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Transaction Briefs

Variable Voltage Task Scheduling Algorithms for scheduling—periodic, aperiodic, on line, off line, etc. The input to
Minimizing Energy/Power our system consists of task arrival times, deadline times, execution
times, switching activities, periods, and/or the task set completion
Ali Manzak and Chaitali Chakrabarti time. Our aim is to determine the operating voltage of the processor as
it executes each task such that the energy or peak power consumption
is minimum.

Abstract—in this paper, we propose variable voltage task scheduling . . . )
algorithms that minimize energy or minimize peak power for the case Our approach to solving the task scheduling problem is to first

when the task arrival times, deadline times, execution times, periods, develop a theoretical relationship between the task voltages for
and switching activities are given. We consider aperiodic (earliest due minimizing energy/power consumption, and then to develop a simple
date, earliest deadline first), as well as periodic (rate monotonic, earliest heuristic to satisfy the relation. By using the Lagrange multiplier
deadline first) scheduling algorithms. We use the Lagrange multiplier hod h h h h. - fi .

method to theoretically determine the relation between the task voltages method, we have shown t vatvt e ry]lir;llml{m-eﬁel_’gy configuration cor-
such that the energy or peak power is minimum, and then develop an responds to the case whef (V — V;)° /(V + V4) is the same for all
iterative algorithm that satisfies the relation. The asymptotic complexity of  the tasks, and that the minimum peak power configuration corresponds
the existing scheduling algorithms change very mildly with the application to the case wheaV/ (V — V,)? is the same for all the tasks, whérds

Zfstweﬂrggors:;jlfgeog;@:)' ’Vl/ﬁasth&\g ?,);F;gggegstgl gn(;]aenriog)gﬁggngn:ﬁ othe operating voltagé;; is the threshold voltage andis the switching
proposed low-complexity algorithm is very close to that of the optimal activity. We approximate the minimum energy and the minimum peak
energy (0.1% error) and optimal peak power (1% error) assignment. power formulation and use the conditiattV’ — V;)* as the same for
Index Terms—Dynamic voltage scaling, energy minimization, Lagrange all tasks. Our procedure has been experimented on 10000 randomly
multiplier method, low power, off line algorithms, on line, peak power min-  generated task configurations as well as some real-life cases. For the
imization, task scheduling. randomly generated cases, the energy savings are between 43.5% and
45.7% wherl 1.1 = 1.5Ti, for aperiodic schedules.
The main features of our scheme are as follows.
1) Itcanbe used widely for different classes of task scheduling prob-
Energy minimization and power minimization are important perfollems (preemptive, nonpreemptive, dynamic, static, periodic, aperiodic,
mance metrics in todays world. While energy minimization is criticallgporadic, etc.).
important for portable devices running on batteries, peak power con-) |t finds the optimal voltage assignment for minimum energy and
sumption minimization is important in high-power systems where thftinimum peak power when all task information is available in advance.
high temperature causes silicon failure and increases the system Co8} It finds a near-optimal solution with the low complexity algo-
(cooling, packaging) [1]. Substantial energy/power minimization cafthm for random and real-life examples with 0.1% error for minimum
be achieved without sacrificing performance by lowering the suppbqergy and 1% error for minimum peak power.
voltage (and thus, slowing the clock), instead of idling, when the COM-4) |t has a low complexity; the asymptotic complexity of the sched-
putational load of a task is low [2]. uling algorithms increases mildly when the iterative voltage adjustment
In this paper, we consider a system which consists of a processor t&!@brithm is applied.
is capable of operating over a range of supply voltages and a dc-dghe rest of the paper is organized as follows. Section Il describes
converter that is capable of supplying these voltages. Voltage schggdisting work in dynamic voltage scaling. Section Il formalizes the
uling on such systems has been studied extensively in the past coyplshlem and presents the iterative algorithm. Section IV presents the
of years [3]-{17]. The algorithms can be broadly classified into off ling|gorithms EDD and EDF for aperiodic task assignment with the ex-
algorithms [3]-[7] and on line algorithms [3], [7]-[17]. The off line al- 3mples. Section V presents the algorithms RM and EDF for periodic
gorithms have low complexity and yet achieve significant energy saysk assignment with the examples. Section VI includes the results on

ings since complete information about the tasks are kreyiori. If - ser generated as well as real life examples. Section VII concludes the
complete information about the tasks are not known or if the variatigiyper.

in the workload is significant, adjusting the voltages dynamically (or
on line) results in even greater energy savings.

In this paper, we consider the problem of task scheduling on a Il. RELATED WORK
processor capable of dynamic vqltage scaling .(DVS). that mlr?'mIZESVoItage scheduling on dynamic voltage processor has been studied
energy or peak power consumption. We consider different kinds of . - . .

extensively in recent years [2]-[17]. When complete information about
the tasks is available in advance, voltage scheduling for energy mini-
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schedules the critical jobs at the highest speed, then constructs a 8ibAperiodic (Single) Tasks
prob!em for the remaining jobs and solve_s it_ recursively. An off line E4ch task appears once in given tiffig... If ;
heuristic for non-_preemptlye task _schedullng is presented in [5]: Mofige of taskj, andn is the number of tasks, then
recently, [6] provides & (»*) algorithm for voltage scheduling when
the timing parameters of the tasks are knawpriori. The algorithm , " u . V;
builds a voltage schedule by identifying critical intervals and finding Tiotal 2 Z 7= Z sk’ C (V; _Jvt)z @
their corresponding speeds. =t =t

On line algorithms track the variations in the workload and result iheres; is the number of control cycles required to execute task
greater energy savings. The average rate heuristic (AVR) is a popularis the circuit supply voltagey; is the threshold voltage” is the
on line algorithm [3] where at anytimethe AVR sets the speed of theload capacitance of the critical path, drids a device parameter which
processor to the sum of the average rate requirements of tasks wHiieends on the transconductance and the width to length ratio.
time frame includes. An extension of AVR, which tries to flatten the 1) Formulation for Energy Minimization:The energy of tas is
task voltage profile has been proposed in [8]. The incremental on lig&en bya;CLV}s;, whereC' is the total load capacitance and the
algorithm has a worst case complexity@fr*), wheren is the number termsVj, a;, s; are the same as defined before. The total energy con-

is the execution

of tasks. sumption is thus

In order to track the variation in the workload, [10] implements two n
interval based scheduling methods, PAST and AVG (that were origi- Eiotal = Z a;CLV] sj.
nally proposed in [9]) on a PDA. While PAST assumes that the work- j=1

loads of the future intervals will be like the previous one, AVG takes Our aim is to minimize Ei.i Subject to the constraint
the exponential moving average of the workload of the previous Int%otal — constant. By using the Lagrange multiplier method,

vals to determine the speed of the processor. The effectiveness Ofthﬁééﬁnd that Eyoiar is minimum when the following condition is
algorithms has recently been evaluated on a pocket computer in [1liisfied

An extension of the approach in [10] makes use of information such )
as recent processor utilization, predicted future behavior, estimates of aVi(Vi = Vi)* == LoVelVn = V) ViV = V1)’ 2
workload provided by the individual tasks, etc. to determine the desired i+ Vi Vo + Vi
operating speed [12]. The energy savings are dependent on the @iy, > 3V, this is approximated to
load and the hardness of the deadline constraints, as expected. ‘ .
The variation in the execution time of the tasks has also been ex- ar(Vi =V’ = = an(V, = V)%, 3)

ploited in [13] which allows the processor (at run time) to lower the ) . L
The error introduced as a result of this approximation is at most

supply voltage such that the current active job finishes at its deadline

ne . ARSI ) i
or the release time of the next job. If the release times and deadline 1% [7]. The low complexity energy minimization algorithm ad

are knowra priori, then greater energy savings can be obtained by Ists the voltages of the tasks according to (3) provided that the timing

. - . .constraints are not violated. The optimal assignment algorithm, on the
namically varying the speed of the processor to exploit the executig : .
. - . other hand, adjusts the voltages according to (2).
time variation of each task as in [14].

. . . 2) Peak Power Minimization:The power consumption of tagkis
In order to fully exploit the slack time caused by workload varia- ) P P ?

. . ) ) iven by P; = o;C V7 f; wheref; is the clock frequency of task
t|_on, the supply voltage has to be var!ed during the e>_<ecut|on ofat e average power consumption is, thus,
(instead of only at the task boundaries). One such intra-task voltage
scheduling method is proposed in [15] where a task is partitioned into 1 "
. . . . . Piye = Z Pj7;.

several pieces called time slots, and the voltage is dynamically varied Tiotal 7
timeslot-by-timeslot basis. =t

A more aggressive intra-task voltage scheduling method based oiClearly, P, is minimized when energy is minimized. LE,.x be
static program analysis is proposed in [16] and [17]. The algoriththe maximum power consumption of the set of tasks. We ref&.ta
exploits the fact that there are large execution path variations amamgthepeak poweconsumption. Then our aim is to determine the task
different execution paths and so if short execution paths can be identitages such thaP,... is minimum. Since clock frequency of each

fied, then the corresponding clock speed can be lowered. task is determined by; = (V, — V;)?/k'C'V;
a;CLVi(V; = V;)? .
=M 1gj<n
Ill. FORMALIZATION L
Clearly, P; < Pmax andPmax is minimum whenP, = P, = -+ =
A. Problem Definition P,,. This implies that
Given a set ofr tasks(+1, 72, ---, v») and a computation time aVilVi =V)? =+ = a,, Vi (V, = V)™ 4)

Tiota1, OUr @im is to schedule the tasks in tifig. such that 1) the R .
energy consumption is minimum and 2) the peak power consumptibite that for; > 377, (4) can be approximated to
is minimum. Associated with taskare the following parameters:

« a;: arrival time of taskj, ar(Vi —V)" = =V = V1) ®)
* d;: deadline time of task, which is the same as the condition for minimum energy [see (3)]. The
* p;: period of taskj, approximation can introduce an error as highre&6% for voltage
* a;: average switching activity of task «; is related to the type range of 1 V to 3.3 V}; = 0.4 V and amax/amin = 2. This error
of program being executed and can be obtained by simulation. is clearly higher than the error introduced in the energy formulation.

Scheduling the tasks is equivalent to determining the supply voltagkis is because a task with power consumption much higher than others
of the processor during execution of each of the tasks. can skew the solution. The low-complexity peak power minimization
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algorithm adjusts the voltages of the tasks according to (5) providedThe maximum number of iterations is given bym.x =
that the timing constraints are not violated. The corresponding optimdl/ AV )(Vitart — Vimin). By doing a binary search, the number of

assignment algorithm uses (4). iterations can be reduced ligz (kuax ).
2) Slack Adjustment for Optimal Energy and Optimal Peak Power
C. Periodic Task Assignment Assignment: Slack adjustment procedure for optimal energy and peak

The assignment of periodic tasks can be calculated in the same W€r assignment is very similar to the procedure for the low-com-
as the aperiodic assignment. The only difference is that inTime,, P/€Xity (@pproximate) algorithm. The main difference is that instead of
there are now multiple instances of a tasky ffis the period of tasl, ~USing the approximate relation in (3), the exact relation in (2) is used.

thenr; /p; is essentially the fraction of processor time spent in exechS @ reSl_Jlt, the voltage a_ssign_ment in each step is npt as straight for-
tion of taskj. So, the utilization factof’ is ward as in (10). In théth iteration, the voltage of taskis related to

the voltage of the critical task by the following relation

Uv=>" 1% <1 (6) Vik)(Vi(k) = Vi)* _ atmin Vi (k) (Vi (k) — V2)? (11)
=1 (Vi + V1) - a;(Vin + V2) '
SinceTioia1/p; is the number of instances of taghn time Tiora, CalculatingV; (k) from V;,, (k) takes more than one step. This is be-
the total energy consumption in tind@, .. is causeV; can take a maximum of = (Viyuy — Viuin)/AV different
" Tiotal , voltage values, and finding; (k) from V5, (k) using (11) takes a max-
Erotar = Z i a;CLVys;. imum oflog k steps using binary search. This makes the overall com-

J=1 plexity of the optimal assignment algorithi®$log %) times more than
Our aim is to minimize Fi..1 Subject to the constraint the complexity of the low-complexity algorithms.

U = constant by using the Lagrange multiplier method, we

find that the energy and peak power minimization formulation are the IV. APERIODIC TASK ASSIGNMENT

same as in aperiodic tasks. . . . . .
In this section, we show how the aperiodic task assignments, earliest

D. Slack Adjustment due date (EDD) and earliest deadline first (EDF) can be used to reduce

] ) ) the total energy and peak-power consumption.
1) Slack Adjustment for Low-Complexity Algorithrhet V;, be the

voltage of task. Then, if the Lagrange relation (3) is to be satisfieds Aperiodic EDD (Jackson’s) Algorithm

h I f (, Vjisrel
the voltage of tasl, 17 s related tol’i by The EDD algorithm schedules tasks with earlier due date first. Tasks

1/3 . . . .
Vo= g (Ve = Vi) + Vi have synchronous arrival times, but can have different computation
J k ! t times and deadlines. Jackson’s algorithmsfdasks has a complexity
Now if the voltage of task: is decreased bV, whereAV is  Of O(nlogn) [18]. The guarantee tests; _, 7. < d;, whered; is

the converter sensitivity, the voltage of the remaining tasks have to € deadline for task. , o
adjusted. The new voltage of tagks 1) Low-Energy EDD Algorithm:If after the application of the EDD

13 algorithmj a feasib_le so_lu_tion exists and unused slack is available, Fhen

V. _ <ak> (Vi = AV = Vi) + Vi the following algorithm is invoked to decrease the energy consumption.
aj ‘ ' In each iteration, the voltage of the critical task (or taskis decreased,

The change in voltage of tagk AV, = V, — V, is a function of the voltages of the other tasks adjusted, and the finishing time of the

Jnew

" Inew

AV task, f, compared with its deadline. If there is a violation scheduling
taskj at stepk, i.e., there is a violation in the assignméfn{ %), then
1/3 . ~ - .
AV = [ &k AV, 7) the previous voltage valud’{(k — 1)) is chosen. Furthermore, since
’ aj ' all tasks with a due date earlier than tgstould have caused deadline

) violation of taskj, all these tasks are assigned voltages corresponding
From (7), we see that the maximum voltage change occurs for %eiterationk 1V, = Vi(k — 1) forl = 1 toj. The algorithm

task with the minimunm value. Let that t.ask be referred tq as tas.k continues until voltages for all the tasks are determined.
Then the task voltages are changed with respect tortgssince this E=1to k
fhn;:ge;tr?;:Ze voltage change for the remaining tasks will not be mor%pdate Vm(k), Tm(k) for the critical task

s for each unscheduled task v €T
i Qmin i . . update V;(k), 7;(k) for the tasks using
V= Vin — Vi) + Vi 8 J J
’ ( a; > (‘ ot ® eqn. (10)
Starting voltage of taskm: The task voltages are iteratively adjusted _fj = fi—1 + 7;(k)
so that the Lagrange relation is satisfied. In the first iteration, task it fj > d;(k) .
is set toVart. Vatart is higher tharVi,.x to ensure that in the begin- for =11t j

ning no task is assigned a voltage lower than.. Vaar: is calculated Schedule: Vi = Vi(k —1)

assuming that the task with the highestalue is assigneti,ax

| 1/3
Vatare = <nm_ax> (Vinax — Vi) + V4. 9) Complexity: The worst case complexity of the algorithm is
Qmin . . .
O(nkmax + nlogn). The optimal assignment algorithm has a
Number of iterations: In the iterative procedure, in each step, th@omplexity ofO(1kmayx 108 kmax + n1og n).
voltage of taskn decreases bAV; V.., (k) = Vitare — KAV. Thusin
the kth iteration, the voltage of the tagk(l < j < n)is B. Aperiodic EDF Algorithm

EDF is a dynamic scheduling algorithm that at any instant executes

1/3
T2 A Qmin b _ AV _ T/ 7
Vi(k) = < > (Vatare = RAV = V2) 4 Vi (10)  the task with the earliest absolute deadline among all the ready tasks

@y
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4 1.6 1.8 2 1 1.2 1.4 1.6 1.8 2
in terms of Tcm) T, .. (interms of Tcm)

02 ; : ; 0 - ; :
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(c) (d)

Fig. 1. Five task assignment problem ®f,.x = 20min, Smax = 10Smin, Pmax = 2Pmin- (@) EDD: normalized energy versus normalized delay. (b) EDD:
normalized peak power versus normalized delay. (c) RM: normalized energy versus normalized utilization. (d) RM: normalized peak power vdized norma
utilization.

[19]. Preemption is allowed; all tasks consist of a single job, and haveThe proposed EDF algorithm is an on line algorithm and is not op-
different arrival times, computation times, and deadlines. The gudiral with respect to energy minimization. Since arrival time informa-
antee test i, _, 7(t) < d; Vj = 1, ..., n. The complexity of tion of the tasks is not availabepriori, slack distribution of the tasks
EDF isO(n?). can not be done optimally. In fact, no on line algorithm can be optimal
1) Low-Energy Aperiodic EDF Algorithmin this algorithm, with respect to energy minimization if there are unknown parameters
whenever a new task arrives, the voltage values of the unschedudedh as arrival time, execution time, etc.
tasks are updated according to the minimum energy equation provided
that the deadline constraints are not violated. The voltage value for the

task with the earliest deadline is found using binary search. V. PERIODIC TASK ASSIGNMENT

In this section, we show how the periodic task assignments, RM, and
EDF, can be used to reduce the energy consumption.

insert the newly arrived task into the
ordered queue. A. Rate Monotonic Schedule
7; is the task with the earliest deadline

in the queue. The rate monotonic (RM) scheduling algorithm is a simple scheme

that assigns priorities to tasks according to their request rates [20].

b'largatse ear‘c/h (Lo)r eac?k) for ]:he( c{ﬁriﬁc;ﬂ t'g';\skk max) Specifically, tasks with higher rates (that is with shorter periods) have
fopr each %scf’]edzrlled task e higher priorities. In addition, deadline of a task) is equal to its pe-
Vi riod. The guarantee testis < Uy, = n(2Y/™ — 1),

l;.ngti fVJ(l(c])C) _ﬁ_(@g) using eqn. (10) Although CPU utilization factor can be improved by increasing task
o Ji—1 J computation times (decreasing voltages), there exists an upper bound
it fi(k) > d; and f;(k —1) < d; Us(T, A) of the processor utilization factor for a task setinder a
Schedule:  V; = Vi(k — 1). (L, 4) P ; . -
given algorithm A. A feasible schedule is guaranteed wheq Uy, .

If U < U, there is an extra slack available and this slack can be used
to decrease the voltage of the tasks, while still guaranteeing feasibility.
Complexity: In each cycle, the task with the earliest deadline is 1) Low Energy RM Algorithm: In the proposed method, voltage

scheduled. This takes log(kmax ) iterations. The overall complexity assignment based on slack utilization is done first followed by RM
of the algorithm isO(n? log(kmax)). The complexity of the optimal scheduling. Both voltage assignment and RM scheduling are done off
algorithm isO(n? log? (kmax ). line. The voltage assignment algorithm finds the optimum value(iof
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log k steps using binary search) for which the utilization= Z?:l TABLE |
(1;(k)/p;) < U andU is maximum. ENERGY AND PEAK-POWER SAVINGS FOR_1) APERIODIC SCHEDULESWITH
: : DIFFERENT CONVERTER UTILIZATIONS (U.) AND T, = Tiot/Teric AND 2)
PeRIODIC SCHEDULES WITH DIFFERENT U, AND U,. = U /Us 3
FORRM aND U,. = U/U3;.3 FOR PERIODIC EDF

Voltage assignment:

binary search for k, k=1 to kpax Algorithm Energy Savings % | Peak Power Sav. %
update V,,(k), 7n,(k) for the critical task Ue |Tr=15|T=2|T,=15|T, =2
for each task v; € T EDD 0 43.5 63.5 55.6 85.7
update V;(k), 7;(k) using egn. (10) ?]'05 :4r0 - gl'?_ 5 ;3 — 2?% 5
if U= Zr}_l(Tj(k)/p]') < U and U - < — - r = —
. . Jj= Aperiodic | 0 43.5 57.4 51.7 85.7
IS rglcﬁ)r%munll _ 0 EDF 0.05 | 40 558 | 48.9 843
sstgnment
. i . . U |U,=15]0,=2|U,=15][U,=2
Assignment (k): Assign  V;(k) to task 7, RM 0 Ta57 3 703 61
L<j<mn _ 0.05 [41.7 603|681 84
Scheduling: Schedule the tasks with RM. U, |U,=15|U0,=2 U, =150, =2
Periodic [0 45.7 62.8 70.3 86.1
EDF 0.05 | 41.7 60.3 68.1 84
Complexity: The worst case complexity of the algorithm is
O(nlogn + nlog kwax)). The optimal algorithm has a complexity of TABLE I
O(nlogn + nlog? kmax). TAsK DESCRIPTION FORREAL-LIFE EXAMPLES
Applications | # tasks | Range of WCETs(ms)
B. EDF Sch |
Schedule Avionics 17 1,000 - 9,000
The EDF algorithm is a dynamic scheduling rule that selects tasks INS 6 1,180 - 100,280
according to their absolute deadlines. Tasks with earlier deadlines are CNC 8 35 - 720
given higher priorities. Deadlines of the tasks are assumed to be equal to
their periods for simplicity. The guarantee testiis= >, (7: /p:) < TABLE 1l
L. ENERGY AND PEAK POWER SAVINGS FOR REAL-LIFE EXAMPLES
1) Low-Energy EDF Algorithm:In this algorithm, the voltage as- FOR DIFFERENT CONVERTER UTILIZATIONS (U.) AND
signment is done off line followed by dynamic task scheduling using DIFFERENT SWITCHING ACTIVITIES (o)
the EDF algorithm. The voltage assignment is based on the slack distri-
bution method that is dictated by the minimum energy equation along ~ Example | Alg. | o gnergoy SSV'Z‘E) UPOW%T S?J‘"f’o
- - - = - = 2
with the feasibility conditiorl” < 1. NG R same 1247 17 o7 53
diff | 46 43.3 68.8 66
EDF | same | 64.7 64.7 82.8 81.6
Voltage assignment (Off line): dif [654 |643 | 855 84.6
binary search for k value ( k=1 to kyax) INS EDF | same | 37.3 | 37.3 538 |53
update V,,(k), 7. (k) for the critical task e — diff ‘212 5 ;‘21-; gg 5 gg-i
for each task ,.yJ E F vionics Sa.,me . . . R
diff | 25.9 25.5 43.7 43.3

update V;(k), 7;(k) using eqn. (10)
it U=3_,(7(k)/p;) <1 and U is maximum

return ASSi!Inﬁlﬁnt(k) randomly chosen between,i, and10s,i, and switching activities
Assignment (k): Assign  V;(k) to task j, randomly chosen between,.i, and2auin.
1<j<mn, EDD algorithm: To guarantee a feasible schedule, the deadline of
Scheduling: Schedule the tasks dynamically taskj is chosen ad; = d;_ + k; = s;, wherek; is an independent
with EDF. random variable between 1 and 2. As a result, for EDD, the task ex-

ecution times are distributed normally betweéBg; to 27, with a
mean ofl.57..+; and standard deviation 6f167... Fig. 1(a) and (b)

Complexity: The voltages of the tasks are determined off line witRlot the normalized energy and peak power as a functidiief,. We
the complexity ofO(nlog(kmax)). The optimal algorithm requires See that as the delay increases, tasks can be assigned to lower voltages
O(nlog? (kmax)) complexity for the same computation. Since th@nd as a result the normalized energy/power reduces. While the energy

complexity of EDF algorithm i€)(n?), the overall complexity of both reduction is proportional to the reductioriiff, power reduction is pro-
algorithms remain ab)(n?). portional to the reduction ifV (V' — V;)%. As a result, the peak-power

reduction is (on the average) higher than the energy reduction. Another
interesting point is that deadline constraints have a stronger effect on
peak power reduction. The extreme case is when the deadline constraint
In this section we describe the energy and peak-power savings gbthe task with the highest power consumptiofiis: , resulting in the
tained by our algorithm for randomly generated task configurations péak-power reduction being zero. Finally, for all the task assignments,

VI. RESULTS

well as for real-life examples. the peak power obtained by the optimal assignment is only 1% less than
) . that obtained by the low complexity (approximate) assignment.
A. Randomly Generated Task Configurations Aperiodic EDF algorithm: To guarantee a feasible schedule, the

We experiment with 10 000 different task configurations, where eadeadline of tasks is chosen betwelgn: +s; andd; 1 +k;*s;, where
configuration consists of five different tasks with task execution timds is an independent random variable between 1 and 2. The arrival time
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TABLE IV
COMPLEXITY OF THE PROCEDUREBEFORE ANDAFTER APPLICATION OF THEENERGY MINIMIZATION ALGORITHM
Algorithm Complexity
before after
low complexity optimal

static periodic | RM nlogn) | O(nlog(nk)) O(nlogn + nlog?k)

o(
aperiodic | EDD | O(nlogn) | O(nk) + O(nlogn) | O(nklogk) + O(nlogn)
dynamic | periodic | EDF [ O(n?) O(n?) O(n?)
aperiodic | EDF | O(n?) O(n%logk) O(n’log?k)

of taskj is chosen as; = dj_» + s;—1 to ensure feasibility. The three cases. For instance, when EDF is applied to INS, the energy
energy and power savings are almost the same as EDD, since deadianéngs drop from 45% to 44% when switching activities are taken

constraints and variation im are similar. into account.
RM schedule: To guarantee a feasible schedule, the period of tasks
is chosen betwedi 1, Kk andUpyp, xnxs;xk;, yvherek, isanin- _ VII. CONCLUSION
dependent random variable between 1 and 2. This ensures that task uti- _ o _
lizations are distributed normally betwe&i,, = 0.74 10 0.5U},, = In this paper, we present an extension of existing task scheduling al-

0.37. Fig. 1(c) and (d) plot the normalized energy and peak power g8rithms (EDD, EDF, RM) to minimize energy/power. We theoretically

a function of the normalized utilization factor. The normalized utilizadetermine the relation between the operating voltages for the minimum

tion factor varies fromi” — 1/0.74 = 1.35to U = 1/0.37 = 2.7. energy and minimum peak power assignment using the Lagrange mul-
We see that as the normalized utilization factor increases, tasks cariipéer method and develop heuristics that use this relation. We demon-

assigned to lower voltages and as a result the normalized energy/poSiegte the effectiveness of our procedure using randomly generated ex-
reduces. amples, as well as real-life cases.

Periodic EDF algorithm: To guarantee a feasible schedule, the pe- Application of our procedure increases the complexity of the sched-
riod of tasks is chosen between s; andn « s, « k;. This ensures that Uling algorithms mildly. For instance, for RM scheduling the com-
task utilizations are distributed normally betweén= 1to U = 0.5. Plexity increases froni)(nlogn) to O(n log(nk)) for the low-com-

The energy curve is similar to that obtained by the RM schedule. HoRkexity algorithm and t@) (n log n+n log” k) for the optimum assign-
ever, the energy Savings are much h|gher for EDF, Compared to Rm,ent algorithm, Wher& iS the number Of tasks al’ldis the number Of
since the slack is fully utilized. For the 5 task assignment problem, tigrations. There is a trade off between energy/power savings and the
maximum feasible utilization is 0.74 for RM and 1 for EDF. Thus, foFomplexity of the algorithms. The value 6fdepends on the voltage
Us.s = 0.74, the energy saving is zero for RM (sinBe,, /Us.s = 1)  converter sensitivity; the higher the sensitivity, the higher the running
and isl’/Us.s = 1/0.74 = 1.35 for EDF algorithm. This corresponds time of the algorithm and closer the solution is to the optimal assign-
to a 35% energy saving. ment. Table IV lists the complexity of the procedure before and after

The average energy savings and peak power savings for differ8Rplication of the energy minimization algorithm.
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2 x Ceoup, Whereas, when they switch in the same direction at the
same time the capacitance is 0. If one line switches when the other
L . line stays at a fixed value, the effective capacitandexsC'o.,. This
Designing Fast On-Chip Interconnects for Deep condition is illustrated in Fig. 1. Since wires rarely switch exactly at
Submicrometer Technologies the same instant, these extreme values are not often encountered. Still,
the effective coupling capacitance does dynamically vary. In order to
understand how these line capacitance variations can alter delay, let us
recall the 50% delay expression for a distributed RC line [3]

Effective coupling capacitance under different terminal conditions.

Razak Hossain, Fabrizio Viglione, and Marco Cavalli

Abstract—This paper proposes a solution to the problem of improving Tso% = 0.4 X Riny X Cing + 0.7
the speed of on-chip interconnects, or wire delay, for deep submicron tech- , .
nologies where coupling capacitance dominates the total line capacitance. X(Rix X Cint + Rir X C, + Rine X CL)

Simultaneous redundant switching is proposed to reduce interconnect de- . . . .
lays. It is shown to reduce delay more than 25% for a 10-mm long inter- Where R is the on-resistance of the driver transistifu; andCin

connect in a 0.12m CMOS process compared to using shielding and in- are the resistance and capacitance of the wire (anis the load ca-
creased spacing. The paper also proposes possible design approaches to repacitance. Capacitive coupling is more severe in long wires, for which
duce the delay in local interconnects. Cint > C'r. This allows the delay expression to be simplified to [3]

Index Terms—Capacitive coupling, critical wire, deep submicrometer .
P piing P Tso% = (0.4 X Rini + 0.7 X Rir) X Cin.

technology, on-chip interconnect, redundant wire, shielding, simultaneous

redundant switching, spacing, wire defay. The expression illustrates that line delay is directly proportional to its

load capacitance. Thus, if coupling were to cause the capacitance of a
I. INTRODUCTION line, Cing, to vary from 50% to 150% of its steady-state value, the line

o . ) delay would vary by a factor of 3. Obviously, there are delay advantages
As our ability to fabricate deep submicron (DSM) processes ag 1o cing the line capacitance. Before presenting our approach for

vances, we start to encounter problems from the convergence of 4uQ,,ing ine delay in capacitively coupled interconnects, we review
dlffergnt factors. First, chl_ps run faster, W'th_ global wire lengths "the existing techniques to reduce wire delays and capacitive crosstalk.
creasing, or at least, staying constant. As wire delays do not scale 3Phe standard approach to driving long interconnects is to use
well as transistor delays, interconnect delay accounts for an increaqjggeaters_ Repeaters, which divide long wires into shorter segments,

have been shown to reduce the delay for long, distriblR€[3]
and RLC lines [4]. This follows as both the capacitance and the

Manuscript received August 20, 2001; revised May 2002. resistance of a wire increases linearly with its length, leading to
R. Hossain is with STMicroelectronics, Inc., San Diego, CA 92129 USA quadratic impact on delay. Since long interconnects are heavily
(e-mail: razak hossain@st.com). . _ loaded, using low-swing signaling seems to be another design ap-
heﬁé\{lgc\?gecvgﬁzlm;msTMlcroelectronlcs, Inc., San Diego, CA 92129 US’l'\}f)roach worth considering. While low-swing signaling has been shown
M. Cavalli is with STMicroelectronics, Inc., Srl. 20041 Agrate, Italy. to be effective in reducing power dissipation, it has not lead to delay
Digital Object Identifier 10.1109/TVLSI.2003.810781 reductions [5] (the paper does not consider coupling capacitance on
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