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Abstract

We present a new method for the synthesis-for-

initializability of asynchronous state machines. Unlike ex-

isting approaches, our method incorporates a state assign-

ment step. State assignment is critical, since initializability

may be precluded by poor choice of state assignment. Also,

we present precise conditions on hazard-free logic, to insure

that the circuits are physically initializable.

1 Introduction

Asynchronous design is enjoying a resurgence, with a num-
ber of recent technical and practical advances [9]. In princi-
ple, asynchronous systems promise several advantages over
synchronous systems: lower power, since an asynchronous
component computes only when necessary; improved per-
formance, since global clock distribution and synchroniza-
tion can be avoided; and modularity and ease of design,
since there are no global timing constraints. However, asyn-
chronous design is subtle, since hazards and race conditions
must be avoided for correct operation [1, 2].

Recently, several sound methods have recently been
introduced to synthesize asynchronous state machines [3,
4, 5]. These methods are automated and produce low-
latency machines which are guaranteed hazard-free at the
gate-level. The tools have bene�ted from a number of
hazard-free optimization algorithms, such as two-level [6]
and multi-level [1, 7, 8] logic optimization.

Critical to the practical use of asynchronous design is
testability. Several e�orts have addressed the asynchronous
testability problem [10, 11, 12, 13, 14]. However, an im-
portant related problem, initialization of asynchronous cir-
cuits, has received little attention.

Initialization is the process of driving a sequential cir-
cuit to a known current state, regardless of the power-up
state of the circuit. This is an important �rst phase in the
test generation of a sequential circuit [15]. A test generator
typically assumes the circuit begins in an unknown state. A
sequence of input vectors is derived, called an initialization
sequence, which drives all state signals to a known reset
state. If the synthesized implementation cannot be initial-
ized, then a test generator or fault simulator which assumes
an unknown initial state will be completely ine�ective.

Several techniques have been proposed for initializabil-
ity of synchronous state machines. One solution is to in-
corporate explicit reset hardware, though the cost is an
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additional pin and added wiring. Wehbeh and Saab [16]
and Pixley et al. [17] focus instead on �nding an initializa-
tion sequence for a given implementation. An alternative
solution is synthesis-for-initializability, where initializabil-
ity is guaranteed by the synthesis procedure itself. In par-
ticular, Cheng and Agrawal [18] focus on the role of state
assignment on initializability. Recent modi�cations to their
approach have been proposed, which use more relaxed con-
straints [19].

A synthesis-for-initializability approach for asyn-
chronous designs was �rst proposed by Chakradhar et al.
[22, 21, 20]. This approach attempts to �nd a single-
vector or multi-vector initialization sequence, assuming a
given state assignment. The �rst method [22, 21] simulta-
neously searches for an initialization vector (or sequence)
and don't-care assignment. If this method fails, the sec-
ond method [20] modi�es the speci�cation by reducing its
concurrency, to aid in producing a valid initialization.

The contribution of our paper is a general method
for synthesis-for-initializability of asynchronous state ma-
chines. Unlike Chakradhar et al., we provide a complete
synthesis for initializability method, including a state as-
signment step. This feature is critical, since initializability
may be precluded by poor choice of state assignment. We
also indicate that the Chakradhar et al. conditions on logic
implementations in some cases are insuÆcient: they may
result in designs which are physically and logically unini-
tializable due to hazards. We present precise conditions to
produce a two-level implementation which is both logically
and physically initializable.

The paper is organized as follows. Section 2 presents
background on synthesis for initializability of synchronous
and asynchronous state machines. Section 3 gives an
overview of our approach. Section 4 presents our method
for single-vector initializability, where we perform state as-
signment. Section 5 considers the limited case where state
assignment is already given. Results are given in Section
6, and Section 7 presents conclusions.

2 Background and Previous Work

2.1 Synchronous Initializability

Cheng and Agrawal impose certain constraints on state as-
signment to translate functional initializability into logic
initializability [18]. We �rst review their approach, then
present recent extensions allowing more relaxed constraints
on state assignment [19].
Cheng/Agrawal Approach: Consider the functionally
initializable machine M in Fig. 1 [18]. At startup, the ma-



chine can be in any state, i.e. the initial state group consists
of all states: (S1; S2; S3; S4). I = 1001 is a synchronizing
sequence of M . The following is the trace of state groups
that result as the input sequence 1001 is applied to M :

(S1; S2; S3; S4)
1
�! (S2; S4)

0
�! (S1 ; S3)

0
�! (S1; S4)

1
�! (S4)

Associated with each state group, after state assign-
ment, is its smallest containing cube, called the group face.
Each group face is represented by a 3-valued vector. Thus,
if state encoding (S1:01, S2:00, S3:10, S4:11) were used,

the following group faces would result: (XX)
1

�! (XX)
0

�!

(XX)
0

�! (XX)
1

�! (XX): This sequence does not converge
to a single state, therefore the circuit realized is logically
uninitializable. A 3-valued simulator can only simulate
group faces, not state groups, so there is a loss of infor-
mation. Therefore, the goal is to produce a state assign-
ment that allows the sequence of group faces to \track"
the sequence of state groups, and therefore insure logical
initializability.
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Figure 1: Example FSM and synchronization tree.

Cheng and Agrawal state that the problem can be
solved by introducing an additional set of face-embedding
constraints into the state encoding step. Each of these
is a k!1 dichotomy constraint, (Gi; sj).

1 In particular,
a k!1 dichotomy of the form (Gi; sj) is introduced for
every symbolic state sj not present in the state group
Gi. That is, a symbolic state that does not belong to a
state group is forbidden from being embedded in it. This
applies to all state groups encountered when a synchro-
nizing input is applied to the machine. For the exam-
ple of Fig. 1, the dichotomies generated are: f(S2S4;S1);
(S2S4; S3); (S1S3;S2); (S1S3;S4); (S1S4;S2); (S1S4;S3)g.
A state assignment satisfying these dichotomies is: (S1:11,
S2:00, S3:10, S4:01), resulting in a correct 3-valued simu-

lation: (XX)
1

�! (0X)
0

�! (1X)
0

�! (X1)
1

�! (01):

S1 S2

S3S4

1

1

0

0

0
0

1
1

Figure 2: Example to show relaxed state encoding.

Relaxed State Assignment: When considering encod-
ing of symbolic states, we show that the Cheng/Agrawal

1An n!k dichotomy constraint (X ;Y ) [1] is the stipulation
that the smallest containing cubes of X and Y not intersect.
Here, X and Y are sets of states of cardinality n and k respec-
tively. A dichotomy is satis�ed if some state bit has value 1 for
all states in X and value 0 for all states in Y , or vice versa.

constraints may be relaxed. Consider the machine
in Fig. 2. A synchronizing sequence for the ma-
chine is 100, resulting in the state group sequence:

(S1; S2; S3; S4)
1

�! (S1; S2; S3)
0

�! (S1 ; S4)
0

�! (S4). The
dichotomy constraints produced by the Cheng/Agrawal
method are f(S1S2S3;S4); (S1S4;S2); (S1S4; S3)g and a
minimum length state encoding satisfying these constraints
requires 3 bits. In fact, the dichotomy (S1S2S3;S4) is un-
necessary. At the second time instant, the next-state value
of S4 is S4, which happens to belong to the next state-
group, (S1; S4). Therefore, if we let S4 be embedded in the
group-face of (S1; S2; S3), no harm would accrue. Thus, it
is safe to delete the dichotomy (S1S2S3;S4). The result-
ing state assignment is (S1:00, S2:01, S3:11, S4:10), still

yielding a correct 3-valued simulation: (XX)
1

�! (XX)
0

�!

(X0)
0

�! (10): This solution required only two bits to encode
the states, whereas the previous solution requires three.
Therefore, we prune the list of dichotomies proposed by
Cheng/Agrawal|we delete the dichotomy (Gi; sj) when-
ever NS(sj; Ii) 2 Gi+1, because this is a \safe" embedding.
These conditions can be used as the starting point to pro-
duce a state encoding that insures logical initializability for
synchronous state machines.

2.2 Asynchronous State Machines

We now brie
y review background on asynchronous state
machines. In its simplest form, an asynchronous state ma-
chine is a Hu�man machine (see Figure 3), with primary
inputs, primary outputs, and fed-back state variables [1].
State is stored on the feedback loops, which may have at-
tached delay elements.

i1

i2 o2

s1

s2

o1

Combinational
Logic

Delay
Elements

Figure 3: Block diagram of asynchronous state machine

Since there are no clocked latches or 
ip
ops on
the feedback lines, the state may change through multi-
stepping. That is, an input vector may cause a state change
which feeds back, causing another change, and so on.

Unlike synchronous machines, these machines may mal-
function due to critical races and logic hazards. A critical
race occurs if the machine may stabilize in an incorrect sta-
ble state during a state change [1]. This problem can be
avoided by using critical race-free (CRF) state assignment.
A logic hazard occurs if the combinational logic for outputs
or next-state may glitch during an input or state change [1].
This problem can be avoided by constrained combinational
logic synthesis (see [6, 2]).

A number of design methods can be used to synthesize
these machines, such as UCLOCK [5] and 3D [4]. These
two methods insure critical race-free state assignment and
hazard-free logic implementation. In this paper, we intro-
duce constraints on state assignment and logic synthesis
to be satis�ed in addition to these CRF and hazard-free
requirements, in order to insure initializability.

For the sequel, it will be useful to distinguish some
classes of asynchronous �nite-state machines. A 
ow table



0 1
00 01 01
01 01 xx
11 11 11
10 00 xx

(a)

0 1
00 01 01
01 01 1x
11 11 11
10 01 x1

(b)

Figure 4: Complete vs. partial don't-cares; single- vs. multi-
hop state transitions.

for an FSM may have entries that are don't-cares (\DC's").
These can be either complete DC's, as in Fig 4a, or par-
tial DC's, as in Fig 4b. By \complete DC's", we mean that
each next-state entry in the table is either completely spec-
i�ed or completely unspeci�ed. Most recent asynchronous
synthesis methods produce machines with complete DC's
only [5, 4]. The case of partial DC's is much less common;
it may arise in the case that fed-back and incompletely-
speci�ed outputs are used. In our state assignment method
of Section 4, we assume all DC's are complete DC's. This
allows us to build on our existing synchronous initializ-
ability approach, described in Section 2.1. In Section 5,
however, we handle both partial and complete DC's in our
combinational logic synthesis step.

Further, state transitions can be single-hop or multi-
hop. The 
ow table of Fig 4a, has a multi-hop transition

10
0
! 00

0
! 01, whereas the corresponding transition in

Fig 4b is single-hop (10
0
! 01). Several existing asyn-

chronous synthesis methods produce only single-hop tables,
such as UCLOCK [5].

2.3 Asynchronous Initializability

We now review the basic asynchronous synthesis for ini-
tializability method of Chakradhar et al. Chakradhar et
al. show in [22] that assignment of don't-cares during the
synthesis procedure is intimately related to the initializ-
ability of the �nal implementation. They introduce a novel
method that selectively assigns don't-cares to obtain an
initializable implementation.

The method starts with a speci�cation of an asyn-
chronous circuit in terms of a Signal Transition Graph
(STG). An Asynchronous State Graph (ASG) is derived
from an STG using a set of �ring rules. It is also as-
sumed that a state assignment is implicitly speci�ed by the
STG itself (several recent STG synthesis methods relax this
assumption, and perform explicit state assignment [23]).
From the given state assignment and the list of signal tran-
sitions, Karnaugh-maps are constructed for each of the
next state bits. In general, these Karnaugh-maps will have
don't-care entries. The goal of this method is to simul-
taneously (i) assign values to don't-cares, and (ii) �nd an
initialization vector sequence.

The basic idea of the approach is that of combinational
initialization: each of the next state bits is initialized in
some sequence by a given input vector. Once a state bit is
initialized to 0 or 1, it remains stable at that value. Thus,
if a certain time a certain state bit is to be initialized to
1 (or 0) the combinational next state logic for that state
bit should consistently evaluate to 1 (or 0), irrespective
of the values of signals that have not yet been initialized.
This approach is a good match for asynchronous state ma-
chines, since the feedback path has no clocked latches or

ip
ops: as each next state bit is initialized, it feeds back

as initialized current-state bit.
To initialize the �rst next-state bit, each next-state

Karnaugh map is inspected to see if its output can be de-
terminized by some input vector (partially or completely
speci�ed). That is, if a portion of the K-map, disregarding
don't-cares, has either all 1's or all 0's, then restricting the
input to lie in that region will determinize the output of the
K-map. For this to succeed, all don't-cares in this region
must be assigned the same output value as that assigned
to the speci�ed minterms in this region. (If all the points
in this region are don't-cares, they can be assigned either
value.) Each of these \regions" is a cube in the state space.
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Figure 5: Karnaugh Maps for the initializability example.

Example. Let f and g be the next state functions for a
two-bit state encoding, and let a and b be the input bits,
as shown in Fig 5. All bits are assumed initially unknown.
In the region where a = 0, the function f evaluates to 1 or
X irrespective of the current values of b, f and g. There-
fore, 0XXX (a = 0; b = X;f = X; g = X) is a partial
assignment that initializes f to 1 provided all the don't-
cares of f in 0XXX are changed to 1's. At the end of
one such step, some input bits and some state bits will
have been initialized. Thus, the current \region of inter-
est" will have been narrowed down to a sub-cube of the
search space because some input bits and some state bits
have been determinized. For the example above, the new
region of interest that needs to be further explored is 0X1X
(a = 0; b = X;f = 1; g = X). Within this smaller region,
the steps just mentioned are repeated. That is, each of the
K-maps is then inspected to see if its output can be deter-
minized solely by the input and state bits that have already
been initialized, possibly assigning values to input bits and
don't-cares. Fig 6 shows the initialization sequence tree for
the above example. The bits shown are in the order abcfg
The circular nodes marked \F" are failure nodes, whereas
the success nodes hold the corresponding solutions. 2

F F

(XXXX)

INIT(f, XXXX) INIT(g, XXXX)

(0X1X) (110X)

INIT(g, 0X1X) INIT(g, 110X)

(10X1)

INIT(f, 10X1)

1011

a=0 a=1,b=1 a=1,b=0

Figure 6: Initialization Sequence Tree

The algorithm of Chakradhar et al. implements this
approach by implicitly enumerating the entire search space
consisting of all possible assignments to input bits and to
don't-cares. A tree is implicitly built where each edge cor-
responds to either an assignment to certain input bits, or



to some don't-cares. If, at any step, more than one option
exists, the algorithm not only tries all of them recursively,
but it tries them in all possible orderings until failure is
reached on all branches.

In more detail, the method uses a function called INIT.

INIT is repeatedly called for each uninitialized state bit.
The function examines the K-maps for the next state logic
for each state bit, and determines initialization vectors
based on the current partial assignment of state and input
bits and don't-cares. The derivation of initialization vec-
tors may require the assignment of currently unassigned in-
puts and don't-cares. If, at any step, more than one choice
is available, each of them is explored by recursively calling
INIT. The procedure either produces a list of initialization
vectors (along with associated don't-care assignments), or
reports that no single-vector initialization sequence exists.
A drawback of this approach is that in the worst case, it
tries all possible permutations of choices that lie along a
path in the tree. We show later that such repetition can be
avoided.

If at a certain step the procedure determines that a
single-vector initialization sequence does not exist, then
search is restarted from that point onwards using a dif-
ferent input assignment.

If the method fails to synthesize an initializable circuit,
Chakradhar et al. indicate that the original STG speci�ca-
tion may be modi�ed to achieve initializability. Banerjee et
al. present such STG transformations for initializability in
[20]. However, a drawback of this approach is a reduction
in concurrency.

3 Overview of Our Approach
We now present two new approaches for synthesis-for- ini-
tializability.

Section 4 introduces a complete synthesis-for-
initializability method, including a state assignment step.
Our method is restricted to single-vector initialization, for
state machines with \complete don't cares". Many exist-
ing synthesis methods fall into this category [5, 4, 3]. We
�rst show how state assignment has a direct impact on
the initializability of an asynchronous state machine. We
then extend the synchronous state assignment approach of
Section 2.1 to the asynchronous case. Finally, we present
hazard-free logic requirements which must be satis�ed to
insure both logical and physical initializability.

Section 5 presents our second approach, which assumes
a given state assignment. In this case, we can only modify
combinational logic synthesis to achieve, or preserve, ini-
tializability. As with the approach of Chakradhar et al.,
we allow both \partial" and \complete don't cares", and
consider both single-vector and multi-vector initialization.
Our method includes eÆcient techniques to prune the ini-
tialization search space. In addition, we address issues of
hazard-free logic requirements to insure initializability dur-
ing multi-vector initializability, which have not been con-
sidered in previous work.

4 State Assignment for Single-Vector

Initializability
This section presents a complete path to synthesize cir-
cuits that are initializable by a single-vector. The proce-
dure transforms an asynchronous FSM speci�cation into a

circuit which is physically initializable at the logic level.
An asynchronous circuit is initializable by a single-

vector if application of the vector drives the circuit from an
unknown start state to a unique known state. The transi-
tion from the unknown state to the known one may involve
multiple hops while the input is held constant. This model
of initializability is the same as the one used in [22] and
will be used throughout this section. In the context of syn-
chronous initializability of Section 2.1, this corresponds to
application of a single vector repeated over (possibly) sev-
eral time-steps.

The 
ow table of Fig 7(a) illustrates the impact of state
assignment on asynchronous initializability.

0 1
S1 S2 S2
S2 S3 S2
S3 S3 S4
S4 { S1

(a)

0 1
01 00 00
00 11 00
11 11 10
10 xx 01

(b)

0 1
00 01 01
01 11 01
11 11 10
10 xx 00

(c)

Figure 7: Impact of state encoding on initializability

Example. Assume that the state encoding of Fig-
ure 7(b) is used. If the input is held constant at 0, a 3-
valued simulator will derive the following sequence of 3-

valued vectors for the state bits: XX
0
! XX

0
! XX � � �.

Therefore, the circuit is not logically initializable. If, on the
other hand, the state encoding of Figure 7(c) is used, the

3-valued simulation trace that results is: XX
0
! X1

0
! 11,

so the circuit is logically initializable. 2

In summary, the state assignment step should incorpo-
rate initializability considerations to translate functional
initializability (at the FSM level) into logic initializability
(at the simulation level). Logic synthesis is then modi�ed
to insure initializability at the gate-level.

4.1 The Single-Hop case

For 
ow tables with \single-hopping" only (see Section
2.2), initializability is surprisingly simple. We �rst high-
light this important special case, somewhat informally, and
then in Section 4.2 present the general approach for \multi-
hopping" which subsumes it.

Consider the state diagram in Figure 8 and correspond-
ing 
ow table in Figure 8(a). This machine obeys the
single-hopping constraint: each unstable state leads di-
rectly to a stable state. The following theorem charac-
terizes the notion of a functional initialization vector for
asynchronous single-hop machines.

S3

S2S1

S4

00 00

00

01 01

01

01

11

11

00

00 01 11 10
S1:00 00 01 xx xx
S2:01 01 11 00 xx
S3:11 10 11 00 xx
S4:10 00 10 xx xx

(a)

00 01 11 10
00 00 01 00 xx
01 01 11 00 xx
11 10 11 00 xx
10 00 10 00 xx

(b)

00 01 11 10
00 00 01 xx 11
01 01 11 00 11
11 10 11 00 11
10 00 10 xx 11

(c)

Figure 8: FSM and Flow Table for the Single-Hop example.



Theorem 4.1. Let F be an asynchronous 
ow ta-
ble which has \complete don't cares" and \single-hopping"
only. Then an input vector I is a valid single initialization
vector if and only if F has at most 1 distinct next-state
entry on I (that is, if and only if all speci�ed transitions
on I have the same destination).

Proof. Clearly, if there are no speci�ed transitions, then
the all the next-state entries on I are DC's, and can be
assigned the same arbitrary value, as in Figure 8(c). If there
are one or more speci�ed transitions, all of them to the same
destination state s0, then the remaining DC entries can also
be assigned the value s0. Then, the machine is initializable
to s0 in one hop, as shown in Figure 8(b). However, if, on
input I, there are transitions to more than one destination
state, then, obviously, the machine cannot be functionally
initialized in one hop by I. 2

In summary, if a 
ow table F is single-hop only, the
following simple procedure can be used to �nd all single-
vectors for initialization: select any input vector I where
F has at most 1 distinct next-state entry.

Once a single functional initialization vector is selected,
don't-care assignment is performed. The don't care as-
signments shown in Figures 8(b) and (c) use a simple \di-
rect" technique for assignment. More optimal techniques
for don't-care assignment are introduced in the next sub-
section as well. Finally, in Section 4.2.4, we show that
a hazard-free logic covering requirement must be met, to
insure both logical and physical initializability. Given an
appropriate don't-care assignment, and hazard-free logic
cover, application of the vector will physically initialize the
machine to a single stable state, regardless of the start-up
state of the machine. These results are a special case of the
general procedure described in detail in Section 4.2.

Note that state assignment will have no impact in this
case. Though we are free to choose a state assignment,
Section 4.2.2 indicates that initializability is independent
of the choice of state assignment.

4.2 The Multi-Hop case

For FSM's that have speci�ed multi-hop transitions, state
assignment has an impact. In this section, we present a
new method producing a state assignment for initializabil-
ity machines with multi-hop transitions. Our state assign-
ment method is essentially a special-case of the procedure
presented in Section 2.1 for synchronous circuits. However,
additional issues speci�c to asynchronous circuits must be
dealt with|these are discussed in Sections 4.2.1 through
4.2.4.

4.2.1 Synchronizing sequence

As in Section 2.1, the �rst step in our synthesis procedure is
to �nd a synchronizing sequence. However, asynchronous
machines have di�erent operation than synchronous ma-
chines, since there are no clocked latches or 
ip
ops. There-
fore, the nature of a valid synchronizing sequence for asyn-
chronous machines is di�erent.

There are two key di�erences. First, in the asyn-
chronous case, the input vector must drive the machine to a
single stable state; if the state were unstable, the machine
would never be in a known state. Therefore, we require
a synchronization sequence, consisting of a single-vector,
which leads to single stable state. Also, note that \multi-

hopping" under a single input vector corresponds to a syn-
chronization sequence where I may repeated over several
time-steps. This is a restriction on choice of synchroniza-
tion sequence.

A second di�erence between asynchronous and syn-
chronous state machines is that the former are usually in-
completely speci�ed, i.e., contain don't-care entries. How-
ever, synchronization sequences usually apply only to
completely-speci�ed machines [18]. We must extend the
de�nition of synchronizing sequence to also include those
that result in an empty state group. As an example,
the FSM of Figure 8 has no speci�ed transitions on in-
put 10. We consider this input vector to be a valid syn-
chronizing sequence, leading to the empty state group:

(S1; S2; S3; S4)
10
�! ().

Incorporating the above two modi�cations into existing
techniques for �nding synchronizing sequences is easy. For
example, the method of building a synchronization tree can
be constrained to follow only those paths which have edges
labeled by a constant vector, which terminate in a stable
state, or in an empty state group. If no such initialization
vector is found, the FSM is not initializable by a single-
vector.

This notion of single-vector synchronizing sequence
is summarized by the following general theorem, which
presents the necessary and suÆcient conditions on a func-
tional asynchronous initialization vector.

Theorem 4.2. Let F be an asynchronous 
ow table
which has \complete don't cares" (allowing both single- and
multi-hopping). Then an input vector I is a valid single
initialization vector, if and only if F has at most 1 stable
state in column I and there are no cycles.

Proof. Clearly, if there is a cycle on input I, or if there
are two or more stable states on input I, then I cannot
be an initialization vector. On the other hand, if there is
exactly 1 stable state, s0, and there are no cycles on input
I, then it is clear that all don't-cares can be assigned such
that all unstable states eventually converge to s0 (one such
assignment is to change all don't-cares to s0). If there are
no stable states and no cycles, then there must exist some
state s0 which has a don't-care next-state entry. This don't-
care can then be made the stable state, and any remaining
don't-cares assigned accordingly. 2

In the sequel, we will refer to s0 as the destination state
of vector I.

A valid initialization vector is a functional initializa-
tion sequence for an asynchronous machine. The goal of
synthesis-for-initializability is to translate functional ini-
tializability of the asynchronous speci�cation into physical
(logical) initializability in the implementation. In the re-
maining subsections, synthesis steps are introduced which
insure that initializability is preserved.

4.2.2 State Assignment

Once a single repeated vector synchronizing sequence is
found, the entire state assignment procedure of Section 2.1
is carried out|the sequence of state groups is enumerated,
face-embedding constraints are generated, and a state en-
coding that satis�es these constraints is produced. In gen-
eral, critical-race-free constraints must be generated by the
synthesis method [1]. These require added constraints,



which are already addressed by existing synthesis meth-
ods [5, 4].

1

(S1,S2,S3,S4)

0 1

1

(a) (b)

0

1

0

(S1,S2)

S3

S2S1

S4

1

0

0

(S2,S3)

(S3)

Figure 9: Example of an asynchronous FSM and its synchro-
nization tree.

Example. Consider the FSM of Fig 9a. The synchro-
nization tree and the synchronizing sequences are shown in
Fig 9b. Suppose the input sequence (1; 1) is chosen. The
following is the resulting sequence of state groups:

(S1S2S3S4)
1
�! (S2S3)

1
�! (S3) 2

Note that the state groups exhibit a telescoping
property|every state group is a subset of its predeces-
sor. This telescoping property among state groups always
holds if the input sequence consists of a single repeated vec-
tor. Following is the face-embedding constraint generated:
(S2S3; S1). A state encoding which satis�es this constraint
is: (S1:00, S2:01, S3:11, S4:10).

As a special case, for one-hop machines, a synchro-
nizing sequence always has length 1. For example, for
the state diagram in Figure 8, the synchronizing se-

quence is (S1; S2; S3; S4)
11
�! (S1). In this case, no face-

embedding constraints are generated by our relaxed assign-
ment method. As a result, for one-hop machines, there are
no encoding constraints for initializability: any state as-
signment can be used.

4.2.3 The issue of Don't{cares

As discussed earlier, assignment to DC's may need to be
constrained; a poor DC assignment can ruin initializability.

The starting point of don't-care assignment is the state
assignment of the previous subsection. State assignment
insures that the sequence of state groups in the initializa-
tion sequence is \tracked" by the corresponding 3-valued
vectors, or group faces, after state assignment. Further-
more, as indicated, these state groups have a \telescoping"
property: each state group is embedded in the preceding
state group in sequence.

The goal of don't-care assignment is to insure that this
tracking is still preserved, once don't-cares are assigned.
For the single-vector case of this section, there is in fact a
trivial DC assignment that always works: assign to every
DC next state entry the value of the destination state for
this input vector. Henceforth, DC assignments of this type
will be called direct assignments.

Though this approach is always suÆcient, it may be
suboptimal, as shown by the following example.

0 1
00 01 01
01 01 11
11 10 11
10 00 XX

(a)

0 1
00 01 01
01 01 11
11 10 11
10 00 11

(b)

0 1
00 01 01
01 01 11
11 10 11
10 00 X1

(c)

Figure 10: Example of DC assignments: direct vs. incremental

Example. Fig 10a shows a 
ow table for the example
of Fig 9 after state assignment. Fig 10b shows a direct
DC assignment, using input vector 1: the DC in state 10 is
assigned to the destination state 11. Fig 10c shows another
DC assignment that constrains a fewer number of DC's,
but still insures initializability, as shown by the following

simulation trace: XX
1

�! X1
1

�! 11 2

The incremental DC assignment of Fig 10c is clearly
better. It can be implemented by a 2-level AND{OR logic
that requires only one product term to implement the �rst
state bit, whereas the assignment of Fig 10b requires two.
Before presenting a formal procedure for assigning DC's,
we propose the following de�nitions:

The current state cube is a 3-valued vector that repre-
sents all the states that the machine could be in at a given
time instant. The initial current state cube consists of all
X's since the machine can power up in any state.

The ith bit of the current state cube is said to be 1-
determinizable at a given time for a given input if it is
currently X and the ith bit of the next state entry of ev-
ery state in the current state cube is either a 1 or an X.
A similar de�nition holds for 0-determinizability. State
bit i is said to be determinizable if it is 1-determinizable
or 0-determinizable. Below is an algorithm that performs
DC assignment incrementally, by examining the next state
functions for each state bit in a certain order:

algorithm assign DC's(
ow table, current state cube, inp vector)

1 while there exists a bit i that is determinizable on inp vector

2 if bit i is 1-determinizable then

set bits(i, current state cube, inp vector, 
ow table, 1)

3 else //bit i is 0-determinizable//

set bits(i, current state cube, inp vector, 
ow table, 0)

output 
ow table

end of algorithm

algorithm set bits(i, current state cube, inp, 
ow table, val)

modify 
ow table by setting bit i of the NS entries on

input inp of all states in the current state cube, to val

set bit i of current state cube to val

end of algorithm

Application of the above algorithm to the machine of Fig 9
produced the better DC assignment of Fig 10c.

It is easily seen that the algorithm always produces a
valid DC assignment, irrespective of the choice made in step
1. A simple proof follows from the fact that determinizing
bit i can never adversely a�ect determinizability of bit j;
it can only enhance determinizability of bit j. Based on
this, we make an important observation that the order in
which bits are chosen by our algorithm is unimportant as
far as �nding a solution is concerned. If a solution exists,
a solution will always be found by our algorithm.

However, the choice made in step 1 (choosing an i, if
more than one exists) may a�ect the optimality of the so-
lution, as measured by the number of DC's assigned. A
simple heuristic is to make the algorithm greedy|always
choose that bit which requires assignment to the fewest
DC's at that time instant. The next example illustrates
this point.

Example. In Fig 11a, observe that both bits 1 and 2 are
immediately determinizable. Fig 11b shows the resulting
DC assignment if the bits are determinized in the order 123.
Fig 11c shows that a better DC assignment is produced if
bits are determinized in the order 213. 2



0 1
000 111 {
001 110 {
011 111 {
010 111 {
110 xxx {
111 111 {
101 110 {
100 xxx {

(a)

0 1
000 111 {
001 110 {
011 111 {
010 111 {
110 111 {
111 111 {
101 110 {
100 11x {

(b)

0 1
000 111 {
001 110 {
011 111 {
010 111 {
110 111 {
111 111 {
101 110 {
100 x1x {

(c)

Figure 11: Example of di�erent incremental DC assignments.

4.2.4 Physical Initializability

Even if a good state encoding and DC assignment are used,
a physical implementation may still be uninitializable. This
problem is due to hazards resulting from improper logic
synthesis.
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Figure 12: Example illustrating issue of hazards

Example. Fig 12 shows an example where initializabil-
ity is ruined because of a poor choice of logic implemen-
tation. Fig 12(a) shows a two-bit state encoding for an
FSM, with state variables y0 and y1. Input 01 is a valid
initialization vector, where initialization occurs in 2 hops.
Suppose the covering of Fig 12b{c is used to synthesize a 2-
level AND{OR implementation of the next state variables
Y0 and Y1. We show that the implementation of Fig 12(e)
may be physically uninitializable.

Assume the machine starts up in state y0y1 = 01 and
then the vector I0I1 = 01 is applied to the inputs. The
next state function evaluates to 11. However, the static
1!1 transition of Y1 is not hazard-free as there is no prod-
uct term that remains 1 during the transition 01!11 (see

Fig 12c) [1, 6]. Assume the gates have delays as shown in
(e). The next state function will glitch and evaluate to 10
momentarily. This glitch causes the machine to enter the
state 10 instead. The next state value for 10 is 01. Assum-
ing this transition to be a smooth one, the circuit ends up
in state 01 once again. This machine, thus, cycles inde�-
nitely and is physically uninitializable. 2

Let us now try to synthesize a hazard-free implemen-
tation for the same machine. Observe that during the
�rst time step, y1 is determinized to 1. The condition for
hazard-freedom is that there be a product term that cov-
ers y1 for all next state entries in the input column [1, 6].
Using the terminology of [6], cube I 00I1 is called a required
cube. This cube must be contained in some product of the
cover for Y1 to avoid a static-1 hazard, as the current state
is unknown and may be changing.

Once y1 is determinized, the current state cube becomes
X1. During the second time step, y0 gets determinized to
1. To ensure there are no glitches, the required cube I 00I1y1
must be contained in some product of the cover for Y0.

Fig 12d shows a cover which makes the next state func-
tion for y1 hazard-free. The corresponding circuit, shown in
Fig 12f, will be initialized correctly to state 11, irrespective
of any gate delays.

Precise conditions on 2-level AND-OR logic for insuring
that physical initializability is not hampered by hazards can
be stated as follows:

If state bit yi is determinized to 1 at a certain time
step, then it is required that a product of the cover of yi
span all the next state entries in the current state cube on
the current input.

These can be visualized as \vertical" covering require-
ments within a column, as shown in Fig 12d. The algorithm
of Section 4.2.3 for DC assignment can be augmented to
generate these covering requirements at the same time a
DC assignment is produced. These can then be passed to
the logic minimizer for hazard-free logic minimization [6].2

5 Logic Synthesis for Initializability, Given

a State Assignment

The aim of this section is to synthesize an initializable cir-
cuit from an FSM whose state assignment is speci�ed. Ob-
viously, this setting a�ords less freedom than that of the
previous section, where state assignment was not given.

Our algorithm accepts as input an incompletely speci-
�ed 
ow table and attempts to output a sequence of input
vectors and a DC assignment which make the circuit logi-
cally initializable. Thus, we solve the same problem as the
one addressed by Chakradhar et al. [22].

Our method generates precise covering requirements for
guaranteeing physical initializability. Moreover, we avoid
needless exploration of regions of the search space where
existence of a solution can be trivially ruled out. In partic-
ular, we perform simple tests to prune the search space.

We �rst present a procedure for single-vector initial-
ization in Sections 5.1{5.3, and then consider multi-vector
initialization in Section 5.4.

2Interestingly, these requirements are identical to the ones
for 3-valued simulatability presented in [19] for synchronous cir-
cuits. Thus, the above requirements also insure that the circuit
is initializable by a 3-valued simulator.



5.1 Synchronizing Sequence
Assume that the FSM speci�cation is available as an incom-
pletely speci�ed 
ow table. Some of the next state entries
in the table may be unspeci�ed or incompletely speci�ed.
Thus, we allow not only entries that are all don't-cares
(such as XXXX), but also entries that are partial don't-
cares (such as XX01).3

To �nd a synchronizing sequence, and a concomitant
DC assignment, we follow a generate{and{test approach.
We choose a candidate input column, and then verify if a
good DC assignment is possible for that column. If this jus-
ti�cation step fails, we repeat the procedure with a di�erent
input column until all columns are exhausted (in which case
the circuit is not initializable by a single-vector).

By Theorem 4.2, an input column is a single-vector
initialization sequence only if no more than one state is
stable in that column and there are no cycles. Otherwise,
the machine could start up in any one of the stable states,
making it impossible to specify a unique end state. We
use this property to prune our search space as follows: we
pick an input column only if it contains at most one stable
state. In the event that no such column can be picked,
the circuit is uninitializable by a single-vector. (However,
one can then use the multi-vector initialization method of
Sec 5.4.) Thus, we have a fast means of rejecting circuits
that are uninitializable by single vector.

Unlike the method of Chakradhar et al., our method
separates the search in the input space from the search in
the space of don't cares. While their method explores both
spaces concurrently, our technique �rst chooses an input
vector and then searches in the space of all DC assignments.
This is advantageous because search in the input space can
be greatly pruned by rejecting those inputs that have more
than one stable states in their columns.

5.2 DC assignment

Once a candidate input vector is selected, we perform a
justi�cation step. This step involves assigning some of the
DC bits a 1 or 0 value so that the machine converges to a
unique stable state. Our procedure is an extension of the
DC assignment algorithm of Section 4.2.3.
algorithm justify(
ow table, current state cube, inp vector)

while there exists a bit that is determinizable on inp vector

if there exists a bit i which is 1-determinizable

but not 0-determinizable

set bits(i, current state cube, inp vector, 
ow table, 1)

else if there exists a bit i which is 0-determinizable

but not 1-determinizable

set bits(i, current state cube, inp vector, 
ow table, 0)

else if there exists a bit i that is both 1-determinizable

and 0-determinizable

set bits(i, current state cube, inp vector, 
ow table, 1)

if justify(
ow table, current state cube) succeeds then

return success

set bits(i, current state cube, inp vector, 
ow table, 0)

if all bits in current state cube have been determinized,

output 
ow table and return success

else return failure

end of algorithm

Note that the procedure may encounter a bit that is both 1-
determinizable and 0-determinizable simultaneously. This
happens if the ith bits of the next state entries in the
current-state-cube are all X's. In this case, we need to

3The latter situation may arise, for example, in speci�cations
that use fed-back partially-speci�ed outputs.

explore both choices. The recursion in the above algo-
rithm accomplishes this. Further note that the above al-
gorithm is biased in favor of bits that are not both 1- and
0-determinizable simultaneously. That is, as long as other
choices exist, we do not select a bit that will cause the re-
cursive call to be taken. This delays the recursive call and
results in an improved performance because of a smaller
search tree.

0 1
000 11x {
001 x1x {
011 01x {
010 01x {
110 xxx {
111 01x {
101 11x {
100 xxx {

(a)

0 1
000 11x {
001 x1x {
011 011 {
010 011 {
110 01x {
111 01x {
101 11x {
100 x1x {

(b)

0 1
000 11x {
001 x1x {
011 010 {
010 010 {
110 01x {
111 01x {
101 11x {
100 x1x {

(c)

Figure 13: Example showing DC assignment for initializability.

When applied to the 
ow-table of Fig 13a, the algo-
rithm results in the DC assignment of Fig 13b, assuming
that the bits are chosen in order: 2; 1; 3 and that bit 3
is determinized to 1. Fig 13c shows the result if bit 3 is
determinized to 0 instead.

5.3 Physical Initializability

As demonstrated in Section 4.2.4, hazards are indeed an
important issue in single-vector initialization. Physical ini-
tializability can be destroyed by the presence of hazards.
Our algorithm enumerates precise covering requirements
which insure that hazards do not destroy initializability of
the gate-level circuit.

It was shown in Section 4.2.4 that the precise condition
for physical initializability under a single-vector input se-
quence is the following: if state bit yi is determinized to 1
at a certain time step, then it is required that a product of
the cover of yi span all the next state entries in the current
state cube on the current input. As before, the algorithm
for DC assignment can be augmented to generate these re-
quired cube covering requirements at the same time a DC
assignment is produced. These requirements can then be
passed on to a hazard-free 2-level logic minimizer [6] during
logic synthesis.

5.4 Multi-vector initializability

If the algorithm of Sections 5.1{5.3 is unable to initialize a
circuit by a single-vector, a multiple-input vector sequence
can be used. We show below that hazards must be con-
sidered both (i) in selecting a multi-vector initialization se-
quence, and (ii) during the subsequent logic synthesis step:
if hazards are ignored, the circuits may not initialize cor-
rectly.

The starting point for the multi-vector method is the
point from where the single-vector method could not pro-
ceed. Thus, some of the state bits have been initialized
by the �rst vector, possibly none. We then choose another
input vector such that each state bit which is initialized
by the �rst vector remains initialized by the second vector.
This restriction, which appears in [22], is used to insure
convergence of the initialization algorithm. The justi�ca-
tion step of Section 5.2 is then applied for this vector to



initialize as many state bits as possible; additional input
vectors are then selected until initialization is complete.

Hazard considerations limit the choice of the next in-
put vector. In particular, we require that the next state
logic for the initialized bits must be glitch-free during the
input change; otherwise, initialized state bits could become
uninitialized due to glitching behavior.

In greater detail, let the circuit be in a current state
cube S when the input changes from I1 to I2. Let I rep-
resent the input transition cube [I1; I2]. To insure that bits
once initialized in I1 remain initialized during the input
change, we constrain I2 to be an input such that, for all
columns in I, the next state of every state in S lies within
S. The circuit then makes a transition from total state S�I1
to S �I2. Put another way, we pick an I2 such that the next
state functions for the known state bits are constant, and
therefore free of function hazards, for each transition within
the cube S � [I1; I2].

In addition, we require that the gate-level implemen-
tation of the next state logic, for each of the known state
bits, be free of logic hazards.

These two conditions are, therefore, equivalent to insur-
ing a function-hazard-free and logic-hazard-free transition
for a cube spanning the total-state change S �I. For 2-level
AND-OR logic, the logic-hazard-free requirement can be
stated as follows [6, 1]:

For each of the state bits in S that are 1, some product
term must cover the total transition cube S � I. For each
of the state bits in S that are 0, no covering requirement is
needed (an AND-OR circuit will be hazard-free).

In contrast, existing methods for multi-vector asyn-
chronous initialization do not place any further restrictions
on what types of input changes are allowed, and therefore
may allow function hazards [21]. In particular, they invoke
the function hazard free requirement only at the end points
of the transition, rather than over the entire transition cube
[I1I2], so incorrect input sequences might be used. In addi-
tion, these methods do not include a requirement to avoid
logic hazards during the input vector change.

00

01

11

10

000 001 011 010 110 111 101 100

BCY
bcy

ad

000 −−− −−− −−− 110 −−− 100 000

−−− −−− 011 −−− 111 011 101 −−−

−−− 101 001 110 110 −−− 101 −−−

010 101 −−− 110 110 −−− 101 −−−

Figure 14: Function hazard in multiple input change transition

Example. Consider the Karnaugh map of Figure 14
(qr42 from [21]), where a and d are primary inputs, and b,
c and y are state variables (also used as primary outputs).

At the functional level, 00 followed by 11 would ap-
pear to be a valid initialization sequence. Once input 00
is applied, the current state of the circuit is initialized to
bcy = XX0. Once 11 is applied, in state bcy = XX0, next-
state bit Y remains functionally initialized to 0, and in fact,
the remaining bits become initialized as well: BCY = 110
(with appropriate don't-care assignment).

However, based on the above discussion, this 2-vector

sequence is in fact invalid. In particular, given the partial
state vector bcy = XX0, there is a static-1 function hazard
during the input change from 00 to 11, in the initialized
next-state bit Y . This hazard is apparent as a 1 ! 0 ! 1
change as the total state changes from ad = 00; bcy = 110,
through ad = 01; bcy = 110, to ad = 11; bcy = 110. A
circuit synthesized for initializability using (00,11) as the
input sequence may fail to initialize correctly, since the ini-
tialized next-state bit, Y , may glitch in the implementation
during the input change, changing the current state back
to XXX. Our approach will detect the function hazard
which occurs during the sequence (00,11), and avoid using
this sequence.

An alternative valid initialization sequence is (00,10)
(this is the sequence actually used in [21]). In this case,
the initialized next-state bit, Y , is 0 wherever it is speci�ed
in the total state cube ad = X0; bcy = XX0. To make
the transition function-hazard-free, remaining don't-care
entries for Y in this cube are then set to 0. As a result, the
total state cube is now fully-speci�ed and function-hazard-
free. There is no logic hazard-free covering requirement,
since Y makes a static-0 transition. 2

6 Results

Table 1 compares results of our synthesis-for-initializability
method, ASM-INIT, with an asynchronous synthesis
method, UCLOCK [5], which does not consider initializ-
ability. Results are for single-vector initialization of single-
hop machines only (i.e., method of Section 4).

Ten circuits were synthesized, using two approaches.
The �rst �ve circuits were synthesized using arbitrary
critical-race-free state assignment followed by single-output
hazard-free minimization [6]. The last �ve circuits were
synthesized using an optimal �xed-length state encoding
followed by multi-output hazard-free minimization [25].
Column I/S/O indicates the number of inputs, state bits
and outputs, respectively, for each example.

Column Base shows results using the existing asyn-
chronous synthesis tool, UCLOCK [5]. Sub-columns prod
and lit indicate number of products and literals in the cir-
cuits, respectively. After synthesis, the number of input
vectors which can actually initialize each circuit is given in
sub-column #init vec.

Column ASM-INIT shows results of our synthesis-for-
initializability method. Here, the number of input vectors
before synthesis which satisfy the conditions of Theorems
4.1 and 4.2 and, therefore, can be used for initializable syn-
thesis is indicated in sub-column #init vec. Circuits were
synthesized by randomly selecting one such vector for each
circuit. In sub-column direct DC, don't-cares were assigned
directly; in subcolumn incremental DC, don't-cares were
assigned incrementally. Sub-columns prod and lit indicate
number of products and literals in the circuits, respectively,
and DC indicates the total number of don't-cares assigned
to insure initializability.

The table indicates the impact of ASM-INIT on ini-
tializability of several of the examples. In pscsi-isend-opt,
the synthesized Base circuit was not initializable. In con-
trast, ASM-INIT identi�es 10 input vectors which could be
used for initializable synthesis. For the remaining exam-
ples, the base circuits were already initializable. However,
in almost every case, many more input vectors could be



Base ASM-INIT
#init direct DC incremental DC

Circuit name I/S/O prod lit #init vec vec DC prod lit DC prod lit

chu-ad-opt-e 3/1/3 2 3 6 6 0 2 3 0 2 3
dme-e 3/2/3 5 8 4 5 0 5 8 0 5 8
dme-fast-e 3/3/3 8 14 2 4 0 8 14 0 8 14
sbuf-read-ctl 3/2/3 4 7 5 7 0 4 7 0 4 7
pe-send-ifc 5/3/3 18 49 2 21 21 18 51 10 18 49

sbuf-send-ctl-opt 3/2/3 11 24 3 5 0 11 24 0 11 24
sbuf-read-ctl-opt 3/2/3 7 15 5 7 0 7 15 0 7 15
pscsi-ircv-opt 4/2/3 10 26 8 14 0 10 26 0 10 26
pscsi-trcv-opt 4/3/3 13 26 10 14 12 14 29 4 13 26
pscsi-isend-opt 4/3/3 18 55 0 10 18 21 61 8 -* -*

*result unavailable due to interfacing issues with the hfmin tool [25]

Table 1: Results

used as initialization vectors by ASM-INIT. For pe-send-
ifc, the results were dramatic: the base circuit had only
2 initialization vectors, while our method identi�ed 21 ini-
tialization vectors in the 
ow table which could be used for
initializable synthesis.

The table also shows that circuits synthesized using
ASM-INIT had little logic overhead. Except for pscsi-trcv-
opt and pscsi-isend-opt using direct DC assignment, the
number of product terms produced by ASM-INIT and the
Base method is identical. Moreover, for the more optimal
incremental DC assignment, all circuits except pscsi-isend-
opt could be synthesized using no more products and no
more literals than the Base circuits.

Finally, the table indicates the potential bene�t of in-
cremental versus direct DC assignment. In pe-send-ifc, for
example, our direct assignment method assigned 21 don't-
cares, while our incremental method assigned only 10 don't
cares. We expect that for larger examples, the bene�t of
the incremental approach may increase, resulting in fewer
products and literals than the direct approach.

7 Conclusions and Future Work
We have introduced two new methods for the synthesis-
for-initializability of asynchronous state machines. Unlike
existing approaches, the �rst method includes a state as-
signment step. This feature is critical, since initializability
may be precluded by poor choice of state assignment. Use
of state assignment may also allow the synthesis of ini-
tializable machines without the need to use concurrency-
reducing transformations on the speci�cation. The second
method assumes that state assignment is given, but handles
a larger class of machines, and considers both single-vector
and multi-vector initialization. In both methods, we in-
cluded conditions on hazard-free logic, to insure that the
circuits are initializable.

For future work, we intend to extend our approach of
Section 4 to handle state assignment for multi-vector ini-
tialization. In addition, we will apply our method to larger
examples.
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