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p A~~TRACT

This report documents the result of ju st one task of our

contract. This task was to investigate the feasibility of handling

c~~plex elements functionally, rather than at the logic level, in an

A~~ system. We have assumed a test generation system based upon the

concepts of path sensitization a la the D-algorithm.

In this report we demonstrate this feasibility. More precisely,

we have developed function models for three devices (a flip-flop, a

counter, and a shift register). These models include mechanisr~s for

processing Implication, D-drive and line justification.

We introduce concepts for dealing with both edge-triggered and

level devices, as well as a generic language for specifying the

functional operation of a device.

i



FUNCTIONAL TEST GENKRAT ION : D4PLICATION,
D-DRIVE AND LINE JUSTIFICATION

1. Introduction

• This report deals with the subject of functional modeling of

devices as it will be used in the Breuer and Associates aut~natic test

generation system called TEST/80. One main concept inherent in the

design of our system is that most canpiex digital systems consist of

functional elements such as decoders, multiplexers, ALU’s, shift
t

• registers, counters , etc.

In order to reduce the complexity of test generation, these

units are primitives in TEST/80. This approach is of crucial importance

when one considers such new devices as LSI’s, where gate lave]. modeling

is either impossible or else impractical.

11
To prove the feasibility of our approach we chose to analyze

• the development of functional primitives for three sequential devices,

namely a 3K master-slave flip-flop, an Ui/ C~~ counter , and ~ bilateral

P shift register.

In this report we document the results of this analysis. We

consider three operations on each element, namely implication (simu.la-

t ion), D-drive (error propagation), and line justification (backward

simulation). Line justification could be extended to deal with critical

cubes rather than primitive cubes, in which case the LASAR test generation
I 

algorithm could be executed at the functional level.

In our system tables describing the operation of a device are

seldom used. Instead, each device is associated with a sot of algorithms.
4
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These algorithms generate solutions to given problems. Often there are

more than one solution to a problem. In this case, by backtracking the

other solutions are obtained. Also, solutions may require one or more

vectors (time frames). Our algorithms work in one of two modes , i.e.,

they can either give a single-time frame solution, in which case they

must repeatedly be re-entered to get the next time frame solution, or

else they can directly generate a multiple-time frame solution.

p 
1.1 Generic Functional Langu~~e

AU of the devices we have considered are synchronous and

control driven. That is, we can divide the input s into three groups,

namely clock, data and control lines. The outputs are considered data

lines.

AU operations on a device are governed by the clock and control

lines. Also, many devices operate in a similar fashion, e.g. there

ma:? br~ nur~~rou~ c~ i f t  re~ iz + . er ~~~~~ v’~ich c~ir fe r- i~ r ilnor J r ’rl

• aspects but functionally operate in the same way. To make it easier to

develop functional models for ne-.: devices ye have devised a functional

level language which will be sketched belcs~. Some of the basic symbols

in this language are listed below, along with their meaning .

U

A
C,

-~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~-
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H: hold

P: parallel load

R: right shift

L: left shift

U: increment (up)

D: decrement (down)

etc.

We abbreviate the concept x x .” x by x~, and the

n times

notation x~ represents zero or more repetitions of the symbol x.

Information in parenthesis represents data on the data lines. Hence,

the aequency L(OO)H*TJH*UH*U shows one way to get an (u) into a

counter, namely, parallel load (oo ) and count up three t imes. :~ote

that each increment can be followed by 0 or more applications of

holds.

In order to convert these o1~~ so~~u t icr ~~ to Ot S c~n~i l’s

as understood by the test generation algorithm, a translator is used

(see Figure 1). Each device has such a translator. For example , for

a 3K flip-flop the concept of hold can be implemented in many ways

such as:

1. J~~~K O  and CLOCK=x

2. J~~~Q, K u ~~ and CLOCK x

etc.

— -—‘-r - - -  -, —.—- -
~~ V~ — — — - - ~

- 
~~~~~~~~~~~~~~~~~~~~~ —
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In hort , the translator converts a symbolic concept to the set

of all logic values corresponding to that concept for a specific device.

The translator works vector-by-vector, and again, backtracking is

necessary because there may be more than one logic vector associated

with a given symbolic vector.

Note that devices can be clocked in several ways. Some are level

devices and others are edge-triggered (either positive, negative or both).

Again, our generic language compensates for these differences. For

example, for a positive edge-triggered device we may define C = 1 as

the condition for clocking, i.e., a 0/1 transition, while C = 0 repre-

sents the other three conditions, namely 1/0, 1/1, and 0/0. Again,

the translator converts the generic clock to logic values.

1.2 ~ystem overview

In Figure 1 we illustrate the general structure for our functional

modeling software system. In this figure we show the problem selector

portion of the ATGP sending a problem to the modeling software. A typical

problem might be ‘ ...justify a 1 on line i of defice i.’ Also, the

current value of a].]. lines associated with this device are also specified

in the problem. The system then selects the correct functional mode].

associated with device j (several devices can share the same functional

modal), and a generic solution is produced . This so].uti~n is then

‘ I
processed through the translator to get a lor’ic solution which is then

sent back to the ATGP.

_______________ _______________________ — - — -  • ~~~~ - - — . —.-—— —. .—. ~~~~~~~~~ 
- ... . .

~~~~~~
- -—
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The uniqueness of the work presented here is that we hr~v~

developed general techniques for handling complex sequential primitives

over three-valued logic (o ,1,x) .
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1.3 Example Treatment of Edge-Triggered Devices

In our work, line values are restricted to be either 0, 1

or x (unspecified). However, for edge-triggered devices, over a

- period of time from t1 to t~, we can have the line values 0/1,

1/0, 0/0 or 1/1, where o/i is a positive edge, i/o a negative

edge, 0/0 a static zero, and. 1/1 a static 1. To illustrate how

our three logic values handle the four cases, consider a positive

edge-triggered )-flip-flop whose primitive cubes are shown in Figure

2(a). Here, the actual clock C.~ is represented by two signals C2

and Cl. Figure 2 ( b )  shows the primitive cubes of a level D fli~-

flop. It is possible to use t-}v~ 1rir~itive cubes of ~
‘i.~ure 2(b) for

both level and edge-triggered devices with different interpretations.

The signal C is interpreted as a condition signal. For a positive

edge-triggered device, C = 1 implies Cl = 1 which in turn

implies Ct = 0. Thus, the cube 3 of Figure 2(b) is interpreted

(in this case) in the same way as cube ~4 of Figure 2 (a ) .  Similarly,

cube 8 of Figure 2(a) and cube 6 of ~~igure 2(b) are identically

interpreted. For a positive edge-trigCered device the condition

C = 0 implies Cl = 0 or (since the identity el . Cf = 0

p

____________  -- 
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is valid ) cf l. Thus, cube 2(5) of Figure 2(b ) corresponds to cubes

2(6) and, 3(7) of Figure 2(a). In a similar manner the cubes for a

2 - 1 - 0 0 2 - 0 0 0

3 - - 0 0 0 3 0 1 1 0

0 0 1 - 0 1 - 1 1

5 1 - - 1 1 5 - 0 1 1

6 - i - 1 1 6 1 1 - 1

7 - - 0 1 1

8 1 0 1 - 1

(a) (b)
4

FIGURE 2

negative edge-tri~~er~i D flip—flop (Fi~;ur e 2 ( e ) )  can be ~~ iv~ i f r~~ the

cubes of Figure 2 (b ) .  Thus it is only necessary to cons lder one set of
r

cubes to represent a whole family of devices. This com~•e: t also applies

— 
“ entry implies that th~~- value can ~c r~ ;1a~ ec1 by a 0, 1 or x.

_ _ _ _ _ _ _ _ _ _  ~~~~~ -- i-~~
- - - -:-- . --, --- — -- —— -
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to D-cubes and to more complex functional devices. Consequently, in the

remainder of this report we will ignore the edge-triggered aspects of

devices and concentrate on cubes which , it properly interpreted, represent

the behavior of a family of functional devices. The interpretation is

done by the translator ,

Corresponding
to Cube in

I) cI cf y_ Y Figure 2 (b )

o - - 0 0 1

- 1 - 0 0 2

- - 0 0 0 2

O 0 1 - 0 3

1 - - 1 1 4

- 1 - 1 1 5

- - 0 1 1 5

1 0 1 - 1 6
(c)

FIGUR E 2 :  N~~ - .TI~ F ITT -TRiG~~~TLb 1/F

For more complex devices in ~~ ieh changes can be tr~ c~~~red by both

positive ~ni ~~- : ~ t ive e~ r~es , s one ~o~T 1fi~ ~t L ~~ r are n ’c~ ssary . For i !s t~1nce ,

consider a master-slave flip-flop in which a positive edge enables the master

and a negat ive edge enab].es the  ~~~~~~~ ?c,3itive edge cubes should be repre—

sented with C = 1. Negative cc1~~ cubes ~;hc~:]d be repre$entcd V~ th = 1.

If neither a positive or negative edge is present, then C = = 0.

1 
-. —— - - . - • 

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

- — — 
-— 

-
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2. JK Master-Slave Flip Flop

We shall first consider the JK Master-Slave Flip-Flop shown in

Figure 3. We shall derive procedures for determining implication , D-

drive and line justification for this functional device. There are

three control inputs (J,C,K) for this device. For each value of the

vector (J ,C,K ) the device behaves in a simple functional manner

which is unique if J,C,K = 0 or 1. If J,C or K is unspecified

Cx) ~ th en the device nay behave in any of several of the aforementioned

simple functional manners . This behavior corresponds to the union of

the corresponding simple functional behaviors (see footnote below).

For instance if (J,c,K) (1,1,0) the master flip-flop is set unless

the si~~vc was reset and the slave was stable. If (j ,c,~:) =

the master is stable and the slave assumes the same value as the master.

It (J,C,K) = (1,x,O) the functional behavior of the device corres-

ponds to the union of the behavior for (J,c,K )  = (i ,i,o) and

(J,c,K) (i ,o,o) .

The cubes in the table of Fiçaire ~ map each of the 27 = 33

possible values of the vector (J,’,::) intz~ a specific typ~ of functional

The union operation for a 3-valued n3~~~~t~~ :t ~ts def ined in the following
table: 

~ ~ 1 ~
0 O x  x

- — —.-
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behavior (denoted as Ai). The state behavior of this device for each

of these Ai is specified in the table of Figure 5.

C J K Functional Algorithm
0 x x A

0
1 0 0 A

1
1 0 1 A2
1 1 0 A

5
3. 1 1 A4
1 0 x A

5
1 x 0 A

6
1 1 x A

7
l x ] .  A8
1 x x A9

-~ • x 0 0 A10
X 0 1 A

11
X l .  0

X 1 1 A1,

-‘4 x 0 x A14
x x 0

x 1 x

X X 1 A
16

x x x A16
FIGURE 4

_ _ _ _  - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--  —
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~ x x x x x x x x x
~~ ~ x x ~ ~ ~< ~

~J’ X X X H X X X X X
.m(~ x x r1 r~ ~ X H X X

.
~~ o x x x x x x x x

.411 
0 0 X X 0 X X X X

M~% X X X X X X X X X
~~~ ~~~ ~~ ~~~ ~~~ ~~~ ~~~ ~~~

(‘~ x x x ,-~ x x x x x.2r ~ ~ ~ .-~ <

0 X X X X X X X X
o o x x o x x x x

0 0 X X r-I X X X X X.11 0 0 H H 0 )< H )(

0 H C) H X 0 X H X
X 0 H X X x x x x

—

~~ 0 H 0 rI X 0 x ri X
X 0 rI 0 X X X 0 X

~~ 
0 r4 0 r-I X 0 X H X
H 0 H X X H X X X

~~ 
0 c-I 0 H X 0 X c-I X
X 0 H H X H H X X

0 rI 0 H X 0 X H
0 0 H X 0 X X X X

‘4 
— 

________________________________________________________

~~ 0 rI 0 rI X 0 X H X
r-~ 0 c-I 0 )< H X 0 X

~~ 0 c-I 0 H X 0 X c-I X

r- 0 c-I H X c-I H X X

0 H 0 H X 0 X H X
0 0 c-I 0 0 )< X 0 X

0 H 0 H x 0 X H X
0 0 i-I c-I 0 H H X X

0 0 0 ‘-I ‘-1 0 X c-I x x
0 0 H H 0 X c-I X )(

0 i-I 0 v-I X 0 )( c-I X

0 0 c-I v-I 0 X -I X X

1/- I



- - - - -— -

-1.3 -

Together the two tables of Figures 4 and 5 specify the normal

*behavior of this functional device.

In some applications it may be possible to use tables which are

simpler than those . of Figures 4 and 5. Specifically, suppose that only

the stat e of the slave latch of the master-slave flip-flop is of inter-

est. Since the slave can only change state for an input corresponding

to A0, time can be considered on a less refined or “macroscopic”

level, by considering only input sequences (read from left to right ) of

the form AkAO, 1 ~ k <9 .  Furthermore, for the input A0

Y = yS H
and

Y - yM M

Therefore

; YM YS

Consequently in this analysis, the 9 row table of Figure 5 can be re-

duced to the 3 row table of Figure 6.

V 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

For this simple device a singl e table can be used , instead of these
two tables. However , in the succeeding sections we will b~ ccnsider-
ing general n-bit functional devices where n is arbitrary . In
these cases, two tables are necessary . For uniformity we also employ
two tables to describ e the flip-flop.

-- ~~~~~~~~~~~~~~~~~~~~~~~~~- -~~~~~~. - -- - ~- - -~~~~~~~ —— - ~~~~~~
--
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A1 A0 A2 A0 A3 A0 A4 A0 A5 A0 A6 A0 A7 A0 A8 A0 A
9 

A0

0 0 0 1. 1 0 x 1 x x

1 2. 0 1 0 x 1 x 0 x

x x x x x x x x x x

2.1 ~~plication for the JK Master-Slave Flip-Flop

2 .1.1 Forward Itnolication

Forward implication determines what values are implied -

on the signals 
~~M ’ 

y
5

) by the input signal values (C , J, K, 
~M’ ~5).

The tables of Figures 4 and 5 can be used to determine forwa rd implica-

tion as illustrated in the following example.

EXAMPLE 1:

Suppose the values of (C,J,K) are (x,0,x) and the values

of 
~~~~~~ 

are (0,x) .  From the input mapping table of

Figure 4 we find that this corresponds to A~~ and trots the

table of Figure 5, A14 naps (0,x) into (O ,x ). Therefore,

— 0 Ia implied. 
~

A formal procedure for forward impli-ation in the 3K Mas ter-Slave

Flip-flop is an foflc vs :

;~ 

_
__j 1) 

- 

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

~~~~
—

~~~~~~~~
.
~~~~~~

- - -, -~~~ -. _ _ _ _
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Procedure 3. (Forward Implication)

If a signal C,J ,K ,yM,yS changes value :

(1) Take the cubical intersection of the vector (C,J,K) with the

cubes of the tab le of Figure Ii. to determine the functional

behavior A1.

(2) Using the value s of (~~~Y$ ) and the A1 determined in (1),

determine the values of 
~~~~~~ 

from the table of FIgure 5.

2.1.2 Backwards Implication

Ba~kward Implication determines what signal values

are implied on the signaas (C ,J , K ,yM,yS
) by the part ially specified

values on the signals (C ,J,K ,Y~I ,YS,YM,Yi. Backwards implication can

also be determined from the input mapping table (Figure 4) and the

algorithm table (Figure 5) us ing the cubical intersection operation.

EXAMPLE 2:

Suppose (C,J,K,YM,YS,YM,YS
) (x,x,x,0,o,l,o). From the table

of Figure 5 we see that row 0 0 is mapped into the next state

entry 1 0 by 3 algorithms A3, A4 and A
7. The Inter-

section of the corresponding 3 cubes of Figure 4 reveals that

the signal. values C — J 1 are implied. 
~

A formal procedure for backward s implication is as follows :

Jr. 
_ _  _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
- - J f l~~ 

— -
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Procedure 2 (Backward Implication )

(i) Select the row of the table of Figure 5 corres ponding to

the value s of 
~~~~~~~ 

Let C~ be the set of columns in

Figure 5 which have entries in row- B1 correspond ing to the

values of

(2) Fr om the set C~ , and the table of Figure 4, determine a

subset 9 C C1 which is consistent with the previously

specified values of (C , J , K ) .

(3) Form the cubical intersection of all cubes in C1 to determine

implied value s of (C,J,K).

In general , during each iteration forward and backward Implicat ion should

be alt ernate ly repeated until stabilizat ion occurs • Even then it Is

possible that some implied signals may not be determined . This will be

illustrated in Section 4.1 for an UP/DCFdN Counter. It is, of course ,

possible to recti~~ this deficiency by developing r’ore complex implica-

tion procedures. How-ever, since implication is only used to speed up

the executIon of the D-algorlthm, the use of overly complex implication

procedures probably cannot be justified.

2.1.3 Equation Approach

The behavior of a 3K flip-flop can also be described using

Boolean equations ,

- ~~~~~~~~ 

~~~~~~~~~~~~~~~~ 
-.. 

— 
— ,-

~ —.
-
,.-— -

~~ 
- ---u--- 

~~~~~~~~~~~~~~~~ ~~~~~~~~ 
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TM — ~ C + (
~ + + 

~S~~M
(i)

- 
~~ ‘M~ 

( c + y M)y5

These equation s can then be used to dete rmin e implication .

EXAMPLE 3:

We shall consider the same cases as were examined in Examples 1

and. 2.

(a) If the values of (C,J,x) are (x,o,x) and the value of

is (0,x), then substituti ng in (1) we obtai n :

- JC~~~+ ( ~~+ R+

= 0 + 0 ~ 0 ;

c + (C +

0 +(x +0 )x = x .

(b) If 
~~~~~~~~~~~ 

= (1,0,0,0), then f~~m (1) we obtain:

— ~i c 
~ 

+ (
~ + + 

~S ~
‘M

1 —  ~ c i  + ( c ÷ x + i ) • o
— ‘I c .

This Implies J — C — 1.

H)

- 

—

~~~ 

- -- :‘_ -~ -~~i~~ — - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

——----- - - _______________________
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— C Y M + ( C + y~ )Y5

0 — ~ .0+ ( c + o )  = 0

Thtzs , nothing is implied . 
~ 

-

The equation approach , when used for implication requires the

solution of a set of simultaneous Boolean equations. It may also fail

to recognize implied values (as we shall illustrate in Section 4.1) due

to the manner in which the x signal is handled. A comparison- of the

relat ive effi ciency of the equation and tabular method s would require

extensive analysis and will not be included in this report .

2.2 B-Drive for the 3K Master-Slave Fljp-Flop

B-drive consists of specifying values on the signals (y14,y5,J,C,K)

to propagate a B (or L) on one (or more ) of these signals to or

The classical technique for carrying out B-drive on combinational

elements utilizes propagation 1)-cubes and cubical. intersection. Propaga-

tion B-cubes can also be derived for the 3K Master-Slave flip-Flop using

familiar techniques which have been presented In the literature . The

prop agation 1)-cubes hav ing a single D on (y~,y~~J,C,K) are shown in

Figure 7. Propagation 1)-cubes with several D elements can be derived

using the cubical intersection techniques of Roth ’s B-algorithm.

A formal procedure for D-dr ive is a~ follows :

-4
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Procedure 3:

(i) Generate a propagation B-cube corresponding to the D (or D’ s)

on the signal vector (y~ ,y5~ J s C ,K ) .

(2) Compute the cubical intersection of (y~,y3,J,C,K) with the

propagation B-cube generated in (i), if possible. If the inter-

section does not exist, generate a different propagation B-cube

and repeat . -

The flip-flop characteristic equations can also be used for B-

drive. This requires solution of a set of Boolean equations in a 5-

valued (o,l,x,D,D) algebra and is illustrated in the following

example .

‘I K C 
~M ~

‘S ~M ~S
1 D x l O  0 D O

2 x D l  l~ 1 D l

3 l x D  0 0  D O

4 x l D  1 1 D l

5 x x o  D x D D

6 x O l  D l .  D l

7 O x I .  D O  D O

8 x x i x  D x D
9 l x ] .  0 1 )  ~ 1)

10 x l i i  1) fi D
11 I l l  x 1) D D

I
,

FIGURE 7. “ SiNGLE D” P ~PA~ A T IO N i~— cur~s
OF 3K FLIP-FLOP

-. -.-y 
~~~~~~~~~~~~~~ — - - --..4- -. .-

~~ -~~~~
-—-..-

~-~~~~
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EXAMPLE 4:

Consider the prop agat ion of a D signal from the present state

y3 to the next state 
~ s’~M~• From the fl ip-flop character-

istic equations we derive:

- .i c + (
~ + + 

~S~~M

— j c  
~~~~

+ ( C s K + D ) y ~ , -

— C Y M + ( c + Y M )yS

— + ( C + y ~ ) D

To propagate the I) to we must solve the equation :

— j c f l  + ( ë + k + B ) y M

This has the following three solutions :

J — C — 1, 
~M 

a 0

J = C = 1, K 1

C — K — ~M

which correspond to the cubes 9, 10, 11 of Figure 7. To

propagate the 1) to Yr. we must solve the equation:

1) C y~ + (C + y M )D

— ———-~~~~~
- -

~~
— --——-- —

~~~~~~~
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This has the uniqu e solution : C — 1 which corresponds to cube

8of Figure 7. 
~

2.3 Line Justificat ion for 3K Flip-Flop

Line justification is used to determ ine values of the signals

(J,c,K,yM,ys) which are consistent with the values of the signals

In the B-algorithm this is done using cubical intersection and

the primitive cubes of the element. The priir~tive cubes of the 3K

Master-Slave Flip-Flop are shown in Figure 8.’

A forms.]. procedure for line justificat ion is as follows:

Procedure 4.

(1.) Select a cube C~ from the table of Figure 8 which is consistent

with the specified values of

(2) Form the cubical intersection of C1 with the vector of signal

• values (J,C,K,y~~y5
) If possible. If the intersection does

not exist, return to (1) and select a new cube.
0

*This table reprer~ents the same information as appeared In the tables
of Figures ~ and 5 in a form more convenient for use in determining
line ju stification.

10 

_____ _____________________________- — --~ ‘—~~ - —---- —-- -.,- ---
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3 C K 
~M ~S ~M ~S

l x  O x  0 x 0 0
2 x i x  x 0 x 0

3 x i x  0 1 0 1.
4 x l ] .  x 1 0 1

5 0  x x  0 x 0 x

6 x O x  1 x 1 1
7 x i x  x 1 x 1
8 x x  0 1 x 1 x

9 x i x  1 0 1 0
10 1 1 x x 0 1 0

FIGIJRE 8

Line jus tification can also be done in a tu~nner similar to

backwards implication using the tables of Figures 4 and 5, or the flip-

flop characteristic equat ions as illustrated in the following example.

EXA 1PL~~5.

Suppose (Y),Y3) = (i ,i ) and 1. We wish to determine

values of C , J, K, 
~M vhic~ just~~’y tht~ SC signal vaL~c~ .

— j c~~~ + (~~+ R ÷ ~~~)y~

Substituting (i ,i)  for (YM)Y4z.) yields :

1 — j c . o +

~~~~~~~~~~~~~ 
.
~~

- - - - - ——-—----- -- — —  — — - — -‘ — — — - —
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This implies 
~M — ~~ and C 0 or K — 0.

Similarly for

- C Y M + ( c + y M )ys

we obtain

1 =  r~.i + ( c + i ) .i 1

Thus , the line values can be justified by

(c,J,K,yM ) = (O ,x,x,1) or (x , x,O ,1)

which correspond to primitive cubes 6 and 8 of Figure 8.

These justified values can also be determined from the Tables

of Figures 4 and 5. From the table of Figure 5 we see there are 7

•1 entries with (Y ,Ø Y., ) = (i ,i)  of which only 5, all in row

— (i ,i) , have y~ 1. Hence, 1 is implied. These

five entries correspond to algorithms A0 , A1, A7, A6, A,0, A12 and

A1~ 
A0 corresponds to the value (c ,J,K,y M

) = (O ,x ,x ,i) . The

other six algorithms correspond to (c , J , K ,yM
) = (x ,x,o, l) .

Notice that our representation assumes a level device . The

same device coul ’i be represented as an edge-tri ggered device , in which

case the characterIstic equations would ‘~~co-ie :

— - - 
S .—. — - ___-_

~.__. _ --e ‘~~~~~~~~ -~~~~t~~~~wr~~~~ --
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— ~ ~+ ~‘S + (;~ + + 
~S ~M

C_ YM + ë_ + Y S

which has the additional solution C a 0 which would corres-

pond to the additional primitive cube

J C~ C K 
~M~~S 

‘
~M ~S

x 0 0  x l i  1 1

wh ich represents a hold.

_______________________ - - - ~~~~~~~~
‘ 

~~ - ~~~~~~ ‘‘~~~ 
-—
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3. Bidirectional Shift Pegister

In thi s section we will consider a general n-bit shift reg ister

of the type shown in Figure 9.

Paraf le l  Outputs

p.— -\
~, y 4 

1
y 2

r*f ~t~ ~~~~ ~

( 

o~
- rc~

o
~ 

— ~~~~~~~~~~~~~ ~~C
ç~~~

Clock~~ ~>
- ‘- --- -~~~ 

-

~~~ -- — —--- L- - -~ 
____ _ _ _ I ~~ _ _ ~~_ -

~ A .  i
D 5 D4 D 3 

I) ) 1) 1 r)0
• ‘.— ___.__ _ f

~~II~~~p__ ~~~~~~~~~~~~~
Pa rallel  Inputs

FIGURE 9. 4-1~IT JilDIRECTI0I~AL UN~VLR~AL SHIF T REGISTE 1~

Under normal operatIon this device can perform five functional

opera tlons

(H) Hold - The content s of the register are unchanged :

_______ - - 
- 
.~ ;. 

-. -~~-~ ---~~~~- - . .  --  . -
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(c) Clear - each bit of the register is reset ;

(R ) Shift Right - the content s of the register is shifted one

bit to the right , the leftmost bit being set

to the value of D~~1;

(L) Shift Left - the contents of the register is shifted one

bit to the left , the rightmost bit being set

to the value of D0; and

(p) Parallel Load - the contents of the register are set to the

values of the signals D1,...,D .

The stat e of bit I of the register will be denoted by y1 and the next

value of this bit is denoted by Y~.

The functional behavior of this element is determined by four

control signals Z, C, S1, S0 as specified by the fo1low~ng table .

Z C S1 S~ Functional Behavior

1 x x x Clear
0 0 x x Hold

0 1 1. 1 Hold

0 1 0 0 Parallel Load

0 1 0 1 Left Shift
F 0 1 1 0 Right Shift

FIGURE 10

_ _ _ _  
S -

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

---



____________________________________________________ — --- —-—-- - - - -_

4 -28 -

3.1 ImplicatIon

Implication can again be performed using a tabular approach or

an equation concept .

3.1.1 Tabular Approach

The tabul ar approach requires an input mapp ing table which

specifies the functional behavior of the device for any values of the

control inputs. Unknown values on some control inputs may lead to

ambiguity in the functional behavior. The resultant behavior may cor-

respond to the UNION of several of the possible basic functional be-

haviors which we shall denote by concatenat ing the corresponding signals

(H ,P,L,R,C ). The control inputs can assume any of 34 8]. possible

values. The resultant functional behavior of the device for any of these

values can be determined from the input mapping table of Figure II.

A second table is required to specify the next state (
~

) of the

register as a function of its present state (~
) and the specified

functional behavior (as determined from the input mapping table of Figure

u) . Unlike the case of the flip-flop It is not possible to simply list

the next state information in finite tabular form , s ince we wish to

represent the state behavior of any n-bit shift register and hence can-

not restrict the value of n. However , it is possible to write very

simpl e algorithms (in the form of small prograns ) to determine Y from

x for each possible functional behavior. For the shift register , these

algorithms are listed in the table of Figure 12.

— 
- - •• - 

- -
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No. of (new ) Input
c s,~ s,~ Algorithm Conditions Covered

0 0 - - H 9
O - 1 1 H 2
O 1 0 0 P 1
O 1 0 1 L 1
O 1 1 0 R 1
0 1 x 0 RI’ 1
0 1 x 1 LH 1
0 1 0 x LI’ 1
O 1 1 x RH 1 27
0 1 x x RLPH 1
O x 0 0 I~i 1
O x 0 1 UI 1
0 x 1 0 RH 3.
0 x x 0 RW 1
O x x 1 UI 3.
O x 0 x LPH 1
0 x 1 x RH 1
0 x x x RLPH 1

x 0 - - HC 9
x - 1 1 HC 2
x 1 0 0 PC 1
x 1 0 1 LC 1
X 1 1 0 RC 1

- ;  X 1 X 0 R}IC 1
x 1 x 1 L~-~C 1
x 1 0 x LPC 1
x 1 1 x RHC 1 27
x 3. x x RLPHC 1
x ~ 0 o wc
x x 0 1 LHC 1
x x 1 0 RHC 1
x x x 0 RPHC 1
x x x 1 LIIC 1
x x 0 x LWC 1
x x 1 x RHC 1
x x x X RLP}{C 1

t) FIGURE 11. INPUT-ALGCSITHM MAPPING TABLE FOR
BIriIREcTIo~tAL SHI?r REGISTER

A
A - is used to indicate 0 or ]. or x.

~ 

T~~~~~~~~ ~~~~~~~~~~ _ _ _ _ _  _ _ _
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Algorithm
• Number Algorithm Algorithm Equations

1 C(Clear) [ Yi — 0 for all I

2 R (Shift v~~~t) 
Y1 y~÷1 for 1 < I < n

Y Dn ns~1

3 L(Shift Left ) ~~ y1~1 for 1 < i < n

1 y

4 H(Hold ) t Y~ y1 for 1 < I < n

5 P(Parallel Load ) ( Y~ for 1 < I < n

Y1~~~x unless 
~i~~~~i+l 

for l < i < n

6 BH(Right or Hold ) 
Y1 — if = for 1 ~ I. < n

~n~~~~n if y~~~~D~~1
Y~~a x  if

— y1 if y1 = y1_1 for 1 < I

7 LH(Left of Hold ) 
Y

~ 
x if y1 ~ y~~1 for 1 < I

Y1 y1 if y1 D0

Y1 x if y1~~~D0

8 PH(Load or 01(1) 
{ 

~1 if 
~~ 

y1 for 1 < I < n

Y1 — x  if D1~~~y1 for 1 < i < n

D
1 

if B1 = y11 for 1 < I < n

9 LP(Left or Load ) 
x if D1 ~ ~~~~~~~~~ 

for 1 < I < n

if

x if

FIGURE 32

___________ - -- . - -  — .—•— _-_ -._. •*_ -_ — -fl’-- —- —-
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Algorithm
• Number Algorithm Algorithm Equations

if D y for 1 < I < n1 1+1 —

10 RP(R~~~t or 
- X if D1 ~ ~~~~ for 1 5 1 < n

• Y D  l t D  —n ni-i ni-I. D
U

Y x if D ~~Dn Ui- ]. n

~. ~~ ~~~~~~~~~~ 

for 1< i< n

= x otherwise for 1 < I < n

~~~ (Right or Left ) Y1 D0 
if B0 

= 1)~

• Ii
~

1 if D =~~

or Load )
= x otherwise

Y = D  if D D = Dn ni-i ni-i n n-i
Y x otherwisen

I
= D

1 
if D

1 
= y1 y

~
_
~ 

for 1<I <ri

or Load ) = X othe~~ ise for 1 < i < n
( or Hold ) 

~~ = D0 if D0 = B1 = y1r
x otherwise

D1 if D1 y1 y1~1 for 1 < i < n

13 ~~~(M~~t or Load) 
a X otherwise for i < i <~~

( or Hold ) 

~ 
n n#~ ni-i n nY D if D =y = D

Y a x otherwisen

FIGURE 3.2. (cont ’d)
r

r

—- ——. — 
~~~~. -  - -•-— -



- -- -

- 3 2 -

Algorithm Algorithm Algorithm Equations

Y1 D1 1fD 1 y1 y1i-1 y11 f o r 1 < i <n

— x otherwise for 3. < 1 < n

(Right Y1 = D 0 if D0 D1 y1 y214 RL W (or Left )~~
(or Hold ) = x otherwise

Y = D  if D D = ‘r  =n ni-I. ni-i n ‘n n-i

‘f a x otherwisen

15 HC* ( Y1 0 If y1 = 0 else Y1 = x

16 PC ( Y1 0 if B1 = 0 else Y1 x

~ Y1 O if y11 0, l < i < n, else Y1 = x
17 LC -

Y1 = O  if D0 0, else Y1 = x

Y1 = 0 if y1÷1 
= 0, 1 < i < n , else = x

18 RC 
a 0 if 0 else Y~ = x

0 if y1~1 y1 0, 1< 1 < n, else x
19 RHC -t Y 0 if B =v = 0, e1s~ Y = xn ni-i ~n n

= 0 if y1 3~=y ~~= O , 1 < I < n, else = X

20 LHC 
- t =  0 if B0 

a y1 
a 0, el se 11 

a X

FIGURE 12. (ccnt ’d)

A
Note that the p~~c~ dure QC, where Q is aiiy a1~ orithm not containing
C, can be co~iputed by first computing Q and thea changing all. l’s
in the result to x ’s.

—_ _ _ _ _ _  — - ~~~ - - — ~~~~-.--
-
~~- .

-

--
~~

-
- - --

- — - - — -- -—-— -— — -— --• -.-• --— - - - - -  - -~~ -
- - -
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Algorithm Algorithm Equat ions

= 0 ~~ y1_1 =D1=0, 1 < 15  n, else Y~ X
21 LPC

if D0 — D 1 — O , else Y1= x

1~~

= 0 if y1_1 y1 y1~1=D1 0, 1<i<n ,
else Y1 = X

22 RLPHC — 0 if y1 = y2 = D0 
a 0 else Y1 

= x

= 0 if y
~ 

y 1 D~i-1 
= 0 else Y~ = x

23 PHC [ Y1 0 if D1ay 1 y1÷1 0, 1< i< n , else Y1 x

- y a 0 if D y =y  =0 , l < i < n , else Y = X

0 if D D 1 y O , else Y~ = x

25 
{ 

y
1 0 if D1 Y1=Y 11 = O , 1< i<n , else x

Y1 0 It D1 D0 y1 O eise y a ) (

FIC JH~ 12. (end )

p

1’

1~’ 
____ ____ 

_________________________________________ - - r  . . -  — —_ -— --, -~~~~.- --- -~~~~~ 
- - —
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The tables of Figures II and 32 can be used. to perform implica-

tion. Implication may be considered as consisting of forward implica-

tion (in which the values of the control Inputs ~ and ~ are used

to determine x) or backwards implication (in which the value of ~

and and ~ are used to determine the value of the control inputs

or the value of’ ~ and the control inputs are used to determine Q

and y). Implication should be performed as alternating forward

implication andbackward implication until both stabilize.

Let B (H,C,P,L,R) be the set of five primitive functional

algorithms of the shift register. From the values of the control in-

puts (z ,c,s1,s0) and the table of Figure 11, a set of possible algor-

items B,~ C B is determined. Similarly, from the values of Y, ~

and j
~ 

another set of possible algorithms B2 C B is determined.

Specifically,

H e iff (Y1 ~ ~~ ~ 1

1”l

P c B2 1ff (Y1 
(B D~ ) ~ i

jal

L c ~~f’ (~~ ~~ 
+ (y

1 ~ D0
) ~ 1

R c ~~ y1~1
) + ~~

C t ~~ 
1ff 1

_ _ _  

-~~~~~~~~~- T ~~~~~~~~~~~~~~~~~~ :~~~~~~~~~~~~~~~~~ - - 
- -~~~
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The actual algorithm must be in the set B1 fl B.~. From this set and

the table of Figure 11, us ing cubical intersection, additional values

of the control input s may be implied. From the algorithm table of

Figure 12 , additional values of the outputs Y may then be implied.

The algorithm table can also be used to determine implied values of

and ~ using the concept of inverse algorithms. That is , if

a g(~~~)

then

—3., .
~a g ~Y)

p 
Fortunately, the inverse relationships for the shift register are

simple.

= P, (i.e. y = P(D) , D a ~~~~ = p(y )

— H ,

B’1 
- L.

However , C’’ is undefined (thus nothing is implied on by Y

for the clear operation). The following example illustrates the

determination of implicat ion , using the tables of Figures II and

12.

- - — - .  ~_ - _ ~~~~~~~~~~~~~~ T7 - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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EXAMPLE 6:

Let

(z,c,s1,s0) ~
- (0,l,i,x)

— (Y1,y
2 ,y3,y~ ) — (x ,0,x,x)

y — (y1,y2 ,y3,y~ ) (0,x ,i,x)

and

= (DO,D,,B2 , D3, D4, DS
) = (x ,x,x,x,x,x) .

Then from Figure II and the cube 0 1 1 X RH we conclude that

[R ,H~

and from Figure 12 ,

B.2 (L ,H,P,C)

Thus

Bi n B 2  = H .

From the table of Figure ll, S0 1 is implied. For both H

and H 1, y
1 y1. Thus ,

and y2 Y2 = 0

are implied.

A formal procedure for performing inpU cat Ion , using the tables

of Figures f land l2 is as follows :

Procedure 5.

(i) From the previounly specified values of’ (z,~,s1,80) using

cubical intersection on the table of Figure 11, detei -~ ir~ a

— 

~~~~~~TT~ T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .

~~~~~~~~~~~~~~
- -  — -
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UNION of possible algorithms . Let B1 be the set of simple

algorithms contained in the UNION of algorithms so determined.

(2)  Fran Y, ~ and D and the algorithms of Figure 12, determIne

a set B2 of possible algorithms .

(3) Lefine B = B~ fl R~. Using the table of Figure 12 and the

concept of inverse algorithms, define additional values of

Y and D;

Y a B(~ ,D)

-l

D a B
1(Y)

(4) Use cubical Intersection on the table of Figure U to define

additional values of (z,c,s1,s0) from B.

3.1.2 ~g~ at1on Approach

The behavior of the bidirectional shift r~~ i:~Ler can r~~:;ç, b e

defined by the following single cancnlcal equation :

Yl — Z 
~

+ ~ c[s1 ~~~~ 

+ 
~~~~. ~~~~ 

+ 
~~~~ ~~~~~~~~ ~ ~~~ 

y i+1
]

for 1 < i < n ;  ~here

- - - I
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -— —_-_-fl — -- -- —---
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-
~~ - D
~o 0

end

.

This equation actually represent s a set of n simultaneous equations .

The solution of’ this set of equations can be used to determine

implication .

EXAMPLE 7:

We will consider the same conditions as in Example 6. Substl-

tuting in the canonical equation for all signals which have

values of 0 or 1, we obtain the following set of sinxultan-

eons equations :

Y1= 0

• — ~2 
a ~0 

+ 
~~ 

= ~ + s~

+ S0 y4

= 5o ~
‘4 + S~ ~ )

5 

-

Fran the second equation, y2 = 0 , S0 ~ 1, is implied .

From the first equation Y1 0 Ic implicd. From equation 3

- with S0 
a 

~~, Y~ 1 Ir i~~~J ied. These result-c are identical

with those obtained previously in Example ~~.

—- - ---—--.- - - 
_______________ — -. — —.-—---—

~~
— -— ———-——--

~~~
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3.2 D-Drive for the Shift Register

This problem consists of propagating D’s from the control

signals, the Inputs ~ and / or the state variables to the outputs

Y by selecting appropriate input line values (0 ,1).

We shall consider the following two cases :

(A) Single-Time Frame D-flrive

Determine all input sequences of length 1 which can propagate

a D or D to any output .

(B) Multiple-Time Frame D- Drive

Determine all input sequences (of any length ) which C F n propa-

gat e a D or D to a specific outp ut Y1.

3.2.1 Single-Time Frame D- )rlve

• When signals can ~~cu”~’ t!- e values D and D t bf -  ~r’~)U r- d

signal values can be determined fran the tables of Figures 11 and 12

*by a process of coj~~os1tion . That is , the nci rmal machine executes

algorithm L~ result ing in outputs ~~~~~~~ ih~ faulty ::~~~~~~i:c

executes algorithm B~, on word ~~~~~ , resulting in BF (
~~~

). Both

The concept of’ composition can also be applied to determine implica-
tion of’ J a  and ti ’s.

- — — — - -- - - - -. —--- -—---- --— -a— -S - - —_-___- fl --._. _- .
~~~ - --- - -



- - ——_ _ _  - -— - -— - - - --— - -- -—- -—-- --

*- —~~~~~~
—------

I

BN (
~~

) and BF (
~~

) can be computed from the tables of Figures ii

and 12 and hence the composite value B~ (~~ )/B~, (~~) can be computed.

Alternatively, we could define a set of composite generalized algor-

ithms whIch could he applied to 5-valued signals . However , the

complexity of these algorithms would be greatly increased. For the

special case BN = B~. the basic algorithms for the shift register can

be easily extended to 5-valued signals .

The determination of inputs which propagate a D to an output

of the shift register can be computed fran the canonical set of sixnul-

taneous equations, or can be specified by a canonical set of propaga-

tion 1)-cubes such as those in Figure 13 which specIfy the propagation

of a single D signal to an output of the shift register .  These :~-

cubes can be derived in a manner similar to the : -algorithm uc i:.; the

tables of Figures U and 12. In using the 1)-cubes of Figure 13, it

should be recalled that y~~1 
a D~~1 and y0 =

EXAMPLE 8:

We wish to specify input values to propagate a D from S1

to Y with initial state
a-

(Y1~12~ Yy Y4 ) = (o,o,o,i)

and

a ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~

a (0,0,0,0,1,0)

a — -  - --- 
- - — 

- ‘
~~!~~_~~~ 1 ~~ ~~~~~~~—.- - - ‘  — -— -—‘-‘- —— — ‘

~~~~~~~
‘
~~~~~ 

- - - -
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Compos ite Z C S1 ~0 “1~1 ~~~~~ ~~+1 DiAlgorithm ___________________________________ 
______ 

Nut ~~ r

C/H D O  - - - 1 - - D 1

c/H D -  1 1  - 1 - - D 2

C/P D l  0 0  - - - 1  11 3
C/L 1 ) 1 0 1  1 - - - S
C/B D l i  0 - - 1 -  1) 5

P/H O D O  0 - 0 - 1  1)

P/H O D O  0 - 1 - 0  D 7

L/H O D O  1 1 0 - - D 8
L/H O D O  1 0 1 - - 5 9
R/H O D  1 0  - 0 1 - D 10
R/H 0 1 ) 1 0  - 1 0 - D U

H/L 0 1  D l  1 0 - - 5 12
H/L 0 1  D l  0 1 - - D 13
B/P 0 1  D O  - - 1 0  1)

R/P 0 1  D O  - - 0 1  D 15

L/P 0 1 0  D 1 - - 0 D 16
L/P 0 1 0  D 0 - - 1 5 17
H/R 0 1 1  D - 0 1 - 18
H/R 0 - 1  1 D - 1 0 - D 19

L/L 0 1 0  1 D - - - D 20

0 0 -  - - D  - - 1) 21
H/H 0 - 1  1 - D - - 1)

R/R 0 1 1 0 - - D - D 23

P/P 0 1 0 0  - - - 1) 1) 211
t ____________ _______________________________________ ______ ____________

FIGURE 13. ~~~~~~~~~~ F ( A ~~ T1(’N 0—C UBES FOR
BILI~ i~CT I L J L  ~~iII’T REGI~3TER

I

S I - - ——- ~~- ~~~— ~~~~~~~~ 
- - —
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Fran the cube 13 of Figure 13 we determine that by setting

z — 0, C — 1, 5o - 1, then a D. Similarly, from cubes

111 and 15, if Z 0, C a 1, S0 0, then = D and

y 1). The sane results could be obtained from the set of

simultaneou s equations der ived from the canonical character-

istic equation

a Z ë

+ ~ ~~~ ~O ~i 
+ 

~l ~~ Di + 
~i 

S0 y~~1 + 

~~ ~~ ~~i+l~ 
‘

To propagate a D fran S1 we obtain :

D ( D ) = Y
1

a 
~ C Yj~ ~ 

C[D S0 y1÷ ~ ~ 
D~ + S s

~ 
y11+ D 

~c ~1÷1
)

The solution of this equation renuire s Z 0, C = 1 whIch

simplifies the equation to

D(D)=Y
1

a D S0 ~ + 5 
~~~~~ 

D1 + S s
~ ~~~~~~~ 

+ D 
~~

If

— D y1 ~ ~

LI’ 

_ _ _ _ _ _ _ _ _ _ _ _ _

— 
~~ 1~~~ 

-.  — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — -.
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For the initial state

y = (o,o,o,i) and ~ = (o,o,o,o,i,o)

a D is propagated to Y~. If S0 
- 0,

— DD1 + D y 1÷1

and

a 5, — D

A formal procedure for single-t ime-fra me 1)-drive is as

follows:

Procedure 6.

(i) Generate a propagation 1)-cube corresponding to the D (or ~
)

elements of the signal vector (z,c,s1,s0,n,~).

(2) Compute the cubical intersection of the partially specified

vector (z ,c,s1,s0, D,~~) with the propagation 1)- cube gener-

ated in (i), if’ possible. If the intersection does not exist ,

* 
generate a diffe rent prop agation D-c’ibe i’rrl y c~’t.

3.2 .2 Mult iple Time Frar~ 1)- Dr ive for Shirt
Register

It may be desired to drive a 1) to a specific output Y~.

It is possible to tak e advantage of’ the f’unctIou~.1 behavior of the

_________- - -  - 
- --
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device to define input sequences by which this can be achieved. We

assume that error-free input sequences can be defined and it is

desired to derive such sequences one at a t ime, shortest sequences
*

first.

We will generate sequences of generic signals , H , L and H.

These must be translated into a sequence of signals on the approprie.te

control lines. Notice that the generic signal H can be translated

into two different sets of signals on the control lines. For the

shift register we assume we wish to drive a D from Yj  to Y,~,

where (without loss of generality) I i  - i i  = k. Consider the

following gene ration rules for a unidirectional shift register.

(Assume the shift register can shift in one direction, denoted by S,

and that i <j ) .

Given solution number K, solution number K + 1 can be

obtained by using one of the following three rules (only one will

apply), u~ in.~ t~-ie ~“~i1c-~~’ - t~ t 1~~~: ~
a 

= x x (a t i r~’~~) and

= a sequence of S’ s or H’ s, or both.

‘If this assumption Is not valid the complexity of the multiple time
f rame approach is drastically increased and its use is probably

• unwarranted.

4

_____  ____ - - —‘--—— - -- -- -----  —•-
~~~ — -- -. - 

____________________
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Rule 1:: Push the leftmost H to the left , one posit ion :

K : Sa HZ

a iK + 1 : S H~~ 
—

Rule 2 : :  Start new sequence :

K : H ~~S~~H~~
f~ 1 ca.-] . ; Q > 1 ,~~ > 1  .

K + l : S  H S~~’

Rule 3 :: Creat ion of longer test sequence :

K
.

K + 1: S~~
’1 H~

”1 S’

For bidirectional shift registers these rules must be modified by

changing S to B for a right-shift , or by chang ing S to I. for

a left-shift., It is also necessary to add the foll~ ‘L’-~- rule.

Rule 4: : Given a previously genera ted sequence:

K: ~ H H ~

K+ l: ’ L B >~

for a net right-shift (or

K+1: ” R L  >
for a net left shift) .

— - - - - ~~ •~~~ -- 1~~~~~~ -~~~~~~~~~ -- 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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Note that now two rules may be applicable to a given sequence K and

hence K + 1 is not uniquely defined. All applicable rules are

applied at each step to guarantee generation of all sequences. Some

sequences may be generated more than once.

WNPLE 9:

We will apply the previously presented rules to generate

multiple time frame sequences which shift left three

positions.

No. Sequence Derived By

(1) LLL

(2)  LT]~L ?~ile 3 frc’~-~ (1)

(3) Lu LL Rule 1 f’ron (2)

(4) HLLL Rule 1 fran (3)
(5) LLH}1 Rule 3 from (11-)

(6) LLRLL R u le 4 t r o m (5)

(7)  id:E~L Rule 1 from (5)
(8) i-ILIiL Rule 1 from (7)

(9) LHJ{LL Rule 2 from (8)
(io) nru~i1’~ Rule 4 from (9)
(ii ) HLHLL Rule 1 fran (9)
(32 ) HHLLL Rule 1 from (ii )

(13) RLJ-JLL Rifle 11 ~‘i- a-i (12)

(14) LLRLHL 
— 

Rule 3 f ran (~ )

• -- . - - fl r’ C -‘‘ -—



~—~~~~~~
- - - - 

_ _-p
~ - --- - - -  - —- -__-

- li.7 -

These rules will succeed in generating all sequences, shortest sequence

first , but may generate some invalid sequences (i.e. sequences which

do not drive a D from to Yj  since the D may be shifted out

of the register before reaching Yj )•

It niay be possible to derive better rules which eliminate this

problem. However , in general , this may be quite difficult and it may

be getter to generate the invalid sequences and eliminate them by

performing a quick test on the pref ix of the sequence.

A more interesting problem is the relative complexity of this

multi-time frame approach to 1)-drive with the classical single-time
*frame approach originally presented by Roth.

Consider the problem of driving a D 2-bit s to the right In a

bilateral shift register and the following (partial ) tree of solutions .

(Note : Circled nodes are terminal in Figure ll~ below. ) A single-time

frame approach would first justi f’?j an R , then if successful a

second h, which if unseccc~.s:ul wouj d tLeri try an z , etc., ar.d,

in general, walk down the tree (using local backup ) in a righ t-to-

left manner.

The disadvantage of this approach is that It may find, a

solution which is very poor (i.e. requires more than the minimal

number of time frames. For exampir’ it may find a solution R}~~~~”1U~
in th~ ahov’~ ~‘xar~ple when the optir-~’.l sol’~tion is }flU-~.

A multiple time frame input sequei,ce is ~~~“rated as a sequence of
sin~lc tine frame inputs.

- - - -
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~~GIN

L41 
L

~~~~~~~~~~~~~L /2~~~~~~~~~~~~~~~~®

/1
FIGURE 14

The advantage of this app roach is that a failure at a high

level non-terminal node will prune a large part of the tree. For

example, if the first B fails, the right-most third of the tree

$ Is eliminated rn~ r~ ny te~-r~i~ ”l nodes (ruru -i r~s H H ~-: , R L B B,

B H H R , etc.) need not be evaluated.

To Improve the computational aspects of t 1~~s technique , a

dynamic bound on depth of tree search can be impo.~eJ . This would

cause the high-level terminal nodes on the other part s of the tree

to be considered before low-level terminal nc- -~es on the right-most

part of the tree. It m Is the length e~ t~~ ’~ shortest possible ~~
—

drive sequence , the bound might be m + a for acme constant ,

positIve integer Cr > 0.

-
-S
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The multi-frame approach uses a set of rules to generate

terminal nodes of the tree with all such nodes at level i being

generated before such nodes at level j , j  > I. For the purpose

of this analysis, it is assumed that the control unit generates a

potential solut ion and gives it to the main program for evaluation.

If it is rejected another solution is generated.

To be computationally efficient the information acquired in

evaluat ion must be utilized in determining whether or not to evaluate

future potential soiuticns. Each rejected potent ial solut ion has

associated with it a proh ibited prefix (i.e. no actual solution

will have this prefix). If these prohibited prefixes are stored in

a table the potential solution can be matched against this table be-

fore evaluation. (This can be done either by the control unit or the

main program.) A more elegant solution would be to have solution-

generation rules which prevented the generation of potential solu-

tions with prohibited prefixes. However , this would great 1y increase

the complexity of these rules and would not result in a significant

savings since it appears that the complexity of evaluation of a poten-

tial solution is much greater than that of g-~n~ ration and table com-

parison of potential solutions .

3.3 Line Justification of F-!~~ftR” icte r

Line justification nay also be considered as a sIngle-t- i~ .c

frame or multiple-time frame prot ’lem.

- - - --“ -- —. - —---- -
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3.3.1 Single-Time Frm~e Line Justification

For single-time frame line justification the same general pro-

cedure that was used for shift register implication (Section 3.1.1)

can be applied. Let be the set of possible algorithms defined

by the (partially unspecified) control inputs. Let be the set of

possible algorithms defined by ~~ , D arid Y. Compute B.~ fl and

define additional control inputs and values of and ~ using ‘he

tables of Figures ll and 12. Alternatively, the set of simultaneous

equations defined by the canonical characteristic equation can be

solved.

X.AMPLE 10:

Assume we wish to justify the outputs :

Y (o ,1,i,o) with ~ = (x ,x ,x,x ,x ,x)

(x,O,x,x) and (z ,c,51,50 ) (o,1,x,”)

Then

~ [P , L,R~ and = fP ,L)

• (P , L)

Justification solution ~o. 1 - Algoritb n P, S1 
= S
0 

= 0,

(x ,0,1,1,0,x ) .

1

_______________________________________________ — -— 
S 
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Justification Solution No. 2 - Algorithm L, S0 1, S1 — 0.

y = (x,o,l,l), D = (x,x,x,x,x,O).

3.3.2 ~~1t iple-Time Frame Line Justification

The same comments which were made for multiple-time frame D-

drive are applicable here. The problem of interest is to develoj

rules which will generate all sequences which justify a specific

register value . We will us e the following notation :

Ba - shift right, shift in value a, a = 0,1, x
La - shift left , shift In value a, a = 0,l,x

P - parallel load values abc ,... a,h ,c ,E 0,l,xabc ,...

We will demonstrate the generat icn of the tree of all solutions ~‘or a

specific register value for a 3-bit bidirectional shift register.

- (Nondeterm i~iistic -~ I ’ n - ~ Jw~~if ieat ion (~— ‘ r~’- - - ‘~~~~~~
-- - : u T c ~i

(i) Apply sequence 
~abc

(2) Replace 
~abc 

by 
~bcX 

B

(3) Replace 
~abc 

by 1’Xab Lc

*Nondeterministic implies th-i~t if irore than one rule can be applied ,
all such rules are applied ( I n  a cme sequence).

- 

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

— -
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(4) (a) Replace 
~abc 

~~~~~ H 1’abe

(b) Replace 
~abc 

~ ~‘~‘ 
~abc H ~ where ~ is not null ;

(c) Replace B by H Ra
(d) Replace Ba 

‘
~ by R~ H ~ where ~ is not null ;

(e) Replace La by H La ;

(f) Replace La ~ by La H Z where Z is not null.
0

These rules will generate a tree of all solutions. ~ow~ver , the same

solution sequence may be generated in different ways.

PDCAMPLE ll:

To justify the value (y3,y2,y1
) = (0,1,1) in a 3-bit

shift register, the foiioc~ii;~ solution tree (to a depth of :~
)

is generated. The parenthetical numbers indicate t’-.~ r ç e c i f iC

generation rule ut ilized..

- - —-  - - - — — — .----- - ------S.-- - 
-
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4. Up—Down Counter

In thIs section we will consider a general n-bit counter of the

type shown in Figure 17. Under normal operation this device can perform

four functional operations .

(U) Count up - the contents of the register are incremented

by one ;

(D) Count down - the contents of the register are decrenentec

by one ;

(L) Load - the contents of the register are set to the values

of the data input s Di,...,Dr ; and

(H ) Hold — the contents of the  regicter are llnchrnc :ed.

The functional behavior of this device is determined by the

values of four control signals (C,U/D,G,L) as specified by the follow-

ir~ t ftlc.

L C U/ ti G A1~ orIthn

0 - - - (L) Load

1 - — 1 (H )~~o1d

1 1 - 0 (H ) Hold

1 0 1 0 (U) Up

1 0  0 0 (D) Do’wii

FIGURE 16

_ _ _
~~~~~~w-- - - _____~~~~-_ -- ~~~- - - — - -- - -
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Clock~~- - N --- -— -- — - —

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

--—

~~~~~~

- - - 

~~ 1 Ripp le

Down/U p- - ~~~~~~~~~~~~~~~ 
- 

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

—-- - - Clock

r1 J ~~~~~~~

/ ____.c.Max/M in

r :~ : LD~ 

Output

~~ 4 11 

~~~~~ ~~~

-tt

~~

-

~~ 

t ~~~~
. 

~
_j 

~~~~~~ Output  y~
Enable ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~ 0 - . (1 s b

_ 
. . .

• - ~PI.~~s ~ - -i—-c Output 
~ a

D
3~~~ - - -

- ~
-
~~

D-
~DL,r iJ~Th ~~~~~~~ Outpu t  Y 3

I ‘

~~ D~ L

t H ~j L~~~~~~~~~~~~~~~~~
1

-

~ 

- 

IT LF~ IL1f1tD 
~D~- ~ {:f~E’ ~ ~~J D i

I L 
-J-

; Load ~ ~
-
~> - - —

-

~~~~ — —- - -- --

1~~ig I I  rt ~ 17

_______ - -  .*-y_
~~~~~ - - —
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-

- -



_ __ _ _

- 5 6 -

11 .1 Implication for UP/ W~iN Counter

Implication can be performed using a tabular approach or an

equation approach.

The tabular approach ut ilizes an input mapping table which

specifies the functional behavior of the device for any values of the

control inputs. Allowing inputs on the control signals to have the

values 0,1, . - , there are (3)~ = 81 possible input conditions. The

table naps each of these ~1 input conditions into one of 15 ~‘~cssi-

ble algorithns which correspond to the UNION of the four basic algor-

ithms previously listed. The input mapping table for the ISP/D(MN

Counter is shown in Figure 1E.

The algorithms for the , counter are more cc-~p1ex than for the

bidirectional shift register and are defined as follows :

~~~
Counter A1

~
orIthtr -

~

(i)  U (COUNT UP) - i) all bits to the left of. the least significant

0 are U 11CL~11.f f1 )

ii)  all bits (if any ) to the right of and including

the least significant 0 whIch are also to the

left of and including the least significant x

become x;

i i i)  least significant 0 becomes 1 if it Is to

the right of least significant x; and.

- —:---
-

----
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C U/D G L Algorithms No. of Input Conditions
__________________ _________________________________ Uniquely Correct

- - - 0 Load (L) 27

x x x 1 Up-down or hold (uDl-r) 1

- - 1 1 Hold (H) 9

- - 1 Hold (H) 6
0 x 0 1 Up - down (UD) 1

0 1 0 1 Up (U) i.

0 0 0 1 Down (D) 1

x 1 0 1 Up or Hold (UN) 
27

x 0 0 1 Down or Hold (DH) 1

x x 0 1 Up, down or Hold (uDH ) 1
0 0 x 1 UH - - 1

0 1 x 1 DH I

0 x x 1 UDH 1
x 0 x 1 Dli 1

x 1 x 1 DH 1

1 - - x Hold or Load (HL) 9
- - l x  11 6

0 x 0 x Up or down or Load (UDL) 1

0 1 0 x Up or Load (UL ) 1

0 0 0 x Down or Load (DL ) 1

o 1 x x Up, Hold or Load (UHL ) 1

0 0 x x Down, Hold, Load (lu lL) 
27

0 x x x Up, down , hold or Load (UDHL ) 1

x 0 0 x DIfL 1
X 1 0 x UrL 1
X X 0 x Ufl L 1

LI x 0 x x DIlL 1

x 1 x x UHL 1

x x x x UDHL 1

p

FIGURE 18

_ _ _ _ _ _ _  - -  .11 _ 
-
~~~~~~~~~

_ —
~~~~~~~~~~~~~~~~~~~~

‘- - - — —.— -
~~~~~~ 
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i~i) a rightmost string of l’s (if any ) become 0’ s.

~ CAMPLE : l O i x O l l  C x x i x  111
~~~~-~~~~--~~~~ ~~~

—
~~~~~
--

~~~

l O l X O l l  X x x X X  0 0 0

by l) by ii) by iv )

A flow chart for this algorithm is shown in Figure 19, where

n is the number of bits in the register.

Set i 0 ]

_ _ _ _ _  

~~~Exa~~~~~bit~~~~~~~~~~~~~~~~~

Set b1 = 1 rSet I = I + 1 Set b1 = 0, Set I = i+ 1
_________________________________-

~~~ ~i:~ i:
/ Examine hit

I
_ _ _ _ _ _ _ _ _ _

/

8et b 1 x 1  Set b 1 X

J

I > n?

_  _  1111
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*4 *4 *4 *4 *4 *0 *11 *0 *4 *11 *0 *0 *4 *4 *11 *0 *0 *4 *0 4* *4 *11 *4 *0

(2) D (Count down ) - i) al]. bits to the left of the least signifi-

cant 1 are unchanged ;

ii) all. bits (it any) to the right of and in-

cludin,g the least significant l’s which

are also to the left of and including the

least significant x ’s become x;

iii) least significant 1 becomes 0 if it is

to the right of least significant x; and

iv) a rightmost string of Ot s (if any )

become l’s.

[ 
Note duality of U and D algorithms

*0 *0 *4 *4 *0 *4 4* *11 *0 *0 *0 0* *41 *4 *4 *0 *0 *0 -0 * 4-0 *0 4* 4-I- -*0

(3)  H (Hold) y~ y~; 0 < i < n

*0 *0 *11 *0 *41 *0 *11 *11 *0 *4 *41 *41 *0 *41 *41 *4 41* *0 *4 *0 *41 *0  *4 *11

-

~~~ 

( 14) L (Load ) = L~.; 0 < i < n

.0* *4 *4 *0 0* *0 *0 4* *0 *0 *41 041 *0 .0-0 *4 .041 *41 *4 4141 *0 *0 0* 4141 *4

(5) IlL (Hold or Load ) - Compare Algorithm

Compare y~, D~1 if D ~ =

if D~~~~ y1 ~~ Y~~~~ x

410 *0 *0 *0 414 0* *31 *0 *4 *0 *4 31* *0 *33 *0 4-31 *91 33*- *0 *4 *3 1 *4 41-31 -3~*

(6) ull (up or Hold ) — All bits to the left of the least signif icant

0 are unchanged ; all bits to the right of and

including the le~~
4 r i r . n t f i ’~ant 0 become x

*41 41-0 *0 4-3’ 41* 33* *11 *4 *41 *41 4 3 ’  4* 4-31 ~ -3’ 4 -3’ 4 31 33* 4-33 .04 .0-p 3341 * *41 -~~~~

(1)

- —-C ~— •~~~~~~~~~~~~~~ -_-_ . —
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*41 *31 41-33 41*0 *33 *11 *41 *31 -334 *0 41* *4 *4 *4 ** *3 3  *0 41-31 -33 -31 41-31 *31 0* *0 *0

(7) Dli (Down or Hold) - All bits to the left of the least significant

1 are unchanged. All bits to the right of

and including the least signifIcant 1

become X

4* *41 *41 * *41 414 *41 41-31 *0 *4 *41 43-31 *4 43-31 *0 *4 -334 *0 4* *31 4*4 *91 41-31 *41 *31

(8) uD (up or Down ) - i) All bits which are to the left of both the

least signifIcant 0 and the least signifi-

cant 1 are unchanged ;

ii) All bits to the right of and including the

least significant 1 or the least signifi-

cant 0 become x except bit b0 which

is complemented (it it was 0 or 1).

~~ J~PLE:

O x x x l x  > x x x x x x  (Rule i i) )
0 x x x 1 1 1 —-

~~~ x x x x x x 0 (Rule ii) )
0 0 1 x x > 0 x x x x

Rule Rule
I ii

(9)  ui~ (up or Load ) i) Perform U Algorithm ;

2) then compare y
1 

with D
1
. If (D

1 
= y

1
)

th r- n leave y~ unchanged. If (D
1 ~ y1

)

then y1 
c~—~* x

43 -0  41-33 *4’ -0* *31 41-0 *4 -33* 9141 41* -334 * 3 3  *4 -~-33 93* *31 3*  41-0 - 3 3 3 ’  - 3343 414 41-0 *-~ 4 1 3 ’

I

- - ~~ - —  ~ - ~~ — -~‘- -— ‘- - —~~ ~~
- —  - - ‘ .  - -
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*4 *4 *31 41* *0 4-31 *31 *91 *0 *0 *9* *0 41-31 *41 4-31 *31 *ii *31 *91 41-31 *4 *91 91-0 91* 41-31

(io ) DL ( Down or Load ) 1) Perform Down (D) Algorithm ;

2 )  Then compare y1 with D~. If

(D
1 y1

) then leave y1 unchanged .

If (D i ~ ~~ then 4— x

*0 *0 *0 *31 41-31 *31 *0 *3 1  *0 41-31 *4 *31 4-31 *4 9111 *31 *31 *4 -31-31 *91 41-0 *31 *31 *41 *31

(ii ) UDH (Up or Down or Hold ) 1) All bits to the left of’ both the least

signifIcant 0 and least significant

1 are unchanged.

2) All other bits become x

1~ e: This is the same as UD algorithm except for bit

-31-31 *31  *4 4-33 *91 *31 4141 91-31 41-3* *31 -31-3’ *31- *41 3* *4 1 4 1 *  -31* -0* *0 *0 -333 41-0 41-31 41-0 *31

(12 ) UDL (up or Down or Load ) i) Do UD algorith-i .

2 )  Then compare y1 with Di, if

(y1 ~ D1
) set y1 ~— X

*31 -31-3’ 91-31 -33 -li *3’ -0 -33 33 -31 *41 3-33 -31-31 -33-0 *31 4-31 -3’-, -L -33 4 -33  -33 -33 4341 -31-33 - -~ 
-
~~ * 4-31 p -* -31 -3’ - 4*

(13) DIlL ( Down or Hold or Load ) 1) Do Dli Algorithm ;

2 )  Then compare with D~ . If

(y~ ~ D1) set y , — x

41-31 91-P *31 414 4-31 41-31 -3341 41-3* *91 *31 *31 4(4 *41 *41 -0* 41-0 4* -31-0 4341 *31 9141 41-31 *0 *4* 41-33

(i4 ) U t L  (up or Hold or Load ) 1) Do UH algorithm.

2 )  Ther~ compare Yj with Di . If (y~ ~
- - 

‘~i~ 
set y1 

4-- X .

41-0 -0 -31 *91 *0 41-31 41* 41-0 -3341 *43 41* *0 *33 41-91 91-3* 43-31 4343 s * -0* -33 -~ -0 r -0* -33 -0 4343  -0 -33 *33

______ - - --~~ -__- —.~~~~- -..- --~~~- - -  - ~~~- - . - —  - - -
~ - -
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*3* *31 *133 *3* 41-Il 41-Il 41-0 *0 41-0 *41 *0  4*9* *31 *41 4141 *0 *31 41-Il 91-0 41* *0 41* *0 *41 *-*

(15) UD}{L (Up or Dow-n or 1) Do UDH algorithm.
Hold or Load)

2 )  Then compare y~ with D1. If

(yi~~~
Di

) set i— X

91* 41-0 *33 *0 41* 41-0 *31 *31 *31 *4 -0-31 *0 4* *0 -0-31 *0 *31 *9* 4* *31 43-4 4* 4141 4-0 *0

These algorithms are independent of the specific implementation

of the UP/DG4N COUNTER • The table mapping control inputs Into algorithms

will , In general , be implementation dependent.

Equation Approach:

The two tables just considered completely specify the behavior

of the counter and can be ur”~ for implicat ion, D-drive and line justi-

fication. Alternatively, the counter can be described ty the following

canonical characteristic equation :

Y~~~~~~ C L ~~~~~+ ( L G ± C ) ~~

Load Hol d

+~~~L ö- u :: y +~~~L a u  
ri

all all
j < i  j < i

—  %~~-~~~~~ --
Count Up Count Down

The table of Figure 18 and the cc~:nt er algorithms can be used

to perform imp1icat1c~-i in a manner similar to that u~~’~ for the shift

register.

— - 
- - - - - --~ - -

~~~~~~~
-— —— -

~~ ___
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Let B (H,L,U,D) be the set of four primitive functional

algorithms of the counter. From the values of the cont rol inputs (C ,

U/D, G, L) and the table of Figure 18, a set of possible algorithms

B1 C B is determined. Similarly, from the values of Y, ~ and I)

another set of possible algorithms P~ C B is determined.

Specifically,

H £ B2 in° (Y1 e ~~ ~ 1

all I

L ~ itt ~ D
1

) ~ 1

U c ~~~ L (u(~) ~ ~ 1

all i

D ~ B2 iff (D(~) ~ 
y
1
) ~

The actual algorithm must be in the set B1 fl B-i . From this

set and the table of FIgure 18, using cubical intersection, additional

values of the control inr—;t.s may he Imp1ii--~. From the counter algor-

ithms, additional values of the outputs Y may then be inpilea. The

counter algorithms can also be used to determine implied values of y

and ~ using the concept of inverse algoritbi~is. For the counter,

the Inverse relationships are a~ follows :

‘i

i 

_________________________________________________________________________________________— - ~~~~~~ - ~~. 
‘-dr - — 

~
—

~
-‘- —  :-—

~~~~~~ --•—0
~~~ -~~~ .-..—t -w~

_
~-.

—
----- -—-I— -
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U 1 D

D 1 = u

L 1 = L

H 1 = H .

The following example demonstrates both the tabular and equation

approach to implication for the UP/DO.iN Counter and illustrates the

deficiencies of e~tch .

WMPLE:

(a) Consider an 8-bit counter and suppose (C , U/D, G,L) =

(o , x , 0 , x). From the table of Figure 18, the implied

algorithm is UDL. If

= ( o l o l l o x o )

and
4 

= ( 0 0 1 1 0 0 0 1 )

then the implied state vector , determined from the counter

a1gorithr-’~ is

3 ( O x x l x x x l )  .

Using the equation approach we encounter a problem. We have :

— t Dc~ 
+ (i~ G + C)y

0 
+ C L ~ U IT y + C L ~ t U

0 j < o

— l•X.1 -I x.O.O 4 ~~~~~~~~ 1.x.1 x.l x

t

— - - -‘ 
- —

~~~~
—-—“ 

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

~~~~~~~ 
—-—--------—-— —--—--- - -
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The correct answer (which was determined using the tabular

approach ) is Y0 = 1. This problem is caused by the fact that
- x.

(b) Consider a 6-bit counter and let

(c ,u/D- ,G ,L) = (O , x , x , x)

and

= (0,1,1,1,0,1) , ~~ = (x ,1,o,x ,x ,x)

and

y = (O ,o ,l,x ,x,x)

Fran the table of Figure 18 = [U ,D,H,L~ and from

and ~~ , B
2 [UI . Consequently,

B
1f l B 2  =

and from Figure 18 the signal values L = 1, G = 0,

and U = 1 are implied.

y = u~~(~ ) b (y ) = (x ,x ,x ,x ,x ,x)

p (i.e. - nothing new implied.)

Y U (y )  = (O ,x ,x ,x , x ,x)

implies Y
5 

0. After completion of implication :

Y = (O ,l,O,x ,x ,x )  , y = (O ,0,l,x ,x,x) ;

(c , u/D , G , L) = (0,1 ,0,1) 

~~~~~~ - _--
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Note that th ’~- algorithms ~~~~~ ‘~ra~ le us to correctly infer that

y2 y~~ — y 0 = l  &nd Y2 - Y 1 = Y 0 — 0 .

We will now attempt to solve the same problem using the equation

approach. As we shall see , although th is requires the solution of a set

of simultaneous equations , it may lead to a less pessimistic answer than

the algorithm approach ,~ust considered .

o C L D
3 

+ (L G + C)y3 + ~ L ~ U y0 y1 y2 ~~

+ ~ L ~ ti 
~ ~2

— L  + L G  + 0 + 0

+ G ~ L = l , G 0

= 1 = ti L D~ + (L G + C)y4 -i C L G U y0 y]~ y2 y4 y~

+

= 0 + 0 + U y0 y1 y2 + 0

~ U - i , y0 y1 y2 = l

From the equations for Y0, Y1 and Y2 we conclude that:

Y — Y = Y2 — 0 .0 1

~~-
‘ 

--‘ ---— - ~~~~~~~~~~~~~~ -  —



- -- -----  --- -- -

-66 -
4

In part (b) of the revious example the difficulty encountered

in the Algorithm-Table approach reflected the fact that even though the

algorithm U was implied, the effects of this implication on Y was

determined only by examining ~ and vice-versa. The implications of U

and the combined values of Y , ~ are not considered.

11 .2 1)-Drive for the Counter

This problem consists of propagating error sic~na1c, D or D,

fran the control signals, the data input s ~ and the state variables

y to the outputs Y. We shall again consider both single time frame

and multiple time frame D-drive.

14 .2. 1 S r-~Te TI~~~ Frmi e 1)- Drive

When signals can assume the values D and Ti the implied

signal values can be determined from the table of Figure 18 and the

counter al~~or i th ~~3 by the ~ nc~~i~~io~i process.

The deterrninat ion of inputs which propagate a I) to an output

of the counter can be computed from the canonical set of simultaneous

equations , or can be specified by a “ canonical” set of propagation D-

cubes such as those in Figure 20 which specify the propagation of a

single !) signal to an output of the counter.
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0

Composite L C U/D G D~ y1 
11 y 1~ Y1Algorithm j  < i j  < i 

______

H/L D - - l  1 0  D
H/L D - - 1  0 1 D

H/L D l - -  1 0  D
H/L D l - -  0 1 D
U/L D O l O  0 0  1 D
U/L D O l O  0 1  0 D
U/L D O 1 O  1 1  1 Ti
U/L D O l O  1 0  0

H/U 1 D 1  0 - 0  1 Ti
H/U 1 D 1  0 -  1 1 D

H/D 1 D O  0 - 0  - 1

H/D 1 D O  0 -  1 - 1 D

U/D 1 O D  0 -  0 1 - D

U/D l O D O  - 0 - 1 D

U/D 1 0 D 0  - 1 1 -
U/D l O D O  - 1 - 1 D

-
~ H/D 1 0 0 D  - 0 - 1

H/D 1 0 0 D  - 1 - 1 D

H/U l O l D  - 0  1 Ti
H/U l O l D  - 1  1 D

L/L 0 - - -  D D

H/H 1 - -i  - D - - D

• H/H 1 1 - - -  D - - D

u/U 1 0 1 0 -  D 0 D

u/u i o i o  - 1) 1 Ti
DID 1 0 0 0 -  D 0 D
D/D 1 0 0 0 -  D 1 Ti

FIGURE 20

“

c 

_  _ _ _ _ _  _
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~.2 .2 Mult iple Frame D-Drive

In this section we will cons ider the problem of driving a D

from a bit yj  of the counter at time t to a bit Yj  of the counter.

We wish to generate one at a t ime, all error-free input sequences, which

can accomplish this .

In the case of the counter the input sequences will consist of

u (up), D (DCMN ) and H (HOLD) symbols. (Loads cannot occur since

they will wipe out the 1 in the register.)

Let S be a sequence and juI~ be the number of U’ s in S;

and fDI 5 be the number of D’ g in S, for all k which satisfy the

following constraint:

Let the state of the good machine represent the binary

number N 1

Let the state of the faulty machine represent the

binary nu— •~ -‘ r ~. , .

Then, k must be such that the binary numbers N1 + k

and N~. + Ic diffe r in hit  j  (i .e.

+ Ic) ~ b~~~1 Ic)

where b1(x ) is the value of the i-th t i t  in the

b inary representat ion of the numt~er ,c)

p

-
~~~~~_ :~~- - 

• —. - -- ,  .—•4 .— - --------~~ • —.- -— --—- — — - - -

~~

- ___________ ______
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Of course, t r ~ interesting problem is how to generate these

sequences in a co~nputationaUy efficient manner. This problem is

almost identical to t u t  actually somewhat easier than the same problem

for shift registers.

(ii For a shift register , a sequence S consists of

R’ s (Right Sh1ft.~), L’s (Left Shifts ) and

Hold ’s (H). We wish to generate all sequences

such that

1R 1 5 lId 5 = Ic

For 0-drive in this case, there is a unique value of Ic

which is quite easily determined in contrast to the

counter which m ay  have many values of k.

(2) For the shift register case som e sequences generated may
~~~/

- -~~ 
not be valid 1-c~c~~~ c they may contain a prefix which

causes the D to he lost (e.g. a D in y1 is lost

if S has the prefix of R ) .  However, for the counter

• this never happens since for any Ic :

• (N1 + Ic )  mod 2~ = ( 4 k) mod

iff (N1) mod = (N2) mod 2 r1

)

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
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Of course, the interesting problem is how to generate these

sequences in a computatlonally efficient manner. This problem is

almost identical to but actually somewhat easier than the same problem

for shift registers.

(i) For a shift register, a sequence S consists of

R’ s (Right Shifts), L’ s (left Shifts ) and

Hold ’s (H) . We wish to generate all sequences

such that

f R I 6 - I H I 6 = Ic

For 0-drive in this case, there is a unique value of Ic

- 
which ‘s quite easily determined in contrast to the

counter which may have many values of Ic.

(2) For the shift register case some sequences generated may

not be valid because they r~~y contain a prefix which

causes the 0 to be lost (e.g. a 0 in y1 is lost

if S has the prefix of F) .  However, for the counter

this never happens since for any Ic :

(N1
+k) mod 2~~~~ (N2~~ k)mod 2’1

1f f  (N 1
) mod = (N2) mod

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

-
~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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4

(3)  The problems as to relative efficiency of walking down

a tree of solut ions as opposed to hopping between

terminal branches seems relat ively the same .

Thus, the same rules as for the shift register case can be

used to generate the multiple t ime frame propagation sequences for the

counter if the value of each bit of the counter is 0, 1, D, Ti. The

presence of an x in bit Ic < i of the counter may make it impossible

to propagate a D from yj  to Yj •

14.~ Line Justification for UP/ DG~TN Counter

14.3.1 Single Time Frame Line Justification

The same general procedure that was used for counter ir~p1ica-

tion can be applied. Let B,1 
he the set of possible algorithms de-

fined by the control input valueB. Let be the set of possible

a1gorith~ s defin -i. by the values of y, D and Y. Compute 2~ fl

• P and define additional control inputs and values of ~ and ~ using

the table of Figure 19, and the counter algorithms as specified in the

• following general procedure .

j

a

• _______
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I.

Procedure:

(Single Time Frame Line Justification for Counter)

(i) Gene rate B~ fl

(2) Select a primitive algorithm Cr in B
1 

f~ if one exists.

(If none, justification is impossible.)

(3) Specify inputs (C , U/D , G , L) to appropriate values for a

us ing cubical intersection on table of Figure 19.

(4)  Specify y a~~ (y) unless Cr L, in which case D = cf
1(y).

(Note : H 1 
= H, L 1 = L, = D and D 1 

= u.)

(5) Nonr al backtrack can be used to generat e other possible

jut if icat ions .
0

Alternat ively, the set of simultaneous equations defined by

the canonical ~ iaracter1stic equation for the counter can be solved.

I’

~0(A?~FLE: Consider s Is-bit counter ani assr’~-e

— (o,i,o,i), y~ = (x ,x,x,0), ~ — (x ,x,O,1)
P

and

- - 
(c , u/D , G , L) = (x ,x,x,x) .

p

• t o  

~~
- :

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

~~
••- - -—---•-

- 
-
~~ 

• — •— —
~~~~~~~

•--•- ---— - -J• -
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Then

— (TJ,D,H,L) and B2 = (U ,D,L) =

Justification No. 1:

Select Cr = U. From Figure 19, C = 0, U/D - 1, G = 0 and

L 1. Furthermore , ~ = u~~(Y) D(0 1 0 1), which from the

Counter Algorithm for D implies ~ = (0 1 0 o).

Justification No. 2:

Select a D 0 From Figure 19, C = 0, U/D = 0, G = 0 and

L — 1. Furthermore , y D 1(Y) = u(o 1 0 i) , which from the

Counter Algorithm for UP implies y = (o 1 1 o).

Justification No. 3:

Select a = L. From Figure 19 this implies L 0. Furthermore ,

D — L 1(Y) = L ( O l O l ) = ( O l O l ) .

14.3.2 Multiple Time Frame Line Justification

In this case we may wish to specify all Input sequences which

can be uaed to ju stify a counter state Y from some past counter state

The set of all such input sequences can be expressed in the form

of a tree . Note that it y is completely unspecified (i.e. y =

(x,x,...,x ) )  then the justi fying ir put sequence for the counter must

I,

- 
— —w rw’n-’ .~~ - -  ..•~~~~~~
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I

contain at least one LOAD (L).  The number of possible justi fying

seuqences with L’ s is practically limitless. If is at least

part ially specified , then the set of input sequences which can j ustify

Y fran y (excluding those sequences containing L’ s)  may be able

to be expressed in terms of U~ - D5 (the net count increment) .

Without loss of generality consider a 3—bit counter and let

Labc denote a parallel load of the contents abc into the register.

The following rules can be used to generate all multi-time frame input

sequences which results in contents abc.

(i) L b

(2) Replace Labl by the sequence L
a~~ 

U;

(3) Replace L
a~~ 

by L
bl 

D;

( 14) Replace Lao by L 01 U;

( 5)  Replace L
01 

by L
~~0 

D;

(6) Replace L1~~ by L0~~ U;

(7) Replace L011 by L1~~ ~ ; an~

(8) Replace L
abc 

by H L
abe 

or Labc H.

~D(AMPLE:

- Consider a 14-bit counter for which we wish to justi fy the

contents Y = (o X 0 1) . Figure 21 shows a partial tree of

solutions and a directed state graph for this problem.

p

I
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5. Surmnary

In this report we have shown the feasibility of developing

functional models for use in an A~~ system. The models meet the require-

ments imposed by an ATG system based upon the concept of path sensitiza-

tion~, We have demonstrated this feasibility by looking at three specific

element types , namely a flip-flop , a counter , and a shift register.

Specifically , we have considered the follca~-ing subpr ~ems :

(i) implication (including backwards implication, a

special case of line justification);

(2) 1)—drive )
) ~) ir1 1e ~step) time fra~e and

~~i1tir1e time fr~~ e.

(3) Line justification )

Two distinct approaches have been presented :

(A) an algorit~—•rnIc approach - treats functional box as

an r~’.gorithm g~r~-’--a~or,

and

(B) an equation approach .
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