BY

Approved c

1995

To

AMMA

ACKNOWLEDGMENT thesis.

Page

CHAPTER

5.1 c c ix x c xii xiii

ABSTRACT

c

c

c c xv

INTRODUCTION

testing

diagnose the

test vectors

output. or error

logical testable

.

structural faults

shorts or opens short open v, v ∈ { } s-a-v

random or deterministic

targeting

activating propagating -a-v l v _ line-justification fault-effect v/v_f

4 i on

S_1 S_2 1, S_2 )

strategy.

desired.

test evaluation z = ab + bc + a _ c = ab + a _ c. Y bc

Y -a a b X

c Y Z

I_{DDQ} testing.

I_{DDQ} r q ≤ r

1967]:

f g f g f . f and g ,

contradiction or conflict indirect direct static or dynamic.

simplification.

[Abramovici c

c c

c =

circuits of c c-cycle c

• fanout stem • G s s to G.

• G s . • l bound G l G. G dominator of l.

• testable

•

. . . ....... ... ....... ... G k l p e X g h m q i j

•d b c a R2

-a R R R R

{R1 s-a-1, R2 s-a -a stem d f and g are

• legal • illegal

• f testable I such S and S^f

Z(I,S I is Z^f (I,S^f output).

• untestable • S^f I S I S, Z(I,S

S^f, Z^f (I,S^f

[Iyer

• redundant

Untestable Faults Partially Testable Faults

• redundant S^f S

S S^f

Pomeranz [Pomeranz

tables.

c1 s-a c = b = a , b c2} = { } , = { } c1 s-a a = a =

c1 s-a strategy.

a a1 CLK 2

a2 CLK 2 b1 d

c1 s − a − 1

a d

compositional

c2 s-a

a , = { }

, = { } is h = , = { } h =

a =

a1 CLK c c2 s − a − 1 d CLK a2 a b c1 e f1 g h CLK

Compositional

compositional.

irredundant.

Z

a

b

c

d

e

f

D1 Q1 Q1 D2 Q2 Q2 CLK

X g

h s − a − 0

-a

vectors: { } A -a c

A A { }

{ } state A { } is { }

x/0

0/1 1/1 x/0 1/0 A

0/1 1/1 x/0 B x/0 State

, B, C, D, , G, . C

, B, C, D, E, F, G, = { }

0/0

1/0 0/0

1/1 0/0 1/1

1/0 0/0 1/1

A B

C

F

G 0/0 0/0 0/0 0/0 1/1 0/0 0/0 1/1 1/1

1/0 0/0

1/0 0/0

1/1 0/0 1/1

1/0 0/0 1/1

A B

C

F

G

H H

0/0 1/1 0/0 0/0

1/0

vector, a = C z = 0. a1 H to C and G to C a = from H to G and G to G { } A { } H, F sequence { } a1 H H b

c

d

e

f

g

h

i j

k

l z

m

n

o

D

D

D

Q

Q

Q

Q

Q

Q X s-a-1 a1 a

p v s-a-v v =

1996].

indirect direct

1986].

[Chakradhar

illegal

Cheng

s s

redundant.

-a A A c

b2 s-a-1. b = c = a a = a = g g = 0.

, = { } a = a = g = b2 s-a irredundant.

a1 CLK b b2 s − a − 1 c CLK a2 a e1 f g CLK

f2 s-a

a f2 s-a

, = { } i = , = { } i = f2 s-a

a a1 CLK c

a2 CLK f f2 h s − a − 0 CLK i b f1 g

A A

A

[Liang 1994]. et al. [Liang

unknown U

U

-a c U a and b c is g e and f are c -a , = { } g = c

value.

c2 f b c1 a e

g

c3 c CLK et al.

-a

D g and h R D R = A treating R , = ), ( ), ( ), ( -a-0.

always reset.

= 0} a = c2 s-a-1.

a at gate f c2 s-a

c c2 f CLK 2 s-a-1 d a c1 CLK b c1’ e f1 g h CLK

1994, El-Maleh c c2 s-a-1 d CLK a b c1 e f1 g h CLK illegal

RID.

X = a, Y = b, Z = c

individually S_X, S_Y and S_Z X = a, Y = b Z = c X = a and Y = b and Z = c S_{XYZ} = S_X ∩ S_Y ∩ S_Z S_X X a X value a 1991].

Controllability Observability

_ (1 _ S_X X = a _ X a X = a

0 _ (1 _ ) 1 _ (0 _ ) 0 _ 0 _ 0 _ 1 _ 1_ a 0_ * * b * c d 0 _ (1 _ ) 0 _ (1 _ )

0 _ (1 _ )

_ _ _ _

a = 1 _ b

b c and d a =

b, c and d

called

a = 1 _ implies a1 = a2 = b = 1 _ . a1 = 1 _ makes a a2 = 1 _ makes a a is

a1 a2 b a s f of s_f}

1. f_f} f} s.

Proof: v _ l implies a = 1 _ and b = 0 _ a and b s. a = 1 _ makes f1 b = 0 _ makes f s = b = 0 } a and b s s l = v l = v s.

a 1 _ * * f1 s * f2 b 0 _*

s-a _ s-a _

/ a

a 0/1 b c − /1 a 1/0 b c 1/−

b / a b b _ / b a a on b / b

implication l_1 = v l_2 = v l_i = v_i l_i = v_i S_i

S = i∩^Si^.

a = 1, b = c = s-a-v l is l_v S_a a =

e a1

d a b a2 c CKT1

a = 1 _ a = a1 = a2 = e = 1 _ d, a b,_a = a2 d b c e_0 } b = 0 _ b = d = 0 _ a2 S_b = a2_0 } c = 1 _ c = e = 1 _ d, a b, a a

S_c = b a2 a1 a a e_0 } S_a ∩ S_b ∩ S_c = a2_0 }

c = 1 _ a a a c a and c = a e a S_a ∩ S_b ∩ S_c = a2_0 } -a a2 s-a a = 1, b = c = l_1 = v_1 , l_2 = v_2 , . l_n = v_n}.

conflicting l, considering l = l =

c propagating c = 0 _ and c = 1 _ c = c = 0,

f g b d a_1 }.

i h a e c1 f b c2 g c3 d c

c = 0 _ c = c1 = c2 = c3 = 0 _ b, d, e, a, c1 S_0 = 1 f g i f = g = 1 _ b d e a_1 } h = 0 _ , i = 1 _

c = 1 _ c1 = c2 = c3 = 1 _ a, h, f, g, b, S_1 = 2 c3 i h e = 0 _ , i = 1 _ c c d f g b d a_1 }

S_0 ∩ S_1 = f g b d a_1 }

-a c = d = a1 = b1 = a = b =

f, e either

-a a or b

either a or b f -a

f

e g c

d a1

b1

b2 a2 a b

f = 0 _ c = d = a1 = b1 = a = f, c, d, a b S_0 = d a1 b1 a b = a2 = b2 = e = g = 0 _ e, b a2 a2 b b2 g f e_0 } f = 1 _ f = 1 _ - S_1 =_0 } S_0 ∩ S_1 =_0 }

empirical observation

s Imply s = 0 _ Let S_0 Imply s = 1 _ Let S_1 S = S_0 ∩ S_1 } }

Let n n

2 )

2 )

d h, k and l

d h, k and l redundancies.

• i A sensitive i

• Let c G s

G v_s s implies v_i = c i of G

m l1

l2 g n l f j d3 e k b i c d2 d h a d1

d = 0 _ d1 = h = d2 = d3 = 0 _ 0 = d2 d3 h a_0 }

d = 1 _ d1 = d2 = d3 = i = j = k = c, e, b, f, h, d S_1 = d1 m l n c e l = l1 = l2 = m = 1 _ , n = 0 _ a, l k, i, d g b f h a l1 k i d2 g_1 }

S_0 ∩ S_1 = d2 h_1 }

from s to i i s

or v_s s to G

v_s.

d = d1 = d2 = d3 = h =

d = d1 = d2 = d3 = i = k = m = j = l = l1 = l2 = n = 2 , 3 1 } and 3 2 } d = d d1 d2 d3 a a_1 and h_1 m and n d m n.

d d m, d1 s-a d2 s-a d = d to m d = a h -a -a n d d m and n d3 s-a m

explicitly

Gates, Lines, Flip-flops, PIs, POs Faults

49

[Abramovici

#Red. #Abo.

Circuit -up

_____________________________________ c c

c c c = c c c c-cycle

identifies c c c-cycle

I every state S^f S S^f and S I c times,

S^f S to I c times I. c } c_c } c c c }.

c c′ c′ > c c c c

c

[Singhal

[Singhal c c c-cycle c-

c

c2 s-a , = { } , = { } c and d c2 s-a

c

1 _ (0 _ ) Time i 1 _ (0 _ ) 0 _ Time i +1 CLK

* Time i − 1

* Time i CLK l^i l i l^i i.

f^i of l^{i j} } • f^i j } • l^k, i ≤ k ≤ j^j }.

s

f and b T_M (f + b + 1 ≤ T_M). T_M

T_M.

Time -2 Time -1 Time f Time 2 Time 1 Time 0

Starting

M <=

Time -b

v _ l^i l i), − b ≤ i ≤ f

-a-u iff v _ l^i

faults -a-u j < i.

m = u _ l^i = v _ l^i = v _ -a-u

s s = v _ , v ∈ { } i

(− b ≤ i ≤ f S_v^i

• m valid 0 _ (1 _ i, -a -a-0)

S_v^i .

• m i caused

j } (j ≥ i). -a-u (u ∈ { }

S_v^{i j} }

-a-u.

. s s = s =

T_M S_v^i s as S_s = ∪_i^i } S^i = S_0^i ∩ S_1^i .

f i l f c_f f • c_f = l ≥ i • c_f = i − l l < i c_f c_f c_f f c_f′ c_f′ < c_f c_f

FIRES( T_M /* T_M = s s = 0 _ T_M S_0^i be

s = 1 _ T_M S_1^i be

f S^i = S_0^i ∩ S_1^i is c_f } }

f c_f

Proof: c

-a-1, -a -a i h c2 g

CLK f c1 e

c a b d

0 c = c1 = c2 = 0 _ f, e, c1 S_0 = c1 c2 f f e_1 } c = 0 _ 1 h = i = 0 _ 0 1 = g_0 } − 1 − d, a,_0^{− 1} = d a b_0 }

0 c = c1 = c2 = f = 1 _ 1 0 = c2 f e_1 } c = 1 _ 1 h = g = i = 1 _ − S_1 = g i_0 } − 1 − d, a, b

S_1^{− 1} = d a b_0 }

0 S_0 ∩ S_1^0 = e_1 } Redundant 1 S_0^1 ∩ S_1 =_0 } Faults − 1 S_0^{− 1} ∩ S_1^{− 1} = d a b_0 }

c = 0 _ c1 = c2 = 0 _ h =i = 0 _ g f, e and c d, a and b − 1

c = 1 _ e d, a and b −

c = 0 _ or c = 1 _

S_0 and S_1

f c_f f is c_f c_f g_0 g_0

g_0 untestable.

c

_c

< ≤ #Unt.

#Red. c 0-cycle Max_c c_f

c- c

c c c 0 1-cycle, 163 2 3 4 5 8 9 11-cycle c minimum c

13 and 14 have "-".

c Circuit c

_______________________________________________________________ _______________________________________________________________

_______________________________________________________________

_______________________________________________________

FIRES

FIRES.

c

c c > 0.

, = { } a = a =

vector a = a = b and c

c

c2 s-a

a f s_1 ,s_2 ,. s_n s_{i +1} s_i (1≤i <n s_1 s_n.

et al.

optimization.

identifies c

search.)

1995]

1995]

s s s A B B B itself.

B

S S, S S S S

S S

C and D.

B A LEGAL STATES

S

c c

c

Let_1 = v l_2 = v . l_n = v_n } v_i ∈ { } l_a = v_a S_{va}^i k k l_a = v_a i k S^i l_1 = v_1, l_2 = v_2, l_n = v_n S^i = S_{v1}^i ∩ S_{v2}^i ∩ S_{vn}^i

state.

f backward b

T_M (f + b + 1 ≤ T_M

Time -2 Time -1 Time f Time 2 Time 1 Time 0

Starting

M <=

Time -b

FUNI(T_M

/* T_M =

, I =_1 = v_1 , l_2 = v_2 , ,l_n = v_n }{ l_a = v_a in I { l_a = v_a T_M S_{va}^i i. } S_I I S_I = ∪_i^i = S_{v1}^i ∩ S_{v2}^{i,} . ∩ S_{vn}^i }. } The S_U = ∪_I S_I. }

f Proof:

= g = 0}

f = 1 _ and g = 0 _ s-a-v l is l_v

c d_0 }.

i c f h CLK a1 b1 d

b2 a2 e a b

CLK g

f = 1 _ 0 f = h = 1 _ f 0 = c_1 } − 1 d = 1 _ - S_f^{− 1} =_0 } 0 g = i = 0 _ h, f,_g^0 = h f c_1 } g = 0 _ − 1 e = b2 = a2 b = d, a b1 S_g^{− 1} = b2 a2 b a = b1 = a1 = d = 0 _ a b1 a1 d d_0 } 0 f = 0 _ - S_g^0 = h f c_1 } Untestable 0 S_f^0 ∩ S_g^0 = c_1 } Faults − 1 S_f^{− 1} ∩ S_g^{− 1} =_0 }

Circuit Speed Ratio

1991]). #Fr. #Unt. #Abo.

GENTEST. F

U T = F + U than

GENTEST.

all

-a = h = 0 } propagation).

seconds.

i h CLK c2 g f e

CLK c1 c CLK a b d

ALGORITHMS

identify c

testable.

c-cycle a1 CLK d s-a-1 i e CLK a2 a b1 c1 g

c2 b2 h b c f

j

-a

g = h = b c

d = 0 and e = -a a

c c >

-a

f and g b , = { } untestable.

a1 CLK c s-a-1 e d CLK a2 a b2 f b g b1

• •

-a

, = { } -a b

b.

b a

b1 s-a-1 c CLK e

b2 CLK d f

a1 b1 c

b2 a2 d a b CLK e

CLK f g s-a-0

-a

, = { }

a b

vector a = c -a c =

c =

s-a-1 a b CLK 2 c1 c c > 0.

c c ≥

FIRE

FIRES FUNI 2

3 1 5 4

[Chakraborty 1991]).

GENTEST.

CONCLUSIONS presented.

c

c c c = c c c-cycle c

detection.

worst-case

[Long

was

1991]

c

c c-cycle c c c-

c

92 c f c_f c

f c S_p S_c S_p c input I both from S_c I f

Proof: f c S_c′

of c S_p′ S_c′, I′ S_c′ S_c′ I′

F_a S_c S_c S_c′ S_c′ S_p′ in c S_c in c S_p I I′ S_c.

S_p, S_c I

S_c′to S_c S_c′ S_{g c}

from S_g S_c I

S_c states S_c and S_g S_c

S_g and S_c

F_a F_a

S_g to S_c

f c_f f m k I F_a F_a

Let s f f

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Sc f

f

Time Fa

Time Fa cf

Stem s Stem s

Sc Sp

i i frame i F_a s i

F_a − i b

c_f − b +(F_a − i F_a − c_f.

S_p

I

i i i i +(F_a − i). s _ _

s F_a u s u s u s _ . _ on s _ l j (l^j = 0 _ l^j = l^j = 1 _ l^j = F_a l^j _ in _ F_a

F_a S_c

The

a F_a F_a S_c

f F_a frame F_a f f fault -a f m (in F_a _ m m F_a,

m j } F_a m (in F_a l^j ∈^j } l^j m F_a and j (inclusive) to l^j. l^j

onto l^j m (in F_a m I f is c_f

100

Let f ( -a-v I i

I

detect f L L must

S_L ∈ L I_{SL} S_L I_{SL}

I, i_n = v_n f i I_U be I f i v _ l k U at i k i S_L I_1 and i I_U i S_L which require i S_L I_U i = S_L I_U i

I_{SL} time o I_O I, f i I_O

IU IU

UI

SL SL

S U IU

j } i o l i k, i ≤ k ≤ o l^j ∈^j } 2. l^j k on l i. l i and k l^j. I_{SL} G l_s ∈^j } G I_{SL} l_s G onto l_s G G i.

L S

LS

D

I sl 1 G . . . .. . . .

... ... ..

... .. ...

.. .. ... .

. ... ...

Fault-effect . . . . .

Fault-effect sl 1

O I

O

* G . . . . . . . . .

* I

*

* 0

. . . . .

I_O at i i S_L i I_O i S_L which require i I_O i = S_L I_O.

Now, I = I_U + I_O and i I Since I I i • If i S_L i I S_L • If i S_L i S_L I S_L S_L in i • If i = S_L I S_L ∈ L.

f f is

REFERENCES

[Abramovici Digital

1992.

[Abramovici

[Abramovici

[Abramovici CAD

[Brglez

Systems,

[Bryan

Manipulation,"

[Chakraborty Proc.

[Chakradhar , [Chakradhar

Primitives."

Proc.

Optimization."

[Cho

[Cho

[Cho Journal

[Coudert

Systems ,

I_{DDQ} Conf.

[Devadas

[El-Maleh McGill

IEEE

,

IEEE

Circuits,"

Search!)," [Iyer

[Iyer

[Kajihara

Circuits."

Circuitry," Algorithmica [Liang Proc.

[Lin

[Long

[Marchok

Symposium

Conf.

Automation,

Sequences," [Pomeranz

[Ratiu

Conf.

[Singhal

[Singhal , [Touati

BDD’s,"