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Abstract The third problem is synthesis, which has been the subject

It is commonly expected that any correct implementation Of most of the literature on don’t cares ([1],[2],[3],[10]). This
can replace its Specification inside a larger design without Paper does not address the synthesis problem; in fact every-
violating the correctness of the whole design. This property thing we say is applicable whether synthesis is done automat-
(called replaceability) is automatically satisfied in the ab- ically or manually. Therefore the word “implementation
sence of dont cares because “correctness” by definition im- will refer only to a function rather then an actual realization.
plies that specification and implementation compute the In this paper two implementations will be considered the
identical function. However, dont cares allow an imple- Same if they have the same function irrespective of their area,
mentation to compute a different function, and thus make itdelay, or other properties. _ o .
difficult to ensure replaceability. Whether this problem oc- . The fourth problem is implementation verification. Exist-
curs depends on the exact meaning of “dont care” and the iNg verification methods are able to take don’t cares into ac-
associated definition of “correctness”. We will consider count, but thatis not the subject of this paper. Nevertheless,
three meanings of “dont care” and for each give conditions throughout the paper we will assume that synthesis is always

under which correct implementations may replace their Performed correctly. i L .
specifications. 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-
L L. tion. While synthesis is performed one partition at a time, de-
_ The conceptof a “don't care” is one of the most frequently sjgn verification is done on the whole design, and must in-
discussed in logic synthesis literature with various meaningscjude verifying the don't—care information. This paper is
[1].[3],[5]. In this paper we will talk only about those mean-  jndependent of how design verification is performed, but we
ings thatimply some choices in the implementation function. wi|| assume that the design’s specification has been verified.

1. Introduction

A typical example of a don’t—care situation, which we will  The sixth problem, which is the main subject of the paper,
refer to throughout the paper, is described below. involves the formation of the design implementation out of
Instruction decoder example Figure 1 shows a design the implementations for the partitions. This paper gives
(CPU) with an instruction decodetnétr_decode)which conditions for “replaceability”, that is, conditions under
takes an instruction as input and has two outpats: con-  which a correct implementation of a partition can replace its
trol andis_legal The latter is a one bit signal saying whether gpecification without violating the correctness of the whole
the instruction is legal or not. While the logic insidstr_de- desian.

codeis to be SyntheSized in iSOlation, the deSigner is familiar In the presence of don't cares the rep|aceabi|ity question
with the rest of the desig€PU) and therefore wants to tell  can be asked in two contexts. “Safe replaceability”[8][11] re-
synthesis that he does not care about the valaedf con-  fers to the context of a specific design, where we have to en-
trol whenis_legalis false. 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
Figure 1: CPU designed partitions in new designs. Safe replaceability
would not allow us to do that. Therefore we need a stronger

There are several problems associated with don’t carescondition — “universal replaceability”. If an implementation
The first problem is how to specify them. We will consider is a universal replacement for a specification ttienre-
three common don't care specification methods in Section 3.placement will not violate the correctness of any design.

The second problem is defining the meaning of “don't  Throughout the paper we will restrict ourselves to com-
care”, that is, any don’t care specification method has to de-binational logic; that is, memory elements are considered
fine which implementations are considered “correct” (Sec- primary inputs and outputs. Due to lack of space, definitions
tion 2). and proofs are omitted and can be found in [4].
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2. Formalism then examine under what conditions correctness implies safe
or universal replaceability.

The generally accepted way of specifying the meaning of 3.1, The whole design provided to synthesis
don’t cares is based on some formalism of representing logic
(the whole design as well as each partition, specification as  Consider our example of the instruction decoder. The de-
well as implementation). Implementations are always repre-signer provides to synthesis the whole design with one pos-
sented by total boolean functions. The traditional formalism sible implementatio,, of the instruction decoder; for
for representing a specification is a partial function. In our instancef, might set ALU_control arbitrarily to O for illegal
example of the instruction decoder the specification would jnstructions. Synthesis is allowed to look at the whole design
be given by two partial functions — one for ALU_control (Figure 1), and that information is in principle sufficient to
and one for is_legal. The don’t—care information can be rep-perform optimization on the instruction decoder without any
resented by making the ALU_control function undefined for other don’t—care information from the designer.
illegal instructions. Given the partial function formalism, an " |n order to define correctness of this don’t—care specifica-
implementation is defined to be correct if it has the same out-tion method, implementations as well as specifications are
put as the specification whenever the latter is defined. ~  represented by total boolean functions. An implementation
Partial functions are inadequate to describe some don't is defined to beorrect with respect tof,, if f can replace
care situations, and therefore Boolean relations were f, without changing the functionality of the whole design.
introduced [7]. Boolean relations are also inadequate to de-Thys correctness is defined exactly to give safe replaceabil-
scribe some don‘t-care situations [4], and therefore we will it
not restrict ourselves to either partial functions or Boolean ~ \whjle this method of specification is both convenient and
relations. Any don't-care specification method has to define powerful, it offers only safe replaceability, not universal re-
its formalism for representing specifications. Then the meth- pjaceability. We do not get universal replaceability because
od must define correctness of an implementation. Assumingthe don't care specification is external to the partition being
a given notion of correctness, we can now define safe andsynthesized. Therefore the next two methods make the don't

universal replaceability. care specification an integral part &f.
Definition ' An embeddingof a function f, is a pair De- P gral part of

sign, Partitior], whereDesignis a network with a distin- 3.2, Non—Boolean values
guished nod@artition having the functionfy,.

In the example of Figure 1, lé{, be a function specifying In some design languages it is suggested that don’t cares
an instruction decoder. The@PU, Instr_decodewill be an be expressed using special non—boolean values, e.g. X. In our
embedding off, if the noddnstr_decodeés assignedfy. instruction decoder example the ALU_control would be as-
Definition 2: Let f and fy be two functions with the same signed X in case of an illegal instruction. In this section we
number of inputs and outputs, and Bégign, Partition] be show that this form of don't care specification allows safe
an embedding of,. Let F, be the function computed Be- and universal replaceability under conditions that are too se-
signwhenPartition is given the functiorfy, while F be the vere for any existing design language to satisfy.
function computed b¥pesignwhenPartition has the func- A simple example of a partition using an X value is the
tion f. We say thaf is a safe replacementfor f, in the following:
embeddingDesign, Partitiofif Fis correct with respect to Partitionl: if (a=1)thenb =0; else b =X;

U with primary inputa and primary output. Whena= 0 then
Definition 3:We say thatis auniversal replacementfor f, the designer does not care whas.
iff fis a safe replacement fdy, in any embedding of . The meaning of such multi-valued logic is normally de-

In our example of the instruction decoder assume a specifined by the simulator. In this paper we assume a conserva-
fication f, and lef be one correctimplementation. Consider tive simulator, as is used for instance in VHDL, where simu-
a particular embedding df;, as in Figure 1. Suppose thatthe lation is defined for a network, whose nodes have been
designer is satisfied with the behavior ffin the embed-  assigned VHDL operators. Therefore we assume the specifi-
ding. Will he be satisfied with the behaviorfai the embed- ~ cation of a partition to be given by a network computing
ding? Iff is a universal replacement fdg then the answer ~ some functionf, : S¥ — S". We assume that the ston-
is “yes”, regardless of the embeddingf i§ only a safe re-  tains the boolean values 0,1, among others. In the the above
placement then the answer depends on the particular embed:xample ofPartition1, S={0,1,X}.
ding. 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-

Don’t—care situations arise because the designer has somglace non-boolean values appearing on primary outputs. For
information about the environment of the partition to be syn- example, consider the following valuss {0, 1, L, H, X};
thesized. There are two general strategies for describing thabne might specify that L appearing on primary output must
information. The simplest approach is to actually provide be implemented by 0, H must be implemented by a 1 and X
synthesis with the entire design (Section 3.1). The other ap-may be implemented by either O or 1. For notational conve-
proach is to describe all the correctimplementation functionsnience we will assume that this information is given as a par-
of a partition in isolation from the rest of the design (Section tial order < (pronounced “less specified than”) on theSet
3.2 and 3.3). The meaning of each don't care specificationof values. In our example, the partial order would be<(L
method is given by defining its notion of correctness. We 0, H < 1, X < 0, X < 1). Note that an implementation is

3. Specifying don’t cares



not allowed to generate 1 where specification generated 0 (othat all his partitions are implemented correctly, the com-
vice—versa) because in our partial order 0 and 1 are unrelatedination of those correct implementations may yield an in-

We will write < to mean ‘< or equal’. The ordek can

be extended in the usual way to a vector of values compo-

nent-wise. We will call a valueasynthesis don't—care val-
ue provided that < Oandt < 1. If a function can output

correct design.

We now develop necessary and sufficient conditions for
universal replaceability. The worllF will refer to the set

of all possible functions that can be computed by any net-

asynthesis don’t—care value for atleast one input pattern themvork. That meansAllIF consists of all the primitive (multi—
the function has more than one correct implementation func-valued) operators of a design language (NAND, COMPARE,
tion (Definition 4). But note that a mere use of a synthesis etc.) plus all the functions that can be built out of them. For

don’t—care valu¢inside a function definition will not allow

example, if a design language allows only the boolean values

multiple correct implementation functions, unless that value 0 and 1 and only the primitive operators AND and OR, then

t can actually propagate to a partition output.
Definition 4:A function f: ¥ — S"is correct with respect
to a functionf, : ¥ — SMiffforanys € S, f,(5) < (3.

AlIF 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

correct implementation functions Bfrtition1 (in addition
to Partitionl itself)

if (@=1)then b =0; else b=0;
if@=1)thenb=0;else b =1,

To illustrate the issue of replaceability in the context of
non-boolean values consider
Partition2: { if (b=0)thenc=0;else c=1;

if (b=1)thend=0;else d=1;}
with primary inputb and primary outputs, d Since only
Boolean values are involvedartition2 has only one correct
implementation function, namely itself.

Consider a design (Figure 2) consistingRartitionl
feedingPartition2. The design has primary inpaiand pri-
mary outputg, 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 functioR,, computed by the de-
sign can be expressed by
if(@=1) then {c=0;d=1;}

else {c=1;d=1;}
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Figure 2: Design with no correct
boolean implementation

Suppose tha®artitionlis replaced by its first correct im-
plementation. Then the new design computes the function
if(@=1) then {c=0;d=1;}

else {c=0;d=1;}
And if Partitionlis 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 replaciri@artitionl by either of the two

would be included depends on how the primitive operators
are defined for X.

Definition 5: A functiong : S — S? ismonotonicon a set

T C Siff (g(35) =< 9(3)) for anysy, ssatisfying the follow-

ing two conditions

a)sy <5

b)s; € TPands € T°

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 functioAdlin
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 becaus& &but
it is not the case that g(>§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 1Assume that every function AlIF is monotonic
on a seS,and letf: SV —= SV f, : ¥ — S be two func-
tions inAllF. Thenf is a universal replacement fdy iff the
following are true.

1) fis correct with respect td,.

2) If the i—th output off , does not depends on the j—th input,
then the i—th output dfdoes not depend on the j—th input ei-
ther.

Condition 2) is needed to prevent the following situation.
A function f, : S— Shas inpua and outpub, and is de-
fined byb=X independently 0. An implementatioris de-
fined byb = a. The implementation is correct, but if the parti-
tion were embedded in a design where the oulpig

correct implementations we get an incorrect design. Thatconnected to the inpatthrough an inverter then the design

meandPartitionl is not safely replaceable by either imple-
mentation in the design containing bBtrtitionlandParti-
tion2. That implies that it is not universally replaceable ei-

would oscillate.
Theorem 1 gives us a necessary and sufficient condition
for universal replaceability under the assumptionAfti&tis

ther. The fact that correctness does not imply replaceabilitymonotonic. The monotonicity condition is necessary (Theo-
is a problem because today there is no easy way for a designéem 2) if we want a general assurance that correctness im-
to know whether his specification is replaceablie by any cor-plies universal replaceability. ) .
rectimplementation. Even if design verification says that the Theorem 2:Suppose that for every pair of functions
specification is correct, and implementation verification says f: S' — S¥and f, : ¥ — S* satisfying conditions 1) and



2) of Theorem 1f is a universal replacement fiyr Then ev- instruction decoder cannot be expressed using assertions be-
ery function inAllF is monotonic on the s& cause all input patterns are possible.

To achieve universal replaceability synthesis must ensure .
condition 1) of Theorem 1 as usual. Synthesis must also en4. Conclusions
sure condition 2), which is normally not a problem. The de- . .
sign language definition must guarantee monotonicity of all _ !t iS commonly assumed that once we have a correct im-
operators, which is a problem; we are not aware of any desigrPlémentation of a partition, we can use it as part of any de-
language that allows non—boolean values and also has moncgn- We showed that this property (which we called univer-
tonic operators. The most common cause of non-monotonic@l replaceability) is not automatically satisfied in the
operators are statements like "if (a = b) ...”, which existing Presence of don't cares. We considered three kinds of don’t—
design languages require to select either the then—clause &are specifications, each having its notion of implementation
the else—clause. As we discussed above, as long as compagorrectness, and we showed under what conditions correct-
son for equality is required to yield a boolean value even for N€SS implies universal replaceability.
non—boolean inputs, monotonicity cannot be achieved. _ When don't cares are expressed by giving the whole de-

Consider what we can do if we want to use existing designSign. in addition to the partition being synthesized, then cor-
languages, but also want to synthesize partitions separately/€ctness canimply only safe replaceability, not universal re-
First note that Theorem 1 requids to be monotonic only  Placeability. When don't cares are expressed using
on the seB,which is the set of values propagated between NON-boolean values then correctness can imply universal re-
partitions. We would get replaceability if communication be- Placeability, but only under conditions too stringent for any
tween partitions was restricted to values on which all opera-xisting design language to satisfy. That means that in exist-
tors are monotonic. Unfortunately existing languages like iNg design languages if we use non-boolean values to ex-
VHDL are monotonic on the set {0,1} only, which would im- press don't cares and if we synthesize individual partitions of
ply that no partiton may output any non—boolean value, a design separately, then we cannot rely on the whole design

tions using synthesis don't care values. sign after synthesis will continue to be necessary. On the oth-

We could get replaceability if we defined correctness differ- don'tcares, we do get correctness to imply universal replace-
ently, for example, as follows. For every input and output ability.
port of the specificatiorf,, a correct implementation would
have to have several binary ports. These binary ports WouIcACknOWIedgements
encode the values that can pass the single port of the multi—
valued functionfy. This way we would get correctness to 5,
imply universal replaceability, but we would not be able to
express any don't cares. (Implementations would not be free5. References
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