Stat 375 Inference in Graphical Models

Variational Methods: A Short Overview
Andrea Montanari Lecture 6-7 - 2/2/2009

The following synthesis is based on notes taken in 2007 by Fernando Amat, Argyris Zymnis, John Duchi,
Krishnamurthy Iyer, Vahideh H. Manshadi and Sewoong Oh. The merging might have lead to inconsistencies
that I will repair in the version posted online. Excellent (and more complete) references on variational
methods are the review [W.J08], as well as the papers [WIW05] and [YEWO05]. Relevant material can also
be found in Chapters 4 and of [MMOQ9]

1 Free Energy and Gibbs Free Energy

The basic idea in variational methods is to reduce the problem of counting/marginalizing a distribution
to an optimization problem. The function to be optimized is called free energy (the name comes from
statistical physics). We start by defining free energy and the Gibbs free energy of a graphical model. As
before G = (V = [n], F, E) will be a factor graph, {¢,(-)}secr the compatibility functions. We further let

() = [laer Yalzoa)-
Definition 1 ((Helmotz) Free Energy). Given a factor graph model on x

1
= E H wa(mé’a);
acF

its (Helmotz) free energy is defined as
P =log Z.

We already saw that counting is equivalent to computing ® and that computing marginals of the variables
is equivalent to computing differences ® — @',

Definition 2 (Gibbs free energy). Given a distribution b € M(XV), its Gibbs free energy is defined as
G[p] = HIb] + Eplogt(z) (1)
= = b(z)logb(z +Zb ) log ¥ (z (2)

Proposition 3. The function G : M(XV) — R is strictly concave on the convex domain M(XV). Further
its unique mazimum is achieved at b = p, with Glu] = ®.

Proof Concavity is just a consequence of the fact that z — zlog z is convex on R,. The unique minimum
can be found by introducing the Lagrangian

L(b, ) (Zb ) (3)

Setting to zero the derivative with respect to b(x), one gets b(z) = ¥ (z)/Z. Tt is immediate to check that
the value at the minimum is indeed ®. O

Observation 4. Gibbs free energy can be re-expressed as follows:
G[b] = @ — D(bl|)
where D(n||p) is the Kullback-Leibler divergence between b and p (from information theory).

We reduced marginal computation to a convex optimization problem. The problem is that the search
space is too big. Indeed M(X") is a simplex of dimensions (|X|" — 1).



2 Naive mean field

The simplest approach to overcome the dimensionality problem is to restrict the measure b(z) to belong to
a simple family or subset of M(XV). The problem, as we will see, is that some subsets of M (X") might not
be convex, so we lose the nice property of having a convex problem.

The simplest approximation scheme consists in taking b to be a factorized distribution: b(z) = [];cy bi(2:).
The resulting submanifold of M(X") has dimension n(|X| — 1) but is non-convex. Plugging this factorized
form in the Gibbs free energy expression, we obtain the naive mean-field Gibbs free energy:

Gumr(b) = H[b] +E,[loge(x)]
= —ZZbZ(xl)logbz—F ZZ H bz(xz) loglba@aa)
i€V a€F x5, i€0a

We want now to optimize this over b;. We can use Lagrange multipliers \; to constrain the mean field
marginals to be normalized, that is, Zz bi(x;) = 1, giving us the following Lagrangian and derivatives:

=Y biw)logbi(w) + Y > [ belwi) log talza,) + Y A <Zb x; —1>

i€V x; a€F x4, i€0a eV

m = 1-loghi(e)+ Y, >, [T bi(e;)logvulza,) + X

a€F z;:5€0a\i j€da\i

L(b,A)

Solving, we see that stationary points must satisfy

bi(x;)

exp | Y > I bile)logvulzas) +Ai—1

a€F x;:j€da\i jE€a\i

fexp o> T i) logtba(zaa) (4)

a€F x;:j€da\i j€da\i

where we solved for A; to normalize the b’s. This suggests an iterative algorithm for optimizing the b’s by
iterating the above equation until the b’s converge.

2.1 Example: Ising Models

As an example, we will be considering ferromagnetic Ising models, which can be thought of as mathematical
models of the alignment of localized magnetic moments in a ferromagnetic material.

Given a pairwise graph G = (V, ), variables x;’s are associated to its vertices ¢ € V. In an Ising model
x; € X = {41, —1}. We have a factor over every “adjacent” (meaning there is only one factor node between
the variable nodes) pair of variables as follows:
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This defines a distribution
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To use the mean field approximation on an Ising model, we parametrize singleton marginals using their
means By, [2;] = m;:



The naive mean field free energy is then

Gur(m) = > Hb)+B Y. > bizi)bi(z))zm;

i€V (i.4)€E @i
= > h(m)+8 Y mmy,
eV (i.j)€€
where h(m) = 71‘*‘77" 1Og(1+Tm) _ 1—2m log(l_zm),

Using equation for mean fields, we find that
bi(z;) = % X exp <J€Zai§bj (xj)ﬂxlxj) = exp (6%%1[5,,_7 [xj]) = exp (ﬂxz jezai mj>.
and we thus have the iterative updates
mi = Ey,[2]
€xp (ﬂ > jcoi mj) — €Xp (*ﬂ > jcoi my‘)
exp (5 > jeoi mj) +exp (_ﬁ > jeoi mj)

= tanh (6 Z mj). (5)

JjEOI

The last line is the hyperbolic tangent, which is a strictly increasing function bounded by [—1,1].

2.2 Convergence of mean-field updates for Ising models

In this section, we will be considering the convergence properties of the iterative updates we have derived
for our mean-field approximation of Ising models. For the sake of simplicity, we assume that G is regular,
with degree k.

First, we observe that — under the update rules in Eq. 1D — if we initialize mgo) =m foralli eV, we
will have mgt) =m® for all t > 0 (here mgt) is the value of m; at the ¢ iterative update). In other words,
homogeneous estimates remain homogeneous under the update. The marginals evolve as follow

m*D = tanh(Bkm®) = f(m®). (6)

If g < %, then the function f is Lipschitz with constant smaller than one, so that no matter the value of
m ), the iterations will converge to lim;_..c m® = 0. An illustration of this is in Fig. a). If g > %, on the
other hand, the slope of f will be greater than 1 at m = 0, so that there will be three points that the line
y = m will intersect y = tanh (Bkm). Thus, if we begin the iterations with m(©® > 0, lim,_, mgt) = +m*.
If m© < 0, then the iterations will converge to —m*, and in the degenerate case that m(® = 0, we will

converge to the saddlepoint 0. An illustartion of this is in Fig. [[[b).

2.3 Marginals in the Ising model

Up ot this point, we have ignored the marginals of the actual distribution of the Ising model, focusing
instead on the partition function and maximizing the free energy. What can we say about the marginals of
the distribution that we obtain from our mean field approach?

It is relatively easy to see that the real marginals should be y1;(4+1) = p;(—1) = 3, because the factors are
completely symmetric. Nevertheless, the presence of two (positive and negative) attractive fixed points is a
trace of an interesting phenomenon. For many graphs G, at large enough 3, the model undergoes a phase

transition. More precisely, a typical configuration z distributed according u( - ) is polarized: either x; = +1
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Figure 1: (a) Updates to m® with 8 < 2—1d. Path is down and left. (b) Updates to m® with 8 > ﬁ. Path is up
and right.

for about n(1 + my)/2 vertices i, or x; = —1 for about n(1 4+ m4.)/2 vertices i, with my = m4.(8) strictly
positive. Each of the two events occurr with the same probability. Further, marginals over several variable
node that are far apart have a distribution that approximately decomposes as follows:

1

@, g, Tp) A §(M+($i)ﬂ+(xj)ﬂ+($k) + o (@)p (z)p (2r)),

where uT(x;) has positive mean, and p~ (z;) negative mean. This gives intuition as to why there are two
distinct fixed points for strongly correlated factors—almost all of the nodes should be +1 or —1.

3 Bethe Free Energy

Is belief propagation associated to any variational principle? The answer is yes, although the relation is not

as straightforward as for naive mean field. The associated free energy can be written in two forms that, as

we will see, are related by a lagrangian duality: the first form is in terms of messages {vi—qo( ), Va—i(*)};

the second in terms of marginals {b;(-),ba(-)}. We shall refer to both forms as to the Bethe free energy.
Let us start by defining the Bethe free energy G : {v, 7} — R in terms of messages:

Gp(y) = —> log <Z Vwa(fﬂi)ﬁaw(fvi)> +> log | Y talzp,) [] viealz:)
i,a i a€F Ty, i€da
+Zlog (Z H ﬁa—»i(xi)> .

eV T; a€di



Note that there are three terms in the expression, one for each edge, one for each factor node, and one for
each variable node in the factor graph. The following claim justifies the study of Bethe free energy.

Proposition 5. Consider a factor graph model with strictly positive compatibility functions g (zs,). Then
stationary points of the Bethe free energy are fized points of the Belief Propagation algorithm and vice versa.
That 1is,
oG}
B _ 0
v
if and only if the messages are a fixed point of belief propagation.

Proof Note first from the definition of the Bethe free energy, that it is independent of scale with respect
to each of its arguments. That is, if we replace, v;_q(x;) by Avi—q(x;) for some A > 0, then the value of
the Bethe free energy remains the same. As a consequence, it is not necessary to impose the normalization
constraints through Lagrange multipliers. Differentiating the expression for the Bethe Free energy with
respect to v;_q(z;), we get

0GR ) deilm) 2, Vo e vime())
Wimalz:) Xy, Viea@i)lami(zi) X, Yal(@oa) Ijepq Vimalzs)

Setting % = 0 and rearranging the expression we see that,

I?a‘}i(xi) _ < le Viﬁa(xi)l/a—wi(l'i) ) Z '(ba(&aa) H Vj;»a(l'j)

Ziaa ¢a(£8a) Hjeaa Vj_”l(mj) Zoa\i j€da\i

> val@on) [ vieales)

Zoa\i j€da\i

1

which is nothing but the equation for the fixed point of the Belief propagation algorithm (for factor mes-
sage). The corresponding equation for the variable message can be obtained similarly by differentiating the

folek

expression for Bethe Free energy with respect to ,—.;(x;) and setting Ty = 0. Doing this we get,
H Dpi(2:)

bedi\a

1

Viﬂa(wz‘)

Thus the stationary points of the Bethe free energy are the fixed points for the Belief Propagation algo-
rithm. The converse can be obtained by direct substitution. O

4 Relation with marginals

The Naive Mean Field theory assumes that the beliefs over the entire graph is the product of the beliefs on
the individual variable nodes.

() =~ HM(%)
i€V

This assumes that the values at the variable nodes are independent. On the other hand, the variables zy,
might be strongly correlated. For example, one can have ¥,(xg,) = I¢z,+2;+2,=0}, Where each variable
assumes value in {0,1}.



Figure 2: Addition of a single factor node to graph G

Lemma 6. If G is a tree, then

_ Ma x(’)a
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= I talzsa) Hu )t1d
acF eV

Proof The proof will proceed by induction on |F|. To begin the induction step, we see that for |F| = 0,
the given expression reduces to pu(z) = [[;cy pi(2;) which is nothing but the naive mean field equation.

Now assume that the given expression is true for |F| < m. We need to now check the expression for
|F| = m + 1. Towards that end, assume we have a tree G with m factor nodes, and at variable node 4, we
append a factor node a (along with other variable nodes connected to a) at i, to get a tree G’ with m + 1
factor nodes. See Fig for details.

Note that |9i| is the number of factor nodes connected to variable node ¢ in graph G’. Thus number of
factor nodes connected to ¢ in graph G is |0i| — 1. By induction hypothesis,

pae) = [ me) T mile) 1% ;) =020
beG JEG\i

Conditioning on z¢, we get p(zg) = w(ze)i(Zpq\ilze). By conditional independence (i.e. the Markov
property), the above expression becomes,

wmze) = wlEe)u(zoglz:)
—(18i|— /}J(&B ux7)
=TT eozon) TT (o)t 127 syt 000 1)#
beG jEG\i HilTi
= H () H g ()19
beG’ jea’



where the last equality follows from the fact that p(zy4\;5 i) = pa(2g,) and for variable nodes j € da \ i
the number of neighbouring factor nodes |0j| = 1. This completes the induction step, thereby proving the

lemma.

O

As an example, consider a Markov chain. The expression for the distribution now reduces to

m(z)

n—1 n—1
H ta(Tas Tat1) H i)™

7$2+1)

T
i (21, 2) H pi(#i, Tiv1)

(i)

n—1

=2

w1 (1) pa (z2)21) H piwir|z:)

=2

n—1

(@) [T wi@iga |z

=1

Thus we obtain the usual formula for the distribution of a Markov Chain.
Calculating the Gibbs energy for trees, one obtains,

G(p) = Hp]+E,[log(v(z))]
= —Zu ) log(u
a€F Ty,
= *Zu( log<Hua z5,) [ [ pilai
acF eV

- Z Zﬂa L) 108 f1a(24)

a€l zy,
= 3 Hlp = Y- (0 - 0
acF icV

Here HJ.] is the Shannon entropy.

@)+ D) Ha(zpe) 10g(Ya(zp,))

+ Z Zua Ty, log ¢a(x6a))

acF z45,

1 81)

ZZ 1 - ‘61 i xz)IOg Mz xz + Z Z,ua Loa log wa(xaa))

i€V oz,

] + DD al@aa) log(va(2a,))

a€F zy,

acF zy,

5 Locally Consistent Marginals

For the general case, one can have marginals {b;,b,} for each factor node a € F and variable node i € V|
which define the Gibbs free energy. We see that such marginals have to satisfy the following conditions to

be a valid set of marginals.

ba (ﬁaa)

Z ba (laa)

Zoa\i

Z ba @aa)

Zya

AVANLY]

0, Vi, YieV

07 v&@a? Ya € F (7)
1, VeV (8)
b7(131), Va € F,Z € da (9)
1, VaeF (10)



Note that Eqn(g) and Eqn(9) imply Eqn(10]), and hence we can remove that equation from the requirements
of a valid marginal.

The set of marginals {b;,b,} on a graph G which satisfy the above requirements is known as the set of
locally consistent marginals on G, denoted by LOC/(G). As the above constraints are linear, it can be readily
seen that the set LOC(G) is a convex set. Also the dimension of LOC(G) is bounded above by | X |™&x19al| .

We will now contrast the set of locally consistent marginals LOC(G) for the cases when G is a tree and
when G is not.

o G is a Tree

— When G is a tree, then for any {b;,b,} € LOC(G), there exists an unique measure b, €
Measures(X") whose marginals are given by {b;, b,}.

— The measure b, is given by

X = M i\Ti
b*(,) H <Hi€8a bz(ifz)) Zle_‘[/bl( ’L)

acF
— The Gibbs free energy for b, is given by G(b.) = G(bs,b;) and hence log Z = maxzoc(a) G(ba, bi)
e G is not a Tree

— In this case, there exists a set of marginals {b;,b,} € LOC(G) that are not marginals of any
distribution b on the graph G.

The example of a case where the set {b;,b,} € LOC(G) fails to be the marginals for any distribution
on G, can be obtained by considering the case of cyclic graph consisting of three variable nodes and three
factor nodes as in Fig(??). Each variable z; takes values in the set {0,1}. The compatibility function for
each factor node is specified in the matrix form as,

b [ 049 0017, [049 0017, _[001 049
1271001 049 |72 7| 001 049 |7 | 049 0.01

From the compatibility function matrices, one observes that the factor node (1,2) prefers that variable nodes
1 and 2 be in the same state. Similarly factor node (2, 3) prefers that variable nodes 2 and 3 be in the same
state. On the other hand, factor node (1,3) prefers variable nodes 1 and 3 be in different states. It follows
that not all of the compatibility functions can be satisfied simultaneously by a distribution. On the other
hand, it can be readily checked that the marginals defined by b;(z;) = (0.5,0.5) and b;; = 1;; are locally
consistent. The relation between the set of marginals of some distribution on G and the set LOC(G) is
summed up in Fig(??)

The following two results describe the relationship between the stationary points of Gibbs free energy
on the set LOC(G) and the fixed point of the Belief Propagation Algorithm on G and thus the relationship
between the Gibbs free energy and Bethe free energy.

Proposition 7. If the compatibility functions of a factor graph G are such that ¥q(zs,) > 0 for all z5, and
a € F, then there exists a stationary point of G(b;,b,) in the interior of LOC(G). In this case, there exists
a fized point of the Belief Propagation Algorithm on G, which is given by the above stationary point.

Claim 8. The Bethe free energy is the Lagrangian dual of the Gibbs free energy for the locally consistent
marginals .

Proof Before writing the Lagrangian dual for the Gibbs free energy on the set LOC(G), note that the
constraints are specified by Eqn and Eqn@. Thus, in the dual, there will be a variable \; for each variable



node ¢ € V, and a variable \;_,(z;) for all z; and for each edge (ia) € G. Thus the Lagrangian dual is given
by

L({b},{A}) = Z)‘ (Zb ;) — ) Zz)‘z—m ) Z ba(zp,) — bi(z:)

(ia) xi Zoa\i

Setting % = 0 leads to an expression of b as a function of A. Substituting this into the above expression,
one gets £ as a function of just A, which after a variable change from A to {v;—4, 74—} leads to the expression
for Bethe Free energy. O

Last lecture we saw that the Bethe free energy is the Lagrange dual of the Gibbs free energy for the

locally consistent marginals. Given a set of messages {74, Vi—o} We can construct the marginals by setting
oL

=0
0b

bl(l’z) o H ﬁa—n’(xi)

a€oi

ba@aa) X T/Ja@aa) H Viﬁa(xi)

i€da

Now by imposing the locally consistency condition we get the belief propagation fixed points. Let

Vz—>a xz H Va—n xz
bedi\a

Imposing the locally consistency condition Z%a\i ba(zg,) = bi(x;), we get

H Dp—i(z;) o Z Y(zy,) H Vj—a(Zj)

beoi Zaa\i j€Da
Va—)z xz H Vb—)z xz § 'L/) xc’)a Vz—>a xz H Vj—>a x]
bedi\a Zoa\i j€da\i
Va~>7, 1’2 § ¢ xaa H I/jﬂa .’E]
J’@a\l ]Eaa\7

6 Region-Based Approximation of the Free Energy

Region-based approximations provide a systematic scheme for constructing a hierarchy of approximate free-
energy expressions. The basic idea is to decompose the system into subsystems and then approximate the
free energy by combining the free energies of the subsystems. We will see that Bethe free energy is in fact a
special implementation of this idea. The corresponding iterative algorithm is referred to as generalized belief
propagation.

6.1 Regions and Region-Based Free Energy
We define a region R of a factor graph G = (V, F, E) to be (Vg, Fr, Er) such that

aeFR:>8a§VR
i € Vr,a € Fg, (i,a) € E = (i,a) € Eg

An example of a region is shown in Figure [3|(a). Given a region R, the Gibbs free energy of the region
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Figure 3: (a) An example of a region. (b) Regions of the Bethe approximation.

Gr: M(XVR) - Ris

Grlbr] = Hlbr] + ) Y br(zg)log(ta(zs,)) = Hrlbr] — Urlbr]

Zp a€Fgr

where zp = {z; : i € Vg}.
The size of the domain of Gg is exponential in the size of the region. Therefore for small regions we can
compute the associated free energy.

For a family of regions R = {Riq, Rs,..., R,} and the associated set of coefficients cg = {cr : R € R},
define the region-based free energy Gr : M(XVr1) x M(XVr2) x ... x M(XVR¢) — R as

Gr{br} =Y crGrlbr]

ReR

where bg = {br(zg) : R € R}.

As a check, assume that we have two disjoint factor graphs G; and Gs and let G = G1|JG2. Then
clearly, the free energy of G is the summation of free energies of G; and G3. Now let R = {G1,G2}, and
c1 = ¢ = 1. Region-based free energy, Gr, gives the exact value of the free energy. When the regions
overlap then G will give an approximation of the free energy.

Example 1 Bethe Free Energy
Bethe approximation is an example of region-based approximation where the regions are (Figure [3| (b))

R={R;,R,:i€V,a€ F}
R; = ({i},0,0), VieV
R, = ({0a},{a},{(i,a) : i € Da}), VaeF

10



and the coefficients are

¢ =1-—10i], VieV
Cq =1, Va € F

The corresponding region-based free energy is

Griba,bi} =D (L= 0iHD] + Y | Hbal + Y bal2p,) log(va(zs,))

i€V a€EF g,

6.2 Region-Based Approximation

We approximate the free energy by
F =log(Z) =~ max Gr{br}
R

where the marginals of the regions must be consistent, i.e.

VRO R : Z br(zg) = br(zR)

ZR\R'

and the coefficients must satisfy the following rules

Y crlli€eVg)=1, VieV (11)
ReER

> crl(a€ Fr)=1, Va€eF (12)
ReER

Constraining the coefficients to satisfy rules and has the following consequences

1. If holds and the marginals {br : R € R} are the real marginals then Ug (br) is equal to the energy
term of the Gibbs free energy of the real distribution, i.e, Ulu] = —E, log(¢(z)).

Ur(br) = — Z CRZbR@R) Z Ya(Zaa)

RER Tp a€FRr

= - Z Z I(a € Fr)cr Z%(L‘hﬁ/’a@@)
RER a€F Zoa

= — Z (Z H(a S FR)CR> Zua(gaa)wa(ﬁé)a)
a€F \RER Zya

= — Z Zua(ﬁaa)iﬁa@aa)
acF zy,

= Ulu]

2. If holds, the marginals {bg : R € R} are the real marginals, and the real distribution is uniform
then Hgz(br) is equal to the entropy term of the Gibbs free energy of the real distribution.

Example 2 Regions with Short Loops
Given the factor graph shown in Figure 4| (a), we define the following set of regions (and the corresponding

11



coefficients) where each region has at most one short loop. Regions are shown in Figure {4 (a) as dashed
boxes. It is not hard to check that the coefficients satisfy rules ) and (| .

Ve, ={1,2,4,5}, aa=1 Vg, = {2 5}, o5 =-—1
Vi, = {2,3,5,6}, ca=1 Vg, ={4,5}, cg=—1
Vi, = {4,5,7,8}, c3=1 Vg ={56}, cr=-1
Vi, = 1{5,6,8,9}, ca=1 Vg, ={58}, cs=-—1
Vr, = {5}, cg=1

,,,,,,,,,,

N
T i XX

B O
N

(a) (b)

Figure 4: (a) Factor graph and the regions. (b) Region graph corresponding to the regions.

6.3 Region Graph
Region graph G(R) of a set of regions R is a directed graph with vertices R € R and directed edges where
R—R=RCR

Figure {4] (b) shows a region graph corresponding to the regions of Example 2. Note that because of the
condition on directed edges the graph must be a directed acyclic graph.

If there is a directed edge between R and R’ then we say that R is a parent of R, R € P(R'), and R’
is a child of R, R' € C(R). If there is a directed path between R and R’ then we say that R is an ancestor
of R’y R € A(R'), and R’ is a descendent of R, R’ € D(R).

If a set of regions R is represented as a region graph (such representation is not necessarily unique) and the
corresponding coefficients satisfy and and following condition

Cr=1- Y Cr VRER
R'€A(R)

12



then the marginals of regions, bz, can be computed iteratively using Generalized Belief Propagation (GBP)
algorithm.

7 Generalized Belief Propagation
To solve the following optimization problem

maximaize Gr{br}

subject to Z br(zgp) =br(zp), VR— R

ZR\R'

We form the Lagrangian

L{br},{Ar—r}) = Gr{br} — Z Ar—r (2p )Cr—pr/ (ZR/))

R—R/

where
CR—>R’ (QR/) = Z bR(QR) - bR’ (@R')

ZR\R'

Setting %—f = 0 leads to an expression of marginals as functions of Lagrange multipliers. Now by imposing
the consistency conditions, Cr_, g/ (2g/) = 0, we get the update rules of the message passing algorithm.

After a variable change from Ar_. g/ to vr_ g/, the marginal of a region bg is given by

br(zp) < ] val@sa) [] ve-rze) ][ 11 VRy— R (ZR,)

a€FR R1€P(R) Ro€D(R) Rs€P(R2)\R,D(R)

The relationships among R, R;, Ro, and Rj3 are described in Figure

Ry

Rs

Ry
(a) (b)

Figure 5: Relationships among R, Ri, Rz, and R3

8 Concavity of Bethe Free Energy on Trees

Two problems with Bethe Free Energy

e Bethe Free Energy is not concave

13



e not a bound
unless G is a tree. How do we show concavity on trees?
Helmotz Free Energy I' =log Z =log )., [[,c7 ¥a(2g,). Think of this as a function of 6, (24, )-
F:{0a(zp,), 0i(xi)} — F{0a,0i}
Substituting e’ we get,
F() = log {Z H efa(Zoa) H 6971(171)}

z a€F %

F(60) is convex in 6 as proved a few lectures before.

Consider the definition of the Bethe Free Energy
Ge{b} = HI[b] + Ep[log(y(z))]
We know the energy term is linear. Let’s show the concavity of Bethe entropy.

Claim 9. If G is a tree, then Bethe entropy Hg : {ba,b;} — Hp{ba,b;} is concave.

Hp{b} = > Hb > (1—10i)H[bi]

then, Hg{b} = %{F{g}-ﬁ{e}}

Ep{0} = D ba(zpn)alazas) + > > bilwi)bi(w:)

a€F x4, i€V @

Proof
Hp{by = inf{F{f} - DY bal@on)balzas) — D bilwi)bi(z:)}
acF x4, i€V oz
Let’s write the stationarity conditions
OF(6) 0
= = 1
ba(ﬁaa) aga(i{)a) Na(ﬁaa) ( 3)
bi(ri) = pf(w) (14)

where,

u‘(gg) = %Z H efal@a,) H RACH

x a€F eV

If G is a tree and beLOC(G), then there exists at least one set of 6’s such that (1),(2) are satisfied.

Further,
F(0) = Hylu) +E, [0

= inf{F{6) ~ By {0}} = Hi[u’) + E,l6) — Bu[6] = Ha[p

14



9 Upper bound

For graphs that are not trees, we have

F(9) < ZPTF(GT)
T
for any collection of {07} of parameters and weights {pr} such that

ZPT = 1 pr =0 (15)
T
ZQT/)T = 5 (16)
T

Idea :
e choose O such that F(0r) can be computed easily
e optimize over {pr}, {67} under the constraints (3),(4).

For example, we could have T = (Vp, Fr, E7) a spanning tree, where Vo = V, Fp C F. A tree is a
spanning tree if Vi = V' is connected. Let’s assume pr is fixed and optimize over 0.

L({b}.{0}) = ZPTF (Or) = > balza) ZPT9 (2oa) = Oalzpa)] — Y bi(w:) ZPT9T (z:) = Oi(x;)]

a,Ty, i,

Stationarity conditions with respect to 7 gives

ba(zos) = > prul"(zp,) (17)
T

bi(zi) = Y pruit(z:) (18)
T

Further, since 67 is non-vanishing on a tree, using the stationarity conditions we get,
Cr{b} = D ba(@pa)balzo,) + Y biw)bi(w:) + > pla)[H[ba] = > Hb])+ > Hb]
a,Ty, 1, a 1€0a 7
where, p(a) is the probability a factor node a belongs to a tree.
Y ey
a T>a

If p(a) is close to 1, then the tree is well defined.
Gr{b} is concave for locally consistent b,,b;. And we have an upper bound

F(9) < max Gr{b}

Notice that this depends on pr only through the O(n) quantities p(a).

1
pr =gy — dnela Zp = Y prl(a€T)

= > pr(n—1)

= n—1
n—1
= pla) = —

when p(a) = 0, Gt looks like Naive Mean Field free energy.

15



Figure 6: Example of choosing spanning trees on a graph
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