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Abstract
It is commonly expected that any correct implementation

can replace its specification inside a larger design without
violating the correctness of the whole design. This property
(called replaceability) is automatically satisfied in the ab-
sence of don’t cares because “correctness” by definition im-
plies that specification and implementation compute the
identical function. However, don’t cares allow an imple-
mentation to compute a different function, and thus make it
difficult to ensure replaceability. Whether this problem oc-
curs depends on the exact meaning of “don’t care” and the
associated definition of “correctness”. We will consider
three meanings of “don’t care” and for each give conditions
under which correct implementations may replace their
specifications.

1. Introduction

The concept of a “don’t care” is one of the most frequently
discussed in logic synthesis literature with various meanings
[1],[3],[5]. In this paper we will talk only about those mean-
ings that imply some choices in the implementation function.
A typical example of a don’t–care situation, which we will
refer to throughout the paper, is described below.
Instruction decoder example: Figure 1 shows a design
(CPU) with an instruction decoder (Instr_decode), which
takes an instruction as input and has two outputs – ALU_con-
trol and is_legal. The latter is a one bit signal saying whether
the instruction is legal or not. While the logic inside Instr_de-
code is to be synthesized in isolation, the designer is familiar
with the rest of the design (CPU) and therefore wants to tell
synthesis that he does not care about the value of ALU_con-
trol when is_legal is false.

 Figure  1: CPU
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There are several problems associated with don’t cares.
The first problem is how to specify them. We will consider
three common don’t care specification methods in Section 3.

The second problem is defining the meaning of “don’t
care”, that is, any don’t care specification method has to de-
fine which implementations are considered “correct” (Sec-
tion 2).

The third problem is synthesis, which has been the subject
of most of the literature on don’t cares ([1],[2],[3],[10]). This
paper does not address the synthesis problem; in fact every-
thing we say is applicable whether synthesis is done automat-
ically or manually. Therefore the word “implementation”
will refer only to a function rather then an actual realization.
In this paper two implementations will be considered the
same if they have the same function irrespective of their area,
delay, or other properties.

The fourth problem is implementation verification. Exist-
ing verification methods are able to take don’t cares into ac-
count, but that is not the subject of this paper. Nevertheless,
throughout the paper we will assume that synthesis is always
performed correctly.

The fifth problem is design verification (usually simula-
tion). Throughout the paper we will assume that a design is
divided into several partitions, and there is some don’t–care
information associated with both the design and each parti-
tion. While synthesis is performed one partition at a time, de-
sign verification is done on the whole design, and must in-
clude verifying the don’t–care information. This paper is
independent of how design verification is performed, but we
will assume that the design’s specification has been verified.

The sixth problem, which is the main subject of the paper,
involves the formation of the design implementation out of
the implementations for the partitions. This paper gives
conditions for ‘‘replaceability”, that is, conditions under
which a correct implementation of a partition can replace its
specification without violating the correctness of the whole
design.

In the presence of don’t cares the replaceability question
can be asked in two contexts. “Safe replaceability”[8][11] re-
fers to the context of a specific design, where we have to en-
sure correctness of only that one given design. While that is
an important context, it is not the most desirable one. First of
all, even in a situation where we are indeed given a specific
design, we must be prepared for it to undergo frequent func-
tional changes. It would be very disruptive if any change in
one partition required resythesis of the others just because
safe replaceability does not guarantee correctness of the mo-
dified design. Second, we want to be able to reuse previously
designed partitions in new designs. Safe replaceability
would not allow us to do that. Therefore we need a stronger
condition – “universal replaceability”. If an implementation
is a universal replacement for a specification then the re-
placement will not violate the correctness of any design.

Throughout the paper we will restrict ourselves to com-
binational logic; that is, memory elements are considered
primary inputs and outputs. Due to lack of space, definitions
and proofs are omitted and can be found in [4].
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The generally accepted way of specifying the meaning of
don’t cares is based on some formalism of representing logic
(the whole design as well as each partition, specification as
well as implementation). Implementations are always repre-
sented by total boolean functions. The traditional formalism
for representing a specification is a partial function. In our
example of the instruction decoder the specification would
be given by two partial functions –– one for ALU_control
and one for is_legal. The don’t–care information can be rep-
resented by making the ALU_control function undefined for
illegal instructions. Given the partial function formalism, an
implementation is defined to be correct if it has the same out-
put as the specification whenever the latter is defined.

Partial functions are inadequate to describe some don’t–
care situations, and therefore Boolean relations were
introduced [7]. Boolean relations are also inadequate to de-
scribe some don’t–care situations [4], and therefore we will
not restrict ourselves to either partial functions or Boolean
relations. Any don’t–care specification method has to define
its formalism for representing specifications. Then the meth-
od must define correctness of an implementation. Assuming
a given notion of correctness, we can now define safe and
universal replaceability.
Definition 1: An embedding of a function fU is a pair [De-
sign, Partition], where Design is a network with a distin-
guished node Partition having the function fU.

In the example of Figure 1, let fU be a function specifying
an instruction decoder. Then [CPU, Instr_decode] will be an
embedding of fU if the node Instr_decode is assigned fU.
Definition 2: Let f and fU be two functions with the same
number of inputs and outputs, and let [Design,  Partition] be
an embedding of fU. Let FU be the function computed by De-
sign when Partition is given the function fU, while F be the
function computed by Design when Partition has the func-
tion f. We say that f is a safe replacement for fU in the
embedding [Design, Partition] if  F is correct with respect to
FU.
Definition 3: We say that f is a universal replacement for fU

iff  f is a safe replacement for fU in any embedding of fU.
In our example of the instruction decoder assume a speci-

fication fU and let f be one correct implementation. Consider
a particular embedding of fU, as in Figure 1. Suppose that the
designer is satisfied with the behavior of fU in the embed-
ding. Will he be satisfied with the behavior of f in the embed-
ding? If f is a universal replacement for fU then the answer
is ‘‘yes”, regardless of the embedding. If f is only a safe re-
placement then the answer depends on the particular embed-
ding.
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Don’t–care situations arise because the designer has some
information about the environment of the partition to be syn-
thesized. There are two general strategies for describing that
information. The simplest approach is to actually provide
synthesis with the entire design (Section 3.1). The other ap-
proach is to describe all the correct implementation functions
of a partition in isolation from the rest of the design (Section
3.2 and 3.3). The meaning of each don’t care specification
method is given by defining its notion of correctness. We

then examine under what conditions correctness implies safe
or universal replaceability.
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Consider our example of the instruction decoder. The de-
signer provides to synthesis the whole design with one pos-
sible implementationfU of the instruction decoder; for
instance fU might set ALU_control arbitrarily to 0 for illegal
instructions. Synthesis is allowed to look at the whole design
(Figure 1), and that information is in principle sufficient to
perform optimization on the instruction decoder without any
other don’t–care information from the designer.

In order to define correctness of this don’t–care specifica-
tion method, implementations as well as specifications are
represented by total boolean functions. An implementation
f is defined to be correct with respect to fU if f can replace
fU without changing the functionality of the whole design.

Thus correctness is defined exactly to give safe replaceabil-
ity.

While this method of specification is both convenient and
powerful, it offers only safe replaceability, not universal re-
placeability. We do not get universal replaceability because
the don’t care specification is external to the partition being
synthesized. Therefore the next two methods make the don’t
care specification an integral part of fU.
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 In some design languages it is suggested that don’t cares
be expressed using special non–boolean values, e.g. X. In our
instruction decoder example the ALU_control would be as-
signed X in case of an illegal instruction. In this section we
show that this form of don’t care specification allows safe
and universal replaceability under conditions that are too se-
vere for any existing design language to satisfy.

 A simple example of a partition using an X value is the
following:
        Partition1:     if (a = 1) then b = 0; else b = X;
with primary input a and primary output b. When  a = 0 then
the designer does not care what b is.

 The meaning of such multi–valued logic is normally de-
fined by the simulator. In this paper we assume a conserva-
tive simulator, as is used for instance in VHDL, where simu-
lation is defined for a network, whose nodes have been
assigned VHDL operators. Therefore we assume the specifi-
cation of a partition to be given by a network computing
some function fU : SN

� SM. We assume that the set S con-
tains the boolean values 0,1, among others. In the the above
example of Partition1, S = {0,1,X}.

To our knowledge there is no general agreement on how
to define correctness of an implementation (which is a bool-
ean function) with respect to a multi–valued specification. In
this paper we will assume that it is done by the design lan-
guage providing a rule as to which boolean values may re-
place non–boolean values appearing on primary outputs. For
example, consider the following values S= {0, 1, L, H, X};
one might specify that L appearing on primary output must
be implemented by 0, H must be implemented by a 1 and X
may be implemented by either 0 or 1. For notational conve-
nience we will assume that this information is given as a par-
tial order � (pronounced “less specified than”) on the set S
of values. In our example, the partial order would be (L �

0, H � 1, X � 0, X � 1). Note that an implementation is



not allowed to generate 1 where specification generated 0 (or
vice–versa) because in our partial order 0 and 1 are unrelated.

We will write � to mean “� or equal”. The order � can
be extended in the usual way to a vector of values compo-
nent–wise. We will call a value t a synthesis don’t–care val-
ue provided that t � 0 and t � 1. If a function can output
a synthesis don’t–care value for at least one input pattern then
the function has more than one correct implementation func-
tion (Definition 4). But note that a mere use of a synthesis
don’t–care value t inside a function definition will not allow
multiple correct implementation functions, unless that value
t can actually propagate to a partition output.
Definition 4:A function f : SN

� SM is correct with respect
to a function fU : SN

� SM iff for any s� SN, fU(s) � f (s).
For example, with the above partial order there are two

correct implementation functions of Partition1 (in addition
to Partition1 itself)
if (a = 1) then b = 0; else b = 0;
if (a = 1) then b = 0; else b = 1;

To illustrate the issue of replaceability in the context of
non–boolean values consider
Partition2: { if (b = 0) then c = 0; else c = 1;
 if (b = 1) then d = 0; else d = 1; }
with primary input b and primary outputs c, d. Since only
Boolean values are involved, Partition2 has only one correct
implementation function, namely itself.

Consider a design (Figure 2) consisting of Partition1
feeding Partition2. The design has primary input a and pri-
mary outputs c, d. Let us assume that the predicate “=” is ex-
tended to X as done in VHDL, in particular, both “X=0” and
“X=1” are false. Then the function FU computed by the de-
sign can be expressed by
if (a = 1) then {c = 0; d = 1;}

else {c = 1; d = 1;}
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Figure  2: Design with no correct
                boolean implementation
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Suppose that Partition1 is replaced by its first correct im-
plementation. Then the new design computes the function
if (a = 1) then {c = 0; d = 1;}

else {c = 0; d = 1;}
And if Partition1 is replaced by its second correct imple-
mentation then the design computes the function
if (a = 1) then {c = 0; d = 1;}

else {c = 1; d = 0;}
We see that by replacing Partition1 by either of the two

correct implementations we get an incorrect design. That
means Partition1 is not safely replaceable by either imple-
mentation in the design containing both Partition1 and Parti-
tion2. That implies that it is not universally replaceable ei-
ther. The fact that correctness does not imply replaceability
is a problem because today there is no easy way for a designer
to know whether his specification is replaceable by any cor-
rect implementation. Even if design verification says that the
specification is correct, and implementation verification says

that all his partitions are implemented correctly, the com-
bination of those correct implementations may yield an in-
correct design.

We now develop necessary and sufficient conditions for
universal replaceability. The word AllF will refer to the set
of all possible functions that can be computed by any net-
work. That means, AllF consists of all the primitive (multi–
valued) operators of a design language (NAND, COMPARE,
etc.) plus all the functions that can be built out of them. For
example, if a design language allows only the boolean values
0 and 1 and only the primitive operators AND and OR, then
AllF consists of positive functions only. If a design language
allows the values {0,1,X} and the operators AND, OR, NOT,
then AllF consists of all the boolean functions plus some
three valued functions; exactly which three valued functions
would be included depends on how the primitive operators
are defined for X.
Definition 5: A function g : SP

� SQ is monotonic on a set
T � S iff (g(sU) � g(s)) for any sU, s satisfying the follow-
ing two conditions
a) sU � s
b) sU � TP and s� TP

For example, assume that a design language defines
X � 0, X � 1 and provides the operators NAND and
COMPARE, where COMPARE(0,0) = COMPARE(1,1) = 1,
and COMPARE(0,1) = COMPARE(1,0) = 0. Suppose that
the two primitive operators are extended to the value X by
outputting X whenever any input is X. Then the two primi-
tive operators are monotonic and hence all functions in AllF
are monotonic. In contrast, suppose that in extending
COMPARE from boolean logic to ternary logic we insisted
that it must always return a boolean value (as most VHDL
packages do). Then it is not possible to make COMPARE
monotonic. To see that, consider the question of how to de-
fine COMPARE(X,0). Let g(s) = COMPARE(s,0). If we de-
fine g(X) = 0 then we violate monotonicity because X�0 but
it is not the case that g(X)�g(0). A similar violation occurs
if we define g(X) = 1.

It is important for functions to be monotonic because as
the next two theorems show monotonicity is a necessary and
sufficient condition for correctness to imply replaceability.
Theorem 1: Assume that every function in AllF is monotonic
on a set S, and let f : SN

� SM, fU : SN
� SM be two func-

tions in AllF. Then f is a universal replacement for fU iff the
following are true.
1) f is correct with respect to fU.
2) If the i–th output of fU does not depends on the j–th input,
then the i–th output of f does not depend on the j–th input ei-
ther.

Condition 2) is needed to prevent the following situation.
A function fU : S� S has input a and output b, and is de-
fined by b=X independently of a. An implementation f is de-
fined by b = a. The implementation is correct, but if the parti-
tion were embedded in a design where the output b is
connected to the input a through an inverter then the design
would oscillate.

Theorem 1 gives us a necessary and sufficient condition
for universal replaceability under the assumption that AllF is
monotonic. The monotonicity condition is necessary (Theo-
rem 2) if we want a general assurance that correctness im-
plies universal replaceability.
Theorem 2: Suppose that for every pair of functions
f : SN

� SM and fU : SN
� SM satisfying conditions 1) and



2) of Theorem 1, f is a universal replacement forfU. Then ev-
ery function in AllF is monotonic on the set S.

To achieve universal replaceability synthesis must ensure
condition 1) of Theorem 1 as usual. Synthesis must also en-
sure condition 2),  which is normally not a problem. The de-
sign language definition must guarantee monotonicity of all
operators, which is a problem; we are not aware of any design
language that allows non–boolean values and also has mono-
tonic operators. The most common cause of non–monotonic
operators are statements like ”if (a = b) ...”, which existing
design languages require to select either the then–clause or
the else–clause. As we discussed above, as long as compari-
son for equality is required to yield a boolean value even for
non–boolean inputs, monotonicity cannot be achieved.

Consider what we can do if we want to use existing design
languages, but also want to synthesize partitions separately.
First note that Theorem 1 requires AllF to be monotonic only
on the set S, which is the set of values propagated between
partitions. We would get replaceability if communication be-
tween partitions was restricted to values on which all opera-
tors are monotonic. Unfortunately existing languages like
VHDL are monotonic on the set {0,1} only, which would im-
ply that no partition may output any non–boolean value,
which would prevent us from expressing don’t care situa-
tions using synthesis don’t care values.

Theorem 1 is contingent on Definition 4 of correctness.
We could get replaceability if we defined correctness differ-
ently, for example, as follows. For every input and output
port of the specification fU, a correct implementation would
have to have several binary ports. These binary ports would
encode the values that can pass the single port of the multi–
valued function fU. This way we would get correctness to
imply universal replaceability, but we would not be able to
express any don’t cares. (Implementations would not be free
to replace X with 0 or 1.) Moreover, the expense of encoding
the non–boolean values would be prohibitive.
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An assertion is a notation allowing a designer to express
that certain conditions (states or input combinations) are im-
possible. For example, the assertion
assert  a or b
would cause design verification to fail if it were possible for
a and b to be 0 at the same time. In this section we explain that
by using assertions we get correctness to imply universal re-
placeability.

Functions fU computed by partitions as well as the func-
tion FU computed by the whole design are partial functions,
undefined for input patterns that would violate any assertion.
For synthesis and verification the assertion gives a don’t–
care set –– all implementations that agree with the specifica-
tion on the care set are considered correct.

Assertions are a special case of the don’t–care situations
handled in the previous section. The assertion that an expres-
sion E is always true is equivalent to assigning a synthesis
don’t–care value to all primary outputs whenever E is false.
Therefore Theorem 1 does apply to assertions; however, the
monotonicity precondition is unnecessary.

Thus assertions give us what designers always expected
of “correctness”, namely that it is equivalent to universal re-
placeability. However, assertions are strictly weaker than
synthesis don’t–care values; our initial example of the

instruction decoder cannot be expressed using assertions be-
cause all input patterns are possible.

4. Conclusions

It is commonly assumed that once we have a correct im-
plementation of a partition, we can use it as part of any de-
sign. We showed that this property (which we called univer-
sal replaceability) is not automatically satisfied in the
presence of don’t cares. We considered three kinds of don’t–
care specifications, each having its notion of implementation
correctness, and we showed under what conditions correct-
ness implies universal replaceability.

When don’t cares are expressed by giving the whole de-
sign, in addition to the partition being synthesized, then cor-
rectness can imply only safe replaceability, not universal re-
placeability. When don’t cares are expressed using
non–boolean values then correctness can imply universal re-
placeability, but only under conditions too stringent for any
existing design language to satisfy. That means that in exist-
ing design languages if we use non–boolean values to ex-
press don’t cares and if we synthesize individual partitions of
a design separately, then we cannot rely on the whole design
to be correct. Thus it appears that simulation of the whole de-
sign after synthesis will continue to be necessary. On the oth-
er hand, with assertions, which are a more restrictive form of
don’t cares, we do get correctness to imply universal replace-
ability.
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