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Abstract 
This paper presents a set of suficient conditions for the gate- 
level synthesis of speed-independent circuits when constrained to 
a given class of gate library. Existing synthesis methodologiesare 
restricted to architectures that use simple AND-gates, and do not 
exploit the advantages offered by the existence of complex gates. 
The use of complex gates increases the speed and reduce the area 
of the circuits. These improvements are achieved because oJ 1 )  
the elimination of the distributivity, signal persistency and unique 
minimal state requirements imposed by other techniques; 2 )  the 
reduction in the number of internal signals necessary to guarantee 
the synthesis; andJ’inally 3)  the utilization of optimization tech- 
niques to reduce the fan-in of the involved gates and the number 
of required memory elements. 

1 Introduction 
All the potential benefits of asynchronous circuits may be useless 
because of the presence of hazards (transient errors due to stray 
delays). Most of the existing techniques rely on a high-level 
specification of the system, and derive logic-level or gate-level 
networks that are hazard-free under the assumption of some delay 
model. 

Bursl-mode design methodologies [8, 161 use transformations 
[6, 91 or technology mapping [13] to create a specific gate-level 
network. Speed-independent design methodologies from event 
models [3, 141 assume the existence of an extensive library of 
complex gates without internal hazards to avoid the technology 
mapping step. Varshavsky et al. [14] derived speed-independent 
circuits from distributive State Transition Diagrams using basic 
gates, but producing large and inefficient circuits. 

Beerel et al. [2]  extendedvarshavsky’s methodology to aSum- 
of-Products (SOP) architecture. This method allows input choices 
and applies some optimizations, but does not use a set of neces- 
sary conditions to guarantee a correct solution. Kondratyev et 
al. [5]  have defined sufficient conditions to decide when a speed- 
independent SOP implementation can be derived. Both tech- 
niques impose two conditions that restrict the number of speci- 
fications that can be implemented and the optimizations that can 
be applied: 1) the use of SOP architectures that can only include 
AND-gates, OR-gates, and C-elements (where distributivity and 
signal persistency are necessary conditions); and 2) the unique 
entry condition that does not allow the use of certain types of in- 
put choices. Finally, Siege1 er al. [ 121 have developed a technique 
to decompose high fan-in AND-gates into a multi-level structure. 

This work presents a set of sufficient conditions for the gate- 
level synthesis of speed-independent circuits when restricted to 
a given gate-library. The proposed technique takes advantage of 
using complex gates, such as AOI-gates and OAI-gates, typically 
available in CMOS libraries [l]. The distributivity, signal per- 
sistency and unique entry conditions can be safely eliminated as 

restrictions, increasing the specifications that can be successfully 
implemented. Transformation techniques to reduce the number of 
non-persistent signal transitions, and the number of minimal (or 
muximan states are introduced. These transformations together 
with the Unique State Coding property, control the type and com- 
plexity of the gates involved in the implementation. The proposed 
synthesis conditions reduce the delay, area and memory elements 
in speed-independent realizations. Several clarifying examples 
of circuit specifications and speed-independent realizations, even 
not satisfying the previously required conditions, are presented. 

2 Definitions 
A State Transition Diagram (STD) [14, 151 is a quadruple 
( S ,  E,A,X),whereSisasetofstates,  E C SxSi sase to f t r an -  
sitions, A is a set of signals, and X : S -+ BIAl is a total labeling 
function that encodes each state with a binary vector of signal val- 
ues. The set of signals A = Ar U A0 is divided into input signals 
A I ,  and non-input signals Ao. Rising (falling) transitions of sig- 
nal a; are denoted ai + ( a i  -), and generic transitions a ;  t. An STD 
(Example I )  is described in Fig. 2(a), where S = {SI , .  . . , s ~ } ,  
E = { ( S I ,  a ) ( s 2 , ~ 3 ) ( ~ 3 , ~ 4 ) .  . .}, A = {a, b ,  c , d , e ,  f}, and 
X(s1) = (000000), X(s2) = (lOOOOO), and so on. 

For every arc connecting a pair of states s and S I ,  their la- 
bel differs exactly in one signal value, say the zth. Then, a; is 
called excited in the state s. Signals not excited in a state are 
called stable. For any pair s, S I  E S ,  s’ is reachable from s if 
there is a sequence a1 *, . . . , a, t leading from s to s’, denoted by 
sE(a l* ,  . . . , a,+)s’. A : 2’ -+ 2’ is the one-step transition 
function that given a set of states X ,  its image is the set of states 
X’ = A(X) such that for any pairs E X and s’ E X’ then sEs’. 
No state can have two outgoing transitions labeled with the same 
signal but with different signs. Moreover, no state s can have an 
outgoing transition labeled with a rising (falling) transition of a 
signal a,, being the encoding function X(s); = 1 (A(s) i  = 0). 
Such an STD is called consistently encoded. 

The behavior of a circuit can be represented by an STD. The 
reachable states depend on the delay model assumed for the gates 
and wires in the circuit. Two delay models specify the amount 
of “memory” of the delay (inertial and pure), while two other 
define the time required to propagate changes through the delay 
(unbounded and bounded). Speed-independent synthesis assumes 
a negligible delay in the wires, and also the pure delay and un- 

bounded delay models in the gates [14,5]. An STD is said to be 
speed-independent under the pure and the unbounded delay mod- 
els iff it is output semi-modular [15]. Henceforth we will assume 
that all the STD specifications are semi-modular and consistently 
encoded. 

The rising Ifalling) excitation set of a; is the set of states in 
which some transition a r t  (ar -) is excited (denoted by ES+(ai) 
and ES-(ai)). The one (zero) quiescent set of ai is the set of 
states in which a, has the value 1 (0) and no transition a;* is 
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4 Speed-independence Conditions 
This section presents a sufficient condition, called monotony, for 
the synthesis of speed-independent circuits following the SOF 
architecture model. We refer to [1 I] for a deeper analysis. 

Definition 1 We dejine the transition clusters of one output sig- 
nal a;  to be a total partition {T,'+, . . . , T:+, T:-, . . . , T,"-}, 
of its tran,sitions, such that every rising (falling) transition must 
be in one transition cluster strictly composed of rising (falling) 
transitions. 

A generic transition cluster is denoted by Ti*. Similarly to 
transitions, we define the predecessor and successor transition 
clusters. The set of predecessor (successor) transition clusters of 
T;* is denaoted 'T,* (Tit'). In the Example 1 both Tf+ andTf2+ 
are predecessor transition clusters of Tj -, while Tj - is the only 
predecessor transition cluster for Tj+ and T j t .  

The regions of a transition are also extended to transition clus- 
ters. The excitation region ER(T;*) is the union of the excitation 
regions for all the transitions in the cluster (similar extensions 
exist for QR(T, *) and BR(T,*)). The excitation regions for the 
transition clusters of the output signal f are depicted in Fig. 2(a). 
The quiescent regions can be directly derived from them: 

QR(T;+) = { s 6 ,  s7, sg, sY, slot sz0}, 
QR(Tj+) = { ~ 1 5 , ~ 1 6 , ~ 1 7 ,  SIX, SIY, SZO}, 

QR(Tj-) = {si,sz,~3,~4,~ii,~i2,si3}. 

Definition 2 A set of cubes is said to be the region cover R(Ti *), 
i$ for eveiy s E ER(T, *), there exists a cube c E R(T, *) that 
covers X(s). A region cover can also be interpreted as a set of 
states such that s E R(T, *) if its binary code A(  s) is covered by 
any of the cubes. 

Region covers can be derived for the transition clusters in 
Example I :  R(Tj+)  = {101110}, R(Tf2t) = {011110}, and 

A region cover R(T;*) may also cover successor states in 
QR(Ti*), or predecessor states in BR(Ti*). 

Definition 3 R(T; *) is said to be feasible zff does not cover any 
state outside MR(Ti *) = BR(T; e )  U ER(Ti *) U QR(T; e). 

However, it is possible to have a state included in the quiescent 
regions or the backward quiescent regions for several transition 
clusters. In the Example 1, the state szo is shared by both QR(T) t) 
and QR(Tj+) and therefore cannot be covered by any of the 
region covsers R(Tj+) and R(Tf2+). If any of both region covers, 
R(T)+) or R(Tj+) ,  covers sg) the resulting signalnetworkcannot 
be speed-independent. In general, any state can be covered by only 
one of the region covers for the rising (or falling) transition clusters 
of an output signal. States that are included in the quiescent 
regions (or the backward quiescent regions) of more than one 
transition cluster cannot by covered. Therefore feasible region 
covers that do not include states shared by the quiescent regions (or 
backward quiescent regions) of other transition clusters are called 
one-hot encoded. One-hot encoded transition clusters guarantee 
that, at any time, only one of the regions evaluates to 1. 

Definition 4 The restricted quiescent region QR'(Ti*) is the 
subset of QR(T; e) such that: 

R(Tf-)  = {OOOOOO}. 

QR'(T**) = QR(Ti*) - U,,, e Ti+ QR(ai*). 

Definition 5 The restricted backward quiescent region 
BR'(T, *) is the subset ofBR(T, *) such that: 

BR'(T;*) = BR(T,*) - U,,, Tz* BR(a;*). 

-Nf 

Figure 1: Signal network in a SOF architecture for signal f. 
excited (denoted by QS'(a;)  and QSo(ai ) ) .  The excitation region 
ER( a;  *) is the maximal connected set of states in which the transi- 
tion a;  * is excited. The quiescent region QR( a;  .) is the maximal 
connected set of states that can be reached from ER(ai *), and the 
backwardquiescent region BR(a; *) is the maximal connected set 
of states that can reach ER(ai*), in both cases without enabling 
any other transition ai *. 

A transition a;* is a predecessor of ai* if there exists an 
allowed sequence { a ; + ,  U, ai * }  in which no other ay E U. Con- 
versely, ai * is asuccessorof a;*. The set of predecessors(succes- 
sors) of at8 is denoted by ' a ,*  (a, a*). A state s is minimal (maxi- 
mal) for ER(ai*) if s has no predecessors (successors) within the 
region. An STD satisfies the unique entry condition iff all the ex- 
citation regions have exactly one minimal state. A transition a3 * 
(and the signal a j )  is trigger for ai * if ER( a;  *) can be entered by 
executing a3 *. A signal a3 is orderedwith a;* if no a j  * is excited 
in ER(ai*), otherwise it is concurrent. A trigger a3* is signal 
non-persistent with a ,  I if a3 * is concurrent with a ,  *, otherwise it 
is signal persistent. 

An STD satisfies the Complete State Coding (CSC) prop- 
erty iff, when the same binary code is assigned to two different 
states, the transitions of the non-input signals enabled at both 
states are identical, that is Vai E Ao: [ES+(a;) n QS"(ai) = 
01 A [ES-(ai) n QS'(ai) = 01. If all the states of the STD are 
assigned a unique binary code the Unique State Coding (USC) 
property holds. Finally, the set of vertices in BIAl that do not 
correspond to any state in S is called the don't cure-set (dc-set). 

3 Implementation Architecture Overview 
The implementation strategy assumed in this paper is named 

a two-level Sum-ofFunctions (SOF) architecture. Following this 
architecture, a signal network (N,,) is created for every output 
signal. The transitions of a; are grouped into transition clusters 
that only contain rising (falling) transitions, denoted Ti + and Ti -. 
N,, consists of a first level of rising and falling region covers, 
R(T;+) (R(T, -)). The region cover is a function that covers the 
states in the excitation regions and may cover some of the states 
in the quiescent regions and backward quiescent regions. The 
region covers are implemented by one AND-gate in a single cube 
cover, or by complex gates in a multiple cube (poly-term) cover. 
The rising region covers are combined with an OR-gate to create 
the set region network (Sa, ), and the falling region covers create 
the reset region network (R,,). Finally, both region networks 
implement N,, using a Muller's C-element. 

Fig. 1 depicts a signal network for f. S f  is composed of 
region covers for Tj+ = { f + / l }  andT;+ = {f+/2},,while Rf  
is composedof a region cover for T f  - = { f-} . All region covers 
are assumed to be implemented with AO-gates. 
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Definition 6 The feasible region cover R(Tt *) is said to be 
one-hot encoded i f f  R(T,*) does not cover any state outside 

Covering states in the backward quiescent regions is only pos- 
sible because of the special characteristics of the C-element. If 
the output of the C-element (a, = S a z K  + ai(&, + z)) is 
stable at 0 and Raz is still at 1, the value of Saz does not influence 
the behavior of the output. Therefore Sa, can be safely switched 
to 1 before the excitation region ER(T;+). Similar conditions can 
be stated for the falling transition clusters T, -. 

A one-hot encoded R(T, e )  is correct if any state in BR(Ti *) 
covered by R(T, *) it is also covered by the region cover of a pre- 
decessor transition cluster of T, *. Any state in BR(T, *) and also 
contained in the quiescent regions of several transition clusters in 
"Ti I cannot be covered by any of its region covers, and therefore 
this state cannot be covered by R(T, *) neither. 

Definition 7 The one-hot encoded R(T,*) is correct iff Vs E 

Theorem 8 [l I ]  A correct region cover can be derived for each 
transition cluster T, * iff the STD has the CSCproperty. 

Definition 9 The correctregion cover R(Tz *) is said to be mono- 
tonic i f s  R(Tz *) changes exactly twice in any sequence, where: 

1. the rising change is at a state in BR'(T *) U ER(Ti *), 
2. the falling change is at a state in QR'(T, e) .  

MRT(T,*) = BR'(Ti+) U ER(Ti+) U QR'(Ttt). 

R(T,*): s E BR(T,*) + 3!T,'* E 'T,* : s E R(Ti*). 

Lemma 10 [ 1 11 A monotonic rising transition ofR(T;  *) is guar- 
anteed ifgiven any state s in BR'(Ti*) coveredby R(T,*): 

'is' E S A sEs' : s E BR'(Ti*) ej S I  E R(Ti*). 
Similarly, a monotonicfalling transition of R(T, *) is guaranteed 
ifgiven any state s in QR'(Ti*) coveredby R(T,*): 

VS' E S A S'ES : s E QR'(T,*) + 3' E R(T,*). 

Note that the SOF architecture requires that no cube in R(T; *) 
can contain the literal corresponding to a;.  Otherwise a feedback 
is introduced into the signal network. 

t 

N 

Figure 2: Example 1: (a) non-persistent, (b) persistent STD; (c) persistency, and (d) concurrency constraints, (e) region splitting. 

Proposition 11 [ 1 11 It is possible to derive a correctregioncover 
R(T, *) such that none of its cubes contains the literal correspond- 
ing to a ,  only if 

Vs E ER(Tit) : sE(a ,* ) s 'A  a;* E T;* A s i  E QR'(T,*). 

According to Prop. 11, no cube in the region covers for the 
output signal f (see Fig. 2(a)) can contain the literal correspond- 
ing to f, and therefore the region covers R(T!+) = { 10111-}, 
R(T?+) = {01111-}, andR(Tf-) = (00000-} aremonotonic. 

Definition 12 A correctregion cover R(Ti *) is said to be a com- 
plete region cover ~ f f  all (but only) the states in ER(T,*) U 
QR(Tt*) are coveredby at least one cube in R(T, *). 

A signal network that only uses rising (or falling) transition 
clusters, called a complete signal network, can be derived if all the 
rising (or falling) region covers are complete. When all the rising 
region covers are complete, the set region network is implemented 
while the reset region network and the C-element are removed 
(similarly for the falling region covers). 

Theorem 13 [ 1 I] A SOF circuit implementation derived from 
monotonic region covers R( Ti *) is speed-independent. 

The number of clusters determines the number of gates used 
to implement the signal networks. Two clusters can be used, 
one containing the rising transitions and the other containing the 
falling transitions. Then the signal network is reduced to two 
complex gates for the set and reset region networks, and the C- 
element. If every cluster contains exactly one transition then, the 
signal network contains one gate for each transition, two OR-gates 
and the C-element. 

Lemma 14 [ 113 The correct region covers R(T; *) of an output 
signal a ,  are monotonic only if: 

V a f r  E T:e, al. ET:* : 3s,s'  ; 

s E M R ( a : * )  A si E MR(at*) A 

X(s) = X(s') A X(s) R(T:*) ===+ T,'"* = T,*. 
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Figure 3: Signal networks for signal f in the Example 1. 

The state encoding highly influences the structure of the clus- 
ters. Assuming that a;+ is excited at s, that a\+ is excited at s' 
and that X(s) = X(s'). ER(at+) andER(at+) will intersect, and 
both transitions must bein the same transition cluster to guarantee 
monotony. 

Lemma 15 [ 1 1 J Given the transition clusters in such a way that 
1X.I = I, then there exist correctregion covers R(T;*) that are 
monotonic only ifthe STD satisjes the USC condition. 

5 Region Cover Minimization 
A region cover can be simplified by reducing the number of cubes 
in it, and the literals in each cube, increasing the probability of 
finding a match in a gate-library. In any case, after a minimization 
the region cover must remain monotonic. 
5.1 Monotony Verification 
The monotony verification technique consists of three steps: 

states available for minimization have been used. 

correctly overlaps with the predecessor region covers. 

gion cover changes exactly twice. 

1 .  One-hot encoding verification, to guarantee that only those 

2. Correctness verification, to guarantee that the region cover 

3. Monotonic transition verification, to guarantee that the re- 

5.2 
Four different techniques can by applied to simplify a region 
cover. After any simplification, the region covers can be checked 
to eliminate all the redundant cubes. 
Forward region expansion: The cover is expanded towards the 
restricted quiescent region, increasing the states contained in it. 
The final objective is to derive a complete region cover. 
Backward region expansion: The cover is expanded towards 
the restricted backward quiescent region. All the newly covered 
states must be covered by the region covers of the predecessor 
transition clusters. 
DC region expansion: A cover is expanded to the dc-set of 
the specification when a literal is removed and no new states are 
covered. 
Region merging: Transition clusters can be merged together 
when the size of the cubes (or its number) in the resulting region 
cover decreases. 

Signal Network Synthesis and Minimization 

speed-indepl?ndenfSOFimplementution ( STD, gate-library ) { 
foreaclh non-input signal ai do{ 

1 foreach transition a,* do T,t = { a t * } ;  
foreach transition cluster pair Tf . ,  2°C. do 

if ( ER(T:*) n ER(T:*) # 0 
2 foreach transition cluster 2';. do 

R(T,*)  = computeirredunduntaver(T,.); 
3 foreach transition cluster Tit do 

fonvrrnl~e~ionpxpunsion(R(T; *)); 
4 foreach transition cluster Ti* do 

bucknardxgionxxpunsion( R(T; *)) : 
5 foreach transition cluster T,. do 

dc-regionzxpunsion( R(T, *)) ; 

mcrp_regionzover(Nat, R(T;*), gate-librar;); 

m e r g e ( T j * , ~ : * ) ;  

6 N ,  . = creutesignulnerwork(): 
7 for&ch transition cluster Tit in N,. do 

1 1  
Figure 4: Speed-independent signal networks synthesis algorithm. 

Two correct implementations can be derived for signal f de- 
pending 011 the order in which the minimizations are applied. 
Signal nepwork A (see Fig. 3(a)): 

R(Tj+) and R(T;+) can be expanded to the dc-set by re- 
moving {a} (R(Tj+) = {-0111-} and R(Tj+) = {-1111-}). 
Both covers are merged. The result is a single cluster T f +  
with R(Tf+) = {--Ill-} in which { b }  has been removed. 
Finally, R(Tf+) is expanded to the dc-set by removing { e }  
(R(Tf+) = {--11--}). R(T f - )  is expanded to the quiescent 
region by removing {a ,  b }  (R(Tf-)  = {--000-}). 
Signal network B (see Fig. 3(b)): 

A different solution can be obtained initially expanding 
R(T)+) and R(Tf2+) to the quiescent region by removing 
{ c ,  a ,  e }  and { d ,  b ,  e }  respectively. The resulting covers are 
R(T)+) = {-0-1--} and R(Tj+) = (0-I---}. R(Tf-)  (from 
network A) is further simplified if it is expanded to the back- 
ward quiescent region by removing { c ,  d } .  The resulting cover is 

The minimization techniques can be combined into the synthe- 
sis algorithm presented in Fig. 4 and divided in seven main steps. 
The initial transition clusters of cardinality one are computed, and 
those clusters which excitation regions intersect are merged to 
preserve the one-hot encoding requirement (1). An initial irre- 
dundant region cover is computed for each one of the previously 
defined transition clusters (2). At this point the minimization 
techniques are applied in the predetermined order (3,4,5). After 
any transformation all the redundant cubes are eliminated, and 
transition clusters are checked to be merged if improvements are 
obtained. Finally, the region covers in the final signal network are 
created and mapped onto a given gate-library [4] (6,7). 

6 Easing the Synthesis Requirements 
This section studies four important restrictions imposed by the 
existing syinthesis techniques [Z, 51. The distributivity and signal 
persistency requirements are necessary conditions for synthesis if 
only AND-gates are available [SI. The third, called unique entry 
condition, restricts each excitation region to have a single minimal 
state. Finally, single cube region covers impose strict state en- 
coding requirements. STD that fulfill the CSC and even the USC 
conditions may not have an speed-independent implementation. 
Definition 17 [5] The cover cubefor ER(a;*) is dejined to be a 
cube c(a,*) such thatfor every literal c j ( a ,  e), i fa i  is: 

1. orderedwith a,* then: cj(aj*) = a j  i faj = 1 in ER(a;*), 

R(Tf-)  = {----0-}. 

o rc j (a ; t )  = c i f a ,  = O i n E R  ai*) ,  
2. concun-ent with a; t then: cJ (a i  = +. 

A cover cube c(a ; * )  will be called correct if it covers all (but 
only) the states in ER(ai*). 

2.33 
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Figure 5:  Example 2: Non-distributive STD. 

6.1 Distributivity 
Distributive STDs are a subclass of semi-modular STDs in which 
the local history for each state is unique. Moreover, distributiviry 
is a necessary condition for both the existence of single cube 
region covers and the unique entry condition. 

Lemma 18 [14] In a semi-modular but non distributive STD, 
there is at least one excitation region with several minimal states. 

Lemma 19 [14] In a non distributive STD, there is at least one 
excitation region that cannot be correctly covered by its corre- 
sponding cover cube. 

Example 2 (depicted in Fig. 5(a)) presents a non distributive 
STD. Assuming that c is a non-input signal, then Tc+ = {c+} 
and T,- = { e - } .  c(c+) = (--00) may be used to implement 
R(T,+). However c(c+) it is not a correct cover cube. The 
states in ER(c+) = {sg, s7, sg} are covered by c ( c + )  as well as 
SS E BR(Tct). 

The multi cube approach requires two cubes for R(T,t) = 
(1-00, -100) and a singlecube for R(Tc-) = {OOlI}. Both re- 
gion covers can be minimized obtaining complete signal networks 
(see Fig. 5(b) and Fig. 5(c)). 

6.2 Signal Persistency 
The work by Kishinevsky et al. [5]  proved that signal persistency 
is a necessary condition to guarantee that a transition cluster of 
cardinality one can be covered with exactly one cube. 

Lemma 20 [SI Given T,* = {a,*), the region cover R(T,+) = 
{ c ( a , * ) }  correctlycovers ER(u, *) i$a,+ is signalpersistent. 

Non-persistent output signal transitions require the transforma- 
tion of the STD specification by reducing its concurrency. Con- 
currency reductions may decrease the area of the implementations 
because they eliminate CSC violations, reducing the number of 
intemal signals, and increase the number of vertices in the dc-set. 
However, they are not desirable because the imposed sequen- 
tiality greatly degrades the performance of the system. The use 
of complex gates allows to derive monotonic region covers for 
non-persistent transitions. 

Example I (Fig. 2(a)) depicts a non-persistent transition e-. 
Signals c and d are trigger of e-, and transitions d- / l  and c- /2  
are concurrent with e-. Therefore, the cover cube c(e-) only 
containstheliteral f, i.e. .(e-) = (-----1). GivenT,- = {e-} it 
can be verified that R(T,-) = {.(e-)} is not monotonic. Both, 
sh = (101111) andsls = (011111) inER(e+/ l )  andER(e+/Z) 
are covered by .(e-). 

(4 (b) 

Figure 6: Signal networks for signal e in the Example I .  
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Figure 7: Example 3:(a,b) STDs, (c,d) implementations. 

The multi cube approach requires four cubes (see Fig. 6(a)) 
R(T,-) = {IOOl-I, 0001-1,0110-1,0010-1}. The final region 
cover is R(Te-) = {--0-1, ---0-l}, that can be implemented by 
using an AO-gate with equation R(Te-) = (-C + d)f. The rising 
region covers consist of one cube each (R(T.2 +) = { 1000-0) and 
R(T?+) = {OIOO-0)). After the minimization both regions are 
expanded towards the quiescent regions by removing { c, d }  and 
to the dc-set by removing { b }  and {U} respectively (R(T,'+) = 
{ 1----0} and R(T;+) = {-1---O}). 

6.3 Single MinimaVMaximal State 
The notion of unique entry condition was introduced in [5]  as a 
necessary condition to derive monotonic cover cubes. 

Example 1 in Fig. 2(a) depicts ER( e-) containing two minimal 
states s7 and s l g .  .(e-) = ({-----1)) it is not monotonic (as 
we have seen previously). Increasing the concurrency of the 
specification by changing the triggers of e- from {c-/l, d - / Z }  
to { f+/ 1, f t  / 2 } ,  we obtain the STD depicted in Fig. 2@). Now 
the STD contains two more states (SZZ and 523).  However, ER(e-) 
maintains the same structure with two minimal states s g  and ~ 1 5 .  
Now, c ( e - )  = ({-----l}) is monotonic. Therefore the unique 
entry condition it is not necessary for the existence of monotonic 
cover cubes. 

6.4 State Encoding 
The monotony conditions when restricted to single cube region 

covers impose severe constraints in the state encoding of the STD. 
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A correct cover cube c(a;  *) contains all the states in the excitation 
region ER(a, *), but may also cover other states of the STD. Then, 
a monotony violation occurs (even if the specification satisfies 
the CSC and USC requirements), and internal signals must be 
inserted in the specification. 

Example 3 (see Fig. 7(a)) presents an STD that satisfies both 
CSC and USC. The cover cube c(c+) = (I---O), covers a state 
with binary code (10010) in QR(c-), and therefore it is not 
monotonic. Given T,+ = { c + } ,  the complex gate approach 
will use R(T,+) = {lILO, 1-00>. After the minimization, 
R(T,+) = {-l--O, 1--0-} is a complete region cover that directly 
implements N ,  (see Fig. 7(c)). 

6.5 Complete Region Covers 
The computation of complete region covers is the most important 
minimization in the synthesis process because of the C-element 
elimination. Any synthesis algorithm that only uses single cube 
region covers will not be able -- in most cases - to find complete 
region covers. Two conditions prevent a quiescent region to be 
completely covered: 

1. When QR‘ (a, *) does not coincide with QR( a ,  *) (even for 

2. Any of the successor transitions a:  * E U ,  ** has more that 

This second restriction can be eliminated if multi cube region 
covers are allowed. Example I (see Fig. 2(a)) contains one of 
these restricted STD specifications. Both f + / 1  and f + / 2  have 
a succcssor transition f- with a couple of trigger transitions: 
{d- / l )  e - }  for f + / l ,  and {c-12, e-} for f+/%. As an example, 
c ( f + / l )  cannot contain literals { a ,  c, d, e, f} to be complete i.e. 
c ( f + / l )  = (-0----). It is clear that c ( f+ / l )  covers all the states 
in QR( f+ / l ) ,  but it also covers the state s21  of ER( f -). 

This situation is quite close to the distributivity restriction 
presented in Section 6.1. Again, the only possible solution is the 
use of multi cube region covers. In this particular example a two 
cube region cover may be used R(Tj+) = {-0--1-, -0-1-}. 

7 Transformation Techniques 
Transformations enforcing signal persistency, unique entry con- 
dition, and to encode the STD are useful to simplify the region 
covers, increasing the probability of finding a matching library 
gate. 

Non-persistency is eliminated introducing causality relations 
between an output transition ai I and its non-persistent concurrent 
transitions a3 *. Two transformations can be applied enforcing: 

1.  a3 to be a successor of a ;  *, (persistency constraint), 
2. a, * to be a predecessor of a ,  *, (concurrency constraint). 

None of both requires the insertion of state signals, and only the 
concurrency degree is modified simplifying the structure of the 
regions. Fig. 2(c) and (d) present the result of applyingpersistency 
and concurrency constraints to e- in Example 1. 

Transition e- is no longer concurrent with d-/l  and c-/2 
after persistency constraint, eliminating the state s20. Two falling 
transitions e-/I and e-/2 are created (see its signal network at 
Fig. 6(b)). Concurrency constraint completely eliminates the 
concurrency between e- and a-, 6- ,  d-/1 and e-12. States sa, 
SIO,  S17 and 519 are eliminated, reducingER(e-) to s20. The final 
implementation is composed of N ,  = NOR(a, b ,  c, d). 

Monotony violations can be interpreted as encoding conflicts, 
and therefore eliminated by using standard encoding techniques 
based on the insertion of state signals [7, IO]. In Example 3, the 
monotony violation can be interpreted as a CSC conflict between 

a multi cube approach). 

one trigger transition. 

a (dummy) state s = (10010) in ER(c+), and the real state 
s’ = (10010) in QR(c-). Fig. 7(b) presents a state encoding that 
solves the coding conflict. A new signal z is created, and two 
transitions {xt, x-} inserted. The final signal network for c and 
x are depicted in Fig. 7(d). 

A multi-minimal (maximal) state excitation region can be split 
into several sub-regions by unfolding the specification, i.e. by 
duplicating some of its states. The transition will be unfolded into 
several new transitions. Each one of the unfolded states introduces 
a USC viollation with any of its “equivalent” states. Such USC 
violations  nus st be eliminated by using existing state encoding 
techniques. Fig. 2(e) depicts ER(e-) in Example 1 split into two 
new sub-regionsER(e-/I) andER(e-12). Thestates20 has been 
unfolded into the states s20 and s22. 

8 Conclusions 
A sufficient condition for the synthesis of speed-independent cir- 
cuits from STDs has been presented. Monotony is defined in 
terms of the regions in the specification. Moreover, the structure 
of every signal network is directly reflected on the monotony con- 
dition. The complex gate paradigm is efficiently implemented by 
using multi-cube region covers and a technology mapping final 
step. Many advantages are offered by this synthesis technique: 
distributivity, signal persistency, and the unique entry condition 
are no longer necessary; encoding requirements are eased, coming 
close to the: CSC conditions; and better minimization techniques 
can be applied, obtaining smaller and faster implementations. 
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