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Algorithms for Incremental Synthesis

Daniel Brand Anthony D. Drumm Sandip Kundu Prakash Narain
IBM Research Division IBM AS/400 Division |IBM Research Division AMD
Yorktown Heights, NY Rochester, MN Austin, TX Sunnyvale, CA
Abstract:

A small change in the input to logic synthesis may cause a large change in the output implementation.
This is undesirable if a designer has some investment in the old implementation and does not want it per-
turbed more than necessary. We describe a method that solves this problem by reusing gates from the ol
implementation, and restricting synthesis to the modified portions only.

1. Introduction

Even when an implementation of a design is generated automatically, it is common for a designer to
have an investment in the implementation. Examples of such investment are effort to synthesize, expense
of physical design, mask generation, any manual changes, or simply designer’s time spent understanding
the implementation. This investment may be jeopardized if the designer has to modify the specification.
Such modifications, commonly called “engineering changes” or ECs, are necessitated by changes in
requirements, errors, or efforts to speed up the logic. If the designer synthesizes his new specification
then he may get a completely different implementation, because synthesis tries to find a minimal repre-
sentation of the new function, and a small change in the specification of a function may cause a large
change in its optimal implementation. Moreover, synthesis systems contain heuristics, which make some
“arbitrary” choices, which further contribute to large changes in the implementation. For this reason it is
a common practice to “freeze” a design, meaning that after a design is sufficiently stable, synthesis is no
longer used, and any modifications are done manually in both the specification and the implementation.

This is undesirable for three reasons. First, it is very time consuming for a designer to understand
which part of the synthesized implementation corresponds to the modified part of his specification. Sec-
ondly, it is very easy for the designers to make a mistake in modifying the implementation. Thirdly, the
modified implementation may be wrong even if the first two tasks were performed correctly. The reason
is that some optimization performed on the old version might be invalid for the new function.

To illustrate the last point consider the circuit in Figure 1. It is the result of expressing a given design as
an initial unoptimized network. The rectangle represents some block of combinational logic. The initial
network is then optimized into the one shown in Figure 2. Note that one of the connections of the rectan-
gle has been replaced by the constant 0, and the block has been optimized and technology mapped &
indicated by the shading. For the sake of this example assume that the inverter and the nand gate remai
intact during optimization. Then the designer performs the EC indicated in Figure 3. It involves changing
the inverter into a non-inverting buffer. In order to generate a new implementation manually the designer
changes the inverter in the old implementation of Figure 2 into a non-inverting buffer creating the new
implementation of Figure 4. He did not make any mistake in relating his source to the implementation,
but this new implementation is functionally wrong, because introduction of the constant O in the old ver-
sion was correct only in the presence of the inverter. This example shows that a small change in specifica-
tion may require a larger change in implementation than normally expected by designers.
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Therefore, several approaches have been proposed for automating the EC process. These
approaches differ by their objectives. Some methods restrict themselves to a specific set of ECs
[9],[15],[17]. Others have the goal of preserving the final layout, and allowing modifications only
around the perimeter of the implementation [11],[19]. There are several methods with the same
goal as ours, namely, reusing as many gates from the old implementation as possible. An example
is [18], whose method is applicable if the logic structure before and after synthesis is the same,
except for technology mapping. The method closest to ours is that of [10], which can handle arbi-
trary structural differences. The main distinguishing feature of our method is a preprocessing step
calculating correspondence between the new specification and the old implementation, which
then gives us not only efficiency, but allows greater reuse of the old implementation.

2. Methodology

Regular (i.e., non-incremental) synthesis has the following steps, which are identical for all
versions of a design:
READ(Specification)
REGULAR_SYNTHESIS
WRITE(Implementation)

In case of incremental synthesis we have an old and a new version of a design. The old version
is given by SpecificationO (e.g., Figure 5) and ImplementationO (e.g., Figure 6), which could have
been produced automatically or manually. The new version is given by Specificationl (e.g., Fig-
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ure 7). We will assume all three to be given as gate networks, which is the normal representation for logic
synthesis. Correspondence between primary 10s and other nets is indicated by the common letter formin
the name. (This commonality of names is used for exposition only; our programs do not rely on names.

Throughout the paper we will use shading of gates to indicate that they have already been synthesized ar
mapped into a technology.

If regular synthesis is applied to Specificationl it is likely to produce Implementationl of Figure 8.
While this might be optimal from some points of view, a designer might prefer the implementation of Fig-
ure 9. Although that implementation might take larger area than that of Figure 8, it preserves the designer’
investment he put into ImplementationO of Figure 6. In particular, designers do not like to see changes ir
the implementation of outputs unaffected by the EC, e.g., output ZO.
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In our approach to incremental synthesis we use the following steps:
FUNCTIONAL_CORRESPONDENCE ( Specification0 , ImplementationO )
READ ( Specificationl )

STRUCTURAL_CORRESPONDENCE ( Specification0O , Specificationl )
LOGIC_REUSE ( ImplementationO , Specificationl )
REGULAR_SYNTHESIS

POST_PROCESSING

WRITE( Implementationl )

The main subject of this paper are the steps FUNCTIONAL _CORRESPONDENCE (Section 3),
STRUCTURAL_CORRESPONDENCE (Section 4), and LOGIC_REUSE (Section 5). Their result is a
preliminary implementation of Specificationl (see Figure 10). This preliminary implementation has three
kinds of gates -- some gates from Implementation0 (the shaded NAND gates), some gates from
Specificationl (the AND gate) and some inverters needed to connect the first two kinds of gates. We will
refer to the gates from ImplementationO (shaded in our figures) as “old gates” and all the others as “nev
gates”. The objective of incremental synthesis is to minimize the number of new gates. In particular, pri-
mary outputs that retain their specification should also retain their implementation.

Once this preliminary implementation is formed it is run through regular synthesis (including optimiza-
tion, technology mapping, etc.) in order to process the new gates. During this regular synthesis all the olc
gates are marked as protected from any synthesis transformations, and remain unchanged.
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Figure 10: Result of LOGIC_REUSE

Our goal of retaining as much of the old implementation as possible may result in a new implementation
that is suboptimal in terms of area, delay, etc. This may or may not be acceptable depending on how muc
investment already exists in the old implementations. In earlier stages of the design process (for example
before placement) it may be desirable to sacrifice some similarity between the new and old implementatior
for the sake of a better implementation. In that case we use a post-processing step, where the protection
removed from the old gates for several reasons: A primary output, which retains its old implementation,
may nevertheless have different delay because of different loading of some nets. Also some of its fault:
might become untestable. The post-processing step may be needed to adjust power levels and impro
testability.

Our general approach to incremental synthesis tries to identify pieces of logic in Specificationl (e.g., the
two OR gates) that can be replaced by pieces of logic from ImplementationO without altering the function
of Specificationl. This is, in general, a difficult problem, because given a piece of logic in Specificationl,
it is not clear what would be good candidate logic in ImplementationO for the replacement. It is not clear
because there is in general no relationship between Specificationl and ImplementationO. First of all, the
are functionally different; they may even have different primary 10s. Secondly, they are structurally differ-
ent because synthesis tends to make drastic logic restructuring.

In order to derive a correspondence between Specificationl and Implementation0 (see Figure 11), w
use Specification0, which is functionally related to ImplementationO (both should implement the same
function), and it is also structurally related to Specificationl, (in case of only an incremental change to the
specification, the two specifications “look” similar). The correspondence between Specification 1 and
ImplementationO is then simply obtained by transitivity.

Incremental synthesis needs a “boolean reasoning mechanism” as much as regular synthesis. There ¢
several such mechanisms, for example, truth tables[16], PLAs[6], BDDs[8]. We have chosen to do boolear
reasoning using a test generator [13][14] for two reasons. A test generator operates directly on the give
gate network, while other mechanisms need to build a special representation, which may be of exponentic
size. Furthermore a test generator uses both the function and the structure of a network; thus we may |
able to manipulate the structure so that the running time does not become excessive even for large fun
tions (see Section 3 and Section 5).

Besides the need to reason about functionality, we also need to discover where the ECs are, which is
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purely structural property (see Section 4). After we explain the algorithms we will report experimental
results on several examples (Section 6).

3. Functional correspondence

Functional correspondence is calculated between two logic networks F and G, which are Specification(
and Implementation0. The objective of the algorithm is to find for each net f in F a net g in G, so that the
function of f can be replaced by the function of g without changing the functionality of F. In the example of
Figure 5 and Figure 6 the correspondence is indicated by having the same name, except that nets
ImplementationO are in small type face.The two networks are not treated symmetrically. When this algo-
rithm is used for verification [4], it does not matter which is designated F and which is G. On the other
hand, for incremental synthesis we always use F = Specification0, G = Implementation0 because the direc
tion of the resulting correspondence is significant. Also a heuristic described later is based on the assumy
tion that F = Specification0, G = Implementation0. Other than that the algorithm of this section is
independent of what F and G represent.

As an example, consider F to be the network of Figure 5 and G to be the network of Figure 6. Then the
algorithm should discover that the inverse of the function of pO can replace the function of PO. Also it
should discover that the function of zO can replace Z0. Similarly rO can replace RO and g0 can replace QX
with negative polarity, while yO can replace YO with positive polarity. Any of these replacements can be
performed without affecting the functionality of F.

Before the algorithm starts we need a correspondence between primary I0s of F and G; such correspol
dence can be usually based on the primary 10 names. We also need a correspondence between latcl
because the algorithm is applicable to combinational logic only. Latch correspondence is a non-trivial
problem, but we will not discuss our solution because it is applicable only to our synthesis system[5]. Hav-
ing found the latch correspondence, we will discuss combinational logic only; in this section tpe-term
mary outputwill include latch inputs angrimary inputwill include latch outputs.

The approach is based on the following Lemma.



Lemma 1:

Let x be a vector of variables and y be a single variable. Consider arbitrary function f(x), g(x), F(x, y).
(Since all three functions depend on x we will drop x from our notation; for example by F(f) we will
mean F(x, f(x)).) Then the following two identities hold for all x.

F(f) = F(g) Iff F(@{ Og) = F(0 1)
F(f) =F(g iff F({Og) =F(1 2)
Proof:

We will be done if we show that (1) and (2) are true for any input pattern x. For a given input x there are
four possible combinations of values for f and g. For illustration we will show the case f=0and g = 1; all
the other cases are similar. Substitutingf=0,g=1

in (1) we get F(0) = F(1) iff F(1) = F(0)

in (2) we get F(0) = F(0) iff F(1) = F(1) .

The lemma tells us how to use a test generator to check whether g can replace f inside F. The right har
side of (1) says that the output of the XOR is not testable for stuck at O and the left hand side says that i

this case we may replace f by g. Similarly (2) says that if the XOR is not testable for stuck at 1 then we car
replace f byg .

Figure 12 shows two gate networks F and G sharing the same input vector x, and having subfunctions

x

Figure 12. f is an internal function of F
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Figure 13. Can g replace f inside F?
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and g respectively. We determine whether g may replace f by forming the network of Figure 13, where ar
XOR gate has been inserted between f and all its fanouts. If the XOR gate’s output is not testable for stuc
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at 1 then we may modify the networks as shown in Figure 14. If the XOR gate’s output is not testable for
stuck at O (rather than 1) then we may modify the networks as shown in Figure 14, except for the inverter
Whenever g o8 can replace f we record that fact, as that constitutes an element of the sought correspo
dence. The key to our algorithm is to actually perform the replacement of Figure 14 before asking whethel
any other functions can be replaced. This reduces the complexity of our algorithm as will be explained
next.

Definition 1:

A miter consists of a two-input XOR gate, plus the symmetric set difference between the transitive
fanins of the two inputs into the XOR gate.

In other words, a miter starts at an XOR gate and extends till primary inputs or till nets shared by both
cones of logic. In Figure 13 we have a miter consisting of the XOR gate plus the cones of f and g.

Miters are of concern because test generators tend to perform poorly on miters. While there are test gel
eration strategies specifically designed for miters[12], they are bound to fail if the miter is big enough. Our
algorithm is based on the observation that the difficulty for a test generator is dependent mainly on the siz
of the miter, rather than on the size of the surrounding logic. The key to our approach is to keep applying :
test generator to configurations where the size of the miters is small and independent of the size of th
design.

The whole process proceeds from inputs of F to its outputs. At each step we have a subfunction f and tr
to find a subfunction g of G that could replace f. If we find a suitable g we make the replacement, while
retaining the functionality of F (Figure 14). At the next step (see Figure 15) the new miter does not extend
all the way to primary inputs, but only to g. As a result, while the size of the functions f and g increases, the
miter does not, which is essential for keeping the running time short. As we proceed, F keeps resembling (
more and more and the process stops at the outputs of F, which should be replaceable by the outputs of
If an output of G cannot replace the corresponding output of F then the test generator gives an input patter
constituting a counter example to assertion that F and G compute the same function.

The algorithm is given below and is followed by a detailed explanation.
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Figure 15. At next step the miter extends only to g

0: for each net calculate on which primary inputs it depends
1: form a list fs of nets in F in topological order

2: for each fin fs

{
3: form a list gs of some nets in G
4: for each g in gs
{
5: if F(f O g) = F(0) then replace f by g
6 if F(f O g) = F(1) then replace f by g
}
}

For each of the above statements we will give an explanation as well as its computational complexity.
Let the number of connections in both F and G be n. We will assume that the number of nets is also of th

same order as n.
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Statement O calculates information used for a heuristic selection of the candidates g in statement 3. Fc
each of the n nets it collects a set of primary inputs whose number could be in the worst case of order r
Therefore its time and space complexity is (n

Statement 1: For verification [4] not all the nets of F need to belong to fs. On the other hand for incre-
mental synthesis fs consists of all the nets of F because we want a corresponding g to exist for as may ne
f as possible. Each corresponding net will be a potential boundary point between logic that can be reuse
and logic that has to be resythesized. Thus the finer is the correspondence the greater gate reuse can
expect from incremental synthesis.

The topological ordering is done in linear time.
Statement 2: There are n of the nets f.

Statement 3: The list gs consists of candidates who might be able to replace f. The choice of gs has
large effect on performance. If the list gs were too long then we would call the test generator too many
times even for nets f that cannot be replaced by any g. On the other hand if gs were too short then we mig|
fail to find a g to replace a particular f, which would make the test generator’s job harder later on. Our heu-
ristic forms a list gs giving preference to nets g with a name related to the name of f, followed by nets g
that have the same simulation result as f on a small number of random patterns, followed by all remaining
nets. In order to minimize the number of calls to the test generator the list gs is pruned as follows:

- We require that each g depend on no more primary inputs than f does.
- We use approximate fault simulation to discard candidates g which are not likely to replace f (as in [1]).

Then the list gs is truncated after k elements; we normally use k = 20. Statement 3 has a worst case cor
plexity O(n) because we may be forced to consider all n nets g. Since this statement is executed n times
contributes O(f) to the overall algorithm.

Statement 5 and 6: We call the test generator to determine whether g can replace f. If so, we make tr
replacement and terminate the loop over gs. This statement contributes only O(n) complexity to the algo
rithm because we allow the test generator to run only a fixed amount of time independent of the size of th
network. For each f the test generator is called at most k times, i.e. a constant number of times.

Thus the overall worst case complexity is b(lh)ut we cannot guarantee to find a replacement g for any
f that actually does have a replacement. In order to obtain such a guarantee we would have to allow a
unbounded amount of test generation time. In that case the test generator would take an exponenti
amount of time, exponential in terms of miter size (as long as justification through the miters dominates the
test generator’s time). Since the miters tend to be large if F and G are structurally very different, the miter
size can be considered a measure of structural difference between F and G. In that sense we can say t
the algorithm is exponential in the difference between the two networks.

The fact that in our experiments we did not experience an exponential blowup suggests that in synthe
sized logic it is normally possible to keep the miter size constant and small. This does not imply optimiza-
tion based on local information only; the test generator does take into account global information.

The result of this calculation is a correspondence between nets of Specification0 and ImplementationO
The correspondence assigns to some nets f in Specification0 a net g in Implementation0O together with
polarity. The polarity depends on whether statement 5 or 6 was applied.

12



4. Structural correspondence

Structural correspondence is calculated between two logic networks; in case of incremental synthesi:
the two networks are Specification0 and Specificationl. The algorithm identifies in what ways the two net-
works are identical, in what ways they are similar, and in what ways they are completely different. In the
example of Figure 5 and Figure 7 the resulting correspondence is indicated by same name, except for tr
suffix O or 1.

Structural correspondence assigns nets in Specification0 to nets in Specification1. Unlike functional cor-
respondence, structurally corresponding nets may have completely unrelated functions. Also unlike func:
tional correspondence we do not require that latch correspondence be given to us; in fact, we have to re|
on this algorithm to identify corresponding latches. The problem would be much easier if latch correspon-
dence was given to us by the designer [3], which is actually normally the case for RTL designs. However,
if Specification0 and Specification1 are generated by high level synthesis then corresponding latches ma
have different names; therefore our algorithm must deal with networks containing cycles.

Each of the two networks is represented by a directed graph with vertices and edges. For example, th
network of Figure 16 is represented by the graph of Figure 17.There is a vertex for each gate, net, and pr
mary 10. There is an edge for each pin; the edge connects two vertices adjacent in the logic network. Thu
the graph may have multiple edges (in case of multiple connections of a net to a gate), but does not hay
any self loops.

Vertices may have some properties associated with them; for example, a vertex corresponding to a gat
has the gate’s function. We will refer to these properties as types. The actual interpretation of types is no
needed because we will merely need to know whether two types are the same or not. Similarly pins, i.e.

edges, have types. For example, a latch may have an input pin of type “data”, “clock”, “scan-in”, etc. An
AND gate, say, has all input pins of the same type because they are all commutative.

Suppose that in Figure 16 the box Y represents a latch with data D and clock C. Then in Figure 17 the
two input edges of Y have different type, while the two input edges of X have the same type.

The algorithm described in this paper can deal either with gates whose any inputs can be permuted, e.¢
AND, or gates whose no inputs can be permuted, e.g., LATCH, but not with gates whose inputs can be pel
muted with some restrictions, e.g., AO. The way our implementation handles complex gates like AO is
very much tied to our specific representation of such gates and therefore will not be described.

A D v B -

c f

Figure 16: Example of a gate network

We will describe the algorithm as it applies to two directed graphs G and G'. Throughout this section we
will use for illustration Figure 18, which is designed to highlight the issues in handling graphs with cycles.
The two graphs are not treated in a symmetrical way, but the results do not depend in a significant way o
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Figure 17: Graph representing the network of Figure 16

which graph represents which version. We will use V, W to denote vertices of G; V', W' to denote vertices
of G'; E to denote edges of G; E' to denote edges of G'.

(*) @’ (% ()

Figure 18: Two isomorphic graphs G and G

Definition 2:

A graphconsists of a set ekrticesand a set oddgesFor each edge E there is@urce verteX and a
sink vertexW. We will say that E is aautput edgef V, and W is aroutput verteof V; E is aninput edge
of W and V is annput vertexof W. ThelnDegreeof a vertex is the number of its input edges. D¢De-
greeof a vertex is the number of its output edges. A vertex without any input edges is qailedry
input A vertex without any output edges is callegremary output Each vertex and edge has an associ-
ated symbol, calletype

The objective of structural correspondence is to find isomorphism between subgraphs that are isomor
phic (Section 4.1), and also find some heuristic correspondence between non-isomorphic subgraphs (Se
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tion 4.2).
4.1. Isomorphism

Graph isomorphism is in general a difficult problem with no known polynomial solution. Therefore we
simplify the problem by requiring a partial correspondence to be given, and our algorithm extends the ini-
tial correspondence to other vertices. Normally the initial correspondence is given for primary inputs and
outputs; we will refer to vertices with the initial correspondencseaded

For example, in Figure 18, Seed(A) = A", Seed(B) = B', Seed(C) = C', Seed(S) = S'. Our goal is to calcu-
late function Corr, which extends Seed and maps, for example, Corr(Y1) = Y1'. Please note that there ar
two isomorphisms between the two graphs of Figure 18. The given Seed allows only one of them anc
excludes the isomorphism f, where f(A) = C', f(B) = B', f(C) = A

Definition 3:

Given two graphs G, G' and a patrtial function Seed (from vertices of G to vertices of IBOman-
phismconsistent with Seed is a function f mapping vertices of G into vertices of G', mapping edges of G
into edges of G, and satisfying
a) f is one-to-one
b) f is a bijection
c) Each vertex V has the same type as f(V)

d) Each edge E has the same type as f(E)
e) An edge E is incident with vertex V iff f(E) is incident with (V).
f) f(V) = Seed(V) whenever Seed(V) is defined.

The algorithm is performed by the following recursive procedure Isomorphism, which we will first
describe briefly and then expand on each of its stages. The procedure Isomorphism is given a functio
Seed, which we require to be a 1-1 mapping between the vertices of G and G', and it returns an extensic
of Seed to the other vertices or returns NULL if no isomorphism consistent with Seed exists.

Isomorphism(G, G', Seed)

Stage A: Calculate depth-first ordering of G.
Stage B: Calculate InputCorr by one or more passes over G in forward direction.
Stage C: Calculate OutputCorr by one or more passes over G in backward direction.
Stage D: Let Corr be Seed extended by the intersection of InputCorr and OutputCorr.
Stage E: If there are several choices for a vertex, call Isomorphism with

each of the choices to see if one results in isomorphism.

The overall approach of the algorithm can be explained as follows. We propagate the correspondenc
given by the Seed through the graph (Stages B, C). However, this propagated correspondence captur
only local connectivity of individual vertices, and it can be combined into a global isomorphism only if the
correspondence is 1-1 (Stage D). If it is not 1-1 then we have to perform brute force exponential search i
Stage E. Thus the objective of all the previous stages is to narrow down possible correspondences, so as
reduce the need for Stage E as much as possible. While the narrowing down is essential for good perfo
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mance it cannot be so aggressive so as to exclude an existing isomorphism; this is the property that will b
proved later. We now explain each stage in greater detail.

Stage A:

We perform a depth-first search[2] on G starting from primary inputs. Its purpose is to get a depth-first
ordering of all the vertices. There is one pathological situation that we need to take care of first. It can hap
pen that G has no primary inputs or that there are vertices not reachable from primary inputs; in such a cas
the depth-first ordering would not contain all the vertices. We do not actually require that each vertex be
reachable from a primary input, but for our claims below to be true we do need that every vertex be reach
able from a seeded vertex. For such sufficiently seeded graphs, without loss of generality, we will assum:
that any vertex is reachable from some primary input and some primary output can be reached from an
vertex. If necessary, this could be accomplished by spliting some seeded vertices into pairs of primary
inputs and outputs.

The resulting depth-first ordering is actually a topological order in case the graph is acyclic. In general,
it has several properties we will be relying on:
1) Each primary input appears in the ordering before any of its output vertices.
2) Every vertex reachable from primary inputs is preceded by at least one of its input vertices.

In Figure 18 the depth-first ordering is A, B, C, T2, U1, U2, Y1, Y2, Z, T1, S. The thick arrows in the
graph G indicate edges whose input vertex precedes the output vertex in the ordering.

This depth-first ordering is used in Stage B. For Stage C we calculate another ordering, namely the
depth-first ordering of G with the direction of all edges reversed.

Stage B:

We maintain the following two data structures:
For each vertex W in GnputCorr(W) is a set of vertices in G', denoted {W., W,]. It is initialized to
empty.
For each vertex X in G or GhputBest(X) is a natural number. It indicates the quality of the best corre-
spondence obtained so far involving X. It is initialized to infinity.

Definition 4:

A pair of vertices (W, W') isponsoredy k edges iff there are k input edges.E g of W with input
vertices V4, ..., V respectively, and there are k input edggs.E'Ej of W' with input vertices \{;..., Vi
respectively satisfying the following properties
1) type(k) = type(E), for each i,

2) V', OlnputCorr( V) , for each i
3) Vi=Vjift Vi =V, for each ij

For example, in Figure 18 assume that InputCorr is same as Seed. Then (U1, Ul") is sponsored by
edge. In terms of Definition 4,;Es the edge between B and Ul, ¥ B, ' is the edge between B' and
U1’ V', is B'. Similarly (U1, U2') is also sponsored by 1 edge.

Stage B iterates through the vertices of G according to the depth-first ordering calculated in Stage A. Fo
each vertex W, Stage B performs the following steps, where the step numbers are used for future referenc
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if W is seeded then {InputCorr(W) = [Seed(W)];
InputBest(W) = 0;
InputBest(Seed(W)) = 0;
}
else {
1: Potential(W) = set of all W' such that  type(W) = type(W") and
W' is not seeded
(W, W) is sponsored by any 1 edge
2: For each W' in Potential(W)
Discrepancy(W, W') = max(InDegree(W), InDegree(W") - k
where k is the largest number such that (W, W') is sponsored by k edges
3: For each W' in Potential(W)
InputBest(W) = min(InputBest(W), Discrepancy(W, W"))
InputBest(W") = min(InputBest(W"), Discrepancy(W, W"))
4: InputCorr(W) = set of all W' in Potential(W) satisfying both of the following
1) Discrepancy(W, W') = InputBest(W)
2) Discrepancy(W, W') = InputBest(W") or
W has an input vertex with empty InputCorr

}

We now explain Stage B using the example of Figure 18. For each W we describe the computation of
the quantities Potential(W), Discrepancy(WVetc., and in Table 1 we show these quantities in tabular
form. The second column shows the set Potantial(W) and for each elemegtws Discrepancy(W,W
separated by a dash.

For the three primary inputs, which are seeded, we get InputCorr(A) = A', InputCorr(B) = B', Input-
Corr(C) = C', and InputBest is 0 for all of them.

Next we process T2. In Step 1 Potential(T2) is built by considering all the input vertices of T2, such as
C. For each of them we consider all their corresponding vertices, such as C'. For each of them we put int
Potential their output vertices. Thus Potential(T2) = [T2"]. Step 2 calculating Discrepancy(T2, T2') gets k =
1. Therefore Discrepancy(T2, T2'") = 1, InputBest(T2) = InputBest(T2") = 1. InputCorr(T2) = [T21.

Next we process vertex Ul similarly toT2. Potential(U1) = [U1', U2']. Discrepancy(U1, Ul1') = Discrep-
ancy(U1, U2") = 1. InputCorr(Ul) = [U1', U2']. When processing U2, which is symmetrical with U1 we
also get InputCorr(U2) = [U1', U2]1.

The vertex Y1 has only one input vertex, U1, with non-empty InputCorr, thus Potential(Y1) = [Y1',
Y?2']. Same as with the previous vertices we get Discrepancy(Y1, Y1') = Discrepancy(Y1, Y2') = 1, Input-
Corr(Y1) = [Y1', Y21.

When processing vertex Y2 we obtain a different result than for Y1. This difference is caused by the
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depth-first ordering, which is not symmetrical. While only one input vertex of Y1, namely Ul, has been

processed already, both input vertices of Y2 have been processed, which will allow us to narrow down the
possible correspondences of Y2. Potential(Y2) = [Y1', Y2'. Discrepancy(Y2, Y1') = 1 because only one

input of Y2, namely U2 corresponds to an input of Y1'. In contrast Discrepancy(Y2, Y2') = 0 because Y2

has two inputs U2 and T2 both corresponding to inputs of Y2'. Thus InputBest(Y2) = 0 and InputCorr(Y2)

=[Y21.

For Z we will get Potential(Z) = [Z', T1', T2, U1, U2". Discrepancy(Z, T1") = 1 because only one input
of Z, namely Y1, corresponds to an input of T1". Similarly Discrepancy(Z, U1") = 1 and Discrepancy(Z,
U2") = 1. Discrepancy(Z, T2') is also 1, but for a different reason. Both input vertices of Z correspond to
input vertices of T2'. However, only one edge can be used to sponsor (Z, T2') because of condition 3 ir
Definition 4. When calculating Discrepancy(Z, Z') we have a small optimization problem because Input-
Corr(Y1) has two elements. Suppose that we try to sponsor the correspondence between Z and Z' by tt
correspondence between Y1 and Y2'. Then we get k = 1 only; we cannot use the correspondence betwe
Y2 and Y2' to co-sponsor (Z, Z') because of condition 3 in Definition 4. However, if we try to sponsor
(Z,Z2") by the correspondence between Y1 and Y1' then we can also use the correspondence between
and Y2, yielding k = 2. Therefore Discrepancy(Z, Z') = 0. (This optimization problem of looking for the
largest k is a major difference from the acyclic case [3], where it is not necessary.) Thus InputCorr(Z) =
[Z17.

When processing T1, all of its inputs already have InputCorr calculated. We get Potential(T1) = [Z', T1',
T2', Ul', U2'. Discrepancy(T1, T1") = 0, while Discrepancy with the other members of Potential is 1.
Therefore InputCorr(T1) = [T11.

w Potential(W) - Discrepancy InputBest(W) InputCorr(W)
A 0 A

B 0 B'

C 0 C'
T2 T2'-1 1 T2'
Ul Uul'-1uU2'-1 1 Ul uz'
U2 ul'-1uU2'-1 1 Ul uz'
Y1 Y1-1Y2'-1 1 Y1'Y2
Y2 Y1'-1Y2'-0 0 Y2'

Z Z-0T1-1T2-1U1-1U2-1 0 Z2'
T1 Z-1T1-0T2'-1U1-1U2'-1 0 T1'

Table 1. Results of Stage B

We have passed through the graph once calculating for each vertex InputCorr, as the first approximatio
to the desired isomorphism f. Due to the loops in the graph it is advantageous to repeat the process we ju
illustrated. In our implementation we iterate the steps of Stage B in an event-driven fashion until no new
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refinements in InputCorr are possible. If we did that in the example of Figure 18 then we could propagate
correspondence along the backward edges, which we could not take advantage of during the first pass. Ft
thermore, in all subsequent passes InputCorr is non-empty for every vertex, thus we can use InputBest(W
to prune the correspondences (see condition 2 of Step 4). However, in this example we will not continue
with Stage B because if we did, InputCorr of each vertex would become a singleton, which would give us
the desired isomorphism, and we could not illustrate subsequent stages.

Stage C:

It works the same way as Stage B except that the sense of all the arrows is reversed. In our example v

start from the primary output S and derive

OutputCorr(S) = [S]

OutputCorr(2Z) = [Z1]

OutputCorr(Y1) = [Y1', Y2']

OutputCorr(Y2) = [Y1', Y21

OutputCorr(T1) =[T1', T2

OutputCorr(T2) =[T1', T2

OutputCorr(Ul) = [U1', U21

OutputCorr(U2) = [U1', U2

We cannot get output correspondence refined any more than that because output correspondence dc
not make use of seeds on primary inputs, and those seeds are the only thing preferring one of the two is
morphisms over the other.

Stage D:

Stage D calculates a partial function Corr assigning vertices of G' to vertices of G. Whenever we assigr
Corr(W) = W' then every isomorphism between G and G' consistent with Seed must assign W' to W. Corr
is calculated by taking the common vertices of InputCorr and OutputCorr for each W.
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1: Corr = Seed

2: until no change keep iterating over vertices W whose Corr(W) is undefined

{

3: Common = InputCorr (W) n OutputCorr (W)

4: if Common is empty then return NULL /*there is no isomorphism*/

5: InputCorr(W) = Common

6: OutputCorr(W) = Common

7. if Common consists of a single vertex [W']
{

8: Corr(W) = W'

o: delete W' from InputCorr(V) and OutputCorr(V) for all V # W
}

}

In our example, we get

Corr(A) = A, because of statement 1

Corr(B) = B, because of statement 1

Corr(C) = C, because of statement 1

Corr(T1) = T1' because of statement 8

Corr(T2) = T2' because of statement 8

Corr(Y2) = Y2' because of statement 8

Corr(Y1) = Y1' because of statement 9 with V = Y1, W = Y2, then statement 8 with W = Y1
Corr(Z) = Z' because of statement 8

Corr(S) = S' because of statement 8

Corr remains undefined for U1 and U2 and therefore we need Stage E.

Stage E of procedure Isomorphism:

Stage E is needed if InputCorr of some vertex W contains more than 1 element. Stage E does a bru
force search, picking each element of InputCorr(W) in turn and calling the procedure Isomorphism recur-
sively to determine if there is an isomorphism consistent with the choice for W.
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if Corr is defined for all vertices of G then
if Corr is an isomorphism then return Corr
else return NULL
Let Corr be undefined for W
Let InputCorr(W) = [W{,..., W]
for each i

{
Corr(W) = W;'
f = Isomorphism(G, G', Corr)

if fis not NULL then return f
}

return NULL

In our example, suppose that we chose W = U2. The first iteration sets Corr(U2) = U1' and the recursive
call returns NULL because there is no isomorphism consistent with the given seed. The second iteratiol
succeeds returning an isomorphism.

It should be clear that if the procedure Isomorphism does not return NULL then its result is an isomor-
phism because that property is checked explicitly before returning any correspondence. However, we hav
to prove that the procedure Isomorphism will find an isomorphism whenever one exists.

Lemma 2:

Suppose that every vertex of G is reachable from a primary input, that every primary input of G is
seeded, and that there exists an isomorphism f between G and G' consistent with the given Seed. The
InputCorr(W) contains f(W) for all W processed by Stage B. Moreover, InputBest(W) = number of input
edges of W, whose source vertices have empty InputCorr at the time W is processed by Stage B.

Proof:

The proof is by induction on the number of steps to perform Stage B. The claim of Lemma is clearly true
for primary inputs, which are seeded. So assume that W is not a primary input and that the lemma is trus
for all vertices processed before W. Let.E, E, be all the input edges of W such that their source vertices
V1,..., V; have non-empty InputCorr. By property 2) of depth-first ordering and by induction hypothesis, n
> 0. Let the number of remaining input edges, whose source vertices have empty InputCorr, be m.

As a result of Step 1 of Stage B Potential(W) includes f(W) because by induction hypothesis, Input-
Corr(V,) includes f(\f), which is an input vertex of f(W) (by definition of isomorphism). Similarly please
note that using the induction hypothesis and the fact that f is an isomorphism, all the,edg&s $pon-
sor (W, f(W)). Therefore the number k computed by Step 2 must sktisfy . On the other hand none of
the remaining m edges can be used to sponsor (W, f(W)) and therefore k = n. Thus
Discrepancy(W, f(W)) = max(InDegree(W), InDegree(f(W))) - k = m.
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We will be finished if we can show that in step 4 both conditions are satisfied for including f(W) in
InputCorr(W). Since none of the m edges can be used to sponsor any (W, W'), we get InputBest(W) = m
which makes condition 1) of step 4 satisfied. Condition 2) is automatically satisfied if m > 0. If m = 0 then
Discrepancy(W, f(W)) = InputBest(f(W)) = 0.

[

Theorem 1:

Suppose that every vertex of G is reachable from a primary input, suppose that every primary input of C
is seeded, and suppose that there exists an isomorphism between G and G' consistent with the given Se
Then the procedure Isomorphism will return an isomorphism between G and G' consistent with Seed.

Proof:

The proof is by induction on the number of non-seeded vertices. If this number is 0, then the procedure
Isomorphism returns Seed itself, which by the premisses of the Theorem is an isomorphism. Now conside
a given Seed and assume the theorem to be true for all seeds defined on more vertices than Seed itself.
Lemma 1 at the end of Stage B InputCorr(W) will contain f(W) for all isomorphisms f. By symmetry we
can apply Lemma 1 to Stage C and get that OutputCorr(W) also contains f(W) for all isomorphisms f.

We have to argue that Stage D will not discard any isomorphism. First of all, the intersection of Input-
Corr(W) and OutputCorr(W) also contains all the f(W) and therefore steps 5 and 6 of Stage D do not dis-
card any isomorphism.

Step 9 of Stage D will not discard any isomorphism for the following reason. Whenever Common con-
sists of a singleton W', all isomorphisms map W to W'. Therefore no isomorphism assigns W' to any
V #W and hence W' can be removed from InputCorr(V). For the same reason, whenever Step 8 define
Corr(W), all isomorphisms consistent with Seed are also consistent with Corr.

In Stage E let i be the smallest index such that there is an isomorphism f mapping f{\WWherMhe i-
th invocation of Isomorphism receives input, which is more defined than the given Seed and still has ar
isomorphism consistent with it.Therefore by induction hypothesis the i-th invocation of Isomorphism
returns an isomorphism.
O

4.2. Non-isomorphism

Up to now we have concentrated on using the algorithm for finding an isomorphism. However, in case
of incremental synthesis the two given graphs are normally not isomorphic. Incremental synthesis need
two pieces of information; it needs to know which primary outputs and latches have isomorphic input
cones, and it needs some correspondence even between non-isomorphic portions of the designs. The lat
is by necessity heuristic and we cannot prove any properties of the correspondence between non-isomo
phic portions.

If the two graphs are not isomorphic the correspondence computed by the algorithm will satisfy condi-
tion a, d, f, Definition 3, but may violate the definition of isomorphism in the following ways:
b) A vertex or edge might not get anything to correspond to it.
c) Two vertices with different types may correspond.
e) The incidence property may be violated.
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We use a procedure Correspondence(G, G', Seed), which is identical to the procedure Isomorphisr
except for the following differences. First, it always returns some correspondence, provided some vertice:
are seeded. Thus step 4 of Stage D does not return NULL when Common is empty; instead it merely stor
processing W. Secondly, in step 1 of Stage B Correspondence does not require that type(W) = type(W)
instead if the two types are different it increases Discrepancy by a certain heuristic amount. Thirdly, Stage
E does not try every element of InputCorr(W) to see if isomorphism can be derived. Instead it heuristically
chooses one such element.

Stage E of procedure Correspondence:

Chose W so that Corr(W) is undefined, but InputCorr(W) or OutputCorr(W) is non-empty
If there is no such W then return Corr

Set Corr(W) = W' for some W' in InputCorr(W) or OutputCorr(W)

return Correspondence(G, G', Corr)

As we said above, besides computing the correspondence, we also need to know which primary output
and latches have an EC in their cone. That calculation is performed by the procedure Correspondenc
before any arbitrary choice is made in Stage E, as will be explained next. For that we define an InputCon
of a vertex Y to represent the combinational logic feeding Y. Every input vertex of InputCone(Y) will be
either a primary input or a vertex representing a latch.

Definition 5:

For a vertex Y in G or GlnputConeY) is a subgraph. An edge E belongs to InputCone(Y) if Y is
reachable from the edge E without passing a vertex representing a latch. A vertex belongs to InputCone(Y
if one of its input or output edges belongs to InputCone(Y). A vertex Xirgoam vertexof InputCone(Y)
if no input edge of X belongs to InputCone(Y).

We check which InputCones are isomorphic using the following code executed optionally before stage
E of the procedure Correspondence.

for every W with Corr(W) = W' defined and satisfying
W and W' are primary outputs or they represent latches
for every V in InputCone(W) with Corr(V) defined, Corr(V) is in InputCone(W")
every vertex X in InputCone(W) or InputCorr(W') has InputBest(X) = 0
for every input vertex V of InputCone(W), Corr(V) is an input vertex of InputCone(W")
{
f = Isomorphism(InputCone(W), InputCone(W"), Corr)
Corr(V) = f(V) for all V having f(V) defined
}

The checking for isomorphism is done using the procedure Isomorphism, and seeding all those vertice
for whom Corr has already been defined. Therefore we would not do the isomorphism checking if for some
V in InputCone(W), Corr(V) was defined and was outside InputCone(W"). Also there is no need to check

23



the input cone of W unless all the vertices inside InputCone(W) and InputCone(W') have InputBest of 0, a
necessary condition for isomorphism (Lemma 2). (It is not a sufficient condition for isomorphism as
shown in Figure 19.)

Figure 19. Non-isomorphic graphs whose all vertices have InputBest and OutputBest of 0

We will also not check for isomorphism of InputCone(W) unless its output W as well as all its inputs
have Corr defined. The reason is that doing the isomorphism checking without already having a correspon
dence for all inputs and outputs would take too much time, which is not worthwhile. If the original
designer’s input was on register transfer level then latches are seeded and therefore Corr will be defined f
inputs and outputs of any InputCone. The correspondence for a latch might not be given to us only if the
design came through high level synthesis, which generated some latches automatically. The designer is n
even aware of those latches and therefore does not require their implementation to be preserved.

After checking input cones for isomorphism we use any isomorphism found to extend Corr and further
refine InputCorr and OutputCorr as done in Stage D.

Having described the two procedures Isomorphism and Correspondence, we consider the question c
their correctness. For Isomorphism, it is simple. If the two graphs are isomorphic then the procedure Iso:
morphism will find that as proved in Theorem 1. And if the procedure Isomorphism claims that two graphs
are isomorphic then it is so because it was checked explicitly in Stage E.

The question of correctness is more difficult for the procedure Correspondence, which handles (heuristi
cally) non-isomorphic graphs. One requirement is that it identifies isomorphic input cones. Our procedure
does that for graphs where latch correspondence can be established as stated above. However, even 1
simple requirement is not so simple as shown in Figure 20. For the purposes of incremental synthesis w
may identify only one of InputCone(X) or InputCone(Y) as isomorphic to its counterpart in G'. Which one,
will be determined by the order in which input cones happen to be checked for isomorphism.

The computational complexity of the algorithm is dominated by Stage E of the procedure Isomorphism,
which may cause an exponential search for an isomorphisms. A second possibility of an exponentia
behavior is Step 2 of Stage B, involving a covering problem. In practice neither causes a problem; the mos
important consideration for performance is to keep the size of InputCorr and OutputCorr down, because
that will keep down the size of Potential in Stage B. For that reason in our implementation stages B and
are executed in alternation and Stage D is incorporated inside them, so as to reduce the size of InputCc
and OutputCorr as soon as they are generated.
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Figure 20. Non-isomorphic graphs, but both primary outputs have isomorphic input cones.

5. LOGIC_REUSE algorithm

As described in Section 2, LOGIC_REUSE is performed after FUNCTIONAL_CORRESPONDENCE
and STRUCTURAL_CORRESPONDENCE. Those two correspondences are composed by transitivity to
obtain a correspondence between the nets of Specificationl and ImplementationO, see Figure 11. (The cc
respondences are calculated before LOGIC_REUSE starts and does not change during its execution.)

For correspondence of primary 10s and latches we do not rely on the functional correspondence calcu
lated in Section 3. Instead we use the explicit correspondence mentioned at the beginning of Section 3 (e.
correspondence of primary 10s is by name). There are two reasons. First of all, if Specification0 and
ImplementationO are not functionally equivalent then the algorithm of Section 3 would not relate corre-
sponding primary outputs. Secondly, even if Specification0 and Implementation0 are functionally equiva-
lent, it is possible that a primary output is equivalent to several nets; for incremental synthesis we need t
make sure that each primary output is related to its corresponding primary output and nothing else.

When a net X1 in Specificationl corresponds to a net x0 in ImplementationO then it is likely that x0 (or
x0) can functionally replace X1. We could be assured of the legality of such a replacement if
Specification0 and Specificationl were identical and if the replacements were carried out in the order cal
culated by functional correspondence. However, since the two specifications are not identical we mus
check it explicitly and make the replacement only if it does not change the function of Specificationl.

LOGIC_REUSE is done in four phases. Phase 0 makes sure that unmodified input cones preserve the
implementation. Phase 1 deals with primary inputs and latches, Phase 3 deals with primary outputs an
latches, while Phase 2 handles the combinational logic in between. We will first explain the algorithm only
in the simplest case, where there are no latches and the new and old versions have the same primary 10s

Phase 0 uses the information from structural correspondence calculation as to which input cones are ist
morphic. In our example of Figure 5 and Figure 7, InputCone(Z0) and InputCone(Z1) are isomorphic. The
implementation of the isomorphic cones is marked as “committed”. This marking is applied to every input
pin in the implementation cone and prevents the disconnection of the pin by later stages of the algorithm
In our example of Figure 6 all the input pins in InputCone(z0) are marked as committed, which guarantees
that the whole cone will remain as is. In the sequel we will remove from our figures those gates that lie in
InputCone(z0) or InputCone(Z1) only, not because they are removed in our implementation, but merely to
simplify our figures.

Phase 1 places Specificationl and ImplementationO together, sharing primary inputs only (see Figur:
21). The resulting network still has two sets of primary outputs.
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Phase 2 takes the two pieces of logic sharing primary inputs only, and introduces more sharing betwee
them. The result of Phase 2 is a network, where Specificationl and Implementation0 are interconnectec
and some pieces of logic are left unused. Phase 2 may change the functionality of the primary outputs fc
ImplementationO (y0), but it must preserve the functionality of the primary outputs of Specification1 (Y1).
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Figure 21. Result of Phase 1

Phase 2 proceeds through the nets of Specificationl in topological order from inputs to outputs. Given ¢
net X1 in Specificationl, the composition of structural and functional correspondence gives us a corre-
sponding net x0 in Implementation0. We check whether x0 may replace X1 without changing the function-
ality of Specificationl (using Lemma 1).

Case A: If the answer is “yes”, then the net xOX0r ) replaces X1 at all its sinks.
Case B: If the answer is “no”, then the net X1Xdr ) replaces x0 at all its uncommitted sinks.

Case A (the desirable case) represents the situation of logic X1 that was not modified and thus can us
the gates of x0. The cone of X1 becomes unnecessary. Case B represents logic X1 that was modified al
thus cannot use the gates of x0. In Case B, replacing x0 with X1 makes it likely that as the algorithm pro-
ceeds it will encounter Case A further on, as will be illustrated later.

In our example, we first apply Case A to R1 and rO with negative polarity, see Figure 22. This step effec-
tively reused the gate rO. It is connected through an inverter because the functional correspondenc
between RO and r0 is negative.

Then we apply Case B to Q1 ag@ (see Figure 23). It has the effect of replacing the gate g0 with Q1
plus an inverter. This is because the EC involves the gate g0, which cannot be reused.

Lastly we apply Case A to Y1 and yO (see Figure 24). Please note that originally (Figure 21) we could
not do that because Y1 and y0 had different function. As a result of applying Case B tog@l and , Y1 anc
y0 now have the same function. This is an example, how Case B enables Case A later on thus effectivel
limiting the effect of the EC (to gate g0 only).
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Figure 23. After applying Case B to Q1
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After Case A the functionality of Specificationl is preserved because it was checked explicitly before
applying Case A. After Case B, it is certainly possible for the functionality of ImplementationO to change,
which is all right. However, the way we described it above, it is also possible for the functionality of
Specificationl to change, which is not all right. The reason is illustrated in Figure 25. It shows the situation
after applying Case A to Ul and uO. If we then applied Case B to V1 and vO we would change the func-
tionality of Specificationl, which we cannot allow. The cause of the problem is the fact that proceeding in
topological order in Specificationl does not imply that the corresponding nets in ImplementationO will be
in topological order.

=>cr0

Figure 24. After applying Case A to Y1 and yO

To guarantee that Case B will never change the functionality of Specificationl we use the same “com:-

Jp i
Do -

D= Deel

Figure 25. After applying case A to U1, uO we cannot apply Case B to V1, vO

mitting” mechanism mentioned above for isomorphic cones. After performing Case A on some U1 and u0
we commit all the new connections of u0 as well as the whole input cone u0. That means, all those inpu
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pins are marked as committed and may not be changed.

Figure 24 shows the network after Phase 2 is finished. We are still left with two sets of primary outputs
(Y1 and y0). Each pair of corresponding primary outputs ends up connected to the same net (yO in Figur:
24). This property is guaranteed because we made sure that primary outputs correspond to each other a
no other nets. Phase 3 simply deletes all the primary outputs of Specificationl. The result is a network wit
the functionality of Specificationl and with as many gates of Implementation0O as introduced by Case A.

The result can be seen in Figure 10, where we deleted unused gates and reintroduced the gates in Inp
Cone(z0). This has to be run through regular synthesis, where all the shaded gates are protected from a
transformations. The result is shown in Figure 9.

We now discuss some more complicated situations. Our general approach tries to handle all complica
tions (the vast majority of which involve latches) in Phase 1 and 3. Phase 2 remains unchanged. For sorr
of these complications there is no unique correct solution and the designer needs to chose the one mc
appropriate for his methodology.

Different primary 10s in Implementation0 and Specificationl

If the designer adds to Specificationl a primary input or output X non-existent in Implementation0O then
Phase 1 and 3 simply keep X; there is no corresponding old primary 10 to merge it with.

Now consider the opposite situation when the designer removes from Specificationl a primary 10 X that
exists in ImplementationO. If X is a primary output then it is deleted during Phase 3. If X is a primary input
then it is deleted during Phase 1 and its net is connected to an arbitrary constant (O or 1). Normally
Specification1 will have no use for that primary input X, and the constant net will become irrelevant. How-
ever, it is also possible that the new implementation reuses the logic with the constant. That is not a prok
lem, provided it is later mapped into the proper technology.

Latches

We try to treat latches as inputs and outputs of combinational logic, but there are some important differ-
ences. One difference is that latches contain some boolean functions; for example, data and clock are cor
bined together, it is common for a latch to have several data inputs that are ANDed or ORed inside, als
latches tend to have several outputs (different polarities, master slave, scan). We view a latch as a primitiv
delay element with some surrounding logic. Examples of surrounding logic are clock and data ANDed
together, or inverters for some outputs. We can handle any kind of surrounding logic with an important
restriction -- we require that each latch output is the output of the delay element, possibly inverted; we
could not handle latches whose outputs involve some boolean combination of the latch inputs.

During Phase 1 we disconnect the output X1 of any latch R1 that has a matching latch rO in
Implementation0, and we make X1 come from rO (inverted if rO provides a different polarity that R1). If
R1 does not have a matching rO (R1 is a new latch non-existent in the old version) then we leave it as i
(same as newly added primary 10). We also delete any latch rO in ImplementationO that does not have
matching latch in Specificationl, and connect its output to a constant (same as primary input deleted ir
new version).

At the end of Phase 2 it may not be true that corresponding latches will end up functionally equivalent.
This can happen because of the boolean functions packaged inside latches. Therefore in Phase 3 we he
to check whether the delay element inside R1 computes the same function as the delay element inside tl

29



corresponding r0. If the answer is “yes” then we can delete R1. If the answer is “no” then we have to delete
rO and make the output come out of R1 (inverted if necessary).

Some technologies have cells containing several latch bits. For our purposes they can be treated same
single bit latches with one exception. If one bit of a multi-bit latch cannot be used in the new version then
we do not reuse any of the others either.

ImplementationO and SpecificationO are not functionally equivalent

This can happen in two ways. First consider the case that ImplementationO is wrong and the designe
uses incremental synthesis to correct it. In that case we omit Phase 0 so that even unmodified primary ou
puts are assured to get the functionality of Specificationl.

Another possibility is that ImplementationO is intentionally different from Specification0. A typical
example are modifications for testability. A designer may add extra control points involving latches that
did not exist in Specification0. Naturally, the designer does not want to add the same testability logic in
every new version.

Recall that we said above that we delete latches rO that do not have a corresponding latch R1 i
Specificationl. This applies only to those rO which do have a corresponding latch RO in Specification0. We
do keep a latch r0 if it has no corresponding RO nor R1, because rO was added to Implementation0 an
hence we assume that the designer wants it in Implementationl as well.

The algorithm is run as described above including Phase 0, which ensures that primary outputs with iso
morphic cones in both specifications will use the logic in Implementation0 whether it is functionally
equivalent or not. Thus the testability structures will be preserved in cones unaffected by the EC, but the)
will have to be reinserted into modified cones.

Scan lines

Both boundary scan and internal scan lines present special problems, because our algorithm treats the
the same as other logic. Up to now we were making sure that the logic of Implementationl was correct in ¢
combinational sense; however, the correctness of scan lines involves more than combinational propertie:
For example, suppose that Specification0 has two latches connected in a scan line as AO0-BO
Specificationl has the corresponding latches A1-B1, and ImplementationO has latches a0-c0-b0. The rest
of our algorithm contains latches a0, b0, cO, where both b0 and cO get their scan input from a0, which is
clearly not a correct scan line. Therefore we use a program that corrects the scan line afterwards, while try
ing to preserve it as much as possible. In examples like the one above, it is not clear what the designe
meant, therefore we sometimes make heuristic choices as to the scan line ordering.

Clock lines

Our algorithm will preserve the old clock distribution network whether the new version has the same
number of latches or not. If the number of latches changes then it may be necessary to completely redo tt
clock network. In contrast to the case of scan lines, we do not have any special programs that would try t
reuse parts of the old clock network.

6. Experimental results

All of the circuits for our experiments were taken from production parts, with the exception of C6288,
which was taken from [7] and a random change was introduced. (We included C6288 so that the reader ce
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relate the other pieces of logic to something that has been discussed in the literature.) Examples A1 and A
are identical, except that in the case of example Al, Specification0 and Specificationl were run throug!
different preprocessing. Examples D1, D2, D3 are three variations on the same basic design.

Table 2 compares the size of the EC in the Specifications to its impact on the implementation obtainec
by incremental synthesis (including regular synthesis of modified logic and the post processing step).
Designers expect a large difference in the implementation only if there is a large difference in the specifica
tions. We measure the size of the EC in terms of lines of VHDL (column SOURCE LINES). We report the
total number of lines in SpecificationO (column old), how many of them appear in Specification1 (column
reused) and how many new or modified lines appear in Specificationl (column new). For the implementa:
tion (column IMPLEMENTATION GATES) we report analogous numbers, except in terms of gates.

Two of the examples, namely Al and C, stand out as having an excessive percentage of new gates.
example C this is caused by the fact that percentage of changed lines and gates is not always a good m
sure of reuse. When counting lines of VHDL we include blank lines, comment lines etc., while such “non-
executable” objects do not exist in the implementation. If measured by the number of new gates per nev
line of VHDL, example C is not excessive.

In contrast, example Al points to a genuine weakness of this whole approach. In case of A2, the
designer’s VHDL was fed directly into incremental synthesis, which therefore saw a mere one line differ-
ence between SpecificationO and Specificationl. In case of Al, Specificationl was optimized before givel
to incremental synthesis, while Specification0 was not. Thus the two specifications looked completely dif-
ferent to incremental synthesis. An incremental synthesis method that would consider only the function
and not the structure of the specifications should perform equally well on examples Al and A2, becaust
Specificationl has the same function for both A1 and A2. Our method does rely on the structure of the
specifications, and in particular requires that the new function be realized by inserting portions of
Specificationl into Implementation0. We do that for two reasons. One is efficiency. The other is the need tc
use incremental synthesis to realize not a different function, but a different structure -- designers often
change their specification to obtain a faster design rather a new functionality.

SOURCE LINES IMPLEMENTATION GATES
NAME

old reused| new | % new old reused new % new
Al 7315 7314 1 0.19 973 800 2891  25.8%
A2 7315 7314 1 0.19 9738 952 3 0.3Po
B 1440 1439 1 0.19 2676 2615 2 0.1%

2514 2492 51 2.0% 940 895 134 14.2%
D1 12792 12785 19 0.1% 4199 4187 107 2.5%
D2 12804| 12795 23 0.2% 4124 4077 D3 2.2%
D3 12792 12779 41 0.30,16 4199 4152 64 1.%%
C6822 6735 6734 1 0.1% 2210 2210 0 0.0%

Table 2. Amount of reuse in Specification and Implementation
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In Table 3 we consider the question of penalty (area and delay slack) incurred by using incremental syn
thesis. Under the column “incremental” we report the result of using incremental synthesis, including reg-
ular synthesis of modified logic and the post processing step. Under the column “regular” we show the
result of synthesizing the whole Specificationl by regular synthesis only. The column “% increase” shows
the penalty (when positive) or the benefit (when negative) of using incremental synthesis.

In Table 4 we compare CPU times (in seconds) for the two ways of synthesizing Specificationl. In case
of incremental synthesis we report separately the time to calculate functional correspondence because th
can be done before Specificationl exists and thus need not impact the turn around time. The colum
“incremental” includes CPU time for structural correspondence as well as LOGIC_REUSE. The column
“regular” reports the time needed by regular synthesis and the post-processing step.

AREA (CELLS) SLACK (NS)
NAME

incremental regular % increase incremental regular
CARB1 11498 10245 12.2% -08 -0|8
CARB2 9806 9949 -1.4% -0.8 -0.9
GP 6622 6621 0.1% -1 -1)7
FXDCD 3238 3092 4.79% -0.9 -0.8
CCTL1 40116 39491 1.5% -1.0 -1/0
CCTL2 39938 38937 2.5% -1.p -0{9
CCTL3 39715 38921 2.0% -1.0 -0{9
C6822 7018 7018 0.0% -5.9 -5/9

Table 3. Quality of results with incremental synthesis vs. regular synthesis only
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NAME INCREMENTAL SYNTHESIS REOGNULI\‘(AR
functional | incrementa regular total

CARB1 232 124 699 1054 1110
CARB2 232 403 234 869 85p
GP 128 244 315 687 806
FXDCD 26 40 207 273 561

CCTL1 3718 1168 127% 616 4485
CCTL2 3588 1449 1244 6281 4381
CCTL3 3718 1283 1192 6193 4381
C6822 51 108 209 368 1458

Table 4. CPU times (sec)

7. Conclusions

We have presented an automated way of performing incremental synthesis. Its main benefit lies ir
reducing the design cycle, which happens in several ways. First, it automates the implementation of spec
fication changes late in the design cycle. Secondly, it allows a designer to make modifications (e.g. spee
up) in one area without changing the implementation of areas he is already happy with. And thirdly, it pre-
serves the information from the old version (e.g. net names), which helps in analyzing the new implemen-
tation.
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