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Abstract

Partitioning of a system to mazximize exploitable sleep time
for low-power synthesis ts discussed. The motivation is to de-
activate the memory refresh circuitry, apply power down or
disable the clock signals during the inactive periods of oper-
ation of circuit elements, and thus minimize the power con-
sumption. Since it s impractical to have a separate set of
control signals for each circuit element (otherwise, the control
itself would consume a lot of power), it is advisable to partition
a circutt based on the activity patterns of its elements so that
the partitions can be switched into sleep mode for long periods
of time. In this paper, we formulate this partitioning prob-
lem and show that it is NP-hard. We present Geo_Part |,
a geometric partitioning heuristic for this problem. An effi-
cient implementation of Geo_Part using segment tree data
structure s discussed. Experimental results are encouraging.

1 Introduction

Not so long ago, the main objectives in the automation
process of designing VLSI chips were: 1. increased processing
speed, 2. reduced chip area, and 3. testability. With the
modern advances in VLSI and packaging technologies, the
average transistor count has shown an increase rate of about
one hundred-fold per decade [3], allowing much more com-
plex functionality per chip. The minimization of the average
power consumption in modern VLSI circuits is an emerging
objective of utmost importance due to a number of reasons,
including: longer battery life for portable communication and
computing appliances, heat dissipation bottleneck in highly
integrated circuits [3], and environmental issues [2]. Because
of the importance of the power consumption issue, there has
been considerable shift of attention in logic and layout syn-
thesis areas [15, 16] and more recently in high-level synthesis
[4, 10] from the delay and area minimization issues towards
low power design.

There are three sources of power consumption in CMOS
circuits: the charging and discharging of capacitive loads dur-
ing switchings at gate outputs, the short circuit current which
flows during output transitions, and the leakage current. The
last two sources should be dealt with and optimized using
proper device and circuit design techniques, hence the design
automation community has focused on the minimization of
the first source, which is frequently referred to as the switch-
ing power or dynamic power. Transition density or average
switching rate at different sites in a circuit is introduced in
[11] as a quantity to measure the circuit activity, which can
be used to estimate the average dynamic power consumption
in a digital circuit.
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Figure 1: Circuit partitioning to exploit sleep mode

Previous research for low power synthesis of digital circuits
has focused on issues such as activity-driven technology de-
composition and mapping [15], low power state assignment
[8], architectural transformation and reduction of power sup-
ply voltage [4], wire and driver sizing [5], and reversible and
adiabatic computing [6]. In this paper we study the partition-
ing problem to exploit sleep mode operation for power mini-
mization in digital circuits. In a general setting, this problem
can be viewed as partitioning a set of circuit elements such
that the savings in power consumption achieved by switching
each partition as a whole into sleep is maximized. Placing a
partition into sleep mode assumes different meanings in each
setting of the problem. The problem finds many applications
in low power design, e.g., memory segmentation, partition-
ing to power-down portions of the design, and activity-driven
clock tree design (see Figure 1).

In this paper we formulate the partitioning problem to
maximize sleep time, while at the same time controlling the
total number of switchings of the partitions into and out of
sleep mode and show that the problem is NP-hard. Because
of the geometric nature of the problem, direct application
of graph partitioning schemes to this partitioning problem is
not possible. We present Geo_Part , a geometric algorithm
based on iterative improvement techniques [9] for this prob-
lem. We present an efficient implementation of this algorithm
using the segment tree data structure [12], and discuss its time
complexity. We also discuss upper bounds on total achievable
sleep time for a given instance of the problem. Experiments
for memory segmentation were conducted on a number of
sorting, matrix multiplication, and DSP algorithms to show



the effectiveness of our approach.

2 Problem Formulation

Let M = {m1, m2,...,m,} represent the set of circuit ele-
ments (CEs). We say that CE m is idle during time interval
I'=(lr), I <r, if m can be switched into sleep mode during
I. Intervals Iy = (I1,r1) and Iz = (I2, r2) are non-overlapping
if 4, > ro or Iz > ri. A set of intervals are non-overlapping
if they are pairwise non-overlapping. The idle set N, of m
consists of a set of non-overlapping intervals or an NIS (Non-
overlapping Interval Set) during all of which m is idle. We
assume that the idle sets of elements in M are given as a set
S = {N1, N2, ..., No.}, where N; = {I,,, I, ..., Ii,,, } represents
the idle set of m; (see Figure 2). An emptyinterval is denoted
by (). Given intervals Iy = ({1,71) and I = (I2,r2), we say
I, covers I if either )} <l < rz <y, or I; = (). The length
L(I) of an interval I = (I,r) is defined as the quantity r — [
(or 0if I =() ). The intersection of two intervals I; and I,
denoted as I1 Az, is defined as the longest interval covered by
both I; and I> (or empty if the two intervals do not overlap).
The intersection of more than two intervals is defined simi-
larly. The intersection of two NISs N1 = {I11, 12, ..., J1ny }
and Nz = {I21,I22,...,I2n,}, denoted as N1 A Na, is defined
as the NIS formed of the non-empty pairwise intersections of
the intervals one picked from N; and the other picked from
Ny, that is:

NiANy={I1 Al | I1 € Ny, I € Nay, I1 A2 # ()} (1)

The intersection of more than two NISs is defined simi-
larly. The endpoint set E'nx of NIS N is defined as the set of
endpoints of the intervals in N, that is: Exy = {p | J¢ :
(p,q) € Nor(qg,p) € N}. The duration D(N) of a NIS
N = {lh,I>,...,Ix} is defined as the sum of the lengths of
the intervals contained in it, that is: D(N) = Zle L(L).
Given a set S = {Ni, Na,..., Ni} of NISs, the internal in-
tersection A(S) of S is defined as the intersection of all the
NISs in S, that is: A(S) = An,esN;. The endpoint set
FEs of S is defined as the union of the endpoint sets of the
NISs in S, that is: Eg = {p | IN € S : p € En}. Given
a set S, (S1,52) is a bi-partitioning for S if: 51,5, C S,
S1 NS, = ¢ and S; US:, = S. The bi-partitioning (.51, 52)
is b-balanced if |S1| > b and |S2| > b, where the notation
|Si| denotes the cardinality of set S;, and is called the size
of partition S;. Note that a bi-partitioning (.S1,.52) of S de-
fines a corresponding bi-partitioning (M1, M2) of M, and vice
versa, where M; = {m; | N; € S;}. That is M; is the
set of CEs whose idle sets are partitioned into S;. The den-
sity of a partition S; at a given point p, is the number of
NISs in S; that contain some interval containing p. The gain
G(S1,52) of b-balanced bi-partitioning (S1,52) of S is de-
fined as: G(S1,S2) = f(t1, t2, swi, swy) where ¢; = D(A(S;))
and sw; = |A(S;)|. are referred to as the sleep times, and the
switchings of partitions S; and Sz, respectively. Note that the
internal intersection of a partition S; of S, can be thought of
as the idle set of the corresponding partition M; of M| ie.,
the set of maximal intervals during which all the CEs in M;
are idle. Hence, we will use the terms idle set and internal
intersection of a partition interchangeably in the rest of this
paper. Any interval in the idle set of a partition is an idle
interval or sleep interval of that partition.
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Figure 2: Partitioning to maximize sleep time

In general, the function f, describing the gain, should be
an increasing function of ¢; and ¢2, and a decreasing function
of swy and swo, e.g., f =t + 12 —a X (swy + swz). In this
definition, the term t; + ¢2 accounts for the savings in power
consumption due to sleep mode operation of partitions 51, Sz,
and the term a x (sw1 + sw2) accounts for the overhead in
power consumption resulted from the extra control circuitry
needed to supervise sleep mode operation. The parameter a
is introduced to control relative significance of saving vs. over-
head terms. We can now formulate our partitioning problem
STMP (Sleep Time Maximization Problem):

o Instance: Ordered pair (S,b), where S = {N1, N3, ..., N;.}
is a set of NISs representing the idle sets of a set of CEs, and
b is a positive integer.

e Objective: Find a b-balanced bi-partitioning (.S1,.52) of
S that maximizes the bi-partitioning gain G(S1, S2).

Note that STMP is formulated as an optimization prob-
lem here. Using a transformation from min-cut graph parti-
tioning problem [7] we can show that the decision version of
STMP is NP-complete. We state this result as the following
theorem(proof omited for brevity):

Theorem 1. The problem STMP s NP-hard.

3  An Iterative Improvement Heuristic

Iterative improvement heuristic is a widely used technique
in graph partitioning algorithms [9]. Generally, the heuristic
starts with a random or other initial balanced partition and
then goes through a series of iterations to gradually improve
the partitioning solution. In each iteration, the algorithm
keeps moving one or more vertices from one partition to the
other. The vertices to be moved are chosen such that the par-
titioning gain is maximized. The partitioning gain is defined
as the net reduction in the number of edges connecting a ver-
tex in one partition to a vertex in the other partition, that
is the reduction in the number of cut edges. Once a vertex
is moved, 1t is locked in the destination partition, and will
not be considered for future moves in the current iteration.



An iteration stops when all vertices are locked in their par-
titions. At the beginning of each new iteration, all vertices
are unlocked. The algorithm continues running one iteration
after another until there is no improvement in an entire itera-
tion. As the algorithm proceeds, the best visited partitioning
solution is recorded, and it is reported at the end as the fi-
nal solution. We can employ similar technique, having in
mind that the vertices are replaced by NISs and the gain of
a bi-partitioning is as defined earlier. The geometric flavor
of the algorithm, however, makes the choice of best possi-
ble move more complicated. We call the resulting algorithm
Geo_Part .

4 A Segment Tree Implementation

In order to obtain a fast implementation we should be
able to try a tentative move and compute its resulting gain
efficiently. To do so, we have to devise a mechanism that
allows updating (or computing from scratch) the values of
t1, 12, sw1, swy after each tentative move, in an efficient way.

Segment tree (ST) data structure [12] was introduced as a
data structure to handle intervals on an axis, whose endpoints
belong to a fixed set of points, called the endpoint-set of the
ST. An important property of the ST data structure is that it
allows representation if each interval using at most O(logP)
canonical intervals, where P is the size of the endpoint set of
the ST, furthermore insertion and deletion of an interval into
a ST takes O(logP) time.

An slight modification of the ST data structure can be used
to maintain each of our partitions. The endpoint-set of the
STs for each partition would be the same as the endpoint-set
of the STMP instance. To add an NIS to a partition, we will
insert all its intervals into the ST, and to delete an NIS from
a partition, we will delete all its intervals from the ST. Such
implementation simplifies the tasks of calculating the sleep
time and switching attributes of the partitions once an NIS
is added or removed from a partition. An involved analysis
of the running time of Geo_Part using the proposed ST
data structure leads to the following results (the proofs and
discussions are omited for brevity):

Theorem 2. Fach tentative move of Geo_Part can be
done in O((sw + |N;|) log P) time, where sw is the maxi-
mum among the switchings of the partitions before or after
the move, and |N;| is the size of the tentatively moved NIS.

Theorem 3. Fach iteration of Geo_Part can be imple-
mented in O((|S|? sw + n|S|) log P) time, where sw is the
mazimum switching of either partition encountered during the
course of the iteration and n is the total number of intervals
in the given STMP instance.

5 Upper Bounds on Total Sleep Time

In order to have a feeling how far we are from the optimal
solution, we need some reliable, yet realistic upper bounds
on the total achievable sleep time. In this section we present
two upper bounds on the total sleep time of the partitions in
any b-balanced bi-partitioning of a given STMP instance.
Note that the minimum of these is itself a valid upper bound.
Consider a given STMP instance (S5,b). Note that if |S| <
2b, the upper bound on the total sleep time of each b-balanced
bi-partitioning of S would trivially be zero.
assume |S| > 2b.

Therefore we

Lemma 1. Let D;,i = 1...|5| represent the duration of
Ni, and let D1 < Dy < ... < Dig. Then Ur(S,b) = D1 +
D\s|—(4—1) 8 an upper bound on the total sleep time of each
b-balanced bi-partitioning of S.

Lemma 2. Let No, N1, N2 represent the NISs during which
the density of S is less than b, at least b but less than 2b, and
at least 2b, respectively. Then U, = D(N1) + 2D(N3) is an
upper bound on the sleep time of a b-balanced bi-partitioning

of S.

6 Application to Memory Segmentation

We say that a DRAM cell m is idle during interval
I = (I,r) if m need not be refreshed during I. Let M =
{m1, m2,...,m;} represent the set of memory elements (MEs)
used in an application. Assume that the access sequence for
each ME m € M during a whole run cycle is given as a se-
quence of ordered pairs, each of the form (n;, A;), where n;
corresponds to the access time, and A; € {R, W} represents
the type of access, read (R), or write (W).
cess sequence for all the MEs, and our definition for an idle
interval, we realize that, a DRAM cell is idle:

Given the ac-

o After its final access time,

o Before each write access until the closest read access (or
the start of computation)

Using these two rules we can calculate the idle set for each
memory element form its access pattern.

7 Experimental Results

We implemented Geo_Part using C and tested its perfor-
mance on a number of test cases. Two matrix multiplication
algorithms (mtrx_multl, mtrx_mult2), a number of sorting al-
gorithms ( hpsrt, gsrt, shellsrt) and a set of DSP routines
(fourl, realft, avevar, moment) were selected from [13] as
test cases for memory segmentation in low power synthesis
of ASIC designs. To generate the idle sets for the memory el-
ements, we used a profiling tool that provides the utilization
of the registers, memory, and various computational units of
a processor executing a program. The idle sets were gener-
ated from the utilization information provided by the profiling
tool, using the methodology presented in Section 6.

In order to estimate the percentage of savings in power
consumption, R, using our partitioning technique in mem-
ory segmentation we used the data sheets for a number of
DRAM memories [1]. Note that a partition runs in standby
mode, consuming significantly lower power, when switched
into sleep mode. Let P, P’ represent the power consumption
with and without exploiting sleep mode using our partition-
ing technique, then using Power = Znerdy jffmnzump”o", and
ignoring the leakage current and the power consumption due
to the sleep mode control unit, we have:

P, [2T — (1 + t2)] + Ps(t1 + t2)
T
[(PoT) + (PT)] _
T

P =

P = 2P,

where P, and P. represent the power consumption of each

partition of the memory in operation and standby modes,



%Power | Upper
Test Case |S| T #lter. | saving | bound
avevar 1007 | 152929 5 34.27 36.43
banmul 281 325224 11 60.48 61.49
fourl6 53 110715 3 24.19 47.57
hpsrt 403 489393 2 19.01 21.02
moment 1215 73913 5 19.49 25.58
mtrx_ multl 97 37240 5 8.54 16.94
mtrx_ mult2 97 37809 3 10.46 12.96
qsrt 205 244870 3 21.26 22.22
realft 53 111143 2 3.55 46.99
shellsrt 403 433286 2 7.97 13.34
| Average | 20.02 [ 3054 |

Table 1: Results for power minimization in memory unit

respectively, and 7" is the computation time. The percentage
of saving in the power consumption, R, will then be given by:

P —P (t1 + 2)(Ps — Ps)
R:lOOxT:mOxf() (2)

The data sheets indicate that for a given memory chip, we
typically have % > 25, therefore the percentage of saving
in the power corslsumption using the proposed partitioning
technique would be at least:
% (3)
Table 1 summarizes the results of our experiments. The
first column is the name of the test case.
columns represent the statistics for each test case, that is
the memory size, and the computation time (in cycles) of the
algorithm. The fourth column represents the number of itera-
tions in Geo_Part algorithm on each test case. The fifth col-
umn represents the percentage of savings Rin = 48 X %
in power consumption using our partitioning approach, and
the last column shows the upper bound for the percentage of
savings in power consumption computed as min{Ry,, Rv, },
where Ry, = 48 x % are the normalized values for the up-
per bounds we obtained in Section 5. It is notable that for
most test cases, our algorithm follows the upper bound on
the sleep time quite closely. This means that our results are
very close to the optimal. In the other cases, where our result
achieves sleep time that is far from the given upper bound, an
explanation maybe because the upper bounds themselves are
not tight enough. The estimated savings on the power con-
sumption using our technique ranges from 3.55% to 60.48%,
averaging 20.02%, which is quite encouraging.

Roin = 48 X

The next two

8 Conclusion

In this paper we studied system partitioning problem to
maximize sleep time, which can be exploited to minimize the
power consumption. The motivation is to de-activate the
memory refresh circuitry, apply power down or just disable
the clock signals during the inactive periods of operation of
circuit elements. We formulated this partitioning problem
in this paper and showed that it is NP-hard. We also pre-
sented a geometric heuristic algorithm based on the iterative
improvement scheme for this problem, and discussed an effi-
cient implementation of this algorithm using a segment tree

data structure to maintain each partition. We conducted ex-
periments for memory segmentation in low power synthesis of
ASICs, on a number of numerical and DSP algorithms. The
experiments indicate that the estimated power consumption
due to the memory unit is decreased from 3.55 to 60.48 per-
cent, with an average of 20.02 percent. Our future research in
this area will be in the following directions: ¢) achieve tighter
upper bounds, i) design fast sleep time estimation algorithms
to provide quick feedback to scheduling and allocation tasks
in compilers and high-level synthesis. This can be used to
perform scheduling and allocation targeted for higher sleep
time, which could be exploited to reduce power consumption,
4ii) study the more general problem of multi-way partitioning,
in which the algorithm should compute the optimal number
of partitions as well as the contents of each partition, v) ex-
periment with other applications. In some applications the
connectivity of the circuit elements should also be taken into
account when doing the partitioning. Partitioning algorithms
should be developed to allow trade-offs between routing area,
delay, and power consumption.
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