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. . ABSTRAQQ'™

This thesis is concerned with the problems of combined.

1

‘asynchronous and synchronous machines which are called

M . !
- hybrid machines. Initially conditions are 'given for con-

.

——-M-f—necting_an—asychronbns—machine—tQ~a—synchrondu5“machine*and‘
Al .

vice versa. Methods are:pfesented‘fo; decomposing, if it is
possible, a given sequential machine into two machines, one
. S . SO

. . . o
- which is synchronous and the other asynchronous. A .th@orem

for inserting delay elements into asynchronous circuits to

form a hybrgd.circuit.is presented. It is shown that.hyhrid
machines can be used to eliminate not only critical races,

but adso essential hazards from jasynchronous circlits.
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~~CHAPTER—1—

‘are taken: One method“i

. INTRODUC TION

This thesis is'brimarily concerned with the relation- .

-

. W
shlp between two classes of sequentlal machlnes' synchro- "

\ i

nous and asynchronOus.P In brlef the maln object is to

)
by studylng the connectlon of

. 3o |
comblne the two classesgjf,machlnes. leferent approaches

machines.. Another is. by examlnlng a comblned asynchronous-

synchronous machlne, whlch is called a hybrld machlne. In-

. the study of hybrld machlnes the p0551b111ty of replac1ng an’

asynchronous or synchronous c1rcu1t wlth a. hybrld c1rcu1t 1s._>

‘~.

examlned.~ In addltlon, the usefulness oﬁ,such a replacement*’

. is dlscussed.'

Each class of sequentlal machlnes has 1ts advantages.'~

]

'and dependlng on the 51tuat10n, one type of machlne 1s.}

vusually more sultable than the other.~ In some c1rcum-

-

Istances, however, a hybrld machlne may be better than elther
‘ an asynchronous or. synchronous machlne 51nce the advantages

of both asynchronoﬁ? and synchronous machlnes can be

utlllzed wlth fke“advent of 1ntegrated c1rcu1ts the'



i
/. .
practlcal aspects ot sequentlal c1rcu1ts has changed from
connectlng 1nd1v1dua1 gates together to 1nterconnect1ng

~complete c1rcu1ts. TheSe components can in- fact be small‘

-machlnes -and the t1m1ng and connectlon problems that exist

.Hlth gates merely 1ncrease %s the complex1ty 1ncreases. The.'

’results presented here Hlll be useful to c1rcu1t de51gners

and are lndependent of the size of the c1rcu1t.~-n

“e
-

“The- problems of- connectlng sequentlal machines. together
- are studled 1n Chapter 2. Tuo types of connectlons are
Acon51dered' parallel and serial. Inpeach-case different
_types-of circuits are discussed _that is, ynrhronous;
_synchronous, asynchronous asynchronous and synchronous-

'asynchronous connectlons.- The condltlons and llmltatlons

imposed on each of the machlnes for the various types of .

’

' connectlons are. given. o
N e CRR y B

The reverseaapproach 1s taken 1n Chapter 3,.where
machlnes are con51dered from the point of view of thelr:
'adecomp051tlon 1nto d1fferent—t7§€s of machlnes.: uethods for
m,the decomp051tlon 1nto synchronous—synchronous,l . o
S {asynchronous-asynchronous, and asynchronous-synchronous |
o - machrnes are'presented. :Jf o -'Tn. R I '
;ht/>/faf—ﬁ—_1n Chapter a, hybrld machlnes‘are developed. e “;.
o Condltlons under whlch synchronous and asynchronous c1rcu1ts
hcan be converted 1nto hybrld c1rcu1ts are- presented.h It is

'_also 1llustrated how a hybrld machlne can be obtalned from

‘elther asynchronous or synchronous c1rcu1ts.
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The problems and uses of hybrld machlnes are covered 1n"

' Chapter S.f Solutlons are given for the problem of

‘ellmlnatlng f" es BRI hybrld”

\ e

N dlscu551on 1s presented how a:hybrld machlne can be used to V',

resolve cr1t1ca1 ‘races and essentlal hazards in asynchronous':

cifcuits. . R S N ‘

1.2,Fundamentals S , o - L

-

A bas1c knowledge of sultchlng theory is assumed-

\

however, a brlef summary is presented in order to establlsh
: - )

J
.- T R

the notatlon used. - T ”’ .

Lt

_» I PR )

-~
w A

BEEEFE

Ti;n"segueﬁtlal c1rcu1t can be represented schematlcally ;

p;by Flg.z Thls c1rcu1t has a flnlte number of 1nputs\

fﬁdenoted by x1,...,x and ‘a flnlte set of outputs denoted by

.

1,.;.,2 . The 51gna1 walues at the outputs of all of the

L
LI

sdelay elements are referred to-. as the state varlables, ‘and

° . .
Y LI

":are denoted by y1,...,y The varlous comblnatlons of
’ values of the y1,..,y Varlables deflne the 1nfernal state,

of the machlne. /mhe comblnatlonal circuit produces the'
: : \ . 4
'outputs zl,zz,...,z and the next-state varlables Y,,...,Y ‘

“ ‘
A

from the 1nputs-and the 1nternal state varlables.‘ The next-.

...nA. '”.1\ .‘
I

;state varlables at +1me t are’ ldentlcal wlth the 1nternal_"f
v s

state.varlables at t1me-t+A¢ In other words, Y{,...,Yp

K

fdeflne the 1nterna1 state that the c1rcu1t wlll aesume nextf

The c1rcu1t also contalns a delay element for each feedback

s -

path., Dk denotes the delay element of the ktth feedback 'f‘f'

_ \ : * . ) ','-. K



-path.‘ Be51des these delays that are dellberately 1ntroduced
by the de51gner, the 01rcu1t may contaln stray delays. ?A

‘s

.stray delay is deflned as a delay not under the control of

the designer'[32].

> 2z

) ]
X | ,
x1 > | 2;21
2 an . IR T2
" x >|*COMBINATIONAL |——> Z
n ‘ . . o ' m
(———>1 - CIRCUIT - | —
1 21 : f—— |
i NI b
5 >l f— ||
R — %, N
I O : IR I \_\
B D S Y o U - R U N N N
Lo — N
R Y. - — YI!° () :
) | ¢ 2| D2|<‘“l“°“-——4'l : SN
' ."‘x'f‘ ‘o |_______J L I e
b o |
a8 y, r—— Y 1
By b 1< -

FIGURE' 1.1: SCHEMATIC DIAGRAM OF A SEQUENTIAE CIRCUIT

s ' 1 .
o . e

°The varlables of Flg. .b are all assumed to be’ blnary,

Lo

”and therefore restrlcted to the values e- and 1._ The set

I {11,12,...,Ik} of p0551ble conflguratlons of n b1nary
. 1nput varlables x1,...,x wlll deflne the 1nputs of a
ﬂsequentlal machlne.u leewlse, the set Z {zl,zz,...,zz} of m
.blnary varlables zI,.;.,z deflnes the outputs. Thef

/
- comblnatlon of p 1nternal varlahles yl,...,y deflnes the



S= {s],s

states. of a sequentlal machlne ‘and will be denoted by S,

-

2,...,5 }. Hlth the 1ntroduct10n of these sets of .

blnary variables 1t is now p0531ble to present the

mathematlcal model of a sequentlal machlne.

S R o | ‘
f'g;t;_g .1 [12] & sequential'machinelis a

\.

‘pairs of ¢!

gulntuple -M= {S T 24 N- 0}_where

1;' S is a flnlte nonempty set of states.
2. I is a flnlte nonempty set of lnputs.
3. Z is a flnlte nonempty set of outputS'

4, N S*I+Q is called the next—state functlon.,

5. = Oz SXI>Z 1s called the output functlon.

¢

- The czrte51an product SXI 1s the set: containlng all
ements,(si,I.) a palr (s I ) wlll be referred

/

kto‘as the al-st tate of the machlne.} The‘total output

—- -—.,-

t e‘:Lsthe palr (s ,1),k). T
: . 1 | | S
Ihe two dlStlnCt classes of sequent1a1 machlnes are
.

-termed asynchrouous and synchronous.' A synchronous machane

is a machlne 1n whlch all 1nterna1 varlables change

51multaneously.. The behav1or 1s governed by the values of.

’f1t5~anternal varlables at deflnlte 1nstant= of tlme,band is =

h:unafrected by thelr values at any other tlme.‘ e

fSynchronlzatlon 1s accompllshed by a. t1m1ng deV1ce called a

~clock, whlch 51mply generates a seguence of pulses whlch are'xg

‘_1nput to all delay elements. These pulses merely regulate

the. delays in the feedback paths such that they all, operate

o ‘a



\

A

-\\‘ ) N . ! . - " . .

\ - ) l . . |
si@ultaneously. It is assumed that each feedhack path

o ’ .
contalns at 1east one clocked delay element.

/

_ On the other hand, an aSynchronouS'mach ne 'is a ‘machine

vhose behaviot depends upon the order 1n whlch 132 internal

| varlables change.' In an asynchronous machlne the change of

1ts internal varlables are not 51multaneous. 1There is. no-

|

1,
clock pulse to control the delay elements 1n the feedback

paths. In fact, some or. all of the feedback paths may be

free of delay elements.

t : ¥

Recently a new. class of seguentlal machlne, the hybrld,

has been - 1ntroduced [9] A hybrld ‘machine 1s a seguentlal

!

c1rcu1t in vhlch some of the 1nternal varlables change at

. spe01f1c 1nstants of tlme, and the remalnlng 1nternal

-

varlables change contlnuously.- Expressed another way, the
behav1or is governed by the values ‘of some, but not all,

1nternal varlables at well deflned 1nstants of tlme, and on

“the order-ln which thevother var;ables¢change.~

A seguential“machinelis said to have a fgndamgntal'nekt

state table 1f for any total state (s ,I ) for whlch

N(s ,I ) =“Sj' then N(s I ) = sj.p If the sequentlal

machlne is asynchronous and has a fundamental next state

'mode. An asynchronous machlne 1s sald to operate 1n ngggg;

\‘mode 1f and only 1f the 1nputs are never changed unless the:

c1rcu1t_1s.1n,a stable state.
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-~ CHAPTER 2

. ‘ “ . )
" COMPOSITION

C)‘

e
"

} Inyegtigations.of sequentiai‘machines have usually.beenf
divided into two élaSSes. That is, . theories’ pertalnlng to
the synchronous case'have been handled separately from the
theorles pertalnlng to the asj nchronous case. In order to
' brlng the tuo theorles closer together this the51s w111

‘flrst look at condltlons under whlch tvo machlnes, of elther )

‘class, can be~connected together. Thls chapter wlll deal.
exc1u51vely with comp051t10ns of-only twq,machines;'however,:_.

this can_he easily extended-to any number of machines{”

The theorles on comp051t10n have been stated malnly for

the-synchronous case-[13] In thlS chapter the ba51c .\
i'theorles already develoged wlll be brlefly dlscussed. In
;addltlon, the theorles wlll be applled to. the asynchronous
case.’ Cond;tlons wlll_a;so~be presented.that‘assure»the
hekistence of}a combosition:consdstihg of both’txpes'of:.
nachines.vrd B | | | 0y ‘

Before g01ng 1nto detalls it 1s necessary to deflne EH;?

—— e s e —
’

termlnology that u;ll.be used.‘ In ser1al comggg;tlgg the



The second component wlll be called the tall gggh;gg. The
tall machlne is nontrivially dependent on the front machine,
~which means that some of the outputs of the front machlne

are 1nputs to the ta11 machlne. When talklng of synchronous

machrnes_lt_ls_necessarv to. deflne a perlod of tlme, say E,

: wlth reference to the. clock pulse such that 1f a machlne _

contalns fllp-flops that trlgger on:

1. the leading edge, then the clock changes from 0 to 1

in time E. ' \
2.. the trailing edge, then the clock changes from 1 to
_ . ' ) S .

0 in tlme E.

3. -the lead1ng and tralllng edge i.e., in. the master--.

slave case then'the*clockJ;ulse (0-1-0) is less than

v ‘ . e
: x

E. e
for~the puépose of.this thesis it :will-be.aSSumed'th‘at~
'onlj one fllp-flop will be present 1n each feedback path..
Also, it'ls assumed that all fllp-flops of a c1rcu1t are of
the same’type, or that th Yy all trlgger on the same edge of,l‘

e

the clock’ pulse. ThlS ensures that all delay elements wlll =

*change 51multaneously. A

Comp051t10nlls presented in twc major sectlons"the ?gf-
bflrst sectlon wlll deal wlth parallel composition, the otherhf
wlth serlal comp051tlon. .In each case, condltlons for the
comp051tlon of dlfferent types of machlnes wlll be glven.

" . For the serlal case, condltlons Hlll be dlscussed thCh arer



~———2+1-Parallel-Composition

.I ’

‘neceSsary;for the combination of a synchronous front machine
. _ ¢

with an asynchronous tail machine. In addition,

'will be stated to allow the COnnectionIOf an asynchronous '\

front machine with a synchronous tail machine.

’

conditions

The parallel composition of tvo. machines M1 and M2 as

descrlbed by Fig. 2: 1 has the followlng formal deflnltlonj.

l DEFINITION 2.1 [13] The general parallel com9051te

gach;gg corresponding’ to tvo machines

M1 = {st,11,21,N3,01} R

'\;—.’l

M2 = {s2, 12 Z2,N2 02} is the machlne

Mi2 = {51xsz I1x12,21x22, Nl?- 012} such that

NlZ(slsz xlxz) o= Nl(s{ xl) NZ(sz x2) and
J

B ' . i J
’ : 012(5152 xlXZ)
1]

‘0‘(S?:x‘)c02(5?,x2)vHhere..
Sy 3 wher

s}ES! and s?eS? and xteI! and x2eI2
3 . ' .

Machlnes ut and ¥2 1n thls deflnltlon are regarded as

A synchronous

hovever, under certaln condltlons Mt or MZ can

_be asynchro_ous. That- is; M! and HZ could be both

’ synchronou ' both asynchronous or one could be asynchronous

v

.u1th the

ther synchron us. The condltlons are dependent

not only on the indivi ual machlnes, but also on the

?machlnes they Hlll be connected Hlth.- In other vords, fhe

conditi ns that a synchronous machlne can be connected to a. .

synchr nous machlne are dlfferent Fron the condltlons under




, . ‘ s 10.
B a . T
@ ' G- ki ,”
@ ] . .
N [ - . . 4 . . . .
» T " 2
"y . 4. . 5
e ” K} .
- L
g,
E ‘?\-
e Al f“ .
» . i
n Y
[ I“ w
I
. -
. |

=

— R (R L S

P Figure 21

Schematic Diagram o7 Parallel .‘Cdﬁx‘pbsiﬁo_n



11

whlch 1t can be connected ‘to an. asynchronous\machlne.
Parallel comp051f\on is dealt Hlth in: dlfferent subsectJons,
since'the conditions are dependent on ‘the type-of machines
connected together. ' | R

2.i;1 WO SynchronouS'Machines:*5
The general deflnltlon of parallel composition pertalns
malnly to synchronous machlnes.' Therefore the condltlons
_ that need to be placed on two synchronous machlnes may seem
rather tr1v1a1 nevertheless they are brlefly mentloned.
| ~ The. condltlons uhlch must be 1mposed are, that the 1nputs to
both machines are’ stable for the duratldn of E and that the .
two machlnes are synchronlzed. In other words, it is
assuned thdt both machlnes operate correctly.;yProvided_that'
the two machlnes also use the same clock, he compositevA'
'machlne of any two synchronous machlnes will be the machlne
M12 as stated 1n Deflnltlon 2 1.
. 2;1.2«ryo Asynchronous‘uachines
: . ST :
‘%fyo‘asYnchronous machines can be connected:using_
Deflnltlon 2.1 prov1ded that. the machlnes are free of
crltlcal races, and there ex1st no steady-state hazards [31]
‘in elther c1rcu1t. Agaln ‘it should be noted that these
condltlons need not be stated lf 1t lS assumed that both

machlnes operate correctly. The resultlng comp051te machlne

ulz ulll operate accordlng to Deflnltlon 2 1 lf the above .

o
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.:'323:: S ! ’

&

cond1tlons are met. It should be noted that the output is

..

not - determlned until both machlnes reach a stable state.

‘\’ .
. ' B

AN \ . : . . .
N : . b} . ) o -

2.1.3 Asynchronous-Synchronous - N
. . . . \(

S ' ' X
A composrte—machrne con51st1ng —of— an—asynchronous.

" machine and a synchronous machlne Hlll functlo accordlng to-

the deflnltlon, provided that: the 1nputs to the gynchronous

machine are stab e durlng E, and the asynchronous machlne

us

o operates correctl . Thls 1mp11es, that the asynchro

'machlne is free of crltlcal races and steady—stgte haza ds..

* «)"\'
2.2 serial Composition '- | = S

Serially connected machines can operate in two

different’ ways. One.way‘iS'to-have fhe‘outputs‘ofitheﬂfront

machine as the inputs to thettail,machine, as,shoun;in_rl}‘
'Fig. 2.2(a). The other way is to use the inputs and® .

e~

:internalvvariahles,qi\the‘frontjmachine'as inpu%s to the

tail machlne, as seen in Fig. 2.2(b). It is suff1c1ent to .

’consxder only the second case 51nce the first 1s just a
spec1al case of the second. The general deflnltlon 1s now.’

' S : . S ; a
presented . : - - ' - v e o



e

b)

Flgure 2 2 oo

'fSerlal Compos:tnon with Outputs of M‘l A

. as Inputs of M2

f(;b)':,

.:Serlal Composntlon WIth Internql Varmbles
and Inputs of M1 as Inputs to M2



ON z [13] The general serlal com9051te.m

orrespondlng o tvo machlnes T

‘ML= (S1,I3, lenn,ox}

M2 = {52 Iz %2, Nz, oz}

]

'1s the mach1ne Mlz—suchmthat

’Mlﬁ = [SixS2 11, 22, N1z, 012} where

i2;= SlxI1 and

N12(slsZ,x) = N‘(S!:!):Nz(s?rlsfrf)) and the
. RS S R RETAE AL HE S -
— - output function 012 is a function of St, S2
b '__and_Il;'

g,
By

Deflnltlon 2 2 thCh uas flrst given by Hartmanls [13]L

pertalns to the synchronous case, but under certaln

'.condltlons other types of machlnes can be used.;; he"""

pucy

‘followlng subsectlons descrlbe the Hay 1n whlch two’ machlnes

can’ be serlally connected. ,

-,_'2}2;1:Two Synchronous ﬁachines;

L The condltlons needed for tvo synchronous macﬁlnes toﬁc

be serlally connected are tr1v1a1, slnce Deflnltlon 2 2

‘relates specmflcally to synchronous machlnes. The only

'? condltlons needed are that the 1nputs to the system must be-f

stable durlng E, and that both machlnes use. the same clock.;':'

-

*2.2.2'Tw0'Asynchronous ﬂachines”

Two condltlons must be met 1n order to serlally connect

‘,tuo asynchronous machanes.o The condltlons are that the two
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machlnes must be free of cr1t1ca1 races and steady-state'
hazards, ahd that both machines must change state |
concurrently. It 1s, hovever, very unlrkely to have‘the two‘l

, machlnes change states concurrently and ‘a- more’ reallstlc

| p0551b111ty Hould‘be for one of the machlnes to change
hefore the‘other. That 15, M3 mlght recognlze the changefln
1ts ovwn 1nterna1 varlables before MZ recognlzes the changeﬁ
'vln Mi. Om’ the other hand M2 mlght see . the Il 1nput changec
fa"beforeihlrsees ;t.
The condltlon that the tHo machlnes must operate

concur;ently can be removed prOV1ded that the two machlnes”'
;are consxstent 1n recognlzlng the 1nput change. In<other,;ff
| ‘uords, if Mz-sees the Il 1nput change before Ml in any onek‘
circumstance then MZ must aluays see the Il 1nput change |
“fir.t’. It 1s always p0551b1e to restrlct the order of
change of the two asynchronous machlnes, and two methods to
; do SO are now g1ven., One p0551b1e solutlon 1s to - restrlct S
| the com9051t10n so that MZ 1s forced to change before Ml -
That 1s, the next state of MZ 1s determlned by the present
. state of ul and the 1nputs._ The other p0551ble solutlon 1s
to restrlct the order of change so that the state of Mll V
- changes before the state of HZ changes.l In thls case the
'h -state of HZ is determlned by the lnputs and the next state

Lof M1. : | | | R | |

’

' Both ﬁolutlons can be 1mp1emented by 1nsert1ng delay

elements 1n the feedback paths of ut The 1nputs to the
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S <
tall machlne are the outputs of the front machlne, elther

"

»hbefore or after the delay elements, dependlng on the

restrlctlons on the comp051t10n. It should be noted that 1f'

‘feedback path of ‘M1 should be of suff1c1ent magnltude. .The “:'
\magnltude of the delays should be such that MZ reaches a, 'kr

stable state in response to the. 1nput change before the -

outputs of the delays in Mt change. Also, the delays should Q
Ibe of a type where only the outputs of the stable states are ,fﬁ

used as 1nputs to M2. -_Thls lS ea511y accompllshed by the

"Qc1rcuit glven in. Flg; 2.3.

C2:2.3 hsynchrOnous4Synchronous‘

T In order for an: asynchronous front and a synchronous

_tall machlne to be connected serlally, tuo condltlons must,

ibe satlsfled These condltlons are dependent on the type of o

1nputs used by the tall machlne. Agaln the asynchronous |
3:-ymach1ne is restrlcted, it must be free of cr1t1ca1 races and

‘essential hazards. -

' The asynChrondus frdnt"machine‘is reguired to.reach a

'h%vstable state before E and must remaln stable durlng E. ‘The -
*reason is that the asynchronous y-varlables and I1 1nputs -
. are used as lnp Fo the synchronous machlne.l Also the

f-lnputs Il must be stable durlng E.. It should be noted, that

| - in reachlng the stable state the order in uhlch the 3

'vasynchronous 1nterna1 varlables change 1s not 1mportant. -f‘;

R
["Z
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If the ta11 machlne is- not dlrectly dependent on the 1nput,
. o ;

Il, then there 1s no need to have any restrlctlons on the

lnputs to the comp051te machlne.._‘o . jgl o E o ’7" y

©2.2.4 Synchronousﬁhsynchronous

\'.’

i

y - .The . comp051t10n of tuo machlnes vhere the\front machlne
is synchronous and the tall machine is- asYnchrOnous, is
51m11ar1y dependent on: the 1nputs used by the asynchronous

'“machlne.' It is. assumed that the 1nputs to the front machlne

.are stable durlng E and that the ta11 machlne is free of

‘crltlcal races -and essentlal hazards.u Also, 1nposed is “the

further restrr&tlon that I1 must change suff1c1ently before

1

ot

vthe clock pulse.§,

If more than one of the y varlables of the synchronous
machlne are used as 1nputs to the asynchronous machlne, then
Lhe tall machlne wlll be regulred to handle multlple 1nput th ‘/
changes. The reason is that the outputs and y—varlables- |
],from the synchronous machlne v1ll change 1nstantaneously N f;&:
7w1th each clock pulse.' It should be noted that the‘:' .
'asynchronous machlne wlll always react to the Illlnput gh ; 'gQ
:change flrst, s1nce the synchronous machlne must walt for |

a

"the clock pulse to change state.f That 1s, the tall machlnebby’

=4

'1s forced to operate before theﬁfront machlne.ﬁvThe :7_' ,k;a:
‘comp051te machlne Hlll Stlll operate correctly 51nce thlS 1s b

one of the solutlons stated 1n Sectlon 2 2 2 for two.},n"
o . B

’asynchronous-machlnes.'
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2.3 Summary . B

The attentlon 1n thlS chapter vas focused on the two

4d1fferent types of machlnes, synchronous and asynchronous._’
\' ' L L

’In partlcular, tvo alternate uays of connectlng tHo mach1nes~

SN

swere studled Parallel and serlal connectlons have been )

Tpresented for machlnes wlthln one class, as well as for
:'machlnes of dlfferent types.‘-Furthermore, condltlons‘were S
stated which allowed the connectlon of dlfferent classes of
machiQes,' The results developed above wlll be of value- tof

the'nektgchapter'vhlch dealseu1th4decomposltlon.a



CHAPTER'3 . - ST

'idecomp051tlon wlll be con51de

DECOMPOSITION

-

The study of asynchronous and synchronogs/;achlnes 15

“contlnued 1n thls chapter.' It wlll/examlne methods of

decomp051ng both types of machlne e For each case, serlal‘
L3

£4d sush that the submach1nes

are. synchronous, asynchronou or'both. Parallel '

ddecomp051tlon_1s dealt wi _1n the last sectlon, agaln wlth

.aSynChronous:and synchfonous’ cases being con51dered.

-

| Throughout the chapter a. machlne wlll be decomposed
ihllnto two - submachlnes only. houever, the theorles can be
bea511y extended 1terat1vely to any number of submachlnes. A
l}machlne u" is sald to be controlled by another machlne Hl ,l.
h if- the machlne u" uses the" outputs of the machlne H'.as -
"t.;nputs. ' R
r

'"3;1.SynChronouseSerial‘Decoupositiond

Whe algebra of partltlons 1s used to develop theorles |
and methods of decompos1ng synchronous machlnes.‘ The ba51c

-term1nology of partltlons 1s sumnarlzed below, 51nce they

20
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)

" are eéssential for an understanding of decomposition. °

A gartltlon on a set of states S is ‘a grouplng of

Astates 1nto d1sj01nt subsets called blocks, such that every
: l
state belongs %o'exactly one block. . The g_oduct non' of tvo

partltlonsmn and_nj_ls obtalned by_lntersectlng_theublocksm_m

of the 1nd1v1dual partltlonsgf A partltlon on a set of
states S oz a machlne M 1s sa1d to have the §gbst;;gtlog
groge 1 (SP) 1f and . only 1f s‘ and sJ are contalned in the

same block of n, then N(si,x) is contalned in the same

block as_y(sj,x)‘for,all X in I.

A necessary and suff1c1ent condltlon qu the serlal
: decompos1t10n of a synchronous seguentlal machlne is>now

stated.
N S

&5yﬁ.j:" THEOREM 3. 1 [13] A sequent1al machlne u has’ a1v

nontr1v1a1 'serial decom9051tlon of 1ts next—statev3-'
-behav1or 1f and only 1f there EXlStS a nontrlm%al SP
= epartltlon o on the set ‘of states’ S of u.

'Eroof.<see (13]

The states of the two,submachlnes of the decomposed
“'machlne are deflned 1n the following manner._ If n is. an SP
partltlon then the front machlne has. a state correspondlng
to each block of n._ The states of the tall machlne |

.v'correspond to the blocks of some nontr1v1a1 partltlon n'
. such,that nfn! ; 0. The two snbnachlnes obtalned from the
:rpartitions d‘and[nfuwlll;bothfbe synchronous. lt'should_be_.t

' noted ‘that if both’ partitions have SP this results in the'
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tr1V1a1 case, i.e., the deconp051tlon glves a parallel

i connectxon. For the remalnder of this sectlon it will be

.assumed that only one of the" partltlons has SP. Parallel

decomp051tlon Hlll be dealt with in Sectlon 3 3.}

v

b

‘It is de51rab1e to extend“the—theory of—synchronouS—Aéw_—_
decomp051tlon so that a synchronous machlne can be B
decomposed 1nto two submachlnes, one of uhlch is
asynchronous and one of uhlch 1s synchronous. As stated
vrprev1ously there are two basic ways that -two. machlnes of
”dlfferent types can be connected.ﬁ The asynchronous

*jsubmachlne can control the synchronous one, or . the

',synchronous submachlne can control the asynchronous one. -

Most of the uork done in the fleld of synchronous
j'serlal decomp051tlon pertalns te decomp051ng synchronous
fymachlnes 1nto tuo synchronous submach1nes[13] The next twoh.
,sectlons wlll study decomp051t10n of synchronous machlnesiﬁ
'h;nto submachlnes of dlfferent types.' Ser1al decomp051tlon
tls presented such that a synchronous submachlne controls an.
hasynchronous submachlne and V1ce versa.' | | |
| 3Q1.1_Synchronouszsynchronous>case l,

As explalned earller, a: serlal decomp051t10n can be o

Y

found, 1f there exlst two %artltlons n and n' and 1f n-n' =
_ NS . :

-0. The condltlon that elther n or e has 33 on H must also_

-“he satlsfled



To obtain a serial decomp051tlon tor synchronous

‘machlne controlllng an asynchronous one, further condltlons 2
must be placed on one of the partltlons.. Clearly these
condltlons are placed on the partltlon used to reallze the'

tall machine since. lt is asynchronous, and only certaln

L ]

partltlons Hlll redllze a submachlne of- thlS type.: The

-folloulng theorem establlshes the condltlons thch must be

f1mposed ‘on both partltlons.-‘ ’ | |

| 3'T§§g§§g 3.2 (7] 4 sequentlal machlne'm, ‘given by'lts‘h
3.

next- state behav1or, can be decomposed into a

”nontr1v1a1 serlal connectlon of a synchronous

'ﬂ/ vf machlne controlllng an asynchronous machlne 1f and

~]/ | only 1f there GXlSt two nontrlvlal partltlons 8 and‘e
-f.n'y on S, whlch satlsfy the folloulng condltlons?_

a,”: non"so ;;.: d ”.’?" | |

b. m has SP on M

e o c;»U'Let n= {AI,AZ,...,A } and
f | ={Bl Bz"oqc'B }o :
S ;If for any state a A and input X of*h
T and N(a x)eah, and if bEBhﬂA #6 then R

-‘N(a x) N(b ).

Proof see’ [7]
3 Essentlally all thls theorem states is that the
iwcondltlons for synchronous decomp051tlon must exlst and that oy

the tall machlne must have a fundamental next state tahle.-

gCondltlons (a) and (b) guarantee synchronous ser1a1
v o .
decom9051t1on.' Condltlon (cy-assures the existence of a -

. -
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fundamental next state table for the tall machlne.‘ Thus, if

a partltlon n can be found such that 1t glves a fundamental.

nextvstate table, then a decom9051tlon hav1ng a front

chlne that is synchronous and an asynchronous tail machlnex

is possible.

As an example of mheorem 3.2 con51der the machlne glven

in Table 3 1 and the tWo partltlons n = {12 3& 56} and m' =

{135 2&6}. Let Al Az and A3 denote respect1Vely the blocks;

_12, 30, 56 of . n, and let B1 and B2 respectlvely denote ‘the.

blocks 135 and 2“6 of n' It can now be shown that the

jthree'condltlons of. mheorem 3 2 are satlsfled by partltlons

(n‘and'nftf COndlthDS (a). and (b) are’ satlsfled 51nce n-u'_'=

¥

-0 and n has_SP on.u.; Condltlon (c) may be verlfled by

-t

_looklng at the follou;ng case.‘ Con51der1ng state 1 and -

.1nput 1 of ‘Table 3. 1 glves 1€A1h N(1 1)€B2 and an51,; j"'

R .
— o—————

n2 6 = 2 #ﬂ . Condltlon (c) lS satlsfled for this- total

‘state since N(1 1)-N(2 1) o leewlse, it can be shoun that

jcondltlon (c) is. satlsfled for all. states and 1nputs for

'1these two partltlons. Therefore, a serlal decomp051tlon of .

L

a’ synchronous machlne controlllng an asynchronous machlne

, ex15ts for the machlne deflned by Table 3. 1.-

P .4. . . . o _.\m,

24



State table of a synchronous machine

TABLE 3.1

R

E Thls theorem glves ho 1nd1catlon of how the two‘

,partltlons n- and n' mlght be found.

The method for flndlng

/

j‘the partltlon . ulll not be descrlbed here, 1nce n: can be

'“_found in the same way as for the standard sy chronous

‘ decomp051tlon.f However, a’ method for flndlng the partltlon

nt, so that it satlsfles condltlon (c), 1s pr sented.5

e

. : : '
Before glv1ng the rules for’ flndlng n' 1t 1s useful to

‘1ntroduce more notatlon..

'states 1n a block Ken,_n(n) v111 denote the number of states'
in the largest block of the partltlon n._

Let #(K) denote the number of

The statement

'51dent1_1 a wlth b’ wlll mean that states a and b are placed

;ln ‘the same block of n,

nd Hlll be denoted as a—b(n)

Let. n be a patltlon Hltn ar on‘u’/ﬂLet a be any state'

;'the correspondlng condltlons for n' the follovlng rule 1s _f

"”-.of u belonglng to block K of o such that #(K)-n(n) : To flnd

NN



S T A B
used [7] R o .e , L k.\\'.

" RULE 1 Let b be. contalned in the block K- of n, "such that .

N(a,I)=N(b,I), for all_Ij then the followlng 51tuations are

‘posSible; b

1, .No state b exrsts.‘ Then to satlsfy condltlon—1cr—o£m~;—_
fTheorem 3.2 for state a and 1nput I, state a and
N(a 1) must be 1dent1f1ed in m. - However, observe
:tﬁat if N(a I)EK the 1dent1f1catlon is p0551ble only
if N(a,I)=a, since n-u';=0.  v L fj-._;‘f |
2. Qne state b exlsts.t Then to satlsfy condltlon (c)
of theorem 3.2 for the state ‘a and input I, two "
: solutlons(are poss1ble. | |
‘1; 1dent1fy a wlth N(a,I) in n' or
2. vldentlfy b ulth N(a, I) 1n n
va N(a I)eK the second solutlon is pos51b1e only 1f
-N(a I)=b. . | " ' |
f3.: fm states b . 1= 1 2,...,m, exist.i'Then the folloiang f
jm+1 alternative solutlons are p0551b1e. -“e :tr{t .l ;"j
1;  _'”"aj.; 1dent1fy N(a,I) Hlth a 1n ! or LT
-25 1dent1fy N(a I): wlth bl 1n n' or

L 3. 1dent1fylu(a,1) wlth b2 in m' or

m+1._ 1dent1fy N(a,I) ulth b inin"
If N(a,I)eK the 1—th solutlon is p0551b1e Only 1f

L~
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qa

[ - o . . : R

'-condltlons placed~on LU '7f,7 ‘-h'., o ' S S

RULE 2 Place the N(a I)\;\\fne of the n(n) #(K) blocks that

do not contaln any state of " N belonglng to block K.

5
.3 .
v_ . . . . o .

- To obtaln n' all the palrs (a I) of M are examlned and
" the correspondlng condltlons of n' are, llsted., If #(K)—n(n)
‘where state ais contalned in the block K, then the

| “condltlons are obtalned by Rule 1 for all sets of 1nput. /;il

¢ v

‘1#(K)<n(n) the condltlons are obtalned by Rule A for 1nputs I [od ft
.v'mapplng K 1nto 1tse1f. For 1nputs mapplng K 1nto dlfferent

“'blocks, Rule 1 and Rule 2~ are used to obtaln the condltlons. '
. ¢ . - . :
AIn thls cafe Rule 1 1s*tr1ed flrst and 1f 1t contradlcts

.prev1ous condltlons or'lf non"—o is’ not preserved then Rule:
. , ‘ \ | '

\

2 is trled.

.Giéen a'partition n the method above fxnds a part1t10nk7V
ﬁ-, such that n and n' wlll satlsfy the condltlons of o
.-Theorem 3 2.w Rules 1 and 2 smmply place the states o HA
-:Hlnto blocks of n' such that condltlon < wlll be satlsfled.cf
;Thls is done by formlng a table of condltons for each staterrf
*Tiand arbltrary selec;rng one condltlon for each palr to flnd;?'
ka partltlon n' < If condltlons can. be found for each state' 

Lo

o and non'—o then Theorem 3 2 is. satlsfled.

B The follou1ng example shous ‘how n' can be found u51ng

'“n‘the above'rules. Examlnlng the machlne glven 1n Table 3 2,}



',it can be'shown that the-partition . ‘{1 3;45) has SP._TFor

thls partltlon con51der the block 123 and because:

-

| u#(123)-n(n) Rule 1 is used ConSLder the pa1r (1 0) wlth

N(1 0)=u. For thls palr 51tuatlon 2 of Rule 1 is used

because one state, namely 3, exlsts such that N(1 0) N(3 0),t‘f

;see %able 3 2. To satlsfy conditlon (c) of Theorenm 3,1 er‘v35“

che'parr (1,0), 1 and N(1, 0) 1s ldentlfled 1n n' or

k3=N(1‘0)(n').‘ These . two 1dent1t1es are entered in the flrstp_”

irow and flrst column of Table 3 3. The other condltlons'

'whlch block 123 places on m'. are found 1n a. 51m11ar fashlon,“

.and glves the entrles of the flrst three rows of Table 3 3.
»jTo flnd the condltlons placed on n' by the block u5, Rule 1

;f;and Rule 2 are used, 51nce #(45)<n(n) and QS ls mapped 1nto

11123 for 1nputs 0 and 1.; Rule 1 1s trled flrst and glves the':

1rem&1n1ng entrles of Table 3 3.:vHowever, it 1s not p0551ble

| to apply rule 1 to all palrs of the block MS of n 51nce thlS

fwould glve the 1dent1ty partltlon.i That 1s, from the palrs
5_(1 ) and (u 0y the states 1 3 and 4 must be 1n the same |
block of n". Also, from (2 0), (5 0) and (5,1) the states

- 2 3 and 5 must be 1n—the same block of nt. Thls means that

13u and 235 are 1n the same block of n'(by the tran51t1ve-,'ffﬁ“'

“thaw) 1mply1ng that ntis the 1dent1ty partltlon.. Thls is

,T.nbt p0551hle since non' =0 must be : ‘preserved. Therefore,id7"

-3

VHrule 2'must be-applled to block‘45-of n.f Rule 2 1s trled on i

the palrs (u 0), (“ 1): (5 0) and (5 1) : It is 1nposs1blex"r

yto apply Rule 2 to the palr (5, 0) 51nce thls 1mp11es that

istates 2 and 5 would have to be 1n dlfferent blocks uhlch ;*f‘
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would contradlct (2 0) hy Rule 1.' Rule 2 1s applled to- the L

- palr (u 0) vhlch states that tate 3 must be placed 1n a

. The sane conclu51on follows

dlfferent block than 4 and

Cia

———from- the~appllcat10n_ fmaule —2- tomthe palr'(s 1)**"051ng_the—“~_
-‘condltlon obtalned by Rule 1 from the block 123 and from the )
block iy fothhe palrs (4,1) and (5 0), the followlng two ,c';‘
.partltlons can be obtalned- {1u 25 3} and {3u 25 1} _ Fromiici
{the palrs (4 0) and (5 1) and Rule 2 1t may he concluded -
‘that the only partltlon that Hlll satlsfy Theorem 3 2(c) is ‘f:lh

= {14; 25 }'

‘":5 TABLE 3. 2

' State table of a synchronous machlne.~

wn &
N LAJ
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o The state tables of'the asynchronous and synchronous
'_submachlnes can be found by the standard method as descrlbed;
"\1n [10 17], u51ng the partltlons n and n' | Note that forlf |
v:,some cases the state table produced by n' wlll have don t
.':'care condltlons.: It may be necessary to change a don't care
condltlon to make lt a stable stLte._ The reason is. that n'd‘

auas foﬁnd as a synchronous table and the tall machlne must

"'_have a fundamental next state table.'

Tables 3 a(a) and (c) can now be used to construct the R

tdecomposed c1rcu1t.- The state table obtalned irom o 1s used?~""’

L

. ;*to bulld the synchronous front machlne and the state table

"fobtarned from n' 1s used to bulld the asynchronous tall

;Lnachlne, R d._f-{' SN "v_'-;‘fr,' "f'lffm?uﬁ;ﬂ7_a
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“-TABLE 3.4
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'(aj”Staté_table of front machine
{(b) State table of tail machine
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i ) o

s SO far there'haS’heen n6 mention of the,outputs;,

'hoﬁEVer; outputs can playha very important-roie in ‘

decompOSition. Con51der the output of the ta11 machlne 1f

e

it is reallzed by a c1rcu1t whlch 1s synchronous. Select a

perlod of tlme‘startlng at tl such that at tn there is\é

" 'transition from A to;B; Let t1!, tz,..;,t ,... be the

..51nstants of time that the clock pulse changes from 1 to- O
(the tralllng edge) Leb the ta11 machlne be stable from
the tlme t1 to th+1 (1n state A), and let the machlne change

F\
states from A to B at t"+1 " Let Hl be the synchronous front

maZhlne and M2 the asynchronous tall machlne._ 02(K A 1)
wlll denote the output funcilon of M2 at any tlme t where'
| I 1s the 1nput of M, and where K and A deno%e the present
state of Ml and K2 respectlvely.: If. MZ is- reallzed by a
c1rcu1t whlch 1s synchronous, tge outputs of HZ wlll remalnl;
. constant fronm t" to tn+1 HoweVer, 1f lels reallzed by a
Q*\éiig'ic::l.rcult thch 1swasynchronous, the tran81t10n from A to B
Hlll take p&ace at trne t"+d, where d<tﬂ+1-tn and denotes a
;fﬁshort perlod of tlme.. ;he output of the asynchronous |
”fc1rcu1t would be determlned by state B from%tlme t +d to N

]

’,‘t"+ﬁQ Therefore, the external behav1or of machlne u is left

I of M that produces a tran51tlon from state X to state B 1n i,

LRt

02(K A I) equals OZ(K B, I).- Thls condltlon is formally

'*;‘,stated 1n the follov1ng theorem.7'

E unchanged 1fland only 1f for any state K of M1 and any 1nput B



!

_;lHEOB;H 3.3 [7] A\sequentlal.machlne M has a none
tnivial serial decé p051t10n such- that the tall

-'maChine can. be reallZeﬂ by ;\\asynchronous‘c1rcu1t
vlthout changlng the output sequ\hce of M 1f and o

’ onlj'if tvo part1t10ns~n and n' of M exlst, thch

":of the next-state and 1nput. That 1s, Z(t)

: satlsfwaheorem —3. 2.q—and~1n~add1tlon‘nnsatlsfxes——mf ~~~~~ —

"\t“\ ) N

- the followlng condltlon‘

Any two states of M in a. common block of n'»"'

3

whlch have the same next state for some ‘

1nput I, also have the same output.

hPfoof:-see‘[7]

To explaln Theorem 3. 3 con51der the decomposatlon of a

'.synchronous machlne 1nto a front~mach1ne whlch is:

synchronous and an asynchronous ta11 machlne. For any 1nput"'

;change that produces a tran51tion 1n the synchronous‘front

. nmachlne, the output of the tall machlne nust’ be constant

durlng the tran51tlon.

r al decomp051tlon, anothe\_j”l .

achlne is deflned [7] This,'”‘

To help in thls type o&

‘type of, synchronous sequentlal

'lmachlne 1s deflned so that the output functlon 1s a functh
LR o

o O(S(t*1) I(t)), uhere 5(t+1)‘= N(S(t) I(t)) ‘at any t1me t.:241}

g
‘Thls type of machlne 1s called an. ant1c12_te machlne and the'

‘h structutal model 1s glven 1n Flg- 3 1-- f”
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An equlvalent ant1c1pate machlne of M HlIl exlst 1f and

only 1f those states of M whlch have the same next-state‘
tunder the same 1nput also produce thewsame outputs.~

It becomes clear that ‘if an antlczpate synchronous

machlne can be reallzed .as an asynchronous machlne whlch

a

‘preserves the state behavaor, then the output sequence

IR

remains unchqued. The advantage of subh a_ machlne is that

.‘1f tuo partltlons satlsfylng Theorem 3 2 exlst flt is

~p0551ble to serlally decompose the ant1c1pate machlne 1nto ai

5ynchronous front machlne and an asynchronous ta11 machlne
R e

‘ulthout changlng the output sequence of M.'

3.1.2 AsynchronouSQSynchronous Case’f-~'

lO complete the study of synchronous ser1al
.decomp051tlon, the case 1n whlch the front machlne is
.~asynchronous and the tall machlne 1s synchronous 1s '

s,

'ﬁ_con51deredr‘v'

-A partltlon T 1s sald to be fundamental 1f and only if

’for any state a- Hlth any 1nput I andrﬂ(a I)eB(a block of n),’f

‘then for all beB the N(b I) are elements of B. The above
'deflnltlon enables us to glve condltlons on the partltlons

Wand outputs, 'so that ‘a serlal decomp051t10n exlsts wlth an"

"_asynchronous machlne controlllng d synchronous machlne.. TheL

dcondltlons are stated ‘in the follovlng theorem.«ﬁl'



_g EN ' u [8] For a sequentlal machlne H a serlal

decomp051t10n exlsts, such that the front machlne

~,can be reallzed by a. synchronous c1rcu1t, 1f two

partltlons n, n' exlst whlch satlsfy the followlng

‘x

-,state table of ul must be fundamental 1n order for the tuo

condltlons: R
! a. n-n' =0
.rhb‘ui n 1s abfundamental SP partltlon
1c;l. Any two: states of M:'in a- common block of n'

I

which have thelr next—states 1n the same
nblock of I for sone. 1nput I, nust have the
same next state for thli I. |
',d." Any two states of 4 1n a common block of n'
gvhlch have the1r next-states in the same
_ block:of-n~for some I, must have the same d
f;ggrf o ‘output state for thls I.‘;f' |

| 'pr‘o'b_f‘: see [s],_

To explaln Theorem 3 u con51der the decomp051t10n of a

Jmachlne M 1nto two synchronous machlnes. Let the front

"machlne con51st of comblnatlonal loglc to determlne the'
' o

y- varlables and a clocked delay for each y-varlable.ftThe fj'

‘delay element merely delays the output from the :ff,ﬂjghf
7‘comb1natlonal loglc one clock pulse, as seen 1n Flg. 3 2.v
'Con51der the reallzatlon of the front machlne by an

i asynchronous c1rcu1t. ‘As dlscussed 1n sectlon 3 1 1, the

”lserlally connected machlnes to have the same sﬂate behav1or

‘as M. ThlS is establlshed by condltlon (b) of the above RN

~

Laec



o theorem . Con51der1ng the outputs, let " denote a tlme»'

‘when the 1nputs change, thus M1 changes states at time t +d, )

where d 1s the delay tlme through the comb1nat10na1 c1rcu1t.

s )
v

If the clocked delays were present M‘vwould change state at‘

tlme“t"+f*“‘In order“to realize the™ front machxne*by an-

,.asynchronous c1rcu1t ulthout changlng the behav1or of M, 1t'

must - be ensured that the state behav1or of the tall machlne'

'kand the output function are 1ndependent of any change of ut

_from tlme t”+d to tn+1 _‘Part (c) and (d) of the theorem

o

dstate the condltlons 1n whlch thls holds.w

Essentlally, for thls type of decomp051t10n, all thatv

is needed 1s to f1nd tuo partltlons n and n' satlsfylng

R Theorem 3 u.f The hest method of flndlng the two partltlons

”yls to con51der all palrs of partltlons of M, and checklng

Y

f~each pa1r to see 1f the theorem is satlsfled. If a palr of o

fpartltlons ex1sts then the asynchronous front machlne can be;"

;reallzed dlrectly from the partltlon n. ‘h. fxéwf*hn"‘

P A
§
)
LR
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.3._2',Asynchrono_us”De‘Co';ﬂpos_i{iiQn_ i ‘ |

The theory of synchronous‘decomp051tlon has been

extended by Tan et al. [30] to that of asynchronou5~
~-*—*—decompos:t.t:Lon-»;f»~The—theorles are~further extended so_that_lm_;l;
| “one of the subnachlnes of’ the decomposxtlon can be reallzed k

by a c1rcu1t whlch 1s synchronous.u d

Before proceedlng with theunethod’foridecompositionioﬁ é.‘
asynchronous machlnes,_the'followingndefinitions_are:
‘essentlal.

e e | - —

Deflnltlon 3.1 [30] A tran51taon tipe is thaznaxinum:'
"“.amount_ofutlme‘necessary for'any y-variable to'j,\:-*
A‘change‘Values.'i= - i v-f’-f' |
ﬁfl i;”thDeflnltlon 3. 2;[30] A state a551gnment for whlch a;"

| h31ngle tran51tlon tlme is aluays suff1c1ent for any
,gtran51tlon 1s called a 51ngle/t;an51t t ‘Iéﬂﬁnt~"
',lxDeflnltlon 3 3 [30] Let u and v be d15301nt subsets

‘of the states of the machlne. The unordered palr N

~5Def1n1t10n 3 4 [17] Tuo states si and sJ of{machinen;ﬂ
TM are comgatlble if and only 1f for all 1nput ‘
sequences they produce the same output.,‘ffj
F_Dg_f__:_._&glon 3.5 5 [17] A set of states is called b

comnatfble 1f all 1ts members are- compatlble. vvi-‘"

td

'-“_befinition 3 6 [17] A compatlhle 1s called max1mal
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if it is not covered by any?other'compatlbleg

A state varlable yI 1s sald to co =a dlchotomy lf'
0 for every state of U and y-=1 for every state of V, or"

leen a palr of tran51t10ns under the same,

,__r_va.ce _v,er sa. .

1nput 1->J and k->m, (13,km) is the dlchotomy assoc1ated
E wlth the tran51tlon. If 1 = then (1,km) forms a degenerate
R d1chotomy, and 1f both tran51t10ns are equal +he assoc1ated{'

d1chotomy reduces to (1,k). o
L "\/\ ) . _‘ . “»‘. n . . . ‘ '_ 4‘» . - . Amw
' Partltlon theory is used for the decomp051tlon ‘of

‘ ;asynchronous sequentlal machlnes, as was the case for
“synchronous decomp051tlon.' For the asynchronous case, as’
VHell as synchronous, ‘a- necessary condltlon for ser1a1 |
”decomp051tlon 1s the exlstence of a non tr1v1al SP partltlon
ihn;- ThlS partltlon deflnes the front machlne ML and when
;yconnected in serles wlth the tall @achdne M2, the two

i

.machlnes Hlll reallze Moo

The major dlfference between serlal decomp051tlon of |

‘%{. asynchronous and synchronous machlnes 1s the method of o

' f1nd1ng ‘the tall machlne.v In synchronous decomp051t10n the'
{submachlnes are assumed to operate 51multaneously, but thlsfﬂ‘

'.fassumptlon 1s not valld for the asynchronous case.f-igfl'

vh‘solutlon can be obtalned bY ensurlng that the submachlnes f[-

TR

(,;te not dependent on the order in vh;ch the states change.‘gjv
:To make the submachlnes 1ndependent of the order of change,,;

the submachlnes are made to operate 1n a 51ng1e tran51tlon

tlme by usrng STT a551gnments.:‘”“



Car

”he procedure for asynchronous decomp051tlon 1s now

7;given._ If there exlsss an SP partltlon n, then a flow table

for 41 1s constructed {171 K‘raee free SST a551gnment for '

j“f“‘ﬂl“may be found—u51ng Tracey's algorlthm [30] or any other

sultable method [33] The state ass1gnment for Ml is used
as a partial state a551gnment for M.» Addltlonal state

‘varlables are a531gned to cover the dlchotomles of M not

_ already covered by the state varlables of Hi. "Let thls set

" be Q. The state varlables of Q so obtalned may be

‘con51dered as the state varlables of M2,
~?'The best:methodhof.finding the flow tabie-of'nz'iS'to

llSt all the dlchotomles of ne not covered by the state

‘,varlables of Ml A mlnlmal set of max1ma1 compatlbles

v xcoverlng these dlchotomles 1s found.m Let thls set be:
- "‘* : . :
h'gdenoted by R, with elements r i= 1,... n, then the:

:gpartltlon n' deflned as the product of r for all i The

Estate table for the tall machlne MZ can “be found by formlng

©oa table uhose TowS correspond to the blocks of n' and whose

vﬂ'lnputs are all comblnatlons of 1nputs and state varlables of

pihltf mhe entrles are fllled 1n by notlng the regulred

or after Hl state changes. j

o

'-tgtrans1tlons of H and observrng that the M2 entr1es must be

fllled 1n such that HZ state changes can occur elther before

e

e’The procedure is. 1llustrated u51ng machlne M glven in

~T§ble 3. S(a). The tvo partltlons —{123 us 67 89} and

7

-—{12367 u589} have sp on the set of states of machlne M. B



'

-.The partltlon n cannot be used to obtaln a nontr1v1al
:'decomp051tlon u51ng STT aSSLgnments because 1t does not
_ 1 _ o,
satlsfy any of the dlchotomles of machlne H.' Thé” o

_ms“dlchotomles that must be covered are (1 47) (15 2&),:

'?(; 56),..., (28 39) : Partitlon n1ls msed to deflne the"
ﬁ‘;front machlne Mi of the decomp051tlon, 51nce nzdoes satlsfy7°
Af;some of the dlchotomles of M. Tahle 3 5(b) glves the : |
tq esultlng machlne Ml An STL a551gnment 1s found for hl

qu51ng Tracey s method (31], and 1s used as a partlal "

| 551gnment for H, as shown 1n Table 3 5(b).4_‘ 1s found by
‘hd con51der1ng the dlchotomles that are not covered by n..
_hffrhese are,_(1 28), (1 39), (28 39), (u7 56), (15,24) . -
'~Q‘»(24 35) and (68 79) One mlnlmal set of maxlmum o ;;’)ﬁ:.t=
'ﬁcompatlbllltles coverlng these dlchotomles con51sts of, :

”?(1u7 235689) and (13579 2“68),‘and n'“is deflned as. thelr

"‘*_proauct, i. e.,.n ' = (147, 23689} (13579 2u63}

—— gl " eommamass  am———— .

‘;{17 u 359 268}. The state table for nl 1s deflned uszng n ;
?fthe result 1s glven in’ rable 3 5(b).: To f1nd the state -
?table for MZ the partltlon n' 1s used Con51der as an
“1afexamp1e the determlnatlon of the entry 1n the state table of_f
;3rfu2 for 1nput ao and state e._ The front machlne ut is ln‘
fstate a Vlth 1nput 0 thus machlne u must be in. elther ?~
.states 1 2 or 3. If machlne MZ ‘is in state e, u must beiln 5\:
states 1 or 7._ Machlne u must be 1n state 1, 51nce ul 1s 1517
state a and MZ 1s 1n state e.‘ Ihe tran51t10n from state 1,f:h
1nput 0 of n, is to state 1, therefore, the tran51tlon of szf

o . T . §T o .

~

o [



ﬁABLE 3 5

(é) State table for machine . M
(b) state table of front machlne
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State table -of tall machlne MZ
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A

ﬂ*mﬁst be 0. the block contalnlng state 1, whlch is blzkk e,

,')

"thus N(e,aO)-e. leeulse, con51der1ng the bO 1nput to nz

fmachlne Hl is- 1n block b, thus M 1s in.. elther state u or- 5.'

V\

:For MZ to be\ln state e Hlth 1nput bO, machlne M must ‘be 1n7

{

helther state\1 or 7.* 51nce thls 1s not pos51ble the entryli
':; 1n row e COIumn"hO 15 made a don't.care. _Table 3 6 1s the
“r.state tabLe ofqgf Hlth all the entrles fllleﬁ in as ﬁﬁ
ﬂ;‘explalned aboze. able 3 6 uould, ‘as’ 1t stands, operate’asff"'

1f botH submachlnes change state concurrently, 51nce the_ f”"
R

fdecomp051t1on 1s ba51cally the same as for the synchronous- :
X JIn~as much as the two machlnes are not dependent .on 5\;

the order of change, some of the don't cares must be changed

so that the approprlate tran51t10ns can be made. The‘don't l.“

Q*"cares are changed by notlng the reg01red tran51tlons of H f,[‘

. .andwobsefv1ﬂg that the M2 entrles are fllled 1n 50. that an L
Mz state change caﬁ occur*before or after an un State : i
C{ﬂange. R

it L bt ‘

lf\#;” As an. example, consnder the tran51tron 1 >5 iith‘an“_°
o : S REER

1nput of 1.} rhe front machlne Hl ulll have the transztlonth'
a~>b.{ If MZ detects the change 1n 72 and y3 before iti .

x?}:recelves the 1nput change, then state-e under 1nput aO goes L?
to e under 1nput bO- therefore, the dbn't care entry under

wﬁ 1nput hO of Table 3 6 1s changed to an e. After thls change"

Uf is: made, HZ can now make the regulred tran51t10n, 1 e.,‘f'" :

e(a 0)- >e(b 0) >e(b 1) >g(b 1).h All trah51tlons must be

checked where HZ mlght recelve the yz, y3 changes before Mz

- -l"a‘ (W

detects the lnput change.. Slmllarly, all tran51tons vhere



45 -

M2 mlght recelve the changj in the lnputs before 1t receives e

:Q*dthe two submachlnes change states. Hovever, by restrlctlng -

fmachlne, such that 1t 1s not dependent on the order in whlchf*

. N

“the order of state change, 1t is- often p0551ble to ohtaln a
i‘551mpler reallzatlon.' A res‘rlcted order of state change for
gilthe submachlnes wlll also be~USeful ‘in reallzlng one of theib.

- components by a synchronous c1rcu1t. R -Vﬁ,;35 “f R R

'.the y2 add y3 changes must be checked and the approprlatei” ?,
don't cares changed., mhe resultlng flow table for the tall :
;-~mach1ne uz. is glven in Table. 3. 7. R | ‘
g . | h < l-?-: lu' S l ,-.'_J !
\. . T‘ABLE 3.7 @ o
| F1na1 state table of‘uz ‘ :l'
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The’above method produces the staté’table of the taxl
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| Flgure 3 3 |

Serlol Decomposntion m whlch M2 chcnges fjrst

:»Flgure 3 l.

N

Serlal Decomposntlon |n whnc4h M1 hanges flrst v



._i‘fThéﬁ “h e“two methods to restrlct tKe order of change,"

- of the sub achlnes, orie - is to decompose M. so that the tall

nachine ué\changes flrst. That is, the present state of Hl
and the 1nputs determlne the next state of M2, as seen in
fFlg. 3. 3.- The delays of ut should be such that M2 reacheS\
Tstable state 1n response to the input change, before the ! ;

outputs of the delays in Ml change The other method 1s toIAj

decompose M so that M1 changes flrst., FZ lsvthen determlned

';as seenlln;Elg. 3 u

by_the 1nputs and:thevnext.state-of hl,

Al

~

The front‘machlne Ml is found us' g the partltlon n as{7

=1t wasrdone 1n sectlon 3 1 1. The tall machlne HZ 1s foun"

/

by the procedure glven below. Thls procedure’uses the

—— .

notatton~BTNand~hJ to denote blocks of n such that Bi

contalns state 1 Snd BJ

therefore den te states of Ml

AR

'contalns state j ,Bi and 3j~f}

PROCEDURE 3

'1;v Construct a" state table uu such that «'s"h?'w

'”-=a." The 1nputs are comblnatlons of 1nputs I and
e ”\,Ev . .
states of ul I

t '»..b.‘

b..n_The rous correspond to every state of M.-,',

2, - Entrles are- made in u% fof all tran51t10ns 1->j 1n u
s Ve U T U R _
o .as follovs~“fha' ’;j‘ R _5417 “;f"

-~v;a.‘ If M2 is requlred to change before 1, then<
S 'H;'ls c stricted such that N(1 (Bi,I )) j,;q
NG (Bl =3, aid N(js (BJ.I n j

‘ f?b.T If uiis regulred to change flrst then M" is.

constructed such that N(l,(Bj,I )) 3 and
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| N(j (85I K)y=3.
3. Reduce Mw by any state reductlon technlque

(13, 10 17], maklng sure that no palr of states

t

.o '”cOntalned 1n'the same block of n are merged.' The‘

-‘;reduced f;ow table-defines the tail machine HZ;

The entrles in’ M" are made accordlng to the model of _
C . 7‘ o
_“_serlal decompostlon chosen,_so the_the_serles connectlon oftka

Ml-and ﬁ"‘reallzes.ug A state ‘table N can always be found

u51ng thlS procedure- "however, 1f H" cannot be reduced then

the tr;vxal serlal decom9051tlon exlsts, 1.e.,'u2-u.v

Procedure 3.1 is.illustrated using machine M given in .

~

Crdfilr

fable 3.5 () -.“'mhe"-fl.b{e' table for Mt is givenfin.’nbié .
':d.S(bi..ng M2 is requ1red to change before Ml then'the‘:
tequation givenlln Procedure 3 1, step 2a 1s used to flnd the'
7vState table M" - ‘As.- an example,,conSLder machlne n Hlth the |

ltransatlon 1- 55 and 1nput equal to one.f In thls case the‘

—
~

'h'followlng entrles are made. N(1 (a,1))—5 N(S (a 1)) =5 and

'N(S (b 1H)=5 (these entrles are marked ulth a star in Table ,;

-

- 3, 8(a)). The LN state table is obtalned by conSLderlng 511 ”q

| ”tran51tlons of M and u51ng the equatlons of Procedure 3. 1,-'

.

step 2a. u" is: then reduced, resultlng 1n Table 3 B(b).';An )

'STT a551gnment is found for uz .notlng that the d1chotom1es
"‘(e fg), (f,eg) and (g,ef) are the only ones that hAJé'Q; be
'icovered. The three varlable a551gnment shoun ln Table ﬁ[;'
v13 B(b) is obtalned by lettlng y] cover (g,ef), y2 cover

(f,eg) and y3 cover (e gf) A va11d non-STT a551ghment

-
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could alsoVbe'qsed‘Sincé the order of change of théﬂtuo )

N

submachines is restricted.

7

" 'TABLE 3.8
(a) State table M"
" (b)' Reduced state table M"
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L TE LY is r;qu-ired to change'ibef’o‘ré" ‘né' ’the'n-:the“”'state.‘ '
 table of M" o is found by u51ng the equatlons glven 1n .
Procedure 3 1, step 2b.; Con51der1ng the same tran51t10n as
above, the entrles N(1 (b 1)f =5 and N(S (b 1)) 5 are made 1nl
b the M"'state table. 'The u" flow table ls completed 1n thls

. L
manner for all tran51tlons 1n M, glVlng the state Table

Iy

— 3. 9(a)4—mn"—1s ----- reduced_to glve_the_resultlng tall machlne MZ«

as spec1f1ed by Table 3 9(b) An STT a551gnment or any
.valld state a531gnment free of Crlthkl races can be used ashq
the state a551gnment for MZ ; o ‘_ ' 7{ .
: s . L e o
N 3-2.1'$ynchronous?nsynchronous , ‘
ThlS sectlon looks at the problem.of decomp051ng an
asjnchronous machlne 1nto a synchronous front machlne and anff
asynchronous tall machlne. Recall Tan's (30] decomp051t10n
:v procedure and the two solutlons that exlst. The flrst-
| solutlon ‘was - to restrlct ‘the operatlon of the submachlnes so_'
that the tail machlne makes a state change before the front fj
machlne. It 1s a tr1v1al matter 1f thlS procedure is used
to replace the asynchronous front machlne u;th a synchronousv-
f-.c1rcu1t.l The state table of the front machlne is used |
dlrectly for the synchronous c1rcu1t. Thls is p0551bleﬂ'h
ﬂv because the resultlng flow tables operate 1n normal mode.d'”;v

It should be noted that the two submachlnes must also

satlsfy the condltlons stated 1n sectlon 2 2.

>

| The:outputs ofnthe—combinéd'machinezcanjbefconsidered



' in’the,same-manner‘as"for the-sYnchronous case inlsection"
- . - . o .
3.1, 1. In partlcular Theorem 3 '3 spec1f1es the propertles o

’whlch the state table must possess s0 that the external ;"

"behav1or of the machlne M Hlll be left unchanged.

3.2.2,AsynchronousesfnChronous

i

Tan's decomp051t10n procedure can be used to decompose
‘an asynchronous machlne 1nto an asynchronous front machlne
'pand a synchronous ta11 machlne.f The second solutlon for ‘.;

-.asynchronous decomp051tlon, glven by Tan,'restrlcts the

33

-

',dstate change of the t%{% machlne so that the front machlne ;il
*gchanges flrst.‘ In thls type of decomp051tlon the state

._table of ‘the tall machlne canabe dlrectly reallzed wlth a: .
?fsynchronous-clrcult,'v:-%'-,flf “,tv e ‘

g In order to keep the outputs of the decomp051tlon

'fconsrstent u1th the outputs of the or1g1na1 machlne the
fcondltlons glven by Theorem 3.4 must be satlsfled.ﬁ For both
ffcases, asynchronous synchronous and synchronous—.?
asynchronous, the condltlons and restrlctlons that were

glven 1n Chapter 2 must also be observed. »
--_.t—:» - : EHE DR .

~

.‘3;3eParallel-Qeconposition

Thls sectlon studles the deconp051t10n of one machlne

..'.1 e IR

1nto tuo machlnes that operate 1n parallel. The d15cﬁssronfe;
vlll be restrlcted to the study of parallel state behaV1or f;:

a .

0 -
decomp051t10ns. The COndlthD for the exlstence of a-

~
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.

parallel decomp051tlonhls glven 1n the folloulng theorem-
:' THEOREu 3 5- (13] A sequentlal machlne M has a o
'nontr1v1a1 parallel decomp051t10n of 1ts sqate
.behav1or 1f and only if. there exlst tuo nontr1V1a1f'ﬁ;

- SP partitlons.n and nt. on - LR such that non',so.;”'

/

proof;;see_LJBJ.w’ g ;1 _ ‘7he 5/{f”

Synchronous parallel decomp051tlon is 90551b1e 1f twof
:159 partltlons exast, such thatathe product of these"_ 4_ i .
- partltxons equals the zero partltlon., The partltlon .can. be:?
.'ffound as descrlbed in [18] Each partltlon 1s then used to“

Vreallze a. synchronous component of the decomp051t10n.

_ The condltlons necessary for the ex1$ténce of a
' »parallel deconp051tlon of a synchronous machlne 1nto af
synchronous and asynchronous components are obtalned byh
'7.comb1n1ng Theorems 3 2 and 3 5. In other words, TheorembB 2:“
- Hlth the further condltlon that nt have SP, states.the»oip' i
'hcondltlons for parallel decomp051t10n of thls type.E<Tonu:f#51
,_decompose a synchronous machlne 1nto synchronous and o
T:asynchronous submachlnes, all palrs of SP partltrons (nl,nzjl

‘:7must be found such that nlon2 0.{ These palrs are. then o
‘:Lexamlned to Verlfy lf elther nl or nz satlsfy condltlon.(c)
ijln Theorem 3 2.y If such a palr of partltxons exlsts then, .}”
’the partntlon that represents n' 1n Theorem 3 2 can be" “

f‘realazed by an asynchronous c1rcu1t. ~l-3’

The condltlon for the exlstence of an asynchronous

SR _ . -
_parallel decomp051tlon 1s glven 1n Theorem 3.5._ That 1s,¢,



'jthe asynchronous case 1s exactly the same as the synchronousf
'3:case.‘ In order’ to have ‘a parallel decomposition of an

'~asynchronous machine 1nto asynchronous or synchronous

'submachlnes 1t is assumed that the machine to be decomposed'

’U'operates 1n normal mode; Cons1der1ng only this type of f

» '

““nachlne the submachinfs"of the— decon9051tion ~will- alsom_s_;;;%

v,operate in normal mode.. Thls means that both submachines
reach a. stable state after each 1nput change, therefore
i_elther one of the.ésynchronous state tables can be used to'

;.reallze one: of the submachines w1th a synchronous C1rcuit.":

-~

lThe above discus51on.only con51ders the state behav1or
‘of the nachlne. however, 1f the outputs are to be consrdered
‘ithe following 1s needed.; The condition stated in’ Theorem }
3_3 3 must be 1mposed 1f the outputs‘are to be time dependent.v
tfwith this further condltion H can be decomposed to- retaln‘:ﬂ}f
.'the same output behav1or of H. Again 1t shouLd be noted
;that the two submachines must satlsfy the conditlons stated o
frnjgectlon.2ﬂ1.- | | 8 o |
_‘
In this chapter, decompositlon of both synchronous and ey
~:_-asynchronous machines ‘was dlscussed.; Serial as vell as:
‘i:parallel decongggltion Has studied. 40f particular 1nterest
ii‘uas the decomp051tlon of a. machine of one type 1nto two
;i4submach1nes, one of thch 1s synchronous and the . other
:fiasynchronOuS,A Generally decomp051tion of machines wlll i

e



louer the cost of the comb1nat10na1 part of the machlne
17[17] Apart from the econom1ca1 reallzatlon of seguentlal

machlnes, the decomp051tlon studied here is: useful for a o
'better understandlngsqf the role that delay elements playiln’
ibsynchronous c1rcuxts. Thls understandlng 1s useful 1n |
'——reallzlng“a*hybrld—machine from a—Synchronous c1rcu1t¢_~Ihem__

.;next chapter Hlll concentrate on- thls problem.“



‘gt

‘The tuo types of sequentlal machlnes are now . brought
N together;to form a new type, the hybrld machlne._ In Chapter

1 itvwas’stated that a hybrld machlne has clocked memory

N .

elementsjln some . but not all of the feedback paths. In th1s
el }

'jchapter two methods‘are presented for formlng a hybrld g ',:
vmachlne. One is to remove memory elements from synchronous ”
A;netuorks, the other~1s to 1nsert clocked memory elements 1nvh
:basynchronous”netﬁorks. | ,’~';_%k ) ;.:'”’ ‘ff 5ﬂ;ai;;z -
u;1lﬁemoyal otsDélay‘Elements fromxﬁynchronous’Circuitg ;,’;T

Dok _—
Two approaches Wlll be presented for the removal of

;clocked delay elements from synchronous machlnes.n The flrst
tfbeglns u1th a c1rcu1t and flnds the condltlons when delay
‘:elements can be removed vlthout changlng the behav1or:\J;he”“
'other approach beglns wlth the state table of a synchronousr
"machlne and flnds a state a551gnlent Es?t w111 have the

'r_max1mum number of removable delays._ Thls ulll be 5'“,

';accompllshed by express;ng the condltlons needed for the

[ . P o - .o B
FEN - . . N oL o

56 -



state‘assignment in terms.of partitionsre

| .: ¢ : .@ B

pefore pursulng the problem of removrng delay elements,

recollect from’ Chapter 1 the model of a seqnentlal machlne-x'_

and that in a synchronous machlne all delay eleménts are

-~clockedfu—1n othe!lwords,mthe next:state is 51mply delayed

P '0 :

by one clock perlod. Throughout thls chapter a clocked

~i

i delay element Hlll be referred to srnply as a delay element,

and 1t is 1mp11ed that all delay elements are synchronlzed.tfl

Hlll be used to denote the perlod of one cloéw pulse and

'Yi ¥

Consrder nov, what would happen 1f one. of the delay

elements 1s removed from a feedback path.: For . a synchronous

will be used to denote the i-th feedback path.',,s

5

[ o .

machlne any 1nternal varlable 1s subject to, at most, A

-

51ngle tran51tlon 1n the Lnterval T, Removal of one of the

delays, say D, , results 1n three p0551b11t1es.

B ,1,'

No futher change in the total state occurs..hIhis,p

.-happens hen the present state Varlable ¥, equaxgz

o

::the next state varlable Y' In thls case the

ibehav1or of the synchronous machlne Hlll not be
“affected. L ‘ | |
vThe varlable y Hlll oscrllate between 0 and 1-;.I§}*

J,jthrs case the behav1or of the nachlne is dependent

LA L

on the state the y varlahle 15 1n vhen the next

clock pulse occurs. _=,?fl "4953h7
: S At

'rThe state of y changes. Iniother words the next

_state varlable Yi vlll becone the,present state

N -
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e o

- varlable y in time t,'for-0<t(T} and»stablilizes.'v

In order that the behav1or of the c1rcu1t be determlnlstlc,

' *results 1 or 3 must occur for all states of the circult._

| '»,‘In all the cases the only delayqln the Y'-y feedback
rl i

path*is caused by stray delays in the c1rcu1tw It.ls »
L assumed that all stray delays w111 be less than T.J ThlS
4 means that the var;able y wlll change before all other'
y-varlables‘and that the 1nput to the comb1nat10nal netuork
f‘Ulll be subject to change before the next clock pulse.}~ .
Thus, the comblnatlonal network'wlll determlne ‘a- nev total'
state for thls.new 1nput' thch 1mp11es that the v§F1able y L
can make uore than one‘tran51tlon 1n the 1nterva1 T. Thls' 'j
:new total state wlll be referred to as the hybg;d_ t;g'
§t§tg._ Inworder to preserve the behav1or of the machlne,‘lt
is essentlal that the hybrld transxtlon state produces no g
further trQ§51tlon 1n the outputs of the comblnatlonal

c1rcu1t.» If thlS happens the value of y 1s sald to bef

stabllllzed in the feedback path unt11 the next clock pulse.

‘ The non delayed 1nternal varlables wlll be referred to‘f
as the async roaous varlables, vhereas,_the synchronous
" varlables are those that contaln clocked delay elements 1n::

e B 's-i& O-s o

thear feedback paths. Consade"-what would happen 1f there."'

uas more than one asynchronous varlable. In order that the

(

'™

‘ external hehamlor be uhaffected by the change of the_ ”ﬁ@ﬁi“
asynchronous varlables the outputs must not be dependent on

the changes of these varaables. Thls result is: formally

L L :
. . e = - a



} summarxzed by the followlng definltlons and theotem. S g

. . . . . < ‘,;‘:
”oo N i ) N
S : o R
RRREY:

. ) A ' /l"l ,}}

- i v ] )

IR

total state A of a sxnchronous cxrcuit is the ordeSed set of

The hyb rld ttgws1tlon state HEA] assooxated vlth,fhe

IS WA

b

next state, present state and 1nput varlables Y',...,Yh,,

i

R

) \
,.--'Y ,x",‘..,xn. "% Val’:lablea Y“’...'Yh Of H[A] all‘e

They

the h next-state varlables of A,' .e., the asynchronous

coe-

varlables. The variables yh+1,...,y are the 5= h present
state variahles of A,'l.e.. the synchronous var1ab1es. In' .
contrast, the: hybrld transhtxon state assocxated Wlth the

total state A of an asxgﬁhrondus circult xe.the ordered set

of present e/ate, next state and input variables,“

;.,Y ,x

. ,...,xh._ The yi,...,yh varlables

Y '-o .’yh'Yh+'

1
of H[A] are the h present state varlables of. A and the

.0

Yﬁ+],...,Y' varlables pné the s~h next~state varlables oi

(e PR S S o - 1
o . . .

idTheorem u 1 [9] The clocked delay elements Dh

. CNd _
1<h<s, in the feedback paths Y‘*y ....,Yﬂ Yh of

" ‘ﬁ- ‘synchronous machlne M can be removed 1f add only 1f,

o;','for any total state A whlch produces the output ’ ih;
g ‘Lo:wO(A), the assocxated hybrld transitlon state H[A] N
‘h;fddd.' ;iso produces the output O(A).‘b o »{wgi%:?,e-;
-i%d'u,f>Proof'jsee [9] - T

G ”"plaln the theorem consxder the synchrouous machlne

. \ 9’ X - ‘ » ‘T i
defrhed by Table u 1 Let the delay elements in the { B ¥
- ‘ . : #

feedback paths Y'~y and Y%—yB be the ones that are to be»

ellmlnated, 1.e.,,D{ and Ds.are to be_removed From,ihe . 5
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theorem the‘hybrmd transxtlon state assocxated*wlth A 14
H[A] -Y;,yszB,x. rConslder the total stite A= 0, 0 0,0 g1v1ng
the total output state 0(A)*1 1 1 0, 1 and”the assoc1ated
hybrld tran51t10n state H[A]— ,0 1 0. From the tran51t10n
table O(H[A]) =1,1, 1,0, 1 thch clearly eguals O(A).-‘ '

Therefore, for thls tran51t10n the delgq elememts D1 and"D3

P

—-are not necessaryr_hOHEver, allltotalwstates of the table‘}\\ﬁ
must be checked. If all states@satlsiy the theorem then the

delays D and D3 can be removed u1thoqt changrng the

~behav1or of the machlne. It can;be shown that all total r

Y

states of Table a 1 satlsfy Theorem 4, 1. Thus,ua hyhr;d

- machlne exlsts for thls tran51tlon table.'

;?-ji- One method for remov1ng delay elements in a mgbhlne is

"-..-

_to check that all total states ‘atlsfy Theorem 41,

_|"
)-

S Houever, 1f the number of states in the tran51tloh table lsx;

By

lnot equal to ZP then the next state ‘of some of the

- "1 N

assoc1ated hybrld tran51t10n states mlght not‘be spec1f1ed./ P

LY

',In order for the machane tq functlon correctly these states};

"The folloulng algorlthm glves a

“‘ Q

'7w111 have to be spec1f1ed‘.

method of convertlng a"synchronous machlne to a hybrld one_fﬁ

Aﬁd

ST ..”




NG ‘::4” TABLE u. 1 B

Jﬁfﬁff‘ Tran51tlon table to 1llustrate Theorem u 1 I\ .
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Algorithm 4.1 -
Lét: L denote the set of 1ntegers 1,...ps,

o

_‘KﬁQngté the collectlon of (s) dlstlnct comblnatlons

- L e s ST .

"f,f' k denote the elements of the set m_

“g1.{f Set h s.

2. = If machlne H has a.{égdaménfal state table then”go‘
_'-_\:,) . Rl A . ' 3 }4‘ o » . R " ~

to step 11..

. .
B AN

K for thigth. Y T ;

- -

f3; Set ‘h=h- 1, flnd-the.sg
g fu,“ iset 1-1.,}__‘ o ;f :.},;5, < L;f(

Lo '5.4; Caleulate A, the assoc1ated hybrld tran51t10n state
ﬁ ¥ H[Lﬁ and- O(é% as spé%&fled in, Theorem u A for }_)ffn-"
' 2 . . e . e T R

B . : L ak : S oo L b

- e o Ceh 4 Sl " I K e e



>

-‘feedback paths Y'-y e 3= k i’ and ‘any tran51t10n.-
j 3

fgzp

For a glven state as51gnment thé algorlthm v111 Qiyays M

L5 ‘“.\

r’ v

:‘flnd a hybrld c1rcu1t 1{ it exlsts. The reasonfls that the

algorlthm 1s a flnlte proces that checks all the sets of

x, ‘ ‘--"i“

delays to determlne 1f they Can be removed.e For each set

lS checked and thls proceSS'contlnues untll a hybrld c1rcu1t ;'

: 1s found of no delays can be removed.

.fallathe states are exaﬂ&ned and 1f each state satlsfies

Theorem a 1 then the algorlthmwstops. Othervlse, a. nev set

- .1

J
¥

, o

vv -_u,'.,:

L .

The follovlngsexampie 111ustrates, in. detall, the l;f}

<
= IRRPIIE S A
: ’ v L ?

If next-state of H[A] 1s not spec1f1ed then spec1fy ,H
it w1th the same next-state and output oﬁ A,' ' |
. ‘otheﬁyxse compare the outpu -duced’ by H[A] to
'p O(A); if they are ‘not eqnal, go to step 8.
: 7.;;;If A, H[A] and O(A) are calculated for all total
; states, 'go to step 10, otherv1se calculate H[A] and
"v (A) for a hew- total state h'andﬂoo to step 6. R
8. Set d=iel WL . s .
':9: Z;f'1>(h).go to step 12 otherwlse go to step S5 - jsJ:
10. The.hvdelaykeléments Do j =k, can be removed, and
| the process stops.é&.::p _tw; | ‘: tfs Q:‘A
A Jift Allcsvdelay elements ‘can be removed, and the process
. | tstops ':v a | »L. |
.:;e{iifilf h>1 then go to step 3ﬂ
"?f3; No delay elements can be removed, and the %focess.
BEhah R 5 ol

4.



L
application of the'algorithm'to the synchronous'machine
| given in ?able,ﬁaz(aj. | ‘

A i, T

2. _Machiné M d@és notfhave'a-fundamental.state table,

m_;;l“wtherefore all. themdelay elements cannot be removed.__i;g;m;;
,_3, h 3-12 2 and K .(12 23 13) - “’"ji_f. ;‘g.; I
Fig L [ "-»» P : oo . .
5= 6 -7. .Is Theorem 4.1 satasfledslf Dl and D are removed?
. . h
Con51der the total state A o, 0 0,0, glv1ng the output

3

o 0(A)—1 1 1 o, O gand the assoc1ated hybrld tran51tlon é; o
S Tstate H[AI'1 1 O 0. O(H(A]) must be the same as- O(A)
. 1f Dl and D2 are to be removed. From lable 4, 2

;O(H[A]) =0,1,0,0, 0 thCh dlffers from O(A). therefore g&f

Vand D2 cannot be - removed._l y ST '.u-~ frf'lhraﬁawﬁ.
m-"‘8... /——1‘.1 2. - . ‘. ‘ ) e “ ) . ‘ . 5
R /v .
ﬁﬁ&: 1>3, therefore go to S.,' i

AT T o

5 6 7. . Is Theorem 4, 1 satlsfled 1f D ‘and D3 aretfemoVed5

;Checklng all tran51t10ns, 1t canabe seen that lheorem_}' Do

4.1, holds for thls case. For example, con51der th%;“'
‘”‘vtotal state A=0, O 0 0 1f Dz'and-D3 are removed then-the

assoc1ated hybrld tran51t10n state H[A] 0,1 1 0.- The

‘ftotal output state of A ms O(A) =1,1, 1 O OJand the next-ff;

L .
R “..state of H[A] 1s not spec1f1ed therefore 1t must he .
S spec1£1ed vlth N(A) apd the 7utput of A, Thus,e,’- -

N . :
(H[A]) =1, 1, 1 and the output is 0,0, thls 1s shoun n i

Table a 2(b) Con51der the total state;A—OjO,J,O with _



T . . X . ) v : ) .

ﬁhe assoc1ated hybrld transitlons state H[A] =0, O 1, 0,
thls results 1n O(A) belﬂg equal to O(H[A]) because "

—H[A]f It can be seen that the same holds for a11 _
1 - oo T .
total states of the c1rcu1t. ) _ ‘"] : ' f. LR

-

AO. 'The process stops vlth the result that D2 and D3 oan be -

-l_—ﬂ__removed.'

1




. TABLE 4.2

liqstraté Aigdrithﬁ:u.T »

‘Transition table of hybrid circuit

e

chime

(a) Transifion table to i

3

2

(b)

y'and y_are delay free)

(Y

-

000

B =
L

—101—{— 110~ |—10—

00T

i i
1

KRR I RS I

[
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=== 000 |
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£ 4100 |

1
—
I.0¢
' L.
T T
(
i
U SRR

(D),



‘%4

Y.

the the state a551gnnent.f

R

'1-5 It should be noted that the algorlthm 1s depen

L

A change 1n,the a551gnmen

]

S

on,

ouldf

have the result that dlfferent delay elements are removable.vf

,The p0551b111ty that no delays are removed can also result.‘

iAs an example, con51der;®éble u.1 and change the state

a551gnment to that glven 1n Qﬁble u 3.

applled to thls table the result 15 that no’ delays can be'

removed

'\

be removed froﬁ'Table 4. 1._;l'

\_.v

S “52— ‘TABLE u 3
L ‘#d
e o Tran51t10n‘¥able equlvalent
. .h~ » Al o e . : o .
L B P A A
o . €004 110 1 004 4 0101 A
/e 070wt 1000 | 00T [ AL N0
o S ]
L 80 011 |01 00 1 01
; 0T 17010 Ao1o 01 00" |
o e F —— 4t
T0 0.1 101 010 .11 | 00 .
: B Ty i
P T 1, 100 4 001 { 10.1°01 |-
T 1
.1 1 o |v~1oo { 1111 10§ 01
[ - | | [ - N |
r.. L Lap i I
T4 ] 110-1.110 | 011 10|

\Y

—

ThlS dlffers from the result that two delays can

If the algorlthm was‘]



Algorlthm 4 1 shows how 1t 1s p0551ble to mlnlmlze the

: number of delay elements for a q1ven state a551gnnent.

.

However, dlfferent state a551gnments mlght lead to a
. A

. dlfferent numbelbof removable delays and one spec1fic state

: a351gnment mlght not yleld thé naxlmum number.- The*

followlng t&ebrem glves the condltlons needed that wlll glve'f’

Y

-

..the larbest number of removable delay elements."

e v-"'

- waheorem u,e [9] For a synchronous machrne u u1th p
- 1nternal states,_an assmgnment hav1ng s = rlogzp]
d;‘”myn: .varlables grv1ng a reallgatlon wlth s-h delay v'“
g 'elements exlsts, if and only 1f there exlsts a pa1r
"of partltlons (n',n) on the set of 1nterna1 states
&}dof H satlsfylng %he followlng condltlons._

..llg' »nen' =0, [logzn(n')T =h, and flogzn(n)] =s-h.

'“fi firfi ﬂ}f“L o 1‘ Hhere n'-= {A1 Az,...,h },» "

and n {Cl CZ,....,C 37

2 ,Let s eA Ns ect ana N(si,l-)eh

‘1f A ;A then-

‘E ‘w 'Q

y o :
a.. ‘If A nc ﬁvﬁ the state sJ, where sJ—A dﬁ

"satlsfles N(sJ,I ) N(s’,I ) and 0(sJ

S , Y

..)’fd
am oS, LY X

bb.' lf a nCL“V, and for the same 1nput there

‘_exlsts some other state sp.such that

o )

A‘;-,N(s‘,I ) —JN(silIk) and :

ec , and N(sp,I )em then.fhf

'-mrt“? O(s ,I )

" Proof:. see [9]



S
To explaln the theorem, con51der Table u u and the two
partltlons u'—[1 23 us 67} and = {3“7 1256} Thus, ntn'*O,"}J :
quog n(ﬁ')] =2 and rlog n(n)] 1= (s-h) thch for thls example ’

satlsfles condltlon 1. To illustrate condltlon 2,.con51der'

to be state 3 exlstlng in~ block 53 of‘n' and“In“block“3u7"“*“—

of m, ylth N (3, 0) exlstl'g 1n block ES of . Clearly 23#%5_

,and condltlon 2a ( ') 1mp11es that state U4 must

satlsfy N(a 0) N(3, and O(u 0)=0(3 0) , Obv1ously from .

' Table u 4. these condltlons hold. Consrder ‘NOW . state u,1 | ',‘f;
1nput 1 Hlth N(a 1) 1 ex1st1ng 1n block 1 of n' Thus,f T

1n3u7—ﬁ and by condltlon 2(b) 1f there exlsts a. state spﬁiﬁﬁ}jﬂs'

block 3u7 of n. with N(s ,1)81 then N(s ,1) must equal N(u 1r
' also, 0(sp,1) must egual O(u 1) The states that GXISt 1n'
347 wlth néﬁh-state egual to 1 are 3 u and 7, therefore, 1t:

; is. necessary to check that the condltlon 2(b) 1s satlsfled.,‘7:5
? N . ey

In other words, N(3 1) 1dN(ﬂ,1) and 0(3 1) 01 O(u,ﬂ) also,

N7 y=1= N (4 1) and 0(7 1) 61 0(4 1).‘ As can’ be seen .

fggﬁdltlon 2b is satlsfled for the totaltstate (u 1), ;;’{~' 0

however, 1t 1s necessary to exhaustlvely check all states 1n .

-

R

‘order to. find out if n' and n satlsfy Theorem a 2.,-'
- I . K . -

Essentlally all thls theorem states is. that 1f tuo, RIOERS
Qpartltlons satlsfylng condltlons 1 and 2 exlst, then a state3f

'a5551gnment derlved from the tuo partltlons wlll reallze a 2
vhybrld machlne wlth the maxlmum number of delay elements PRSI

‘removed.- A method of flndlng a palr of partltlons (n',n)

.. -

‘satlsfylng thls theroem is now presented.»;s.'*“.,h,eﬁf
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P

TABLE 4 ﬂ

'%'SYnehroneps}ﬁex£4s£ate table used to 1llustrate Theorem 4. 2

— A' ' ‘.._v A Y
1A|32~|f2.r.11||:10 P e
1 PR DA | S |
B . R, -
. 2 17317 - 00 ' 00 ¥
.-
3475 111 104 017 o
et L
RS I R t 10 |01 | -
LT T TR I TR 2 U E R 3
- [ 1 N [ . q -
ooy, T T e | - 1 M
{6*|.2J37f|;1]| 00 |- L
ot " R
O, 6, 10T 0 RS
i" AR 'l:‘ - LIS SN _— -
i ' s m; A S
. EEy dge
' T “ v .‘;ﬂ.

Conslder a sequentlal machlne M ulth p 1nternal states,‘,"‘ﬁ

:pf where p'ZS A method of obtﬁinlng the pa1r of partltlons i
.( ,n) CQn51sts of the followlng tvéusteps.f’ ‘ : RN

.'1 p-1: Examlne each total state (s 7K of'iheﬁflbﬁufablef”ff

B 3and derlve a table, called a condltlon table, whlch has
e as 1ts rows the states oﬁ the flow table and two g

fcolumns (one for n' and one . for n) | A condltlon table,f; o
R ‘_"..' S . L “

Cie forméd for each anut I ‘f The céndltion table llStS ’

};the possible alternatlves satlsfylng condltion 2 of

Theorem u 2.; Entrles are made by con51der1ng the

'ZGXlStS such that ’ég* f'f'
3 R

If no present A
N(s ,I )—N(s IK) and 0(s aI ) 0(s ,IK) then %

'fﬁ§ﬁﬂ 1dent1fy s, vand N(s }TK) in: n' i. e"'(s '(N(s 'IK))
L ] - - v Tl . ‘_”w”



‘; o ‘ o e T o : S _.',_ .
% R ,-1s entered in a zow of s .in the condltlon tahle
““det-column n'.of tahle IK o R A

'2.1‘,If m=States'sJ; fof j 1,...,m, exlst such that

'»N(s ,1%) = =N{(s; ,I ) and 0 (s I ) O(s s K, then the’

‘followlngmentrles ‘are— made in—the cond1tion~table-

I3

R . 1. -si‘and N(si;I ) are identified’ ‘under column -
5. ., n' -of tahle 1K,
O R ‘2--f:M§§i;IK) and-sj arevidentified under coluhn

b1 and sl°ahd‘s‘ are 1dent1f1ed under column_

. &
/‘f'- . of table I for all J 1,...,m .

It. must be noted that 1f N(s ,I K). sl as in case 1 and

1f N(s /I Ky sJ as in case- 2 2, there is no effectlve

condltlon of 1dent1flcatldn -on n':; Also, 1f 1n case 2 2 1f S
: N(s ,I ) N(s ,I ) s no condlton of-1dent1f1cat1on 1s made
’ o i e . ..‘1. . 3‘,_

: 51nce N(s ,I ) and sJ are<adent1f1ed 1n%n' and-si and sj

(whlch 1mp11es N(s ,I ) and Sj are 1dent1f1ed 1n n) 'ThisT
'1:Vl°lates the conditon th t n-n' 0. " o
o ‘;Q W w : . CRe

In order to obta1n the condltlon tables, all total

'_k'states (Sl'I ) are examlned and by u51ng step 1, the
Gorrespondlng condltlons are llsted 1n the table. Thattls,

3
)

1f state A is 1dent1f1ed ulthastate B then fhe-condltlontf"

s G

all total“h

.denoted by (AB) 1s placed in the table. ‘Fe'

fg,'states (s ,I ) each condlton of<1dent1f1cat1?n is llsted in-

a separate rou for each 1nput I As*an example, con51der

'foccurs.' That 1s, one state (namely state 6) exlsts such
' i g . :

\',',1 . a 1% '_ . .‘ : "“';. R : 4
: R . - . R
L SRR AR L o

-




L N -
KIW
2,

B

that N(6 11) N(‘l 1) and 0(6 11)_0(1 11). : Therefore, (1’7)'

- is placed in a rowxof state 1 under column n' of the

A}.
condltlon table I, as shoun 1n Table u 5(b) Also, (76) 1s-

'glaced under column ne and (16) lS placed under column b of 'f”

' table Il in a dlfferent row from (17) ‘ leewlse, the

remalnlng entrles of the two condltlon tables are ?Ktalned

' eas gi'ven 1n Table a S(b)._ An 1dent1f1cat1 ble 1s then

_'\

“formed from the condltlon tables by merglng 51m11ar columns

of each condltlon table.' Merglng means that the ‘same

SN -~

'columns for each of the condltlon tables are comblned. In

"other words, each row of one condlton table 1s comblned w1th'

: 1all the other rows 1n the correspondlng state of the other

”;condltlon tables.j In each case the n' condltlon of one .

'table are merged wlth the n' condltlons of another table.'
‘*v\.;’ N DY

'fAlso, the T condltlons of each table 1s merged.d Note that

" the n' and n condltlons are,ngver comblned As-an example, jf C

Q’

",Table a 5(c) glves the 1dent1f1cat10n table for lable"""

4, 5(b). Thls table is® then mlnlleed by applylng the‘.

~‘tran51t1ve lay to each row. For example (17) and (14) are

A&

ﬁ“jldentlflea 1n$the same rov and. column of Table 4. 5(0),'and

o e

fbe aPPIY1ng the tran51t1ve law the 51ngle CODdltlon (1“7) lszftlﬂ

;formed. It should also be noted that when applylng the dth-

ﬂ"tran81t1ve law the condltlon n-n'-o must also be preserved.vf'

'If thls can not be done then thls row of the 1§fnt1f1catlonjftii

B g H .
“table 1s ellmlnated As,an example, con51der state zZ, the

&
;.-\

second set’ of condltlons g1ven is thit (23)(35) 1s

c,;dent;ﬁdedv;n'nt,and (25) 1s 1dent1f1ed in. n.' Applylng the'ﬁ-‘

. .
T .
T

(R . oo - . . N
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tion Table .
e
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. TABLE 4.5

¥

(@) Next-state Table of Maéhinehﬂ
. (b) Condi

B TN : Rl T
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ne
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67)
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Y. TABLE 4.5 (continued) . o
. ‘(c) Identification Table B PR
S (@) Hlnlmlzed Identlflcatlon Table o C T

I :
. o

.

o
- .
B

e

o

ey

(147)
(76) (14)

—— -
vh—
AA
_h-l
-—I—'q-

B

wooN s

6y

'\l—l
dEiE

P

al

ey

Lo_d

T — gp—

(23)

(23)
L(23) (35). —

(25

4

(236)
(23) (67)7

- (23) (36) °
(23) (67)

o

37

(1“)

”ii;—-_._'wpé.‘-‘—_q

()

. -

— (358)
(58) (53) . (23) (58)

(58) (32)

(25)

(67)1'..

(67) -
(67) (17) H'(567)-’
: : . (58) (67)
#/(36).(57)

" (36) (58)

a8 7

(75) (76)
(58) (76)..
(75) (63)‘
(58) (63)

(78)
(37
(78) (37)

(QSB)’
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. (58)-
s (57)
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.\m;‘ﬁ. .
. ‘!“ ‘ .

- cannot be used 31nce non'—O would resubt, and 1s dlscarded.fh?'
.\The flnaL«mlnimlzed 1dent1f1cat10n table 1s quen in‘Table e
v -\”. ,': <. “. ! . '-l' ,‘ . Rl Y‘.'." " ‘“' :
. u 5(d)...;r‘f R L “txn_ y 3f1?; DR -
A, . . ‘, - R . \‘-’w_ q O ) E ; ‘ {
;(J"ﬁ? The 1&ent1f1cat10n table 1s then used to find a. palr qﬁ?

e e :
o .;2t.1vThe states wlthout thlonal ro Rarge con51dered and

e e :

QJTZ‘ S

2 optlonal‘row 1s a’ row wlth more than 0%6 Coné&tEOH 'f;
;fj Qdu per state) < An%optlopal Lo whlch covers ié;ﬁf J?é
f | wnother opf?onal row is, remOVed from the fﬁ;?gﬁé{zlftﬂ7
. . RN B ) B DA

j 1%ent1ficatlon table._; | f;‘ AR ;a:

Te

<

B T _ : ey v
'ﬁ.-,_gthLder each state wlthout optlgnal rows (an,1 “,

zpartltgpns that satlsfrés aheorem 4. 2. The follovlng '7f":$?ﬁ7r

fMﬁvalgbrlthm glves a methqd of flndlng such.a palr from the ﬁﬁj”.j‘

' e_e:,f;a,gartltlon nj- 15 iormed byééettlng eac% congltlon‘ _§ 

e . Lo ~”"w~ o e
" for each of these states be a block of at. '".;_ &
D ‘a- . $ _‘,_ ..""
3. Those states wlth>opt10nal rows havlng an“;.': 335'“
S, [ ' "‘--.f-'\'

Unspec1f1ed entry under o apd an: 1Gent1t§ already

if;\i:?H covene& by n'“are dlscarded : The reason belng that

N . »
- -"'ulﬂ e .

%.gf;“ they do not place any further condltlons on the palr;t_*~

RN N : : ‘- N L. : . . .

SN _'... RN B = e \ . L A G T
LIS - . . . . ‘ . . ‘," . M . . 3 . o . . K . N -
R .(n ,11)‘.\__ T A D ,“ .ov; RO TR DRI SN y

A - U . . - y i}
o R el . s ; .
. ‘ iy SN Ny e . LI

~”u;ﬂ_ et the remalnln states S ..{ S -J.lﬂet
e ke « vg fet L3t A ST A

tm be »the s‘u‘bsets

' ' ..
E't' £+1 "’@ t+m fmd Pt,’_?f_

t

S .

. . R } o . ’\b.. . . ~_ , AR i U .
. L, . . .. . [N 4 . ¢ k
- R) ~
o \~( ? e St .
’ ' . e e . .
S ¢ .

«x&-partatloﬂs obtaxned by an‘arbltrary rou selectlon  j~



;; thch refef?to £h§§é states;é#&he P! partltlons are -
REA  1 formed from the 1dent1t1es mnder the n' column, - \
Au i A&H &hwheneas tus P ;part;tl?ns are formed fr?m theﬂlu : ’~ 
. ; ‘f”“ 1dentgtlds un&er tjﬁ;ﬁ column.; A pair of partltiohs
;'z AR S -“HéQas fofidys._‘ ﬁ.:b ,.
’ L é@ #?E.+Pt¥g and’ n ~P +Pt;]+;:.+P +d?t The

d

._$‘~set of - palrsi( ﬁ; ) are obtalned by all p0551b1e

o row selectlons

Yy row selectlon 1t i, meant t?&t ﬂgn

If a part}tlgn ln the seﬁ

i

;:fylﬂ‘.lncompfetely spec§&1eﬁ, theugemalnlngﬂstates a
T ,r;s . o
-',tjme added, preserv1ng ncn' 0. ;?fﬁ N
,_7“’ w'ff f&; ‘d“‘

— B e -

&thoee palrs thatyulll satlsfy comdlt;m%;“' .
)‘: x“ & & ;u ,;‘ ’F:_‘J - .o\ " \‘ 'B Lb,
T Theprem _ﬁ%hls Smely con51st/;of f id

- ',- . e-n . (/”

of partlt ns (n',n ) ulth flogzn(n')]

”vicgﬂ rlog n(n)]

‘r».
.

s= g where h is- the largest.

L ? s
-

KON -

The above~method 1n achleV1ng 1ts goal of flndang‘two '? ’

S

partltfbns n and n, carrlss out tVQ:baSlC processes.;*_%ij

r . ) s L v el

__f1. It places the states from a glven next-state table

.

R SR
'-_ 13&0 blocks of n and n' accordlng to>cond1tloh 2 of[&

. : AN \ .
y- ., Rt ~' . »\t
. .

?13*'} "*"Iheprem u 2. In other wo;ds, stepj1 flnds only,h

,2 of the theorem.‘f-;,, ;%f'ﬂ.‘lﬁf“fq

. . . - . N
e e . r B, e e s

E S A R
. . ety
CeeTen SR L A R, SR - €5 I . . .



RIS | _;, ‘ 'iég
SRR : SO R )

2. The method then sel@cy the Q_artltlons n“ and&;f: that

‘.“ sad::.sfy@,the condltlons- ‘néon' =0, rlog n(n'Lf‘-h and .
°-.'..'.~.. : R S £ oo

|'log n(:n).‘] s-h._ That 153 condltlon 1 of the theorem s

LR rs sqa'tlsfled. R 1:} - ‘_3-,,_‘?._“- AT N
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'I'he::efore,.lf tuo partltlons n and ‘n' can be found thls

T,

) method assures that all the %ondltmgns of Theorem u 2 are

A\ satlsfled If \no. partltlons exist® t‘heﬁ"no hy,in',:.d c1rcu1t
'\;‘} . &;“ ’1 1; *.-~-. ‘;,2 \\%ﬂ' ) )
exlsts for the glven nextf stata’gtable. KRR

s . S ._.v,}*
iy ,Taible 14 5 (d) . The states ﬁ‘ithout optlonal roﬁs are 2, o and

: ’ —r — g e * mt i P a&q
therefore, ng{ 331 ,'" Cons.tder vth&astates with
i - »', '

optlonal rous, _i,

,ésta:tes 1~,3 5 ’(f andr.,B".i As anseﬁcampl@, f
ne arbl“traary row "-Selectlo—m glves P; '?‘ta 67}, P;-:i » ‘jﬁ.\"?’j‘_“»"‘;{".
" —4--_\. R ."= '1'_- '.;—-l‘_‘ . . ) P .
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3/01n the bldf:k's TB and 25, o

ron thls arf)’ltr‘ary row *a \
-:"selectlon 's;tlisfles Theorem u . 2 v_ A hybPi‘d c1rcu1t can be L
»‘,.,'bullt w:.th the del y free 1nternal varlables a:51gned toqthe

t36515;§,3u,§a32;6}. The palr of ey

‘_""’pa’rtltlons ;n',n) obtalned
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,_,. f N . n * & ' - ..J

v_-_par_tltlon -1;_. Note, ::.n order to fl/nd the part:.t:.on that N

Tel

" complete set of partltlon paJ.rs (n_;_ ,n ) must be obtalned.f’_
"':‘-‘AThe palr gn thCh nt' has the 1argest number of blocks 1s

“ ‘ 1,.'-
then used to reallze the hybr:.d machlne. RS
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1nternal‘%tates such that I ='2 however,.lt i ﬁ;x o

. % - o
1p0551ble.to-apply ‘the  me+hod. to ‘a; machlne thatn

FTVR

: bt - . . __,~ .
. 2? 1nternal states. The state as51gnment gdven by~thls
. ,‘Q‘ )

: method reallzes the machlne wlth the least number of delay

LN

e element? that can be’ remoted. In other words, the number offi

g
;removéglekdelay elements represents a lower llmlt It mlght

be;posslble to 1ncrease thls number by conslderlng all

3 - ’ N 7 e .

p0551b1e selectlons of don't care entrles.3 The probhEm of s

A v .
' S A R N T M‘r‘,

%x-searchlng £or. the best spec1f1cat1cn of don't“carﬁwen {;es,.f”
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. a, - S 0 °
3 ¢ for whlch the delays areqfewest 1s Ta dlfflgult pkqb
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sgme cases the extra states can be spec1f1ed ulthﬁentrles
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.ﬁfTSpeclfylng don t c%qﬁrehtrles~must be dcne in such a way Lgéhf"

-n-—' 3 o,

cthat would allow somet
: - 3
ﬁstlll malntaln the condltlons stated ‘in- Th@orem 4. 2 ‘Th/

S o R

vihlmportance of carefully fllllng 1n don't care stat's is’
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1llustrated in. [9]‘ ‘ ':'.\”
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The delay elemeﬁ%s referred to 1n t&ls Chapter are L ((A

51mple delay eleme ts. If the hybrld machlnes are to
5 _

* realazed,41th clocked fllp-flpps %uch as J-K or R: S t

method dlscussed earller can'stall he used. Hd@ever, when_“

-~ <

desrgnlng‘ﬁhe c1rcu1t the process must be carrled ongpstep

further. Once the tran51tlon table 1s formed‘lt then has t0'

v

be spllt 1nto tvo separate tables.‘ One 1s'the\transrtmon )
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table of all the varlables of the feedback paths from uhlch

'’ v

the‘delay elements are‘memoved | The other s the’ exc1tatlon'

s Ri

table for the feedback paths from thCh the delay elements

are not removed.- The next-state equatlons are obtalned from.h

the tran51t10n table, and the fllp-flop 1nput equatlons ake “u”

obtalned_from the_ex%}tatlonﬂtablermehQse two setﬂ of #——
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- equatlons are t%en ug@d to reallze the hybrld c1gcu1t.
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7«”_ The’ object’of thls sectlon is to develop a method for;.xll

f371nsert1ug clocked‘deﬂd& Eléments 1nto theq

. :,_n.,
tr1V1al

el L e

- solutlon to thls problem merély 1nserts de}ays Lnto‘ ll fj-?

e

-

~2

feedback path.‘ However, thls may be undes1rab1e 51nce fhe -

> ‘ .
c1rcu1t becomes completely synchronous" Thereforé

v...4 \

desired is a method qf 1nsert1ng less delaygtﬁhan thege are.

il ‘
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-

what lS ‘\\*

feedback pathsﬁﬁﬁli.’5}*f'r»'353;5¥;r»i:?fv§’5f ;C?L#
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.4 The solutlon to this’ problem beglnS wl‘th con51derlng e
EEA~ , i R R

i ‘asynchronous c1rcu1ts.; In asynchronous c1rcu1ts two

A\modes of operatlons are p0551ble- normal ‘and. fundaﬂental.

%’Fmode *
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Eacn mode Hlll be pon51dered separately 51nce dlfferent ~*7; -5;

.'“ w4

.'y\

whlah any tran51t10n,leads 41rectly to a stable state and n0‘f

>

output 1s requlred to change»more than once durlng a

l, - Ll : :

ba51c

hybrld machlne.: A fundamental mode flou table 1s one 1n f j:dl
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nassumed to be stahle
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3 coﬁdltlons needed to insert. clocked delay elementa 1ntol

tranSition.

_reaches a stable state.

A

:mﬂe 1npu
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{3 V . 3
to a fundamental mode flou table are

‘hd do not change untll the c1rcu1t g'
L e
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con . ll

wlth thi% 1n mlnd the folloving theorem glves the

ey t . o . -,

1ength of one clock pulse and let T' be the delay tlme

) Lo . . % . . -
: -Proof Let A he an lnput at any;time t+kT, where I61S'the

'state A, produc1ng the outpuﬁ"O(A), the~@ssoc1ated

j 1,...,h, can be 1nserted 1nto fhe feedhack paths d:'

N

";; ' -a.“\- :

_:;.gt‘,its %ehavmor 1f and onl,gr“l

».

4 ».J‘

Y

through the comblnatlonal,c1rcu1t, Hhere 0<T'<T.,~Then;[,f

o t+kT+T'
&

< t+(k+1)T- That 1s,‘at tlme t+kT+T' the v;vddlid

combLnatlonal c1rcu1t Hlll see the assoc1ated hybrld

transm+1oh state H[A] : Hhen thls occurs%t@o cases are .'#;' =

Case 1- If y —Y' for all 3 h,...,s then H[A]—A and the f_,,j_

o o ,,.-u

fchange, whlch rmpLaes the output is cgnstant. 3

pOSS1bleff:

Case 2 If ny!' for@ at'least one- value of f?%’h’en H[A]fA. .
1]The comh/patlonal c1rcu1t Hlll then see the new 1nput,--

-fH[A], at tlme t+kﬂaﬁ'
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output state Qj the comblnatlonal c1rcu1t doesvnét LR
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Thus, the output from tlme
?‘v“ﬂ : : v

N

fft+kT+T' to t+(k+1)m‘wlll he preserved 1f and only 1f

»:~clg-r'.~vam KR

1f for aﬁg‘total %-
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h[A] produces the same output as A.g If and only 1f

"v"\"‘ g

tth holds for each 1nput A then the 1nsert10n of h .'J“f“

1

Iy{” delay§ wxli never affed%sthe external performance of M. s
M . B T . . X o '
: '& ‘ ".ﬂ. ‘- ,,A,;, L A ; o o :,_‘7 a Jr"‘. - e : ) . 4 .
Thls fheoremrglves only the condltlons needed to &nsert

KR 'Fi : ’”‘o

delays and does not. g1ve a way of d01mg-at*’ ﬁ syStematlc

*.a y‘*’ —"&?_—"~‘“‘_“_
approach 1s'preth¢ed 1n the followihg algorlthm and glvgs ‘a

I n'«“' e \'(\

métfbd fér 1nsert1ngudelays. gt 1shassuméd tgat the*ndmh&r,
: ‘ 4, N .

_f 1t 1s %eSLrable tq xnsert tpe
o i da_,»,. ‘:'..-

11 havé at‘lea%t one“feedbipk path 7}
g\t'h ﬂ o*« ‘ R

‘n €§ 1nl
q ..v:

of 1ntegers 1,...;5,

u

k; denote the e ements of7

74;f,2. Set h-h 1 fi.a_thé-"Vj'.' £ this he L

; 3 .._i Sef i= 1’ j" -‘ o *{'?-.‘b-g“. . " \ :‘;". \@, P :,_h, ) , o "

- 1” M ‘o T, Lo o . . C ~. . .

,4,9.3 Calculate_ﬂ, 1ts assoc1ated;hybr1d tran51t10n 5t&te
. * .

-

. ' ~
e

H[A] and p(A) as spenlfled 1n Theorem u4; 3 fo

w feedback paths I'-y ‘ 3 k.,.' _ o
;:SA f H[A] 1s équal to a don't car;" B
/4“-' . s%ate Hlth the same next state and ‘o -

’and/or compare the omtput produced b H[ ] to O(A). .

. -If they“are not egualcgo to step 7
lnyG; If A, H[A] and O(A) are ca&culated fo” all total

. _.ﬂ states go to step 9- otherqlse, caqulate A, H[A] )
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If 1>( ) go to ‘step. 11,-otherv1Se go to step 4.

q9;; The h_ delay elenents D,y i= k,, can be 1nserted and B

R the process stops. ‘j .v-"' as ;qu- N ;""‘ e

1Q.f_If h>1 then go to step 3j

L 'The»ahove diScuSSion@éonSideredﬁw,ly fundamental mode
SE e e 5

- /

Fmanner be at*leest one clocf pulse apart.4 The reason ls »',5-

that if the 1nput change 1s less than one clock pulse, the
o . . ".‘,\. .

'”ehav1or of the machlne mlght he changed. In thls case the:

o [

2

'0

.‘.~,A

t ns%tlon.z Thls could cause the c1rcu1t to opeqﬁtgg

7lngorrectly:f‘}*y:§ﬂ

ts operating 1n normal mode are cons;dered déxt. N

L RPSPR ‘r. n,,..’

7 . cirey
"V,A mach1ne~ perat@s 1n normal mode 1f and only 1f the 1nputs

:fare never changed unless the c1rcu1t 1s 1n a stable state.-"

“

f Only those flou tables ulth more than one transltlon Hlll be :

5 - e

) o ; . R T
con51dered 51nce¢tah1es Hlth 51ngle tran51t10ns are ‘hi;}[f Sh

g 'accomnted for by fundamental mode. X
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Con51der an asynchronous flow tahle that has at least

o two transient states Ain a trans1tlon from one stable state‘y,

) L

a'to-another. In other words, for a 51ngle 13pd§pchange a'f'

,/,A

serles of 1nterna1 state tran51t10ns QXISt.f Let t be the_Q

o

‘maxlmum tine,. lt takes the asynchronous c1rcu1t to make one’
ftran51tlon, 1.e.j t 1s the delay t1me through the ¥

‘M‘COmblnatlon"l c1rcu1t for one change of the total state.‘ o

- “Thls polnt is ilIustrated 1n Table 4, 6- t 1s the tlme 1t
.b,;‘
s taxes th& c1gcu1t to reach state B, aft f an 1nput change,'

B it hh%,systemauas 1n state A Vlth an 1nput of 1. The arrow

-\ -0

7constant, t,en{the total tran51tlon tlme for the c1rcu1t

to change from‘state A to C is 2t._ From the deflnltlon of

normalqmode 1t follows that the interval 2t must be less

.change..'It
T T

faf

- S
should be nptﬁd that t 1s,gapgggastant, bat’ for the purpose"

'of»th;s-the51s~1t wlll be assumed that t 1s v1th1n some

than the mfhlmum t1me that the external 1nputs

» A v"v‘;,.‘
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, Let the flou table of Table u 6 be regllzed by’a hybrld .
Vo
machlne and conslder the problems of such a reallzatlon.,'“

A

Lo S
Assume the hybrld machlne operates correctly, then the¢=.'“

external behav1or is the same as the external behav1op of an
N J
asynchronous machlné reallzlng thls flow table.- The hybrld

machlne w111 pass th:pugh the tran51ent state when a ,x._.“,.
R S

tran51tlon from one stable state to another 1s made.f_gheii; i

- ﬁon the séh?% table 1nd1cates the tran51t10n from A to B mqae S
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A Y- varlahleg 1 . have no delays 1n thelr feedhack paths a;e »f .

e
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X TN

alloued to change.m Therefore, the machlne will e;ther stay

in its orlglnﬁi state or change to 1ts assoc1ated hybnad ;;ﬂf
tran51t10n state._ In elther case the cﬁrcult vlll be stable -‘?
44——forfa~flxed”amount~0f~trmer?whlch~1s one- clock—pulse"mlnus*~“~wfi
oo . ', L

the delay tlmexthrough the comblnat;onal c1rcu1t 3y thew.-‘“fjt

a4 - ./ . . R

‘def1n1t10n~of normal mode the 1nput could now change after_g"

2t unlts °f t}me' The Inbaéstmlght change 1n the hybrld' !iﬁuiéo
machlne before the flrst or seoond tran51tion 51nce t 1s IR
‘ very small compared to .one clock pulsg_ Thls-F95§lt 'ould e
d&;cause the/behavlor of the hybrld olncuf\ féfﬁéﬁﬁi_"“'*f’u ,”f i
v than tha% of the asynchronous#olrcult”F:‘ ;%i%g t;: ‘ ﬁjgﬁ,f}
' £low table.f In order for the ‘hybria: c1j i ?£;;OP?£ate .*wf :
' Zorreétly, the testrlotlon is 1mposedﬂthat the inputs @;g{fﬁiha‘”

'7h be separated by at least two clock pulsesra
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‘realize‘an asynchronous c1rcu1t operatlng an normal mode by

\I‘J‘ . . [

a hybrld cmrcuit for thlS speCIflC case. In general, a

]

macklne operatlng 1n normal mode hav1ng multlple tran51tlons*%"

4

can stlll be rﬁkllzed by a bybrld machlue.. ‘To- satlsfy

e . o

. gy :
‘comtalnlng the maxrmum number of tran51tlons.tg
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7

system 1s ;n, tne next state Hlll always be 3.—«However,t<ﬁ

t

o normal mode, after all input chdﬁges; mnsn reach eltherdgaﬂ

s 9,..

o 7mex{?%tate-can not be unlékely determlned To lllustratf

":QT et the s stem r‘allzln "able u 7 a have an 1n d{!of
Zf,'V L Y 9_ ( ) P

1‘:c§m51der Table u 7(b) 1n ﬁhe same 51tuat1qn, when the 1nggt
,"‘""‘ L --"‘t‘ Aot ,~
' 19 chamged to Il the next state can not be dlrectly

Themrem u 3 the 1nputs must be separated by at least n clock

L

pulSes’ where n 1s the number of tran51tlons of the path ﬁﬁf |

Accordlng to H001USkey [23], a machlne operatlng in

. ,'_~ vy“

/. v . .v'- .

. 1\554 v-'\ ..
stable dondltloh or a cyc;e.g A cycle 1s a- succeSSlon g%;%“% v :
v,,.'\.-_r‘ o A,“ 3‘57__4“‘ S -.*, ; ‘/
1nternal states repeated 1ndef1ﬁit1y. .Eo e§<floq,ﬁabie."~.
E J‘ N R IR T er,

’_‘ -t

conta1ns a cycle two‘poss1b11t1es ex1st@ One 1s when theﬁ,
ﬁ} .

next g;ate-can be uﬂlguely determ}ned and ﬁhe other uhen the
'__, -_J"-A “t‘ ‘.._

- \

the two possibllltaes con51der the two flow tables 1naTablé,‘f
LA .‘_ d{y'
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determined by the flou table. If the system vas 1n state 1 fjfi,

‘ R I

-

Hhen the 1nppt was changed 1t w111 remaln 1n state 1.‘-I£;Lij




, TABLE 4.7 .
. Asyachrcncﬁsﬂhéxt-Statevtable.Hith'cycles' S
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‘ﬁ,: : The flrst possxbll;ty dlscussed 1s the casﬁivhi%e thﬂ ;
L b B, L _»:r'

9next£§tate can be unlguely deternlnea even 1f 1t 1s not

knoun~what state of the cycle the carcult xs ln. The secqu

,A. .

case can be consadered rare and the use of such A flou tabler-l

= . . -q-,.-

is. not clear. ;‘L'y'_p ”1.:w;‘f ?\ v :_ ; g
:'ff', R 9 oo ” o S ,‘" L ‘) T A/\ o .,W
'Theorem 4 3 can stlll be used to flnd a hybrld machlne

N oelel

" that

" restr1&t1on must be plaCed on %h& 1npwts.; Le{ n be the:ﬁ}ff”

v

tl’ .
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'clock pulses apart.--.fnv]~ T e N ;«~_A$ :
vfw . i . . ” \ L :vl "‘ e IR ) N Lo o RRC IR

:¢§;The above dlSCﬂSSth fﬁ%lles that dll 1nputs must be

.
P

' separated by n clock pulses, but thls need not be theycase. a'f:

. e o % l
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If. the e tran51tlons*occur 1n only one column, say I ? theni

rthe on;y restrlctlon that must be made is- that the change

. 0
l_,._‘

o A.\‘

2y 304 L

sterzle L

\Wlll reallze thls type of flow table. hqyever,.al_jcx.-ttag

iThe 1nputs“are agaln restrlctedb d};hange’at the earllest n-;fgf

 {ﬂumber of tran51tlons 1n the pathnthat c;\tamns the maximum ‘{_ff
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..fromlI to I ls n clock pulses after the ghange from r“ to

fﬁIz" S genezal, the change 1“ inPuts from I to’ 1 vmust be ; .

5o ’
] separated b%;at least the same number of clock pnlses as

o . C
£here are tran51t10ns 1n the 1nput column IR .

2

¢

- Pulse outputs 1n the tran51ent stat' of al machJ.ne ) " N
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- uhen such a %@%le s reailzed by a hybg\d\carcuft the length'@

»bf the pulse ulll be'affected., The transient butput Hlll E§;;
' ] 1t would for tne as;nchronous case. i‘ 5
It must;ne assu;ea t?ar the change in the length of—the-ffo
pulse wlll not agfect olhé& macnlnes.l Fonﬂ%xample 1f such au 13
c1rcu1t is. to operate iﬁ serles wlth so%e;tther machlne,vsn lef
1;uh1ch the yvtputs of the hybrld yachlne ane nsed as 1 utsvgau
;fiog . ,uachlne, the beh&wlpr of the ¢0mposlte ma:ZI;é*[Y“‘
- wigh ;a. It ls,‘theneéofe, 1mportant to conslder “ ,

the outs1dé en&ironment of an a5ynchronous c1rcuan>before R
% : “r( . o ) L Eo : ,“f. X

trylng 10, reallze 1t‘w1tp aivﬁp;;

Jg_ff Whls chapter has prgsenteé‘
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) J, TR
gf hybrld seguentlal ma hlnes.; Aniexlstlng theorem 1s PP O
\ e ,.‘.:u, .
descrlbed enabllng a. hybrld c1rcu1t té“beqobtalned fromia BRI
sycnhronous c1rcu1t by remov1ng delay elemenés. pTo_i:]'f"a;
o J o r‘-', L . :

complement thls, a theorem was presented for 1nsert1ng delay

. . 0 - " ',',‘ . b . -,“\' . B ‘ ‘; . ._ ‘-‘ 1 . \g- o 5‘ :.:.- .“{
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'éke Ents 1nto asynchronous c1rcu1ts xﬂ form d’ hybrld s

d@rcunt. These results ulll be used in the’ next chapter to
- e b “ . RERE
ellmlnate crltlcal races and essentlal hazards 1n A
!\‘. . CorT R , . ! . : ¥ -

-asynchronous crrcultb.:f--' B 7 R

S TR e

e ) - i Ch L co oy s e v
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'conforms to- that speclfled by the flou table [15,23].

%. v - » g
- - N\ s . e
N R
‘ CHAPTER 5 ‘o e
. > - / %
\-——"—\_____. e e - ’F‘( - &
. . ;
8
f RACES, Hazuns and HYBRID CIRCUITS -
51
. *\\\» : o . | \
RN L Vas

.y The problem of races in hybrld machlnes is examlned in
thls chapter. A method of- resolvlhg races in hybrld

l'c1rcu1ts vlll be explalned so that the- c1rcu1ts v111 operate

-

*Be considered ‘in partlcular for the ellmlnation of both
!

cr1t1ca1 raceS‘and essentlal hazards from asynchronous

N

c1rcu1ts.‘ ; o g

. B . N
T - e A
T—— o . : i . N

-~

L v &
A tranSLtlon dur1ng whlch more than one 1nternal

varlahle changes 1s called ‘a rvg If the correct behav1or

’ of the c1rcuit depends upon whlch variable changes flrst,
~ o /r
ie e., the outcome of the race, then it 1s con51dered to be a.

°

0

\ .

correctly. Alsc» some p0551ble uses ofahybrld machlnes wlll

. crltlcal race [15] -3 race is no n l 1f,fregardless of‘

the outcome of the . race, the behav1or of the c1rcu1t st111

'« .

Y .
r

Race condltlons do ,not occur in synchronous c1r¢u1ts

because the J.nternal varlables change s:.mnl::aneouslyQ



7 e ] .
. \.. . . o N %. - | ‘-'u
the other hand raca condltions do occur 1n asynchronous B

N
c1rcuits and reQU1re careful analy515( In. order to obtaln

¢

. rellable circuit operatlon, critical races must,bev .

. ellminated. lhree different approaches can be used to av01d

P

crltlcal races. One such approach is.by dlrectlng _the . v -:\"

-

c1rcu1t through 1nterned1ate unstable states [18]. hnother~3
method is by select;ns\a\\\\te a551gnment whlch 1s race free
[15 23] The method of 1nsertrng asynchronous delays 1nto

-, _one or more of: the. feedback paths is also a conmon method of

av01d1ng Crltli;l races[10 23] Hith thls nethod delays

«

?
are inserted 1n such a way as to allob one ff the rac1ng < Y
i

. ‘/‘ B

\varlabies to change before the other. T

. _ e
e, .

Each of the above methods-has 1ts\dlsadvantages, 1 e.;

»

the: flrst and second approaches could lead to Iarger state
a551gnments, uhlle 1n the thlrd method there may be more

v . Q‘
Ath;g’cne race Hlth the same y—varlables. If thls 1s ‘the . "

.

case .one y-varlahle mlght be requlred wln thewrace one

hN A

tlne and under ‘ahother c1rcumstance 1t nlght be requlred to _;,z\

\ -

lose the Tace. The best nethod to use depends on the‘

.’s1tuatlon, i.eq, no one nethod is always “better- than :
'another. Qulte often a comblnatlon of these methods are. ,; ‘ ‘3

: egulred.-ch new approach for resolv1ng races is’ presented

ip ‘section 5.1.2fby' R _'."”-." A L

. \h One of the naﬁ“r problems that could arlse 1n the"*‘ O

cox:ers1on of a synchronous c1rcu1t ‘to a hybrld one.is that

of creating races.. In order for a hybrld circult to operateh
N To. - \." . . . ‘- ) .
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.- Figure 5.1 M» e
e for Table 51~
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N : : : : S " ‘ : g ,
uuith the sane behav;ortas the orlginal synchronous circult

y -

‘ '_all crdtical races nust{ be elinnated. This problem of

5..

o,

“draces i hybrid nachines and how they can be resolVed is

dealt with in -the next sectlon. . ';:f,‘\r‘

: , — 3> -
. . . - S T \ ,ﬁ‘ a . .
. . oo C oy . W e

rfi,1;12 _Races]Ianybrid Circmlts S S \
. . ) "_(, . , v,. . \\ .

- In order tg 1llustrate the exlstence of crltlchl races

-~ in hyhrld c1rcu;ts c6n51der ‘the synchronous flou table\given '

‘ e e
'1n Table S. 1. Usgng the uethod dlscussed in Sectlon 4. 1,

Ghls flou tahlewcan be reallzed by a hybrld nachine 1f the .7‘

. clocked lenory elenents are renoved from feedback paths 35

L}
j,yz ‘and” y3 ' Let the hybrld machlne, reallzlng Table”s 1 ‘at:

‘?'sone partlcular tlne kt, be 1n state 000 Hlth 1nput 0. _The'-

'next state of the hybrld systen should be 011. mhis f

4:31tuatlon results in a ‘race cond{tion sznlb N(OOO 0) 011 and

.~

;s-both‘y and y3 are to change 51nu1taneously. Now con51der §5f'

“Vfwhat uould happen if " y changes hefore y3; Under this ’f;
condltlon the next-state oé the systen would be 010 and Ulth
‘the next clock pulse the systen would then go to 110 whrch

- 115 d1fferent fron tHE required next-state of 111. Thus, g;

fcrltlcal races can exlst 1h the hybrid uachlne.;;mf“

B : S

o
-~

/
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Hybrid transitlon table to. 111ustrate races grf /j.l
T r‘.'f~ ~ '“. ' T T 3; R ‘
4 / : L - : C :
RO OO (0TT {010 [0 4 T4 -
: . L . N S T 1 . : L
\ o R I . ] ML IR RETSNNy v
B BO0O.10 |‘119‘j 010 ) 1;1 1] _ .
. e L - 4 i i -4
r . ) . . . A ) v L v L] .."
! o CtT 1.0 |“010>|-010 [ N R B :
. . 'S - {1 1 1 1" -
: L s : T - . v, -
. 1\ D1 111010 § 011 43110 | |
LA 3'0 117 111][_011~| 0 I 0 ,
. L . . PR » ,‘ . ,'l. N [ :’/:v,
v"l_ ‘ : . . "‘ o~ R ,Y. Y.!. ) o k b
I ‘

. . Lo . . . ) : b‘o ‘\’ .. . ;
'1 Con51der vhat woﬁld happen 1f ‘the standard technigues ff

7for ellmlnatlng races are appl;ed ind1v1duallynfor this

L

nectlng the circuit

-

.;fmachlne., The flrst technlq: =

fthrough Jnstdble intermed;ate states 1s\1nadequaA'
r.g there GXIStS no state that leads to 111 other than 011. )

“Flndlng a' new state ass;g::ent may be dhsat;sfactory,'Sdncef_”'

-}lt mlght not be p0551b1e te realize the new transitlon table.f;
by a hyhrld c1rcu1t. In addltlon, phanging the\sghte thj;

;Tassdgn:ent mlght result rn the removal ofd&1ffereht delay\ |
‘jgelements and thus5 nev r&ces mlght he 1ntroduced. fﬂif;f}if:;Aj

ﬂ £t ce DR ."'"._.'4_‘1. .
W . ,

The last technlque of resolving the race by 1nsert1ng

4 - -

:l¢asynchrondus delay elenents 1nto one’of the feedback paths

.

‘seems “to be the best leut10n° however, thls technique also
"ghas 1ts dlsadvantages.. Por exanple, if yé was delayed to }"

'-enable yz to change flrst, the systen would go fron'state

,4""
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000 to 010, which is still the vrong next-state. leeVlSE,
'*; if y2 vas delayed a s1milar Situation would occur.g Thus, no

individual nethod can be applied to this nachihe. Hovever,

a conbination of technigues which can be used to resolve

o
° N

jaces in hybrid circuits and is nov disdussed 7m;;\g,?“'3311“

L -
s

)’ L. .
R

‘g The above discussion considered both the synchronous ;Q;{

‘v

and asynchronous varaables of the hybrid naehine.1 Recall f

;' that the non-delayed internal variables of a- hybrid nachine
are called as y chro ous and the delayed ones sznch ongus.‘”'
t

L° It vill be assumed that no races exist betueen differ at

1
~

. l

\ﬂ I
typ s of vdriables.\ This assunption can be justified, since

k the ClOCk pu'lse can bé delayed so that t.he asynchroﬂous ':;’“Q_y‘-i-‘
S R I
yariables will reach a stable state before the synchronous

tel -

variables change. It shou be noted that the tine it takes f'

the internal variables to chang;eis increased.“df
s is confinedvt'_tbe:'

'd to

Conseguently, the problem of r
asynchronous variables because théSe are not requir

change Sinultaneously._ By considering only the asynchronous
.'" N ._y/*’vl : ! :

'variables it is pQSSible to resolve races in the hybrid h:n,f,
machine.; Races can be resolved by uSinq tranSient states'iﬁ;%f

;f and modifying the existing state ass19nnent. Hovever, it
must be ensured that the race free aSSignnent can still

',v\"

‘.-’ . ot 4‘.‘i .
E AN . I S,

realize the hyﬂiid Circuit.‘,yff_;f;jﬁfJi::w' ‘"

. \ . . . K T L P .

o To discuss the race prd@lel in hybrid nachines conSider fﬁﬂ

~

N

Table 5 1, vhich is realizable with a hybrid CltCﬂlt,'l‘

K delay elenents are\removed fron the feedback paths y2 and %3
!?v;- " am-,t'dj_rr\yl,u o SRR TURE S T LS : E

¥ ; N B . K
: . o - G N PRI IR K P

N s A e
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. ,2=cube is constructed, as giveh 1n Fiq. 5.1.1 This 2-cube is'

. . » , /\ ' ) T Y

. N e L . : ‘

andvare checked to ascertain if races exist in-the circuit.
h ©0 ascertal races exist : PR

Using the notation that states A, BC, and DE represent

.‘the asynchronou!'harlables 60, 10 and 11 respectively, : _/

‘used\to detect if there are any races. It ;s obvious that;

there exlstsua race from state 1 to state 3.v Furthermofe,

r

.th1s race 1s a cr1t1cal race, since state 2 is stable under

N

.‘lnput column 0. . ~ L ,-,?\\<,~
e B ‘ ’ : v ":..'...-.

. . .. PG .
_\ ’ : ’ : ! T

To resolve the cr1t1ca1 race,»the system 1s made to R
. pass\through the tran51ent state 01, as 1ndicatéd by thef;

-dotted line 1n F;g. 5. 1. The next state of 000, in. the

‘\

0

‘orlglnal tran51tlon table is’ then changed to 001 and the

’

-'state 00?\15 added to the\table and N(001 0k~011.' No other

) ?_alterations are made to Table 5. 1, 51nce theretexisted only

“o

one . race condltlon.» Table 5 2, glves the new tran51t10n

table vlth a- race free a551gnment.

»

It should be noted that the State a551gnnent of the SRR

‘.
.

hybrld machlne is not changed. Alsd the synchronous \-;v'

'v'varlables of any created tran51tiog/state are the same as

"dtran51t10n.' The output of the tran51ent state is glven the o

‘-t<

2

."'~the synchronous varlahles of the 1n1tia1 state of the

1

-

”same output as the 1n1§1al state of the trans1t10n._ Thus,

0

*if the tran51ent state sat1sf1es Theorem LR 1,*the new . .-

L3

‘.tran51tlon table can stlll be rﬁallzed by a hybrid c1rcu1t.

PR . « , KAy l .
. ". '\ t ‘ . I3 _\\.'—-‘ X

"4



L

: the tran51tlon, glying the outgut O[A]-z ,...,z ,Y

'N{\

L e

SR N
, . L4 hd » ‘96‘
1 ' * . “.(\\;'. . 4 ]
) = TABLE 5.2 'j o, R
Hybrld machine Hlth race ﬁree asslgnnent ~'i)]f§;’h\‘
L . ;:.'_ u‘. _\ L SRS _ ‘ l~ . 04
.0 . ‘,'V 1 Q-.' 1 . o
- f " T - - 14 l' . : ~ Py
. 2 0—0—0—{—011——010—|—0——1——————° ,
o . Lt p——tp——yf I
o . B0 10 | 1017010 | 1 .1 | :
SN < I B A 010"1.‘"0#0 T A .
/ - : B : " ;:.. % : v
S D111 | o010 | 017 1 1,0
L ettt . .
EO 1T 14 Il {-07%74 0.1 0 { A
' o t - ' —t— 4 R N .
L X | '. el - -

. : . ‘ . ) '.gl' el .

B

reallze% by a: hyb c1rcu1t 1t nust be shovn that Theoren

l\

u.1 1s satlsfled for each transrént state.: To shov this,

M

let C= y1 ,...,y ,.,.,xn be a tran51ent state glv1ng an
outpnt of O[C], andiﬁet the assqclated hybrid transxtlon
state of c be H[C] &f',...,th,yhﬂ ,...,y'.',xll ,...,x

Accordlng to Theorem 4.1 H[C] must‘glve the same output

-

O[C]o ) Let A YI"... 'y ,I ,...,I be the 1ntitla1 State 1n’

1 .

'ooo'!.

1

Let the assoc1ated hybrld tran51tion state of A he
3

H[A]- ,...,Y',yh+ﬂ,...,y ,xl,...,x o The synchronous

3-\lab1es of C are egual to the synchronous varlables of A,j“*”

o since they vere not changed. The 1npmt'of l and C are the nfﬁf

> sane s1nce the transitlon renalns in the sane 1nput colunn._V"'

Th‘is C\&l '...'yh.'yh"'l'...'y ,!1,...,xn anﬂ H[c.:]-!"'oo-,!h' .



, yh+,.-.-. Y, .x,.-..,xn Let thé. original N (a,I).=

‘to that of A, Thls means that Y?-Y; .;., Y"—Y'

/.

R
h,yh+',...,y but smnce (X as a tran51ent state N(C,I)
AP X e

'N(A I), the q;xt-state qsynchronous variables off'-a

h e

HLLJ !1'...'!h'yh+1'...'y ,!1,...,1 WJ.Ch ?p‘les

~ same output'as A” /Also, H[A] has the same out

sCIEAL 0 e e

;iH[C] gives the . same output'aS<é for the‘foilouing; L

) \-,

- reasons..lc is the tran51ent state of A, theref has the
p-wt/a

s h 51nce

-
7'/r

.1t is. the hybrld tran51t10n state assoc1ated Ulth A and , A

Y

-A'already satlsfles the theorem.' Hlth these tvo statqunts _v

. and the fact that H[C] H[A], 1lp11es that the output of H[Cq

Fls the same as the output of C. Thusn Theorem 4.1 1s.;

nsatlsfled for thlS transient state.

'next state of A. is changed to t&e&transient state, con51der‘

the follou1ng argunent. The sync

LY
Lt

’ : o

i_’ -
s Tk . |j
o -

To explaln why the bei'71or is- not changed when the

1
4

ronous varmables of the

¢

’ transxent State C are the same as the synchronous variables

of h, therefore, the c1rcu1t nakes the tran51tlon from state

o

A~to-c.- fhe tran51t10n ls then nade from C to H[C], s1nce

YH[C] has the samé Synchronous varlables as C.‘ Therefore,;_ B

"the tran51tlon is stiil to H[A],.51nce H[A]-H[Cﬁﬂ the
"next clock pulse H[A] 1s then alloVed to nake the tran51t10n .

'.to N(A), as. uas reguired.~ Furthermore, all tran51ent states o

created by thls method u111 satlsfy the theoren 1.e., the

' above argument can be applled to all tran51ent states.‘

a : . DA L e

. i T T e P



a S L . "."".' o S l,.-x,
'h.

.Therefore, the tran51tlon table formed by adding

”c1rcu1t.ﬁ“' o e
) v@ R o

N . U e -
b . . . e

;flntermed1ate unstable states can be- reallzed by a hybrid hﬁf_‘

—————————The—above—ngxﬁod—ior—el "ating;critical'racescis i
"satlsfactory if- hére exist unused 1ntermediate states.“;if

‘ no. lntermedlate states are present, they can be created by

-

addlng extra internal varlahles to-the a551gnment. Howeyer,

v -

-care must be’ taken to ensure that the 1nterna1 varlables

already a551gned to each state are not changed. The' ?" L

’

followlng exanple vill 111ustrate how extra internal

Al

:-variables can be added to obtaln a race free 3551gn\ent.

Con51der the hybrlﬁ machlne, whose transztion Table is .

glven Ln Table 5. 3 ; The 2 cube, Flg..S 2(a), of the' ‘
4’\
hiraces. fg~can be clearly seen from Flg. 5 2(a), that races

jexist 1n thls hybrld machlne- further-ore, these races

D

.a551gnnent Ulth nore than tuo varlables is then regulred to
o @ .4"
resolve the race.b The 1nterna1 variahles already asszgned. '

_are not changed slnce all hybrld machlnes are dependent onf'°

D

*che a551gnment.- Thus, the asynchronous varlables of stateﬁij;‘

AD nust be coded as elther 000 or 001. - f;flu°"‘”1"'”

S
t B . .. J I
: T . BN . . A A R N L

The 3-cube, Fxg. 5 2(b),,1s now,used to flnd a race. AT

*\\*free a551gnnent. The codes 001, 101, 111, and 010 are /LEF¢“'”

Q¢.assigned to the states AD, BC, PGJand EH respectlvely..tihelf?

-asynchronous varlables is used to detérnlne 1f there are anjf

’fcannot be resolved by. just a two varlable a551gnnent._'hn:.“
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o

- race free a531gnment 1s obtalned fron the 3-cube where the ;ﬂﬂ~

”‘arrows represenk the requ&red ;ran31tlon§, as glven 1n

Lo

‘ glven ;n Table 5 Q.v f]; ;

Flg. 5 2(c)., Note that the synchronous variahles of each ‘-7'“
- ) \ !
state ‘are. ﬁot changed- fu:thernore}/If/a tran51tlon haSIan

A}

unstahle 1nterned1ate state,Vthen“%he\synchronous varlables.’,j

N\
of the tran51tlon. The resulting race free asszgnnent is

of the tran51ent sgate must be the sané\as the 1nit1al stﬁre'ﬂ

051ng the same argunent glven prev1ously 1t can be i{

- / "\"‘ .

shown that each tran51ent state created/by thls\nethod vill

satlsfy Theoren Y 1.; Iniother uords, the nev tran81t10nr£a)ﬁ,“

‘  table 1s stllloreallzable by a hybrid c1rcuit and is free of

-

4

o races.. .'e_.r;”}‘:ﬂ*'g y‘;-j‘ejfﬂvﬁ,gj;uffjclg ‘ <?;55J{L;*<
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5.1 2 Race Ellmlnatlon by Hybr1d uachines T I P
. ey a;;d

ThlS sectlon villvlnvestigate the poésibility o: J

e ellmlnétlng crltlcal raceshfro- asynchronous clrcults by f;f?

| 1nsert1ng clock‘.'delaytelelnents.' Trlviallyw all'races can

rtlng clocked delays o all feedback

'ﬂfbe resolved by in

il
'r'

;paths, s1nce all asynchr nous nachihes 'be reallzed by a

'- f1synchronohs citcult.' A more désirable approach voﬁld ﬁe éo

W ./"

P



) ) ;V .‘ °' . . .‘ _ . .-:_ | o‘ ‘}:. ) . N "
‘ have clocked delays inserted'only into.the feedback paths of

‘jthose varlables that are involved 1n the mace. Inserting

Y

delays in thts fashaon uould undoubted}y resolve all races;
} 4

however, the behavior of the machine
[

111ustrate_ﬂhls,_con51der_the_c1rcult_nh;ch_ls def1ned by

could be changed. ,To

. Table'S.S. Clearly, a race conditzon exists between the tvo"

(4
1nternal varlables. 1f a clockedldelay element is 1nserted

" into ope of the feedback paths,

9 t

~the machrne is ‘changed. ' As an .example let the c1rcuit be 1n.;

4"

-~ -

. 13, " -
~ the a;;pdh;onous varlable is allowed to make 1ts change,‘

'1.ee, the machlne goes to state 01. In the event of the

qe

'state 00 Hlth an 1nput of 1. Hhen the- 1nput lS changed to 0

Y Yoo then the behavior ofv

.t

next clock pulse the synchronous varlable 1s allowed to make,.

o

1ts change, and the flnal state reached 1s 01. mherefore,.mf

'the c1rcu1t reaches the. state 01 thch is dlfferent from thep

o

state 11 as spec1f1ed by the table. Consequently, the o

e

‘behav1dr of, the machlne can. be- ea511y changed by 1nsert1ng'

i

delay elements. However, recollect that lt 1s p0551b1e to:V‘

loconvert some asynchroncus nachlnes to hyhrld machlnes

vlthout changxng_ltsustate‘behavlorw[Sectlon\g.2],v N
. o, ) a‘ “ K \} -‘.' -

Spe01f1cal1y, ngorlthn u 3 vas used to glve the‘f\

:i,.feedback paths of the varlables that conld be delayed.,gg'

'Recall from Chapter u that Algorrthm‘\“3 descrrbes a. nethod .

,"_of flndlng the feedback paths into whlch delags can be

\1nserted. In thls Algorlthn, n vas the naxlmun°number o£

o

"delays that were requlred to be 1nserted and K the set-of f‘

]

‘lall comblnatlons of 1nternal varlables.: It 1s p0551b1e to

¢ v Tt s



uselhlgorithm 4.3 to deterniﬁe uhether\\ze 1nsertlon of

-clocked\delay elenents will el;linate th races.f In order

\ o

\
. to- do this, n is set to the nunber of rac1nq\interna1

'varlables minus one and the set K changed so' that it -

\\"

contalns comblnations of all those varlables that\are‘

]

,lnvolved in races® - - v; S
' | ‘) .
b ' " )
TABI.E 5.5 .
R .‘, Asynchronous tran51tlon table Hlth races .l’ ‘ ;d
Rt e o, . - -
I , Tg¥p 01 / o
| SRS a B e ::\
00 111 00 | \ N
Ny S e { o
o 0 1] 01 (.00
coe l l I .
' B ¥ 1 .,
S ' T 1111 .10 -
L s ; i — ’
- - . 101 01 {10 {
. ) - ' ) [ _— | l' -
N S
' g
Yy ¥y

. Q ' i B . e . -
.ot - . " . “w

L

\ The appllcatlon of Algorlthm u 3 w111 result in: one of S

two p0551ble outcomes. jOne is that no clocked delay

R elements can be 1nserte 'nto any of the feedback paths. vln

:fxthls case no race Can be res

.

The other dﬁtcome is. that delay elements can be 1nserted
o

‘1ved by qs1ng a hybrld nachlne.” B

1nto all or some of the feedback paths of the varlables thath""

are 1nvolved 1n ‘a. race. If all the feedback paths of the

rac1ng varlables contQ}n clocked delays, then trrv1ally all

i

’:race§ of the asynChronons machine can be resolved hy a-;:wlﬁf

SRR

LoE



hybrid circuit. If, however, delay elements can only be
" inserted into some of the feedback'paths,'an additional.

) & .
.. check nust bevmade to ascertain whether all crltlcal Taces

[ ™~

.have_been removed. Thls can be done by considerlng those

1feedbackspaths%that—do—not~conta1n—clockedfdelays.

©

. If not enough delay elements may be 1nserted to resolve
all races, the~ followlng can ‘be done. Apply the technique
‘of resolving ‘races. in hybrid nachlnes [Sectlon 5 1. 1].\ 'n‘

‘fother aords some of the races' uould be resolved by addlng

‘c16ckedfde1ay elements. The remalnlng races would be

‘

resolved hy nodzfying the ex1st1ng state assignnent and by

u51ng tran51ent states.

The hybrld machine wlll resolve crltlcal races for the
'folloulng reason.;,Thujasynchronous varlables ‘of the hybrld

'jc1rcu1t that are not rac1ng and one of the varlables that
- ‘. |

c-was raczng, are allowed to. make their. tran51tlon first.t The-'
.remalnlng varlables wlll nbw make thewr tran51tlon‘ sfhf .

i-ﬁ-sxmultaneously. hence,,no-races canvresult.- e

~r :

- To. 1llnstrate thls procedure con51der the asynchronous' T
tran51t10n table glven ia Table 5.6.' It can be seen fron L
‘ B . A

o

l--';the table that two races exlst.; One race occurs uhen the

'c1rcu1t nakes -a tran51tlon fron state 000 to- state 011 under:r;

:;vlnput 0. In’ this case the yz and y3 1nterhal varlablés aretf
racxng.j The other race occurs uhen the system changes fron

“f‘state 100 to 011 under 1nput 0,;_conseguent1y, the varlahlesfua
. - L
' ffyl,y ‘and y3 ‘are raclng. The set K vill be {12,_13, 23} andsiﬁz

N
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S e
N o T T 00

n is set equal to two, since the npmber oEaNariables

- finvolved in the race is three. Algorithn u 3 yields é&e-._\d,}

!

feedback paths ‘into, whlch clocked delay elelents ;can bg S
2in5ért9d as: Yz yz,and Y3 y3 Thus, the races ‘that- would 'j

" have occurred in an asynchronous circrlt with these (Hjb;

'varlables have been resolved 51nce Yz and y3 change ‘ i &

,.N51mu1taneously and no race results. Also, 1f Yy 1s alloﬂed

@

'_to changa-flrst hence no race exlsts between y and y2 or

3. - . '.: - .: * _‘ o .“/. ,V : '}_‘ B | | . - . »’
TABLE 5.6 R
Asyncﬁronous c1rcu1t'with racgs;f_*.””.ﬁ-”.:"

) . R : T ~
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From the above dlscn551on 1t 1s seen that the fer_j“*:;"

. _ \_‘._ |

p0551b111ty of resolv1ng cr1t1cal races by us1ng a h r1d
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1
[

c1rcuit does exist.. Houever, this process is limitéd only

: to asynchronous nachines~£g§; satisfy Theoren 4, ;\ T
' The advantage of - using hybrid nachines to resolge races-h'

is. that the procedure is sim le and straight~forvard, in;d

Inplementing_this_________
l I .

"————fact——xtﬁcoul

unocedure would make it':" cce?table metho?\for large S

«machines, sance resolving raaes in nachiues vith{more than"-

Py \ . b .

four variables is very laborious. Another advantage is that

\ no calculations for the- length o each<deLay is needed,,as téﬁ

.y\’ is ﬁhe case Hhen asynchronous\ elays are to be inserted.:
- " . . . B . .’,':. .

c g

» In short, uSing hybrid machines\does not present a'_ry”fﬁfd
'.complete method of reSOIVing raqes, but\\ather gives anfw

alternate approach—fronnthose nethods alréady

.

.t-"

/
]

L5;2°Haiards .”'Z, KN BT

. U R K

Electronic networks differ from theoreticaL networks

mainly due to delays 1n the circu t.; That is, Signals are 2
never transnitted instantaneously hrough the Cchuit nor do

R T
gates react 1n zero time._ Delays 1 the c1rcuit may cause e:;-

o 1t to ?perate;incorfectly and such a c1rcu1t is said to f
:u.contait a haza; [32]. ' FA‘ “ffr »'Jt{hvvhﬁ 2

.*:. »*..~~- »‘-A;-“f*i;;;fTﬂ“"ﬁ*"’f”‘ TR G

. Tvo types of hazards are p ssible-in seguential _gfﬁg“rs

c1rcuits. A tranSient hazard is present lf nonentary false' .

output 51gnals occur at one or nore output terminals };§4ii?gl

‘f5 follov;ng certain changes in the input state._ A steadz-




e . . : .
: .. . + e

. r : :
.”_ta e hazard will exist if a circuit can enter the vtong B
g 3
internal state\after certain 1nput changes. One type of :
. > Lo ' -
ﬁ‘f'.steady-state hazard is the essenti&l hazard., A seguential

'"7c1rcuit contains an esSential hazard 1f for some initial _""

’sstate and ipput variable x, three consecutave changes in x.

\

\\take tHe systel to a state that is different fron, and not

: '\,!‘

\\%'Qﬂ' Tran51ent hazards exist in conhinational cirtuits and

.

\A, . . o

A [16] has’ hown that they can aluays be avoided by

"; appropriate3design technigues.i It 1s assuned that all

-.J

ircuits vill be designed free bf transient

"~-conb1nationa1
¢ L\, L
hazards. There are different types of steady state hazards

‘ .

‘such as the critical race condition; Houever, this source

- T

\ :
of hafﬁrds has been dealt vith in Section 5 1 1 and vill not

K
\_...

be,conSidered here.* The class of steady-state hazards that
| v111 be studied in- this section is the essential hazard.-.

: . - ‘,‘ . v .o
'-,\,: I‘v ) . o , Py

.;fﬁg‘To illustrate an essentaal hazard consider the state

table, given in Table 5 7.- Let the system“he in state h

‘;' under 1nput of 0. Uhen the input changes from 0 to’ 1, yz
becones unstable and switches to a 1.\_If the effect of the
y .action penetrates'to y before the direct~effect of the

state B,_vhere y 1s unstable. This causes y to switch to

renains at 1 even after the effect of the input change

r/aches it.f Einally, since Y~\1S unstable in state c, vith

1 and the systen now moves ts\state c.f Once this occurs, y1

egﬁivalent to, the state reached after a 51ngle change 1b/x. E

BV

MMA change in x then as far as y is cOncerned, the system 1s 1n ;;,
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input 1, it changes agaln and the systen mov s to state D,
.4 < ‘(..’,
: .where it renaid%. This causes the system fo be in the vrong jVa
";"state thCh resuLts in the incorrect operatlo of the L
SRR . L . . . PRI
" circnlt.‘ TR B L " . }/ :
R . B “ <, .( - o 7 - qq ,(“- L4 ’ ')" o
) YN .“\ -s, oo ' vt"" o
—d —
o TABLES" s T
i '; Asynchronous next-state tah}e wlth essentlal hazard
"v D ‘Q A’. y y 00 - 1 \‘J ,A : ‘I :".'. _., . ‘,' . L’AQ
° .- e . . o . ! . r—-—-—-'—-———-. P . 2 S e . " . .
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hf_ Solutions to the essent1a1 hazard problem 1nvolve

AR}

R 1nsert1ng délays 1nto one or more of the feedback paths

[15 21 ,27, 32]-, These teChniques all 1nvolve the use of PR

'.f;asynchronous delay devices uheref_;° length Of the delay

; must be calculated.} Thls section will deal exc1u51ve1]hu1th

the use of hyhrid machlnes to elini;

;e essential hazards by

1nsert1ng clocked delayaelenents 1ntoh ﬂynchronous circults.:*f%

Before approaching the prgblen, the follovigg
assunptlons will be nade.y N

‘“J Tran51ent hazards are not present 1n the network.<~

2.\1 All circults operate in nornal node..

' aarf3;gﬁ There are no racesfin the 1nterna1 variables.Afurf

ECEIT N




.,5 2. 1 Essent1a1 hazards R R A

uﬂSEI‘ESEE has shovn that if a state table contalns an

':J{essential hazard then any proper c1rcu1t reallzation nust '

'jcontaln at 1east one delay elementn The delays are =
asynchronous and each value must be calculated, wrthin ;,’

™

.llmits, in order for the ‘circuit to operate properly.. Iﬁ-f

'“‘““‘wlll now be ‘shown, that clocked delays can be inserted 1nt6"

|-
asynchronous c1rcuits to resolve essent1a1 hazards.

ER

,””'.1: In Unger's method [32] for essentlal hazard correctlonﬂ

w .

the conditlon 1s made that there is no upper bound for the

"_value of stray delays.,vﬂowever, Lerner [21] 1ntroduced~the

-

71; 1dea of upper bounds for the magnltude of stray délays."ﬂev?vA

o »explalned that havzng no. upper bounds Was a- theoretlcal

problem.f A more reallstlc approach for all practlcal

l

aspects, uould be to have upper bounds. A general re?}ew off,’:

\
the two: methods is! found an [14]. In order to correct "

clock pulse must be set to the upper bound on stay delays.,

Q To illustrate essent1a1 hazard correctloﬂ u51ng hybrld

e

c1rcu1ts, con51der the %ran31tlon table, Table S 3'., Thls,r;'vf

- )
asynchronous machlne has 1ts state behav1or descrzbed by

, Table 5 6 and, as explalned earller, contains an essentlal

:. hazard.‘ Applylng Theorem Q 3\to Table 5 8, it is seen that'f[55
: ,f*i

’ T
‘j. no clocked delay can he 1nserted into feedback path !'-yl

’

but that a clocked delay may he 1nserted 1nto the Y'-yz

feedbacb'path.‘ Hlth a ¢107k delay element in the !'-yz

‘\t‘n -

s

essent1a1 hazards by uszng a hyhrld machine the t1me of each' g

N
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gfeedhack path there “no longerggxists ahiessential_hazard for

‘ the followlng reasons' Inserting a. clocked delay into. the T

'1&2 -y2 feedback path allows the y1 varlable to change first, .

n

5In other words, therecjs no. way the . yz actlon can penetrate

‘to yl before the dire effect of the 1nput is felt by yz o

N
ThlS action then resolves the essentlal hazard that was
. . Yo
present in the c1rcu1t. f“ K :
e - LR L e \
’ » . ’W

TABLE_S;S‘

°'4eASthhronous éggnSitiop‘table with essential hazard . _
o PR I vow T

e ) ' ' 1 A Lét.
T & T A
Ty o L. B | i ‘A | |
S .'_.,_‘_'ool°°'-‘°v1'
s T E — =
2 o coroeer g '
S R N TR T 9 o
. b ‘.“ ) ot . N :

It follows, from thls example, that hybrid machines can.“/

h'be used to resolve essent1al hazards.' Ohv1ously not akl

-

..essentlal hazards can be resolved by u51ng hybrld nachlnes, {‘

‘sznce not all asynchronous state tables can be reallzed wlth

a hyhrid‘c1rcu1t,.m 5~;7v- : 3ig,,;hA"'~;_fl e

Unllke the crit1ca1 race problel, essentlal hasaggs are {dﬂn
not dependent on the ---- state a551gnnent, whereas hybrld o ‘

'; machlnes are. zhus, if one state assignnent does not lead ,7é§ff

to a squtlon 1t nxght be possxble to change the as51ghment



. ' . . e, - . ”" . » . -.. . .- ] A.| . ' ,“y.
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jso that a hybrld c1rcuit night éb found that uill resolve

[

. the. hazard. There exists no convenlent method of flnding T,
the best state assignment that vill eliminate nazards. The\M ‘
hybrld c1rcuit does not- offer a conplete solution of o

@

‘.ellmlnatrng essential hazards. hovever, uhenever they cdn be
-

~

"u;ed\they have the_advantage_that—the deiay—ttme—does—not—————

,have to be calculated. o ;"'f *'.,' e

' 5.3;Summary R 't' S B

', Thls chapter has endeaVOred to. look at one of thei

»

prdhlems that exlsts vhen a synchronous machlne 1sﬁrealized 5
)
by a. hybrld c1rcu1t” In partlcular, a. solutlon vas glven'f

»

that would resolve ahy race 1n a hyhrld circult. The )

-

“dlscussion presented also outllnes tﬁg schene -1n whrch

o

"““*hybrrd\naChlnes could be utllized, in partlcular for -

:resolv1ng races and hazards.* The approach descrlbed does

. ~
'=not clalm to make exlstent methods ohsolete, but is 1ntended

as ‘an, alternate solution to the sane old problens.’ '

D4
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- Conclusions

e 5 -
. o s 3 2 . 2

o

) :
Seguentlal machlnes have been d1v1ded into two seperate

‘classes of achlnes, synchronous and asynchronous. Host
networks$are usually constructed of components of elther one
class or the other., Very rarely are machlnes built of both

.synchronous and asynchronous components. It- was the-lntent

'{;‘of thls research to explore%}he relatlonshlp of the two ;f

classes of machlnes SO . that networks could be bullt u51ng

components of both types. condltions were glven in: whlch
two dlfferent typesrof machlnes could be connected in serles

) or 1n parallel. Although thls study was llmited to

| -C°mblnlng °n1Y tWO machlneS, the results obtalned can be ';I:g"'f

h The relatlonshlp of machlnes-was further studled by

examlnlng ser1a1 and parallel decomp051tlon.' Of spec;flc

1nterest,‘was the study or decom9051tlon 1n whlch the‘

outcome resulted in one\Jynchronous and one asynchronous ;

submachlne. The maln purpose was to obtain a. better

understandlng of the 1nterconnect10n of synchronous and \

. ool ) .
: o ‘. ke - -
R . <

3

\,

«

e

L4
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.

asynChronous'circuits.'"it also gave an insidhtwinto‘the ,
R

“role delay elements play 1n sequential machines. e .vas

- the number of delay elements vhich store the 1nternal
‘ states.' whereas, in asynchronous decomposrtion the number\y

——r—of—delay—elements—are—rncreaseu.‘ =

found that synchronous decomposrtion of this type decreases

/.

]
4 . .

A%

B P
Y P

| [ ”
BN

With the development of the hybrid machine the tvo '.‘

.. classes are brought even closer together. Hybrid machines

. P

‘e

. can.'be obtained by either removing delaynelements from‘

' synchronous circults or by 1nserting delay elements intq

'asynchronous c1rcu1ts. A machine of this type possesses'

_properties of both synchronous and asynchronous machines." S

: It should be noted that there is.a cost of building a hybnid

v . \

PN

"machine fron,either type of machine.‘ In other vords, 1f

o~ 1'

.hybrld c1rcu1ts are obtained from synchronous ones,‘there

B "

exists the p0551bllity that races are 1ntroduced into the :

¢ Cow

'clrcuit. On the other hand, 1f hybrid c1rcuits vere

'robtained from asynchronous c1rcp1ts it 1s done at the

'expense of time, 1.e., the hybrid c1rcu1t vill not operate

-

U-as fast as the equivalent asynchronous c1rcu1t.y‘

B fav01d such problems as hazards and races that may occur in'

.~4 . G

vasynchronous c1rcu1ts. Since asynchronous machines are ,n; =

i

..

e
PR .‘l

Most mode%n computers are synchronous because they

‘A

I

s,

-—£aster than synchronous ones, the 1nvest1gation of hazard d_lji

e

it
1nterest.. The problem of resolving races and hazards by

'.\

SN e
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hybrid ciréults is*of 1mportanqe becausé~properties of both '
a ynchronous and synchrdnous machines are employed. PR
‘Thq‘results-'. thls 1nvestigation suggest. several areas ‘ .[
uorthy~of‘further: nvestigat;on. - ?"f‘ f';ﬁ.,' ‘f1, T e
.-.' . . » . .-f ; . l ".‘ o . ..;‘ / -. '
o ‘ . . . . . 4 . ' m g . Lo i ' .QA .,, .
~ Apply the results obtalned in thxs thesxs to ircults 1'"vv
contalning more than one delay element peﬁ fe dback ‘,
* ¢ ) ) . ‘s_ ‘:_/';‘
- path. one approach to thls problem’could be Log, -
_ 3consader feedback Shlft reglsters and apply the
‘~techn1ques presented. | ".A:‘//"_ o ft' "f;:ff ,{' ER
; ‘Another.ldea wort explorlng 1s that of flndlng ’f

'-;to hybrld mach1nes.[ That 1s, obtalnlng partltmnns from‘

'

N
,partltlons from asynchronous machlnes and relatlng them‘]

_;asynchronons next-state tables such that an’ assignment , e

hacquired from these partltlons ‘can be: used to reallze

f,uork presented on\decomp051tlon of asynchrqnou’

-‘ﬂV”machlnes;r-7nv L S
. : : ~ ‘ ] /‘/ ,. J - s ‘ . , o . ) : / B

: Closely related

c1rcu1ts and thelr appllcatlon to asynchronous networks.gv :ff5*

lhybrld c1rcu1t. Thls could be done by expandlng the

hfan a551gnment éhat would reallze a hyb 1d c1rcu1t

chontalnlng no. races.{;p“n_pij}n./g

_It 1s belleved that the 1deas presented herL“offer‘a” PR

‘a.

; -

A

‘o

\ Zs ! .

/to the- above problem 1s that of flndlng -

° / . Y .

- : ) /

/

« Lo e e /

\
. | : '
. e P R .
Lo B L e e e e o e ek
Ll L : e A - ! - ¢

_ new approach for ‘the further 1nvestigatlon of hybrld j”f;;jj*f

o - -
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