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ABSTRACT

Switching activity is one of the most important factors in power
dissipation. This paper studies the scheduling problem that min-
imizes both schedule length and switching activities for applica-
tions with loops. We show that to find a schedule that has the min-
imal switching activities among all minimum-latency schedules
with or without resource constraints is NP-complete. Although
the minimum latency scheduling problem is polynomial-time solv-
able if there is no resource constraints or only one function unit,
the problem becomes NP-complete when considering switching
activities as the second constraint. An algorithm, Power Reduc-
tion Rotation Scheduling (PRRS), is proposed. The algorithm at-
tempts to minimize both switching activities and schedule length
while performing scheduling and allocation simultaneously. The
experimental results show that our algorithm produces effective
schedules that give the switching activities 58.5% less compared
to the traditional rotation scheduling on average. Our algorithm
also shows better performance than the approach that considers
scheduling and allocation at the separate phases.

1. INTRODUCTION

In many portable systems, such as wireless communication and
image processing, the DSP processor core consumes a significant
amount of power and time due to the highly computation-intensive
applications. In such applications, loops are the most critical sec-
tions. An efficient loop scheduling scheme can help reduce the
power consumption while still satisfying the timing constraint. Since
switching activities play a key role in the total power consump-
tion [1], our low power scheduling algorithm attempts to construct
a schedule in such a way that the total switching activities are min-
imized.

Different low power scheduling and allocation techniques have
been studied. The low power resource allocation approach is pro-
posed in [7]. This approach attempts to find an allocation for a
fixed schedule such that the total switching activities are reduced.
However, the approach can give inferior results since scheduling
and allocation are performed separately. Based on operand shar-
ing approach, a loop pipelining methodology to reduce both la-
tency and power is first proposed in [12]. Using similar approach,
a loop pipelining technique is proposed to first minimize power
and then maximize throughout in [6]. However, in the literature, it
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is still unknown that the loop scheduling for minimizing switching
activities is polynomial-time solvable or NP-complete.

In our work, the complexity of the low power loop scheduling
problem is analyzed. We formally prove that the loop scheduling
problem with minimum latency and minimum switching activi-
ties is NP-complete with or without resource constraints. While
the minimum latency loop scheduling problem is polynomial-time
solvable if there is only one functional unit (FU) or no resource
constraints, the problem becomes NP-complete when considering
switching activities as the second constraint.

We design an algorithm, Power Reduction Rotation Schedul-
ing (PRRS), to minimize both switching activities and schedule
length for loop applications. Our approach performs scheduling
and allocation simultaneously to produce a good schedule. The
experimental results show significant reduction in switching activ-
ities while keeping the same schedule performance. For example,
for 8 lattice filter benchmark, PRRS results in switching activities
of 20 while the traditional rotation scheduling results in 106 when
there are 10 FUs. This is a reduction of 81.8% while the result-
ing schedule length is the same. On average, our algorithm gives a
reduction of 58.5% over the traditional rotation scheduling for var-
ious benchmarks. The experimental results also show PRRS has
better performance in switching activities reduction than the algo-
rithm based on the approach that considers low power allocation
with a fixed schedule [7].

In the next section, we introduce necessary background. Sec-
tion 3 presents complexity analysis of our scheduling problem.
The algorithm is discussed in Section 4. Experimental results and
concluding remarks are provided in Section 5 and 6 respectively.

2. BASIC CONCEPTSAND MODELS

In this section, we introduce some basic concepts which will be
used in the later sections.

A Data Flow Graph (DFG) G = (V,E,OP,d) is a node-
weighted and edge-weighted directed graph, where V is the set of
operation nodes, E C V = V is the edge set that defines the prece-
dence relations for all nodes in V, OP(u) represents the opcode
for each node u € V, d(e) represents the number of delays for an
edge e. Nodes in V can be various operations, such as addition,
subtraction, multiplication, logic operation, etc. OP(u) is a func-
tion from V to a set of opcodes, representing the opcode of node w.
The opcode is determined by the instruction set of the functional
unit. The computation time of each node is assumed to be 1 time
unit. In our case, a DFG can contain cycles. The intra-iteration
precedence relation is represented by the edge without delay and
the inter-iteration precedence relation is represented by the edge



with delays. The cycle period of a DFG corresponds to the min-
imum schedule length of one iteration of the loop when there are
no resource constraints. An example is shown in Figure 1. DFG in
Figure 1(b) models the loop in Figure 1(a). In this example, there
are two kinds of operations: multiplication and addition. They are
denoted by the rectangle and circle in Figure 1(b) respectively .

for i=1ton do
A[il=G[i—-2]*7;
Bli]=A[i]+5;
Clil=Ali]+21; 9 Q ?l = Delay
DIiI=A[i]*9; . [
E[i]=B[i]+C[i]+E[il;
FLi1=E[i]+7; %)\ o7
GILi]=E[i]+F[i]+38; ®‘>@
end for
@ (b)

Figure 1: A loop and its corresponding DFG.

A static schedule of a cyclic DFG is a repeated pattern of an
execution of the corresponding loop. In our work, a schedule im-
plies both control step assignment, and functional unit allocation.
A static schedule must obey the precedence relations of the di-
rected acyclic graph (DAG) portion of the respective DFG. The
DAG is obtained by removing all edges with delays in the DFG.
For example, Figure 2 shows a static schedule for the DFG in Fig-
ure 1(b) when there are three FUs. The schedule is obtained by list
scheduling. In the schedule, the binary string in the parenthesis
beside each node denotes the opcodes of nodes. We assume that
the opcodes of multiplication and addition operation are 001 and
110, respectively. We use [i,j] to denote the location of a node
in a schedule, where 1 is the row (which control step) and j is the
column (which FU). For example, location [2, 1] in the schedule
refers to node B scheduled at control step 2 and assigned to FU,
in Figure 2.

5 | G(110)

Figure 2: The static schedule for the DFG in Figure 1(b).

Retiming [8] can be used to optimize the cycle period of a
DFG by evenly distributing the delays in it. Given a DFG G =
{V,E,OP,d), retiming r of G is a function from V to integers.
For a node w € V, the value of r(u) is the number of delays
drawn from each of incoming edges of node u and pushed to all of
the outgoing edges. Let G- = (V,E, OP,d.) denote the retimed
graph of G with retiming r, then d.(e) = d(e) + r(u) — r(v) for
every edge e(u — v) € Vin Gr.

Rotation Scheduling presented in [2] is a scheduling technique
used to optimize a loop schedule with resource constraints. It
transforms a schedule to a more compact one iteratively. In most
cases, the minimal schedule length can be obtained in polynomial
time by rotation scheduling. In each step of rotation, nodes in the
first row of the schedule are rotated down. By doing so, the nodes
in the first row are rescheduled to the earliest possible available lo-
cations. From retiming point of view, each node gets retimed once
by drawing one delay from each of incoming edges of the node and
adding one delay to each of its outgoing edges in the DFG. The
new location of the node in the schedule must also obey the prece-
dence relation in the new retimed graph. The retimed graphs and
schedules after first and second rotation are shown in Figure 3(a)
and Figure 3(b) respectively, which is based on the original sched-
ule in Figure 2. The minimal schedule length is obtained by the
schedule in Figure 3(b).
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Figure 3: (a) The retimed graph and the schedule after first rotation. (b)
The retimed graph and the schedule after second rotation.

Switching activity is used as the indicator of the power con-
sumption in our work. The switching activity of node w bound
to functional unit FU;, called Switch_Node(u, FU;), is defined
as the hamming distance between LAST_OP(FU;) and OP(u),
where OP(u) is the opcode of w and LAST_OP(FUs) is the op-
code of the node executed on FU; before w. The switching activity
of a static schedule for a DFG is defined as the summation of the
switching activities of all nodes bound to FUs. Since the static
schedule is repeatedly executed for the loop, the initial value of
LAST_OP(FUL;) is set as the opcode of the last node executed on
FU; in the previous iteration. For example, for the static schedule
shown in Figure 2, the initial value of LAST_OP(FU.) is 110(the
opcode of node G) and the initial value of LAST_OP(FU;) is
110(the opcode of node C) and the initial value of LAST_OP(FU3)
is 001 (the opcode of node D). For a static schedule S, Switch_Act(S)
is used to denote its switching activity, where:

Switch Act(S)=) > Switch.Node(u, FUs).

FlU; wassignedto FU;

For example, Switch_Act(S)=6 for the static schedule S in Fig-
ure 2, where the switching activities are 3+3+0+0+0=6 on FU,
and 0 on FU3 and FU4. The switching activity remains 6 for both
schedules in Figure 3(a) and Figure 3(b).

The problem we intend to solve is defined as follows. Given
a cyclic DFG G = (V,E,OP,d) that models a loop and a set
of FUs, find a static schedule S of G such that S has the mini-
mum switching activities in all possible minimum-Ilatency sched-
ules. We call the problem as the min-latency-switching-activity
scheduling problem.

3. COMPLEXITY ANALYSIS

In previous work such as [3,9],the power efficient scheduling prob-
lem is formulated as the Traveling Salesman Problem (TSP) and
solved by heuristics of TSP when there is one FU. However, a
problem can be transformed to TSP doesn’t necessarily mean it
is NP-complete. For example, the problem to sequence jobs that
require common resources on a single machine [11] can be trans-
formed to TSP but still is polynomial-time solvable. In this sec-

tion, we formally prove that the min-latency-switching-activity schedul-

ing problem is NP-complete with or without the resource con-
straints. Note that the minimum latency loop scheduling problem
is polynomial-time solvable if there is only one FU or no resource
constraints. However, we show that it becomes NP-complete when
considering switching activities as the second constraint. We cat-
egorize the problem into three cases as shown in Theorem 3.1,
Theorem 3.2 and Theorem 3.3.



When the number of resources is greater than one but not infi-
nite, it is known that the minimum latency scheduling problem is
NP-complete. Thus, the min-latency-switching-activity schedul-
ing problem is also NP-complete.

Theorem 3.1. Let U be the number of resources, where U > 1
and U < oo, the min-latency-switching-activity scheduling prob-
lemis NP-compl ete.

Proof. When UL > 1 and U < oo, the minimum latency schedul-
ing problem is NP-complete [5]. By assigning all nodes with the
same opcode in an instance of the minimum latency scheduling
problem, we can get an instance of our problem. |

When the number of resources equals to one, it is known that
the minimum latency scheduling is trivially polynomial-time solv-
able. However, this is not the case when switching activities are
considered.

Theorem 3.2. Let U be the number of resources, when U =
1, the min-latency-switching-activity scheduling problem is NP-
complete.

Proof. An instance of the L; Geometric Traveling Salesman Prob-
lem [4] can be reduced to an instance of our problem by transform-
ing the coordinates of a city to the opcode of the corresponding
node. a

When the number of resources is infinite, the minimum la-
tency scheduling problem is polynomial-time solvable. Retim-
ing [8] can be used to find an optimal solution. However, when
switching activities are considered as the second constraint, the
problem becomes NP-complete.

Theorem 3.3. Let U be the number of resources, when U =
o0, the min-latency-switching-activity scheduling problem is NP-
complete.

Proof. An instance of the L; Geometric Traveling Salesman Prob-
lem can be reduced to an instance of our problem by transforming
the coordinates of a city to the opcode of the corresponding node
and constructing a cyclic DFG such that all nodes corresponding
to the cities are scheduled to one FU. |

4. THE PRRSALGORITHM

In this section, an algorithm, Power Reduction Rotation Schedul-
ing (PRRYS), is designed to solve the min-latency-switching-activity
scheduling problem based on rotation scheduling. It is shown in
Algorithm 4.1.

In this algorithm, we first put all nodes in the first row of
S into set R. Then we delete the first row of S and shift S up
by one control step. Variable L is used to record the schedule
length of S. After that, we retime each node w € R such that
T(u) « r(u) + 1. Then based on the precedence relation in
the retimed graph G-, we rotate each node uw € R by putting u
into the location with the minimum switching activities among all
available empty locations in T, where T is the set containing all
available locations of u. For a location [i,j] € T, we define a
function, Switch_Location(wu, [i,j]), to compute the switching
activities if u is assigned to location [i,j]. Assume that v’ is the
node in the first non-empty location above [i,j] and u” is the node
in the first non-empty location below [i,j] both in column j of
S, then Switch_Location(u, [i,j]) = HD(OP(u’), OP(u)) +
HD(OP(u),OP(u”))~HD(OP(u'),OP(u")), where HD(x, y)
represents the hamming distance of opcode x and y. When com-
puting T, the available locations from row 1 to row L are consid-
ered first. If there is no available locations in this field, we assign

Algorithm 4.1 Power-Reduction-Rotation-Scheduling (PRRS)
Input: DFG G = (V,E, OP,d), the retiming r of G, an initial
schedule S of G, the rotation times N
Output: A schedule S and the retiming r
for all k=1to N do
R « All nodes in the first row in S;
Delete the first row from S;
Shift S up by 1 control step;
for all we Rdo
r(u) « r(u) +1;;
end for
for all we Rdo
T « All available locations of u from Row 1 to Row L in
S based on the precedence relation in G;
if E =0 then
T « All available locations of win Row L+ 1in S;
end if
[a, b] « The location with the minimum switching activi-
ties among all locations in T;
Put w into [a, b];
end for
Sk ST 1
end for
Select S; from S1,S2,- -+, S~ such that S; has the minimum
switching activities among all minimum-latency schedules;
Output S; and 5;

the node to the locations in row L + 1. Using this strategy, the
schedule length is minimized in the first priority. After all nodes
in R are scheduled, the schedule S and the retiming r are recorded.
PRRS will repeat the above procedure N times, where N is a user
specified amount. The best schedule is selected from the generated
N schedules, which has the minimum switching activities among
all min-latency schedules.

Step| FU1 | FU2 | FU3| |step| FU1 | FU2 | FU3
| 1_| B(110)| ¢(110)|D(001) | | 5 |E(110)) ____|A(001)
| 2 |EQ10)|  |A(0OL)| | » |F(110)| B(110)| D(001)
|3 |FA10)| | 3 | G(110)| C(110)

4 |G(110)

@ (b)

Figure 4: The schedules generated by PRRS algorithm both with the
switching activity of 0. (a)The schedule after first rotation. (b) The sched-
ule after second rotation.

The schedules generated by PRRS after first and second rota-
tion of Figure 1 is shown in Figure 4. We assume the schedule in
Figure 2 is the initial schedule. Note that the switching activity is
0 for both schedules while it is 6 for both schedules in Figure 3
generated by the traditional rotation scheduling. This shows that
our PRRS can significantly reduce switching activities compared
to the traditional rotation scheduling.

Let M be the number of functional units and n be the number
of nodes in G. Then the number of nodes in a row in a schedule
is at most M and the total number of empty locations is at most
M % (n— 1). Considering the rotation times N, the complexity of
PRRS algorithm is O(N #+ M« M % (n — 1) = O(N * M? « ).

5. EXPERIMENTS

In this section, we show the effectiveness of PRRS algorithm on
a set of well-known benchmarks including 4-stage lattice filter, 8-
stage lattice filter, differential equation solver, elliptic filter and



voltera filter. We compare our results with the traditional rotation
algorithm and the low power allocation approach in [7]. In that ap-
proach, the schedule is fixed and the allocation is performed to re-

duce switching activities. We implement an algorithm, LP_Allocation,

based this approach. LP_Allocation uses the schedule generated by
traditional rotation scheduling and performs the allocation by bi-
partite matching. In our experiments, the opcode for each node is
obtained from TI TMS320C6000 Instruction Set [10].

Table 1 shows the experimental results when the number of
FUs is 5. Column ”SA” presents the switching activity of the
static schedule and Column ”SL” presents the schedule length ob-
tained from four different scheduling algorithms: the list schedul-
ing (Field "List”), the traditional rotation scheduling (Field "Ro-
tation”), the LP_Allocation (Field "LP_Alloc™), and our PRRS al-
gorithm (Field "PRRS”). Column "%” under "PRRS” presents
the percentage of reduction on switching activities compared to
the traditional rotation algorithm. Our PRRS algorithm reduces
switching activities by 58.5% on average.

Bench. List Rotation LP_Alloc PRRS
SA [SL SA [SL SA [SL SA | SL %

4-Latticel| 74 |9 80 |6 58 | 6 32 6 60.0%
8-Latticel| 106 |17 112 |9 82 | 9 68 9 39.3%
DEQ 30 |5 36 |4 16 | 4 10 4 72.2%
Elliptic 136 (14 136 (14 68 |14 58 14 | 57.4%
IVoltera 72 |12 72 |12 40 |12 26 12 | 63.9%

[ Average Reduction (%) | 585% |

Table 1: Comparison of switching activities and schedule length when the
number of FUs equals to 5.

To demonstrate the influence of the number of FUs, Table 2
show the switching activity and schedule length for 8-stage Lat-
tice filter for different scheduling algorithms when the number of
FUs varies from 3 to 12. The experimental results show that when
we increase the number of FUs, the percentage of reduction on
switching activities increases correspondingly.

FUs List Rotation [| LP-Alloc PRRS
SA [SL SA [SL SA [SL SA | SL %
3 106 |17 118 |14 90 (14 86 14 | 27.1%
4 108 (17 118 (11 94 |11 68 11 | 42.4%
5 106 |17 || 112 |9 82 |9 68 9 | 39.3%
6 104 |17 116 |7 76 |7 68 7 41.4%
7 96 |17 120 |6 58 |6 58 6 51.7%
8 110 |17 || 120 |6 58 |6 30 6 | 75.0%
9 110 (17 120 |5 84 |5 38 5 68.3%
10 114 (17 110 |5 66 |5 20 5 81.8%
11 112 (17 120 (4 44 |4 30 4 75.0%
12 102 |17 106 |4 76 |4 26 4 75.5%
[ Average Reduction (%) | 57.7% |

Table 2: Comparison of switching activities and schedule length for 8
lattice filter when the number of FUs varies from 3 to 12.

Through the experimental results from Tables 1- 2, we found
that the list scheduling shows the inferior performance in both
schedule length and switching activities. The traditional rotation
scheduling can effectively reduce schedule length but not switch-
ing activities. The LP_Allocation algorithm can only reduce switch
ing activities for a fixed schedule. Our PRRS can reduce both of
them. Furthermore, it yields greater reduction on switching activi-
ties than the LP_Allocation algorithm especially when the number
of FUs is large.

6. CONCLUSION

This paper studies the scheduling problem which attempts to min-
imize both the schedule length and the power consumption for ap-

plications with loops. We show that to find a schedule that has the
minimal switching activity among all minimum-latency schedules
with or without resource constraints is NP-complete. An algo-
rithm, Power Reduction Rotation Scheduling, is proposed. The
algorithm attempts to minimize both the switching activity and the
schedule length based on rotation scheduling when performing the
scheduling and allocation simultaneously. The experimental re-
sults show that our algorithm produces effective schedule with the
great reduction in switching activities and the same schedule per-
formance compared to the existing approaches.

7. REFERENCES

[1] A.P.Chandrakasan, M. Potkonjak, R. Mehra, J. M. Rabaey,
and R. W. Brodersen. Optimizing power using transforma-
tion. IEEE Trans. on Computer-Aided Design of Integrated
Circuits and Systems, 14(1):12-31, Jan. 1995.

[2] L.-F. Chao, A. S. LaPaugh, and E. H.-M. Sha. Rotation
scheduling: A loop pipelining algorithm. |EEE Trans. on
Computer-Aided Design of Integrated Circuits and Systems,
16(3):229-239, March 1997.

[3] K. Choi and A. Chatterjee. Efficient instruction-level opti-
mization methodology for low-power embedded systems. In
Proc. of the |IEEE International Symposium on System Syn-
thesis, pages 147-152, Oct. 2001.

[4] M.R. Garey and D. S. Johnson. Some NP-complete geomet-
ric problems. In Proc. of the ACM Symposium on Theory of
Computing, pages 10-22, May 1976.

[5] M. R. Garey and D. S. Johnson. Computers and Intractabil-
ity: A Guideto the Theory of NP-Completeness. W. H. Free-
man and Company, 1979.

[6] D. Kim, D. Shin, and K. Choi. Low power of linear sys-
tems: A common operand centric approach. In Proc. of the
|IEEE/ACM International Symposium on Low Power Design,
pages 225-230, August 2001.

[7] L. Kruse, E. Schmidt, G. Jochens, A. Stammermann,
A. Schulz, E. Macii, and W. Nebel. Estimation of lower and
upper bounds on the power consumption from schedule data
flow graphs. |EEE Trans. on VLS Systems, 9(1):3-14, Feb.
2001.

[8] C. E. Leiserson and J. B. Saxe. Retiming synchronous cir-
cuitry. Algorithmica, 6:5-35, 1991.

[9] K. Masselos, S. Theoharis, P. K. Merakos, T. Stouraitis, and
C. E. Goutis. Low power synthesis of sum-of-products com-
putation. In Proc. of the IEEE/ACM International Sympo-
sium on Low Power Electronics and Design, pages 234-237,
July 2000.

[10] Texas Instruments, Inc. TMS320C6000 CPU and Instruction
Set Reference Guide, 2000.

[11] J. V.D. Veenand S. Z. G. J. Woeginger. Sequencing jobs that
require common resources on a single machine: a solvable
case of the TSP. Mathematical Programming, pages 235-
254, 1998.

[12] T. Z. Yu, F. Chen, and E. H.-M. Sha. Loop scheduling al-
gorithms for power reduction. In Proc. of the |IEEE Interna-
tional Conference on Acoustics, Spoeech, and Sgnal Process-
ing, volume 5, pages 3073-3076, May 1998.



