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Abstract

In this paper, we consider a redesign technique applicableto com-
binational circuits implemented with gate-array or standard-cell
technology, where we rectify an existing circuit only by recon-
necting gates on the circuit with all the gate types unchanged.
This constraint allows us to reuse the original placement as is,
thereby speeding up the total time needed for a redesign. We
formulate this problem as a Boolean-constraint problem and give
aBDD-based algorithm to check the feasibility of redesign.

1 Introduction

Incremental synthesisis a synthesistechniquewhich reuses exist-
ing circuits to come up with circuits satisfying new specifications.
Since engineering changes arise frequently in actual design pro-
cesses, the techniqueis of practical importance from an industrial
point of view. Several synthesis techniques have already been
proposed for combinational circuits [2, 3, 9, 8] and sequential
circuits [1], where an additional logic is attached before and/or
after an existing circuit or a part of the existing circuit is replaced
with anew logic so that the final circuit follows a new specifica-
tion. In [5], a redesign technique for lookup-table type FPGA's
was proposed, where, given acombinational circuit mapped on an
FPGA, the circuit is rectified by only changing the functionality
of lookup-tables with all the routing preserved. This approachis
natural for lookup-table type FPGA's since modifying the func-
tionality of tablescan be doneby reprogrammingthetables, which
is cheap, whereasrerouting requires an expensive physical design
all over again.

In this paper, we consider a redesign technique applicable to
combinational circuits implemented with gate-array or standard-
cell technology, where we rectify an existing circuit only by re-
connecting gates on the circuit with all the gate types unchanged.
Note that our constraint is symmetric with the one used in FPGA
rectification [5]. This constraint is reasonablein our set-up since,
in gate-array or standard-cell based designs, one can makeamod-
ification to routing without changing the placement of the gates
as long as there is space left for the routing. This way we get
around an expensive physical placement required otherwise. Fur-
thermore in standard-cell designs this enables us to reuse masks
for the original placement. Note that in industries this type of
rectification is actually done manually by designers. We formu-
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Figure 2: Example— A Redesigned Circuit

late this problem as a Boolean-constraint problem and give an
algorithm based on BDD'’s, which helps designers determine the
feasibility of redesign.

This paper is organized asfollows. In Section 2, the proposed
redesigntechniqueisinformally discussed with an example. Sec-
tion 3 formulates the problem and gives an algorithm to solve it.
Experimental results are shown in Section 4. Section 5 concludes
the paper.

2 Example

In this section we present the basic idea of our approach using a
simple example.

Supposewe have acircuit shownin Figure 1. Thisisacombi-
national circuit with two 2-input AND gatesand a single inverter,
whose functionality is o = (@ + b)c. Assume that we like to
redesign this circuit only by reconnecting the gates so that its
functionality is e = @bc. Figure 2 shows a circuit for the new
specification. Note that the circuit is composed of the same set of
the gates in the original circuit and the only difference between
thetwo isin the connectionsbetween the gates. More precisely, in
the original circuit we have the following five connections: from
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a to v1, from b to vy, from v to v,, from v, to v3 and from ¢ to
vz, Whereas the redesigned circuit has different connections, i.e.
from a to v», from b to vy, from ¢ to v1, from v1 to vz and from v,
to vs.

Since this transformation only involves changes in connec-
tions, the modifications required for the layout of the circuit are
restricted to itsrouting portion, i.e. the placementinformation can
bereused completely. It istrue that an extremely congested layout
may not allow reconnectionsof two points far away on the layout
under the current placement, but by restricting our focus on phys-
ically feasible reconnectionsinvolving adjacent gates, our claim
is validated. This can be done automatically by investigating the
original layout.

3 Rectification Algorithm

In this section we formulate the rectification problem described
in the previous section as solving a set of Boolean constraints, for
which an algorithm based on BDD's is given. Remember that we
are working on redesigns of combinational circuits. Thekey idea
behind this approach is to introduce a Boolean variable, called a
connection variable!, for each ordered pair of gates to represent
if there exists a connection from the output of the first gate to an
input of the second gate in a redesigned circuit. In other words,
the variable takes 1 if we have the connection, and O otherwise.
This way our goal is now to compute a 0-1 assignment to the
variables which makes the reconnected circuit behave exactly the
same as a new specification. The first step of this algorithmis to
compute the functionality of all the reconnected circuitsin terms
of primary inputs, primary outputsand connectionvariables. Note
that each 0-1 assignment to the connection variables corresponds
to a single reconnected circuit. Therefore, this function captures
all thefunctionality which canberealized by our redesign scheme.
Having computed this, we proceed to compare this functionality
with a new specification to extract the constraint which has to be
satisfied for the rectification. The final constraint is represented
as a characteristic function in terms of connection variables. If
the function is equal to 0, then we know there is no solution.
Otherwise, a satisfying assignment of thefunction is chosenbased
on a given criterion, i.e. the minimum number of connections
or the minimum change from the original circuit. The detailed
algorithm is given in the following, where we assume that every
Boolean operation is performed with BDD's.

3.1 Connection Variables

In general we should introduce a connection variable for every
ordered pair of gates so that any connectionis considered. Under
this assumption, a redesigned circuit could have a combinational
loop, i.e. aloopwithout alatch onit. Thecircuit can be considered
valid if thereis no oscillation at primary outputs, but in this paper
werestrict ourselvesto finding acircuit without any combinational
loop. For this purpose, connection variables are introduced such
that no combinational loop is obtained under any 0-1 assignment

1The same idea was used by Murogaet al.[7] in the formulation of
multi-level logic synthesis based on integer programming.
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Figure 3: Connection Variables

to the variables. A simple way to guarantee this condition is to
give alinear order to the set of gates and introduce connection
variablesonly for theincreasing directionin thisorder?. Currently
we extract thelinear order from the original network with adepth-
first traversal so that the structural similarity between the original
network and a redesigned network is observed. Note that we
introduce aconnectionvariablefor any connectionfrom aprimary
input to a gate since this never produces a combinational loop.

For example, we introduce the following twelve connection
variables for the circuit in Figure 1 under a linear order v»1 <
v2 < V3. Ca,uyy Cbuyy Ccyuyy Ca,vpy Chyvoy Ceupy Cug,upy Ca,vgy Chbvg,
Ce,uzy Cuq,vgs Cug,vg, Where ¢, ¢ is the variable for the connection
between the output of gate s and an input of gate ¢. Notice that
no assignment to the connection variables makes the reconnected
circuit cyclic®. For the correspondence between connections and
their associated variables, see Figure 3.

3.2 Computing the Set of All Functionality
Realized by Reconnections

Once a set of connection variables is fixed, the next step is to
compute the set of all functionality that can be realized by recon-
nections. We represent this implicitly as a characteristic function
of primary inputs, primary outputs, and connection variables.
Each 0-1 substitution to connection variablesin this characteristic
function yields the characteristic function which represents the
input-output behavior of the corresponding reconnected circuit.

We first give a technique to model the functionality of each
gate with a characteristic function and then discuss how to build
up the final characteristic function from the set of component
characteristic functions obtained from all the gates.

Let us assume that we have a two-input AND gate v, in the
original network. We are interested in the functionality of this

2Another possibleway isto partition the set of gates into several sets,
givean integer level to each set, and introduce a connection variable only
for a connection from agatein alower set to agatein an upper set.

3Asamore general set-up, one can introducea connection variable for
every ordered pair of gates and compute, with Boolean-function matrix
manipulation, the condition that the reconnected circuit has a loop [4],
which gives us a systematic way to remove all cyclic circuits from our
consideration. This general approach, however, is likely to cause a BDD
blowup in the following stages due to the absence of a good variable
ordering.
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gate when reconnectionis alowed. Letc, o, (1 =1,...,k — 1)
be the Boolean variable for the connection from the output of
gate v; to an input of the AND gate vi. Let v; be the Boolean
variable corresponding to the output of gate »;. Then this gate
can be modeled as the circuit extended with selectors shown in
Figure 4. Each selector connectsthe output of gate »; to an input
of the AND gate iff the corresponding connection variable ¢, »,
is set to one. Otherwise, the non-controlling value of the AND
gate, a Boolean value one, is fed into the input. In addition, since
the original AND gate has two inputs, at most two connection
variablesout of ¢y 0, ;- - - , Co,_y,0, CaNevauateto one’.

Thus, the characteristic function of the circuit in Figure 4,

X2-AND:- IS:

k-1

X2-AND = LTEZ(CUL%’ LR C'Uk—lv'uk).(vk = H(Cvuvk = Ul))

=1

where LTE2() is the Boolean function which evaluates to one iff
less than or equal to two arguments are one. Note that LTEn() is
easily computed recursively. (Seedetails for Appendix.) Further-
more, LTEn() is a symmetric function, thus the size of the BDD
is guaranteed to be small independent of variable orderings.

One can easily see that a similar model exists for any type of
gates®. For example, the characteristic functions of a 2-input OR

4Note that it is valid that only a single connection variable takes one
sincethismeansthat the AND gateisused asabuffer by feeding aBoolean
oneto the remaining input. Similarly all the connection variables can be
set to zero, in which casethis gate is not used in the redesigned circuit.

5A dlightly elaborate model is needed for complex gates especially
whenthegatesare not symmetric, in which casewehaveto introducemore
than one connection variable for an ordered pair of gates to distinguish
inequivalent inputs.

gate, a2-input XOR gate and an inverter are defined asfollows.

k-1
"C'Uk—lv'uk) ’ (Uk = Z(Cvuvk ’ Ul))

=1

X2-OR — LTEZ(CUka, ..

X2-XOR = LTE2(coy,0, , - -

) C'Uk—lv'uk) ’ (Uk = @(Cvuvk ’ Ul))

XINV = LTE]'(CUL% yees C'Uk—lv'uk) ’ (Uk = Z(Cvuvk ’ U_l))
=1

Having defined the characteristic function of each gate type,
one can construct the characteristic function of the whole circuit
by ANDing the component characteristic functionsof all thegates
since all the input-output constraints have to be satisfied simulta-
neously in the final circuit. Formally, the characteristic function
of the circuit after reconnection, y , is computed as follows.

X(V’ C) = H Xg(v’ C)

geG

where G isthe set of al the gatesin the original network and x4
is the component characteristic function for gate g. Note that v
is the set of variables containing all the primary inputsi, all the
primary outputso, and all the internal variablest associated with
intermediate nodes® and c isthe set of all the connectionvariables.
Thus, one can see x(v, ¢) as x(i, o, t, ¢), which describes the
constraint among primary inputs, primary outputs, internal vari-
ables and connection variables imposed by the structure of the
circuit.

Now, sinceweareonly interested in theinput-output behaviors
of the circuit under various assignmentsto connection variables,
internal variables can be dropped off from y by the smoothing
operation.

xp(i,0,¢c)=Six(i,0,t,c)

This computation can be sped up by merging the AND operations
inx(1,0, t, ¢) with the smoothing operation by theand_snoot h
operation. More precisely, the component characteristic functions
of x(i,0,t,c) are AND-ed from primary outputsto primary in-
putsin areversetopological order with simultaneously smoothing
out variablesin t. Furthermore, each LTE term in a component
characteristic function can be pulled out of the smoothing opera-
tion sinceit doesn’t depend on't.

Let usfollow the above construction with the example in Sec-
tion 2. The characteristic functions of the three gatesin the circuit
are:

LTE2(ca,vq, Co,01, Ce,v1)
“[v1 = (ca,o0 = a)(co = b)(cewy = )]

Xv1 =

SHere we assume that for each primary output the same gate which
feedsinto the output in the original network is used for feeding the output.
In other words, we don’t change any connections directly connected to
primary outputs. We can formulate a more general problem where this
constraint isabsent, by introducing for each primary output abuffer,whose
input is selected from the output of the gatesin the network. The same
modeling technique using connection variables works in this case. One
has only to multiply this new constraint to x.



Xvp = LTE].(C(M,Z, Cb,vp; Ce,vp, C'UL'UZ)
[v2 = ca,up@ F Cbupb F CoupC F Cogu,1]
Xvz = LTEZ(Cayvs’ Cb,v3; Cc,v3, Cuy,vp) Cv27v3)

[v3 = (cayvs = @)(Chos = b)(Cevy = ©)
(C'UL'U3 = Ul)(cvzyw = 'UZ)]

Now the characteristic function of aset of reconnectedcircuits,
XD, s defined as:

XD(a,b,¢,0,ca01,- -+, Cogug) = Sug,up,usX 01 Xv2Xua(0 = v3)

3.3 Extracting Constraints on Connection
Variables

At this point we are ready to compare the functionality repre-
sented by this characteristic function x » (1, 0, ¢) with the char-
acteristic function of anew specification, x s (i, 0). Notethat one
can easily compute the characteristic function of a specification
given either as a completely specified function, an incompletely
specified function or a Boolean relation. The condition on the
connection variables c is that the input-output behavior of are-
connected circuit is included in the input-output behavior of the
specification, namely,

Xrededgn(c) = Ciyo(XD(i’ O, C) = Xs(ia O))7

The consensus operator in the above extracts all the 0-1 assign-
ments to ¢ such that (xn(i,0,¢) = xs(i,0)) gets equal to a
tautology, which means that the reconnected circuits correspond-
ing to the 0-1 assignments follow the specification. Therefore,
we first check to seeif xregesign IS @ negative tautology. If that
is the case, then no solution exists under our redesign scenario.
Otherwise, any satisfying assignment to c gives a solution.

Let us go back to the example. Remember that our new spec-
ification in the exampleis o = abc. Therefore, the characteristic
function of the specification, x s, is:

vs(a,b, ¢,0) = [o = abd]

Combined with y p, the final constraint on connection variables,
Xredesign IS computed as follows.

Xredeg'gn(ca,vl, ey C’Ug,’u:;)
Ca,b,cyo(XD = XS)

= Ca,v10b,91Cc,v1Ca,v2Cb,u2Cc,v2Cv1,v2Ca,u3Cb,v3C¢,v3Cv1,93Cv2,u3

For this particular example, the characteristic function hasasingle
minterm, which means that there is a single solution for this
problem. Note that the reconnections implied by the minterm
yields the circuit shown in Figure 2.

In general, however, since the final characteristic function has
more than one minterm, we are interested in a solution optimum

“Unless the specification is given as a Boolean relation, this compu-
tation can be transformed into a simpler one by processing each output
separately and multiplying each constraint to construct x redes gn(c) .

minimum_hamming_distance(f, =)

1 if(f=1)return0

2 if (f=0)returnoco

3 if (3(f,d) incache) return d

4 c isthe top variable of f

5 do = minimum_hamming_distance(fz, z)

6 d1 = minimum_hamming_distance(f., z)

7 if (z. £20)

8 d = min(do =+ 1, dl)

9 else

10 d = min(do, d1 + 1)

11 if (minisachieved by the first argument above)
12 flink = fz

13 if (minisachieved by the second argument above )
14 flink = f.

15 save (f,d) in cache

16 return d

Figure 5: Algorithm to Compute the Minimum Hamming
Distance

in some sense. For simplicity, we assume in the following that
any connection requires the same amount of routing resource®.
Under this assumption, two possible criteria are:

1. minimum number of connections

2. minimum number of reconnections which transform the
original circuit to aredesigned circuit

The first criterion gives us a new circuit which requires the min-
imum routing resource, which corresponds to the satisfying as-
signment of xregesign that has the least number of 1's. Given
Xredesign in @BDD, this solution can be computed in time linear
to the size of the graph based on the Lin-Somenzi procedure[6)].
The second criterion yields asolution which requiresthe minimum
changein the original circuit. The corresponding assignment to
cisthe satisfying assignment of Xredesign that has the minimum
Hamming distance from the assignment ¢ which corresponds to
the original circuit. Note that the original circuit is also charac-
terized by some assignment to ¢, which we call ¢ here. Figure 5
shows an algorithm to compute the minimum Hamming distance
between satisfying assignmentsof f and aminterm z, given f as
aBDD. Thefirst two linesare terminal conditions. If f = 1, then
z itself is guaranteed to be a satisfying assignment of f. There-
fore, the minimum Hamming distanceis 0. If f = 0, however,
no satisfying assignment existsfor f. Thusthe procedure returns
infinity. If the terminal conditions are not met, then we first look
into the cache which maintains the previous results and return
the corresponding result if we have it. Otherwise, we proceed to

80ne can evaluate a routing cost in amore reasonable way by assign-
ing a weight to each connection depending on the difficulty in routing
the connection, for example using the distance of two terminals of the
connectionin the layout. Note, however, that this extension can be easily
handled in the algorithms presented afterwards without changing their
time-complexity.
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Figure 6: Computing the Minimum Hamming Distance on
BDD

pick asplitting variable ¢ asthe top variable of f, solve two sub-
problems separately, and construct the solution from the solutions
of the two. Two different cases have to be distinguished in this
process. Thefirst caseiswhen z liesin the half spacec(line7), in
which case the minimum of do + 1 and d; is returned, where do
and d; are the solutions of the two subproblems for the negative
and the positive cofactors with respect to ¢ respectively. Note that
we haveto usedp + 1 instead of do since setting ¢ to O increases
the Hamming distanceby onein the casewhere = hasthe opposite
value, i.e. 1, in c-coordinate. If not, then the procedure returns
the minimum of do and d1 + 1 based on the symmetric argument®.
The procedure runs in time linear to the size of a given graph.
Each BDD node has an additional entry called link, which points
to the child node which achieves the minimum value. Thus, by
traversing the BDD along with this link information after call-
ing m ni mumhanm ng_di st ance, the minterm of f which
achieves the minimum distance can be extracted in time linear to
the number of supportsof f.

Let us take an example to show how the procedure works.
Let f = cica + cacz and . = cieac3. Figure 6 shows how the
minimum Hamming distance is computed on the BDD of f. An
Italic number attached to a node denotes the minimum Hamming
distance between = and the minterms of the function represented
by the node. An arrow on a BDD edgeis alink connected by the
procedure. A traversal of the BDD from theroot to a 1-leaf along
with links givesthe satisfying assignment of f which achievesthe
minimum distanceone, i.e. cicaca.

9If the top variable of f. is not the next variable of ¢, then for the
skipped variablesbetween the two we can alwayschoosea 0-1 assignment
so that it exactly matches ». Therefore, these variables don’t contribute
anything to the minimum distance.

4 Experimental Results

We have implemented the proposed redesign algorithm on top
of SISusing BDD's™®. Table 1 shows preliminary experimental
results of our rectification method on DEC 5900/260. ex1 is an
industrial example encountered in an engineering change of an
embedded micro-processor. It is a part of the circuit extracted
by a designer, which was known from a manual redesign to be
rectifiable under the assumption that only reconnections are per-
missible. ex2 is a simplified version of ex1. In both of these
examplesthe algorithm successfully finds solutions. Althoughthe
circuits are small, the CPU time needed for this computation is
fairly large. Thisis dueto alarge number of connection variables
introduced for the formulation. One way to get around thisis to
extract constraints on reconnections from the layout and utilize
that information to reduce the number of connection variables.
For example, some reconnection might not be routable on the
current placement sinceit is blocked somewherein the middle or
the two terminals are simply located too far, which implies that
no connection variable is needed for this connection. Following
this idea, we conducted further experiments where only a subset
of the connection variables is introduced. Table 2 shows the re-
lationship between the number of connection variables and CPU
time. Note that the reduction of variables significantly improves
CPU time. We expect that the technique is practical also for
larger circuits(e.g. circuits composed of 20 gates) if the number
of connection variablesis controlled by the layout information.

5 Conclusions

We have discussed a redesign scheme based on gate reconnec-
tions, which is applicable to technology-mapped combinational
circuits. This technique allows us to rectify a given circuit with
the same set of gatesin the original circuit. This fact is of sig-
nificant importance in the case where the circuit is aready laid
out since the rectification is now completed by only changing the
routing portion of the layout without redoing the whole layout.
We have formulated the problem asaBoolean constraint and have
given an algorithm to solveit. Experimental results showed that
only small-sized problems are tractable due to the inherent com-
plexity of the problem in the most general setting where any pair
of gatesis connectable, but additional constraints derived from
layouts decrease the complexity significantly. We are currently
working on the further improvement of the algorithm with the
efficient use of these constraints. In addition, to handle larger
circuits, we are considering automatic extraction of promising
subnetworks, to which the proposed technique is applied, using
don’t care information.
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10pynamicreorderingis set during the computation dueto the difficulty
in finding a good variable ordering.



circuit | #inputs | #outputs | # gates | # connectionvariables || CPU time(sec)
exl 6 2 9 91 9830.5
ex2 6 2 7 64 91.3
Table 1: Experimental Results

circuit | # connection variables || CPU time(sec)

exl 91 9830.5

exl 63 2170.1

exl 54 8254

exl 48 3184

exl 44 451

Table 2: Experimental Results— # Connection Variables and CPU Time
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LTEn(v)
1 return LTE(v, m, n)

LTE(v, %, 1)
if ({<0)return0
if (k<!)retunl
if (3(v, k,1, f) incache) return f
fo=LTE(v,k —1,1)
fi=LTE(w,k —1,1-1)
f = ok o+ o[k fa
save (v, k, 1, f) in cache
return f

0O~NO Ok WNPE

Figure 7: Algorithm to Compute LTEn()

A An Algorithm to Compute LTEn()

Given a set of m variables, LTEn returns the function which
evaluates to one if and only if less than or equal to » variables
are set to one. Let »[1...m] be the array which contains the
m variables. Figure 7 shows a recursive algorithm to compute
LTEn. Given aset of m variablesin the array v, LTEn(v) first
calls a subprocedure LTE(v, m, »), which is then computed re-
cursively. LTE(v, k, 1) is designed so that it returns the function
which evaluates to one iff lessthan or equal to ! variables out of
v[1...k] are set to one. Thefirst two lines of the algorithm are
terminal cases. If [ < 0, then since any 0-1 assignment to v has
at least zero I'stheresult is 0. If £ < [, then any 0-1 assignment
to v hasat most k£ 1's, thus the procedurereturns 1. If theresultis
not in the cache, then we split the problem into two subproblems.
In one subproblem, by assuming that v[k] is set to 0, we solve
LTE(v, k — 1,1), whilein the other problem LTE(v, k — 1,1 — 1)
is computed assuming v[k] gets 1. The two results are merged
into the final solutionin line 6.



	Main Page
	ICCAD94
	Front Matter
	Table of Contents
	Author Index




