dispersion” are
synonymous).
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REMARK 4.1. Every product |q,/,/] over (X;)i_; has a unique vector
of marginals ([qs, /m;])le- Further, for any dimension i, the marginal
(G, 2] €quals [quiar ,jorer ] for any %, € 14X

Proof. Take any product [g,/./] over (X;)i_;.

First we show that [g,/,/| has at least one vector of marginals. Choose
some z° and define each [gy,/./] to be [qr20 jarze,]. Then (13) holds
because

(VCL‘,JZ’) Qu/ar €1 ®<Qwimii/x§azii)f:1 —2 ®<qﬂci/m§>le J

where € is an fth-order cancellation law (this can be verified by can-
celing terms) and =, holds by the definition of ([gy, /. ,])i_;. Further,
note that any restriction of a dispersion to a smaller domain is neces-
sarily a dispersion in its own right (this holds because the satisfaction
of (6) and (7) on the original domain implies their satisfaction on the
smaller domain). Thus, each [g,, /7] is a dispersion because it is defined
to be a restriction of the (product) dispersion [g,/./].
Second, suppose that ([¢,,/7])i—; is a vector of marginals. Thus

(14) (Vi) (Yoi, 73, 7%)  ugar jater
€1 OGay/ats (doy /a3 ) i)
=9 O(qu;/fa;s 1, 1,... 1)
=3 {qmi/z;} .

where €; holds by (13) and =5 holds by the unit diagonality of every
marginal. Thus each marginal [qy, /] must equal [g,, .+ /0 | for any
value of x* . O

Finally, start anew with a nonempty finite vector (X;)_, of nonempty
finite sets, and a vector of dispersions ([qy,/21])i—, over those sets. As
might well be expected, we define a product of a vector of disper-

sions ([¢u,/a1])i—; to be a product over (X;)i_, whose marginals are

([qw/acg])le-

However, keep in mind that the marginals of a product are unique
(by Remark 4.1) but that the product of ¢ dispersions might not be
unique (as illustrated by Section 4.6 of Streufert (2005)). This can be
surprisingly tricky to digest because ordinary probability distributions
are fundamentally different: there the ¢ marginals of a product distri-
bution are unique, and the product of ¢ distributions is unique. Thus,
a product distribution over ¢ variables is equivalent to its ¢ marginal
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distributions. Unfortunately, we don’t have that luxury here: marginal
dispersions are ambiguous.

5. REPRESENTATION BY MONOMIAL VECTORS

5.1. THEOREM
In mathematics, a “monomial in the variable z” is an expression of
the form cx®, where the coefficient c¢ is a real number and the exponent
e is a nonnegative integer. Here a monomial will refer to any expression
of the form cn®, where ¢ is a positive real number and e is an integer.
Consider a set Z. A vector [c,n] of monomials over Z is said to
represent a table [q././] over Z if

oo ife, > ey
(15) (VZ, Z/) Qz/z = Cz/cz’ if €, = €y
0 if e, < e,

Streufert (2005, note 4) slightly modifies McLennan (1989b, page 147)
to show that a table over Z can be represented by a monomial vec-
tor [c,n®] iff it is a dispersion. Analogously, Streufert (2005, Theo-
rem 4.1) demonstrates that a table over X xY can be represented by
some [c;n® -c,n®] iff it is a product over (X, Y'). The following theorem
extends this two-dimensional result to ¢ dimensions.

THEOREM 5.1. Let [qy/,] be a table over II_ X;. Then (a) [qu/o] is
represented by some [I1:_ c,,n®] iff (b) [qz/er] is a product over (X;)¢_,.
Eurther, the marginals of the product represented by [II_,c,.n] are

represented by ([cp,n])i_;.

Proof. (a) implies (b) by Proof 5.2 (in the next subsection). The
converse holds by Proof 5.5 (this is the hard part: its derivation fills

Subsections 5.3, 5.4, and 5.5). Finally, the theorem’s second sentence
holds by Proof 5.6 (in Subsection 5.6). O

Note that
(V) T eppnei = (T ey, )nEimaes) |

and thus by definition (15), statement (a) in Theorem 5.1 is equivalent
to the existence of ([c,,])%, and ([e,,])!_; such that

00 if 3 eq, > i e
(16) (Va,2") Qu/z' = ( i= 1Cxl)/( i=1Ca! ;) if Zf:ﬁxi = Zf:ﬁ:c;
0 if ¥ e, < Zleex;
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Appendix B notes that Theorem 5.1 is stronger than an analogous
result with real as opposed to integer exponents.

5.2.  PROOF OF THEOREM 5.1(a=b)

PROOF 5.2. Suppose [q,/,/] satisfies (a), which by the observation at
(16) is equivalent to the existence of ([c,,])f_; and ([e,,])%; such that

00 if ¥ e, > Eleex;
(17) (Vz,2) Qz/a’ = (Hf=1cmi)/(nf:16mg) if Zf:1€mi = Eleex;

Our task is to show (b), which by definition (4) is equivalent to
(18) (Ym) (Vo) (V(27)]2g) 1 € O(dgosfar )T -
Accordingly, take any m, o, and (27 )iLo- Note that

(Vi) (Var) |l =i }

= |{j | a7V=, }]
J

= [{ J | 2=z },

where =; holds by the definition of 277 and =, holds by the fact that
o; is a permutation. This observation yields

(Vi) 7L e 00 = HLgc,s and

i

(VZ) Z;n:Oex;'f,j = 2‘7;00:83 ;
which in turn yields
(19a) H;-nzonlequ,j = H;-”ZOHf:lcxj and
(19b) zgozleexg,j = E;”:()Ef:lewg :

First suppose that there is a term j such that X{_je o; > B¢_je ;.
Then (19b) implies there is another term j’ such that Y€ o <
Zleexj_-/. Hence by (17), G4/ = 00 and Gyoi’ jzit = 0. Thus: (18)
holds \zfacuously.

Second suppose that there is a term j such that X¢_ e .., < Xf_ e ;.
Then, by an argument symmetric to that of the previoﬁs paragrapfl,
(18) holds vacuously.

Finally, suppose that every term j satisfies Zleemq,j — Zleexg;. Then
by (17), we have l Z

(20) (VJ) Qroijxi = (Hlecx?’j)/(nlecxﬂ') .
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Hence (18) holds by

O( Gooifai )jmo
=1 O( (Hle%j’j)/(nle%g) );n:o
=3 { H;'nzo (Hf:1%j»ﬂ')/(nf:1%g) }
=3 { (H?lzonlecmjvi)/(HT=0H521%{) }
=4 {1},
where =; holds by (20), =5 holds by the definition of ® and the fact

that every coefficient ¢ is a positive real, =3 holds by algebra, and =,
holds by (19a). 0

5.3. AN OUTSIDE RESULT

This and the next two subsections derive Theorem 5.1(b=>a). These
three subsections are the heart of the paper.

This subsection’s Lemma 5.3 is used to derive exponents in the next
subsection. It concerns linear algebra. In particular, it states that
there is a solution to the system of linear inequalities and equalities
in (21) precisely when the rows used to define those inequalities and
equalities are “independent” in the sense of (22). This is analogous
to the high-school-level result which states that there is a solution to
Ax = b if the rows of A are independent in the usual sense.

The lemma is a very minor variation on Krantz, Luce, Suppes, and
Tversky (1971, Theorem 2.7). Since their proof depends only on high-
school-level results for systems of linear equalities, and since the proof
of Theorem 5.1 will depend only on their result, it is reasonable to say
that the mathematics underneath Theorem 5.1 is elementary.

LEMMA 5.3. For any matrices P € QPF and A € Q, the following
are equivalent.
(21) (FweZF) Pw >0 and Aw = 0.
(22) Not (3r€Zb~{0})(3a€Z”) 7" P+ a” A =0.

(Q denotes the set of rationals, Z denotes the set of integers, and Pw >
0 means that every element of the vector Pw is positive.)

Proof. Take any such P and A. The equivalence of (21) and (22) is
equivalent to satisfying exactly one of the following.

(23) (FweZF) Pw > 0 and Aw = 0.
(24) (3reZl ~{0})(FacZ*) 7' P+’ A =0.
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Krantz, Luce, Suppes, and Tversky (1971, Theorem 2.7 on page 62
and the first two sentences on page 63) yields that exactly one of the
following must hold.

(25) (FweQ*) Pw >0 and Aw =0 .
(26) (IreQ)~{0})(FacQ*) 7" P+a’A=0and 71 =1.

This follows from their result by replacing their m’ with p, their m”
with a,

aq 51
their | @ | with P, their | ™ | with —A |
(07°%% ﬁm”

their  with w, their A with 7, and their p with a.

As discussed informally by Krantz, Luce, Suppes, and Tversky (1971,
page 63, sentences 3 through 6), (24) is equivalent to (26): (24) is im-
plied by (26) by multiplying 7 and « by the product of all the denom-
inators in these two vectors of rational numbers, and conversely, (24)
implies (26) by dividing both 7 and « by 7-1. Similarly, (23) is equiv-
alent to (25): (23) is implied by (25) by multiplying w by the product
of all its denominators, and the converse is trivial since Z C Q. O

5.4. THE DERIVATION OF EXPONENTS ([e,,])!_;

Take any product [¢,//]. Then let > be the ordering defined by
x = ' iff ¢,/ = 0o. The well-definition of = follows from the fact
that any product is a dispersion (by Remark 3.2) and from the fact
that a dispersion over X is equivalent to [1] the ordering > and [2] a
full-support probability distribution within each equivalence class of >
(by McLennan (1989b, page 147) as reformulated by Streufert (2005,
sentence containing note 4).

The following lemma uses the cancellation laws in the definition of
producthood to derive an additive representation for the ordering >.
Although the lemma’s proof relies on Lemma 5.3 alone, the idea of using
cancellation laws to derive an additive representation for an ordering
is due to Scott (1964). Further, Krantz, Luce, Suppes, and Tversky
(1971, Subsection 9.2) place Scott’s insight within a broader context.

LEMMA 5.4. Suppose [q,/.r] is a product over (X;)i_,. Then there
eist integers ([eq,])i—, such that (Vo,2') x = o' iff Bi_je., > S ey
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Proof. We begin with three simple observations about >. First, as
with any dispersion, reciprocity (8) yields that the ordering > satisfies

Qujz = 00 iff z = 2’
Qz/w € (0,00) iff z ~ 2
G/ =0 iff z < 2

for any = and z’. Second, the set ~ is nonempty since it must contain
all /2" for which x = 2/. And third, we may assume that the set >
is nonempty, for if > were empty, this lemma’s conclusion could be
immediately derived by setting ([e,,])¢_; to zero.

Notation. The following five paragraphs will construct a large matrix
equation. The notation is daunting.

To begin, note that for any x, we can define the giant row vector
1, € {0,1}Vi=1%i in the following fashion: first fix = @,@s... 7,, sec-
ond construct the unit row vector 1,, € {0,1}* in each dimension 4,
and third concatenate these row vectors across the ¢ dimensions to ar-
rive at the giant row vector 1, = 1,,1,,... 1., € {0, 1}U521X1‘. For exam-
ple, if X; ={F,G,H} and Xy = {f, g}, then 1y =1ply; =[100 1 0]
because 1p =[1 0 0] and 1; = [1 0].

We will now construct a matrix P whose rows are indexed by the
elements of > and whose columns are indexed by the elements of
UleXZ-. This matrix P is defined by stating that the row indexed
by x/x’ € = is 1,—1, € {O,I}Ufﬂxi. For example, if F'f/Fg € »
then the row of P indexed by Ff/Fg equals 1p;—1p,, which equals
[10010]—[1000 1], which works out to [0 0 0 1 —1].

Similarly, we will construct a matrix A whose rows are indexed by
the elements of ~. This matrix A is defined by stating that the row
indexed by x/2’ € ~ is 1,—1, € {0, l}Ulexi. For example, if Flg/Fg
is an element of &~ (which must be the case), then the row of A indexed
by Fg/Fg equals [0 00 0 0].

Now consider multiplying each row of P by a nonnegative integer and
then adding up all these multiplied rows. That is, consider 7 € Z7 and
7T P € ZMi=:Xi (here n7 denotes the transpose of the column vector 7).
To make sure you're with me, 7,y = 14 means implicitly that z/z’ is
an element of > (else there is would be no row of P indexed by x/x’)

and means explicitly that the sum 77 P includes 14 copies of the row
of P indexed by x/x’.
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Similarly, consider multiplying each row of A by an integer and
then adding up all its multiplied rows. That is, consider a € Z~ and
aTA € ZUi=1%i. Note that the multipliers in o can be negative (in
contrast to the multipliers in w, which cannot be negative).

Apply Producthood. This and the next four paragraphs will use the
producthood of [g,/,/] to show that the rows of P and A are “indepen-
dent” in the sense of (22). In particular, it will be shown that there
cannot be a m € Z7~{0} and an o € Z¥ such that 77 P + oTA = 0.
In order to prove this by contradiction, suppose there were such a w
and .

To address the unfortunate fact that o might contain negative ele-
ments, define the vector & € Z7 by

/I / ] / > /
(28) &m/x’ _ Oy g — O/ /g lf Oy /a = Oyl /g .
0 if e < Qi)

We will see that
(29) aTA - Ex/x’Ezam/x’(lx_lx’)

= Ea:/:c’e(:)@a:/:c’(lx_lz’) + Ex/x’e(%wz)ax/x’<1x_1x’>

= Ew/x’e(:)&x/x’(lx_lx’> + Zx/m’e(zrv:)&m/m’(lx_lx’)

- Ew/m’E%&x/x’ (1:13_1:73’)

= a'A.
Consider the third equality (the others are obvious). Here the first sum
is zero regardless of the multipliers because x = 2’ yields that 1,—1,
is the zero vector. Further, the indices in the second sum come in pairs

because = is an equivalence relation, and the sum over any such pair
is

where =3 holds by definition (28). Hence a’A = 4T A, and conse-
quently, 77 P + 4T A = 0. The next three paragraphs will argue that
this equality leads to a contradiction.
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We now construct an indexed set of elements from > and ~. This
indexed set will be denoted {z*/2/*}7 1% (here -1 is the dot product
yielding the sum of all the multipliers for elements of > and &-1 is the
sum of all the multipliers for elements of ~). Construct this indexed
set so that each element x /2’ of > appears m,/,» times in the first 7-1
elements of the set, and so that each element x/2" of = appears Ay,
times in the remaining &-1 elements of the set.

This paragraph’s conclusion will contradict the next paragraph’s con-
clusion. Note that for each k € {1,2,...7-1}, we have that 2% /2/* € =~
and hence that g/, = oo. Further, there must be at least one such i
because m # 0 by assumption (in the first paragraph under “Applying
Producthood”). Similarly, for each k € {7141, 7142, ... m-1+a-1},
we have that 2¥/2"* € ~ and hence that g/ € (0,00). Hence, it
must be the case that OF 1" que m = {00}

On the other hand, there might be some potential for cancellation
within the expression ©f ] Lraly o In fact, there’s a lot of it. The
construction of the mdexed set {zF/z*}7 1 a1 two paragraphs ago
yields that

Sl —1) =7 P+a"A .
Hence, the equality 77 P + &T A = 0 is equivalent to
(30) Egzlf&l(lxk_lx’k> =0.

This is a row-vector equation in || J,_,X;| dimensions, and each of its
columns corresponds to some z; in some dimension 7. Hence, the equa-
tion is equivalent to

(VZ)(VQ?Z) Eﬁ 1+a ! l(mz ) - 1( /k) =0 )

’L

where 1(-) is the indicator function assuming a value of 1 if its argument
is true and 0 if its argument is false. Consider any ¢ and x;. The term
1(z;=2¥) is 1 precisely when z; appears in the numerator of 2% /2%, and
the term 1(z;=x/%) is 1 precisely when x; appears in the denominator of

2% /2. Accordingly, the above equation holds at z; precisely when x;
appears in the numerators of {z* /a2’ k}” Lrel a5 often as it appears in the
denominators of {z*/z*}7 11 Since thls holds for all x;, there must
be a permutation o; such that (Vk) zf = (2 )‘-”(k). Further, since this

(2

holds for all i, there exists a permutation vector o such that (Vk) 2% =
(x")7k. This equality and producthood yield

(31) @71- 4o 1qu/m/k = Q;gr.zlj_d.lqw’)"’k/x’k > 1.
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This contradicts the conclusion of the previous paragraph.

Applying Lemma 5.3. Now consider Lemma 5.3 applied at this P
and A (note that its p is |>~|, its a is |~|, and its &k is |J,_, Xi|).
The preceding five paragraphs have shown that the rows of P and A
are “independent” in the sense of (22). Hence Lemma 5.3 yields the
existence of some w € ZUi=1Xil guch that Pw > 0 and Aw = 0. Define
the exponents ([e,,])¢_; by setting

[6061][6962]"' [ewe] =w,

where [e,][€s,]..- [€x,] is the giant column vector obtained by concate-
nating the vectors in ([es,])!_;.

If z”7 = 2/, then the vector inequality Pw > 0 at the row indexed by
x" [x' € + is equivalent to

(Ler—1u)([ex )[€x,] - [€2,]) >0,

which is equivalent to Eleem;/ > Eleex;. Similarly, if ” = 2/, then the
vector equality Aw = 0 at the row indexed by z”/z" € & is equivalent
to

(Lor—1u)([exy )[€xs ] [€2,]) = 0,

which is equivalent to Eleex;/ = Zleex;. In summary, x” = 2’ implies
Ni_jeqr > i ey, and o ~ 2’ implies X{_ e,r = Xi_ e,

These two facts directly yield that = > 2’ implies Xj_,e,, > 3i_ ey
Conversely, not x > 2’ implies < 2’ by the completeness of >, which
implies ¥¢_ e, < Eleemg by the first of the last paragraph’s facts,
which implies not $¢_ e, > Zleemg. Therefore, x > 2’ if and only if
Y ey, > Eleem;. O

5.5. DERIVING COEFFICIENTS ([cg,])f_;.

Theorem 5.1(b=-a) can now be proven by citing Lemma 5.4 to obtain
exponents, and then working to derive the coefficients.

ProOOF 5.5 (for Theorem 5.1(b=>a)). Take any product [g,/,]. Our
task is to show that [g,/.] is represented by some [II{_,c,,n®]. By
the observation at (16), this means that we are to find ([e,,]){; and
([cz,])i—; such that

(Yo, 1’/) Qz/z’ = (Hlecxi)/(ﬂlecm;) if Ef:lexi = 25:1%;
0 if ¥¢_e,, < Eleemg
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By Lemma 5.4, and by the definition of > at the start of Subsection 5.4,
we have ([e,,])¢_; such that

(32a) Qo) = o0 iff & = 2’ iff $F_je,, > Eleexg
(32b) Qoo € (0,00) iff & &~ @' iff B_je,, = Ti_ e
(32¢) Qe = 0 iff © < 2" iff Eleexi < Eleex; .

Thus it remains to find (positive) coefficients ([c,,])5_; such that
(Vm/xlez) (Hlecﬂci)/(nlecx;) = Qu/a’ -

Since (32b) yields the critical fact that g,/,» € (0, 00) for every /2’ in
~, this is equivalent to finding real numbers ([d,,]){_, such that

%

(Va/2'er) Si_ydy, — Si_ydy = In(quyar) -

Applying Linear Algebra. As in the proof of Lemma 5.4 in the pre-
vious subsection, we can define for any © = zi25... x, the giant row
vector 1, = 1,,1,,...1,, € {0, 1}Uf:1Xi by concatenating the unit vec-
tors (1,,)%, across i. Using this notation, the system becomes

(VIL’/.',C/EQ’J) (1x_1m’)d = ln(an/:r’) )

where d is the giant column vector d = [d,][dy,]... [dz,] obtained by
concatenating together the variables ([d,,])!_,. Notice that this is a
matrix equation of the form Ad = b, in which row x/x’ of the coefficient
matrix A is 1,—1, and element /2" in the vector b is In(qy/a).

Recall from elementary linear algebra that Gaussian elimination is
equivalent to premultiplying the augmented matrix [A b] with a certain
square matrix £ which replicates the elementary row operations and
row permutations. Further recall that back substitution then reveals
a solution to Ad = b provided that E[Ab] does not contain a row
which is zero in all but the last column (see for example Strang (1980,
Chapter 1)). In the present circumstance, F has only rational elements
because the coefficient matrix A has only rational elements. As a result,
each row in F[Ab] can be written as

[ Zx/x’emaac/x’<1x_1x’) Em/x’ezaw/x’ln(Qm/x’) ]

for some rational vector (ag/s)z/ze~ equal to a row of E. Thus E[A D]
does not have a row in which all but the last column is zero if

(33) Xu/wenla/e(lo—1y) =0 implies ¥, penty/aIn(gy /) =0

for all rational vectors (au/sr)s/ae~- We will establish this conditional
to complete the proof.
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To set the argument up, note that statement (33) holds if
(34)  Eijwentyie(le—1y) =0 implies g eny/wIn(gy.) =0

for all integer vectors (Qig/x)z/ee~ (to see the contrapositive of this
claim, note that if (ay/s)s/ee~ Vviolates (33) then some multiple of
(Ap /o )2/~ containing only integers violates (34)). Accordingly, as-
sume the row-vector equation

(35) Ex/x’E%aa:/;c’(lm_lx’) =0

for some integer vector (0 s )g/ae~. The remainder of this proof will
then establish the scalar equation

(36) Zx/x’ezax/m’1n<%c/w') =0.

Applying Producthood. The assumption (35) is the same as o’ A = 0,
where « is the integer vector (a /I/)m Jare~ and A is the matrix whose
rows are indexed by the elements of ~ and whose row at x/x’ is 1,—1,/
(as under “Notation” in the last subsection). To address the unfortu-
nate fact that some elements of o may be negative, define & by

!/ ! ] ! > /
(37) O far = (O‘w/x Cofe I Ojer 2 O /f> .

Ayt jp — Ol /g if Oy /! < Ay /!

As at (29), T A = aT A, and hence the assumption a’ A = 0 implies
aTA=0.

Further, as in the paragraph after (29), we can construct an indexed
set {xF/2*}&1 assigning elements of ~ so that each element x*/z'*
of & is assigned exactly &, times. The assumption &TA = 0 is
then equivalent to ¢! (1,6—1,%) = 0. As in the seven sentences after

(30), this implies the existence of a permutation vector ¢ such that
(Vk) z* = (2/)7k. This and producthood yield that

OR )Gk jart = OpGaryri o D 1.
By (32b), this is equivalent to
LTRSS
which is equivalent to
(g o) =0
which by the definition of (z*/2/*)21 is equivalent to

Ex/x’EQ@m/x/ln(Qm/x’) =0.



PRODUCTS OF SEVERAL RELATIVE PROBABILITIES 23

It only remains to show that the above equation is equivalent to (36).
This paragraph accomplishes that by deriving

Yo en Ol o NG /0 )
= Yuare(=) /e Qe /o) + Y jare(mm=) Ca /a0 (G /o)
= Yo /are(=)Qa /o 0(Quyar) + X jar e (mmm) Qajar NG far )
= Yo enOy /w0 (q/ar) -

Consider the second equality (the others are obvious). Here the first
sum is zero because = ' yields In(g,/,7) = In(1) = 0 by unit diago-
nality (6). Further, the indices in the second sum come in pairs because
~ is an equivalence relation and the sum over any such pair is

O /o IN(qr /e ) + O oI (Qur /)
=1 Og/wIn(qu/ar) — G /210G /0 )
=9 (Cp/er — O /2) (G /0 )
=3 (azr — Qg /2)I0(qp/ar)
=4 Q)N (Qp/ar) — Qar/zIn(qy/ar)
=5 g/ IN(qe/ar) + Cr /2I0(Gar /)

where =3 holds by (37) and =; and =5 hold by reciprocity (8). O

5.6. REPRESENTATION OF MARGINALS

PROOF 5.6 (of Theorem 5.1s sentence about marginals). Let [gy /]
be the product represented by [II{_,c,,n%:]. Fix any z*, and consider
any 1.

First, by Remark 4.1, the marginal with respect to x; is [¢ue* /ata* |-
Second, since [qy,a* /a12+ ] s a Testriction of [g,/.] and since all of [gy./]
is represented by [IT}_; ¢, n+], we have that [gy,;» zr0+ ] is represented
by [cp,n® ] (MgziCar n“t). The last two sentences together yield that the
marginal with respect to x; is represented by [cminemi](ﬂk#cxz nk).

Note that (Hk#cxzne’”i) is constant with respect to z;. Also note
that the definition (15) of representation depends only on the ratio
between monomials. The last three sentences together yield that the
marginal with respect to x; is represented by [c,,n%]. O
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6. A LITTLE TOPOLOGY

6.1. A(X;){_, 1s COMPACT

Up until now, the paper has been purely algebraic. Now put the
usual topology on [0, 00| and the corresponding product topology on
any (finite) product of [0, co] with itself.

THEOREM 6.1. Take any (X;)¢_, and let X=II{_, X;. Then A(X;)_,
is a compact subset of [0, 00X

The theorem’s proof comes after the following lemma.

LEMMA 6.2. Let ((u?)7), be a sequence of wectors in [0, co]'+™
which converges to the vector (u})iL,. If each vector in the sequence

satisfies 1 € ©(u})7iL, then the limit vector satisfies 1 € ©(u})jLy.

m

?)T:o)n converging to (Uj);nzo We will

derive the conditional in the lemma’s second sentence in each of four

Proof. Take any sequence ((u

cases:

Case | (Fj)uz=0 (IFj)uj=o0
1 true true
2 false true
3 true false
4 false false

Case 1. Throughout this case, the conditional’s conclusion is true
because ©(u})™, = [0, oq].

Case 2. Throughout this case the conditional’s assumption is false.
Specifically, since all of the dimensions j converge to a positive number,
there is some positive v and some index n° such that

(38) (Vn>n?)(Vj) uf > v .

Then let j°° denote a dimension in which v} = 0o and note that there
exists some index n™ > n® such that

(39) (Yn>n) uje > (1/v)™ .
Together (38) and (39) yield

(Vn>n>) I gu] = Uje-Iljsjecu > (1/v)"0™ =1
(all products are well-defined since all terms are positive). In casual
terms, the product of a vector in the sequence is ultimately greater
than one. Thus, it is cannot the case that all vectors in the sequence

satisfy 1 € ©(u})7., (in fact, no more than a finite number of them
can).
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Case 3. This case is symmetric to Case 2: the conditional’s assump-
tion is always false because the product of a vector in the sequence is
ultimately less than one.

Case 4. Since ((u})7.,), converges to a finite vector, there is some
n? after which every vector  is in ordinary Euclidean space R'"*™.
The lemma’s conditional then follows from the algebra of limits (that
is, from Rudin (1976) Theorem 3.3(c)). In particular, the conditional’s
assumption implies (Yn>n") 1 = I u? which implies 1 = I} u;
which implies the conditional’s conclusion. O

Proof of Theorem 6.1. Since [0, c0]X” is compact, we need only show
that A(X;)¢_, is closed. Accordingly, take any sequence ((2y/0),, In

A(X;)f_; which converges to some [g* Jw)- Our task is to show that
(4/,] is in A(X;)i_;. In other words, by definition (4), our task is to
show

(Ym) (Vo) (¥(27)720) 1 € O(Te jai )i -

Accordingly, fix any order m, any permutation vector o, and any in-
stance (27). Our task is to show

(40) 1 € O(@yoi i )0 -
Since each [q},,] is in A(X;)t_, by assumption, the definition (4)
gives us that
le ®( .’L‘U]/IJ)] =0 -

Hence Lemma 6.2 applied at ((u})2y),, = ((¢7o.i /s )7=0),, and (0])Ly =
Tyos /s Yields (40). O

6.2. POSITIVE PRODUCTS
A positive product is an element of the set A°(X;){_, defined by

(41) { [ge0] € A(Xi)izy | (V2,2") oy € (0,00) } .

By reciprocity (8), the restriction (Vx,2') ¢,/ € (0,00) is equivalent
to both (Vz,2’) ¢y € (0,00] and (Vx,2) ¢y/x € [0,00). Accordingly,
“positive products,” “finite products,” and “positive finite products”
are all synonymous.

REMARK 6.3. A(X;){_, is the closure of A°(X;)i_,.

Proof. D. A(X;){_, contains the closure of A°(X;){_, since A(X;)%,
contains A°(X;)¢_, by definition (41) and since A(X;)%_, is compact by
Theorem 6.1.
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C. Take any [g,/] in A(X;){_;. By Theorem 5.1(b=a) and the
observation at (16), there exist ([c,,])f_; and ([e,,])¢_; such that

00 if 22:1(3% > Eﬁzleajg
(Va, x,) Qz/z = (Hﬁﬂcmi)/(ﬂﬁzﬁmg) if Z?{,:lel‘i = Eﬁ:ﬁw;
Hence
J4 E €
! T (H =1Cz; ) =1
(42) (Vo,2") quo = limy oo =3

(L™=
Now define ([q7,,.]),, by
I,y cpnce

Vn)(Vx,z') ¢, = :
(Vn)( ) Qe Hﬁzlcm;nz

First note that ([g;,,]), converges to [q,/.s] by (42). Second note that
every [q; ] is in A°(X;)¢_, because every relative probability /0 18
positive and because all the cancellation laws in the definition (4) of
A(X;)t_, are satisfied by ordinary real algebra. These two observations
yield that [g, /] is in the closure of A°(X;)¢,. O

Remark 6.3 is equivalent to a reformulation of Theorem 2.10 in
Kohlberg and Reny (1997), which shows that a type of acyclicity is
equivalent to their concept of strong independence. Specificially, their
acyclicity is equivalent to producthood by Streufert (2003, Remark
B.6(a=af ")), and their strong independence is equivalent to mem-
bership in the closure of the set of positive products because there is
a one-to-one correspondence between the set of positive products and
the set of ordinary, full-support, product distributions. This result of
Kohlberg and Reny (1997) appears to be the closest predecessor of any
of this paper’s results.

APPENDIX A. A 1S NOT AN ITERATED BINARY OPERATION

A.1l. OVERVIEW

This appendix demonstrates that /-dimensional producthood is more
restrictive than ¢—1 iterative applications of 2-dimensional product-
hood. In this sense, /-dimensional producthood is more restrictive
than one might guess.

To make these observations concrete, we require temporary notation
for a binary operation ®. There are two steps. First, let [g,/,/|®][q.,./]
denote the set of all products of some table [g,/,/] over some set Y with
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some table [g././] over some set Z. In other words, let [g,/,|®][q.,.]
be the set of all products over (Y, Z) that have marginals [g,,,| and
[q.)»]. To exercise this first definition, note that [g,,/|®][q. -] typi-
cally has many elements (because marginals are ambiguous), and that
[@y/y|®1q2/-] is empty if either [y /] or [gy/,] is not a dispersion (be-
cause marginals are dispersions by definition).

Second, for any set Qy of tables [g,/,] over Y, and for any set Qz
of tables [q././] over Z, let Qy®Q)z be the set of all products of some
table in )y with some table in (J;. To exercise this second definition,
note that

(43) (VX1 Xo) A(Xy, Xa) = A(X;)®A(X)

because marginals are dispersions by definition.
Surprisingly, Remark A.1 shows that

(VX71, Xo, X3) A(X7, Xo, X3) = A(XD)Q(A(X2)@A(X3))

is false. Rather, A(Xy, Xy, X3) is a subset, and typically a strict sub-
set, of A(X7)®(A(X2)®A(X3)). In this precise sense, producthood
over ¢ dimensions is more restrictive than ¢—1 iterative applications of
producthood over 2 dimensions.

To appreciate this intuitively, recall that an element of A(X7, X5, X3)
must satisfy the cancellation laws for all permutation vectors o =
(01,09,05). Meanwhile, an element of A(X;)®(A(X2)®A(X3)) must
satisfy this same cancellation condition for certain classes of permuta-
tion vectors: the outer ® concerns vectors of the form

{ (01,02,03) | 09 = 03 } )
and the inner ® concerns vectors of the form
{ (01, 09,03) | 01 is the identity function } .

Since the class of all permutation vectors contains these two classes, the
set of tables obeying cancellation for all permutation vectors is a subset,
and typically a strict subset, of the set of tables obeying cancellation
just within the two classes. Accordingly, A(X;, Xo, X3) is a subset, and
typically a strict subset, of A(X7)®(A(X2)RA(X3)).
A.2. DETAILS

REMARK A.1.

(CL) (VXl,XQ,Xg) A(Xl, XQ, X3) g A(X1)®(A(X2)®A(X3)> and

(b) not (VXI,XQ,X?)) A(X17X27X3) 2 A(X1)®(A(X2)®A(X3)) .
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Proof. (a) Take any [g, /] in A(X1, X5, X3), and for future use, fix
any x* € X. First, the definition (4) of A(Xj, Xy, X3) implies that
[z /0] satisfies

(Vm) (Vo) ( o2=03 implies (V(l‘j)gn:o) 1e @(qma,j/xj);n:() )

which is equivalent to [g,/./] € A(X1, XoxX3). Thus by the definition
of ® and the second sentence of Remark 4.1, we have that

But this is more than we need: it suffices to remember that

Second, the definition (4) of A(X}, Xy, X3) also implies that (¢, eyes /2ty
satisfies

(9m) (902, 0) (A 7)) 1 € O0,0000,250 it
which is equivalent t0 [quteses/ataye;,] € A(X2, X3), which by (43) is
equivalent to

(44) and (45) together yield that [g,/./] € A(X7)R(A(X3)RA(X3)).
(b) The remainder of the proof exhibits an example which falls out-
side of A(X71, X5, X3) but inside of A(X)®R(A(X2)®A(X3)). Suppose

that X; = {L, R}, Xo = {A, B}, and X3 = {a,b}, and consider the
following table over X7 x Xox X3.

RBb| 0 0 0 0 0 0 0 1
RBa| O 0 0 1 0 1 1 00
RAb| O 0 0 1 0 1 1 00
RAa | 0 o0 00 o0 1 00 o0 o0
[@z/ar] =| LBb | 0 0 0 1 0 1 1 00
LBa| O 1 1 00 0 o0 00 00
LAb 0 1 1 00 0 00 00 00
LAa 1 00 00 00 00 00 00 00
LAa LAb LBa LBb| RAa RAb RBa RBb

This [¢,/.] does not belong to A(Xy, X5, X3). Specifically, if it were an
element of A(Xy, Xy, X3), it would satisfy the following instance of a
second-order cancellation law,

1 € ©{qrab/LBbs QLAb/RAGs QLBa/LAb}
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(cancel terms to verify that suitable permutations exist). Yet, this
product actually works out to

Q{QRAb/LBba qLAb/RAa> QLBa/LAb} = ©{1,00,1} = {00} .

On the other hand, note that [qre,e;/ree,] (that is, the southwest
quadrant of [g,/,/]) is represented by the product

blnt 1
a|n? nt
A B

of two monomial vectors. Hence by Theorem 5.1(a=>b), [qrapas/La)a,]

is a product of some dispersion over X, and some dispersion over Xs.
In brief,

(46) [9L050s/1a10,] € A(X2)QA(X;)
Further, [g,/,] itself is represented by

Rin3 nt nt 1
Lin?* n? n? n
Aa Ab Ba Bb

which is the product of a monomial vector over X; = {L, R} and
a monomial vector which represents [qre,es/1000,]- Hence by Theo-
rem 5.1(a=b), [¢z/2| is a product of some dispersion over X; and

[GLwsws/Latay]- 10 brief,
(47) Ge/or] € AX1)®{[qLasas/Latay]} -

(46) and (47) together imply that [g;/.] € A(X7)R(A(X2)RA(X3)).
([

APPENDIX B. REAL EXPONENTS

Throughout the paper, the symbol e assumes integer values, and ac-
cordingly, Theorem 5.1 characterizes producthood by means of mono-
mials with integer exponents. This appendix notes that this result for
integer exponents is stronger than an analogous result for real expo-
nents. In particular, Corollary B.1 follows from Theorem 5.1 and two
components of its proof. Here é denotes a real number, and accordingly,
monomials with real exponents have the form cn®.

COROLLARY B.1. Let [q,/,/] be a table over II_, X;. Then (a) [qy/a']
is represented by some [II_ c,n®] iff (b) [qusw) is a product over
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(X:)i_,. Furthermore, the marginals of the product represented by
¢

[IT¢_,cp,n=i] are represented by ([cq,n®])E_;.

Proof. (&) implies (b) by Proof 5.2 after replacing (a) with (4) and
e with é. The converse holds by Theorem 5.1(b=-a) together with
the obvious fact that (a) implies (4). The corollary’s second sentence

follows from Proof 5.6 after replacing e with é. O

Corollary B.1 is strictly weaker than Theorem 5.1 to the extent that
it derives real but not necessarily integer exponents.
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