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Abstract— In general-synchronous framework, in
which the clock is distributed periodically to each reg-
ister but not necessarily simultaneously, circuit per-
formance is expected to be improved compared to
complete-synchronous framework, in which the clock
is distributed periodically and simultaneously to each
register. To improve the circuit performance more,
logic circuit synthesis for general-synchronous frame-
work is required. In this paper, under the assumption
that any clock schedule is realized by an ideal clock
distribution circuit, when two or more cell libraries
are available, a technology mapping method which as-
signs a cell to each gate in the given logic circuit by
using integer linear programming is proposed. In ex-
periments, we show the effectiveness of the proposed
technology mapping method.

I. INTRODUCTION

In the conventional integrated circuit design, the
complete-synchronous framework (c-frame), in which a
clock is distributed simultaneously to each individual reg-
ister, has been pursued for easy understanding and easy
designing. However, the performance improvement on the
premise approaches a limit, and the cost for the premise
is very high. On the other hand, in general-synchronous
framework (g-frame) [1-3] in which a clock is not assumed
to be distributed to all registers simultaneously, since de-
lay in g-frame may be used more efficiently than that in
c-frame, it is expected to improve the performance such
as the clock period, clock area, power consumption, and
reliability with low costs. Previous works for g-frame are
summarized in [4].

In many studies of g-frame, clock scheduling algorithms
[1-3,5-8] and clock distribution circuit synthesis algo-
rithms [9], [10] for given logic circuits have been inves-
tigated. However, the given logic circuits are synthesized
in c-frame. Since the optimum logic circuit in g-frame
is different from that in c-frame, the performance might
not be improved enough in g-frame. In order to improve
the clock period in c-frame, the circuits are synthesized so
that the maximum delay between registers is as small as
possible. However, in g-frame, the clock period might not
be reduced even if the maximum delay is reduced since the
clock period is obtained by constraint graph which is de-
fined by maximum and minimum delays between registers

Fig. 1. Circuit graph G.

[3]. Therefore, the logic circuit with low costs can be ob-
tained by synthesizing logic circuit for g-frame. The delay
insertion [11-14], gate sizing [15] and register relocation
[16,17] have been proposed. Although the clock periods
are improved by the existing methods, they do not take
power consumption and how to realize the circuit mod-
ification into consideration and/or do not guarantee the
optimality.

When two or more cell libraries are available, there is
a trade-off between the delay and power consumption for
each gate. The assignment for a cell in cell libraries to
each gate is called technology mapping. In this paper,
under the assumption that any clock schedule is realized
by an ideal clock distribution circuit, when two or more
cell libraries are available, a technology mapping method
which assigns a cell to each gate in the given logic circuit
by using integer linear programming (ILP) is proposed.
In experiments, we show the effectiveness of the proposed
technology mapping method.

II. PRELIMINARIES

In this paper, we assume that a circuit consists of regis-
ters, gates, and wires connecting registers and gates. We
refer to registers, gates, and wires as elements. A circuit
is represented by the graph G = (V, E), where V is the
vertex set corresponding to elements in the circuit and
E is the directed edge set corresponding to signal prop-
agations in the circuit. In this paper, we assume that
each element has a unique non-negative delay. Let d(v)
be the weight of v € V' which corresponds to the delay of
corresponding element.

Let V.. be the register set of G and V; be the gate set of
G. Necessarily, V. and Vj; are subsets of V. An example of
the circuit graph is shown in Fig. 1. In Fig. 1, {a,b,¢,d}
is the register set, and the value in each vertex represents
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(a)H(G)
Fig. 3. Constraing graph for circcuit G shown in Fig. 1.

(b)H(G,9)

delay.

A. General-synchronous framework

In g-frame, the clock input timing of a register may
be different from other registers. The clock timing S(r)
of register r is defined by the difference between clock
arrival time between r and an arbitrary chosen reference
register. A circuit works correctly with clock period T
if the following two types of constraints are satisfied for
every register pair with signal propagations (Fig. 2) [1].
Setup (No-Zero-Clocking) Constraints

S(a) = S(b) <T — Dyax(a,b)
Hold (No-Double-Clocking) Constraints
S(b) — S(a) < Din(a,b),

where Dyax(a,b) is the maximum delay and Dy, (a, b) is
the minimum delay from register a to b.

Let Ts(G) be the minimum clock period of circuit G in
g-frame under the assumption that clock can be input to
each register at an arbitrary timing. The minimum clock
period Ts(G) of G in g-frame is determined by the con-
straint graph H(V,, E,), where vertex set V,. corresponds
to registers in G and directed edge set E, corresponds to
two types of constraints [3]. An edge in E, from register
a to b with weight Dyin(a,b), called D-edge, corresponds
to the hold constraint, and an edge from register b to a
with weight T' — Dyax(a,b), called Z-edge, corresponds
to the setup constraint. Hereafter, the constraint graph
H(V,,E,) is simply represented by H(G). Let H(G,t)
be the constraint graph in which the clock period T of
Z-edges in H(G) is set to t.

Theorem 1 [3] Ts(G) is the minimum t such that there
is no negative-cycle in the constraint graph H(G,t).

Fig. 4. Circuit G’ which is assigned a cell of two or more cell
libraries to each gate.

Fig. 5. Constraint graph H(G’8) for circuit G’ shown in Fig. 4.

For example, the delay from register d to a in G shown
in Fig. 1 is 12 which is the maximum delay between reg-
isters. Therefore, the minimum clock period in c-frame is
12. The constraint graph H(G,T) is shown in Fig. 3 (a).
Since H(G,9) shown in Fig. 3 (b) includes no negative-
cycle and cycle (a,d,b,a) shown in Fig. 3 (a) is negative
when T' < 9, the minimum clock period Ts(G) is 9.

B. Technology Mapping

When two or more cell libraries are available, there is
a trade-off between the delay and power consumption for
each gate. The circuit G’ obtained from G shown in Fig. 1
by assigning a cell in two or more cell libraries to each gate
in consideration of the minimization of Ty is shown in
Fig. 4. The gate represented by slash in Fig. 4 is different
from that in G. The constraint graph H(G’,8) is shown
in Fig. 5. Since H(G’,8) includes no negative-cycle and
cycle (a,d,b,a) is negative when T < 8, the minimum
clock period Ts(G’) is 8. G’ is expected to become low
power consumption compared with G since a cell library
with large delay has low power consumption. Therefore,
G’ is expected to become low power consumption and high
performance in g-frame compared with G.

III. PROPOSED METHOD

Setup and Hold constraints are given by a linear expres-
sion [1]. Therefore, when the delay of each circuit element
is given, the problem which obtains the minimum clock
period T is defined as follows:

objective
minimize T

constraints
Setup constrains

S(ri) = 8(rj) <T = Dmax(ri, 75)((ri,m5) € Er(G)) (1)
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Hold constrains

S(rj) = S(ri) < Dmin(ri,r5) ((ri,r5) € En(G)) (2)

ILP1 which is an ILP which minimizes the clock pe-
riod in g-frame by technology mapping and ILP2 which
is an ILP which maximizes the number of the cell with
low power consumption with the minimum clock period
by technology mapping in g-frame are formulized by mod-
ifying the above problem definition.

A. ILPI

When £ cell libraries are available, let d;(1), d;(2), ...,
d;(k) be the delays of cells to gate . ILP1 which is an ILP
which minimizes the clock period in g-frame by technology
mapping is defined as follows:

objective
minimize T
constraints
For e = (t,u) € E,
if t,u¢V,,
e — 1y < =Dy, (3)
a; — ay > —Dy, (4)
ifteVi,ug¢V,,
S(t) —r, < =Dy (5)
S(t) —ay, > =D, (6)
ifueV,,té¢V,,
re—Su)—T<0 (7)
ar — S(u) >0 (8)
ift,bueV,,
St)—Su)—-T<0 (9)
S(t) —S(u) >0 (10)
For i €V,

k
Zgi(j):
k
Di =Y di(j) *gi(J

J=1

variable constraints

9:(7) ={0,1} (ieVy1<j<k) (13)

Let 7, a be variables to reduce the number of the con-
straints as mentioned later. Let g;(j) be a variable which
is set to either 0 or 1 and it represents the assignment for
the cell in cell library j with delay d;(j) to gate i. The

cell with delay d;(j) is assigned to gate ¢ if and only if

o

Fig. 6. Formulation to ILP.

gi(j) = 1. Equation (11) means that exactly one cell is
assigned to each gate. Equation (12) sets the delay of
assigned cell to the gate delay D;. Equations from (3) to
(10) correspond to Setup constraints (equation (1)) and
Hold constraints (equation (2)). For example, Setup and
Hold constraints between register (d,b) of the circuit G
shown in Fig.1 are discussed (Fig. 6). The constraints

from (3) to (10) on the paths between register (d,b) in
circuits G are defined as follows:

S —ry > Dy (14)

S(d)—ag < —Dy (15)

To —Ta 2 —D4 (16)

ap—ay < —Dy (17)

ro —rg > —Dg (18)

ao —ag < —Dg (19)

ry—rs > —Ds (20)

as —as < —Ds (21)

r¢ —rs > —Ds (22)

ag —as < —Ds (23)

rs—Sb)—-T > 0 (24)

as—S(b) < 0 (25)

Equation (26) is obtained by the addition of equations
(14), (16), (20), (24). Equations from (27) to (29) are
similarly obtained by the addition of equations from (14)

o (25).

S(d)—S(Mb)—T < —Dy—Di—Ds  (26)
S(d)—SB)—T < —Dy—Ds—Ds  (27)
S(b)=S(d) < Do+ Ds+ Ds (28)
S()—S(d) < Do+ Dg+ Ds (29)

Equations from (26) to ( 9) mean that the delays of all
paths between register pair (d,b) satisfy Setup and Hold
constraints.

The number of equations for all paths between register
pairs such as equations from (26) to (28) may increase ex-
ponentially since the order of the number of paths between
registers becomes exponential according to the number of
gates in some cases. On the other hand, the number of
equations from (3) to (10) is O(]|E,|) and the number of
equations (11) and (12) is O(|Vy]).

B. ILP2

In ILP1, although the clock period is minimized in g-
frame, the power consumption is not taken into consid-
eration. Therefore, after the minimum clock period by
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TABLE 1
CELL LIBRARIES.

Type of Transister | High integration | High speed
Low Leakage SNC MNC
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Fig. 7. Average of clock period and power consumption.

technology mapping T, is obtained by ILP1, the power
consumption is minimized without increasing the mini-
mum clock period. ILP2 which is the minimization of
the power consumption and which achieves the minimum
clock period T,y by technology mapping is formulized
based on ILP1. The objective is defined as follows:

k
Minimize Z{Otj * Zgz(J)}

v is the priority of cell library j. The cell library with
low power consumption is assigned preferentially by set-
ting a smaller value to «; for the cell library with low
power consumption. In order to minimize the power con-
sumption without increasing the minimum clock period
Top: which is obtained by ILP1 in g-frame, the following
equation is added to ILP1 as a constraint.

T S Topt

Other constraints are the same as the constraints of ILP1.

IV. EXPERIMENTAL RESULTS

We used the cell libraries of 65nm CMOS standard cell
in experiments. The cell libraries have two types: high
integration and high speed. Moreover, they are divided
into a high speed, a standard and a low leakage according
to the type of transistor. It is shown in Table I. The delay
and power consumption of the circuit were evaluated by
Synopsys Design Compiler. The SDF file was generated
by using only each of cell libraries MZ, MN, MNC. More-
over, the delay written in SDF file was set as the delay
of each cell, and ILP1 and ILP2 were formulized. ILP1
and ILP2 obtained solutions using CPLEX[18] in PC with
a 2.93GHz Intel Core i7 CPU and 6GB RAM. The ver-
ilog files corresponding to the cell assignment obtained by
ILP1 and ILP2 were made by our program. The perfor-

TABLE II
THE NUMBER OF CELLS IN EACH CELL LIBRARIES.
ILPL ILP2

#eate | #MZ  #MN  #MNC | #MZ  #MN  #MNC
27 10 10 0 0 5 0 5
$208.1 | 104 | 104 0 0 32 8 64
5208 | 119 94 13 12 21 19 79
s344 | 160 | 160 0 0 26 5 129
$349 | 161 | 161 0 0 26 5 130
s382 | 157 | 136 4 18 28 42 88
$386 | 159 | 159 0 0 2 28 106
s400 | 159 | 136 9 17 34 36 92
$420.1 218 197 10 11 42 34 142
s444 181 153 7 21 46 42 93
s499 | 152 | 152 0 0 46 42 93
s510 211 211 0 0 31 45 135
$526 | 193 | 193 0 0 23 37 133
s526n | 104 | 194 0 0 24 42 128
$635 | 286 | 286 0 0 95 27 164
s641 | 379 | 379 0 0 53 0 326
s713 | 393 | 393 0 0 53 2 338
$820 | 289 | 289 0 0 14 30 245
s832 | 287 | 286 0 1 15 29 243
$838.1 | 446 | 398 13 35 60 81 305
$038 | 446 | 411 16 19 67 71 308
953 | 395 | 395 0 0 62 36 296
s067 | 394 | 394 0 0 65 36 293
s991 | 519 | 443 36 40 57 1 461
s1196 | 529 | 512 3 14 17 7 505
s1238 | 508 | 491 3 14 17 8 483
1260 | 569 | 447 39 83 45 66 458
s1423 | 657 | 531 27 99 61 7 589
s1488 | 653 | 653 0 0 34 85 534
1494 | 647 | 647 0 0 29 81 537
s1512 | 780 | 780 0 0 77 62 641
$3271 | 1572 | 1293 93 186 54 85 1433
$3330 | 1789 | 1654 42 93| 105 132 1552
$3384 | 1685 | 1542 38 105 57 3 1625
4863 | 2342 | 2014 143 185 x x x
5378 | 2779 | 2779 0 0| 101 114 2564
6669 | 3080 | 2692 152 236 | 322 182 2576
$9234 | 5597 | 5597 0 0 x x x
$9234.1 | 5597 | 5507 0 0 x x x
$13207 | 7951 | 7254 145 552 x x x
s13207.1 | 7951 | 7293 130 528 x x x
s15850 | 9772 | 8726 257 789 x x x
s15850.1 | 9772 | 9772 0 0 x x x
$35932 | 16065 | 16065 0 0 x x x
838417 | 22179 | 22179 0 0 x x x
$38584 | 19253 | 19251 0 21 100 36 19117
$38584.1 | 19253 | 19253 0 0| 100 35 19118
prolog | 1601 | 1393 49 159 85 109 1407

x : out of memory

mance of the circuits obtained by ILP1 and ILP2 was also
evaluated by Design Compiler.

The experiment results of the circuits constituted from
only each cell library and the circuits obtained by ILP1
and ILP2 are compared. We applied these methods to
ISCAS89 benchmark suite. The number of cells in each
cell library of the circuits obtained by ILP1 and ILP2 is
shown in table II. The experiment results normalized us-
ing the minimum clock period and the power consumption
of the circuits constituted from only MZ are shown in ta-
ble III. In ILP2, in 9 circuits, the solution is not obtained
by ILP2 due to out of memory in CPLEX. The solution
which is not obtained is shown by x in table II and table
III. Ave. shown in table III is the average value of remain-
ing 39 circuits. The relation of averages of the minimum
clock period and power consumption is shown in Fig. 7.
In order to check the effect of the power consumption by
technology mapping, the power consumption is estimated
without changing frequency and synthesizing clock tree.
Therefore, since gates in g-frame are the same as those
in c-frame, the power consumption in g-frame and that
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in c-frame are the same. The minimum clock period in
g-frame is smaller than that in c-frame. Although details
are omitted for the space of the paper, in ILP1, the av-
erage of relative error of the minimum clock period T
obtained by CPLEX and the minimum clock period 75,
which is evaluated by Design Compiler is 0.55%. In ILP2,
the average of relative error is 2.38%. In ILP1 and ILP2,
since the delay of each gate is obtained by the delay of the
circuit constituted from only each cell library, the error
of the estimation of gate delay is occurred by subsequent
gates.

In ILP1, in 21 circuits, the minimum clock period T
and the power consumption of circuits obtained by ILP1
are smaller than those of circuits constituted from only
MZ. In the remaining 27 circuits, the minimum clock pe-
riod T and the power consumption of circuits obtained
by ILP1 are the same as those of circuits constituted by
only MZ since most gates in the circuits obtained by ILP1
are assigned cells in MZ.

In 13 circuits, the minimum clock period T and the
power consumption of circuits obtained by ILP2 are
smaller than those of circuits constituted from only MZ.
In 5 circuits, although the minimum clock period Ty of
circuits obtained by ILP2 are the same as that of cir-
cuits constituted from only MZ, the power consumption
of circuits obtained by ILP2 is smaller than that of the cir-
cuit constituted from only MZ. In remaining 21 circuits,
although the power consumption of circuits obtained by
ILP2 is smaller than that of the circuit constituted from
only MZ, the minimum clock period Ty of circuits ob-
tained by ILP2 is larger than that of circuits constituted
from only MZ since the error is occurred by the estima-
tion of delays. The power consumption of circuits ob-
tained by ILP2 is smaller than that of circuits obtained
by ILP1 since most gates in the circuits obtained by ILP2
are assigned cells of cell library with low power consump-
tion. However, the minimum clock period Ty of circuits
obtained by ILP2 is larger than that of circuits obtained
by ILP1.

In experiment results, the circuits with low power con-
sumption and high performance are obtained by ILP2.

V. SUMMARY AND CONCLUSIONS

In this paper, we proposed the technology mapping
method for low power consumption in g-frame. The pro-
posed technology mapping method improves clock pe-
riod and power consumption. Moreover, in the experi-
ments, the effectiveness of the proposed technology map-
ping method is shown.

In our future works, we will propose a heuristic tech-
nology mapping method which assigns a cell to each gate
since a solution is not obtained by ILP2 in large circuits.
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51512 1.04 1.00 1.00 1.26 1.21 0.83 1.66 1.58 0.67 | 1.00 1.00 0.21 | 1.04 0.88 22.71
s3271 1.51  1.00 1.00 1.86 1.22 0.80 2.39 157 0.66 | 0.96 0.97 1.02 | 0.99 0.78 21.88
$3330 1.86 1.00 1.00 | 2.33 1.25 0.80 2.98 1.61 0.66 | 0.95 0.96 0.86 | 0.96 0.84 74.45
$3384 1.22  1.00 1.00 149 1.22 0.82 1.93 1.57 0.67 | 0.96 0.98 0.88 | 0.96 0.96 0.81
s4863 1.16 1.00 1.00 142 1.21 0.81 1.84 1.57 0.66 | 0.96 1.00 2.68 X X X
sH378 1.24 1.00 1.00 1.51 1.21 0.82 1.98 1.57 0.66 | 1.00 1.00 0.44 | 1.03 0.80 643.02
s6669 1.21 1.00 1.00 148 1.22 0.81 191 1.57 0.67 | 0.99 0.99 2.86 | 1.00 0.93 858.68
$9234 1.49 1.00 1.00 1.83 1.24 0.82 2.36 1.59 0.68 | 1.00 1.00 2.13 X X X
$9234.1 1.83 1.00 1.00 1.83 1.24 0.82 236 1.59 0.68 | 1.00 1.00 2.22 X X X
s13207 1.96 1.00 1.00 1.74 124 0.81 2.24 161 0.67 | 0.98 0.98 2.93 X X X
s13207.1 1.35 1.00 1.00 1.74 123 0.81 2.24 1.60 0.67 | 0.98 0.98 2.72 X X X
s156850 1.31 1.00 1.00 1.62 1.25 0.82 2.09 161 0.68 ] 0.96 0.97 8.87 X X X
s15850.1 1.31 1.00 1.00 1.70 1.24 0.81 2.19 159 0.67 | 1.00 1.00 3.85 X X X
$35932 2.66 1.00 1.00 1.25 1.25 0.79 1.58 1.58 0.65 | 1.00 1.00 9.72 X X X
s38417 | 2.59 1.00 1.00 1.87 1.25 0.80 2.39 1.60 0.66 | 1.00 1.00 23.49 X X X
$38H84 1.28 1.00 1.00 1.59 1.25 0.80 1.00 1.61 0.66 | 1.00 1.00 6.35 | 1.04 0.84 569.17
s38584.1 1.26  1.00 1.00 1.58 1.25 0.79 2.03 1.61 0.65 | 1.00 1.00 39.39 | 1.04 0.82 581.43
prolog 1.87 1.00 1.00 | 235 1.25 0.80 2.99 1.60 0.66 | 0.96 0.94 1.03 | 0.98 0.77 1944.56
Ave. 1.75 1.00 1.00 | 207 1.23 0.81 2.65 1.59 0.66 | 0.97 0.99 0.99 0.85
Te minimum clock period in c-frame
Ts minimum clock period in g-frame
P; power consumption in gate level
x  out of memory
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