Supplementary material for ‘“Fast Convergence of Belief Propagation to Global Optima: Be-
yond Correlation Decay”

A Deferred proofs from Section 2.1

Proof of Lemma 2.2. Suppose there exist two critical points y and z. Recall that being a critical point
is equivalent to solving the mean-field equation 3y = tanh®"(.Jy + h). Consider the line through y
and z; this line intersects the boundary region [0, 1] \ (0, 1]™ at some point; we parameterize the
line as z(¢) so that z(0) is on this boundary, i.e. £(0); = 0 for some 4, z:(¢;) = y and x(t2) = z.
Without loss of generality we assume that ¢; < t. Now we consider the behavior of the function

g(t) := tanh(J; - 2(t) + h;) — z(t);

on this line. Observe that by definition g(0) = tanh(J; - 2(0) + h;) — 0 > 0 and g(¢1) = 0. It
follows from strict concavity that g(t2) < 0 since to > t1, so z cannot be a fixed point, which gives
a contradiction. O

Proof of Lemma 2.3. First we claim that ®;r is concave at z*. If z* is on the interior of [0, 1],
then this follows from the second-order optimality condition. From the mean-field equations (first
order optimality condition) we see that it’s impossible that there are any coordinates such that 2} =
1, and that if the graph is connected and there is a single coordinate such that z] = 0, that the entire
vector z* = 0. If z* = 0, then the maximum eigenvalue of .J must be 1, so the free energy functional
is globally concave — otherwise, by the Perron-Frobenius theorem there exists a eigenvector of J
with all nonnegative entries and with eigenvalue greater than 1, from which we see that z* = 0
cannot be the global optimum.

Now, it is easy to see that @,/ is concave on all of S, becuase if 0 < x < y coordinate-wise then
V2®r(2) = V2® )7 (y), which follows because

V2O p(z) = V2Our(y) = (1/4) > (H"((1+2)/2) — H'((1+y)/2))eie] = 0.
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since H"((1 + x)/2) = =25. O
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B Deferred proofs from Section 2.2

Lemma B.1. Suppose that x € S. Then

|z — =*||3
VOyr()|i =2 ——Fm
e

where x* is as above, the global maximizer of @y in [0,1]™.

Proof. Recall that
V(I)MF(.Z‘) =Jz + h — Ztanh_l(zi)ei.

Since z* is a critical point and local maximum, so V® ;7 (z*) = 0 and V2® ;- (2*) =< 0, then

using that % tanh™! () = 072%)2’ we see that by applying the fundamental theorem of calculus
twice that

VO rp(z) = J(xfx*)fz ei(tanh ™ (2;)—tanh ™! (z})) = VQQMF(x*)(zfz*)fZ €; /I /Z O_Q%dydz

and so



where in the last inequality we used z; > x; > 0. Finally the result follows combining the above
with (2* — 2, VO yr(2)) < ||2* — 2|loo || VP arr |1 by Holder’s inequality. O

Proof of Theorem 2.6. From Lemma B.1 we see that

g el
o ="l < e < IVl

and so as in the proof of Theorem 2.4 we see that for any 7T',

T n

P | 3 oo Z Z Ji+ |

HJJT—JC ||‘3 S T ||It—x ||‘3 HV(I)MF Tt ||1 = T ylz yT+1z = w
= t 1 i=1

Therefore for any t' > T we see by convexity and Holder’s inequality

[l + (5]l
T

h 1/
(”‘]”1;”1) Z|tanh (1) — (Jor + b))

Tl + Al
:<||||1T||1) > Wi — gera)

i

1/3
Barp(a™) — Darm(m) < (VOurp(ae) a* — 22) < ( ) IV®arm(a) s

and summing this over ¢’ = T + 1 to 2T and telescoping we see that

2T

1/3
Opp(x*) — Pprp(zar) < % Z (Prpp(x™) — Ppyp(zy)) < (||J1;|h||1> Z(yTz — Y1)

t=T+1
4/3
< (IlJl + |h||1>
- T

which proves the result. O

(2

C Deferred proofs from Section 2.3

Theorem C.1 ([27]). Let (X, <) be a finite alphabet equipped with a total ordering, fix a finite
graph G = (V, E) and fix functions f, : ¥ — Rand f,, : ¥ x ¥ — R. Suppose that every
f = fu, satisfies the following submodularity condition:

f(min(z1, 22), min(yr, y2)) + f(max(z1, 22), max(y1, y2)) < f(z1,91) + f(22,92)
Then the optimization problem
Jmin |3 S (L) + 3 fun(Lw), L))
veV u~v
is efficiently solvable in time poly(|X|, |V ).
Proof of Theorem 2.7. Supermodularity (which will become submodularity after converting to a
minimization problem by negating) for the edge interactions J;;x;x; is immediate, so to apply this

theorem all we need to do is discretize the optimization problem max ® ; appropriately: to do this
we compute Lipschitz constants on the relevant part of the space. First observe that

27| = [tanh(J; - 2%; + hi)| < tanh([|Jif|1 + [Ril)
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so if we restrict z; to lie within [— tanh(||.J;||1 + |h4]), tanh(||J;||1 + |h;]) then
1+z

d
max | g H(Ber(
z; dx;

so H(x;) is (|| J;|l1 + |h:])-Lipschitz on this interval. Similarly we observe that

Yl = max tanh ™ (tanh([|J; |1 + [hi]) = [Ji]1 + [hil

> i+ hil < il + Rl
J
so if we discretize each coordinate with grid size W then we change the objective

by at most en. Then by the result of [27] this problem can be solved to optimality in time
poly(1/e,n, max; [|J]| + [hil). =

D Deferred material from Section 3.1

In this section we quickly recall the basic definitions, facts, and notations involving the Bethe free
energy, its dual formulation, and the connection to Belief Propagation — as described in [36] and
reference text [21]. We repeat some of the standard calculations in order to express the results in our
variables v;_, ;. The Lagrangian corresponding to the optimization problem (5) over the polytope of
locally consistent distributions (which is defined over all, not necessarily consistent, F;; and F;) is

E(Pa A) = q)Bethe Z )\z—)_] xz Z .’IZ‘Z,.’L‘J Z(xl)) + Z)\Z(Z Pz(xz) - 1)

4,5,

where we ignore the constraint P;(z;) > 0 because, given the other constraints, this constraint is

always satisfied at a critical point (since the derivative of H (Ber(p)) diverges asp — 0 or p — 1).

Aimi(D=Xisy(=1)
2

By differentiating with respect to P, and setting A, 55 = , one finds that at a

critical point of the Lagrangian that

Pij(xiyxj) . equj"L‘in"FAqﬂﬂj("L"i)+>‘j~>'i("l"j) x eJijfE'ixj+)‘;~>jwi+>‘;4>iwj
and
b \ h; N hi
Z(Z‘,) X exp Z i—j xb - deg( ) lxi X exp Z i—jli — W‘ri

Furthermore by differentiating with respect to A we see that the constraints are satisfied, therefore
for any i ~ j that P;(z;) = Y, P;j(x;,x;) hence

zj
Pi(xi)deg(i)_l x H E Py (x;, xr) E ek (Jinmimet A @it A Th) oDk Nk E ek (Jikwit A )k
keoi\{j} Tk Toi\j Toi\j
SO
6)\1_”:1(:1 hix; x E Z Jik®Ti+ N )Tk x HE J,;,xl )\k_”

Tai\j

14vx, N
Define v;,; := tanh(\_, ;) so +”;J‘T = 5= ek ——, then we see

e i—ite i—j

R P S Rl ¥ 1D Dl
ehi Hk ka eJikTh Ny Tk + e—hi Hk ka e—JikTh N i Tk
i T 2o, € (Ut vpsiag) — e M [T 30, e (1 — vy
ehi T, ka edin®k (1 + vp_xy) + e [, sz e Tt (1 — vp_yxp)

= tanh(h; + Z tanh_l(tanh(Jik)ukHi))
kEdi\j

Visj =

which is the form of the BP equation we will typically refer to. We will denote the right hand side
by ¢(v);—; so the BP iteration is given by v — ¢(/). We will also define 6,5, = tanh(J;x). Finally,
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we will explicitly rewrite the Bethe free energy at a critical point in terms of the messages v;_, ;.

claim that at a critical point (P, \)

(I)Bethe = ZFZ()‘) - ZFU()‘)

invj
where
logZeh iT H Ze]”z zje Jﬂ1x7 _ IOg Z ehlwl-‘rz J”J,NLJ-&-)\Jﬁw
JEDI Tj TiyZoi
Fi;(X) :==log Z it N TN s

X, X5

To see this observe that from the Gibbs variational principle that (considering a joint distribution

where we sample X; from P; and then X;|X; according to P;;)
Fi(\) =E[hXi + Y Ji XiX; + X, X5 + H(X:) + Y H(X;1X;)

J JEODT
=E[hiXi + Y JXiX; + N, X5 + Y H(X, X;) — (deg(i) — 1) H(X,)
J jEdi

and
Z JiiXaX; + N Xo + N, X+ H(Xq, X;)

so summing all of these terms does indeed give ® gethe (P). Finally we rewrite in terms of v;_,; to

get
. P B ZINeY _ U B VR NNeY
: _ hi Jijx j—=iLy —h; —Jiz j—=ilj
Fi(v)=1log |e H_Ze e +e H'Ze —
L J€oi 7 jEDI T;
=log |eM H (1 + tanh(J;;)v;) —hi H (1 —tanh(J;;)vj—) | + Zlo
JEOT JEDL JEODT
and
1+vx; 1 4+vix;
Jiixix; i—>JL1 J—idbyg
F”( 1OgZZ Y 9 2
T T
elii + et (el —e i)y vy,
= log 2 2

= log(l + tanh(Jij)Vi%jVj%i) + log (M—Qe”> ’

E Deferred proofs from Section 3.2

Proof of Lemma 3.1. Observe that

of

1— f(x)?
o, >0

2 -
1— 3

(z) =
which proves monotonicity, and

o’f _ “2f(@)(1 - f(2)?)

1J+e

Jij

drom, ") T a1 ) T

Note that for any vector w, if w} = (1 — f(x)*)w;/(1 — 2?) then

0% f
;wlm Zw (2z;1(i =j) — 2f(x w *221’1 )2 —2f(x Zw

1-2)2 (1 —af)(1—af)

J

since x; < f(z), which proves concavity. If > 0 or | supp(x)| > 2 then this is a strictly inequality

since x; < f(x).
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Proof of Lemma 3.2. This will follow once we compute the gradient of ®7%_,; . (). Recall that we
defined 0;; = tanh(J;;). Observe that

Mpone (y _ OF; _ OFy
&/Hj aViﬁj 87/1’%3’
_ 0 eopi L+ Owvnng) — €0 Tlieops(d = Onviss) — Gyvyi
e [lhea; (1 + Oikvi—j) + e Tlicn; (1 — Okvi—j) 1+ 035vi5Vj i
1 1

= — 8
Vij +1/(05;0(V) ) Visj +1/(0i5v5-4) ®)

where (as defined earlier) ¢(v),;_,; denotes the next BP message from j to ¢ based on the current ».
As long as v > 0, we see that

1 1
Vi +1/(0550(V)j=i)  Viej +1/(0i5v554)

1/(0ijvi—i) 1
S —
1/(05;6(0); 1) (Viesj +T)

1/(0ivi—i)  q
1/(056(v)j=i) T

which proves that | V@3, (V)]|ec < 1. If v € Sppe 0F Spos: then the signs are determined by (8)
as claimed. ]

<

=0ijlvjsi — o(v)j-il <1

Proof of Lemma 3.3. If y?l, ; and v® = (=1 then from monotonicity of ¢ (see Lemma 3.1)
we see this is a coordinate-wise decreasing sequence, which must converge to some fixed point.

By monotonicity and induction we also see that for any fixed point p, p;—; < Vl(t_z ; for all ¢,
hence for v* as well. Finally, consider any other point v € Sp,st: by convexity of Spos: We see
that the line segment from v to v* is entirely contained in Sj,4¢, by Lemma 3.2 we see that for
any z on this interpolating line that V&3, ,,.() - (v* —v) > 0, and integrating this gives that

D ine (V) < @i (V) as desired. O

As our final preparation for the theorem, we establish that at least one optimal BP fixed point has
only nonnegative messages. First we need the following technical lemma, which allows us to reason
about the behavior of the optimal couplings in the Bethe approximation. The realization that solving
for this coupling analytically is feasible is due originally to [34], although we parameterize the
solution differently.

Lemma E.1. Suppose that E[X] > 0 and E[Y] > 0 where X,Y are valued in {£1}. Then
max [—8Cov(X,Y)+ H(X,Y)] < max [fCov(X,Y)+ H(X,Y)]

coupling coupling

where the maximum ranges over all couplings (i.e. possible joint distributions) P of X and Y.

Proof. By subtracting H(Y") on both sides we reduce to showing
max [—fCov(X,Y)+ H(X|Y)] < max [Cov(X,Y)+ H(X|Y)]. )

coupling coupling

We will do this by showing both sides are differentiable w.r.t. 3 and that the derivative of the rhs
(Cov(X,Y) at the optimal coupling for the rhs) is larger than the derivative of the lhs (—Cov(X,Y)
for the optimal coupling for the lhs), so that integrating gives the desired inequality.

First we characterize the optimizer of the rhs of (9). Let p := Cov(X, Va%(y)) Then E[X|Y] =

E[X] + p(Y — EY) since Cov(E[X|Y],Y) = Cov(X,Y) = p. Thus the objective maximized by
the rhs is
£(p) = BVar(Y)p + By H(E[X] + p(Y — EY)).

where H(z) := H(Ber(£%)). Differentiating in p we see that the optimum is when

Var(Y)8 = Ey [(Y —EY) tanh™ " (E[X] + p(Y —EY))] = Cov(Y, tanh ™ *(E[X] + p(Y —EY))).
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Let this relatlon define p(3) > Slmllarly, define p’(8) > 0 to be the solution to —Var(Y)s =
Cov(Y,tanh Y (E[X] — p/(Y — EY))) i.e.

Var(Y)3 = Cov(Y, tanh™ ' (—E[X] 4 p/(Y — EY)))

We now claim that p(8) > p’(). As previously described, if we show this then by integrating w.r.t.
5 we get the final inequality. To prove the claim, first subtract the above terms to get that

0 = Cov[Y,tanh™ " (E[X] 4+ p(Y — EY)) — tanh ' (=E[X] + /(Y — EY))].

Since the covariance is 0 and Y takes on only two values, it means that the rhs is independent of Y,
therefore

tanh ™ (E[X]4+p(1-EY))—tanh™* (~E[X]4p'(1-EY)) = tanh " (E[X]+p(—1—EY))—tanh "

and rearranging we get

tanh ™ (E[X]4+p(1-EY))—tanh™ " (E[X]+p(—1-EY)) = tanh~ ' (—=E[X]+p'(1-EY))—tanh

Define g(z,7) := tanh™'(z + ) — tanh™* (2 — r) for z,7 s.t. || + || < 1 and r > 0. Then the
above equation says g(E[X]—pE[Y], p) = g(—E[X]—p'E[Y], p’). We obsere that g is even, strictly

increasing in r, and strictly increasing in « for = > 0 since 2 g(z,7) = i eyl v s A
Since g is an even function, we have
9(IB[X] = pE[Y]], p) = g([E[X] + p'E[Y]], p'). (10)

Suppose p < o/, then because g is a strictly increasing function in both = > 0 and r we see that the
lhs of (10) is strictly less than the rhs, which is a contradiction. Therefore p > p'. O

Lemma E.2. There exists a BP fixed point in [0,1)™ which corresponds to a global maximizer of
the Bethe free energy.

Proof. Observe that for a locally consistent distribution P, the Bethe free energy can be rewritten to
give

@wmuw=; X" JE[X +§jhE i+ H(Xi)+Y (JijCov(Xy, X;)+H (X, X;)—H(X;)—H(

i~g

We first claim that there exists a global maximizer of this functional (over all locally consistent dis-
tributions) satisfying E[X;] > 0 for all 4. To see this, we consider a fixed feasible local distribution
P and claim that there exists @) with sign-flipped marginals Eq[X;] = |Ep[X;]| and no smaller
value of J;;Cov(X;, X;) + H(X;, X;). We now describe the couplings along each edge ¢ ~ j: if
neither or both of ¢ and j were sign—ﬂipped, then we can simply use the same/sign-flipped coupling
from before. Now suppose (w.l.o.g.) that j has the same marginal and ¢ was sign-flipped. Then
it follows immediately from Lemma E.1 that there exists a coupling @);; between X; and X s.t.
JijCOVQij (XZ, Xj) + HQ”. (X“ XJ) > JijCOVp(XZ', Xj) + HP(XZ', XJ>

Recall that at a critical point of the Lagrangian, for any edge ¢ ~ j

.. . i—sjTi j—iT
Pij(zq,w5) o e Tt A Tt

Since we have shown that there exists a global maximizer P such that E[X;], E[X;] > 0 it must
be that at least one of A}, ;A ,; > 0. We now show that there exists another locally consistent

distribution Q with @ getne(Q) > P petne () and with corresponding A, ;, A;_,; > 0 for all edges
i and j.

The construction of ) goes through the dual free energy ®7%.,;.. First recall that ® Bethe(P) =
D% one (V) wWhere v;,; = tanh(A]_, ) is a fixed point of the BP equations. Furthermore, recall
from (8) that

1—)_7

Oy By (1) L L
Vi—sj ethe\V) = - .
Beth Vij +1/(050(V) i) Vie; +1/(0i5v554)
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Based on this we claim that for ii; = [Vio;jl, Ppepe (1) = Phepe(v). We consider flipping
one negative coordinate v;_,; to |v;_;| at a time and show ®%._,,. is non-decreasing under this
operation. First we compute the change using (8):

* * Ivizsl 8(I)*Bethe
PBethe(Va(izg)s Vimsil) = Phene (V) = ?dyi%j
—lvisy| Vi
~log Vingl +1/(0;0(v) =) log Wiyl +1/(0i5v54)
—Visil + 1/(0i0(v) i) —visil + 1/(0i5v5-:)
~log L+ Vi 10 d(v) - log 1+ ‘Vi%j|9ijVjai.
1 — |vis165i (V) i 1= [Viesjl0ijvjsi

Finally, we notice that this expression is nonnegative as long as ¢(v) j—i = Vj—; = 0. Recall that
if we are flipping v;_,; from negative to positive, by our previous argument it is guaranteed that
vj_; > 0. Furthermore, initially we start from a BP fixed point so ¢(v),;_,; = v;j_;, and increasing
coordinates of v only increases ¢(v), so we maintain the invariant ¢(v);,; > v;_,; for all j, i except
possibly for those v;_,; which have been previously flipped, in which case there is no issue because
we will never flip v;_, ;.

Therefore 1 indeed satisfies that &% . (1) > ®%,.5.(v), and also from the definition we see
that ug_ﬂ > [o(V)isj| = |[Visj| = pisj S0 f € Spost. Therefore by Lemma 3.3 we see
D e (™) = @hon. (1) > @5oun.(v). Hence p* is a BP fixed point which corresponds to a

locally consistent distribution @ with ® gethe(Q) = Phone (L") = Pheine (V) = PBethe(P), 50 Q
is a global maximizer of ® g.¢pe, and ,u;-;j > 0 for all ¢ and j.

O

Proof of Theorem 3.4. By Lemma E.2 there exists some u with p;_,; > 0 for all 4, j such that
®% ine (1) equals the global maximum of the Bethe free energy. However, by Lemma 3.3, the
fixed point v* satisfies %, (V*) > ®%, ;. (1t). Therefore the locally consistent distribution P
corresponding to v* (which satisfies @7, (") = ®Betne(v)) must be a global maximizer of the
Bethe free energy. O

F Deferred proofs from Section 3.3

Proof of Lemma 3.5. We prove this by constructing a coordinate-wise monotonically decreasing
path from p to v(T) contained in Spre. Then, because the gradient is coordinate-wise nonposi-
tive in Sy, due to Lemma 3.2, it follows that the first derivative of ®* along (each segment of) this
path is nonnegative which proves the inequality by integration.

We construct this path segment-by-segment using an iterative process. For any v such that v(7) <
v < v define T(v,4,j) = Ty (v,4,5) := max{t > 0 : v;; < v }. In other words,

— Yi—y
T, (v, 1, j) is the last time at which BP iterated from v(©) has a larger message from i — j than in
the specified v.

1. Let 4(0) = p and set s := 0.
2. While there exists ¢ and j such that T'(u(s),i,7) < T

(a) Choose ¢ and j which minimize ¢ := T'(u(s), ¢, 7).
(b) Define p(s + 1);—; = yi(t:jl) and (s + 1) = w(s) in all other coordinates. For
s’ € (s,s+ 1) define p(s’) by linearly interpolating y(s) and u(s + 1).

(c) Sets:=s+1.

Note that this process maintains the invariant z(s) > v(*) and that at each step of the above process,
we increase T'((s), 4, j) by 1 so the process must terminate in a finite number of steps with the path
() terminating at (7). It remains to check that this process stays inside of Spre Which we check
by induction. Given that ;i(s) € Sy, let ¢ be as defined in step 2 (a) above and let i/’ be any linear
interpolate between y(s) and p(s + 1). Then we know p(s) < v so ¢(u(s)) < ¢p(v®) = 1
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hence ¢(1')i; < O(1u(s))imy < yD = p(s + 1)is; < pg_,;. For the other coordinates a,b

i—J
it’s immediate from monotonicity and the induction hypothesis that ¢(1')a—p < O(1(8))asp <
M(S)aﬁb = Mg—ﬂ) SO :U// € Spre- O

The following Lemma gives the bound (in parameter space) for BP at positive external field which
we will use; it is a variant of Lemma 4.3 from [7] which is more optimized for our use. It is con-
venient to rephrase the result of Ising models on trees, in which case it gives a quantitative bound
showing that under positive external field, the root marginal on an infinite tree does not distinguish
between all-plus and free boundary conditions. The connection to our problem is that, because BP
computes exact marginals on trees, Loopy BP computes true marginals on its corresponding “com-
putation tree” which is a truncation of the non-backtracking walk tree, with boundary conditions on
the bottom level determined by its initialization.

Lemma F.1 (Variant of Lemma 4.3 from [7]). Suppose T is an infinite tree rooted at p and suppose
the minimum external field is hy,;y, := min; h; > 0. Then

1T+ |00
Er (o) [Xo| X1(0) = 1] = Eq(g) [X,] < Ctanh (hpmin)

where Er ) denotes the expectation under the measure where the tree is truncated at level (.

Proof. The proof is largely the same as in [7] with a slight difference in the bounds. Observe that
Er)[X,| X7y = 1] is the same as Ep(y_1) g[X,] where B corresponds to additional external
field ZjeC(z') Jij at every node ¢ on level £ — 1. Similarly, Ep (4 [X)] is the same as Eqp(p_1y 5 [X ]
where there is additional field Bj of 3~ () tanh™! (tanh(J;;) tanh(h;)) at the leaves of T'(£—1).
Define
Jij Jij 1+ /]l

M := su < su <

ieT,jepc(i) tanh_l(tanh(Jij)tanh(hj)) - ieT,jepC(i) tanh(J;;) tanh(Amin) — tanh(hmin)

where we used the inequalities tanh™!(x) > 2 and -/ tanh(z) < 1 + z for z > 0.

Note from above that Eq(¢)[X,] = Ep—1)4[X,] > Epe—1)[X,] by Griffith’s inequality. There-
fore we find
Ero)[Xo| X1y = 1] = Epo)[Xp] < By [ Xo| X1y = 1] = Epe—1)[X,] = Epe—1),8[X,] — Epp—1)[X))]

< Erg-1),m5/[Xp] — Erge—1)[X,]

< M(Ep—1),8/[Xp] = Ep@—1)[X,])] = M (Ep@) [ X,] — Epg—1)[X,])]
where the last two inequalities were by Griffith’s inequality’ (using that B < M B’) and by concav-
ity of the root marginal w.r.t. the external field along the line from 0 to B’, which follows® from the
fact that the marginal at the root can be computed via the BP recursion and that this recursion is a
composition of concave and monotone functions due to Lemma 3.1, hence itself concave.
Summing the corresponding inequality for levels k£ = 1 to ¢ we find

[
UEr) [ Xpl Xr0) = 1] = Er)[Xo]) < D (B [ Xp| X1y = 1] = Epr) [Xp]) < M
k=1

which gives the result. O

We are now ready to prove the main theorem, Theorem 1.3. For the reader’s convenience we recall
the statement below; note that we rewrote using ®%.,,.(v*) = ®petne(P*) by Theorem 3.4 and
the definition of ®%,,, . (see Appendix D).

Theorem F.2 (Restatement of Theorem 1.3). Initializing 0

\ ’ : i—; = 1foralli ~ j and performing t
steps of the BP iteration on a graph with m edges we have

8 1 I oo
0 < (I)*Bethe(y*) - (I)*Bethe(y(t)) < \/Tnn(—;H)

>This states the root marginal is monotone in the external fields. As with concavity, this can be seen on the
tree by writing the root marginal in terms of the BP recursion and using Lemma 3.1.
8 Alternatively, this can be proved from the GHS inequality as in [7].
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Proof. Observe the lower bound is immediate from Lemma 3.5 and the definition of v* as the limit
of the iterates from (). It remains to prove the upper bound.

Let B > 0 be arbitrary and define v*(B) to be the optimal BP fixed point when the external field
everywhere is increased by B. Then since v*(B) corresponds to a global maximum of the Bethe
free energy with added external field, we see from the definition of the Bethe free energy that

Bethe ) + D BEL[Xi] < @ (v (B)) + Y BE,, (1) [Xi).
SO

*Bethe(l/*) S (I)*Bethe(l/*(B)) + Bn.

Define v(*) (B) to be the result of the BP iteration after ¢ steps from /() after having increased the
external field at every node by B. Observe by monotonicity that () < p(*) (B).

Now we appeal to Lemma 3.2 and Lemma F.1 to see that
©*(v*(B)) — @ (V'(B)) < [vW(B) = v*(B)|l1 < 2m(1 + ||/ ||)/Bt

(using that v(!)(B) is sandwiched between the output of BP initialized from 0 and from all-1 with
additional external field B to get the last inequality from Lemma F.1) hence

d*(v*) — ®*(vM(B)) < Bn+ 2m(1 + ||J ||« )/Bt.
By Lemma 3.5 this implies that
*(v*) — &* (W) < Bn +2m(1 + ||J| ) /Bt

as well since () < v (B) < v, Finally we optimize the choice of B: solving Bn = 2m/Bt we
find B2 = 2m(1+||J||oo)/nt so the final upper bound on the excess error is 2+/2mn(1 + || J 0 ) /t.
O

G Some Examples

The previous analysis shows how to compute the Bethe free energy by using a small number of
rounds of BP to find approximate maximizer of ®%._,;. (on S). However, these messages may be
far in parameter space (e.g. {1-distance) from the optimal BP fixed point due to flat directions in
the objective. In fact, simple examples show that the number of iterations to reach o(n) distance in
parameter space may be exponential in 8. These examples also show lower bounds on how quickly
the BP estimate for the free energy can converge.

Example G.1. Consider the Ising model on the cycle with fixed edge weight 3. Starting from the
all-1s initialization, the messages output at time ¢ are all equal to tanh(/3)?, so they converge to 0
as t — oo. Since 1 — tanh(3) = e[?i;‘fﬁ = O(e29) we see it takes 2(e??) iterations for the
messages to go below 1/2.

We also see the that
* ) t4+1\2 t4+1\2 el +ef 2t+1
PBene (") = nlog [(1+ tanh(3)"*)? + (1 — tanh(8)"*")*] + nlog — -~ nllog(1 + tanh(B)* )]

2 + 2tanh(3)2¢+? ef +e P
+nlog ———
1 + tanh(8)2t+1 2
el +e P tanh(3)%+2 — tanh(B)*+!
:nlog(2)+nlogT+nlog(l+ (1)—|—tanh(ﬂ)2t‘£1)
ef +e B
2

= nlog

=nlog(2) + nlog + O(ne~ 2" tanh(B)%+1).

Therefore if we want to achieve en error in @7, for € < e=27, at least (e?) iterations of BP are
required.
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(a) Estimated free energy vs. iteration (b) Log iterations vs. log residual error for BP

Figure 1: Results of mean-field iteration and BP from all-ones initialization on a 40 x 40 square grid
with edge weights § = tanh™"(1/3) ~ 0.347, with zero external field except for external field of
strength 5 at the bottom-left node. In (b) we plot the difference between the true Bethe free energy
and the estimated free energy of BP at each iteration on a log-log plot.

Example G.2. Consider a d-regular graph on n nodes with fixed edge weight 8 and no external
field. Let 8 be the critical value given by solving (d — 1) tanh(8) = 1. Then using symmetry
to reduce to a 1-dimensional recursion as before, we see that the BP iteration behaves locally like
z — x — cx> near the fixed point © = 0, where ¢ = ¢(d) > 0. Solving this recurrence, we see
that BP converges in parameter space (in o, norm) at a ©(1/+/) rate and the objective value (i.e.
estimate for the Bethe free energy density) converges at a ©(1/t2) rate asympotically.

Furthermore for fixed 3, it’s impossible for the convergence rate in parameter space under ¢, norm
to be dimension-independent, whereas when i > 0 we knew this was indeed true by Lemma F.1:

Example G.3. Consider the Ising model on the 2-ary tree for 3 sufficiently large (past the percola-
tion threshold), so the expectation of the root under all-1s is bounded away from 0 by a constant. If
the depth of the tree is k = O(logn), then after k£ — 1 rounds of BP initialized from 1 the message
from the root to its immediate children will be bounded below by a constant, but after & rounds it
will be 0.

Finally, to illustrate the behavior of BP highlighted by our results, we ran the mean-field iteration
and BP on a simple 40 x 40 square grid example with external field at a single node; the results are
shown in Figure 1. As shown, a small number of iterations already suffices to get a good estimate of
the mean-field and Bethe free energies; as shown on the log-log plot (Figure 1 (b)), the convergence
rate is consistent with a power law decay as shown in Theorem 1.3, although with a better exponent
than the worst-case bound shows. This is expected as we expect this model to behave similarly to
Example G.2; we chose [ based on the critical value for the 4-regular tree. In this example, the
mean-field iteration converged even faster; again this is consistent with what one would guess based
on the behavior in Example 2.5, where one observes that away from the critical 3 the mean field
iteration converges faster, at an exponential rate asymptotically.

We also see in Figure 2 the importance of initializing from all-ones; the model is the same as before
except that g is larger, so that long-range behavior can affect BP. In simple examples like this, BP
and mean-field iteration will require at least on the order of the diameter many steps in order to
converge if started from all-zeros.

H Computing exponentially good BP messages in polynomial time

The bound we proved for BP in Theorem 1.3 showed that if we want to achieve en error then
poly(1/e) steps of BP suffice. What if € is exponentially small? Can a small number of steps of BP
achieve € error? It turns out the answer to this is negative. In Example G.1 from the previous section
(Ising model on a line at inverse temperature [3), we saw that BP cannot achieve error O(e~2%)
approximating the free energy without taking at least 2(e”) many steps. Therefore, if we want
to estimate ®% , within an exponentially small error in polynomial time we must use a different
algorithm.
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Figure 2: Comparison of BP and mean-field iteration at all-ones initializes (MF,BP) vs. all-zeros
initialization (MF-0,BP-0). The instance is the same as in Figure 1 except that 3 ~ 0.384; we
see that all-ones initialization leads to quick convergence (consistence with Theorems 1.2 and 1.3)
whereas with all-zeros it does not.

In this section we use the ideas developed while analyzing BP to give such algorithm, with runtime
poly(log(1/e),n) . In order to achieve asymptotically fast convergence to the optimum, we use tools
from convex optimization instead of message-passing. Recall that

Spost = v >0: (V)i > v}

is a convex set (with an obvious separation oracle) and observe that by Theorem 3.4, the optimum
v* is the maximizer of the following convex program:

v* = arg max g Vissj. 11
VESpost ij

We show how to compute the maximizer using the ellipsoid method (although a wide variety of
methods are applicable, see e.g. [5]). First we analyze the case where h is bounded below, and we
show the dependence on h,,;,, is very benign.

Lemma H.1. Suppose that h,,;, == min h; > 0. Then given € > 0, the ellipsoid method applied to
(11) computes v € S’ such that

" = vl <e

after O(m?(log(n/hmin) + log(1/€))) steps of the ellipsoid method.

Proof. Recall from Theorem 2.4 of [5] that the feasible set S contains a ball of radius 7 and is
contained in a ball of radius R, then for any convex function f : R? — [~ B, B] and x; the result of
t steps of ellipsoid method, satisfies

max f(z) — f(ar) < 2R gt/

€S
as long as t > 2d*log(R/r). Note that our function of interest i Vi—j is bounded with
B = 2m and is contained in [0,1]" C B(0,24/n). By assumption we see that Sp,s; contains

[0, tanh(h,yn )]2™ so it contains a ball of radius % O

In order to guarantee the optimization problem is well-behaved, we perturb it by a tiny amount,
and this gives an algorithm for the general case. (If we do not perturb the model by adding a tiny
external field, Sy,s+ may be a lower-dimensional, measure-zero set which would be problematic for
the ellipsoid method.)

Theorem H.2. Suppose ¢ > 0. There is an algorithm which runs in time poly(n,log(1/e)) and
returns v such that

|(I)736the(y*) - (I)*Bethe<y)| <e
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Proof. Fix B > 0 to be optimized later. We add external field B everywhere in the model and apply
Lemma H.1 to see that we can compute v such that

[v(B) = vl <e/2
in time poly(log(1/€), n,log(1/B)). Then we see by the same argument as in Theorem 1.3 that

|¢*Bethe(y*) - *Bethe(y)| < Bm+6/2

Finally taking B = ¢/2m shows the result. O

The same approach works for the mean-field problem as well:

Theorem H.3. Suppose ¢ > 0. There is an algorithm which runs in time poly(n,log(1/€)) and
returns x such that

Prrp(z) —Puyp(a”) <e

Proof. Recall the definition of the convex set Sy, := {z > 0 : tanh®"(Jz +h) < x} and consider
the optimization problem

Then we do everything the same way as in the proof of Theorem H.2: the algorithm proceeds
perturbing the problem by adding a tiny external field B = ¢/2, and then solving it with ellipsoid
method. O
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