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A Low Power Scheduling Scheme With Resources
Operating at Multiple Voltages

Ali Manzak and Chaitali ChakrabartMember, IEEE

Abstract—This paper presents resourcendlatency constrained We assume that the resources respect different voltage-delay
scheduling algorithms to minimize power/energy consumption curves. The scheduling algorithm minimizes power/energy
when the resources operate at multiple voltages (5 V. 3.3 V. congymption for the case when the resources operate at multiple
2.4V, and 1.5 V). The proposed algorithms are based on efficient voltages (5 V, 3.3 V, 2.4V, and 1.5 V). It is worth mentioning
distribution of slack among the nodes in the data-flow graph. The P B et : : .
distribution procedure tries to implement the minimum energy that the operating voltages do not have to be restricted to 5 V,
relation derived using the Lagrange multiplier method in an 3.3V, 2.4V, and 1.5 V. In fact, the resources can operate on
iterative fashion. Two algorithms are proposed, 1) a low com- any voltage for which the corresponding delay is known.
p:eXit)t’hO("? algori.thrt?]and 2)ba higfh codmplexi&yLQ(?; l‘l)gt(L)) The proposed algorithm operates in two passes. In the first
E)?r?:rimn;’n\t/; v?/lirt?wrstéfne Efgrgeﬁ::r?mg?k ii:rgpleésshgwatri?tct)ﬁe pass, minimum-time, res_ource—constrained schgduling is done.
proposed algorithms achieve significant power/energy reduction. In the second pass, the difference between the given latency and
For instance, when the latency constraint is 1.5 times the critical the time needed by the resource-constrained schedule (obtained
path delay, the average reduction is 39%. in the first pass) is distributed among the nodes in a way that

Index Terms—Allocation, data-flow graph, Lagrange multiplier ~ Minimizes the total power/energy consumption. The distribution
method, low power, multiple voltages, resource and latency con- procedure (derived using the Lagrange multiplier method) uses
straint, scheduling. the energy/delay (E/D) ratio of the nodes to distribute the slack.
The procedure is implemented by an iterative algorithm, where
in each iteration, increasing number of resources with high E/D
) ) ) ) ratio are disabled. The iterations continue till there is a timing vi-
POWER considerations have become an increasingly dog\ation. Two algorithms are proposed(X).2) algorithm and 2)

inant factor in the design of both portable and desk-topmgre complexO(n2log L) algorithm, wheren is the number
systems. An effective way to reduce power consumption is ¢ nodes and. is the latency. Th&(n? log L) algorithm gives
lower the supply voltage level of a circuit. Reducing the supply schedule with lower energy compared todhe?) algorithm.
voltage, however, increases the circuit delay and reduces E’B@‘periments with some HLS benchmarks (DIFFEQ, AR lattice,
throughput. To maintain the throughput, parallelism and/gfyy filter, FIR Filter, FFT4 and DCT) show the effectiveness of
pipelining has to be incorporated [1]. The resulting circughese approaches in reducing power/energy. When the latency
consumes lower average power while meeting the gloR@nstraintis tight, the average reduction is 17.5%, when the la-
throughput constraint at the cost of increased circuit ar@@ncy constraint is 1.5 times the critical path delay, the average
Another way of maintaining the throughput is to use resourcgsqyction is 39% and when the latency constraint is two times
operating at multiple voltages [2]-[7]. This has the advantagge critical path delay, the average reduction is 58.5%.
of allowing modules on the critical paths to be assigned to There are several scheduling algorithms for multiple-voltage
the highest voltage levels (thus meeting the required timiRgsources in the literature today [2]-[7]. These algorithms can
constraints) while allowing modules on noncritical paths to bgs ¢lassified into ionly latency-constrained (i.e., latency is a
assigned to the lower voltages (thus reducing the power cQ{}rd constraint and resources are minimized) [3], [4]pii)y
sumption). Supporting multiple voltages on chip poses maRysource-constrained (i.e., resource is a hard constraint) [5],
challenges, i.e., incorporation of multiple-power-distributiog,q iii) latency and resource constrained (i.e., both latency
grids, efficient-level converters, etc. However, the viability ofq resource are hard constraints) [6], [7]. While the (only)
this method has been successfully demonstrated in the desigBncy-constrained and (only) resource-constrained algorithms
of a MPEG-4 video codec in [8]. have polynomial or pseudopolynomial time complexity, the

In this paper, we address the problem of scheduling |&ency and resource-constrained algorithms are based on
data-flow graph (DFG) under resouraed latency constraint jnieger linear programming and have (worst case) exponential
for the case when the resources operate at multiple voltaggse complexity. In this paper, we propose a heuristic algorithm

for latencyand resource-constrained scheduling that produces
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examples. Section IV includes the results on some HLSWe find thatF..,; is minimum when the following condition
benchmark examples. Section V concludes the paper. is satisfied among the nodes in the critical path
06101‘/1(‘/1 - ‘/t)g anCnVn(Vn - ‘/t)g

Il. PRELIMINARIES C.. (Vl T Vt) =---= Ccn(Vn T Vt)

Since computing the supply voltage for the above equation
The input to our algorithm is a data flow graph, a timing corean be a computational burden, we simplified the equation. For
straint, and a resource constraint. V; > 3V, this is approximated to
Timing Constraint: This is the time available to execute the 3 3
operations in the data flow graph. It is also referred to as the M == M
latency constraint. Cey Ce,
Resource ConstraintThis is specified by the number of The error as a result of approximatiors€).1% [10].
resources for each type, where each type of resource can onlince«;C;/C.; ratio is a constant for each resource, from
be operated at a specific voltage. The corresponding enefgy and (3) we have
and delay values are also given. Examples of resources include a;C; E;
adder/subtractor (denoted By, multiplier (denoted by{), etc. C.. = DV, (V, = V)2
In addition, we assume that a level shifter is needed between ’
resource A and resource B only if resource A operates at a lowel-€t
voltage compared to resource B. The number of level shifters is [El

A. Definitions

4)

Vier be the reference voltage. Then

Ey

D—Jﬂﬁf(vl—vng:-:[l)—n] Va =V ©)

To satisfy (5), nodes with higl®/D (such as wide multi-

B. Slack Distribution Using the Lagrange Multiplier Method Pliers) have to be assigned to lower-voltage resources. This is
the basis of our slack distribution algorithm.

not user defined. In fact, the proposed algorithm tries to reduce
the number of level shifters.

ref

Inthe proposed algorithm, the Lagrange muItlpI|er method
e e S among e e 1 e ) Pl Resource MELATENCY-CoNSTRANED ScHEouLG:
9 ALGORITHM AND EXAMPLES
path is derived in the following way. _ _
The delay of a resource is determined by the delay of the gatedlgorithm Overview: In a nutshell, the proposed resource

on the critical path. Let; be the delay of gaté operating at and latency-constrained algorithm operates in two passes. In the

voltageV and letC;,. be the load capacitance of gate first pass, resource-constrained scheduling is done in a way that
v minimizes the computation time. In the second pass, the slack
m=kKC, oV (1) between the given latency and the computation time obtained

vt

by the scheduling algorithm in the first pass is distributed

Then the delay of the resourg@perating at voltag® is equal to the nodes such that the total power/energy consumption

to sum of the delay of the gates on the critical path is minimum. The Lagrange multiplier method described in

WOV Section 1I-B, is used to find the optimal distribution of slack
¢ 73

D, = C :7‘ 2) between the nodes.
J ZT vV, — WQZ Ls V; = Vi)? @)

A. First Pass: Minimum-Time Resource-Constrained
whereC. is the sum of the capacitances of the gates on tt&?gonthm

critical path of resourcg.

The energy of resourceoperating a’; volts is given by The minimum-time resource-constrained algorithm sched-

ules the nodes such that the computation time is minimum. To
E; = ajCij (3) ensure that a feasible schedule is obtained, it calculates the

. o . raumber of ready nodes in each cycle in a special way. Define:
whereq; is the average switching activity of the resource, an ] . )
* C;(4): the minimum number of control cycles required to

C; is the total load capacitance of the resource. Notedhas .
’ P @ schedule all the nodes of tygein the ready set corre-

typically much larger thai. .. di heth | |
Our aim is to minimizeE,.:, Subject to the time constraint sponding to theth control cycle
* A; ,(i): the number of ready nodes of typehat will be

Tiota1- We use the Lagrange multiplier method to determine the
supply voltage of each node scheduled in control cycléto the resources operating at

wvolts.
9Eroral -\ aTtotd’ In this scheme(”; (¢) is first calculated and thef; (<) is used to
oy oy calculated; ,(i). Use ofC;(:) results in the ready nodes being
: scheduled in a way that takes minimum time, thereby increasing
OBl - OTooral the feasibility of the algorithm. Power consumption reduction is
av. A v not considered in this step of the algorithm.
" o The proposed algorithmis list based [9]. The nodes in a ready
Tiotal = Z 7; = const. set are prioritized based on the freedoty;, (¢) nodes with the

lowest freedom are chosen among the ready nodes. Then the
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nodes are scheduled such that if the freedom of a node is lowCalculation ofC;(¢) and N; .,(¢): Let D, , be the delay of
it is assigned to a high-voltage resource and if the freedomafesource of typg operating av volts. LetR; , ;(¢) = lifthe
a node is high, it is assigned to a low-voltage resource. Thislth resources of typgoperating at volts is available in control
implemented in two different ways. L&, ,(¢) be the number cycle, otherwiseR; , ;(¢) = 0. Let N,(¢) be the number of
of available resources of typeoperating at volts in cyclei. ready nodes of typgin cyclei. ThenN;(¢), C;(¢) andN; (%)
Then in the first schemed; . (z) nodes with higher freedom are linked as follows

are scheduled to thé; ,(¢) resources with lower voltage, C;()+i—1
while in the second schem#; ,,(¢) nodes with lower freedom ‘ R ok
I ) h R, (i) G, v, l( )
are scheduled to thB; ,(¢) resources with higher voltage. The . Fd P!
first scheme has the advantage of lower-power consumption N o(i) = Z D; . (6)

since more low-voltage resources are utilized. However, it can =1

result in an infeasible solution when the given latency is tight.

The second scheme has higher feasibility of scheduling but . Vmin .
possibly higher-power consumption. In our procedure, both the N < DT Nju(d). (7
schemes are implemented, and the schedule which is feasible V=Vmax

and takes lower time is chosen for the minimum-time algorithm So, given;(4), C; (i), andN;, (i) can be calculated. Note
(first pass) and the schedule which is feasible and consunigat these parameters have to be calculated for each resource
lower power is chosen for the low power algorithm (seconphis will be explained with the following example.
pass). Example 1:Let the resources consist of a 5 V mul-
Finally, if the freedom of a node is higher than the delay afplier, a 3.3 V multiplier, and a 2.4 V multiplier. Thus,
the resource to which it is assigned, the node can be scheduigd ; = Rj; 33 = Rp24 = 1. Assume that all the
to a lower voltage resource, if available. While this improves thesources are availableR; , 1(i) = 1 for all v). The
power consumption, it can result in increased number of levgélays are related bYr.s = D, Dyss = 2D, and
shifters, since the extra freedom allows the node to be schedufeg} , , = 3D, whereD is the delay of a multiplier relative
to a lower voltage than its children. to an adder operating at 5 V. I@'y;(¢) = 3 control cycles,
The computation time obtained by application of the minthree nodes can be assigned to a 5 V multiplier, one node to
imum-time resource-constrained algorithm is referred to as3.3 V multiplier and one node to a 2.4 V multiplier. Thus
Tiow. Thus if the latency constraink < Tioy, a feasible Ny, (i) = Nas 5(1) + Nag2.3(6) + Nag2.4(6) = 34+1+1 = 5.
solution cannot be obtained. Thus, in three control cycles, a maximum of five multiplication
nodes can be scheduled under the given resource constraint.
So, givenCy (i), we can easily calculat® (i).

Algorithm Schedule Now consider calculatingCys(i) given Np(i). Let

1. Make/update the ready table. Ny (1) = 7. Then under the same resource constraif,(1)

2. Calculated, ,(%). can be calculated using (1) and (2)

3. Scheduled, ,(¢) nodes taR; ,(¢) resources. Cu(1) Cu(1)
(a) Choosed, ,(%) nodes with the lowest freedom. 7< { M J + { M J + Cum(1).
i) Start scheduling from the highest-freedom node to the re- 3 2

sources with the lowest voltage. Cn(1) = 4 satisfies the above equation, resulting in
ii) Start scheduling from the lowest-freedom node to the révy; (1) =4, Nas,3.3(1) = 2, and Ny, 2.4(1) = 1. O

sources with the highest voltage. .
iii) For the minimum time algorithm, choose the schedulB. Second Pass: Low-Power Algorithm

[among i) and ii)] that is feasible and results in lower time. For At the end of the first pass, i > Tiow, €ach node has a
the low-power algorithm, choose the schedule [among i) and ilbnzero slack. The objective of the low-power algorithm is to
that is feasible and results in lower power. distribute the available slack between the nodes (i.e., determine
b) If the delay of the scheduled node is less than the freed@Re voltage assignment of the nodes) such that the latency con-
of the node, reschedule the node to the lower available V0|t@ﬁ1int is satisfied and the minimum energy condition (5) is sat-
resource. isfied as much as possible. Recall that the voltage assignment
is directly related to the operating voltage of the corresponding
hardware resource. The procedure is iterative; in each iteration,
Calculation of Parametetd; ,(i): Recall thatA; ,(¢) is increasing number of resources with highl D values are dis-
the number of ready nodes of typehat will be scheduled in abled and the nodes are scheduled. The order in which the re-
control cycle: to the resources operating atvolts. Define sources are disabled is determined using (5). After each itera-
N; ,(¢) as the number of nodes of tygethat can be sched- tion, the minimum energy condition (5) is better satisfied. The
uled to the resource of typg operating at volts during the iterations continue till there is a timing violation. We motivate
period cyclei to cycles + C;(i) — 1. To calculate4; .,(¢), our procedure with the help of the following example.
we need to calculat€’;(i) and V; (7). SinceR; () is the Example 2: Consider a DFG with an addition node being
number of available resources of tygein control cycle:, fed to a multiplication node. The resource constraint consists
Aj »(#) = min{N; ,(¢), R; (i)} of multipliers and adders operating at 5V, 3.3V, 2.4V, and
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1.5V, and the latency is 17 control cycles. The energy-delay TABLE |

ratio of the multiplier atV,er = 5 Vis [EM/DM]sv =8, and ENERGY E (IN pJ) AND NORMQLIZED DELAY4, D (FORt. = 20 ns)
. FOR THEMODULES IN

that of the adder i§£.41 /D 4];v = 1. For other values o, y

[(E]w./..D]w)/(EA/.DA.)]Wrcr is still 8. From (5), the condition 50V 33V WAY 15V
for minimum energy iS(Vy, — V;)® = (V4 — V3)? or Module | D|E |D|E D |E D | En.
multlé |5 2504 ({9 | 1090.7 | 15 | 576.9 | 36 | 225.3
2V =) =(Va-W) (®) addl6 |1 118 |2 [514 |3 |272 |8 |106
whereVy; (V) is the voltage that is assigned to the multiplica- _sub16 |1 j118 |2 514 |3 272 |8 |106

tion (addition) node. Our aim is to schedule the nodes without
violating the timing constraint such that the minimum energy
equation is satisfied as much as possible.

Assume that multipliers and adders operating at 5V, 3.3 V,

TABLE 1
ORDER IN WHICH THE RESOURCES AREDISABLED

and 2.4 V are available. In the beginning, let both the multipli- Priority | Resource
cation and the addition node be assigned to the 5 V resources. 1| 5V multiplier
For this assignment, the computation time is 6, which is less than 2 33Vd’gumpher
the latencyL. Furthermore, fob; = 1, the left-hand side of (8) 3 5V adder

. Lo . . R 4 3.3V adder

is 8, which is larger than the right-hand side of (8) which is 4. 5 2.4V multiplier
In order to satisfy (4) better, we choose to assign the multiplica- 6 2:4V adder

tion node to the 3.3 V multiplier. Choosing the 3.3 V multiplier
is equivalent to disabling the 5 V multiplier from the set of re-
sources. For this assignment, the left-hand side is 4.6 whicloimnodej be f;. Then the slack of each nodetig,c = L — T
closer to 4 but still higher. The corresponding computation timend nodej can finish as late ag; + ts1acx. Algorithms 1 and
of 10is still less thad. and so we assign the multiplication node are used to determine until what control cycle the resource
to the 2.4 multiplier. Choosing the 2.4 multiplier is equivalenwith priority & + 1 can be disabled without violating the timing
to disabling the 5 V and the 3.3 V multiplier from the set of reeonstraint.
sources. The computation time is now 16 and the left-hand sideAlgorithm 1: This is a one-pass algorithm. Here we start
is 2.8, which is less than the right-hand side. So it is now the agtheduling the nodes with the resource with priokity 1 dis-
dition node that has to be assigned to a lower-voltage resouralled, and after an assignment check if fhes greater than
namely, a 3.3 V adder. With this assignment, the latency is ¥7 + t..ck. If it is greater, a conflict has occurred, and node
and the right-hand side is 2.3 which is closer to the left-handand the remaining unassigned nodes are scheduled assuming
side. Note that while the minimum energy condition is not sathat the resource with priority + 1 has not been disabled.
isfied (the left-hand side and right-hand side of (8) are close butAlgorithm 2: This is an iterative algorithm, and consequently
not equal), this assignment is the closest to the minimum-enere complex compared to Algorithm 1. The procedure consists
ergy solution. We cannot lower the voltages any further sinoé first disabling the resource with priority + 1 from control
that would cause a latency violation. From this example, we segcle 1 tol'x /2 and checking for timing violations. i > T4,
how (8) helps us to determine the order in which the resourdien the resource is disabled from control cycle 1379, /4
should be disabled so that the minimum energy condition is sé=Tx /2 + Tk /4). If the newT,,, > L, then the resource is
isfied as much as possible. O disabled from control cycle 1 &y /8 (=37 /4— T /8), and

1) Priority Assignment:The priority of which resources to so on. Afterlog(vf L) steps, where is the number of voltage
disable first is determined using (5) and the energy values of [é}els, f is the number of resources ardis the latency, the
that are quoted in Table I. The priorities are given in Table lalgorithm determines which resources to disable such that the
According to this table, the multipliers operating at 5 V haveomputation time is less thah but as close td. as possible.
the highest chance of being disabled followed by multiplierBhus, Algorithm 2 iteratively schedules the nodes until unused
operating at 3.3 V, followed by adders operating at 5 V, followeslack is minimum. As a result, its complexity@log L) times
by adders operating at 3.3 V, etc. larger than that of Algorithm 1. We explain the operation of

The proposed algorithm disables resources in the orderAlfjorithm 2 with the help of the following example.
their priority. For each configuration, it schedules the nodes andExample 3: Let the latencyL = 30. Let the computation
checks if its computation timé,,, < L. Ifitis true, then it dis- time when only the 5 V multiplier is disabled is 16, and when
ables the resources with the next highest priority and reschédth the 5V and 3.3 V multipliers are disabled is 35. Thus, while
ules the nodes. If it is not truel{,, > L), then the specific the 5V multiplier can be disabled for the whole time, the 3.3 V
resource cannot be disabled for all the control cycles. We newultiplier can only be disabled for part of the time. Algorithm
describe two algorithms which differ in determining until wha2 determines until what control cycle the 3.3 V multiplier can
control cycle the specific resource can be disabled. be disabled in the following way: in the first iteration, the al-

2) Description of Algorithms 1 and 2Assume that a fea- gorithm disables the 3.3 V multiplier from 1 to 816/2) cy-
sible solution exists when resources with priorities 1 throkghcles and completes the schedule in 24 cycles. Since there is a
are disabled and that there is a timing violation when resourgassitive slack, the algorithm disables the 3.3 V multiplier from
with priorities 1 throught + 1 are disabled. For the feasiblel to 12 &8 + 16/4) cycles. The latency is now 31 which is
schedule, lef’x be the computation time and let the finish timeyreater tharl.. So the algorithm disables the multiplier from 1
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to 10 =12 — 16/8) cycles and completes the scheduling in 28

cycles. Finally, the algorithm disables the multiplier from 1 to

11 (=10+ 16/16) cycles and completes in 29 cycles, which is

as close as td, = 30 as possible. O
The low-power algorithm is summarized as follows.

Algorithm Low Power

1. Make the priority table for resource disabling.
2. Disable resources with the highest priority.

3 Schedule all the nodes usiAdgorithm Schedule

4. W > L Fig. 1. Data-flow graph oExample 4
invoke Algorithm 1 or Algorithm 2
else
disable the resources with the next highest priority. SV mult
Go to Step 3.
3.3V mult
2.4V mukt
5V add
2.4V add

Summary: The proposed resoura@nd latency constrained
scheduling algorithm operates in two passes in the following v

way. mult

First Pass: AlgorithnScheduldminimum-time version) 3% ::t
Second Pass: Algorithbhow Powel(invokes Algorithm 1 or 2) ;v add
We refer to the version when Algorithm 1 is invoked in 24V add

Algorithm Low Poweras AlgorithmLC (or the low-complexity

algorithm), and the version when Algorithm 2 is invoked asig. 2. Schedule for example 4. (a) After the first pass. (b) Final assignment.
Algorithm HC (or the high-complexity algorithm).

DFG in Fig. 1. The timing constraint iE = 24. Switching ac-

) ] ] tivities at all nodes are assumed to be 0.5. Algorithm 1 is invoked
In this section, we show that the worst case complexity of Aly c5se of timing violation.

gorithmLC is O(n?) and of AlgorithmHC is O(n? log,(L)), First Pass: In control cycle = 1, the ready sets arfa, €
where L is the latency and: is the number of nodes. Thegnqg (hy. For nodes a and (1) = 9, Ay 5(1) = 1

complexity of the AlgorithmSchedulés dominated by the step Ay 3.3(1) = 1. Node a is assigned to the 5 V multiplier since

where the nodes are ordered with respect to their freedgfhas jower freedom, and node e is assigned to the 3.3 V multi-
Specifically, in this step4, (i) nodes are chosen among (¢) plier [Step 3a ofSchedulk
ready nodes in control cycle In the worst case, all the nodes Ca(1) = 1, Ay 5(1) = 1, and node b is assigned to the
are ready in each control cyolé; (z) = n) and the complexity 5 v/ adder. However, since the children of node b (node c) will
for that control cycle isA;(i)n. Note thatd’,_, A;(i) = n. pe available at control cycle 6, we assign node b to the lower-
Thus, in the worst case, the complexity of Algoriti8ohedule voltage resource (2.4 V).
is O(n?). o ~In control cyclei = 6, the ready set i§c}. C4(6) = 1,

In Algorithm Low Pow_erlhe priority table can be searchediny , 5(6) = 1, and node c is assigned teth V adderin control
log,(vf) passes, whereis the number of voltage levels affd cycle; = 7, the ready set igd}. Car(7) = 5, Apg 5(7) = 1,
is the number of resources. Since the number of voltage levglsy node d is assigned to the 5 V multiplib’r.cdntrol cycle
and number of resources are limited, thg,(vf) term canbe ; _ 19 the ready set igf}. Cy/(10) = 7, Ay 5(10) = 1.

ignored for asymptotic analysis.. _ But since 5 V multiplier is not available in control cycle 10, no
Algorithm LC consists of AlgorithnBchedul@nd Algorithm  scpeduling is done. Node f is assigned to the 5 V multiplier in
Low Powemwith Algorithm 1 invoked and thus, has a complexitygntrol cycle 12.

of O(n?). AlgorithmHC, on the other hand, includes Algorithm - The schedule at the end of the first pass is shown in Fig. 2(a).
Low Powerwith Algorithm 2 invoked. Since Algorithm 2 re- Ttz = Tiow = 16. SinceL > Ty, the multipliers operating at

quires additionalog, L passes to find the exact control cycle; v/ are disabled first (according to the priority tabl&),q, =
where disabling priority changes, the complexity of Algorithry, _ Ty = 24 — 16 = 8,

C. Complexity Analysis

HC is O(n? log, L). Second Pass: In control cycle = 1, the ready sets are
{a, € and{b}. For multiplication nodes a and €,(1) = 15,
Anra3(l) = 1, Ay 24(1) = 1. So, node a is assigned to

Example 4: The resource constraintigy; s = 1, Ry 32 = the 3.3 V multiplier since it has lower freedom and node e is
1, Rproa=1,Ra5=1 R4 33=1andR4 24 = 1forthe assigned to the 2.4 V multiplier.

D. lllustrative Example
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Ca4(l) =1, A4 5(1) = 1, and node b should be assigned to TABLE 1II
the 5 V adder. However the children of node b (node c), will be FEASIBILITY ANALYSIS
available at control cycle 10. So we assign node b to the lower benchmark ves. | L | Tiow | & | % ertor
voltage resource (2.4 V) [Step 3b 8thedulg Diff-Eq 1 19121 12 1105
In control cyclei = 10, the ready set i§c}. C4(10) = 1, 2 [15]15 [0 |0
A4 5(10) = 1, and node c is assigned to the 5 V adder. AR-Lattice 1 47 | 48 1 ]21
control cyclei = 11, the ready set id}. Cp(11) = 9, 2 [30}32 |2 |66
A 33(11) = 1, f4 = 19 and node d is assigned to the Elliptic Wave |1 |36 |37 |1 |27
3.3 V multiplier. In control cycle: = 16, the ready set i§f}. SR f 39 31 3 g'g
Cp(16) = 13, Apr,2.4(16) = 1. Scheduling node fto 3.3 V 3 1% o To
violates its finish time fr = 24 < i + Cp(16) = 29). Thus, Thoda FIR 11 121121 10 |0
the algorithm shift backs to the previous schedule (no resources 3 6117 11162
are disabled) and node f is assigned to the 5 V multiplier.
The final schedule is given in Fig. 2(b). Note that the compu-
tation finishes in 20 cycles, which is less than at5V, 3.3V, 24V, and 1.5 V) have been tabulated in Table IV.
In this table,Fs is the energy dissipation corresponding to the
E. Other Issues supply voltage of 5 VE,, is the average energy obtained by

_ . . . L . our algorithm. Timing constraints are given for three different
1) Switching Activity ConsiderationSwitching activity of vatlues Tiows 15> ANA2Tyse, WhereT oy is the critical path

the resources depends on the switching probability of the inp Loy, IfL = Tio., then the average energy reduction is 17.5%

data and the circuit structure. The energy values of the resources . L .
g . ) Ompared taz; for Algorithm HC. Similarly, if L = 1.57,,;,
and the priority table for disabling resources, assumed that tﬁ]]e P g y D% crit

input switching activity is the same for all the resour¢as= én the average energy reduction is 39% andifer 27,
P 9 y _the average energy reduction is 58.5% for AlgoritHia.

0.5). However, when the correlation of the multiplexed input bl 50 d h he level-shif
data streams is high, the input switching activity is low and the Table IV also demonstrates how the level-shifter-power con-

energy consumption of the resource is low. Our analysis in [16‘]"?”'0” }/ar?es V‘(’j'th the Iateqcy. I;the E'VEU Iﬁtenlcy istight, the
shows that if the switching activity of the resources vary by rpajority of the nodes are assigned to the high-voltage resources

factor of 2, then using average switching activity value result@ Satisfy the timing constraint and consequently, the number of
in a 3% error if the voltages are assigned according the mifY®! Shifters is low. When the given latency is high, the number
imum energy equation (derived using the Lagrange multipligF nodes assigned to the lower-voltage resources increases and

method). Thus, assuming that the switching activity of the rgje number of level shifters increases. The ratio of level-shifter
sources varies by a factor less than 2, using 0.5 introduces ENe€rgy to the total energy is 10.1% when the latendyige:i.

an error of at most 3% into our results and 11.4% when the latency34..;; for Algorithm HC.

2) Feasibility of the Algorithm:Let 7.;; be the optimum- ~ Fig. 3 graphically illustrates the energy reduction when Algo-
minimum-computation time (critical-path delay) under th&thmLC is used on the benchmarks for the case whan= 1

given resource constraint. Finding a feasible solution f&ndwhenrcs = 2. Note, that since the values f.i; andZiow

T... is equivalent to finding the optimal solution. Theare different for the two cases, the energy reductions for the two

proposed algorithm is a list-based algorithm and does rfgtses should not be directly compared.

guarantee an optimal solution. However, the proposed algoFig. 4 plots the reduction in energy when the latency varies

rithm guarantees a feasible solutionlif= T,.;; + A, where fromTi.,, t0 27, for the EW filter in Fig. 4(a), and the average

A =1 or 2 for the benchmarks that we have consideredase (the average of DIFFEQ, AR lattice, EW filter, FIR filter,

The results are shown in Table Ill. Heres = 1 implies FFT4 and DCT reductions) in Fig. 4(b). Hek; ¢ is the ratio

1 multiplier and 1 adder operating at each of the followingf the energy of the assignment using Algoritht@ to the case

voltages: 5V, 3.3 V, 24 V, 1.5 V, andes = 2 implies when all the resources are assigned to 5 V, Bpg is the ratio

two multipliers and two adders operating at the same gaftthe assignment using AlgorithirC to the case when all the

of voltages. For this set of benchmarks, the average erresources are assigned to 5 V. We assumerttiat= 1 and that

is 3.9%. Thus, our list-based algorithm generates a feasilhe latency is varied froni.,, to 27, whereTj.,, is 3.9%

solution almost all the time. higher than the critical path length (see Table Ill). The changes

in the energy reduction for the EW filter graph [Fig. 4(a)] occur

in steps. This is very typical of all the benchmarks that occur

because increasing the latency can enable an extra addition or
In this section, we present the results obtained by running auaultiplication node to be scheduled to a lower-voltage resource.

algorithm on some high-level synthesis benchmarks (DIFFEQimilar step changes are not visible in Fig. 4(b) since this is

AR lattice, EW filter, FIR Filter, FFT4, and DCT). We presentin average energy-reduction plot, where the step changes have

the results when actual energy consumption values in [4] dreen smoothened.

used. The switching activity of the nodes is assumed to be 0.5From the plots, we see that the energy reduction increases

The results forres = 1 (i.e., 1 multiplier and 1 adder operatingwith increase in latency. This is to be expected since an increase

IV. RESULTS
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TABLE IV
ENERGY REDUCTION FOR THESET OF BENCHMARKS WHEN res = 1
Algorithm LC Algorithm HC

Example Latency | Eqq (pJ) | % redn %ffqi% Eoig (pJ) | % redn %ﬁ%
Diffeq Tiow 12112 22.3 1.9 12112 22.3 1.9
Es = 15590pJ | 1.5 | 9275 40.5 2.7 7326 53 4.1

2T erit 5771 62.9 2.7 5743 63.1 2.7
AR-Lattice Tiow 31045 25 3 31016 25.1 2.9

E5 = 41416pJ | 1.5T .y | 23120 44.1 4.4 23120 44.1 4.4
2T erit 16073 61.2 8.6 15502 62.5 8.9
Elliptic Wave | Tjo 20644 10.5 5.3 20644 10.5 5.3
E5 =23068pJ | 1.5T | 12937 43.9 13.6 12865 44.2 11.4
2T it 10946 52.5 15.8 10946 52.5 15.8

FFT4 Tiow 1670 11.5 19.7 1670 11.5 19.7
Es; =1888pJ | 1.5T.: | 1662 11.9 30 1662 11.9 30
2T rit 842 55.4 12.6 781 58.6 26.3
FIR Tiow 13593 25.3 2.5 13593 25.3 2.5
Ey = 18208pJ | 1.5T; | 13445 26.1 1.1 12164 33.2 4
2T eriz 8441 36.3 1.7 6301 65.4 2.7
DCT Tiow 12866 19.3 11.5 12551 21.2 10.5
E5 =15942pJ | 1.5T¢r: | 11456 28.1 15.2 11085 30.4 11.9
2T erit 8003 50 22 7833 50.8 18.1
Average Tiow 18.9 7.3 19.3 7.1
1.5T it 324 11.1 36.1 10.9
2T erit 51.3 10.4 58.8 12.6

Energy Savings (%) for Algorithm LG when res=1

100 T T T T T T
. - L=TIow
=~ 80k R T (] L=15Terit
¥ Diffeq. Lattice [} L=2Terit
g . Elliptic FFT4
=S 60k o . . L - . . .
9 FIR ber
kel
<
> 40 : —
o>
)
o
L 20 b . -
o]
0 1 3 4 5 6
(a)
Energy Savings (%) for Algorithm LC when res=2

100 i T T T T i
® 80r Diffeqg. ; - : B
s : Elliptic ; FIR DeT
2 FFT4
e
- 40+ . . . .
o
)
foy
w 20 L . J =

0
0 1 3 4 5 6
Benchmark

(b)

Fig. 3. Energy reduction for the set of benchmarksr¢@) = 1. (b) res = 2.

in latency facilitates more nodes being assigned to lower votif the lower-voltage assignment) is less than the increase in la-
ages. Second, the energy reduction occurs in steps. This isteecy, there is no energy reduction. Third, for the same latency,
cause a reduction occurs only when an additional node canthe energy reduction obtained using Algorith#C, is larger
assigned to a lower-voltage resource as a result of the increesmpared to AlgorithmL.C. Thus, the use of a more complex

in latency. So, if the increase in the delay of a node (as a resaljorithm results in higher-energy savings. Fourth, for small
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Fig. 4. Energy reduction withes = 1. (a) Elliptic wave filter. (b) Average over all b
values ofL, whereLl = T, Ec isvery close tdE . Thisis

expected too, since when the latency is tight, most of the nodes
are assigned to high-voltage resources.

enchmarks.
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V. CONCLUSION

In this paper, we present a new scheduling scheme undeyy)
resourceand latency constraint that minimizes power/energy
consumption for the case when the resources operate
multiple voltages. The proposed scheme minimizes the
power/energy consumption by distributing the slack among thel3]
nodes according to the condition derived using the Lagrange[4
multiplier method. The scheme is implemented using an
iterative algorithm, where in each iteration, increasing numberi5]
of resources with high-energy-delay ratio are disabled and
the nodes scheduled using a list-based algorithm. We proposg;
two algorithms: 1) a simple©(n?) algorithm and 2) a more
complex O(n?log L) algorithm, whereL is the latency and ]
n is the number of nodes. The average reduction obtainecJ
by the more complex algorithm is 17.5% when the latency
constraint is tight and is 39% when the latency constraint is!®]
1.5 times the critical-path delay. The results obtained by the
simpler algorithm are on the average 9% less compared tq9]
those obtained by the more complex algorithm. This is th
expected tradeoff between the complexity of the algorithm an
power/energy savings.

0]

n the Lagrange formulation.
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