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1 Introduction

Circuit pipelining is one technique that has been
used in order to shrink the clock period. Pipelin-
ing is a method in which a circuit is divided into a
small number of stages and intermediate registers
are inserted between stages to store the intermedi-
ate data. With this method, extra circuit area is
required to situate the additional intermediate reg-
isters and the size of the clock tree is also increased.

Recently, to overcome this problem, several stud-
ies have been carried out on wave pipelining [1],
which is a method of speeding up the circuit with-
out the insertion of intermediate registers. How-
ever, wave pipelining requires tighter timing con-
straints. In wave pipelining, there may exist a num-
ber of ‘waves’ of data in a circuit at any given time.
Therefore, to avoid data collisions, delay balancing
is required, which increases the circuit area.

In [2], an algorithm that removes intermediate
registers to reduce the circuit size while maintaining
the circuit behavior was proposed. The obtained
circuits contain multi-clock cycle paths as in wave
pipeline, but timing constraints are relaxed by clock
scheduling and satisfied without delay balancing.

In [3], the algorithm in [2] was enhanced by in-
troducing a limited delay balancing. The algorithm
in [3] inserts delay elements to which the removed
intermediate registers were located if necessary. A
smaller circuit is obtained since the algorithm can
select either the removal of a register or the replace-
ment of a register with delay elements.

In this paper, we enhance the algorithm proposed
in [3] by introducing a more general delay balanc-
ing. In the proposed algorithm, the locations where
delay elements are inserted are not restricted to
the locations of the removed intermediate registers.
The algorithm determines the locations where de-
lay elements are inserted by using the concept of
delay-demand and delay-slack proposed in [4]. In
[4], delay elements are greedily inserted one by one
to a circuit to minimize the feasible clock period ac-
cording to delay-demand and delay-slack. While, in
the proposed algorithm, in order to obtain a smaller

circuit that works correctly within a given target
clock period range, delay elements are inserted si-
multaneously to a circuit by using the well-known
flow based min-cut algorithm.

Experiments with a multiplier verify that, given
a particular target clock-period range, the proposed
algorithm obtains a circuit with smaller area com-
pared with the circuit obtained by the algorithm
in [3]. Although the size of an obtained circuit is
same as the circuit obtained by [3] in few cases in
the experiments, we believe that the size reduction
becomes larger if the proposed algorithm is applied
to larger circuits.

2 Preliminaries
2.1 Timing Constraints

In this paper, we consider a circuit consisting of
registers and gates, and wires connecting them. We
refer to them as elements. A circuit is represented
by the circuit 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 propagations in the circuit. In this paper,
we assume each element has minimum and maxi-
mum delay. Let dpin(v) (dmaz(v)) be the minimum
(maximum) delay of v € V;;. Let V, be the register
set of G. Necessarily, the register set is a subset of
Vy.
An example of the circuit graph is shown in
Flg 1. In Flg 1, {Ul,UQ,’Ul,Uz,Ug,wl,wQ} is the
register set, and the figures in each vertex repre-
sent its minimum and maximum delay.

The clock timing s(r) of register r is the differ-
ence in clock signal arrival time between r and an
arbitrarily chosen (perhaps hypothetical) reference
register. The set of clock timings is called a clock-
schedule.

We make the basic assumption that a circuit
works correctly if the following two types of con-
straint are satisfied for each register pair with signal
propagation [5],[6]:

Setup Const. :
s(ri) = s(rj) < ﬁn,r]T — dmax(7i,75)
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Hold Const. :
s(r;) — s(ri) < dmin(rs,75) — T

where T is the clock period, dmax(ri,7})
(dmin(ri, 7)) is the maximum (minimum) propa-
gation delay from register r; to register r; along
a combinatorial circuit, and B, ,; and oy, ,; are
given constants (3, > ar,r, > 0), respectively.
Note that for a pair of registers with a single-clock
cycle path, B, and ay,,; are given by 1 and
0, respectively. This formulation is sufficiently
general to deal with multi-clock cycle paths and
multi-clocks that have different periods.

If oy, r; is O for every pair, the feasible clock pe-
riod has no upper bound, i.e. if the clock period
T is feasible then any T'(where T' > T') is feasible.
However, the feasible clock period is bounded above
if ay, -, is not 0 for some pair (r;, 7).

From the above constraints, when the clock
schedule and the signal propagation delay are
known, the minimum and maximum feasible clock
period, Tiin and Thax, can be determined from the
setup and hold constraints, respectively.

If the clock timing is not fixed, then Ty, and
Tmax depend on each other. In order for the cir-
cuit to tolerate clock jitter and delay variation, the
circuit must works correctly throughout a certain
clock-period range §. A circuit works correctly for
a clock period between T and T + 9, if the following
constraints are satisfied.

Setup Const. :
s(ri) — s(rj) < Bry ;T — dmax(73,75)
Hold Const. :

S(Tj) = 8(1:) < dmin(ri,75) — ari,rj6 - O‘TMJT

In the following, our target is to get a circuit
that works correctly for a clock period between T'
and T+ 0, where T and ¢ are given.

A pipeline consists of several pipeline stages. Let
p be the number of pipeline stages. Each pipeline
stage is referred to by the stage number. The stage
numbers of pipeline stages from the primary inputs
to the primary outputs are assigned to 1, 2, ..., p,
respectively. Registers between pipeline stages are
also referred to by the stage number. The stage
number of a register between stage-i and stage-
(1 + 1) is i. The stage numbers of a register at the
primary inputs and the primary outputs are 0 and
p, respectively. Let stage(r) be the stage number
of register 7.

In the proposed pipeline architecture, setup and
hold constraints for register pair r; and r; with
signal propagation from r; to r; are defined by
using By, = stage(rj) — stage(r;) and ay,,, =
stage(r;) — stage(r;) — 1. Note that in the conven-
tional pipeline architecture, By, ,, = 1 and ay, »; =

0 since stage(r;) — stage(r;) = 1 if a signal propa-
gates from r; to r;.

An example of the circuit of the proposed pipeline
architecture is shown in Fig. 2. In Fig. 2, “buft”
is the delay elements, v; is the intermediate regis-
ter and it is between stage-1 and stage-2, therefore
stage(vy) = 1.

2.2 Delay-demand and delay-slack

A circuit is not work correctly at target clock-period
range, if the timing constraints are violated. The
violated timing constraints can be eliminated by in-
serting some delay elements to the edges in a circuit
graph. The concept of delay-demand and delay-
slack proposed in [4] can be used to find the edges
in a circuit graph where delay elements should be
inserted.

For any edge e in a circuit graph, let break(e)
be the time when the earliest signal arrives at e,
complete(e) be the time when the latest signal ar-
rives at e, hold(e) be the earliest possible time of
signal arrival at e that can keep Hold constraints,
and setup(e) be the latest possible time of sig-
nal arrival at e that can keep Setup constraints.
Moreover, let delay-slack slack(e) be setup(e) —
complete(e), that means the amount of delay which
can be inserted, and delay-demand demand(e) be
hold(e) — break(e), that means the amount of delay
which must be inserted.

The formal definition of demand and slack to
make a circuit G to works correctly for a clock pe-
riod between T and T + ¢ is as follows. Note that,
since our target circuit contains multi-clock cycle
paths that is different from the target circuit of the
algorithm proposed in [4], the definition stated in
this paper is little bit different from the definition
stated in [4].

For a given clock period T, clock-period
range § and clock schedule S of a circuit G,
break, complete, hold, setup, demand, and slack of
e = (u,v) € E, are defined as follows; If u is a
register (u € V,.),

break(e) = s(u) + dpmin(u) + T * stage(u)
complete(e) = s(u) + dmaz(u) + T * stage(u)

otherwise,

break(e) = ming e pi(ey{break(e’) + dmin(u)}
complete(e) = maxee pie) {complete(e’) + dmae (u) }

where Fi(e) is the edge set whose tail is u. If v is a
register (v € V),

hold(e) = s(v) 4+ (T + 6) * (stage(v) — 1)
setup(e) = s(v) + T = stage(v)
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otherwise,

hold(e) = maxgepo(e){hold(e’) — dmin(v)}
setup(e) = mine'eFO(e){Setup(el) - dmaz(v)}

where Fo(e) is the edge set whose head is v. More-
over,

demand(e) = hold(e) — break(e)
slack(e) = setup(e) — complete(e)

Note that demand and slack depend on clock
schedule S. Different clock schedule results differ-
ent demand and slack.

demand and slack for the circuit and clock sched-
ule shown in Fig. 3 are shown in the same figure.

3 Delay Balancing with Min-cut Algorithm

In our proposed algorithm, first, all intermediate
registers are removed. When all intermediate regis-
ters are removed, the obtained circuit will not work
correctly within a given target clock-period range
since several timing constraints are violated. In or-
der to make the circuit works correctly within a
given target clock-period range, the violated tim-
ing constraints need to be eliminated. The delay-
demand of an edge is positive when the timing
constraint is violated. The violated timing con-
straints can be eliminated by forcing positive delay-
demands to be smaller than or equal to 0.

In this paper, the delay-demand and delay-slack
are computed according to the clock schedule for
the pipelined circuit where some of the intermedi-
ate registers are removed and works correctly at
target clock period range, which is obtained by [3].
The clock schedule is used for the delay-demand
and delay-slack computation for the circuit with-
out intermediate registers.

The delay-demand of an edge can be reduced by
inserting delay elements to the edge. We only use
one type of buffer as a delay element. The cost of
an edge e is defined as the number of buffers that
need to be inserted on e in order to make the delay-
demand of e becomes smaller than or equal to 0.
However, the number of buffers that can be inserted
on e is limited by the delay-slack of e. Therefore,
if the number of buffers that need to be inserted
is larger than the number of buffers that can be
inserted, the cost of the edge is defined as co. For
an edge e, which corresponds to an edge where an
intermediate register is located, if the total area of
buffers that need to be inserted is larger than or
equal to the area of an intermediate register, the
cost of e, is defined corresponding to the area of
the intermediate register. For example, if the area
of an intermediate register is m times larger than

the area of a buffer, the cost of e, is m. The cost of
an edge whose delay-demand is 0 or negative is 0.

In [4], delay elements are repeatedly inserted to
each edge where demand is larger than 0, until de-
mand for all edges is smaller than or equal to 0.
This is time consuming, also there are some possi-
bilities that the order of the delay element insertion
will affect the total number of inserted delay ele-
ments. To avoid that kind of problem, here we use
the minimum cut algorithm proposed in [7] to find
the edges to which the delay elements are needed
to be inserted.

A minimum cut is a cut whose total edge cost is
minimum and divides the primary inputs and out-
puts into two different parts. In order to find a
minimum cut that divides the primary inputs and
outputs into two different parts, two hypothetical
vertex source and sink are inserted to the circuit
graph. source (sink) is connected to the primary
inputs (outputs) by edges with infinite cost. The
worst case of the found minimum cut corresponds
to the solution obtained by the algorithm shown in
[3].

The delay elements and intermediate registers are
inserted on all edges in the found minimum cut si-
multaneously. By inserting the delay elements and
intermediate register to the edges of a minimum cut,
the delay-demand of all edges become smaller than
or equal to 0, thus makes the circuit works correctly
within the given target clock-period range. There-
fore there are no order of delay elements insertion.
Also, there are no repeated process of the finding
of a minimum cut and the computation of delay-
demand and delay-slack, thus reduced the compu-
tation time.

Our algorithm is heuristic. Different clock sched-
ule may results different solution. There may ex-
ist a solution where the total of inserted buffers is
smaller than the solution obtained by our proposed
algorithm, since in our proposed algorithm the clock
schedule is fixed.

The details of our proposed algorithm are as fol-
lows.

Inputs : Circuit graph G. The target clock-period
range 6.

Outputs : Circuit graph G after delay insertion.

Step 1 : Compute the clock schedule and the mini-
mum clock period Ty, of the circuit obtained
by [3].

Step 2 : Compute the demand and slack of the
circuit obtained by removing all intermediate
registers. demand and slack are computed by
using the clock schedule and the minimum
clock period obtained by Step 1.
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Step 3 : Based on the demand (e), slack (e), min-
imum delay and maximum delay of the delay
elements, compute the cost of edge e.

Step 4 : Find a minimum cut that divides the pri-
mary inputs and outputs of the circuit graph
into two different parts by the Ford Fulkerson
algorithm in [7].

Step 5 : Output circuit graph G’ after the delay
elements and intermediate registers are in-
serted to the location of the found minimum
cut and terminate.

3.1 Example
ut u2
[4.8] [4.8]

[4,8] [4.8]

2,2

Tcomp =12

Fig. 1: Conventional pipelined circuit graph

To explain the behavior of the algorithm, we ap-
ply the algorithm to the pipelined circuit shown in
Fig. 1. In this example, our target clock-period
range ¢ is 3 and the timing of each register is sched-
uled. Parameters are set as follows: setup and hold
time for registers are 0; the minimum and maxi-
mum delay of the intermediate registers are 4 and
8, respectively; the minimum and maximum delay
of the buffers are 1 and 2, respectively; the size of
an intermediate register is 4 times larger than the
size of a buffer, that is, the upper bound of the cost
for the edge where intermediate register is located
is 4. For the original circuit with zero clock-skew,
the minimum feasible clock period Teopy is 12.

The circuit after the algorithm shown in [3] is ap-
plied is shown in Fig. 2. The minimum clock period
Tin of the obtained circuit is 12 and the obtained
clock schedule is as shown in Fig. 2. The circuit
obtained by removing all intermediate registers is

s(u2) =0
stage(u2) =0

nooul s(ul) =-2
4,8] |stage(u1) =0

svi)=-2 =%
stage(v1) = 155

s(w2) = -4
stage(w2) =2

s(utl) =-2
stage(ul) =0
(8,8

s(u2) =0
stage(u2) =0

s(w2) = -4
stage(w1) =2 stage(w2) = 2

(demand, slack)

Fig. 3: Demand and slack of the circuit.

shown in Fig. 3. Delay-slack and delay-demand are
determined as shown in Fig. 3. The cost of each
edge is computed as shown in Fig. 4. In Fig. 4, the
edge between gate a and b is the edge whose inter-
mediate register v1 was located, and the number of
buffers that need to be inserted is larger than the
number of buffers that can be inserted. Therefore,
the edge cost of the edge between gate a and b is
4 that is the total area of an intermediate register.
The minimum cut of the obtained circuit graph is
found as shown in Fig. 4. As shown in Fig. 5, by
inserting 2 buffers between register us and gate ¢
and an intermediate register between gate a and b,
the delay-demand for all edges become smaller than
or equal to 0.
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s(ul) =-2
stage(ul) =0

s(u2) =0
stage(u2) = 0
Minimum Cut

s(w2) = -4

stage(wl) =2 stage(w2) =2

Tmin =12

Fig. 4: The cost of each edge and the found minimum cut

Table 1: Statistics of multiplier

Circuit delay [ps]

circuit Total #FF| 1st stage |2nd stage
min max |min max
6bit_mul 42 949 3888|382 3581

16bit_mul 120 807 5406|391 4423

4 Experiments

The proposed algorithm was implemented on a PC
with Pentium 4 (CPU 3GHz, memory 513764kb).
Since there are no benchmark examples of pipelined
circuits, two simple examples, briefly described be-
low, were constructed for our experiments.

e (bit_mul: A 2-stage multiplier that multiplies
two 6-bit numbers. The first stage uses a
carry-save adder with Wallace tree structure
[8] and the second stage uses a ripple-carry
adder.

e 16bit_mul: A 2-stage multiplier that multi-
plies two 16-bit numbers. The first stage uses
a carry-save adder with Wallace tree struc-
ture [8] and the second stage uses a carry-
look-ahead adder.

The statistics of the circuit are shown in Table
1. The ROHM 0.35 pm process library was used
for these experiments. In the library, the area of a
register is four times larger than the area of a buffer.
Therefore, in our experiments the upper bound of
the cost for the edge where intermediate register
is located is 4. The timing of each I/O pin was
scheduled as well as the timing for each register.

s(w2) = -4
stage(w2) = 2

(demand, slack)

Fig. 5: The circuit after the insertion of delay elements and
intermediate registers on the edges of the found minimum cut

The results of our experiments are shown in Ta-
ble 2. “Delay Balancing with Min-Cut” is the result
when our proposed algorithm is applied. “Delay
Balancing with greedy” is the result when the de-
lay elements are greedily inserted one by one to the
edges whose delay-demand is positive until delay-
demand for all edges is smaller than or equal to 0.
“Replacement of FF with delay in [3]” is the result
when the register replacement algorithm shown in
[3] is applied. Ori. is the original circuit contain-
ing the intermediate registers and the clock tim-
ing of all registers are fixed at 0 (zero clock-skew).
“6[ps]” and “Tn[ps|” are the target clock-period
range and the output minimum feasible clock pe-
riod, respectively. “Buff. (#)” and “FF (#)” are
the number of buffers and intermediate registers,
respectively. “Buff. + FF (unit)” is the total area
of the buffers and intermediate registers that had
been inserted. Note that the area of a FF is 4 times
larger than the area of a buffer. “Buff. + FF (%)”
is the percentage of the total area of the buffers
and intermediate registers compared with the total
area of intermediate registers in the original circuit.
“Time[s]” is the computation time of the respective
algorithm.

The results show that the circuit area of the cir-
cuit obtained by our proposed algorithm is smaller
compare with the circuit area of the circuit obtained
by [3]. Although the size of an obtained circuit is
same as the circuit obtained by [3] in few cases in
the experiments, we believe that the size reduction
becomes larger if the proposed algorithm is applied
to larger circuits.
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Table 2: Experimental Results

Delay Balancing with Delay Balancing with Replacement of FF
Min-Cut Greedy with Delay in [3]

Circuit 1 Trin Buff. | FF | Buff. + FF | Time || Buff. | FF | Buff. + FF Time Buff. | FF | Buff. + FF | Time

[ps] [ps] (%) # # | unit % [s] # # | unit % [s] # # | unit (%) [s]

6bit_mul | Ori. || 3888 (100) || o |18 | 72 (w00)| - 18 | 72 (100) - o 18] 72 (100)| -
0 |I3855 (99) || 4 | 1| 8 q@uplows| 7 | 1| 11 (@15 | 026 4 | 1] 8 (1002
200 [|3839 (99) || 3 | 2| 11 (@5 o020 | 12 | 2| 20 (28 | 063 3 |2 | 11 @5 |o004
400 || 3846 (99) || 2 |3 | 14 @9 o020 | 11 | 3 | 23 (32| o044 2 | 3| 14 (19 | 003
600 || 3852 (99) || 5 | 3| 17 (24) 019 19 | 3 | 31  (43) | 0.64 5 | 3| 17 (24) | 005
800 || 3858 (99) || 4 |4 | 20 (28 [o021| 13 | 4 | 28 (39) | 059 4 | 4|20 @8 |o005
1000 |[ 3864 (99) || 8 | 4| 24 (33) |022] 19 | 5| 39 (54) | 0.66 5 | 5| 25 (35 | 005

16bit-mul | Ori. || 5406 (100) || 0 |56 | 224 (100) | - 0 |56 | 224 (100) - 0 |56 224 (100)]| -
0 {5300 (99) || 19 | 2| 2r (2 |7040]| 14 | 8 | 46 (21) | 926.67 4 | 8| 3 (@6) | 297
200 || 5393 (99) || 11 | 7| 39 @7) |e267| 8 |11 | 52 (23) | 572.88 1 |11 45 (20) | 3.49
400 | 5395 (99) || o | 17| 77 (34) |6246| 9 |19 | 85 (38) | 62007 | 7 |19| 83 (37) | 6.31
600 || 5390 (99) | 37 | 25| 137 (61) |67.43 | NG NG| NG () | 1797.32 || 20 |30 | 140 (63) | 9.57
800 || 5378 (99) || 17 |42 | 185 (83) |71.31|| NG NG| NG  (-) | 2146.73 || 17 |42 | 185 (83) |10.94
1000 || 5368 (99) || 9 |46 | 193 (86) |69.32 | NG |NG| NG () | 129016 | 9 |46 | 193 (86) | .96

NG : Solution cannot be obtained.

5 Conclusion

It has been shown that the area of a pipelined cir-
cuit can be reduced by implementing a multi-clock
cycle path technique together with clock scheduling
and delay balancing with min-cut algorithm. The
size of the clock tree also is reduced when the num-
ber of intermediate registers is reduced. There may
exist a solution where the total number of inserted
buffers is smaller than the solution obtained by our
proposed algorithm. We believe that our proposed
algorithm can be enhanced so that it can reduce the
total number of inserted buffers. This is a topic for
future investigation.
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