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Overview  

ÅGoal: Accurate & fast HW MRF MAP solver 

ïWhy MRF MAP inference and HW impl.? 

ïLoopy belief propagation 

ïTree-reweighted message passing (TRW-S) 

ïOur TRW-S hardware architecture 

ïFPGA experimental results (x30 faster than SW) 

ïConclusion & future work 
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MRF MAP Inference  

Obj. 

Energy minimization on 

Markov random fields (MRF) 
Maximum a posteriori (MAP) 
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Posterior Likelihood Prior 

Label assignments Observations 
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Likelihood Č Data cost 

Prior Č Smoothness cost 

3D depth map  

by MRF MAP inference  
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3D depth map  

by matching pixels 

along the line  



MRF MAP Inference  

Energy minimization on 

Markov random fields (MRF) 
Maximum a posteriori (MAP) 
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Data cost Smoothness cost 
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Likelihood Č Data cost 

Prior Č Smoothness cost 

Ground truth Greedy method 
(Iterated conditional modes) 

Belief propagation(BP) Tree-reweighted(TRW) 

Energy minimization on MRF  Images from 

http://vision.middlebury.edu/MRF/results/tsukuba/ 

Label assignments Observations 
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Why Custom Hardware Impl .? 

ÅMany apps map to a common MRF framework 

ÅComputation is local, well matched for custom HW 

Local message passing  

MRF Solve 

common MRF framework 
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Loopy Belief Propagation  

5/16 

ÅBP on a loopy graph 

ïNo guarantee of optimality due to loops 

Å In BP, a node propagates belief to 
neighbors by passing messages 
ïMessage: ñbased on what I know now, 

what do I tell to my neighbor?ò 

ïBelief: ñwhat label should I choose 
based on my neighbors?ò 

ïEnergy computed by  
the best labels based on beliefs  

ÅBP on a tree 

ïOptimum energy can be found after all 
inward/outward message passing is done 

# Iterations 

Energy Belief of  

a node 

# Iterations 

True belief Optimum energy 

Overemphasized!! 

a b 

c d 



Å Idea: decompose a loopy graph to a set of trees 
 

 

 

 

 

ïEnergy is the weighted sum of tree energy 
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Tree -Reweighted Message Passing  

%ÎÅÒÇÙὀ ʖ Ͻ%ÎÅÒÇÙὀἢ
 

 

6/16 

T0 

T1 

T2 

T3 

T4 T5 T6 T7 T8 

Decompose 

Tree weight Energy over a tree 

ʃ ʖ Ͻʃ ʖ Ͻʃ  

BP on a tree 

Č No loop!!  

Goal: minimize  

overall energy New goal: maximize this lower bound 

Energy 

# Iterations 

Equality Ą optimum energy! 



ÅNew goal: maximize lower bound by  

data cost update & message passing on trees 

ÅSequential message passing Č convergence property 

ïLower bound is guaranteed not to decrease 

ïČ More chance to find the optimum energy!!  

 

 

 

 

 

ÅChallenge : parallelize ñsequential message passingò 
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Sequential TRW (TRW -S) 
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Comparison: BP -M and TRW -S 

ÅBenchmark: Flower stereo images*  (360x262x16 label) 
ï BP-M: min-sum belief propagation, run 80 iterations.  

ï TRW-S: sequential tree reweighted message passing, run 80 iterations. 

8/16 

2000000

3000000

4000000

5000000

6000000

7000000

8000000

9000000

10000000

11000000

0 20 40 60 80

E
n

e
rg

y
 

Number of iterations  

TRW-S BP-M Lower bound

*From stereo movie sample, http://www.stereomaker.net/sample/index.html 



Streaming TRW -S HW Architecture  

ÅKey: diagonal ordering of 
message passing for parallelism 

 

ÅDecoupled, streaming arch. 
 

ÅLaunch/retire 1 pixel/clock 

ïComplete label-set likelihood 
updates for all labels 

 

ÅDeep pixel-proc pipeline 

ï14 stages deep 

ïSo: 14 pixels ñin flightò / clock 

9/16 

Read 

FIFOs 

t0 

t1 

t2 

t3 

t4 t5 t6 t7 t8 

1 

                                 

d
 

                                 

d 
2 

                                 

d
 

                                 

d 
3 

                                  

                                 

d 

4 

                                 

d
 

                                 

d 
5 

                                 

d
 

                                 

d 
6 

                                 

d
 

                                 

d 

Feed-

back  

FIFOs 

Pipelined 

message 

passing  

Write 

back 

FIFOs 



Streaming TRW -S HW Architecture  

ïPipelined message passing 
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Data cost update 
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Experimental Platform: FPGA  

ÅOur platform: Convey HC-1 

ïHost-FPGA cache-coherent virtual memory system 

ïMax memory BW: 1Kbit/cycle(~20GB/sec)/FPGA (runs @150MHz)  
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