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Low-Complexity
Stochastic Generalized Belief Propagation

Farzin Haddadpour, Mahdi Jafari Siavoshani, and Morteza Noshad

Abstract

The generalized belief propagation (GBP), introduced by Yedidia et al., is an extension of the belief propagation (BP) algorithm,
which is widely used in different problems involved in calculating exact or approximate marginals of probability distributions. In
many problems, it has been observed that the accuracy of GBP considerably outperforms that of BP. However, because in general
the computational complexity of GBP is higher than BP, its application is limited in practice.

In this paper, we introduce a stochastic version of GBP called stochastic generalized belief propagation (SGBP) that can
be considered as an extension to the stochastic BP (SBP) algorithm introduced by Noorshams et al. They have shown that SBP
reduces the complexity per iteration of BP by an order of magnitude in alphabet size. In contrast to SBP, SGBP can reduce the
computation complexity if certain topological conditions are met by the region graph associated to a graphical model. However,
this reduction can be larger than only one order of magnitude in alphabet size. In this paper, we characterize these conditions
and the amount of computation gain that we can obtain by using SGBP. Finally, using similar proof techniques employed by
Noorshams et al., for general graphical models satisfy contraction conditions, we prove the asymptotic convergence of SGBP
to the unique GBP fixed point, as well as providing non-asymptotic upper bounds on the mean square error and on the high
probability error.

I. INTRODUCTION

Graphical models and corresponding message-passing algorithms have attracted a great amount of attention due to their
wide-spreading application in many fields, including signal processing, machine learning, channel and source coding, computer
vision, decision making, and game theory (e.g., see [1l], [2]).

Finding marginal and mode of a probability distribution are two basic problems encountered in the field of graphical
models. Taking the rudimentary approach, the marginalization problem has exponentially growing complexity in alphabet size.
However, using BP algorithm (firstly introduced in [3]]) to solve this problem either exactly or approximately, we can reduce
the computational complexity to a significant degree. It has been proved that applying BP on graphical models without cycles
provides exact solution to the marginalization problem. Furthermore, it has been observed that for general graphs, BP can find
good approximations for marginalization (or finding mode) problems, [1], [2].

Although BP has many favourable properties, it suffers from some limiting drawbacks. First, in complex and densely
interconnected graphs, BP may not be able to produce accurate results; and even worse, it may not converge at all. Second,
since in many applications (e.g., decoding of error-correcting codes) messages are of high dimensions, the computational
complexity of BP algorithm will highly increase which leads to slow convergence rates.

To deal with the first drawback, some works have been done to propose alternative algorithms (e.g., see [4l], [5], [6], [7]).
Specifically, to improve the accuracy of estimated marginal distribution, a generalization algorithm to BP has been introduced by
Yedidia et al. [8], known as Generalized Belief Propagation (GBP) algorithm. In their proposed algorithm, local computation is
performed by a group of nodes instead of a single node as in BP. According to many empirical observations, GBP outperforms
BP in many situations; [9]], [LO], [11], [12]. However, although GBP algorithm provides accurate results in terms of marginal
distribution, it suffers from high order of computation complexity, specially in case of large alphabet size.

To overcome the second aforementioned deficiency of BP, lots of research have been conducted to reduce BP complexity for
different applications (e.g., refer to [[13], [14], [15]], [L6], [17], [18]], [19], [20]). In a recent work by Noorshams et al. [21]], to
tackle with the challenge of high complexity in the case of large alphabet size, they introduce an alternative stochastic version
of BP algorithm with lower complexity. The main idea behind their work is that each node sends a randomly sampled message
taken from a properly chosen probability distribution instead of computing the exact message update rule in each iteration.

Motivated by [21] and in order to mitigate the computational complexity of GBP, we extend GBP and propose stochastic
GBP (SGBP) algorithm. SGBP has the advantage of reducing the complexity, while increasing the accuracy of estimation. In
contrast to SBP, SGBP algorithm can reduce the computational complexity only if certain topological conditions are met by the
region graph (defined later) associated to a graphical model. However, the complexity gain can be larger than only one order
of magnitude in alphabet size. In this work, we characterize these conditions and the amount of computational gain that we
can obtain by performing SGBP instead of GBP. Determining these criteria, we hope that they provide some useful guidelines
on how to choose the regions and construct the region graph in a way that results to a lower complexity algorithm with good
accuracy.
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The rest of the paper is organized as follows. First, introduces our problem statement. In we present the proposed
stochastic GBP and then derive the topological conditions that guarantee SGBP has lower complexity than GBP. Moreover,
theoretical convergence results have been provided as well. Finally, to validate our theoretical results, considering a specific
graphical model, SGBP is simulated and the results are presented.

II. PROBLEM STATEMENT
A. Notation
In the following, we introduce the notation that will be used in the paper. The random variables are represented by upper
case letters and their values by lower case letters. Vectors and matrices are determined by bold letters. Sometimes, we use
calligraphic letters to denote sets. When we have a set of random variables X7, ..., X,,, we write X 4 to denote (X;,i € A).
An undirected graph G = (V, £) is defined by a set of nodes V = {1,2,...,n} and a set of edges £ C V x V, where (u,v) € £
if and only if nodes u and v are connected. Similarly, we can define a directed graph.

For every function f(x1,zs,...,2,) where f : X" — R, we define the operator £ as a map that turns this function to a
vector L(f) € Rjx»1 by evaluating f at every input point. For instance, considering X7y oy € {0, 1}, for f(z1,22) we have
f(0,0)
f(0,1)
ﬁ =
=150
f(L1)

B. Graphical Model

Undirected graphical models, also known as Markov random fields (MRF), is a way to represent the probabilistic dependencies
among a set of random variables having Markov properties using an undirected graph. More precisely, we say that a set of
random variables X,...,X,, form an MRF if there exists a graph G = (V, &), where each X; is associated to the node
i€V ={1,...,n}, and edges of the graph G encode Markov properties of the random vector X = (Xy,...,X,,). These
Markov properties are equivalent to a factorization of the joint distribution of random vector X over the cliques of graph
G [22]. In this paper, we focus on discrete random variables case where for all j € V we have X; € X £ 11,2,...,d}.
Moreover, we assume that the distribution of X is factorized according to

p(@) = 2 [] dulea)
aceF
where F is a collection of subsets of }V and Z is a constant called the partition function. For the factor functions ¢,, we have
also ¢, > 0. This factorization can be represented by using a bipartite graph Gy = (V, F,&y) called factor graph. In this
representation, the variable nodes ) correspond to random variables X;’s and factor nodes F determine the factor functions
¢a’s. Moreover, there exists an edge (i,a) € £ between a variable node ¢ and a factor node « if the variable z; appears in
the factor ¢, (for more information on factor graphs refer to [1]).

C. Region Graph

In order to present the Yedidia’s parent-to-child algorithm [8]] as well as introducing our stochastic GBP algorithm, we need
to state some definitions as follows.

Definition 1 (see [8]). A region graph G, = (R, &) defined over a factor graph Gy = (V, F,Ey) is a directed graph in which
for each vertex v € R (corresponding to a region) we have v CV U F. Each region v has this property that if a factor node
a € F belongs to v then all of its neighbouring variable nodes have to also belong to v. A directed edge (v, — v.) € & may
exist if v. C vp. If such an edge exists, vy, is a parent of v., or equivalently, v. is a child of vy. If there exists a directed path
from v, to vg on G, we say that v, is an ancestor of vq and vq is a descendant of v,.

Now, for each R € R, we let P(R) denotes for the set of all parents of R, A(R) denotes for the set of all ancestors of R
and D(R) denotes for the set of all descendants of R. Moreover, we define £(R) £ R U D(R). Finally, for a region R € R,
we use |R| to denote for the number of variable nodes in R.

D. Parent-to-child GBP algorithm

We may derive the BP message-passing equations using the fact that the belief at each variable node is the product of all
the incoming messages received from its neighbouring factor nodes. Additionally, the beliefs over the set of variable nodes
connecting to a factor node a € F is the product of the factor function ¢, multiplied by the incoming messages to the factor
node a. Now marginalizing the second set of beliefs to find the belief over a variable node and equate it to the belief of that
variable node which is found directly using the first equation, we can recover the BP update rules.



Fig. 1. Graph region of an arbitrary graph corresponding to the parents-to-child algorithm.

Yedidia et al., generalize this idea in [8], proposing an algorithm called parents-to-child GBP algorithm. As explained in
(8], in the parent-to-child algorithm, we have only one kind of message mp_,g(xr) from a parent region P to a child region
R. Then for the belief of region R € R we have

br(zr) X Pr(xR) ¥ H mp—r(TR) X H H mp/—p(Tp) (1)

PeP(R) DeD(R) P'eP(D)\E(R)

where ®r(xzR) = [l.cr ®a(®s) (With an abuse of notation when we product over a € R we mean to product only over the
factor indexes of R). Then, the message update rule over each edge (P, R) € &, follows by

Zmp\R O p\r(zp) H(I,J)EN(P,R) mi(x)

mp_r(TR) = 2
7 H(I,J)eD(P,R) mrg(xr)
= Pp\rl@p)M(w1,,) 3)
LP\R
where @ p\ p(xp) £ ‘b—;(wp/) and P’ is the set of all variables appear in g—g(wp/). In addition, we have also
N(P,R) 2 {(1, )1, J) € &1 ¢ E(P),J € E(P)\ E(R) | “)
and
D(P.R) 2 {(L)|(I.J) € &.1 € D(P)\ E(R), J € E(R)}. 5)

Notice that the sets N(P, R) and D(P, R) can be calculated in advance. Moreover, M (x7,,,) in (@) is defined as follows

y 2 Hinenip,ry mi—a(xs)
M(xr,,) = ,
I nenp,r mi—a(xs)

where Tpp is the set of all variables that appear in the above ratio.

Remark 1. It can be easily observed that depending on the graph topology and the choice of regions, we may have either
P" C P or P' = P in (3). For example, consider two pairwise Markov Random Fields presented in Figures 2| and
Considering P = {1,2,4,5,7,8} and R = {2,5,8} in Figure 2| we have ®(124578\258)(Tp') = O104¢7012014074%078 Which
leads to P! = {1,2,4,7,8} C P. On the other hand, choosing P = {1,2,4,5} and R = {2,5} in Figure 4| we have
@(1245\25) (il:p/) = (]51¢4’¢12w141/)45. Hence, P/ = {1, 2,4, 5} = P. |

Remark 2. In the parent-to-child algorithm, the message transmitted over each edge (P,R) € &, can be considered as
a vector by applying the operator L(-). Namely, by concatenating all possible messages, we define mp_, g = L(mp_R)
where mp_p € R Moreover, concatenating all the messages over all edges of the region graph, we define m =
{mpr}(pryce, € RS where A =37 p e dF. .

Now, we can state the complexity of the parent-to-child GBP algorithm as stated in Lemma [T}

Lemma 1. The computation complexity of the message update rule of the parent-to-child GBP algorithm associated with each
edge, computed according to @), is O(d\1).



Fig. 2. Graph region of a graph with zp, C zp.
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Fig. 3. Graph region of a graph with zp/ C xp.

Proof: For each fixed vector x g, the calculation of mp_,g(xr) = > Pp\p(z pr)M (x7,,,) needs dIF\%l operations.

TP\R
Moreover, to find mp_, p(-) completely, one needs to evaluate the above summation O(d!*!l) times. Consequently, the overall
complexity of calculating mp__, g(xr) is of the order O(d®l x dIP\El)y = O(dlP)). [ |

At each round of the parent-to-child algorithm, ¢ = 1,2,..., every parent node P of R in the region graph calculates a

message mgf}i and sends it to node R. Mathematically, this can be written as (see [8]))

mia(@n) = | Tpon(m®)] (x5)

=Y @pinlep) MO (@r,,)

TP\R

= Z Z (DP\R(wP')M(t) (:BTPR)

L(P\R)\Tpr T(P\R)NTpR
t
= kg)%% (mTPR\(P\R)) Z Z [‘I)P\R(Q’JP’) X Q(t)(xTPRﬂ(P\R)|xTPR\(P\R))]3 (6)
T(P\R)\Tpr T(P\R)NTpR

where

. MW (@1, q(P\R) TTor\(P\R))

(N

Q(t) (prRﬁ(P\R)|ZBTPR\(P\R)) . o ;
TrpROP\R) M (mTPRﬂ(P\R)’ mTPR\(P\R)>

is a conditional distribution. Moreover,
(t) N v
kpk (Trop\(P\R) = Z MY (m/TPRﬁ(P\R)’:BTPR\(P\R)> :
m/TPRm(P\R)
Hence, for the update rule we can write

mgilé(g;R) = kg}% Z E[X(P\R)HTPRNQ“’)] [q)p\R(Xp/)] (8)

T(P\R)\TpR



Fig. 4. Basic clusters in 9 nodes grid with xpr = xp

Here and in the following, for brevity and clarity of notation, we will omit the dependence of kgg% to the variables T7, .\ (pP\R)-
Now, notice that we can decompose the set P’ as follows

P =[(P\R)NTpr]U[(P\R)\Tpr] U[P"\ (P\ R)]
because we always have P\ R C P’. By using this relation, we can rewrite (8) as follows

t+1 t
mEEh@r) = kih D EX i mnrp Q)] {q’P\R(X(P\R)mTpRvx(P\R)\TPRawP'vP\R))]- ©)

T(P\R)\TpR

In @), Tp_p:RA R™ is the local update function of the directed edge (P, R) € &,. By concatenating all the local
update functions over the edges of the region graph, we can define the global update function as

T(m) = [Ypon(m): (P,R) € &] (10)

where T : R® — R2. The goal of the (parent-to-child) GBP algorithm is to find a fixed point mm* that satisfies Y (m*) = m*.
If a fixed point m* is found, then the beliefs of random variables in a region R is computed by applying ().

III. STOCHASTIC GENERALIZED BELIEF PROPAGATION ALGORITHM

In this section, first we introduce our stochastic extension to the parent-to-child GBP algorithm, and then present a result
on the criteria where this algorithm is able to mitigate the computation complexity of GBP.

Based on (9), we introduce our algorithm as stated in Algorithm [I] The main idea of the algorithm is that under proper
conditions (that will state in Theorem [I), some parts of the message update rule (3) for each edge of the region graph can be
written as an expectation as stated in (9).

Algorithm 1 Stochastic Generalized Belief Propagation (SGBP) algorithm.
1: Initialize the messages.
2: for t € {1,2,...} and each directed edge (P, R) € &, do
3:  Choose a random vector J(;El) e xITer0(PAR)| gecording to the conditional distribution Q) (X Tp R (P\R) | TTpr\(P\R))
defined in (7).
4:  Update the message m

(t+1)

) with the appropriately tuned step size a(*) = O(1) according to

1 1
mE R (@r) = (1 - aD)m) p(@r) + aOkSp (@ mm) Y. Proyr (Jﬁig L R\ T fDP’\(P\R>) an

T(P\R)\TpRr
5: t=t+1
6: end for




Remark 3. Note that when (P \ R) N Tpr = @, the update rule (I1) becomes deterministic as stated in the following

(tJFl) (1

mp g aOmie), p + aOkfp(@r) [ D Crn (@Em@en ) |

T(P\R)

Later, we will prove in Lemma[2| that this condition can only happen in update rules corresponding to the highest-level ancestors
regions. |

In contrast to SPB studied in [21], the stochastic version of GBP does not always reduce the computational complexity in
each iteration. Theorem [I] describes the topological and regional conditions for which the complexity of SGBP is less than
GBP for a specific edge of the region graph.

Theorem 1. Our proposed algorithm that runs over a region graph G, reduces the computation complexity of each message
mp_pr (compared to GBP) if and only if the following conditions hold

i) (P\R)NTpr# @

(i) (P\R)ZTrr

Proof: The main idea of the proof lies in the fact that whether or not (3)) can be written in the form of an expected value
of potential functions as stated in (). If this happens, as presented in Algorithm [I] the complexity of update rules can be
reduced. Now, to be able to have an expectation operation in (9), we should have (P\ R) N Tpg # @.

Now, assuming condition (i) holds, we find the complexity of Algorithm I’s update rule over every edge (P, R) € &, in
each iteration. First, let us fix . To find the PMF of the random vector J which is given by (7), we need O(d"{P \EINTer| o
dITPr\MPARYY) — O(d‘TPR|) operations. Notice that since we have Tpr\ (P\R) C R and [(P\R)NTpr]N[(P\R)\TpPr] =
for every fixed g, the PMF of J does not depend on the vector T(P\R\Tpr- This means that for a fixed g, to find the
summation in (TTI), the PMF of J should only computed once.

Hence, the overall complexity of update rule becomes

o (dmam + dIRI[dI(PA\RINTeR] 4 gI(PARNT PRl o d|<P\R>mTPR|D
where the terms in the brackets count for a fixed ¢y the computation complexity of k(2 ;.\ p\r), of the summation in (TT),
and of taking a sample vector J from the above PMF, respectively. The above relation can be rewritten as follows

o (max [d\TpR\,d|R\+\<P\R>\TpR|7d|R|+\<P\R>nTpR|])

Now, we can conclude that if Tpr # @ and (P \ R) ¢ Tpr then we have
o (maX [dmam,d|R|+\<P\R>\TPR|,d|R|+|<P\R>me|]) < 0@,

where the right hand side is the computation complexity of the parent-to-child GBP algorithm derived in Lemma |l} This
completes the proof of theorem. [ ]

Corollary 1. Assuming that the conditions of Theorem[I| hold and denoting
npr £ max {|TPR|, |R| + [(P\ R)\ Tpgl|,|R| + |(P\ R)N TPR@a

Algorithm |1| reduces the computation complexity of message mp_sp of the order O(d\\="Pr) = O(d'PR) where Ipp 2
|P| — npr. Notice that Ipg can be larger than 1.

Example 1. In this example, we provide a graph, drawn in Figure [3] in which SGBP reduces the complexity of updating rule
for the edge 123456 — 36 (see Figure [6) with two order of magnitude. The updating rule for missase—36 is as follows

Z P123456(21, T2, T3, T4, T5, Te)  Moars—24(T2, T4)

M123456—36 = L g (3, 70) .
= Z D(22, 73, T4, T6)Maa78—24 (T2, T4)
Taay
=k E(x,, x0)~Q [‘i’(X2ax3aX4,$6)
where in this example by applying SGBP we will get 1193456—536 = 2. -

Corollary 2. The complexity of the parent-to-child GBP algorithm is dominated by the computation complexity of message
update rule of the highest level edges in the region graph G,. As a result, if the dominant message update rule that belongs
to the highest-level ancestor regions with the largest size, satisfies the conditions of Theorem I} then no matter what are the
complexity of other edges, Algorithm |l|will reduce the overall computation complexity of the parent-to-child GBP.



Fig. 5. A graph in which the SGBP reduces the complexity with two order of magnitude in alphabet size (see Example m)

2478 123456

24 36

Fig. 6. Associated graph region of a graphical model depicted in Figure E] with I123456—36 = 2 (see Example m)

A. Convergence Rate of SGBP Algorithm

In this section, we extend the convergence guarantees of [21] to SGBP. Our convergence theorem (Theorem [2)) is based on
imposing a sufficient condition similar to [21] that guarantees uniqueness and convergence of the parent-to-child GBP message
updates. More precisely we assume that the global update function Y(-), defined in (T0), is contractive, namely Jv,0 < v < 2
such that

I (m) = Tz < (1= 3 ) m = m'|l> (12)

Following similar proof technique to [21], with some appropriate modifications, we can obtain the following results.

Theorem 2. Assume that, for a given region graph, the update function Y is contractive with parameter 1 — % as defined in
(12). Then, parent-to-child GBP has a unique fixed point m* and the message sequence {mgL Rrti2, generated by the SGBP
algorithm has the following properties:
1) The result of SGBP is consistent with GBP, namely we have m® 22 m* as t — co.
ii) Bounds on mean-squared error: Let us divide the fixed point message m”* into two parts, m* = (mg ,myg_ ), where
mzn corresponds to those edges of the region graph that perform deterministic update rule (as stated in Algorithm
and Remark [3), while mg_ ~corresponds to the edges that run the stochastic algorithm. In other words, & and £

represents the edges in region graph in which the message updating rules are deterministic and stochastic respectively.
(t

)
Choosing step size at) = Tttray for some fixed 1 < o <2 and defining 520) = W for each i € {1,~ 1}, we have
)2 20 (B © 2 a
E[[l5™]5] <3“0¢ A(® Jm)) 1 EflIog ] (2>
lm|3 2¢(—1p? )t |mg 13 \t
for all iteration t = 1,2,3,... where A(®’, ky,,) is a constant which depends on some factor functions (through ®') and

some variable nodes (through ki, ). For more details refer to Appendix.

iti) High probability bounds on error: With step size oY) = ﬁ forany 1 >e>0and Vt =1,2,..., we have

e < A k) L+ log(t +1) | 4Q(Y, k) /(¥ ToglT T D)” ¥
- V2 t+1 V2 /e t+1




with at least probability 1 — e.

The proof of Theorem 2 and more discussion about the overall complexity of SGBP versus GBP can be found in Appendix.

B. The Overall Complexity of SGBP vs. GBP

Note that the complexity of ordinary parent-to-child algorithm is dominated by the highest-level ancestor regions with largest
number of variables. Let us assume that we have N highest-level ancestor regions, shown by A; for 1 < i < N. Therefore,
the complexity of parents-to-child algorithm is of order O(|d|*==x) where Aax = max [|A[1, ..., |A|y].

If the conditions of Theorem E] hold between region A,,,x and all of its children (if there is more than one region with size
| Amax| this statement should hold for all of them), then the SGBP algorithm (Algorithm [I) will reduce the overall complexity,
otherwise our algorithm will not affect the dominant computation complexity; though it may reduce the update rule complexity
over some of the other edges which are not dominant in terms of complexity.

Now, under the contractivity assumption of the global update function, it can be inferred that parents-to-child algorithm
associated with each edge (P — R) demands t = O(log(1)) iteration to achieve € precision, while according to Theorem 2| to
get the same precision € in SGBP algorithm, ¢ = (’)(%) iteration is needed. Nonetheless, using the Corollary |1} the computation
complexity of the dominant update rule of SGBP algorithm is of order O(d(l4m=xI=m1) in comparison to O(dl4m=xIlog(1))

for GBP algorithm where 7 = maxceR:(A,..,C)ee, MAmac- In particular, if d > exp %) = (%)(1/7') then SGBP leads
to lower complexity than GBP to achieve the same error .

C. Simulation Results

Considering a pairwise MREF, in this section we present some simulation results to study the impact of our algorithm along
verifying our theoretical results. We choose the so-called Potts model (which is a generalization to Ising model; see [13]) of
size 3 x 3 for our simulation purpose. We have the following potentials assigned to each of the edges (u,v) € €

Yuo(i,J) = { ~v  Otherwise.

where 0 < v < 1. For the nodes’ potential we have

N ] 1 ifv=1,
Ouli) = { w+ oY Otherwise.
in which o and g meet the conditions 0 < ¢ < p and 0 + p < 1 and Y should have the uniform distribution in the span
of (—=1,1) in addition to being independent from other parameters. We take the following steps to run our simulation. First,
setting 0 = p =y = 0.1, we run parent-to-child algorithm with region size of 4 to get the asymptotic m*. Second, with the
same parameters and taking a(*) = ﬁ for d € {4, 8, 16,32}, we perform Algorithmfor the same region graph. It is worth

. )2 . . . . .
noting that to calculate EH‘SL*H“Q"‘], we run algorithm 20 times and then average over error corresponding to each simulation.
2

As it illustrated in the simulation result of Figure [/| this result is in consistency with the Theorem [2| Moreover, you can also
observe the running time comparison between SGBP and GBP algorithm in Figure [§]

IV. EXAMPLES
A. A General Example

As mentioned before we would like to emphasize that under assumptions of the Theorem [T} the complexity gain of our
algorithm depends on the graph topology and choice of regions. To further clarity this idea, let’s discuss the following belief
equation update formulas. Moreover, we show that how we can reformulate the parent-to-child algorithm in terms of expectation.
Considering Figure 0] we have the following update rules:

mp_Rr(TR) = Z Pp\r(xB)

TB\R

=c Z @B\R(QEB)M(CET:H)

TB\R

= k(zu\(B\R)) Z Eayroom [PB\R(TB), T{B\R}],

L(B\R)\H

1

mC—>H($H)mF—>H(90H)

masr(@r) =c Y Pap(@a),

LA\R
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Fig. 7. The normalized mean-squared error of SGBP versus number of iterations for a Potts models of size 3 x 3.

05

MSE ratio (GBPISGBP)
o o o
[ w 'Y

(=]
-

Running time (s)

Fig. 8. The running time comparison between SGBP and GBP algorithm with d = 4 for a Potts models of size 3 x 3.

mA—>R(mR)
=c [0}
moso(ze) =e D One(®) ey X mp-sa(es)

p\C

=c Z ®p\c(zp)M(@r—F)
Tp\C

=c¢ Y Opc(@p)M(@ras\C) TR\(B\C))
TB\C

= k(SUR\(B\C)) Z Expnmvo) [(I)B\C(m(B\C)ﬂR:m(B\C)\Rva\(B\C))] )
T(B\C)\R
and
mrp(Tp)

mp-c(rg) =c Z (I)D\G(l‘D)mD—m:(wG)

TpD\G

= k(xpna) Z Ezp o [®p\c(xp), Tp\(D\6)] -

TD\(D\G)



Fig. 9. Graph region of an arbitrary graph with the assumption xp = xp/.

Furthermore we have,

=c Y  Ppalzs) {mRHE(xE) X Mmo—p(@p) X Moo (@n) X e (@)

mep-g =
mD—>G(33G)
zp\c(TE)

=cC Z (I)E\G(scE)M(wT:E)
wE\c(mE)

Note that the updating rule equation for m4_, r cannot be rewritten in the form of an expected value due to contradicting the
first condition of Theorem [I1

Remark 4. Considering conditions of Theorem[I| for Figure[9} it should be noticed that because these conditions are satisfied
for mp_,r and mp_,c, SGBP does help reducing complexity. However, since the first and the second condition does not hold
for mp_.q and m o_, g, respectively, the proposed algorithm does not improve the computation complexity of message updates
over these edges. [ ]

B. An Example in Smaller Regions

In the following, we present some examples in which the impact of our algorithm in reduction of the complexity of ordinary
GBP is shown. Furthermore, we use some Matrix representation for following examples to illustrate our idea clearly.

Example 2.

Fig. 10. Basic clusters in 9 nodes grid

Let’s move on from these definition to consider an example in Parent-to-child generalized belief propagation algorithm and
the feasibility of having low complexity stochastic one. Consider the following figure with basic clusters of four nodes, in which
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Fig. 11. Graph region of parents to child GBP algorithm

the belief equations for the shown region graph are:

56

58

bi245 = k[p10204P50 12101410250 45) [M36—25M 785 45M6 s 5M8—s5]

basse = k[D23d506125156136123] [M14—25M89—56M8 54— 5]

bas = k[pads1as5][mi2—a5mr8a5Ma—5MG5Ms5]

[
[
bos = k[p2¢5125][Mm14—505M36525M4—5M655M8 5]
[
[

bs = k[¢ps][ma—smasme_5ms_s]

Then recalling our definitions in previous sections, we can derive message updating rules as follows:

Mizsas =c Y b1(1)da(w2)via(w, 22)th1a(w1, 24) 25 (22, 75)

r1,T2€X

=c Z D145 (21, 02, T4, 05) Mr—(2,5) (€2, 25)

Z1,T2€X

= k1(s) Z E,, i1, P12a5(z1, J, 04, 75)

x1

Mig—25 = C Z ¢1($1)¢4($4)¢14(3317334)7/112($1,172)1/)45@4,335)

T1,T4€X

=c Z ¢1($1)¢4($4)¢14(5C17$4)¢12($1,332)1/)45@4,%5)

T1,T4€EX

=c Y Dros(wr, w2, 24, 75) Mr_(45) (24, T5)

T1,L4€EX

= ka(x5) Z E, i, ®1a25(1, 72, J, 75)

1

where ki(z5) = ¢, M (22, 5), ka(zs) = €D s M (24, x5),

‘131245(551, €2,T4, I5) :¢1($1)¢2($2)1/)12(171, 12)¢14($1, CL’4)¢25(I2, 555)
Dy go5(21, 2, T4, x5) =1 (1) Pa(Ta)V14(21, To)Y12(21, 22)a5(24, T5)

and defining

Qo5 (w2, 25) =¢2(22)Was5(T2, T5)
Qys5 (w4, 25) =a(24)a5(T4, 5)

we have

M2 5 = C Z [p2(z2) Vo5 (w2, T5)] [Maa—25 (T2, T5) M 25 (T2, T5)]

T €EX

My—5 =C Z [#4(24) Va5 (24, 25)] [m12»45($47xs)m76a45($4,$5)]

xaEX

m3e—25(T2, T5)

ma—s5 (x5)

m78—45 (174, ‘T5)
ma—s5(s5)

Mr8—a5(T4, T5)
my4—5 (1105)

13)

(14)

15)

(16)

a7

Note that the equations [16] [I7] do not meet the requirements of theorem[I} so we use them without any alteration. However,

we cam apply stochastic updating with equations [I4] [I3]



Therefore, the distribution of random index generation associated with equations |I4| and (15| is
M(j, 1)
p(jli) =

18
> MG0) 1o

so we can introduce our algorithm now as follows:

o For the message from four-node clusters to two-node-cluster, pick two indexes i and j with probabilities according to
distribution Then, the updating rules for these nodes is:

mgt;;ié)l':) = (1 - a(t))mgt2)—>45 + a(t)kl ('/175) Z (I)(l'l, J7 T4, .1'5) (19)
x1

m{G s = (1= ol on + aWka(25) Y ®(a1, 22, J, 25) (20)
x1

where oY) = O(2) is some step size.

e For the message from middle nodes to the node 5, we do the same as following:

mgjl) (1- a(t))méig) + aWe ®(Jgs, x5) (21
mity) = (1= a)mis + e ®(Jis, 25) (22)

e So it can be seen that the complexity of calculating the distribution and the updating rule is of O(d*) and O(d®)
respectively, which is less than O(d*), the complexity of ordinary GBP.

APPENDIX

In this section, we give a proof of Theorem [2] which is similar to the techniques employed in [21] to show the convergence
of SBP. However, we have to adapt the proof technique properly to work for the SGBP algorithm.
Before stating the proof, we state some general observations in the following that we will be used later in our proof.

Lemma 2. For any region graph G, and each edge (P — R) € &,, except the ones coming out from highest level ancestor
regions, we must have (P \ R) C Tpg, which means Tpr N (P \ R) # @.

Proof: Consider an arbitrary edge (P — R) € &, in the region graph G,. Recalling the update rule () over the edge
(P — R)

H I,J)EN(P,R my—.g(x
mp_r(TR) Z Qp\r(zP) (LDENER) Z O p\p(zp )M (21, ,)

H(z JYED(P,R) mi—(x

TP\R TP\R

we notice that for the non-highest-level-ancestor regions there must be at least one incoming edge from its parents. This means
that in the nominator of M (zr,,) at least one message my_, p must appear that depends on the variables xp, while such a
message does not present in the denominator according to the definition of parent-to-child GBP algorithm, i.e., see (2), @)
and (B). Therefore, Tpr = P and hence P\ R C Tpg. [ ]

Remark 5. Combining the results of Lemma |2| l and Theorem [} we conclude that for each regions P E R, except for the
highest-level ancestor regions, the update rule (11) of SGBP over the outgoing edges is stochastic (i.e., Jp Rl) is not a trivial
random variable). It should be emphasized that since the condition (ii) of Theorem[l|is violated for such regions, we will not
obtain any complexity gain by applying stochastic update rule over such an edge. However, since the overall complexity of
SGBP algorithm is determined by the largest highest-level ancestor regions, it is not harmful to have no complexity gain in
lower-level regions. [ ]

Remark 6. Considering the highest-level ancestor regions, the outgoing message update rule in SGBP can be categorized
into three different groups. Let P € R be a highest-level ancestor region that sends a message to one of its children region
R. Then, the following cases can be recognized.
1) Tpr = @: In this case the update rule @) of parent-to-child GBP becomes independent of previous iteration messages.
Hence, the update rule of SGBP (Equation [I1)) is reduced to the following expression

my(@r) = (1 —amP) p(zr) +a® D Sp\p(zp). (23)

TP\R
Notice that the second term on the right hand side of (23) remains the same for all iterations.
For such edges in the region graph, we assume that the initial messages are the same as update messages. Hence, for
all value of t we have
(t+1
mP%l)?, (zr) Z Pp\r (xPr)
TP\R



which does not depend on t.

2) (P\R)NTpr = & but Tpr # @: Similar to the previous case, in this case, the update rule of SGBP over the edge

(P — R) is also deterministic as stated in the following

i (@r) = (1— aDym (zr) +

kS (@ r,y) Z Pp\r (xP)

TP\R

= (1= a")mp) p(@r) + o Bp MO (@r, ) @4

where i)p\R = ZP\R @ p\r(Tpr) which is a constant.

3) (P\ R)NTpr # @: In this case, the update rule of SGBP over the edge (P — R) is stochastic (i.e., Jg;l) is not a

trivial random variable) and is stated in (TI).

According to the above discussion, the deterministic message update rules can only happen over the outgoing edges of the
highest-level ancestor regions. For further clarification, you can refer to where ma—,g(xR) illustrates a deterministic

message updating rule.

Proof of Theorem 2} First, notice that the existence and uniqueness of GBP fixed point under the contractivity assumption
of can be deduced by applying the Banach fixed point theorem [23]], [21]]. Then, following a similar approach used in
[21], the asymptotic convergence of SGBP algorithm can be proved by applying a version of the Robbins-Monro theorem [23],

discussed in [21, Appendix C] in detail.

o Asymptotic convergence of SGBP (proof of part (i)):
Let us consider the partitioning of messages according to Remark and Remark E] a m = (mg,,mg,, mg,) where &,
&y and &5 are a partition of edges in the region graph in which the message updating rules is independent of messages
(which is also deterministic), deterministic and stochastic, respectively.
Now, to prove the asymptotic convergence of SGBP, we apply the Robbins-Monro theorem. To this end, Vi € {1,2,3},
we define Y (zR) as follows

1 pR (xRr) E O p\r(xp)

TP\R

Y hp(@r) 2 @p g MO (21,,)

t t
Yitr@r) 2 [kpp (@rmm) D, Prr ( PR PR\ a:p/\(p\m) ’
T(P\RN\T
where only one of the above rules is applied for each edge (P — R) in the region graph. Next, we need to rewrite the update

function in a form that enables us to use the Robbins-Monro theorem. So, by defining U ; *) PR £ [m *) —E(Yifg r(Tr))],

Mp_LR
we have
1
m{Ey =mf), = a® [m) , — L Dp(@n)]
t t t t4+1
= mSJLR (t)Uz(' 1)DR (mEJLIW Jg? ))

t+l) € XITerO(PAR)| e consider U( _pr as a mapping from R o RY™. By
concatenating all of these functions we get the function U(-, J H1)) RAE  RA¢, where Ag = Z(P R)EE, dIBl and

JH ¢ H( PoR)egs X ITerN(PAR)| Here the product denotes for the Cartesian product.
Now, we are ready to apply the Robins-Monro theorem. Using above definitions, the global update function can be
rewritten as following

in which for every fixed value of J, (

mtD — @ _ ¢ )U(m(t), J(’erl))7 (25)
for ¢ = 1,2,.... Defining the mean vector field u(m ) é E[U(m,J)m] = m — U(m), we need only to verify that
the fixed point m* satisfies the condition sup,,, (m — u(m)) > 0, where (-,-) denotes the Euclidean inner product.

Using the Cauchy-Schwartz inequality and the fact that T( ) is Lipschitz with constant L = 1 — %, for all m # m*
we have

(m —m*, u(m) —u(m”))

VA
v T
3 3
|

3 3

\%
o

"Here we have removed the time index on messages for simplifying the notation.



Since m* is a fixed point, we must have u(m*) = m* — U (m*) = 0, which concludes the proof of this part.

o Non-asymptotic bounds on the mean-square error (proof of part (ii)):
Before proceeding to the proof, we first upper bound the normalized mean error as following:

E[®] _E[[lm® —m*|3]

Iz [}

t * *
o E[Ime) +m® —m, —mg 3]

[[m*||?
o E[Im&, —m_ 1]
- EHE
© BlIlm), —me 3]
B lmeg_, II2
E[60,]
[me_, [I?
where in (a) we divide the expectation over the two set of edges, namely, m( ) and m( ) = (mgz) m(gtg)) (b) follows

by Remark @, Item 1, which implies m‘(g) =my, for all ¢, and (c) is due to the fact that m = (mg,,mg_, ). Hence, to
5
upper bound E[6(®] for all t = 1,2, ..., we upper bound ﬁ First, we bound the quantity E[5(t+1)] IE[(S( ) | that

corresponds to the increment in the mean-squared error.
Considering the update equation (23) and by applying basic properties of the expectation, we obtain

E [<mg+1) — m(gt) m(t+1) + m(t) — 2m§~1>}

(t+1)] ® 1 _ ~1 ~1?
Blof"] B[4 fmz T2
o ELV e T DI
= («
Ime_ 13
E[E[(Um{,70+0),md —mp ) |F0]]
_Q(Q(t)) —
Ime_ 13
Um® | ge+y)2
) E[|U(m{, ‘ )I3]
Imz 13
E|(u(mf)—u(mg_ ) md —mg.
. 2(a(t)) |:< 1||2 ~1 1>} 7 (26)

where we have used E[U(mgjl,J(tH)M}'(t)] = u(m(gi)l) and u(m*) = 0. Moreover, we define the o-field F(*) £
o(m®, m!, ..., m'). From this point, to upper bound (26), we bound each term in (26) separately. We continue the proof

by upper bounding
O gy’
HU<m£N1,J )H

H, = 2

lmz_, 113

and then lower bounding
t . t X
(u(m{)) —u(mz_),m{), —mg )
lm_, 113

Recall that for (P — R) € & we have the following update rule

Hy =

1 ~ N
mgﬁil)%(mR) (I)P\RM(t) (wTPR)

and for (P — R) € & we have
t+1 t
m R(@r) = kg (@re 0 m) Y EIX o mynrp o] [‘DP\R(X (P\R)NTprs B(P\R\Tr > wP’\(P\R))]
T(P\R)\TpRr



Hence, we have

LB(p,rice, (Tr) £ ki (T, (P\R)) Z . min [‘I’P\R(m(P\R)nTPR,m(P\R)\TPR,wP/\(P\R))]
T(P\R\TpR (FAmnTER
< mpp(er)
<he(@naem) Y max [ @pr (e mer Be T T e |
PN T (P\R)NT
= UB(p p)ce, (@)
for all zr € X!l due to the convex combination nature of definition of mgill){. As a result, H; can be bounded as
follows

U (mg,, 73

H 27
LS meal3 @D
= 2 pr(lmpl gl + 1LY (@) 3)
B ||mP—>RH2
2[ Y pryees IMEL R 3+ 1L 2R @R)IB) + X pryce, (1m0 113 + 1L a(@r)3)]
||mP~>RH%
_ 2maen S mes, (1ML ll3 + €0, 2<§lR<wR>>||2> + 45 p s, (M8Xe, UPpR(zn))
MiNg Z(p R)€52<||mP~>R||2 + [ £(Y; 2, PR(:BR )I3) + Z(P,R)efg (ming, LPpr(zr))
2 A k), 28

where we used the fact that mgﬁ)_> r and £(Y(S)) sum to one. Now considering Hy, we can write the following lower

bound

v [16e., 13

Hy
2[jm;_ I13

> Y ”mPaR m%—m”% (29)
2 lmp_rl2
Taking expectation from both sides of bounds and and putting them together we obtain

E[5)] <A@ hu)(@) + (1= a®)E [50)]. (30)

Taking o(¥) = and unwrapping the recursion (30) we get

[GE)

9 t+2 t+2 t+2
sfie] < XS ] 0-8) [T (- 2zl
=2 n=i+1

adopting the convention that the inside product is equal to one for ¢ = ¢ 4 2. The following lemma, provides an upper

bound on the product Hf;fl b (1=9).

Lemma 3 (see [21]). For i <t+ 1 we have

t+2 .
IIa-9<i
nziia n 1+ 3

Then plugging this lemma into (I8 and taking the same steps as in [21} § IV-B-2], we get the desired conclusion.

High probability bounds on the actual error rate (proof of part (iii)):
To prove this part, again, we adapt the approach of [21] to SGBP algorithm. Reminding the definition of normalized error
5((;21 from the previous part as well as (26), we can write



1 1 .
6(t+1) (5(t) _ [<mgt ) mgw)l7m(t+ ) —+ m(t) _ ng >]
& I, 113
1
el )]
- (Oé ) * 2
lmZ, 2
(t) (t) *
u(myg’ ),mg’ —m
_ 2(Oz(t)) [< ( ENI) £ >] + 204(t) <Z(t+1),(5§t) > (32)
I, 113 ~
where Z(+1) is defined as following
o [T )
70+ &

lmg.. 113
Next, plugging (28) and (29) into (32)), we obtain
O <A@ k) (o) 4200 (200 6L ) + (1 - e

Setting a(¥) = and doing some algebra with the recursion, yields to

_1
v(t+1)’

<I> & t+1 t+1 <Z(t+1) s >
5(t+1) lu Zf » 08 4

- V2 t+1) v(t+1)
AW k) 1+ ol 1) A ) (33)
U2t +1) t+1 — w(t+1)
Notice that {Z ”}n 1 can be interpreted as a martingale difference sequence regarding the filtration " = o(m{, mi,... , m?}).

Therefore, E[Z("+D|F®)] = 0 and correspond to that E[(Z"+D) 62 )] =0 for n =0,1,2,.... To bound the left hand
side of (33), we need to bound second term’s variance in (33) as following

(i(Z(”“), 5?“))2]

n=0

(t+1) 1

Zntl gn =— _F
ngl < 5N1> (n+ 1)2

1
n+1

var

n=0

2
onmE. 2 ElEmrheny@eten,).

0<n1<n2<t
Because of the fact that
(200,622, 12, 02 )| = [B{Z . 032 2, o )17
=E [(20), 6 E[(20D, 532 )P | (34)
=0

Vny < ng, the second term in (34) becomes zero. This means that the martingale different sequence is bounded.
Using the concentration inequality provided in [24], we can bound the second term in (33). To this end, first, we need to
upper bound ||Z (n) |l2 by Cauchy-Schwartz inequality which leads to the following upper bound

UM, ) — w(ml))][l2

1291 = *
Iz
o (10l T Ju(m)s
- [l [l

(@)

< 2/ A(D, k)
where in (a) we used the convexity of the second norm (||.||2) to apply the Jensen’s inequality which implies that
JrsmZl )l < +/A(®', k;,,). By using 28), we can conclude that |Z(™| < 2A(®’, ky,,), for ¥n = 0, 1,. ... Now, turning

lmz 12
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[7]
[8]

[9]
[10]

to bound the second term, again we use the Cauchy-Schwartz inequality as following
B (2000, ] < B (12018 - lag, )
< AN(P Ky |02 113
H%} < %W Thus,

Next, taking the expectation over the both sides of the inequality (33, we obtain IE[HdgNl

we have
AN (P, k) (1 + logn)

V2 n

E [(Z(n—H)7 5&1 >2] <

for all n > 1. Furthermore, noting that the initial term E[(Z(!),6%)2] < 4A(®’,k;,)E[||6°]3] is upper bounded by
4A(D', k) using the fact that

E|mg), —mz |

lmé_, | = mgl

Now, we have everything to bound the variance as following

1 %(Z”“ o | < 4A2(<b/,klu)zt:(1+logn) 4N (D', kyy)

2 2
t+1 = v n (t+1)

var
=1

(2 4N (D' kyy) (1 +log(t+1))% +4
- V2 (t+1)2
where (a) follows because of the elementary inequality

(t)
(1+1logn) 9
2 2 < (1+1logt
E - < (1+logt)

and also p < 2. As a result, everything is ready to use the Chebyshev’s inequality [24] for upper bounding. Thus we have

(t+1) 2 / 2
Zn n 16A= (P 1+1o +1 +4

v(t+ 1 =T = vir2 (t+1)2

for any 7 > 0, so we can choose

_(AM@ k) | V(1 +log(t +1))2 + 4
S\ Ve? (t+1)? ’
for a fixed 0 < e < 1. Finally, putting all together in (33) along some simplifications ends up with
S0+ A(®', ki) 14 log(t +1) N AN(D' k) /(14 log(t +1))2 + 4
€ = 2 t+1 V2 /e t+1

with the least probability 1 — e.
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