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Abstract—Energy consumption continues to be a major
concern in multiple application domains including power-
hungry data centers, portable and wearable devices, mobile
communication devices and wireless sensor networks. While
energy-constrained, many such applications must meet timg
and QoS constraints for sensing, actuation or multimedia d&a
processing. Many modern power-aware processors and mi-
crocontrollers have built-in support for active, idle and deep
operating modes. In sleep mode, substantially more energy
savings can be obtained but it requires a significant amountfo
time to switch into and out of that mode. Hence, a significant
amount of energy is lost due to idle gaps between executing
tasks that are shorter than the required time for the processr
to enter the sleep mode. We present a technique calldgate-
Harmonized Scheduling that naturally clusters task execution
such that processor idle times are lumped together. We
next introduce the Energy-Saving Rate-Harmonized Scheduler
which guarantees thatevery idle duration on the processor
can be used to put the processor into sleep mode. This
property can be used to even eliminate the idle power mode in
processors but nevertheless it is predictable, analyzahland
saves more energy. We finally evaluate the practical benefits
of Rate-Harmonized Scheduling implemented in the nano-RK
real-time operating system [1] for wireless sensor network

I. INTRODUCTION

The functionality and continual use of increasingly
popular portable, mobile and wearable communication
devices are often significantly constrained by the limits of
their energy sources. Extending battery lifetime is a major
challenge in wireless sensor networks. At the other end of

the size scale, the energy demands of running and cooling
data centers are making them very expensive. Hence, the

need to extract energy savings continues to garner attentio
among multiple communities.

We propose, analyze and demonstrate the benefits of

some simple and practical yet effective algorithms for

saving energy. These schemes can be readily implemented
in reservation-based real-time operating systems (such as

Linux/RK [2] and nano-RK[[l]), where the processing,
bandwidth and timing constraints of tasks are knoswn
priori.

Most modern micro-controllers have built-in support for
various energy saving modes. Typically, there is a longer
transition time associated with moving to lower energy
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states due to the overhead required for the main oscillator
to startup and stabilize. On FireFly sensor nodés [3] using

the Atmel ATmegal281 processor, the transition from an

active energy state to an idle energy state takes on the
order of a few micro-seconds since the main system clock
remains active. However, the round-trip transition frote id

to deep-sleep takes on the order of 10-15ms. If the gap
between two tasks is less than this period, the processor
is only able to transition to the idle energy state even

though there is no useful work to be done. In fact, we have

observed that a significant percentage of time is spent in
idle mode due to the accumulation of small gaps between
tasks.

We introduce a family of rate-harmonized schedulers
(RHS) that clusters the execution of tasks so that idle
durations can be lumped together enabling transitions to
the sleep mode. One such rate-harmonized scheduling
technique callecEnergy-Saving RH@&dds a virtual sleep
task in a manner that allows every inactive period of
execution to be used as sleep time in the system. This
scheme yields many major benefits:

« A processor using energy-saving RHS can transition
any and everyidle duration on the processor into
the sleep mode. The idle slots in the schedule can
also be due to a task executing less than its worst-
case execution time. Energy saving is thus maximal.
The only requirement is that the taskset be feasible
under energy-saving RHS, and exact conditions for
feasibility are provided.
Thanks to the maximal energy savings obtained, there
is no longer a need to manage more than two CPU
energy states. The processor is either in the sleep state
or the active state. This simplifies both the scheduler
and potentially the hardware design of the processor.
o The worst-case energy consumption using energy-
saving rate-harmonized scheduling can be predicted,
analyzed and optimized. The benefits of analyzability
are likely to manifest themselves over time in myriad
and surprising ways.

Rate-harmonized schedulers have the interesting prop-
erty of clustering task execution together. Though beyond
the scope of this work, this batching property can be useful
in other scenarios. For example in a situation where mul-



tiple tasks access a shared resource that has a significanthen used with basic rate-harmonized scheduling, the
setup cost, it would be ideal avoid repeated initializagion technique exhibits an additional set of very attractive
In this paper, the shared resource we focus on is the CPUproperties from an energy-saving perspective.

and the penalty that we minimize is the energy lost in the
setup time required for the CPU to transition from the deep
sleep to the idle energy state.

The techniques of dynamic voltage scaling (DVS) and
dynamic frequency scaling (DFS) have been the focus
of much research in recent years with the objective of
reducing energy consumption. This is due to the fact that
the dynamic power consumption of CMOS circuits][11],
[17] is given byP = aCL V3, WhereP is the powerg is
the average activity factor,;, is the average load capac-
itance, V2, is the supply voltage and is the operating
frequency. Since the power has a quadratic dependency on
the supply voltage, scaling the voltage down is an effective
way to minimize energy consumption. However, lowering
the supply voltage can also adversely affect the system
performance due to increasing delay. Many lower cost
microcontrollers do not have DVS/DFS capabilities. Our
approach works even in systems without support for DVS

Many current sensor networking systems are designed,and DFS. Neverthele;s, integrqting D\/S/DFS techniques
using non-preemptive operating systems in order to sayelnto our framework will be an interesting area of future
on memory [[4], [5]. These systems are event—triggeredwork'
and typically provide energy savings by executing tasks
as quickly as possible and then returning to sleep. Without
deadline information, it is difficult to cluster events irder
to further save energy. Due to the increasing complexity
of sensor networking tasks and the scaling of technology,
multiple preemptive operating systems capable of running Most modern processors have built-in support for mul-
on micro-controllers are now publicly availablel [6[] [7], tiple modes of operation with each mode consuming a
[1] . These operating systems mention usepfiori task different amount of energy. The processor also needs more
knowledge for energy savings, but do not provide schemesor less time to switch into and out of different power-saving
with additional benefits beyond standard priority-based modes. The lower the power consumption, the larger is
scheduling. the time required to switch into and out of that mode. For
example, a "power-aware” processor normally has

A. Organization of Paper

The rest of this paper is organized as follows. Section
[ discusses related work. Sectiqn]lll introduces Rate-
Haromonizing Schedulers providing schedulability con-
ditions and runtime properties. Sectibnl IV describes the
FireFly sensor network hardware, the Nano-RK operating
system along with a performance evaluation of our energy
schemes. SectidnlV provides concluding remarks.

II. RELATED WORK

Ill. RATE-HARMONIZED SCHEDULING AND MAXIMAL
ENERGY SAVING

For time-sensitive applications, we use priority-based
preemptive scheduling to implement the rate-monotonic
paradigm [[8] of real-time scheduling. Given a periodic
sensor task set wlth timing degdllnes and a priority set tasks waiting to be processed,
inversely proportional to the period of the task, one can | Jnidle (or napmode), where it consumes less energy
prove timing guarantees are honored. We extend upon this Eig. than the active mode, but no processing can
paradigm through the use of phase adjustment at the cost of )& place and a small amo,unt of tiﬁ@-dzﬂ must
scheduling efficiency to improve energy performanie. [9] be spent to switch into and out of this mode, and
generalizes the original rate-monotonic analysis to stippo a deep sleeffor sleepmode), where it consumes the
periodic tasks with arbitrary deadlines. We use parts af thi least amount of energi.; but no processing can
analysis to prove utilization bounds of our task sets given take place and a sizeable apmount of tiffiB, .., must

. . . eep
phase adjustments due to harmonization. be spent to switch into and out of the mode. This

« anactivemode, wherein the processor consumes the
most amount of energy,..ive but it can execute

Real-time scheduling experts will rightfully note that the typically involves spinning down the main oscillator
“energy-saver” task used in energy-saving rate-harmeohize which take'_s a_5|gn|f|cant amount of time to stabalize
scheduling behaves like a sporadic taSK [10] which exe- ~ UPON reactivation.

cutes at the highest priority from a scheduling perspective
and services an endless queue of sleep requests. However,1STstands forswitching time
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o 0 i ] ] . We will consider a periodic tasksefr, s, -+, 7}
7 H i i i h comprising ofn periodic tasks, each with a worst-case
e I r . =i - computation time,C;, and period,7;. The taskset_ is
Seep | [ . — e — 0 ordered such thafl} < T, < ... < T,,. The relative
RMS (C, 00y =5) deadlineD; of each taskr; is the same as its peridf;.
IR EE I IR R R AR B Each. taskr?- alsg has an initial arrival time ob;, such
& 11 g =" =" " th‘_e\t its arrival times are ab;, o; +T;, ¢i + 215, ---.

v ln “|m T In ‘In “n Without loss of generality, we assume that the phase of
e task 7, 1 = 0. We adopt the fixed-priority preemptive
seep | I (A scheduling approaqh W|_th ta_sk priorities aSS|gned usieg th

RHS (Cy..,-5) rate-monotonic policy (i.e. inversely proportional to Kas
periodﬂ. The utilization U; of task ;) is given by%.
Fig. 1. This figure shows the following task set = {1, 10}, 7 = The total utilizationU;,; of the taskset is the sum of the

{1,15}, 73 = {2,26} with a Cs;ce, = 5 being scheduled with normal  tilization of the tasks in the taskset.
RMS on the top and with RHS on the bottom. In the bottom tingelthe

tasks are harmonized to 1@'f; = 10) which is denoted by the darker our proposed approach calledRate-Harmonized

vertical bars. . . . .
Schedulingallows the execution of different real-time
tasks to be clustered together, thereby having the effect of
lumping together idle durations in the processor schedule.
While many variants of rate-harmonized scheduling are
possible, we introduce only a basic version upon which

Normally, Euctive > Fidie >> Esieep, and STigre << our maximal energy-saving scheme can be built.
STsleep-

When the processor has no ready tasks to execute, iB: Basic Rate-Harmonized Scheduler
is often tempting to switch the processor into the sleep
mode. However, the processor cannot go to sleep if a job
can arrive withinSTy;.., units of time. This can result in
significant time intervals when the processor is not doing !
any useful work but is yet not in the deep-sleep mode. h

A generalrate-harmonized scheduler (RHS) utilizes a
set of periodic value§Ty, - - -, ..., T%} whereTi; < T;,
; = 1 to n, and the values i{Ty, - -,..., T4} are
armonic. These harmonic periods are referred to as the
Harmonizing Base Periogsand all have the same initial
Fortunately, the periodic nature of real-time tasks, when phasing of; = ¢; = 0. Tasks in the given taskset
appropriately structured, provide significant insightoint 71, 7,---,7, are released according to their arrival pat-
the future arrival times of jobs for the processor. Real- terns as in the classical periodic taskset model. However,
time operating systems using a reservation-based approackach job of a task; only becomes eligible to execute at
(e.g. Linux/RK [2] and Nano-RK[]1]) can exploit this its next nearest periodic boundary®t;. Specifically, the
knowledge to switch the processor into low-power deep- (k + 1) job of ; arrives at timegp; + kT; but becomes
sleep mode of operation, whenever jobs are not expectectligible to execute only at timépTi; | (p — 1)Ti; <
to arrive in the near future. Thereby, energy savings cang; + kT; A pTi; > ¢ + kT;).
be obtained without compromising the timeliness and QoS

i _ i 1 _ 2 _
constraints of application tasks. In the Basic Rate-Harmonized Schedyl@y = T§ =

-+« = TH = Tu. We refer tdT'yx simply as theHarmoniz-
We now introduce a novel but simple, practical and ing Period Since this is a rate-harmonized scheduler, we
effective new technique that maximizes the percentage ofmust haveT'y < Tj. Figure[l shows an example taskset
time a processor spends in the deep-sleep mode withoubeing scheduled with normal rate-monotonic scheduling
violating the timing constraints of the real-time taskdet.  (RMS) and Basic RHS wittl'y = 10 and STyjeep = 5.
fact, using our techniqueyerytime-unit that the processor It assumes thaty = ¢2 = --- = ¢, = 0. The arrival
is not in active mode can be spent in deep-sleep modetime of each task is indicated with an arrow above each
HgnPe, the Iqle_.mOde of processc_)rs can even.be potentially 20ur rate-harmonized scheduling approach can be easilytetiap
eliminated yleldmg hardware savings along with enhanced, gynamic priority approaches such as earliest-deadiise-(EDF)
energy savings! scheduling, but it is beyond the scope of this paper.



timeline. In the Basic RHS schedule, tasks that arrive Lemma 3. The maximum value ol'IT—fI = 0.5 for any
before or after integral multiples df'y are not eligible taskr;, i # 1. '

to execute until the next closest boundaryBf; when ] .

they are serviced based on their priority. Tasks that are not h bPro_of. Thehlemma_folljowshfr?jn} the choice dfy for
eligible are delayed until the nedty boundary. the basic rate-harmonized scheduler. u

T is chosen so as to improve schedulability. Suppose
U={r|Tj<2n,j #1}. f ¥ =0, Ta = T1.

. . =G
Otherwise, Ty = % harmonized scheduling |§ T <0.5.
i=1 "t

Theorem 4. A tasksetnis feasible under basic rate-

We now prove some properties of basic rate-harmonized

scheduling. Proof: By assumption, deadlin®; = period T; for

every taskr;. From Theorem 1, the additional delay of
Ty encountered by a task is equivalent to shortening
Theorem 1.A critical instant for any task under basic  the deadline ofr; in the Liu and Layland model bi{l'g
rate-harmonized scheduling occurs wheris requested  (with the exception of; from the proof of Lemma 2).
simultaneously with requests for all higher priority tasks
and r has to waitTy — ¢ before it becomes eligible to
execute (where is an infinitisimally small positive value).

Hence, the ratio of the effective deadline to the period
T; (denoted byA,; in [9]) of 7;, i« # 1, is given by
A = T‘Tﬁ From Lemma 2, task; cannot constitute

Proof: Under basic rate-harmonized scheduling, all the bottleneck task. From Lemma 3, the maximum value

tasks become eligible to execute only at boundaries that areof A is 0.5. The theorem follows Theorem 1 frofr [9
integral multiples ofT'y. If 7 arrives att simultaneously
with all higher priority tasksTy — e time-units before
the next integral boundary @y, taskr and all its higher
priority tasks become eligible to execute onlyt &tTg —e.

An exact schedulability condition can also be stated
using the fixed-point response time computation technique
[13], [14]. To find the worst-case response timergflet

If any higher priority taskr, arrived earlier thary, Wo =C; + Tu
7, would have been eligible to execute earlier, and the
response time for cannot become worse. If any higher  |ierate onk as follows:
priority task;, arrived aftert and at or before + Ty, all

of 7,'s jobs arriving later will be delayed, and the response “ow
] k
time for = can only become better (or stay the same: If Wit1=Ci +Ta + E (_T» 1C;
arrives later thart, its response time will become longer j=t 7

by letting = arrive att. If 7 arrives earlier than, it would ) ) ) ]
become eligible to execute earlier and its response time car!Ntl Wi1 = Wi in which case Wy, is the worst-case

only become shorter (or stay the same). Hencepresents ~ 'esponse time of;. Check itWy, < Di. If Wy1 > D,
a critical instant forr. - 7; misses its deadline and the computation can be stopped.

Remark Note that in Theorem 1, relative to the classical C. Energy_Saving Rate-Harmonized Scheduling
Liu and Layland model, the additional delay afy
encountered by a task is concurrentwith respect to the In our previous discussion, we provided schedulability
delays encountered by all its higher priority tasks. conditions for basic RHS, but we did not prove any
properties on how well the scheme works to save energy.
The example of Figuré]l illustrates a situation where
basic RHS does, in fact, save energy since all of the idle
processor time can indeed be converted into deep-sleep

Proof: The rate-harmonized scheduler requires that time. However, this does not always occur.

the phasing of the harmonizing peri@y = Tj; be the
same as that of;, and Ty is harmonic with respect to
1. As a result,m; is eligible to execute as soon as it
arrives. Being also the highest priority task,'s worst-
case response time ;. [ |

Lemma 2. The worst-case response time gf under
rate-harmonized scheduling is given bY.

We now extend basic RHS to use a periodinergy
Savertask, 7,.cp, that is scheduled as the highest priority
task with its execution time&gce, = STeep, @ period
Tsieep = Ta, and phasinggec, = ¢1 = 0. Whenever this
task executes, the processor can go into deep-sleep mode
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Fig. 2.  This figure shows the critical instant when all taskeva

immediately afterTy.

(for Cyieep units of time everyl'.., units of time). Real-

time scheduling theorists will note that the energy-saver
task will indeed behave like a sporadic talSki[10] executing
at the highest priority from a scheduling perspective ser-

everyidle duration in the schedule under energy-saving
rate-harmonized scheduling will precede (and therefore be
contiguous) with a forced sleep executionf..,.

Proof: The Energy-Saver taskg.., has higher pri-
ority than every taskr;, i = 1 to n, and has an initial
phasing of ¢sicep = ¢1 0. Hence, the resource
will be in forced sleep wherm,.., executes at intervals
(kTstceps kT sieep + Csieep)s k = 0,1,2,---. Correspond-
ingly, the execution of any job of any task, i = 1 ton,
is only during the interval§Tsicep + Csiceps (k+1)Tsicep)
fork=0,1,2,---

Consider any time instarttwhen the resource becomes
idle. That is,t represents the beginning of an idle duration.
Due to the execution pattern of;..,, ¢ must lie within
the intervallkTsicep + Csicep, (k+1)Tsieep] fOr some non-
negative integer value df. We will show that the interval
(t, (k + 1)Tsicep) Will be an idle duration, which in turn
precedes the forced sleep executiorrgf., during (k+
]->Tsleep7 (k + 1)Tsleep + Csleep)-

vicing an endless queue of deep-sleep requests. However,
when used with basic rate-harmonized scheduling, the SinceTy = Ticcp, any taskr;, i = 1 ton, that arrives
Energy Saveexhibits an additional set of very attractive within the intervallkTsicep, (k+1)Tsecp] becomes eligible

properties. We refer to this hybrid scheme Bgsergy-
Saving Rate-Harmonized Scheduling

D. Terminology

We shall use the following terms.

« The resource being scheduled is said tdbsywhen

the resource is executing one or more of the tasks
7i» © = 1 to n. Correspondingly, &usy durationis
defined to be a contiguous interval in the schedule
when the resource is busy.

The resource being scheduled is said to béoiced
sleepingmode when the resource is executing.,.
Correspondingly, dorced sleep durations defined

to be a contiguous interval in the schedule when the
resource is in forced sleep.

A busy-sleep duratioiis defined to be a contiguous
interval in the schedule when the resource is eithe
busy or in forced sleep. Aitle durationis defined to
be a contiguous interval when the resource is neither
busy nor in forced sleep.

r

We now present a theorem that allows the coupling of
idle durations with forced sleep durations.

Theorem 5. When every job of every task;, i =
1 to n, executes for its worst-case execution tirok,

to execute only atk + 1)Tsicep. SO, such an arrival cannot
execute in our interval of interest. If tasl, i = 1 ton,
arrived at or befor&T;.., it would have become eligible
to execute akT .., OF €arlier. Ifr; has any execution time
left at timet, the energy-saving rate-harmonized scheduler
must schedule; at timet. This contradicts our assumption
thatt represents the start of an idle duration. The theorem
follows. [ |

The worst-case execution time assumption of Theorem
5 can be relaxed, and this is captured in the following
corollary.

Corollary 6. Every idle duration in an energy-saving
rate-harmonized schedule will precede (and therefore be
contiguous) with a forced sleep executionf..,.

Proof: The proof follows the same trajectory as the
proof of Theorem 5. Suppose the start-timef any idle
duration occurs betweehT .., and (k + 1)Tecp. All
tasks that arrived at or beforel’s.., will be eligible to
execute and therefore must complete at or beforall
tasks that arrive aftekT.., Will be eligible to execute
only at (k + 1)Tsieep. Hence, the interval, (k + 1) Tsieep)
must be idle, and this precedes the executiom,t, in
the interval((k + 1)Ticep, (k + 1)Tsicep + Csicep)- [ |



Theorem 7. Every idle duration in an energy-saving time of taskr;. To find the worst-case response timergf
rate-harmonized schedule can be used to put the resourcket
into a deep-sleep mode without any time penalty.

Proof: From Corollary 6,all idle durations precede Wo = Ci + Toteep

(and are contiguous with) a forced sleep executiongf,

for a duration of Cyeep. This forced-sleep duration of
Csieep Can be extended to include the preceding contiguous
idle duration. This extended deep-sleep duration is longeryy, ., — C; + Tyjeep + [ ——— Wi Clteep + Z Wk
thanCg.ep, Which guarantees that there is no time penalty Tsleep sleep
switching into and out of deep-sleep mode. ]

Iterate onk as follows:

until Wi, = Wy in which case the worst-case response
time of r; is Wyy1. Check if Wy 1 < D;. If Wiy >
DZ, 7, will miss its deadline and the computation can be

Given thatall idle durations in the energy-saving RHS
schedule can be spent in deep sleep, the deep-sleep uti-
lization is given by:

stopped.
U _1 "L Oy 1-U Remark A keen reader will note that Theorems 5-8
sleep = Z T, Tt and the schedulability conditions for energy-saving rate-

=1 harmonized scheduling do not require thBit; = Teep

T .
In other words, the deep-sleep utilization is maximal given P& - when{r; | T; < 2T1,j # 1} # 0. In fact, Lemma
the taskset utilization of/,.;. The only condition that 3 @nd Theorem 4 are the only results that require this

needs to be checked is whether the given taskset is feasibl€onstraint. Otherwise, if other schedulability condisare
under Energy-Saving RHS. met, one can hav&'y = T, = 11 allowing for larger

values 0fCyeep.

Theorem 8.A periodic taskset is feasible under Energy- ~ Figureld illustrates the schedule of a taskset where an

Saving Rate-Harmonized Scheduling if increase in the value o€y.., causes _the basic RHS
scheme to no longer be able to use all idle slots for deep
Cuteep | C1 < 1 A sleep. However, energy-saving rate-harmonized scheglulin
Toteep b — is able to achieve 100% deep-sleep utilization of all idle

slots by delaying yet-to-start tasks into the né&xj..,
) e T*lefp < (Ql/t 1). period. The addition ofry.., into the feasibility condi-
T; tions does represent a scheduling penalty. However, for
many energy-constrained systems like multi-hop sensor
Proof: Under energy-saving rate-harmonized schedul- networks, the total utilization of the given task set is lke
iNg, $1 = @seep = 0. Also, eitherT) = Tyieep OF to be 20% or less, and any scheduling penalty only applies
Ty = 2Tgeep. Under either of these conditionsgecp when task utilizations are rather high.
and =, form a (high-priority) taskset scheduled under
rate-monotonic scheduling with harmonic periods. Hence
under RMS theory, i fC”“P + &1 <1, 7y is schedulable.

Csleep :
Vi, i = 2 ton, T + (Z

sleep j=1

L

'E. Energy-Saving RHS with Phase Exploitation

The highest priority taskssleep and are harmonic and The analysis to date assumes very little about the
can be considered to be a single task from the perspectiveyhasings of tasks except that = Gsicep = 0. When the
of 7;’s schedulability. phasings of other tasks are unknown, worst-case assump-

tions need to be made. However, the admission criteria can
be improved with the initial phasings for all the tasks if
the given periodic taskset are known. With this knowledge,
the maximum additional delay that a task encounters
relative to RMS scheduling can likely be reduced further
below Teep = Tw. Let the LCM of Tee, andT; be ;.
The relative phasings between multiples ‘Bf and their

A less pessimistic schedulability test utilizes the fixed- nearest integral multiple®y;..,, will repeat every); time-
point approach to determine the exact worst-case responsenits. The maximal delay between any arrival timerpf

Next, consider an arbitrary task, i # 1. Relative to
rate-monotonic scheduling, an instancerpkencounters a
maximum additional delay off'g = T..p. Hence, the
term T.., Can be added to its computational time of
C;, and RMS utilization bounds can be used for testing
feasibility.
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Fig. 3. The taskset; = {1,10}, » = {1,15}, =3 = {2,26}
With Cgjeep = STgicep = 7 being scheduled with RMS on the top,
basic RHS in the middle and with Energy-Saving RHS on theobott
(T = 10). This illustrates an example of when the Energy-Saving
RHS schedulability test is satisfied, and RHS is not able tonahly gain
sleep cycles. In this example, the exact schedulabilityvies performed
with Ty set toTh. The exact schedulability conditions workf =Ty
always. Note, the total execution time including sleep i$ remuired

to be less thari'y. In this casels is preempted after 1 time unit and
completes its execution in the neXyy period.

and its eligibility time is given by

Bi = max{(stleep - (¢z + sz)) |
(P = V)Tsteep < (@i + KT3)) N (pTsteep = (93 + £T3)),
pe{0,1,- —1}, ke {0,1,---, 2 —1}}.

A Ai
? Tsteep T;
This value can be used as the “blocking term” in our fea-
sibility conditions instead ol = Tieep. FOr example,

if Ty =6, T; = 15 and¢; = 3, LCM(6,15) = 30. The
maximum delay encountered by due to rate-harmonized
scheduling is then given byiaz((6+ 1) — (3+ 15%0), (6

3) — (34+15% 1)) = max(3,0) = 3, instead of Ty = 6.
Hence, the feasibility condition for task can be improved
by a factor of up to%=% = 0.2.

IV. EVALUATION

Sensor Andrew project at Carnegie Mellon University.

Sensor Andrew is a multi-disciplinary campus-wide
scalable sensor network that is designed to host a wide
range of sensing and low-power applications. The goals
of Sensor Andrew are to support ubiquitous large-scale
monitoring and control of infrastructure in a way that is ex-
tensible, easy to use, and provides security while maintain
ing privacy. Target applications currently being develbpe
include infrastructure monitoring, first-responder suppo
quality of life for the disabled, water distribution system
monitoring and optimization, building power monitoring
and control, social networking, and biometric sensors for
campus security. A large component to these applications
is an underlying wireless sensor network comprised of
the Nano-RK real-time operating system running on the
FireFly sensor networking platform.

Nano-RK is a fully preemptive reservation-based real-
time operating system (RTOS) with multi-hop networking
support for wireless sensor networks. It includes a light-
weight embedded resource kernel (RK) with rich func-
tionality and timing support capable of running on low-
power micro-controllers. Nano-RK supports fixed-priority
preemptive multitasking for ensuring that task deadlines
are met, along with support for CPU, network, as well
as, sensor and actuator reservations. Tasks can specify
their resource demands and the operating system provides
timely, guaranteed and controlled access to CPU cycles
and network packets. Together these resources form virtual
energy reservations that allows the OS to enforce system
and task level energy budgets.

In our current Sensor Andrew deployment, the FireFly
nodes are battery operated and communicate over multiple
hops to a powered gateway that has access to the Internet.
The sensor network is primarily designed to efficiently
collect sensing data, however it also provides support for
various mobile device interactions. We provide a generic
communication interface allowing nodes to directly query
infrastructure nodes as well as send messages to and from
the Internet via the gateway. Communication reservations
in Nano-RK provide a mobile node communication budget
preventing mobile devices from draining more than their
alloted system energy.

The current individual node functionality is supported by
the five tasks shown in Table |. The highest priority task

In this section, we compare the performance of rate consists of a TDMA link layer with a period of 10ms. This
harmonized SChedU“ng in terms of Sleep Optlmal eﬁ:|C|ency period is designed to Support each communication S|ot,

and overall impact on the power consumption of a system.

however the system can wait multiples of these periods

deployed sensor networking application as part of the
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Task Description
Link Layer
Network Task
HF Sensor Sampling 40 | .025 i i ki

Mobile Node Service 300 | .003 !

Diagnostic 500 | .002 2080 ]

TABLE |
THIS TABLE SHOWS THE WORSTCASE TASK SETS CURRENTLY

RUNNING IN NANO-RK AS PART OF THESENSORANDREW PROJECT

DURING TYPICAL EXECUTION MANY OF THESE TASKS ARE

OPERATING AT MULTIPLES OF THE MINIMUM PERIODS ALL
EXECUTION TIMES ARE IN MILLISECONDS
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RMS | RHS | Energy-Saving RHS) | e ey saving RHS
Usleep 67 | .98 1.0 85 o1 ois

Avg. Power mW) | 2.38 | 2.00 1.98

TABLE Il
THIS TABLE SHOWS THE MEASURED VALUES OF THE DIFFERENT Fig. 4. This figure shows how close to optimal each schemepasg
SCHEMES GIVEN THE TASK SET INTABLE[Il UNDER THE HIGHEST with respect to converting idle processor time into sleepetiwith a
SYSTEM LOAD WE SEE A16.8%SAVINGS WITH ENERGY-SAVING Csieep Value fixed at 10. Each point in the graph represents the geera
RHSAS COMPARED WITHRMS. of 1000 simulated schedules.
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of tasks are responsible for managing network routing,
sampling high frequency sensor data like the audio sensol
and recording run-time diagnostics. The diagnostic task
periodically collects information about the system’s run-

time parameters and eventually writes this to an external
flash card. The diagnostic information consists of radio
statistics as well as CPU runtime statistics. The radio
statistics contain number of transmitted packets, redeive

packets, retries sending a packet due to a dropped ACK 02 -

and packet loss as well as average signal strength value O IBHS  ing s

between neighbors. The CPU statistics keep track of eact f5 o1 o3 o
tasks utilization as well as the time the processor spends

in idle as compared to deep sleep. Using these values, o _
we calculate that gain of using Energy-Saving RHS as [, % T1s 19U S1ows how cose o spinel st =ererops
shown in Tabld€]l. Under normal operation, many of these Cateep Value fixed at 20.

tasks are not operating at every period. For example,
the High Frequency (HF) Sensor Sampling Taskould
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. . . Task | C T U

normally only execute at this frequency when audio data is T T 11 20 [ 050
requested from the gateway. Given the worst-case situation 2 | 1| 25 | .040
when all of these tasks are executing (which does occur i i gg -822
occasionally), Energy-Efficient RHS saves up to 16% as 5 | 1] 32 | 031
compared to RMS. 6 | 2| 50 | .04
7 | 2| 67 | .029

Our experimental numbers are based on the AT- 8 | 3] 91 | .033

9 | 9 100 | .090

megal281 processor, however Tahlé IV shows the corre-
sponding parameters for other processors. In all of these . TABLE il . "

. . . HIS TABLE SHOWS A TASK SET THAT WHEN sleep = AND
cases, disabling the osc_|llator to enter the deepest sleep Tuteey = 20, THE POWER CONSUMPTION FOR AFIREFLY NODE
mode consumes proportionally less energy than the pro-wouLp Be 9.83mW FORRMS AND 6.5mW FORENERGY-SAVING
cessor’s idle mode. Even in cases where the idle energy RHS.INTHIS EXAMPLE, ENERGY-SAVING RHS CONSUMES33%
of a processor is quite low, RHS can be used to further LESS TOTAL ENERGY

improve energy performance with little overhead.
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Fig. 6. This figure shows how close to optimal each schemepas
with respect to converting idle processor time into sleepetiwith a
Csieep Value fixed at 50.
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Fig. 7. This figure shows the effect of increasing the numbemsks

given a fixedCy;..p value of 15 and a fixed CPU utilization of 50%.

Processor Freq. Power | Power | Power | Sleep | Idle to
Sleep Idle Active | to Idle | Active
(MHz) (uW) (mW) (mW) (ms) (us)
ATmegal281 8 16 6.6 23 12 6
Hitachi H8 8 .05 60 90 100 8
MSP430F5418 8 .33 .0085 4 10 5
ST Cortex M3 20 5.6 18.5 85 2 2
LPC2106 60 1 10 108 10 4
BF531 600 15 30 616 5 2
TABLE IV

THIS TABLE SHOWS THE ENERGY AND STATE TRANSITION TIMES OF
VARIOUS MICROCONTROLLERS NOTE, MANY PROCESSORS HAVE
MULTIPLE OPERATING FREQUENCIESTHIS TABLE SHOWS AN
ESTIMATE OF A SINGLE SAMPLE OPERATING POINT

CPU Power (mWw)

--RMS

T -A-RHS

—#-Energy-Saving RHS|
T I

Sos 0.1 0.15 02 025 03 0.35
CPU Utilization (Csleep=15)

0.4 0.45 0.5

Fig. 8. This figure shows the CPU power consumption given thefFy
hardware parameters under the different schemes. Eachipdiis graph
is the average of 1000 randomly generated task sets nwitletween 5
and 15, period between 1 and 200 withCg;.,, fixed at 15ms.

A. RHS Performance

In this section we discuss various trends apparent in
Harmonized Scheduling of tasks. We performed a set
of experiments based on a large number of uniformly
distributed random task sets. Each task set was given a
period between 1 and 200 time units and simulated over its
entire hyper-period. We define the meti&leep Utilization
Optimality which is the ratio of the total actual deep sleep
time to the total non-busy time in a hyper-period. A value
of 1.0 indicates that all available idle time was used for
deep sleep.

In our first set of experiments, we adjust tki&;c.,
parameter and look at how CPU utilization affects the
Sleep Utilization Optimality of the processor. During thes
tests, the number of tasks was randomly selected to be
between 5 and 15. We see that smaléy.., values
tend to work reasonably well with RMS because small
intervals between tasks can be converted to sleep time.
If Cseep is set to 1, then all schemes would perform
identically. As shown in Figur€l5 and Figuké 6, as the
Cgieep Value increases to 20 and 50 the effectiveness of
using RHS becomes more prominent. It is also clear that
as the workload increases, the gain improves.

Figurel shows how the number of tasks executing in the
system also has an impact on the ability for the system to
sleep. In this experiment, th€,;.., value was fixed at 15
(the real value for our system) and the workload was fixed
at 50% utilization. As the number of tasks increase, RMS
begins to rapidly deteriorate in performance while Energy-



Saving RHS maintains its optimal sleep utilization. As the
number of tasks increases, the number of preemptions and
likely phase offsets also increases. The difference betwee
the schemes as the number of tasks in the system inceases

shows that Energy-Saving RHS is highly scalalble. (2]

Figure[® shows the overall impact of the schemes with

izes the design parameters from the FireFly v2.2 hardware.

The active energy of the processor is 181, the idle (5]
energy is 6.,W and the sleep energy is &.B/. The [6]

Cgieep parameter is set to Ios. We see that with random
task sets, even at a low-load that the savings can be quite

significant, up to 39%. Table]ll shows an example where 7]

Energy-Saving RHS saves 33% of the total power RMS
would consume. As the workload increases, we do not see

as much divergence of the lines as in the previous examples g,

due to the dominating active power term as the load in-

creases. As the active energy in the system approaches the
idle energy, then RHS schemes will perform even better.
This will be a natural trend in micro-controllers since the

silicon process technology is improving making the clock [10]

crystal a dominating factor in power consumption. Since

sleep modes typically disable the oscillator, the sleeping[11]

mode should remain significantly less than active and idle.

[12]

V. CONCLUSION

In this paper we introduce a novel but simple, practical [13]

and effective technique that maximizes the percentage of

time a processor spends in deep sleep without violating[14]

the timing constraints of the given real-time task set.
We introduce a class of Rate-Harmonized Schedulers
that adjust phasing between periodic tasks in order to
remove idle slots between active execution that are too
short for the processor to make a round-trip transition
from idle into deep-sleep. One particular instance of
these schedulersEnergy-Efficient RHS provably has the
property that every idle time-unit not spent in active
processing can be converted directly into deep-sleep time
for the processor. Not only does this improve energy-
efficiency, but it simplifies scheduler design and can even
potentially eliminate the idle state of the processor teesav
on hardware complexity. We provide theoretical analysis
and experimental evaluation of these schemes as applied
to sensor networks where energy is highly important.
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