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How to Go Beyond the Boolean World?

Two basic tasks:

1. Which test patterns are needed to detect a fault (or all faults)
2.  Which faults are detected by a given test (or by all tests)
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BDDs and Testing of Logic Circuits

Path Topological view on
Fault activation C_orrelct Binary Decision Diagrams:
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Three interpretations of BDDs

1) BDD as a binary program: 2) BDD as adata structure:

Components Relations

Node Var - s
1 X4 #1 2
2 X, 3 6
3 X5 #1 4
4 X, 5 6
5 Xs #1 6
6 X 7 #0
7 X, #1 #0

Applicable only for simulation of input patterns Applicable for simulation, fault simulation, test
generation, timing simulation, signal probability

y — Xl Vv X2 (X3 Vv X4 X5) \V/ X6 X7 calculation... etc. for many other circuit analysis
tasks
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Three interpretations of BDDs

1) BDD as a binary program:

Y )] < '
e ) 1 3) BDD as knowledge presentation:
RS Flip-Flop
______________ STl a—C)-6)—®
0o C

i
B e
R (R~

2) BDD as a data structure:

g=c(SvQgR)vcy'

Node Var - J
! .  #2 SR =0 U - unknown value
2 X, 3 6 —
3 X3 #1 4
4 Xa > ° The graph represents as much
5 Xs #1 6 :
— % %0 functional knowledge as we know
- x,  #1  #0 about the circuit
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Mapping Between Circuit and SSBDD

4) BDD as a structural
model of logic circuits

X, ] % Y ) LYCH E— @

= .
X, 4 21 | & S/l/gnal path 0
Pl DRG0
X3 » X1 & %1 1|=1Y /
X, I

x -
13 1 PO L o
- PPtae
-

X N
22 Xg
X3,

Node x,, in SSBDD represents the path (x,, x;1, X, ¥ ) In the circuit

Each node in SSBDD represents a signal path:

The SAF-0(1) fault at the node x,, represents the SAF faults on the lines
X,1, Xg, Y IN the circuit — fault collapsing

32 faults (16 lines) in the circuit — 16 faults (8 nodes) in SSBDD
918 7
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Test Generation with BD and BDD

BD:

Y =X X, V X5 (XX, v X (X V(X5 V Xy X))V X Xy

2 Ny (o VT T (e v ) X
a—xsz (X1X2 vX1X3)X3(X2X4)X1X4(X2X6)8—XZ:

= (X, V X ) (X V Xg ) X3 (X, v X )X, X, (X, Vv Xg) =

=X X, XsX, V... =1

Test pattern:

0 1 - 0 D -

D
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Fault Analysis with SSBDDs

Algorithm:

1. Determine the activated path to find the fault candidates
2. Analyze the detectabllity of the each candidate fault
(each node represents a subset of real faults)
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Test Generation with SSBDDs

Test generation for: x,,=0 Structural BDD:

Functional
BDD:

Test pattern: Xy X5 X3 X, |y @ I /’

1 1 0 -l1=0
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Functional Synthesis of BDDs

Shannon’s Expansion Theorem: Y=F(X)=X, F(X)‘xkzlvx_kF(X)‘xk:O

= X (X (X VX, )V X))V XXX
y \ 1( 2( £ 4) 2)}\ 15374) | Using the Theorem
for BDD synthesis:

y —(X%) F(X)|,_,

x(x VX)) VX, v 0

y 4’@ Xy )—> 1 F(X),

&%

g ! .
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Functional Synthesis of BDDs

Shannon’s Expansion Theorem: y=F(X)=X, F(X)‘szl\/x_kF(X)‘xk:o

Y =X (% (X vV X,) v X, ) v X XX,
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BDDs and Complexity

Optimization (by ordering of nodes): BDDs for a 2-level AND-OR circuit

BDD optimization: ROBDD OBDD
We start synthesis: g ) Reduced OBDD 8 Canonical form
« from the mogt 5 7 7
repeated variable
B B B B 6
g —]
7—3_ 5 5) (5) (5) (5) (5) (5) (5) (5
G_D— 4 4 47 (43 (4
5 —
3 3 3 3
4 =
3— 2
21 1
1 :
E 0 1 0 1
(a) Circuit. (b) In the best order. (c) In the worst order.
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BDDs and Complexity
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(a) In the best order. (b) In the worst order,
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BDDs and Complexity

Elementary BDDs

S —
D Flip-Flop J— JK Elin-El
o THe—O-® o fa-®

C— K=

@ H| &O@E
RS Flip-Flop
AT hi—O-O—@ 9L

C— i BDD optimization:
@ @ @ Q We may start synthesis:
R— + from the most important
variable, or
= - + from the most repeated
g= C(S v Qg R) Vv C( variable
. SR=0 U - unknown value 15
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Elementary BDDs: BDDs for Logic Gates

X, {& Y AND y
1

o =
B A
|, O A‘n" ——————— Xl —
~~~~~~ Jip -0 ©
. . X3
Given circuit:
Xo1 | 1 — -
Xy L SSBDD synthesis:
o & — Y SSBDDs for a given circuit are built
|_ by superposition of BDDs for gates
1 —
X
3 b
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Synthesis of SSBDD for a Circuit

Given circuit: Superposition of BDDs:
Xy a
X1 | 1
X5 _
X22 . & =Y
1
X3 H
Structurally
Synthesized
BDD:
Compare to

Superposition of Boolean functions:

y:a&b:(xlvx21)(x_22vx3)
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Boolean Operations with SSBDDs
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Properties of SSBDDs

Boolean function: y = X;X, v X3 (X4 V XeXg) = X1X5 V XgX, V X3XsXg

1-nodes of a 1-path represent 0-nodes of a O-path represent
aterminthe DNF: XgXcXg=1 a term in the CNF: X, vX,vX; =0
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Boolean Operations with SSBDDs

Boolean function: Inverted function (DeMorgan):
Y = X1X5 V X3 Y = XX, V X3 = (Xq VXy) X3
y y
Dual function: Inverted dual function:

y*= (X1 V X5) X3 = X1X; V X3

y* ?*%@
(5 o
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Properties of SSBDDs

Boolean function: Exchange of nodes:

Y = XXp V X3 (X V X5Xg) y _’® y _’@

22
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Properties of SSBDDs

Boolean function: Exchange of subgraphs:

Y = X1Xp V X3 (X4 V X5Xg) y — G y — G

23
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Properties of SSBDDs

Graph related properties:
v SSBDD is
= planar
m asyclic
m traceable (Hamiltonian path)

= for every internal node there
exists a 1-path and O-path

= homogenous

RS
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Transformation of SSBDDs to BDDs

G0 00 06
GO O 00 +6 OC

@@@ /@ (Rg(2(9

y (s (o
| oo > o

BDD: ¥
Xy
18
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Mapping Between Circuit and SSBDD

From circuit to set of SSBDDs

_________________________________________________

D FFR
Y1l
SSBDD4
A . FFR R
B > FFR
' 1SSBDD1 | V2
= SSBDD5 _~
» 26
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Advantages of SSBDDs

v Linear complexity: a circuit Is represented as a system
of SSBDDs, where each fanout-free region (FFR) is
representred by a separate SSBDD

v One-to-one correspondence
between the nodes in SSBDDs
and signal paths in the circuit

v This allows easily to extend the »
logic simulation with SSBDDs to i °'°
simulation of faults on signal OO
paths
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Shared SSBDDs - S3BDD

v Extension of superposition v Merging several functions

procedure beyond the fan- In the same graphs by
out nodes of the circuit Introducing multiple roots
G G5
X e
: &
s N Yi
i &
w1 G2 =
X4 & —X 2 G4 G6
i z

Superpositioning of FFRs
Node of SSBDD = signal path up to fan-out stem
Input of SSBDD = circuit down to primary inputs o8
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SSBDDs vs. S3BDDs
Example: Comparison of two models: SSBDD and S®BDD

(i @ ng
SSBDD
9 nodes

Network of Y1
3 sub-circuits:  X; | Y4
Xg —
X, - FFR | X3 S*BDD
Xg ™ . Y, 7 nodes
Xg ] The whole circuit is represented

IRl 1918
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S3BDDs and Fault Collapsing

1 —
1
2 —_
Fault collapsing:
From 84 faults to 36 faults
For SSBDD: 50 faults
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e Sequentional S3BDDs

10

7 1
12 ‘ 10 nodes,
11, 2| 1020, T 20 stuck-at faults,
18 1 .
o |13 7)1 | s, 2,5 times less
1— & 14 L] 1 E & O— 26 -
P (5
— 20 2
6 q _,_ 24 (O]
4 — 19 —1 T _‘ Tl
.+ % ()=

! %E‘ " ’_ " 25 nodes, 3‘15 ’ @ é7®

50 stuck-at faults /’
12

] 8
. 8 75 14

L1l T 22| 1 } T, —T,

9“; 18 2

)1 5, 5 GAIN:
14 1 23 . '
1 Qe & Ommm 26 2,5 times
in logic simulation,

16 24 2,52 = 6,25times
T L in fault simulation
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How to Go Beyond the Boolean World?

Two basic tasks:

1. Which test patterns are needed to detect a fault (or all faults)
2.  Which faults are detected by a given test (or by all tests)

r———--—--=-=-=--=-=-=-=-=-"

System b Boolean
Gate ! differential

1 algebra
:> 0 &jl g k= 0 > >

- === ==

DD .
i AL Decision
_______________________________________ BDD
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Synthesis of S3BDD for a Circuit
Superposition of BDDs:

Y1 @ » Y1
G5 '
X1 £ .
- q—n a Gl
X3 3F1 G2 >—)r3
P & qu G6 Y1l @ @ »
] 5

Given circuit C17

&

Each node in the S3BDD ' ’
represents a signal path in the
circuit v @ @ » Y _’ e

Testing a node in S°BDD means ‘
testing a signal path in the S ==

circuit
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Synthesis of S3BDD for a Circuit

Given circuit C17 o
Superposition of BDDs:
XI——;I c(;; ¥i

G3
& Hr

3
>—P ' G6

Ga-

& e . 7

[ —

N
.
9]
530I\ii

X3

Two-output circuit
IS represented
by a single SSBDD
with shared
subgraphs

34
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Shared SSBDDs

Each node represents different paths
(path segments) in the circuit

SSSBDD for 19
Node Path 1— |
14 14,-19 (3) =
11 11,-19 (4)
7 7-19 (4)
15 15,-17,-19 (3)
12 12,-14,-17,-19 (4) |
3-11,-14,-17,-19 (5) 17—>(15){12)
4 | 4-11,-14,-17,-19 (5) 14
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Structured Interpretation of SSBDDs

— |15
» Lo -
S3BDD represents two
2 = subcircuits

= . 9 T,
T, - 9
G | Nodes Signal paths L
—3 3—-15-T, 3
Gy 2 2—-9-10-15-T, 5
T, T,-7-9-10-15 —-T, 6

Each node in the S3BDD  represents a
signal path in the circuit

36

IAga 1918 .
IRl TALLINNA TEHNIKAULIKOOL
IIIARI TALLINN UNIVERSITY OF TECHNOLOGY



© Raimund Ubar Research in ATI

Structured Interpretation of SSBDDs

12 -
25 TZ%
I T2 \]/—

11 T, 22| 1 921 T,

1— & 14 T 1 622 o b 26 -
g e P
(19) Ts%/)

14 — BT /
Ts a— " 19 14 :
G | Nodes Signal paths L
G, 8 8-12-25 —-T, 4
—T, T,-5-21-23-26 5
9 9-11-18-20-21-23-26 7
Gy 14 14 —-17-18-20-21-23-26 7
4 4-19-20-21-23-26 6
T, T,-6-14-16-19-20-21-23-26 9
—1 —1-8-13-14-16-19-20-21-23-26 10
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