475

Original Paper /

BDDUOUOOOOUOOoOood  EMUOOOOOO

Propositionalizing the EM algorithm by BDDs

ishihata@mi.cs.titech.ac.jp, http://mi.cs.titech.ac.jp/ishihata/

kameya@mi.cs.titech.ac.jp, http://mi.cs.titech.ac.jp/kameya/

sato@mi.cs.titech.ac.Jjp, http://sato-www.cs.titech.ac.jp/sato/

00 oo godbobooooooooooooa

Masakazu Ishihata Graduate School of Information Science and Engineering, Tokyo Institute of Technology
oo oo 00 00

Yoshitaka Kameya

oo oo 00 00

Taisuke Sato

0 g goobobooooooooooad

Shin-ich Minato

Graduate School of Information Science and Technology, Hokkaido University

minato@ist.hokudai.ac.jp, http://www-alg.ist.hokudai.ac.jp/ minato/

keywords: machine learning, EM algorithm, binary decision diagram (BDD), propositonalized probability computation

Summary

We propose an Expectation-Maximization (EM) algorithm which works on binary decision diagrams (BDDs).
The proposed algorithm, BDD-EM algorithm, opens a way to apply BDDs to statistical learning. The BDD-EM
algorithm makes it possible to learn probabilities in statistical models described by Boolean formulas, and the time
complexity is proportional to the size of BDDs representing them. We apply the BDD-EM algorithm to prediction of
intermittent errors in logic circuits and demonstrate that it can identify error gates in a 3bit adder circuit.
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4. Binary decision diagram

4-1 Binary decision diagram

Binary decision diagram (BDD) [Akers 78, Bryant 86]
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Procedure 1 BDD-EM(X, Y, F,II, A, O)
I: forall 7 € II, = € {0, 1}

2 Initialize 0 4);

3: end for

4: repeat

5 % E-step

6: fori=1to|Y|do

7 BACKWARD(Ay;);
8 FORWARD(Ay;);
9 INSIDE(Ay;);

10:  end for

11:  INITOUTSIDE(Y,F.II, O);
12:  fori=|Y|to 1do

13: OUTSIDE(Ay;);

14:  end for

15:  EXPECTATION(II);

16: % M-step

17: forallw eIl z € {0,1}

18: O(r ) = 5[]/ (mg ] + g [7]);
19:  end for

20:  Lo[6] = LOGLIKELIHOOD(V,F,A 7,0);
21: until Log-likelihood L[] converges;

Procedure 2 BACKWARD(Ay)

1: By[[1]] =1; B4 [[0]] =0; B5[[1]) =0; B5[[0]) =1;
2: fori=|Ny|to 1do

3 V=Var(n);

4. if V € X then

5 Bhlnd= Y Oy ) BalCha(ni))i (f € {0,1))
z€{0,1}

6: else if V' € ) then

7. Bhlnl= Y P&VIB[Chi(ni)); (f € {0,1})
z€{0,1}

8: end if

9: end for
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Procedure 3 FORWARD(Ay )

Procedure 4 INSIDE(Ay)

1: Folni] =1,

2: for i = 2to [Ny | do

31 Felni] =0;

4: end for

5: fori=1to |[Ny|do

6:  V =Var(n),

7:  if V € X then

8: fg[Chgc (nz)] += Q(WV@)]‘—Q[’RZ’]; (x € {O, 1})
9: elseif V € ) then
10: Fo[Chz(n;)] += Pg[V]Fe[nil; (x € {0,1})
11:  endif
12: end for
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1: P5[Y] = Bg[Root(Y)]; (x € {0,1})

Procedure 5 LOGLIKELIHOOD(Y,F,Ax, O)
: fori=1to|Y|do

BACKWARD(Ay;);

INSIDE(Ay;);

—_

2

3

4: end for

5: Lo[6] = 0;

6: forall F € F, f € {0,1}
7. Lol6] +=do(F, f)logP}[F;
8: end for

9: return Lo [0];
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Procedure 6 INITOUTSIDE(X, ), F.II, O)
1: forallV € VUIL z € {0,1}

2: QglV]=0;

3: end for

4: forall F € F, f € {0,1}

5. Qf[F)=do(F, f)/P{[F);
6: end for
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Procedure 7 OUTSIDE(Ay)
1: for i = 1to |Ny| do

2: V= Var(n),
3: V¥ =Var(Chy(n;)); (z € {0,1})
4 ¢ = jeqony Qb [Y1Fo[ni Bg[Che(ni)]; (@ € {0,1})
5:  ifV € X then
6: Qplrv] +=¢" (@ €{0,1})
7:  elseif V € ) then
8: V] +=¢"; (@ e{0,1})
9: endif
10: % Compute the expectations of the deleted nodes.
11: D;’[V] +=q' +¢%
12: Dg[V®] +=¢"; (z € {0,1})
13: end for
14: % Add the expectations of the deleted nodes to Qg [X]
15: 6 =D [Vil;
16: for i =2 to |Vy| do
17: 6§ —=Dg [Vil;
18: if V; € X then
19: Qs(mv;] +=06(x,, a): (x €{0,1})
20:  elseif V; € Vthen
21: Q5Vi] += 0P [Vi]; (x € {0,1})
22:  endif
23§ +=DJVi|;
24: end for

Procedure 8 EXPECTATION(II)

1: for w € Il do
20 mg[r] = Q4[m]0(r,2); (x € {0,1})
3: end for
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