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ABSTRACT

This is the third and final report docunenting our research into

the design of a new and powerful automa tic test generation system for

digital logic, called T~~T/80. This system is designed around the follow-

1mg six concepts.

1. A power ful circuit preprocessing analysis which leads to greater

efficiency during stimulus generation .

2. An effective initialization algorithm.

3. The use of ti.. frames, phases and periods so that asynchron-

ous circuits can be accurately processed during stimulus

generation.

4. The use of functional level primitives so that complex circuits

Including shift registers , counters and PAM’s, can now be
a

effectively processed.

5. The use of a stimulus generation algorithm which incorp orates

the concepts in l-4 .  
-

6. The use of a functional level concurrent fault simulato r, used

to test and produce a fault dictionary.

This system is intended to replace existing test generation systems

used by the United States Navy, and meet the Navy’s needs for auto matic

test generation during the next six to ten years . At that time it is

believed that circuit densities will have made the use of such a program

Infeasible. The report consists of the results of our resear ch into the

• solution of the six concepts previously presented , and does not represent

a detailed design of TBST/80. V
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1. flITRO]XICTION 
-

p V

This report docunent s our result s on the conceptual design of a

very powerful and efficient automatic test generation program (ATOP)

softwar e system for digital circuit s • The general structure of such a

V 
- 

system is shown in Figure 1.1. This structure is quit e universal, and is

used by most existing systems such as WOOS, LASAR , FA~~TEST, L-LOGIC,

and INDICATES • The input to these systems is a manua lly generated circuit

model. The model is then preprocessed, where syntax errors are detected ,

library models are substituted for calls, and fault collapsing is carried

out , etc.

In the STIM GEN module test vectors are generated; this can be done

either manually, by random technique , or via some heuristic or algorithmic

procedure. V

In the simulation module the test just generated is evaluated, i.e.,

the set of all faults detected is determined. If the percent detection

exceeds some bound, then a dictionary can be generated and a test tape 
V

produced. If the percent fault detection is too low, more tests are

generated.

S
There are m~ erous reasons why existing systems fail to be effect-

ive for present day circuits. These problems will be even more severe as

more and more LBI devices continue to be used.
• -

Some of these problems are :

1. Existing ATOP systems fail to initialize circuits which are

V J  initialisable.

2. Existing ATOP systems cannot effectively process circuits con-

tam ing RAN ’s and large counters end shift registers . Th~.s
S

•.1-
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FIGURE 1.1

V ~~~~~~ STRUCTURE OF AN ‘ATOP’ SYSTEM
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problem manifests itself by: a) not generating tests for

faults , and simultaneously b )  using up a tremendous amount of

CPU time in searching for a test. 
-

3. Existing ATOP systems cannot effectively handle asynchronous

circuits.

~~. Sane existing ATOP systems use low-level logic primitives and

this, together with 3 above, require complex modeling and work-

arounds in order to generate the input circuit model.

TEST/80 has been designed to eliminate and/or drastically reduce the

problems listed above. The basic concepts employed in TEST/80 are:

1. Functional level modeling.

2 • The use of time frames , phases end periods to handle the genera-

tion of tests for asynchronous circuits.

3. The use of a powerful initialization process so that complex

circuit s can be automatically initialized .

~. The use of new sophisticated preprocessing concepts to reduce

CRY time during stimulus generation.

5. The use of ft functional -level concurrent —driven fault

simulator.

Preliminary hand calculations indicate that for complex circuits the
V - potential performance of this system will be significantly greater than

- 
- existing systems . The improvement in performance is a function of the

structure of the circuit to be tested , and hence , no absolute nuxñb er can

be stated . For combinational logic, our system will actually be a little

slower then existing systems because of the overhead in our preprocessing

-3- H
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and complex data structure s • For circuits having counters and complex

decoding circuitry, our system can reduce a 5-hour (iio8) test generation

problem to a 30-minute (uo8) test generation problem .

This report is the third and final report on TEST/80 to be published

under the present contract • The previous two reports are :

V 

1. TEST/80, Report No. 1-76: “Functional Level Modeling of Complex

Elements in TEST/80.”
- - 

2. TEST/80, Report No. 2-76: “ Initialization of Digital Logic

Circuits .”

The first report presents our results for developing functional level

models for complex sequential devices to be used by our stimulus generation

and simulation modules.

The use of these high-level primitive models reduces CPU time during

test generation. If one is interested in an internal IC fault, the module -

containing the fault is modeled at a lower level such that the fault is
S

external to the primitive elements in the model. The remaining elements

in the circuit can still be modeled at the higher level. 
V

The second report deals with the development of new and powerful

algorithms for carrying out aut omatic initialization of circuit s • Unfor-
V 

tunately, for some complex circuit s these procedures may not be computa-

• 
tionally feasible. We, in these instances, plan to use classical initial-

izat ion technique s based upon three (0, l,u )-valued logic.

The present report deals with the following four major areas :

• - .

.
~~ - if -

—4—
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I
“ Preprocessing

Rate analysis V

Coat analysis

*‘ Timing

~~~~ Teat Generation Algorithm

~“ Functional level concurrent fault simulation.

We only deal with the “research aspects” of the TEST/80 system, i.e.,

with those problems investigated and solved during the course of our

research.

We have not included any- discussion of the classical components of

an ATOP system whose solutions are well known, such as fault collaps ing,

dictionary construction, etc.
p

S

p

• V

~~~~~~~~~ AZ~~~
V - ~~~~~~~~~ 

_
~~T ~, - — -.~~ 

— — ~~~~ ~~~~~~~~



V -~~ — ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - 
—

I
2 • ~~EPROCESS DIG

2.1 Rate Analysis

Rate analysis is a preprocessing technique in which certain lines in

a circuit are assigned labels , called rates . These labe ls indicate the

maxim~nn rate at wiiich a line can change values. These rates are used

during test generation in one of two ways.

- 1) Logic values can be assigned to lines consistent with the

maximum rate, and

2) sequences which cannot be justified can be ide:ti fied .

Let a and b be rates. Then the follow ing are rates :

1) 0 and 1

2) ab (concatenation)

3) aT1
~ ’a.a ••. a

n timea

4) (a)

5) a’ • a.e •.. (indefinite )

6) r (a random bit)

7) r~ (a random sequence of 0’s end l’s).

Examples:

a) (Ol)* — 010101...

b) (O
2
l3)~ us 0 0 1 1 1 0 0  11100111...

C) (02 (012 )2 ) .. 0 0 0 1 1 0  1 1 0 0 0 11 0  1 1. . .

-6-
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Normally, when no confusion will occur, we do not indicate the *•

If rate a has length 2 then we denote this fact by aLt].

Exampjes:

- a) o3111i7]

b) (Q2(~~
2
)3(9] )2 (22].

A rate of the form e
X1l~~~ is of order 1, where e € (0,1). If

rates a and b are of order i and j respectively, then rate ab

is of order i + j . A rate indicates the maximum rate at which a signal

on a line can change values. We desire to approximate these maximum rates

by simple rates of low order, say, of order 1, 2, or 3

It A is a signal line, then the rate associated with the line is

denoted by A .

Expansion:

1•

Let b be a rate. Then the expansion of b, denoted by E(b), is

also a rate, and is obtained by repl~cthg any element x € (0,1) in b by

for an arbitrary n > 0. Note that the expansion operator can be used

repeatedly.

Example : s(o2l)

V We say- that b is less than E(b ), denoted by b ( E(b ), for all

expansions of b.

p

1 

-7-
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Compatible:

S

Let a and b be two rates. Then a is compatible with b if

there exists an expansion of b, denoted by E(b), such that a - E(b).

If a is compatible with b, we write b < a .

Examples:

( a) a — 0 0 1 0 1 is not compatible with b — 0213.b) a — 0213 is compatible with b — 0 0 1 0 1. This follows be-

cause b can be expanded as follows :

b ~~91 01

20 0 1 1 1 0 0 1 11  us (o 1~~

- Given a rate a, then b is the greatest lower bound of order i

o f a i f  -
-

p V

a) b is of degree i

b) a is compatible with b

c) there exists no other rate c of degree i such that b is

compatible with c, i.e., there exists no c such that

c < b < a .

Consider the rate Ar shown below for line A.

A us (000ll000lll0000ul000ll000U ) .r ~~~~~~~

* 2 3

Since the minimum n-wflber of consecutive l’s and 0’s is 2 end 3,

V
:

- - V _~~ 
~~ VV V ~ 
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respectively, the greatest lower bound for Ar is

A — o2i3

If one tries to ju stify- the sequence ~~~~0 0 1 O 1 , since
V 

E& .) ~ A for any expansion, A cannot be justified.

The maximum rates are 0]. and 10, and the minimum rates are 0*

and 1 , namely a constant • We assume al] primary impute have maximum

rate, unless specified otherwise. V

The caup]ement of a rate a is obtained by changing all 0’s to

l’s and l’s to 0’s, end is denoted by a.
The AND and OR of two rates a and b are denoted by a’b

and a + b, respectively, and are also rates.

Rules for Propagation of Rates Through Gates

p 1. AND

C - A . B

If Ar 1 then Cr —

I f A — O t h e n C - 0 .r r

2 . O R  4

_
~~~~ 4-~~._ -~~~~ 4- .-—. •~~ ~~.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —~~~~ ~~~~~ - --- - 
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If A,~~~ O then C — B

If A • 1 then Cr 
. 1 . V

- - 3. Inverter V

- 

A— j ~~~~— - - A _ B

B — ( T )

V 

Procedure AND: Computing Z~ ~~ Tr
r

Let

~l -~2 fl3I~ 
us 

~~ ~~

and V

ml m~~~m
Tr - y

where

~~~~~~~~~~~

Find a prefix of of length n.~: If x — 0 then output ~~~~ else

output the prefix. Delete x~ from and the prefix from If

- processing a term of the form ( •~~• ?‘, then take the result produced ,

- 
say- p, end replace it by (p )n•

Return to the new Xr and Tr rates , relabel if necessary, and

repeat the procedure until both have been processed to the end . In order V - 
-

to generate low order rates , one can restrict this procedure to the case

where n 1 — or in1 + in2 or m~ + + ia~,.. .

V 

-10- 
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V 
Example: Given

Xr~~~0~
6l~~ and Tr 0216

- ç compute Z~~~u s X . T

1. 

((o2l6) (81 )2 (16] 
~~~~~~~~~~~~ ~16

2. X — 1 — 1~ (i61 
~~~~ -__-~~~ (o~i~~r ! o2i6 (Ø2~6 (81 []6)

Z us 016(0216)
2

4.

Example : 
- -

* 016
1:6 ~~~~~~~~~ ~~~~ 

o]6 (~2 (ci )3 )2 

D~ 
16 (~2 (C)r)~ )

2

The output can be approximated by the first-order rate ~l6 r16.

Cre ation of Rates

‘p
Rates are usual ly created at the output of sequential devices, such

as flip-flops , counters , shift registers , etc. Normally, we select the

input to the device to have rates such that the outputs are maximum.

—11—

e



Consider a devi ce triggered by a positive edge on the clock line.

We denote this condition by c~(t ). If (c~ ~r 
us o’~ ~“2, then the

rate of the positive edge is

((c~(t ~ ~r 
Ct in where n — n1 +

is the period of the clock pulse.

.1K edge triggered flip-flop:

1. Msxiim~~ rate configuration

l — J  Q O’~ l~’

O
nh l

n2 _ C
p 

n u s n
l

+ n a

Note: For n,1 • n2 
us ~, n — 2 ~~~~ 

~r 
_ ~2 i2 This illustrates V

the fact that this configuration represents a divide by 2 counter.

2 • General configuration:

O~~ 1
’
~ — J Q •.. oa 1b

n
3

n~ — %
O~~~l~~~— K

—12—



- —---us-,-- V— - -

I

I r i) a,b > n3 + n~1 , i.e., the output cannot change faster than

the input period

2) a > n1, i.e., as long as J — O  the F/P cannot be

set

3) ‘b 2 n5, i.e., as long as K 0  the P/P cannot be

C reset .

3. Special case (JK F/P acting as a delay flip/flop):

~a 1b

V 

0 , 1_ C p

o
’
~
2 l
’
~
1

I
a,b > n3 + n ~

•

Counter : , P P
!

—
~~~~~ 

C — +  C Q A % % % s E • Cp

~A S  Qe So 4 4

-13-

•

r ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~~ 

—
~~

-
~~~

- - • .‘ ~~~~~. 
- 

- 
—



(

r 1. Count mode

N 1

(Cp )r 0n 1m

- q u s n1+ n 2

~~A~r °
q

• 02q 12q

~%~r 
us

17 
~%~r 

us

2 • Maximum count mode

- 

Set n • m 1, q u s 2 .

P 3. Special case

- 
(C~ )~ us 01

n u s n1+ n 2, n2 > 2 .

T h n

~~A~r 0 1

us o2
~ 1

2n

etc.



---~~~~~~~~~~~~~~~~~~~
-

(p

Ii. PirsUel load mode: (1 C (A , B , C , D))

• Zr where Zr is the rate of when operated

as a delay flip-flop with input P1 and clock Ci,.

Shift register :

- 
— N
— C

~~i ~r 
Er Zr where Zr is the rate of a delay flip-flop

hawing input I) and clock C~.

V Rate Assignment Procedure

The following procedure assigns rates to the lines in a circuit :

1. Sequentially process clocked elements.

2. 
• 

Given an element, for those inputs not yet assigned a rate ,

assign rates to achieve maximum output rates.

3. Compute output rate of device. 
V

V 

~ Propagate rates through combinational logic as long as lower order

rates can be preserved .

5. Return to the beginning and process the rest of the devices.

If the input to a sequential device is given a new rate , reprocess

th. element V ~~~~~~~~ V~~~-

— 15— 
-
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Applications of Rate Anaiysia 
-

The major application of rate analysis is the identification of

allowable sequences on lines

Example:

‘
P

V - j_ j
•.. E j  A

- 

- 

C~ 

_ _ _ _ _

Assume N, C~ and J are driven by large combinational circuits

and hence their rates are not known. Let K be ’ a pr imary input .

r We assign rates as follows: For the counter , the maximum rate

inputs are Er 1 and (Cp)r 
us 01 • This gives us Cr 0~~ 1. For V

the JK flip-flop, the maximum rate inputs are J us K — 1, and since

(Cp)r
us 0

~~ 1, we have that ~~~~~~~~~~~~~~

Assume that during the generation we desire to test for the fault
U

A s - a -0. To solve this problem we have the following subprob lems:

1. Set A — i

2. To solve 1 we have subproblems:

a) t: C — ,  (c ( t ) u s i,c ( t - i ) — o )
P p

- 

b) t - l :  J — K — l , Q — 0 , C~~— 0  .

3. To solve the problem 4 us 0 we have : 
~ ‘V

c) t’ < t i :  R u s O .  -

.‘ ‘—V ________

-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1~• By implication, we see that B — 0 also resets the counter and

we bave C •O.

In si~~nary we have,

- 

Time: t’ •.. Ct -i) t

Line C: 0 •.. 0 1

But rate analysis Implies that Cr ~31 
~~• Therefore, for t’ us ~, we

have (t - 1) us 31 and t us 32 • Therefore a 32 clock time test is

required.

Example: V

This example shows how our functional modeling language interacts

with rate analysis to give information for test construction.

1—I N - 1 1—IN

1- 11—Bit c c il-Bit cCounter B Counter A

1)

CT translator)

To set A u s l  we require:

R(R’
~ U)

1
~ (reset and count up 1~ times) (1)

-17-
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f

H 
T) 

(B us 0 (Impossible); S 1, E~ us ~ i: ~

B -
~~~

-
~~ 

(D us 01

V 

Substituting back into (1), we get for the line C~:

Cp :R(?U)
il 

us x((~T)fl t ) h1

Since t us (o i )  and by rate analysis we have that (c~ ~r 
= ~3l 

~~~, we

obtain (
~~~~
1)

fl 0~~ and hence , C~ - X 0~~ 0 1.

e Another application of rate analysis is the following: Assume that

in order to get a test for a fault we assign line A the sequence A.

Now, if A is not compatible with Ar~ then A cannot be justified and

P the test generation procedure should backtrack and take another choice.

2.2 Cost Assignments - -

In preprocessing a. circuit we assign to each line A in the circuit

three costs, namely, -

cA - the cost of setting line A to a l

eA - t he co.t of setting line A to a O

and 
-

p d A - t h e cost of driving a D ( ~ ) on line A to a prmmar y

output.

-These casts are used by our test generation algorithm during fl-drive
P

and line justificatio n. In this section we discuss how the preprocessor

P -18-
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assigns these costs. In general, problems of higher cost are more

difficult to solve.

The cost cA is given by the equation

cA us mm (cfk + esA + cdA , K)

where A is the output of an element of type t and K Is an input

parameter usually taken to be 32,000. The term cfA is that cost

contribution due to the logical properties of t; csA is that cost

distribution due to the side effects of setting A to 1, and cdA is

a constant cost associated with t2-ze element type t . Usually we set

cdA to the values shown below:

cdA t
2 gates
11 flip—flops

n-bit registers

A similar equation holds for cA.

C*lculation of cfA and cfA

Gate functions :

Cons ider a gate having input lines I a l,2,...,n. Let the outp ut

be A. Then we have the following results .
0

-19-
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H AND gate

A us 1.2 •.. n

cfA us L c i
4 I_i

L 
— i +~~ + •~~~S +~~~~

cfA us mm (c3 )
- I

V 

wm gate

Interchange A and A

C
OR gate

A a 1 + 2 + . . . + ~~
9-

cfA us min (ci)
i

A us 
~~~~~ •..

cfX
i-i

- 

~ç
V

1 
V

NOR gate

V 
Interchange A and A

C) 
-

We represent a sequence of input vectors by x (1),x(2),x (3),... .

—20—
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(

Then the cost of this sequence is the sum of the cost of each vector .

V 

Also, since c~( t )  — (c~ us o)~ (c~ i.), then -

cC~ ( t )  — ~~~ + cC~ .

- Flip-flop (Jx posit ive edge triggered ; S,R asynchronous):

:: ;~ :: :;~: ~:;

cfQ us miii (c~ + cR , direct set

cJ + c~ + 2cS + 2cR + cC~ + c~~, set F/F

cJ + c~ + 2cS + 2cR + cC + c~~) set or trigger

cf~~— min (c~~+ c S ,

c K + c ~~+ 2 c S + 2 c R + cC + c ~~ ,p p

o CX + cQ + 2c3 + 2cR + cC + c~~ )

Counter : L
V 

1~ 

-

1’ 
V- o B

- 

-21-
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= (~L , RLE C (t)) reset and incrementp

+ R L PA loe.d a 1

+ RLE cp( t )
~A ~A 0 and incremen t

I ~A 
us k reset

- 

- 
~~~~~~~ 

loed a 0

+ BLE %(t 
~ A ~A 1 and increment

Therefore

V cfQA miii (c T +  3cL + 2(~B +  cE) + cC~~+ c~~~,
- t cR +cL + CPA ,

2(cR + cL + cE) + cC + c~ + c~A ) ;

V 

V 

~B load a 1

+ BLE c~(t 
~ A ~A ~ 1 and increment

c) 
V

— P.L reset

+ R L PB 
- 

load a 0

+ BLE c ( t  
~~~~~ ~A ~B and increment;

etc. 
V

— 

o 
C us E C

P
QA QB % QD

- . 

V 

cfCr 
us 05 + cC~ + CQA + 0% + c% + c% . 

V

1~~~~~~~~~~~ 

.22... 
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Example :

Consider a counter having the input costs as shown below. For

siinplicity we let cQ — cfQ for Q A  and A.

(o,~ )

A 
-

(l,l )— E  
L 

V V

Legend: (cA ,cA)
(1,1) — c~,

R

(1~l)

min (l+3.0+2 (1+1)+1+l ,

l+ ... ,

2 ( l + 0 + l ) + l + 1 + c ~A )

?~A u s m i n (7, 6 + ~~~A )

us min (1+O ,

- 
1+ ~~~+ ...

* 
- 2(1+].+l ) + 1 + 1 + c Q A )

us min (1, 8 + cQA )

- l

us min (l+ + . . . ,

2 ( 1 + 0 + 1 ) + l + 1 + 0 Q A )

—23-
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- 
- -----~~~~~~

— miii (1+0 ,

- 
1+  + ...
2(1 + 0 + i) + 1 + 1 + CQA + c%)

• I . 
— l  .

I
- -~ In sunnary, we have

S c
- 

- 

~~A min (7 , 6 +  
~~~~ 

(1)

1 (2)

6 + cQ~ (
~

)

• 

~~

-- 

0*3 1 • (il )

Substituting (2) into (1) we get

us ~ 
- 

(5) •

and substituting (5) into (3) we obtain

• c% l 3 .  - (6)

To verify this result , we see that to set 1 we must reset

the counter (k), and count up two times, i.e.,

-

~ (RLE c~(t))2 
.

* 
This gives us a cost of

I

—214.
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• - —-~~~~~~~~~ —

1 1

i i
I , c(k) us 1 + 0  — 1

I 
and

c(~ z c~( t )~ - 2~2(1 + 0 + i) + 2)

hence a total cost of 13.

Shift register :

- 

— s  ~1 P2 P3 ~
‘
II

— D
P ••~~~C~, 

~1 ~‘a ~
-

~~~~~~~~~~~ I V

Legend :

4 • Device resets on R u s O .

Device loads on L =  0.

Device shifts right on S us ~ and c~(t ).
Data in is fl

V . us RL~ c~(t )~~1 shift in a 1

RLP1 loed a 1

0

L ~~~ 

..25



V - _ _ _ _

— reset

RL~ c~(’)*~...1 shift In a 0

RLP~ load a 0

where

% u s D.

r 
- cfQ~ min (2 (CR + cL + cS) + cCi, + c~~ +

oR + eL + cI~~)

* I-, 
V

cf~~ us min (c~~+ c L ,

2 (eN + eL + cS) + cC + c~ + c~~~1,
e R + c L + c!’1)

Computat ion of Side Effects Facto r csA

When a line is set to a 0 or 1, due to its fan-out this line V

setting may affect many parts of a circuit . We refer to this phenomenon

• as side-effects.

Example:

- Consider the circuit shown below.

0

~~ 

- 

-26-
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To ju stify F 1 , if we set B 1  we force E - 1 .  But, ifv e
V 

justify F • 1 by setting C a 
~~~, we do not force 0 to a logic value.

Hence, we desire cB > cC. That is, we penalize B because of its

side-effects .

V The value of csA can be computed as follows. Let line A have

Logic value B e (0,1). SImulate the circuit with the initi al condi-
S ticn A us B and .1]. other lines at X. The contributions to esA are

as follows : -

i) a line B (output of a gate ) set to 0 or 1 contributes 1;
S

- 2)  a line B at x haying rn binary input has a contribution

of rn/n, where ii-  is the number of inputs to gate B;

3) if a flip- flop B is set , or reset , its contribution is 14.

I

e

• 

V

—27— 
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-
~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~

• (

legend : ® - contribution to side-effect factor csA

- 

A —~~- - -
~~~~~~~~~~~~~~~~~~~~~~ ~. 

X .—f ~~~~~s~~ x

x~~~~~~~~

esA a ~~+ l + l + ~~~ + Z 4 +~~ us 7~~

Side Effects in an n-Bit Counter

THEOREM 1: When an n-bit counter is incremented , the ex~pected

nisaber B1(n) of flip-flops which change stat e is given by the V

• expression:

E1(n) us E1(n - 1) + 

~~~0 - - V

n
• 

2n-l - 

2~~1 ~
.1

9-)
We t~bu1 te this result below :

N

—28..



n E1(n)

1 1¶ 2 3/2
3 7/14
14 15/8
5 31/16. .

.

:~ 
(2fl ..1jft f l l

Note that : • - V

lim E ( n ) u s 2
n -~~—

R — 0: Resets all Flip-Flops

We ass~~e that half the flip- flops change state when the counter

is reset, hence the cost contribution to csR is

n ,,
~~~~ + G

where G is the average side effect assoc iated with an outp ut line of

the counter, and 14 is the cost associated with changing the state of

a flip-flop.

L u s O :  Pirallel Loed

We assuee that on the average , half of the flip- flops change state

when a para llel load occurs • The side-effect ’s contribution to cL is

—29..
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caL us ~~ (14 + G)

E.C (1 )BL: Increments a Counter • - -

When a counter is incremented , 5(n) flip-flops may change state.
Hence, the side-effect ’s cost is

R(n)(Jê + o)

Side-Effect s in an n-Bit Shift Register

THE0R~~ 2: When an n-b it shift register is shifted , the expected

number E5 (n) of flip-flops which chan ge stat e is given by the

express ion

• E5(n) us

The results of ‘reset ’ and ‘load’ are the same as for the counter.

For the case of a zight-shift , the side effect ’s cost is

.

Using these results, the cost given earlier for the counters and
V 

shift registers can now be modified to include the a ide effect ‘a cost.

The side effects of B and L ar e alrea dy in oR and eL, but

we mutt add the side effects due to the increment process , since this

is a function of both E and c~( t ) .  Hence , whenever we increment we 
V V V 

-
.

V 

add the cost, 2 (11 + ~~, to the cost given. - :  
-

_ _ _  

.30.
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Note that primary inputs only have a side effect ’s cost. Their

fimetion cast, cf, is 0.

The casts for a circuit are computed twice, as explained below.

Case 1: Neglect side effects in registers due to master set ,

reset and load.

Case 2: Use .11 side effects.

The reason for employing these two cases is the following. When initial-

izing a circuit we do not reaUy care what state the flip-flops are in as

- long as they are not u, hence using master reset and set is a good

stra te~~r, and we should not penalize the ir use because of the ir large

side effect ’s cost .

r However, in the middle of test generation , if we need s zie flip-

flop to be in the state 0, it could be disastrous to achieve this state

via global reset line , since it would also effect all other flip-flop

• settings. Hence, for this case , side effects are used .

A flow chart for assigning c.~ and cA to all lines in a circuit

is given in Figure 2.1, where we assume the rules for calculating the costs

for each element type are known.

V 

Computation of D-Drive Costs dA *

()

The cost dA associated with a line A is an estimate of the

difficulty of driving an error signal (D) on line A to a primary V

C) output (po). The basic strategy for computing dA is shown next . 
V

- • ~~~~~~~~~~

—31— -
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Set all line coats to 32 ~0OO

.1~Compute costs of all primary input
lines (side effect cost only )

Put all elements on fan-ou t lists
of pi’ s into frontier list.

N 

- 
_ _ _ _ _

Compute cA and cA for all out-
—.--~ puts of all elements in frontier

• list.

‘I,
Assign these costs to the lines .
For each line having a new coat,
put all elements on its tan-out
list into the fr ontier list.

Delete from the frontier list all
elements assigned new costs.

no Frontier list emPtY
?)

4 yes

• 
_ _

FIGURE a.i : Computation of Line Costs cA and cA

V _ ~~~~ V ~~V_V ~ — V ~~~~ — —:-—
~ 
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• We have that -

dQJT mm (dx1,dx2 ,dx 3
) . Ci)

Then

dA us dpA + dCUT + dt . (2)

r Here we see that A is an input to element B whose output fans-out

to three elements. V

The D drive costs associated with the output line X fran E

to these three elements is dX1, dX2, and dX3, respectively. Using

formula (2 ) above, then the coet to drive a D on line A to an out-

put consists of three components, namely:

i) dpk - the cost of propagating a D fran A to X, the

V 
output of E; 

-

2)  dC~1T - the minimum cost of pr opagati ng the D at X to a po,

V 
and,

3) dt - a cost associated with the element type t of E.

Vusti*1i~y, dt increases with the number of clock times - -

-33- V
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required to driv e tbe D at A to X .  V

1. Primary outputs: 
V

0 if A is a primary output

• 2 • Gate functions :

Ph D gate - assume inputs l,2,...,n, and a D on line i.

• Then 

di us ci + d~~~ + 1

This follows since all other inputs to the gate must be a 1.

- NAND gate - same result • 
V 

-

OR gate

p
di us L d + d x r r + l

P 3. JK flip-flop with direct set and reset (negative logic) and positive

edge triggering :

Case A) Propagation of J D to output .a
Below we see

0

-3k-
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that to propaga te a D (or 
~

) from J to Q or we need S ~ R us

us 0, and a clock pulse. Then ~f J us 0 we have 0, and
V 

if J u s ]  we have Q+ us 1. Therefore ,

dJ = mlii (32000 , c~ + 2cS + 2cR + cc~(t) + d~ JT + 2 )

Similarly, we have

I

• ~~~j j ~ (32000 , cQ + 2c8 + 2cR + cC + dCXJT + 2 )
ri P

us min (32000 , d(~JT + 2 + cR + oS

0 P
+ 2~~~,

- cR ,

cC(t)• p
+ min (c~~+ cK ,

- 

cR + clC+cQ)))

• • -35-
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~

II_: 

— -.-—-— —---—

~~

——---

dR • min (32000 , dCXJT + 2 + cR + cS

+ min (cQ + cC ,

cQ+ 2cC 0) ,

ec (i )

+ mun (cJ + ciC, 
-•

cK + cQ,
- - cS + c J + c ~ )))

o 
V 

dC • miii (32000 , 2cS + 2cR

+ min (cC~~ c~~) + dOUT + 2

V 
+ m m n - ( c J + c ~~,

- cK + cQ))

C)

I. Counter:

II 
-

L
( 1

“A ~B ~
‘C ~D

I C—1% E % ~~~D 
r

0~~ ilL

- A D on any input line can be propagated to any output.

Hence , we can form a matrix of propagation costs shown below. The

entr y shown is the cost to propagate a D on line P~ to the out-

0 put %. Once all entries in this matrix have been calculated , a

d(IJT for each row can be calculated.

c _i —p0— 
V

V - 
V_ V~~~~~~~~ V ~~~~~~~ — 

~~~~~~~~~~~~ 
- - ~~~~~ _~V__ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



- r -  - — — —

S
.

~~T~~TS

r ~~~
—

——- 
~~~~~

.‘

~~
—

~~~~
----

----
---—

% % C

I 
____ dP(Pc ~

‘
V 

V

- 

- Cp

• R V

The following are illustrations of the derivation of a few of these

costs :

CIP(PA -‘ QA ) : To propagat e a D from 
~A V 

to we need the
I

algorithm LOAD, i.e.
I)

c~(t )E R L

- Hence
0

dp (PA ‘ 
~~~ 

• cci, + c! + cB + cL .

o dp(PA 
-, %): To propagate a D from to we need the

algorithm LOAD , INCR NT , i.e.

- c~( t ) R( !L~ EL)

~~~~~ -

-37-
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Hence, 
V

dp(PA 
••‘ Q3) • 2cC (t) + 2R + cE + cL

+ c E + c L

1~
clp(L -‘ Q~): To propagate a D from L to Qj~ i E (A,B,C,D),

we must set Q1
u s 5, ~~~~~~~ L E D , and clock,

- 

i.e.

c~(t ) E R(Q~~,’ P~)

Hence,

dp(L -’ Q1)

0 
us cC~ ( t ) + c E + c i ~
+ mm (cQ~ + c~~~, c~i + c~~) .

_‘ QA ): Algorithm - INCB~ 4ENT, i.e.,

- 
V C~0 ) ” E~~~D” RL .

0
Hence,

- dp(E ‘ 

~~~ 
cC~ (t )  + cR + cL .

No-b. that once we have us D, we can prop agate this D to
- via an NCR~2*NT command, hence :

dp(QA 4 Q B ) cC~~+ c E + cR + cL .

ru 
_ _ _ _

—

~~~~.—— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ = — ,-~— - - - 

~~~~ V



-- V

dp(% -‘ cC~ + cE + oR + cL + 
~~A 

V

( 
dp(% ‘ us c% + oR + cR + cL + 

~~A +

cC
P

+ c E + c R + c L + cQA + c % + c%

These result s thus allow us to calculate the cost of

a) propagating a D from an input line into the counter as well
al

as

b) propagating a D fran one flip-flop to another.

The component dt of the coat dA is given below:

2 3 5 5 -

( 
~B 5~ 2 14 5

14 5 2 3 5

3 14 5 2 5

* L , 2 2 2 2 5
N 2 3 14 5 5

- C~ 2 3 14 5 5

- 8 2 2 2 2 2

- dt

-39-
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V 
-

if
5. Shift register :

— B

I P
- 

_________

V For a shift register we propagate D’s into the register via E,

r 
C~, or 8. We can propagate a D from Q1 to ~~~ via a shift

qperation.

dp(R -. Q~): Algorithm:: First set Qj u s ]  and then reset,
- 

i.e., Q u s l ; R  •

I dp(R -‘ Q~) us cQi + c~ .

dp(E -. Q1): Algorithm:: For B • D, clock, i.e., c~( i) . B

dp(E -s Q1) us 2c~ + cC~ + .

- 

dp(C -. E): Algorithm:: For a D or C~, enable shift , i.e.,

Z~~ , hence

-4 E) • 2 (cE + c~ ) .

0 Note that we can propagate a D from to ~~~ via the ‘ -.

V 

_ _

-. ~~~•• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - _____________



algorithm, 
- 

V

E C ~( t ) B

hence,

- 

dp(Q1 -‘ Q~ 1) us ~~~~~~~ cC~,+ 2(cE + cB) .

• 1 When driving a D from B or ~~ to Qj we use the dt cost

given by the equation dt = 
- i. Driving a D from B to Q~ has a

I 
dt -value of 2. -

In Figure 2.2 we show the flow chart for computing dA for an

entire circuit , where we assume the rules for calculating the dA costs

for each element are biown.
I .

V
: • 

- 
V

a

1~

- —141— 
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t (

Set all D drive coats to 32000

j Set D drive costs of all out-
V V~~ put pins to zero. Place all

elements which have at least one

• primary output on the frontier V

list .

1
Select en element B on the frontier

r list having en output with a minimum
- - - - -i  D cost. Flag this output from

further processing.

t

Compute D drive casts for its in-
puts when possible . Add its input V

I elements to front ier list (for those
1) lines assigned a new cost). Delete

duplicate entries • If D-drive costs
for all inputs to selected element B
have been computed , delete E from
frontier list j

Frontier list emPtY?)~~~~ 
yes , Coat Computation is

FIGURE 2.2 : Computation of D-Drive Coats

I, 
~~

V

~~
V

~~~~~~~~~~ 
-
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3. TIMING

e 
3.1 Basic Definitions on Time

An essential component in TEST/80 is the way time is handled. There

are three major units of time used in TEST/80, namely a t ime frame (TF),

( a phase (q~), and a period (P). In addition, the concept of a computation

step (a) is closely related to t ime.

Whenever a new input vector is applied to the circuit a new time

fra me (T? ) is defined . We denote consecut ive time frames by t , t + 1,

t+ 2,... . Time frames which need not necessarily be consecutive are

denoted by ~~~~~~

Exai~ple: -

C~ t is equivalent to

2 time frames 
V

A time frame consists of one or more phases. For practical reasons

we limit the m~ ber of phases in a single time frame to 1, 2 , or 3.

The nwth r of phases in a TI is determined dynamically, and changes fran

V time frame to time frame. A line in a circuit can have only one value

(static ) during any one phase. We denote the pha ses 1, 2 , 3 by ~~~ q~~,

and ~~~(t) is phaae i of TI t.

A ~, *se is the smallest unit of t ime. During a single phase,

.1.ments are assumed to have 0-delay. -
~~~~~

II. ~~
V ’

o 1.143 - 
V
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A ~haae element, denoted by —[i]-.-— , is a device such tha t if

a signal enters it during phase 
~~~ 

the s4gyial exits at phase 
~~~~

Every circuit must be modeled such that each asynchronous feedback

loop contains a phase element. There are two types of phase elements,

denoted by ~~~ and O~. A 0d element introduces delay only. A

element is in a feedback line and represents a state variable, such as in

a latch.

mv mple 3.1: 
-

-
• A

)>~~~~~~
P
~~~~ i

A Phase
0 

V •

• 1 - 0 02
0 1 03
1 0  ‘14

This situation (oscillation ) is not allowed for in TEST/80 STD4

GEN.

V The ~~ST/80 STIM GEN algorithm allows for a maximum of three

phases per TI, hence, for two changes in the value of a line in response

to a prima ry input change • We illustrate this “worse” case situation by

the circuit shown in Figure 3.1. Let the initial state of the counter be

Q1 Q2 Q
3

% ( A s b ) u s l l l O , Cr
R O

~ 
E u s l  and C~~u s 0 .  Let ~~ now

go to a 1, hence, defining a new t ime frame .

V~~~~~~~ : r -

_~~~~~~~~~~~~ — ‘~~~-~~~~~~~~~~~T~~’- ~ ‘ :.— -
~~~~~~~ ~~~- -
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1 — B 
- 

1 Cr Q1Q2Q3%E
f t t C 1 1 1 0  C _ _ _ _ _ _

l ’s’

- 

(a)

‘F

- i  ‘

~~~~t ime -

(b)

a •
-
~~~~~~~ 

If I

:N ~~~ _

- 

~ A S
I I I
t~~~~l ‘2 I 03 1

0 
(c)

FIGURE 34: Circuit Operation Ulustrating the Need for Three
Ph ases.

__________ — 
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(V

The following events occur :
a,

The clock causes the counter to increment to state 11 11.

This forces Cr 
us 1, hence B us 0. This , in turn , resets

the counter to the state 0 0 0 0  and hence, C~ 
us 0 and R

becomes a 1.

Note the need for the phase element in the feedback loop.

In Figure 3.1(b ) we show how the signals may propagate through the

circuit as a function of time. Whenever a signal propagates through a

phase element , we have what is known as a phase boundary, denoted by PB .

The final steady state value defines the phase boundary cF, which, in

turn , denotes the end of the time frame. Assume a phase element has a

delay of A units. Recall that all other elements have 0-delay/phase,

hence the “rae ]. time” t iming diagram of Figure 3.1(b ) can be mapped into___ model “phase” timing diagram of Figure 3.1(c). Note here that transi-

tions during the same phase occur in 0 t ime . We see that during the time

frame in question C~ changes value once, while Cr end B change twice.

Por a synchronous circuit, there is only one phase per TI, and

hence, we can ignore the concept of phases and deal only with time frames .

To help clarify the modeling process , in Figure 3.2 we illustrate

a few examples where no phase element is needed , and in Figure 3.3 we

r - illustr ate a few examples where phase elements are needed . In these

examples, C ~-epr esents en arbitrary combinational circuit .

~~~se elements are also used to introduce delays, and hence , change

a critical race situation to a noncritical rac e (see Figure 3.14. ). V
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I

I

1’ _ _ _ _  
_ _ _ _

— J  Q- --1 — J

pj >— cp I (No ?eedback)

(a)

:~ 
—

[C  
-

(Synchronous
feedback )

() (b)

FIGURE 3.2: Circuit Configurations Where no Phase
~~ements are Required.

C’
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_  
V

~s J (asynchronous feedback
- in latch)

- 
(a)

I-

K R 

Q

0 

I ’d I

(b)

V FIGURE 3.3: Circuit Configuratio ns Where Phase
Elements are Required.
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r

Clocked latches 
V

Q R

C C( p p

— S  S

(
-V

Clock —

V 

(a)

V
r — R  Q R Q

C Cp p

0 — $  S

V Clock —

(b)

- 

FIGURE 3.54. : (a) Original Circuit ; (b) Model.
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V 
A period is a unit of time which corres ponds to a phase. Sequences

in our solution library are stored by period , i.e., ~f x x.~,x2,... is

a sequenc e, then x~ corresponds to period pj , x2 to period ~~~~~ ~~

to period 
~i+~ ’ etc. Dur ing test generation we map periods into phases,

which, in turn, get mapped to time frames. V

3.2 Problem/Solution-Space

Thir ing a phase a line can have only one value , namely, 0,l,u,x,D -

or ~~. Initially, moat lines are assigned the value x at the beginning

of a phase and as computations are carried out the x’s are assigned

values from the set (0,l,u,D,~~~.

In deriving a test of a fault in a circuit , four major operations

are carried out, namely, selecting an initial error generating stimuli,

D-drive, line justification and implication. Implication is actually

carried out simultaneously wit h the other three concepts.

For every pr imitive element we have functional algorithms or tables

for carrying out these four basic operations. Except for establishing the

initial 1) in the circuit , test generation cons ists of a sequence of V

solving two basic problems, namely,

i) drive a 0 through an element , and

2’) justify a 0 or 1 at the output of an element .

We denote the problem of justifying line I at value v £ (0~ 1)

b~ the notation J j  us v.
~,

We denote the problem of driving a D (or ~
) from line I to j

V 

V 

by the notation D :  I -‘ 3.

If line i is set to the value v € (0 , 1 , u , D , 
~

) due to

~~~~

V
V
~VV

~~~~~ I —50-
r ~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — --~~~~~-.. V



V ~~ V

implication, we denote this fact by I :i ~— V .

We next illustrate some problem/solution pairs.

A. Example of one-period solution:
(V -

V A
TED~!

I-

Problem: J : C u s O

• 
Solution : A us ~ p~

B. Example of two-period solution:

~~~~~~~~~~~~~~

j l

Problem: J : Q  a

Solution: J K C -

p

- i  x x i  p1
- 1 0  0 p1_1

r
The quantities p1 and p11 can be either part of one time

frame , or p11 can be the last phase of time frame

- and p1 the first phaae of t3 .

C. Example of multiple-period solution:
- CGUNTER -

,

E

0 51- 
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- 

V

V 
V V V V~~ 

V

¶ Problem : J : 1, (assume initial state is us us 0)

Solution : (E(lx ) c~O ) ~ Hfl )3 N(functj onal notation )

V Solution with no “holds” : 
-

(E(lx) c ( t ) ) 3

V Solution by periods (no holds):

(V 

E C Period
V 

X x x 1
x x 1 0
X X X 1 

~ t-2 six period solutio n
X X 1 0

X X X 1
0 0 1 0

Finally, it is important to note that a solution to a problem usual-

ly defines a new set of problems .
b

Example:

Problem 1: J : D - 1  
-

Solution : C • 0
V 

Problem2: J : C — O
IV

-•.

V Solution : B — i  -

Problem 3: B u s ] .

Solution : A us 0 (solved since A is a primary output . 
V

V - - - ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—• V~ ~~ — V •~ 
—. -V-z—-—
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By transitivity, solving Problem 3 in turn solves Problem 2 , which

in turn solves Problem 1. (For simplicity we have ignored implication.)

Let P be a problem, e.g., a J or a D. A computation steps a

consist s of retrieving from the functional modeling libra ry a pre stored

- solution for this problem, and applying this solution to the circuit .

This application either leads to an inconsistency, in which case, back-

tracking occurs , or it is consistent . If consistent then some new J

problems may be created ; new D-drive frontiers exist ; and some lines are

set to O , l , u , D , !i via implication . The total set of new line values

so defined are a].]. related to what is known as the ~~~~ a computation.

We number our computation steps a — 0,1,2 , . . .

L 
Example:

1D~~
6

I

t

-

53 
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Line Number
Step 1 2 3 1~ 5 6 7 8 C~~~ent

V 
1 x x D x x x x x Initial state

V 
2 x x D 1 x D x D D-Drive & implication
3 x x D 1 1 D D D D-Drive

1 x D 1 1 D D D Justify
:
. I 

-

r 
4 Step 2: Problem solved D : 3 - 6

Step 3: Problem solved D : 3 -‘ 7

• Step ~ : Problem solved J : 5 • 1

0 3.3 I~ynamic Assignment of Phases and Periods

When carrying out D-drive and/or forward implication, signals are

propagated forward in time, hence , there is no probl em in assigning problem

solutions to phases, namely c2 follows and follows q)
2 .

However, in line justification a sequence of line assignments for

I periods p1_1, p1 may be mapped as follows:

• tk~~~~~l
4 P

i tk~~~~~c3~~~~~PI ( j - 2 ,3)
or

C) 
tk l  .

~ 
p11 (3 — 1 ,2 ,3) ,j 1  ~~~~~~

The test generation algorithm carries out this assignment process

aut cmaticslly. We illustrate the need for this type of operation in the

next exarap].e. 
V

Examp].e: Consider the following circuit ccnfigur*t ion.



(

COUNTER

( V  _

I 
- 

V

C) Problem: J :Q
~~

_ 0 , Q
i

u s l

Solut ion: R , E(3.x )C (t ) (function al notation)

Period B C~, B %
p1 x l  i t o  i

1 0 1 1 0  0
x x 0 1 0  

H

For this case we can use the following mapping :

tj ‘.
~~~~~~~ 

•.- pi
t . -,  . - T~J i.1 1 r i_i

ti.2 ..- ,1 ‘
~~

We solv. R - 0  by sett ing A * O .

-55.’
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1 ~V ~~~~~~~~~~~~~~ 
-

V IC -

Now we consider the following circuit configuration, and assume

the initial state is Q2 Q1 10 and we desire to justify the state
Q2Q1 u s O 1 .

p R  

C~~~~~~~~~~~~~~~~~~~

• 1~ d 1

V 

The solution computation is shown in Table 3.1. Ignore the time

aM jI *s. demercaticns.

To justi fy Q2 Q1 01 we have the two period solution shown in

Lines 1 and 2 , and the new problem % 00 • To solve this problem we

have the one period solution R a 0 (line Ii) . By implication, we get
- line 3 (forward in time ) and line 5 (backward in t ime). The result from

3.ine5gives ua thenewproblem Q2 Q1- l l.  We solve this on iines 6

aM 7. We now scan this solution from line 7 up to line 1, assigning

lines to phases and time frames • Whenever a primary input change s we get
- 

a new T?; whenever we go up a line due to implication (forward or V

-~~~~~ - 
~~~~ 7 - ~~~~~~ U__ ~ - - -~
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C

reverse) we get a new phase. Note that the solution R — 0 (p ) gets1

assigned to of time frame t2 .

3.11 Data Structures

3.li .i The Val~xe Matrices v(L,S)

The value of each line in the circuit at each ~~ p in the computa-

tion is stored. in a set of matrices V(L,S), where I ~ l,2 ,...,L is

the index of a line and s — l,2,..., S is a step number. L is the

V largest line number and S is the current step being processed. Hence ,

V is of fixed width (L) but of dynamic length (S). There is one V

matrix for each unique phase. The V’ s are constructed dynamically on

demand, i.e., whenever a new phas e is created . Figure 3.5 indicates the

general structure for locating the value V( t ,s) £ (0 , 1, D , Y) , x , U) of

line 1 at step s for time frame t~ and pha se V~.

3.11 .2 The Problem /Solution Tree (P/s - T)

Every -solution to a problem can be expressed as a sequence of line

settings (J and D subproble ms) specified to occur in a certa in order ,

usually by phase and time frame .

The general format for a solution can be illustrated (approx imately)

by the data structure shown in Figure 3.6.

Initially the c and t entries are null. They are assigned

values dynamically by the test generation algorithm.

—
~~~~~~~ o

I
I
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Header

U 

[ T IT I Phae s

C, 

- ti I ~ I I 1  ~~ ‘ 1 ~~~~~~~~~~~~~ 

V

,
,;

$~~~ cell

I: 
T __

~ 

~~~ _~J + —’IiI~IEJ
~ t, 

~1 }

_...~~~~~~~~
1_j

~~ 1
+

:
• 

_ _• 

lI~~i I

j

l 1
,I’

~

Lines
_ _ _ _ _ _ _ _  

I . L
1 V

2
0 •~~ 

. __Ti .

- 

I I

V(t ,s)

FIGURE 3.5: Value Ma trices v(L ,s).
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Header

[T 1 T 1 Phases
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~~ r~~~~~~~~~~~~~
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-
~~~~~~~~ 

L~~fJ_ 
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F-HIçE

V 

,

~~~ 

t

~___ :j__ . I uiwj 
~~~~~ 

* 1 V •

V : açce ll
• 

_ _

• 

V 

I ’i I  1 1”
\ Lines

‘~~~l 2 ’ ’  I ... L
1 V

2
S
Ti .

V 

~~

1 0 
- 

FIGURE 3.5: Value Matrices V(L,S).
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V

V - .V 

V - .

V tk I’~ - I I ‘i I I~ 1-__:
~
.__ ~: 

____ 

~i~~~s~ttings

p11 
1

V S •

V .

V Figure 3.6
V Example:

0 -

The solution shown below:

V 
- 

S A B C~ ~~ Phase
- 

- 0 0  1 t1 ~11 0 0 t2 ci
1 0 1 t,

o 1 1 0  t~
0 1 x t~ ‘1

V - 
- 

v~ ald be denoted by the structure shown in Figure 3.7.

Recall that a step consists of solving a 1)-drive line ju st ifi-

- - V 

V cation problem. The effect of the resulting assignments set some lines

to 0 and 1 via implication. We add these line settings to the cor-

- - responding data structure as additional line sett ings at the appropriate

period.
~~~~~~~ 0

- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V V V  V V _-_ -.-~ -~~
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r V

• Example: 
S

~~A~~~~~~~~~ B~~~~~~~~~ C~~~~~~O D 
-

• Problem : J : D = l

Solution: C = 0

r

L E ~ [1 ~ I I  J] ~~~~c . o J

C 
-

I Note that the implications cannot be stored as part of the function V

problem solution ; they are a function of the circuit and not the element

being processed.

Given a problem, we can go to one of our functional algorithms to

seek a solution subtree . This subtr ee is then appended to the problem tree
- at the node representing the problem. Each node in the appended subtree now

becomes a new problem. We illustrate this in Figure 3.8. The header of

each subtree (solution to a problem) is a step number.

-62-
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V

( V 
- Step s solution aubtree

‘I
! t J C lJ cJ [ ____ l l ~~ j ) I . s h e]

C “ L ~~ ~ —~r rri - -

L _ :~~1T TjTR—~~~~~
S 

- 

s+l Step s + 1 solution
suntree

I
S 

V V 

• 

• 

• 

V

• ~~~~~~~~~~~~~~~~~~~~~~~~~ I •. •~

- 

FIGURE 3.8 
V

V 

-

‘
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Eote: If a solution subtzee has a problem of the form J : Y -

V for time frame t~, and phase c~, but Y already has the value v

for time frame t~ and phase c~, then this problem is deleted from

the problem subtree.

The preceding description is only illustrative of the concept

involved in storing problems/solutions. The actual data ;~~ ct~~
consists of basic records having the form shown in Figure 3.9.

The data structure for storing the implications (I) created

by step I is simil&x to that used for J and D. However, since I

does not lead to any problems , we do not require the fields , 5, SP,
V 

T a M ES.
5 C)

V 

5

0

- . 
-

- i V V SV~~~~
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V

~~~~~~~~ -
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V 
Example: Cons ider the shift registe r shown below.

RIGHT SHIFT REGIST~~

- — D  Q1Q2 Q3% V

Problem: Justify Q2 — 1 (ta )

- 

V 

( V  Solution No. i :  Algorithm (functional )

(E — l x ) ( D — l x  ~c~(t); (c (t))

V AWoRn’lo( (Translated)
C

V TF t E D Ci 
_ _ _ _ _

i - n  X X 1 -

V n -i 1 1 0
0 . n - 2  x x 1 V

n-3 1 x 0

In Figure 3.10 we illustrate the data structure for the solution

• to this problem.

Let J(s ) be a list of all (unsolved) line justification problems

which exist at step s. This list co~sista of pointers to problems in the

*We assume a synchronous circuit where each period is a unique time 
V

V frame .

V -66-
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V _ _ _ _ _ _ _ _ _ _ _

— 
V

- P/S-tree. The list is sorted in descending order of cost.

When going from J(s) to J(s + i), new entries can occur due to

D-drive or carrying out line justification; entries disappear due to line

justification and implication. If S is the final step, then J (S ) is

empty. 
-

D(s ) is a list of D-drive problems existing at step s. This list

consists of pointers to D-drive problems in the P/S-tree. The list is

sorted in ascending order of cost .

Consider a problem created at step j. Assume, during step S

( V  (S > 3)  we attempt to solve this problem. If all solutions lead to an

inconsistency, then problem j  has no solution and ml]. entries in the
- 

P/S—tree and V matrice s corresponding to steps 3, 3 + 1, ... , S must

be erased.

$ 
- 

V

,5
) 

-

Vt-

I

b

p

-
~~ ~~~~ .
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~~~. TEST (~2IERATI0N ALGORITHM

In this section we will describe the basic structure of the test

generation algorithm used in TEST/80. In essence, it is an extension of
V the D-algoritbm and employs path sensitization. Its unique features are :

1. the use of high level functiona]. primitives;

2 • the use of preprocessing, namely, rate and cost analysis;

3.. the use of a powerful initialization routine;

II. the handling of asynchronous circuits via phases and time

frames; and

5. various miscellaneous technique s used to reduc e CBJ time.

1&.1 1~ ta Structure V

The data structure shown in Figure 15 .1 is symbolic, i.e., it shows

the data representation of the circuit to be tested. The structure is

based upon the concept of a descriptor. There is one descript or for

every primitive element in the circuit. V

T

— 
V
VAWE ~~~~‘

_ Ir_ I—
V 

2 
_ _ _ _  j
:
S 

_ _ _ _ _ _ _

- S 
_ _  

V

I
i F~~~ j I—

_ _ _ _ _ _

-: Pan—out 
- -

_________ V .1

FIGURE ~i.i : Data Descriptor for a Primitive Element
•69-
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The field.s in this descriptor are described next .
(V

T - type of element ; T is an integer and is used to identify the

functional subroutine associated with the element type.

- unique integer name for element being defined.

VALUE - a vector having n components representing the I/o lines and

state of the device ; each line can take on the value 0 , 1, x ,

D , Ti or u, hence, there are 3 bits per element.

The next i -1 fields have the format ( j ,  address) where the

address points to the j-th tan- in of this device . We assume i -1 inputs.
‘S

The fields i,...,n are associated with the outputs of the device. The

format for these fields is (k , Fk, address ). Tk is the degree of fan-out

of the k-th signal. If Fk - 1 the address points to the element where k

fans-out; if > 1 the add ress points to the fan-out list . V

Figure Ie.2 (a) indicates a portion of a simple circuit and Figure

1~.2 (b) indicates th. corresponding data structure.

~~ fields in the vector VALUE are ordered - as follows:

The j-th field, 1 < J < i - 1, corresponds to the j-th input ; the

next field.s (ordered ) correspond to the outputs; and the final fields

correspond to the state variables (if an~r exist).

~.2 Functional Element Routines 
-

There are five functional level routines related to every- primitive - -:

element type. These routines carry out the process of initial error gener- V

~~ : 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~ D-drive, line justification and initiali~atton. The
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Ccmcept of implication, D drive, 3Pt ~~ line justification are discussed
in our Report No. 1-76, “Functional. Level )k deling of Complex Elements
in ~~~T/8O,” and initialization is discussed in our Report No. 2-76,
“Initialization of Digital Logic Circuits.”

Th. routines are usually called via a generic global
Operation, e.g., D-drive 

~~~~~~~~ 
J of F/F to Q output. The

tables respond with generic sequences for carrying out the desired
ope~~ticm. The translator maps these generic solutions into binary
strings.

~.2 .1 Initial Error Generation

~~~~~~~~~~~~~~~~~~~~~~~ a s-a-l(o), we place a
— D(Ti) into the line vaine table for time t~ phase and store the

problem, “Justify line i at the value cx” in the P/S-tree, where
a— o ( i . )  for the fault s a-l(O) .

~.Z.2 ~~~ticati

Recall that eTer~ l1~~~pnt type is associated with an implicatio n
tabl. or routine, Whenever a line (input or output ) of an element is
changed from x to v (O ,1,u, D ,D) we check to see it any other
-lines, cm”rent].y at x, are forced to a value due to this change.

4



V ~~~~~~~~~~~~~

V
I

r

S x — ’ l ~ x- . l x - + O

: ~~~x~~ i. D~~ >6 V

0

When line 6 changes from x to 0, denoted by 6 : x -. 0, we
(

5~ ~4 V

have, by implication (forward I, reverse i )

a)V I : 5 : x — . l 
S

-3
-, b) I : 7 : x — ’ l

-4

- c) I : 8 : x — ’ O

- d) I : 3 : x - ’ l
Vj  — -

V •) I t ~~~: x - l .  - - 
V

V 
.- -

f)  I : 2 : x— 1  
-

g) t : l : x - ~~1 -

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ ,. — - _________________________________________
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V 
The process of making all line assignments due to implication is

carried out by the implicatio n routine in conjunction with the V implication

tables for each element type.

• This routine is recursive . It is entered with an implication event

S which consists of

a) a line value v £ (O,l,Ti,D,u) which was formally en x ;

V 
- 

- b ) the name of the line ; 
- 

V

c ) an element E; and

d) the period p.

Implication then hands this data over to the implication tables

(forward or backward) associated with element E. These tables then return

with new implications if they exist .

The implication events to be processed are stored on a stack. They

can be processed in any order . New implications are placed on the top of

the stack. They are removed one at a time end processed. Implication

- terminates when the stack is empty. V

i~.3 Implication Routine

S
1. POp implication event from implication stack. If empty exit,

- 
else continue.

2 • Send event to appropriate implication functional routine.

3. Process response. Identify all lines changed from x due

to implication event.

V 
Ii, For .11 new line settings create appropriate implication

events • If event created by forward implication on line t , 
[

~V

H

~~~~~~ V 
~~~~~~~~~~~~~~~~ 

V - 5~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. , ~V V
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(5,

then create a new implication event for all fan-out elements

of i. If event created by backward implication on line i

through element E, create new implication events on the

signal source for i and all fan-outs of i except for E.

Put all these new line events onto the implication stack.

Go to 1.

1I.~ D-Drive Routine -

D-drive is a simple routine which selects a D-drive event and

passes the event to an element D-drive functional routine. The function

returns with the appropriate line settings req~i red to solve the 1)-drive

event problem. The D-drive event consists of

V a) the element being processed;

b) the source of the current D;

c) the target for the 1); and V

d) the current period and step number.

The source can be eithe r an input to E or one of its internal

state variables • The target can be either a state variable or an output

V 
line. -

V — E 

Right Shift Register

— I

V 
_ C

D

V 

0 .75. 
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r

D-drive event : a) Ui

b) I ( input )

c) % (output )

d ) p ~
V 

Solution number 1.: (E (lx ) c~(t ))
~~

D-drive event : a) Ui

b ) Q 2

d) ~~

Solution number j: (E 1x) c~(t)

li.5 Justification Routine

Justification is a simple routine which selects a line justifica-

tion event and. passes the event to an element line justification function .

V 
The function returns with the appropriate line settings required to solve

the justification event problem. A line justification event consists of

a) the element being processed ;

b) the line or state variable to be ju stified;

c) the value to be justified ; and

d) the current period and step number.

V V As iUustrated previously in the section on tl-~~ng, for asynebron-

- 
ous feedback loops, line justification requires dynamic assignment of

V line settings to phases.
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~i.6 Initialization Routine V

This routine is similar to 1)-drive and line justification. Its

function is to obtain from the functional element routines an input

sequence for initializing an element E, i.e., to take the element out

V of the u state.

Ie.7 Consistency Routine

This is a simple routine which, when given a new line value

v(i) € (O , l , u , 5, D) for line 1. and its associated tlme frame and ç,

checks with the v(L ,S) matrices to see that the line does not already

have a value w(i) ~ (0 , 1 , u , 5 , 1)), where v (1) ~ w ( i). It this is the

case, the new line setting is said to be inconsistent with previous line

settings and the algorithm backtracks.

1~.8 Definition_Of D-Frcntier

The D-frontier is the set of all elements having a D at a source

and an x at a target • The source is either an input line or state

variable ; the target is either a state variable or an output line .

1~.9 Initialization Module

Most test generation algorithms generate a self-initializing test

for a fault , i.e., a test which works no matter what the initial state

of th. circuit . In our system, we use an initialization module which

derives a sequence R for driving the fault -free circuit to a biown state

I. We assume ! drive s C~ to the state 
~~~ 

We then derive tests for faults

- — - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - 

— — --~~~~~~~~~~~
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with respect to the resulting composite state S/Se. S~ is determined 7

via simulation. S

Case 1: S — S~,• For this case S/S is our initial state, or goal.state.

V ( Case 2: S ,~ 5 but S~, is complete ly specified , i.e., has no
S 

U’s. 
S

For this case S/S~ has D entries and test generation is relatively 
V

simple. /

Case 3: S 
~ 

S~, and S~. is incompletely specified , i.e., has u

I ‘~~ entries.

S This situation occurs when the fault f inhibit s the initialization of

S some state variables • We detect this type of fault by the following 
V

strategy. Let Y (y1,y2,...,y~) be the state variable s in the circuit ,

and = (a1,a2,...,a )  be a stat e, i.v~. aj 
£ (0,11 for al]. j. Let

R be an initialization sequence that drives the fault-free circuit C0
to the state — ~~~~~~~~~~~~ Assume, due to a “reset ” fault f , V

V 

that the circuit C~. is driven to t~e state — (u,a,, .. . , a~) by R , 
V

0 i.e., y
1 

fails to initialize.

Case 3a: Assume the actual circuit C~, initializes to the state

- yl Shl h

0 
-

We can detect this situation by forming the composite initial state

S/Se — (D , e,~ , a~~, ... , an). Using this as the initial state , we can

o ccnstruct an input sequence X tor driving a D t oa  p o .

-78-
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Case 3b: Assume the actual circuit Cf initializes to the state

Ti.

In this case X may not detect this “reset” fault . After RX has been

applied, assume the composite circuit C0/C~ is in the state T~3/Y3.

Let T be an input sequence which drives - CC/Ct from T3/Y3 to a state

- 
Y~/Y~, where T~ — (~~~ , b,~, , b3, ... , ba ), b

3 
€ (0,1). N~~, if we apply

R the resulting state of Cf wili be T1 — ( ~~~, a2 , . .. , a ) ,  and ~

V will detect the fault (case 3a). Hence, a test for a reset fault f is

R X T R X

If in trying to get to T3/Y3 or we get to a state

Y~ ,‘ T~~ we again have a D and thus propagate it to a po.

1~.i0 Preprocessing

V 
There are three major preprocessing rout ines employed by TEST/80,

namely,

1. Rate analysis ;

2. Cost analysis ; and

3. Fault dollapsing.

Rate and cost analysis have been discussed previously. The

o results are stored in appropriate matrices for access by the stimulus

generation modules.
I

As the third phase of the preprocessing of a circuit, faults are

0 collapsed based upon the classical concepts of fault equivalence and

fault dominance.

~1V V - ;  - :
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li .U Unsolvable States

It is often the case that certain states in a circuit cannot be V

reached. For example, a 4-bit counter may be used in a mod 10 counter,

in ‘which case the states V

U
p

1 0 1 0
l o l l
1 1 0 0
1 1 0 1  V

V 1  1 1 0
V 1 1 1 1

cannot be realized. Often, however , the test generation algorithm may try

to justify one of these states . Such a problem is unsolvable , but may

require a great deal of computation before the algorithm exhausts all

possibilities and comes up with this corr ect conclusion. To save CRY time

we create a table called UNSOLVABLE which store s al]. such problems . The

general form for an ent ry in UNSOLVABLE is 
~~1’ ~~~ 

where S~ and

are part ial states (sane x entries ) of C0, and for which there exists

no sequence for driv ing C0 from S
~ 

to For our example, we would

write

(xxxx , lO lx)  
V

and

(xxxx , ll xx)

~~tr ies are placed into UNSOLVABLE in two ways • Initially, the test

engineer can enter states which are unsolvable . After that , wheneve r TNST/ 
- 

V

80 fails to justify a state confi gur ation , it can enter this configuration 
- - - S

into the table.
r- V~~

S 

-8~
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V 

The table is used as follows. When a new time frame is being pro-
( V  ceased, the current state S of the system is computed, and compared with

entries in UNSOLVABLE. If S is “contained” in an entry in this table ,

then the state is unsolvable. (We say 1 10 x is contained in 1 1 x x

since l l x x  covers l i O x . )

4.12 Sc .vable States

Once the Ti~ T/8O algorithm has computed a sequenc e X1~ for dr iv-

ing C0 from S~ to S~, it store s this sequence in a table SOLVE for

possible future use. If this probl em is ever encountered again, the

sequence can be retrieved and used.

Entries

Entries are made into this table automatically by the program. In

an interactive mode, the test engineer can also make entries to this ~~ble.

The format for this tabl e is shown next .

-

, 

- [ SOLVABLE _

V V; : .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _  

~~~~~~~ 

_ _
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4.13 Backtrack State Event

V 
- mere are usually numerous ways (solutions) to justify a line i

at a value v € (0,1), or to D-drive through an element. If a selected

sOLution leads to an inconsistency, one must backtrack to try another

alternative. The mechanism for backtracking an~ selecting alternatives

is called a backtract state event . There is one such prog ram module for

each element type • These modules are part of the functional element

I type routines and when given information on the last solution, produce

the next solution.

There are numerous ways for carrying out this process, and differ-

ent element types may employ different techniques. We will illustrate
V 

next a few ezamplee of how backtrack state events can be handled.

V Example:

S 
_ _  

_ _ _  

-

Justify : 12 — 0.

Solutions: 1 3, 7
O x  x V

x 0 x - - 
V - -

- 

—S

I x x  0
S.)

V - -1. Stack backtract statem ent :

- - Place the three solutions 0 x x on a stack when the
x O x
x x O

- 
V 

-



• - problem first occurs • Whenever we need a new solution we pop

the stack. When the stack is empty we have exhausted a]].

solutions. - 
S

2 • Counting backtrack state event :

- Solution I consists of placing a 0 on the i-tb input line

to the gate . We enter the routine origina lly with 1 1. V

C, Each time we backtrack we increment i. When i 4, we have

exhausted all solutions .

• In sumaar y, we associated with each element type a backtrack state

1 event rout ine such that given the last solution , the routine allows the

function al. element routine to prod uce the next solution, if one exists .

4.14 Flow Charts for STIM GEN
0

In the flow charts presente d, R stands for return , S for success

and P for failure. When we call a routine with an argument R , the
I’ ,  V 

-V routine, upon finishing its execution, sets - R to P or S depending on

the result obtained.

Figure 4.3 shows the general structure of 1~ST/8O.
0
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Preprocessor V 
V

- 
Initialisation

CV  S

3 _ _ _

8TD4 GEN
Cj 

_ _ _

[ Evaluate

_ _ _  
S

V V 

‘~° 

~~~~ icien~~~~

- TEST
S • TA~~

FIGURE 8.3: TEST/8O Flow Chart.
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(

10. 1 Preprocessor Module V

Begin
14

~- . Read in circuit description
Read in unsolvable states
Check syntax
Replace macros with equivalences
Replace library call s by library elements
Build data structure V

1.2
S Carry out fault - collapsing via :

a) equivalent fault s
b) fault dominance

C) V

I

(

V 

V

4
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10. 2: Initialization Module

The algorithms for this module are discussed in our Report No. 2-76.

They employ the line justification and functional initialization routines

associated with each element type. At the conclusion of this rout ine all

initializable circuits will be in a gi~en state. Faults which inhibit ‘

initialization are called reset faults and are processed as discussed

previously.

2 1

Construct initialization sequence R 
V

2 2  V

Simulate circuits Cf for input R

o and initial state u for al]. state
variables

2 
_________________________ _______________________

)~ rk off all faults detected by R
V ___________-—

0 
2 4  Jr - -

V For each fault f such that S~. is not completely
- specified, employ STIM GEN to construct an input
sequence 1. ~~ploy line justificat ion to produce in-

• put I. The resu Lting test for this reset fault is
!!! ~~. ?~ rk off all faults detected by this

V • s quence.

—1
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Jo. 3: STIM GE!( 
- - V V •_V V - •~ V 

V — - -

3.1 
V

— 
c(~ e1ect Wxi~)

3 2  I_____ 
_ _ _ _ _  _ _ _ _ _

S e y  
- 

V 

m cally
Test Sequence 

- L

I 3.3 -

+ Select Randomly
Generated

Test Sequence

0

0 - - 
V

- 
- - -  -— ---5--—— -- -

- I 

- t
1) V 
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I -
~~~~~~~~~~~~ Algorithmic Test Generat ion

I.

1 1
Carry Out Cost Analysis

V 
I 

-

-.. -~~~4.2 — 
~~~~~ ~r4-~ 1fl ~~~~~~~~~~~~

( .  Carry Oui~ Rate Analysis

3. 4.3

Select Undetected Fault r(R ) none
- V exists

(F)
S

Generate Teat for f(R ) 4

F

Mark Fault
V “untestable ”

_ _ _

0 
J~~~~~~~: Generate Test for f(R )

1. Clear P/S-tree; clear V(L,$) tables ; S ~ 0; set init ial

- - state to Is (result of initialization module); TF ~ l

4- 1.

::~ 2 • Set up initial D on line with fault ; create D-frontier;

create associated line justification problem .

•

lb -88 .
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1 1
3. D on ps ? 

V

‘
~

‘ Yes: Call justification routine (a , R1)— S — B — S and return with test

R1 
a F — go to 8

No : Continue - V

- - 4- - ~~~~~~~~~~~~~~~~~~~~~~~~~ 
V 

- — —~~ •~ ——
~~ ~~~~~~

— -•
~~

-- V__I— 
- — ----5- -5 

~~~~~~~~~~~-~~~~~~~~~.-.-,------ -- - a~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —.. -

5. Construct D-frontier A(s ) for this step

- 6. Select cheapest D-drive problem in A(s ) and delete from A(S ) ’ (R)
V B — S  — continue

-
~~ -1

R F  — go to l
a 

7. Set up backtrack state event for D-dr ive

8. D-drive through selected element (R)

- - 
R F  — go to 6

-- R 5  — continue

9. Carry out implication due to D-drive assignment

10. Set up backtrack state event for timing assignment
0

U. Assign period.e to phases , and phases to time frames

wherever necessa ry (R)

R — F — (no more assignments exist) backtract to 7
R - S  — óontinue

32. Check for line consistency due to fl-drive and implication (B) .

R - F — (inconsistent ) backtrack to 10

-
~ B — S — cont inue

13. Carry out a check on rate analysis (B)

B a F — (Inconsistent ) backtrack to 10
0

- 

- R . S  — continue

V

i

- .  

- 

. 

S

•

-

~~~~~

-

- 

~~~~~~- 

V

— 
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I

IC -

14. S 4- 3 - 1

15. 3 — 0 ?  -

Yea : R F  and return

No : backtrack to 7
V 

~~V 
V Justi fication Routine (s*,R)

V V

~~~~~~~~~~~

V V V V V  • VIt~~~~~ VV ~ j j S~~~~~
f r

~~~~~~~~~~ step nunber” ~~~V~~V V 5 - - 5  5

- - 1. Set S

2 • Select moat costly line not yet justified at step S a

None exists: R ‘- S and return

- Exist : Continue

3. Create line justification event j (s) = (B , i , v , p) ,

Ii. Set up backtrack state event B for j (S)

- 
5

V 
Pass J ,B to functional element justification rout ine (B) •

B F  — go to 1 2 -

B S  — continue

6. Carry out all implications due to line justification event

7. Set up backtrack state event for timing assignment

8. Assign periods to phases , and phases to time frames wherever

V - necessary (R) o

V 
- 

B — F — (no more assignments exist ) backtrack to 4

V B S  — continue

9. Check for line consistency due to justification and

implication (B)

B — F — ( inconaistent ) backtrack to 7
L

B — S — continue

~~~~~. .90..-j 
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1

I, p

10. Carry out a check on rate analysis (B)
1 B • p — (inconsistent ) backtrack to 7

R • 8  — continue

U. Set S 1 8+ 1 andgo to 2

12. Ia S iui 8~~~?

N o :  S ‘— S-i  and go to 1i

Tea : B ‘- P and return.

~

l
.

:~ ~

S

p

S

S I

- — ~~~~ .. ~~~~~~~~~ ‘ W.’~~~~~~ ~~~1 ’ ~~~
- 
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5.1 Introduction

The function of the fault simulator is to determine the set of

faults detected by a given test sequence. The attribute s of the simulator

for ~~~T/8O are listed below :

a) Ccncurrent fault 8imulaticn;

b) Junctional modeling;

c) Three-valued simulation;

d) Arbitrary propegational delay;
c 3) In~~t skew buffering (optional);

f) Event-directed, table-driven; and

g) Dynemic (real-time) inputs.

The rationale for using functional level modeling is the same as for

its use in the stimulus generation module, namely, efficiency (reduction in

c
~
u time ) and the fact that for some element types, such as ISI s, logic

level d.acripticna are not available . The rationa le for using concurrent

fault si”1~ticn is that it appears to be the most efficient fault simula-

tion technique compatable with functional level modeling. This occurs be-
~
l)

cause the same routine used to simulate an element in th. good circuit is

used to s~i~n1~ate the sane element in the faulty circuit .

To be compatable with our teat generation algorithm, we can employ

functional level models in our fault simulator. Hence, even though

standa rd gate types and flip-flops are primitives, so also are moat WI ’s.

• Pimsily, s~~~ ISI’s are pr imitives, such as RAM’s and RCI4’s. We refer to

4 ge-
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• C

a primitive as an element type, e.g., a 3-input AIID gate, and a specific
C instance of an element type in a circuit is called an element.

As in the test generation module, ~~I’s end flip-flops can be

• modeled either funct ionally or at the gate level. For e~~mple, a counter
C

can be modeled via gates and flip-flops , and the flip-flops can be

modeled, if desired, by- gates. Hence, if an Internal fault in a specific

- 
IC is of interest, this IC can be modeled at a level so that the fault

appears external to a primitive. Hence, this fault can now be dealt with

rplicitly. Note that all other IC’s can still be modeled at their

functional level.

We ass~~~ each element type is associated with an element simula-

tion module such that given its current internal state , input and output

state (either an input or internal state event), its next internal and

output state can be determined. We denote the element simulation module

h~. for element type t~ by s(t
~

).

State events occur when an element must be processed even though

no Input gv~ flt h~s occurred . As an example , consider a 4-bit ripple

counter. Assume its initial state is 0111 and an input event occurs
S at time t0 which causes the counter to increment . Assuee the desired

Internal stst~ sequence is shown below. Here, we assume that each bit

of the register has ~ units of delay. Th. state at t1 occurs
C because of the input event at t0. At ti t1 we cc~pxte the new state

which is to occur at time t2 and enter this event into the schedulor.

This ii called a tate event. This process continues until th. device

stabilia.s.

93”
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o 1 1 1
• 

• 
o i i o
o i o 0

o o 0 0

1 0 0 0 t,+~~~— t 4

~~ si—’1~tor will employ three-valued logic, namely 0, 1 aM

u. The u has the following meaning :

a) steady state value - wilmown;

b) Input transition - un~~own ; an~
c) transient — race or hazard.

AU s(t~) must be capa ble of handling this logic. For simple

•I~~.ant., such as gates and flip-flops , s(t~) can be Implemented via

soon tables. For more complex el~~~nts the techniques discussed in our

T180 repurt on functional level modeling can be used. (See also,

section cm 4”~d4oation. )

I 
•

~~~~~ ~~

• .1± 0



• 5.2 SIanl&tion System Structure

The simulation system structure ii shown in Figure 5.1.

s(t 1)

s(t2 )
Stat e or Inp ut Event, Etc.

• ( •  

I- 
— ELEMENT

SDdJIATOR SDIJIA?ION
)~ WIZ EVA WATION 4I! (sM) M~WLE

~
j ± 

(~~EM)

(~ztpzt or State Event

s(t~)

FIG URE 5.1: Structu re of Simulation System

p.

The simulator module (8)4) passes the following data to the E8EM,

namely,

i)  of ele~~~t ;

2) type of element ;

3) input or state event (vain, and line);

0 4) current total stat. for this .lement ; and

5) fault m~~er or good circuit event .

Using this data and th. corresponding 8(t~ ), the ~~EM executes

and peas.. the following data back to the SM.
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i) cmtput events, and

2) the time at which they occur.

The main modules in the SM are shown in Figure 5.2 .

I.1 I I _ _ _ _ _ _ _

Schedulor
ESEM for Events Concurrent

Fault List I/O
P (time f~.o’, Processor

mechanism)

I

FIGURE 5.2 : Main Modules in Simulator Module.

5.3 ~~ta Structure far Circuit

The data structure used by the sl.nhl~tor is a subset of that used by

the stimulus generation module, i.e., it is based upon the concept of

descriptors associated with each element • Each element type is associated

with a descriptor type. It may be the case, however, that several of the

• *l,~~nt. aod.l.d funct i~ i.11y during stimulus generation are modeled at

the gate/flip-flop level during si ’l tion. This may be done in order to

• *tain nor, d.tai.lM t iming ana lysis, or else to tr eat intsrnal IC faults.

Th. major components in this data structure are :

~96-
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I
a) the fan-out list associated with each element output (the

C) fan-in list is not explicitly needed);

b) a pointer to the concurrent faul t list (C17~) for this

element ; and
0 c) element information consisting of i) type of element ,

ii) delay parameters.

The actual value for the lines associated with this element for

both the good and faulty circuits is stored in the concurrent fault list.

5,4 Bf’m’1~tor Data Structure

There are six basic line events which can occur , e~.aely 0/1,

i/o, 0/u, 1/u, u/O and u/l. In general , we will denote a line event

r by e - v1/v2 . Because our elements have multiple iripits as well as

multiple outputs, events at elements are actu ally vector events, e.g.,
- 

(e1,e2,...i e~ ) would rep resent a vector input event to a. n input

ele—.nt. For simplicity of presentation, we will restrict our attention
- 

to scaler events, i.e., just cue line event/element will be processed

at one Instance of time.

r) The total state of an element will be denoted by (1 , 8 , ~),
where I inputs , S — internal state , and ~ outputs. The current

• total state of a good element ii denoted by COTS, and that of an

“error element” by CZ~~, where COTS ~ CETS.

The concurrent fault list associated with an element E has the

foz~~t shown in Figure 5.4.

.9,-
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COTS -r

~ETS1 

} “i~~1 1
-~~~~~~~~~~~~~~~ - 

_
CETS2 I I  

_ _ _ _

f-s

FIGURE 5 .~i :  Concurrent Fault List Associated
with Element E

is a list of faults, each of which has the current error total

• state CETS i • Note that CGTS ~ CETS i for each i, and COTS i ~

- 
CETS j  for i j~ j.

The abstract format of the events list which resides In the

scheduler , is shown In Figure 5.5. I~sre, t~ < t~~1. Each event in

list t~ represents a signal change v1/v2 on some line 1 in either

0 the good and/cr faulty circuit. The actual structure of an event entry
- A is quite complex.

*9’ L
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Events List
Reader

I ‘ I _ _ _  _ _ _  

~
4EventI
+ ~j Ert I I i  ~~•••

I__
:

FIGURE 5.5: Abstract Structure of the Events Liat

If in the good circuit an event e0 * v1/v2 occurs at an input A

of element E, the same event can be applied to all the entries in the

ccucurrent fault list associated with E, with the following exceptions,

namely, faulty circuits in which the sig~~1 A is static at the value:

a) v1 - these correspond to the “new visible “ fault s. They form

•0 ‘add candidates ” for the CTh of E.
• b) v2 — these correspond to the “new invisible” faults. They

form “delete candidates ” for the CFL of E.
D c) v, - these faults have been and will rema in “visible.”

-
- following notation is used:

•

.is99*

— 
- - - 

~~~~~~~~ .. ‘.,._ ~~~~~~~~~ -,--. ~~~ . -



e0 — good event -
- e

~ 
- 0 ~~ no activity in the good circuit

NV — new visibles

NI — new invisibles (f~)

o V - v i s i b l e (fk)

FE — faulty circuit event .

An event in a concurrent s(InulPLtion take s on the following structure.

I i I e O I ” . I . ” J~_ J i j  ~
j F C E List 1

.4 NV - List j

f~~~~~~ist

- F~~~List

- 

~ I ‘~ I 1 ~ e~~ J

~! : 

- it i
I, -100-4 

—

.—— ~~tT5 
- 

—• —~~-- 
-
~~------ ———
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(

Here, I is the line on which the event occurs ; e0 is the event
(
.,

~

in the goad circuit. The FCE list accilmillittes all the events associated

with this line but are crea ted by faults

The following funct ions access and/or modify! the events list :

1. N~XT-TD.*~ (time , nanore)

If we are currently working on the header for time t~, then

this function returns the header for t for the argu ment

time. If no such header exists , nomore 1, else nomore

2 • N~ (T-EVERT (event , nanore)

This function extracts the next event for the current time

t~. If no such event exists, then ncmore - 1.

3. SCREDULE (time , event)

This function inserts the new event, event, into the list

for time — current time + delay.

5.5 SImulator Operation -

The bas ic structure of the simulator module is shown in Figure

5.6. The main concept here is to take events off the events list , process
C) them, updat. the CF’L, and schedule new events.

Notation

• COTS - current good total state

HOTS - next good total state

- ~~_—  - 
—
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• 
• 

-

~~~~~~~~
-

_ _ _

NEXT TIME
• 

• (newt ime , nanore i)
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FIGURE 5.6 : Basic Simulation Flowchart.
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I
(2~TS - current erroneous total state

NETS - new erroneous total state

- current erroneous output value.

The program for processing an event (1Ev) given the current con-

• current fault list (.CFL) in order to product a new event (0EV) and

the new concurrent fault list (NcTL) is described next .

Concurrent Fault List Processor

~ 1 initialize 0EV . empty, NCFL - empty

ff1 e0~~~0 then l

e6 — evaluate (E , CGS , e0)

update OEV•f0.event e~ “e~ - v~/v~”

for every 1k £ 1EV.V do

- begin 2

remove 
~~~ 

fran CFL

~~ ~ k’ c~~) to NCIL

• eM2

for every f~ € ~~VN I  do

remove (t
i

) from CFL

if CETS ~ NGTS the n add (r~ CETS ) to NCTL

if e~ j~ 0 and 0EV - v~ then add (rd ) to

0EV’NI

end 3
0
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for every f~ £ IEV~~V do

.i~ ç € C F L  then

b~~~~
remove (ti) fran CFL

add (f 1, CETS) to NCZL

1~
* 1 else

add (t1, cGTS) to NCFL

j~ 
e~~~~0 ~~~ OEV ,~ v~

then add - (r1 ) to OEV.NV
end s

else “x*athing ”
for every f1€ 1EV.flE do

• c.. 
begin 5

- 

if f2 € CYL then

L~ begin 6

remove from CFL

• 
— evaluate (cETs , e2)

end6
fl- .1.. .‘ evali*t. (COTS ,.1)

if NETS ~ HOTS then add (f 1, NETS ) to NCPL

• _ _

• &~ 
then add (f 1, e~) to CEV.UR

add (f 1
) to 0EV.V

• else

~~ •~~,‘0  then

C 
~1O1~

—
~~~ ~~~~~~~~~~~~~~~~~~~ 

- —• .  .• . • ~~~~~~~~~~• if -.— ~~~~~~~~~
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~~ v~~-v 2 then add (f 2
) to OEV•NV

if v~ — v1 then add (f 2
) to OEV NI

~~~ 
V
3 

— v1 then add (f2) to OEV•v

H
0 fo~ evary £ ~FL do

-• s~~~~evalua te (CETS i , e0) add (ç) to NCFL

i f e O t h ! f l
- 

if ej ‘ e~ then add ~~ e~) to 0EV flE

- 
else add (ç) to 0Ev.v

else

i f e~~$0 then
- 

if v~ - v1 then add (
~

) to OEV’Nv
U I

• - if v~~~v~ then add (
~

) to OEV NI

if v~ — v1 then add (~~) to OEV•V

end 6

end ~1.

5.6 Fault Insertion
0

• When an output event (good circuit ) occurs on a line , the associated

- 
complementary s—a-fault ( s- a - 2 ) entry is adde.I to the NCFL, if it

o is not already in the list , and an entry made into O~1DE.

When an Input event (good circuit ) is processed , then the associated

s-a - fault ( s -a— 2 ) becomes a “new visible .”
C
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When an input faulty event (mV.DE) occurs at E, we check this

event to see if it is canp atible with E, e.g., the fault line i

i - a -s  cannot place the value ~ on line i.

In addition to line s-a - fault , we can extend our faults to in-

d ude state s - a - values in functional models of devices such as shift

registers, camters, etc.

• 5.7 Initialization

We ass~~e the initial value of al]. lines not specified to be 0 or

• 1 by the user, have the value u. To initialize the circuit the fault

free simulator is run in a zero-delay mode, i.e. ~ 0 for al] elements .

Only events of the form u/0 and u/i are scheduled .

0 5.8 Data for Primary Inputs

We asstune that the data for the prima ry inputs I~ave been previously

gener ated, e.g. , via the test generation algorithm. We also us~mie that

real-t ime iz~’~uts are possible . These inputs are aas~sned to be pie-placed

into the events scheduler .

5.9 Input Skew Buffering

If it Is desired to process input skew, then input events of the

foim v/ should be modified to take the form v/u (t~), u/ (A).

• 

• 

- 5.10 Miscellaneous Items

All classical aspects dealing with sIm”’~tion , such as fault col-

lapsing, oscillation control and supre ssion, etc., will be handled using

c3*uical techaiquss.
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