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Abstract—The celebrated Four Functions Theorem of
Ahlswede and Daykin is a functional correlation inequality on
distributive lattices with myriad applications. Ruozzi proved a
variant of the inequality and used it to settle a major conjecture
in the area of graphical models. We prove a new functional
correlation inequality in the same vein which simplifies the proof
of both the Four Functions Theorem and of Ruozzi’s inequality
and suggests a unified picture for correlation inequalities on
distributive lattices.
Index Terms—Correlation-type Inequalities, Four Functions
Theorem, Super-modular Functions

matrix obtained by sorting each row so that the 1s are on the
left. We write Ai∗ , A∗j for the i-th row and j-th column of A,
k×n
respectively. We say that
7→ R≥0 is
Q a function f : {0, 1}
k-product if f (X) = i∈[k] fi (Xi∗ ), for some non-negative
functions f1 , . . . , fk on {0, 1}n .
With this notation, the generalization of the Four Functions
Theorem to 2k functions can be stated as follows.

I. I NTRODUCTION

We strongly encourage the reader at this point to take the
time and verify the equivalence of Theorem 1 with the k = 2
case of Theorem 2, as in the rest of the paper we will be using
exclusively the notation of the latter.
Recall that a function f is log-supermodular if f (x)f (y) ≤
f (x ∨ y)f (x ∧ y), and log-submodular if the reverse inequality
holds. (Note that x, y may be binary matrices, or even tensors,
instead of binary vectors. Since ∨, ∧ are element-wise operations, the “shape” of x, y is immaterial.) More than twenty
years after the generalization of the Four Functions Theorem
to 2k functions, in a seminal work Ruozzi [8] showed that
Theorem 2 continues to hold if the function f being bounded
is log-supermodular instead of k-product.

For a function f on a finite domain we denote the sum of
f over its entire domain by Z(f ). When f expresses relative
probability, Z(f ) is also known as the “partition function” and
f /Z(f ) is a probability distribution.
Closely related to the problem of partition function estimation are functional correlation inequalities, such as the FKG
inequality [4], the Holley inequality [5], and the FishburnShepp [3], [10] inequality. Remarkably, all of these inequalities
are special cases of the celebrated Four Functions Theorem of
Ahlswede and Daykin [2]. While this theorem is generally
stated for distributive lattices and sums over arbitrary subsets
of the domain, its heart is the more readily accessible Theorem 1 below, from which one can easily derive even the most
general formulation, as we discuss in Section IV.
For x, y ∈ {0, 1}n let us denote by x ∨ y and x ∧ y the
bitwise OR and AND of x and y, respectively.
Theorem 1 (Four Functions). If f1 , f2 , g1 , g2 : {0, 1}n 7→
R≥0 are such that for all x, y,
f1 (x)f2 (y) ≤ g1 (x ∨ y)g2 (x ∧ y) ,

(1)

then Z(f1 )Z(f2 ) ≤ Z(g1 )Z(g2 ).
Rinott and Saks [7] and, independently, Aharoni and Keich [1] generalized Theorem 1 so that there are k functions
on each side of (1) instead of two, for any k ≥ 2. In order
to state this generalization and other related results, and to
connect these results with partition function estimation, it will
be convenient to introduce the following notation.
Given a 0/1 matrix A, we denote by ↑A the matrix obtained
←
−
by sorting each column so that the 1s are on top and by A the

Theorem 2 ([7], [1]). If f, g : {0, 1}k×n 7→ R≥0 are
k-products and f (X) ≤ g(↑X) for all X, then Z(f ) ≤ Z(g).

Theorem 3 ([8]). If f, g : {0, 1}k×n 7→ R≥0 are such that f
is log-supermodular, g is k-product, and f (X) ≤ g(↑X) for
all X, then Z(f ) ≤ Z(g).
Ruozzi [8] used Theorem 3 and Vontobel’s characterization
of the Bethe approximation in terms of covers [11], in order
to prove that if a function f can be expressed as a binary,
attractive graphical model, then Z(f ) is bounded from below
by its Bethe approximation, a major advance in the area of
graphical models.
II. O UR C ONTRIBUTION
Our contribution is to suggest that all three theorems mentioned so far, i.e., the Four Functions Theorem, its generalization to 2k functions, and Ruozzi’s variant for log-supermodular
functions, may be fragments of a larger picture. To that end we
prove a new variant of the Four Functions Theorem involving
log-submodular functions. Our theorem greatly simplifies the
proof of all aforementioned theorems.

A. Log-submodular Functions as Upper Bounds
Our new inequality asserts that Theorem 3 continues to
hold if the bounding function g is log-submodular instead of
k-product, so that a log-submodular function bounds a logsupermodular function. To emphasize the parallels between the
different results, in Theorem 4 we bundle our new inequality
(case (a)) with Theorem 2 (case (b)) and Theorem 3 (case (c)).

asserts the following highly non-obvious fact: if the lower left,
upper right, and lower right subrectangles of L have areas
bounded by the areas of the corresponding subrectangles of R,
while the area of the upper left subrectangle of L is bounded
by the area of the lower right subrectangle of R, then the area
of L is bounded by the area of R.
R

L
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Definition 1. If functions f, g : {0, 1}k×n 7→ R≥0 are such
that f (X) ≤ g(↑X) for all X, we write f ≺↑ g.
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Theorem 4. If f ≺↑ g and
(a) f is log-supermodular and g is log-submodular, or
(b) f is k-product and g is k-product, or
[7], [1]
(c) f is log-supermodular and g is k-product,
[8]
then Z(f ) ≤ Z(g).
Besides its inherent interest, our new inequality (case (a))
greatly simplifies both the proof of the 2k functions theorem
(case (b)) and of Ruozzi’s variant for log-supermodular functions (case (c)). Indeed, our combined, self-contained proof of
all three cases of Theorem 4 occupies less than one page.
B. Discussion
If we think of the two functions f, g in Theorem 4 as
landscapes over the domain {0, 1}k×n , all three cases of the
theorem conclude that the volume under f is at most the
volume under g. To understand how this conclusion comes
about, it is helpful to think of (i) the domain of f, g as B n for
some arbitrary base set B, instead of the specific B = {0, 1}k ,
and (ii) of ↑ as an arbitrary function B n 7→ B n , instead of the
specific function that pushes the 1s in each column to the top.
With the above in mind, consider the partition of B n
induced by ↑, where X, Y ∈ B n are in the same part iff
↑X = ↑Y . Since ↑↑X = ↑X, the assumption that f ≺↑ g,
simply asserts that within each part, the highest peak of g is
at least as high as the highest peak of f . Of course, this is very
far from sufficient to conclude that Z(f ) ≤ Z(g) (except for
the trivial case where ↑ is the identity, i.e., f (X) ≤ g(X) for
all X). That’s where assumptions (a)–(c) come in: by imposing
structure on f, g they constrain the relative drop-off rates from
the respective peaks, enabling the theorem’s conclusion.
A truly amazing property of the Four Functions Theorem is
that it allows for functions where the f -volume strictly exceeds
the g-volume in some parts. The conclusion Z(f ) ≤ Z(g) is
remarkably reached by combining information about different
parts through projection, i.e., by induction on n. The same
is true for Theorems 2,3, i.e., cases (b),(c) of Theorem 4.
Naturally, for n = 1 the task of favorably combining information about different parts has to be done “by hand.”
Correspondingly, it is not an accident that the base case of
the induction is, by far, the hardest part in each proof.
To get a flavor, we state the base case of Theorem 1, which,
as noticed in [1], can be interpreted geometrically. Let L and
R be two rectangles, each subdivided into four rectangles as in
Fig. 1. For i ∈ {0, 1}, let f1 (i) := αi , f2 (i) := βi , g1 (i) := γi ,
and g2 (i) := δi . The base case of the Four Functions Theorem

1

1
<latexit sha1_base64="eEn72er6nn2znGzaxWpu+ijePY4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12CmvrG5tbxe3Szu7e/kH58KhpkkwLbIhEJbodcINKxtggSQrbqUYeBQpbwehu5reeUBuZxI80TtGP+CCWoRScrNTqBki85/bKFbfqzsFWiZeTCuSo98pf3X4isghjEoob0/HclPwJ1ySFwmmpmxlMuRjxAXYsjXmExp/Mz52yM6v0WZhoWzGxufp7YsIjY8ZRYDsjTkOz7M3E/7xORuGNP5FxmhHGYrEozBSjhM1+Z32pUZAaW8KFlvZWJoZcc0E2oZINwVt+eZU0L6reVfXy4bJSu83jKMIJnMI5eHANNbiHOjRAwAie4RXenNR5cd6dj0VrwclnjuEPnM8f7biPUA==</latexit>

0

<latexit sha1_base64="uIeb7e/Hrke72NR2oYfxWtXu38A=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6wHHK/ZgOlIgEo2ilTi/kEmnf7ZcrbtWdg6wSLycVyNHol796YcKymCtkkhrT9dwU/QnVKJjk01IvMzylbEQHvGupojE3/mR+75ScWSUkUaJtKSRz9ffEhMbGjOPAdsYUh2bZm4n/ed0Mo2t/IlSaIVdssSjKJMGEzJ4nodCcoRxbQpkW9lbChlRThjaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8we8To/I</latexit>

0

↵1

↵0
<latexit sha1_base64="9SSSSBtZjOf9i8v+3vA9eYe/Dc8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9t1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+2O4/E</latexit>

<latexit sha1_base64="Pp4vKYz96xgB8iikwYvqq6X/h3I=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9r1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+3v4/F</latexit>

<latexit sha1_base64="jhk6v790qzvuKTDOwuHa7SH6Xe8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpbhJ3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkesabgRrJMohjIQrB2Mb2d++4kpzePowUwS5kscRjzkFI2VOr0hSol9t1+uuFV3DrJKvJxUIEejX/7qDWKaShYZKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWdfSCCXTfja/d0rOrDIgYaxsRYbM1d8TGUqtJzKwnRLNSC97M/E/r5ua8NrPeJSkhkV0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+xn4/B</latexit>

<latexit sha1_base64="V4qCsmmziIg1BMd/5T5Vle0GM4Y=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpbhJ3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkesabgRrJMohjIQrB2Mb2d++4kpzePowUwS5kscRjzkFI2VOr0hSol9r1+uuFV3DrJKvJxUIEejX/7qDWKaShYZKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWdfSCCXTfja/d0rOrDIgYaxsRYbM1d8TGUqtJzKwnRLNSC97M/E/r5ua8NrPeJSkhkV0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+zI4/C</latexit>

0

1

Fig. 1. Geometric interpretation of Theorem 1 for n = 1

Our Theorem 4(a), for n = 1, k = 2, can also be interpreted
geometrically. But now L and R can be arbitrary shapes,
divided into four pieces each as in Fig. 2, and in order to
conclude that the area of L is bounded by the area of R it
is enough that: (i) the product of the areas of the two pieces
on the “main diagonal” of L is less than or equal than the
product of the areas of its other two pieces (reflecting that f
is log-supermodular), and (ii) the reverse inequality holds for
R (reflecting that g is log-submodular). This holds trivially in
the rectangular setting, as for any rectangle subdivided into
four, the product of the areas of its subrectangles in the main
diagonal equals the product of the areas of the other two
subrectangles. Thus, Theorem 4(a), establishes simultaneously
the base cases of both Theorems 4(b) and 4(c), giving a unified
and simplified proof of both results (see Section III).
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Fig. 2. Geometric interpretation of Theorem 4(a) for k = 2, n = 1.

Somewhat surprisingly, the proof of our Theorem 4(a) is not
inductive. We consider this to be an indication of getting closer
to the right “level of abstraction” governing these inequalities.
Naturally, deriving a non-inductive proof of cases (b) and (c)
would be further illuminating. For example, the fact that
Theorem 4 does not cover the mirror image of case (c),
wherein f is k-product and g is log-submodular, is not a
coincidence. As observed by Ruozzi [8], the inductive proof
of these two cases crucially relies on the bounding function
being closed under marginalization, a property that does not
hold for log-submodular functions.

III. P ROOF OF T HEOREM 4
A. Case (a)
For any two functions f, g with common domain D, say that
f is weakly log-majorized by g if for
Qevery A ⊆ D,Qthere exists
B ⊆ D with |B| = |A|, such that x∈A f (x) ≤ x∈B g(x).
Lemma 1 ([6] p. 168, Corollary 5.A.2.b.). If a function f is
weakly log-majorized by a function g, then Z(f ) ≤ Z(g).
Theorem 4(a) follows from Lemma 1 and the following.
Theorem 5. Under the conditions of Theorem 4(a), f is
weakly log-majorized by g.
Proof. For a k × t × n tensor T (think of k as height, t as
width, and n as depth) call each k × n matrix a slice, each
k × t matrix a screen, and each t × 1 vector a rod. We write
←
−
↑T for the tensor resulting by applying ↑ to each slice and T
for the tensor resulting by applying ←
− to each screen.
To prove that f is weakly log-majorized by g it suffices to
prove that for every t ≥ 1, for every t-subset of {0, 1}k×n , if
we arbitrarily stack the t matrices in the subset to form a tensor
T ∈ {0, 1}k×t×n , we can find a tensor U ∈ {0, 1}k×t×n with
k×n
distinct slices,
, such that
Q i.e., anotherQt-subset of {0, 1}
F (T ) := i∈[t] f (T∗i∗ ) ≤ i∈[t] g(U∗i∗ ) := G(U ).
Given T , to find U we let π be any permutation of the rods
of T that keeps each rod within its screen while rearranging
(sorting) the rods of each screen in order of weight (number
of ones). We let U = π(T ). Observe that U has distinct slices
as it is the result of permuting the rods of T , i.e., of a tensor
←
−
←
−
with distinct slices. Crucially, observe that ↑( T ) = π( T ) =
←−− ←
−
π(T ) = U . Invoking first the log-supermodularity of f , then
←
−
←
−
the fact f ≺↑ g, then the fact ↑( T ) = U , and finally the
log-submodularity of g, we see that
 ←
←
←
−
−
−
F (T ) ≤ F T ≤ G ↑( T ) = G U ≤G (U ) . (2)

g ) = g (↑Y ),
gb(tt) = g (↑Y | t ). Since Z (f∗ ) = f (Y ) and Z (b
we are left to prove Z (f∗ ) ≤ Z (b
g ). For this we observe that
(i) f∗ ≺↑ gb since f∗ (tt) = f (Y | t ) ≤ g (↑(Y | t )) = gb (↑tt),
as f ≺↑ g, and that (ii) product functions are closed under
restriction. Thus, f∗ , gb satisfy the conditions of P (1).
C. Case (c)
Proof. The reasoning is identical to that of case (b), except
that now f, f , f∗ are log-supermodular instead of k-product.
Specifically, for f, f∗ , log-supermodularity is given and trivial,
respectively. To prove that f is log-supermodular we use the
Four Functions Theorem, i.e., case (b) for k = 2.
Let h : {0, 1}n 7→ R≥0 be log-supermodular and let S ⊆ [n]
be arbitrary. For x ∈ {0, 1}S , define hx : {0, 1}n−|S| 7→ R≥0
x, t ). Given any x , y ∈ {0, 1}S , applying the
with hx (tt) := h(x
Four Functions Theorem for f1 = hx , f2 = hy , g1 = hx ∨yy ,
and g2 = hx ∧yy , yields Z(hx )Z(hy ) ≤ Z(hx ∨yy )Z(hy ∧yy ), i.e.,
that the function that results after summing over all variables
not in S is log-supermodular.
IV. D ISTRIBUTIVE L ATTICES
Recall that a lattice L is a partially ordered set such that
every two elements, x and y, have a unique minimal upper
bound, denoted by x ∨ y, and a unique maximal lower bound,
denoted by x ∧ y. If x ∨ (y ∧ z) = (x ∨ y) ∧ (x ∨ z) for
all x, y, z ∈ L, we say that lattice L is distributive. The
Four Functions Theorem is usually stated in the framework of
distributive lattices and with a stronger conclusion, claiming
the inequality for arbitrary marginals, as follows.
Theorem 6. Let L be a finite distributive lattice. If
f1 , f2 , g1 , g2 are non-negative real valued functions on L such
that for all x, y ∈ L,
f1 (x)f2 (y) ≤ g1 (x ∨ y)g2 (x ∧ y) ,

(3)

then, for all X, Y ⊆ L,
B. Case (b)
Proof. Let P (t) denote the proposition that Theorem 4(b)
holds for n = t and all k ≥ 1. We proceed by induction.
When n = 1, the fact that f is k-product is equivalent to it
being log-modular, i.e., log-submodular and log-supermodular.
Therefore, by hypothesis, f, g : {0, 1}k 7→ R≥0 are such
that f is log-supermodular, g is log-submodular, and f ≺↑ g.
Thus, Theorem 4(a) applies yielding Z(f ) ≤ Z(g), i.e.,
P (1). We note that establishing the base case by applying our
Theorem 4(a) is our only simplification of the proof, as the
inductive step is as the original (the same is true fore case (c)).
For n ≥ 2, let f , g : {0, 1}k×(n−1) 7→ R≥0 denote the
sum of f, g, respectively, over all 2k possible last columns.
Since Z(f ) = Z(f ) and Z(g) = Z(g) it suffices to prove
that Z(f ) ≤ Z(g). For this we observe that, trivially, f , g are
k-product, because f, g, respectively, are k-product. Thus, if
can we prove f ≺↑ g we can invoke P (n − 1) and conclude.
To prove f ≺↑ g we define for arbitrary Y ∈ {0, 1}k×(n−1)
functions f∗ , gb : {0, 1}k 7→ R≥0 , as f∗ (tt) = f (Y | t ) and

f1 (X)f2 (Y ) ≤ g1 (X ∨ Y )g2 (X ∧ Y ) ,

(4)

where X ∨ Y = {x ∨ y : x ∈P
X, y ∈ Y }, X ∧ Y = {x ∧ y :
x ∈ X, y ∈ Y }, and f (X) = x∈X f (x).
Since every distributive lattice can be embedded in the
subsets of some set, Theorem 1 readily implies the case of
Theorem 6 above, where X = Y = L. Moreover, it is not
hard to see that this case implies Theorem 6 in its generality
as follows: modify f1 , f2 to equal 0 for x not in X, Y ,
respectively; it is trivial to check that (3) continues to hold
after doing so.
The above observations apply also to all three cases of
Theorem 4. In particular, Theorem 4 holds for non-binary
alphabet as well, which can be useful for counting problems
such as counting graph colorings. Finally, Theorem 4 extends
even to the case of continuous variables, with the obvious
modifications. Indeed, the continuous version of Theorem 4(c),
was exploited by Ruozzi in [9].
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