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ABSTRACT

We show a duality relationship between two different optimality
frameworks for expectation propagation, a family of algorithms for
distributed statistical inference that include belief propagation and
the turbo decoder/equalizer as particular examples. Each of the two
optimality frameworks may then be used to interpret each other.

1. INTRODUCTION

Expectation propagation[ ] is a family of algorithms for distributed
iterative statistical inference of the a posteriori distribution of some
parameters 6 given some observations r, which generalizes belief
propagation [2] to continuous random variables 6, allowing approx-
imations of the messages to be passed by exponential family distri-
butions with specified approximating statistics. This family of algo-
rithms include as special cases [3] the turbo decoder [4], the turbo
equalizer [5], Gallager’s algorithm for the soft decoding of low den-
sity parity check (LDPC) codes [6], and many cases of general belief
propagation[7, 8]. After stating a couple of assumptions which al-
low a message passing interpretation of expectation propagation on
a statistics factor graph, we review two frameworks for the generic
optimality of the stationary points of these algorithms: a constrained
joint maximum likelihood framework[9, 10], and an approximate
free energy minimization framework extending [7]. We then show
a novel pseudo duality relationship between these two frameworks
that provides a means of using the two optimization problems to in-
terpret each other.

2. EXPECTATION PROPAGATION

Expectation propagation, first proposed in [1], defines a family of
algorithms for approximate Bayesian statistical inference which ex-
ploit structure in the joint probability density function py ¢ (r, €) for
r and 6. In particular, it is assumed that the p. ¢ (r, ) factors multi-
plicatively

M
Pr,e(l‘, 0) X H fa,T(08)7 0.C0 (D
a=1
where the factors f, » implicitly are functions of r and have range
[0,00) and where 0, is a vector formed by taking a subset of the
elements of 6. Expectation propagation aims at iteratively approxi-
mating the joint density as the product of M minimal standard expo-
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nential family densities

M
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The minimal standard exponential family densities ga,x, (6a) are the
Radon Nikodym derivative of a standard exponential family measure
with respect to the reference measure df, formed by the product of
measures df; for each 6; appearing in 6,. These standard exponen-
tial family densities may be parameterized in terms of a vector of
real valued parameters A, and sufficient statistics ta.(6a.) as

822 (02) = exp (ta(6a) - Aa — P, (Xa))

where ) is defined as

Y, (Aa) :=log (/a exp(ta(0a) - Aa)d0a> ?2)

The ga., x, are iteratively refined in order to approximate f, x, by
minimizing the Kullback Leibler distance

gan, = arg énin D(v]q) 3)
a,Aa

where the probability density functions v(8) and q(0) are

v(0) := afar(6:) [T genc (6c), a(8) := S]] ger (6c)

c#a

and «, 3 are normalization constants which ensure the densities in-
tegrate to unity. This minimization has a unique solution due to the
log convexity of the Kullback Leibler distance in the second argu-
ment and the minimality of each of the representations of the stan-
dard exponential families g, x,. The minima may be found by taking
derivatives with respect to A, to get

V)\ag = Eq [ta(oa)} - ]Ev [ta(ea)] (4)

Next, another ga x, is selected to refine, usually according to some
iteration order, and the algorithm continues until it converges.

The order according to which A, is selected for refinement, which
we call scheduling, varies in implementations. Several possibilities
include parallel scheduling for which we update all of the parame-
ters A, in parallel, serial scheduling for which we update each of
the parameters A, in serial, and random scheduling when we decide
which A, to update by drawing a uniformly from the set {1,...,M}.

Some popular special cases [3] of expectation propagation in-
clude the turbo decoder [4], the turbo equalizer [5], Gallager’s al-
gorithm for the soft decoding of low density parity check (LDPC)
codes [6], and many cases of general belief propagation[7, &].



3. MESSAGE PASSING AND RECIPROCITY

Under some special conditions satisfied by all of our previous exam-
ples, expectation propagation may be identified as a message passing
algorithm on a statistics factor graph. For this to be true, we will need
two assumptions which we will assume to be true for the remainder
of the development.

As. 1 (Sufficiency of Approximating Statistics): The sufficient
statistics t.(0.) for the approximating density g. , are also
sufficient statistics for the factors f. so that f,(6.) = fa(t.(6.))
for all 8. € O,.

Because we are using g. x, to approximate f,, this assumption
seems reasonable, since it requires that all of the information that f,
depends on be present in the vector t..

Next, we construct the statistics factor graph. Collect, all of
the statistics t; : © — R used in the sufficient statistic vectors
{ta(0.)|a € {1,...,M}} for the approximating functions/factors,
into the set 7 = {t;(0;),1 € {1, ..., T}} without replication. Col-
lect all of the elements of 7 into a vector t. Next, partition 7 up into
the disjoint union 7 = |J; 7; such that t; € 7j and t; € t. implies
that for all tx € 7; we have tx € ta. For each j collect the elements
of 75 into a vector v;. Our construction now allows us to write each
vector t, as the concatenation of several v’s. Once again, it is likely
that the same v; will appear in several t’s. We can now depict this
replication of a statistic vj in several t.’s via a factor graph [3]. We
can also form a second factor graph that we will call the parameter
statistics graph. This is again a bipartite graph with a set of “left”
nodes which are the elements {0; } of the parameter vector @ and a
set of “right” nodes which are the elementary statistics vectors {v; }.
Each of the elementary statistics vectors v = v;(6,,;) depends on a
subset 0, ; of the original parameters . An edge occurs in the pa-
rameter statistics graph between a parameter 6; and an elementary
statistics vector v; if and only if v; depends on 6;, which of course
happens if and only if 6; € 8, ;. Note that we may concatenate the
parameter statistics graph with the statistics factor graph in a natural
manner, since the “right” nodes of the parameter statistics graph are
exactly the “left” nodes of the statistics factor graph. We call the
graph that results the parameter statistics factor graph, an example
of which is shown in Fig. 1.

Our next assumption enforces a sort of regularity in the parame-
ter statistics graph.

As. 2 (Reciprocity): The Radon Nikodym derivative . of the
Lebesgue measure of inverse image t~!(A) with respect to
the Lebesgue measure of A factors into the product of func-
tions of v;

() = H 115(v5) (5)

A particularly simple way to ensure the reciprocity assumption
is to have each parameter appear as an argument for only one el-
ementary statistics vector. We can intuitively summarize the reci-
procity condition as requiring that everywhere that we approximate
0; we approximate it with the same statistics and the same expo-
nential family distribution. The additional benefit of the reciprocity
condition is that now we may consider expectation propagation to
be a message passing algorithm on the statistics factor graph. In

Fig. 1. An example of a parameter statistics factor graph.

particular, due to (5), (4) simplifies to

Jo. ta(0.)fa(ta(02)) exp (ta(02) - Ain) O,
o, Fo(t2(02) ex (1(61) - A

Jo, ta(0a) exp (ta(0a) - (Ain + Aa)) d6a
fGa exp (ta(fa) - (Ain + Xa)) dOa
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where
Acli =t [nj—als @)

where A (i) are the factors in the statistics factor graph that are
neighbors (i.e. share an edge) with the elementary statistics vector
v; containing t;, and [A.]; is the parameter of the cth approximating
function multiplying the statistic t;. This shows that it suffices to as-
sume that the weighting statistics in v can be ta., since any statistics
in t other than t, are independent of t, and thus drop out of the a
posteriori density for 0,.

Now that we have clarified how expectation propagation may
be interpreted as a message passing algorithm on the statistics fac-
tor graph under the reciprocity and sufficiency assumptions, we will
move on to discuss some special cases satisfying these assumptions
in which the stationary points of expectation propagation are “opti-
mal”.

4. OPTIMALITY FRAMEWORKS

In this section we discuss two constrained optimization problems
which yield the expectation propagation stationary points as their in-
terior critical points. The first one, called statistics based Bethe free
energy minimization, is discussed in Section 4.1 where we general-
ize its version from belief propagation to general expectation propa-
gation, and has an objective function which is only an approximation
of the true function we wish to minimize. That inspires us in Sec-
tion 4.2 to develop a novel intuitive constrained maximum likelihood
optimization problem which yields the expectation propagation sta-
tionary points as its critical points. We then apply the constrained
maximum likelihood optimization framework to particular instances
of expectation propagation, the turbo decoder and the belief prop-
agation decoder, in order to illuminate the theory. We conclude



the chapter by connecting the two optimization frameworks with a
pseudo-duality framework.

4.1. Free Energy Minimization

Unfortunately, exact free energy minimization often has computa-
tional complexity that is too high, and so we must settle for minimiz-
ing approximations to the free energy.' One class of approximations
discussed in [7] are region based approximations, which are relevant
in a context where the parameter space © is finite. We generalize
that idea here, allowing © to possibly be uncountably infinite and
for explicitly structured consistency constraints.

The particular approximation to the free energy that we will con-
sider may be related to the one proposed by Hans Bethe in the con-
text of studying the Curie temperature in ferromagnets (see [7] for
the relevant references). One forms the approximate entropy

v
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where

Eus(qus) = — / ot (00.1)108 (G (Bus)) dOv.s
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Ca(qe) = — / 4 (02) 10 (q(02)) 40,

and N (i) are the factor nodes which neighbor the elementary sta-
tistics vector containing i. The corresponding approximate average
energy is

uBethe (QQBMC) = Z / qa(ea) In (fa(aa)) dea

which then, of course, yields an approximate free energy of

Chethe (A%perne ) ®

Here, we are interested in picking a collection of pdfs qz,,,. made
up of pdfs qa and qv,; on B, and 6, ;, respectively.

It turns out that the expectation propagation algorithm under the
sufficiency assumption As. 1 and the reciprocity assumption As. 2 is
intimately related to the Bethe approximation to the free energy to-
gether with some statistics consistency constraints, as we show with
the following theorem.

BBethe (qgﬁeme) := Upethe (q@Be[he) -

Thm. 1 (Statistics Based Bethe Free Energy Minimization): The
stationary points of the expectation propagation algorithm are
interior critical points of the Lagrangian for the optimization
problem
= arg min
qy?B::!hee
where the constraint set Z requires that the candidate q.s and
q:S must be probability density functions and obey the consis-
tency constraints.

N
e OBethe (qﬂ/’seme )
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f@ qv 1(0v 1)d0v,i =1
Eq [Vs(6v1)] = Eq, . [va(6y.1)]
ISee [10], for instance, for motivation for the minimization of the free
energy.

We call the free energy approximation (8) together with the con-
sistency constraints Eq, [vi(6yv,:)] = Eq,, [vi(6y,1)] and density
constraints a statistics based Bethe free energy to distinguish it from
the region based approximations that inspired it which had different
consistency constraints. Here by critical point, we mean a location
%y, Where the variation [1 1] of the Lagrangian is zero. The La-
grangian function is the objective function (i.e. the function we wish
to minimize) plus the constraints, each multiplied by a separate real
number called a Lagrange multiplier. We will assume interior critical
points, so that we consider qg,,,,.s such that

ga(fa) > 0V0, € O, 9)

and
qv,i(av,i) > Ovev,i S ev,i (10)

Proof: Since with (9) and (10) we are assuming that the inequality
constraints are inactive, their Lagrange multipliers must all be zero,
and thus our Lagrangian L will contain only the objective function
and the equality constraints multiplied by the Lagrange multipliers,
which we stack into a vector p for brevity.

®Bethe CIjBum Z Ha (/ )dG — 1)
- Zﬂv,i (/ qv,i(ev,i)dev,i - 1) (11)
i=1 Fv,i
M
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a=1icEN(a)
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[vi(Oy,5)] — Eq, , [vi(0y,3)])

Setting the variation of the Lagrangian equal to zero and solving for
ga(0a) and qu,: (6,1 ) respectively yields

> Bascv

i€EN(a)

da(0a) = fa(0a) exp Ovi)+pa—1| (12)

and

2 aen(s) Mas Vi(Ovs) —
W (i) -1

Av,i(Ov.1) =exp< AL 1) (13)

Now, if we make the substitutions

l"/a,i = Nisa

where the messages n;_.. were defined in (7), and if we use py, ;s
and p.s to satisfy the integrate to unity constraints, we see that the
consistency constraints are equivalent to the stationary points of the
expectation propagation refinement equation (6). This shows that
the EP stationary points are critical points of the Lagrangian for the
statistics based Bethe free energy minimization. ll

Note that special cases of this result were proven for turbo de-
coding in [12] and for belief propagation decoding (detection) in

[7’ s ]

4.2. Constrained Maximum Likelihood

In this section, we show how the stationary points of expectation
propagation are solutions to a constrained maximum likelihood esti-
mation problem, but first it will be essential to understand how one
may find a maximum likelihood or maximum a posteriori estimate
by selecting a prior density.



Prop. 1: One can go about determining the maximum a pos-
teriori or maximum likelihood estimate (when it exists) Oy :=
arg maxgco f(r,0) by asking for the most likely priori density
for 0, that is, by searching for the q(8) such that q(@) > 0 for
all & € © and [, q¢(8)d® = 1 which maximizes the likelihood
function

%meaémmm@w

In particular, if the maximum a posteriori (or likelihood) esti-
mate for 0 exists, then the pdf which maximizes this expres-
sion is a ¢ function (i.e. a Dirac § if © is continuous and a
Pfronecker ¢ if © is discrete) with all of its probability mass at
O .
CA149,ML(0) = 6(0 — Ow)

We can then find the maximum a posteriori (or likelihood) es-
timate by taking the expectation of 8 with respect to the most
likely prior density

Om = ]ECIQ,M[_ [9]

Proof: This is due to the Holder inequality, which tells us

.Lmﬂm@swmwmmwm=wmmu

where the last equality follows from the fact that q is a pdf, and
f(r,0) is being regarded as a function of 6. Because the density
which attains the maximum is the § function, we can then find the
maximum a posteriori (or likelihood) estimate by taking the expec-
tation of @ with respect to the most likely prior density

éML = EQQ,ML [9]

|

Proposition 1 validates the roundabout method of determining
the maximum a posteriori/likelihood parameters @ by first determin-
ing the maximum likelihood prior density for 6. It turns out that this
roundabout method is related to the method which expectation prop-
agation is using to approximate the maximum likelihood/a posteriori
detector/estimate.

Returning now to the expectation propagation setup, we begin
by introducing extra parameters x, € © and y, € O representing
the outputs of the parameter nodes and the inputs to the statistics
nodes to rewrite the joint pdf for the parameters and the received
data r as

M

M
Groey(r,0,%,y) == [[fay)d(xa — 0) [[(xa —y,) (14)

a=1 a=1

where 4 is the Dirac § distribution if © is uncountable and is the Kro-
necker & function if © is finite. Note that the [[5_, 6(xa — 6) is en-
forcing that all of the x,’s are equal to the parameters @ and the factor
[T}_, 6(xa —y,) is enforcing that x, = y, foralla € {1,...,M}.
As we just established, asking for a prior density on (x,y) which
maximizes this likelihood function provides a method for determin-
ing the maximum likelihood estimate for x and y and thus for 6.
Suppose, for instance, that we wish to do so, choosing the prior dis-
tribution from the set of standard exponential family distributions
which have x, and y, chosen independently from each other with
sufficient statistics

Now, suppose that we relaxed the requirement that x, =y, for
all a, by dropping the component of the likelihood function

[1%_, 6(xa—y.) and approximating the joint distribution for x, y by
a distribution specified by choosing x, and y, independently accord-
ing to standard exponential family densities with sufficient statistics
ta(Xa) and ua(y,) := [te(ya)].., thereby approximating the true
likelihood function gy x,y,60 (r, X, y, 0) defined in (14) with

qf‘»xang(r7x7y79) ~ qr,x,y,g(rv X7Y70) = (15)
M

[Tf006ca — 0) T exp (ta(xa) - Aa — (Xa))  (16)

a=1 a=1
€xXp (Ua(ya) : 7a - d)ua (73))

This approximation, in turn, yields an approximate likelihood func-
tion for A, v via

Guany (FA7) = / / / Gy o (r. .y, 0)dxdydd (17)
eJo"JoM

Of course, to make this approximation (15) which replaces the re-
quirement x = y with independence of x,y accurate, we will have
to consider only distributions for x, y which have a high probability
of selecting x = y. We can control the error introduced by this ap-
proximation by constraining the A and -y considered to lie within the
constraint set C described by the equation [9]

¢ Jo exp(ta(8) - Xa + ua(0) - 7,)dO
; to (f@ exp(ta(Xa) - Aa)dXa [ exp(ua(y,) - 'Ya)dya>
= log(e) (18)

Expectation propagation is intimately related to maximizing the
approximate likelihood function (17) subject to the constraints (18).

Thm. 2 (Maximum Likelihood Interpretation of Expectation Propa-
gation): The stationary points of expectation propagation solve
the first order necessary conditions for the constrained opti-
mization problem

A" = 1 . A,
(A", 77) == arg amax 0g(dr|x~ (r|A, 7))
subject to a Lagrange multiplier p = —1.

Proof: See [9].1

Particular instances of this result for belief propagation decoding
and turbo decoding are covered in [10, 15]. Note that it is rather
atypical to set a Lagrange multiplier in a problem (and then use the
corresponding value of the constraint), usually one sets a constraint
value and then gets a resulting Lagrange multiplier. We will see the
theoretical significance of choosing —1 in Section 5.

5. RELATION BETWEEN THE TWO GENERIC
OPTIMALITY FRAMEWORKS

In the previous two sections we provided two different constrained
optimization problems which yielded the stationary points of belief
propagation as their critical points. It turns out that these two frame-
works are intimately related to each other, because the Lagrangian
of one optimization problem is the pseudo-dual of the other. Here
we have used the terminology

Def. 1 (Pseudo-Dual): Consider the Lagrangian of of an opti-
mization problem (A) of the form infrcc [, J(x, f(x))dx where
the constraint set is defined as

C:{f/ACi(x,f(x))dx:ci \ﬁe{1,...,H}}




If, for each set of Lagrange multipliers u, there is a unique
functions f* which sets the variation equal to zero, we call the
value of the Lagrangian at f* regarded as a function of i the
pseudo-dual function to the optimization problem (A).

We are now ready to prove the following theorem.

Thm. 3 (Pseudo-Duality of the Two Optimality Frameworks): The
constrained maximum likelihood optimization problem from
Thm. 2 is a reparameterization of the negative of the pseudo-
dual of the constrained Bethe free energy minimization prob-
lem from Thm. 1 within the set of {ua, u1 } that yield probability
densities in (12) and (13) that integrate to one.

Proof: It is particularly of interest to consider the value of this
pseudo-dual function within the constraint space C,, of multipliers
¢ which via (12) and (13) give distributions {qa} and {q; } that are
probability distributions which integrate to one. Within this con-
straint space, the pseudo-dual function simplifies to

u . Zaej\/'(i) Moy - vi(6y.1)
S (W) - 1tog | exp( el )wm

i=1 v,i

u
— Zlog/ fa(0.) exp
a=1 CH

> s vi(Bus) | d6.
iI€EN (a)
19)
It turns out that this is related to the Lagrangian L for the optimiza-
tion problem in Section 4.2. In particular, if we substitute the relation

[Wa}i = Z [Aa]i Vi GN(a) Va € {1,,M}
cEN(D)\{a}
which, incidentally, solves V,L := 0 in terms of ~y,, then L be-
comes
)
S W@ Dlog [ e w6 3 bl | dous
i=1 Oy,i acN (1)

M
+3010g [ flya)exp n(y,) 7).
a=1 &

(20)
Then, if we identify
’Ya,i = I”‘a,i V1 € gN(a)
we see that (20) is equal to the negative of (19). B
When the first order necessary conditions for the infimum in the

calculation of the dual are also sufficient, then the pseudo-dual is
equal to the dual (see [16] for the definition of duality)

Prop. 2 (Duality of the Two Optimality Frameworks): Let A be
the set of Lagrange multipliers p for which the infimum of the
Lagrangian of the constrained Bethe free energy with respect
0 g, 18 finite and attained and for which the pdfs in qz,.,.
integrate to unity. Then, for u € A the Lagrangian of the con-
strained maximum likelihood optimization problem is the neg-
ative of the dual of the constrained Bethe free energy.

Proof: When o € A the unique solution to the first order nec-
essary conditions that we found must attain the infimum, erasing the
difference between the pseudo-dual and the dual. B

6. CONCLUSIONS

In this paper we provided and extended two optimality frameworks
for the stationary points of a family of distributed iterative algorithms
for statistical inference called expectation propagation. We then
showed a duality relationship between the two optimization prob-
lems, allowing for the use of one optimization problem to analyze
the other, as in [10].
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