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Abstract approach to achieving long battery life for rea-time

Energy conservation has become a critical problem for
real-time embedded storage systems. Although a
variety of approaches to reducing energy consumption
has been extensively studied, energy conservation for
real-time embedded storage systems is still an open
problem. In this paper, we propose an energy
management strategy (IBEC) using 1/0O burstiness for
real time embedded storage systems. Our approach
aims at blending the IBEC energy management
strategy with low level disk scheduling mechanism to
conserve energy consumed by storage systems.
Extensive experiments are conducted involving a
number of different load patterns as well as real-world
data-intensive applications. To prove the efficiency of
IBEC, we compare the performance of IBEC against
three existing strategies, namely, PA-EDF, DP-EDF,
and EDF. Results demonstratively show that compared
with the alternative strategies, IBEC reduces the power
consumption of real-time embed disks system by up to
60%.

1. Introduction

Because of the advances in computational power,
disk performance, and high-speed networks, storage
systems have been an object of interest. Such a trend
can be attributed to the rapidly growing demands of
data-intensive applications, which include but not
limited to video surveillance [1] and remote-sensing
database systems [9]. Main components of real-time
embedded include VLSI chips and hard-disk drives [4].
Recent development of magnetic disk techniques has
made it possible to provide real-time embedded
systems with small form-factor disk drivers that have
high capacity. It is often the case that the hard-disk
drives are one of the most energy-consuming
components [16]. A recent study shows that storage
devices account for almost 27% of the total energy
consumption. Emerging fast disks with higher power
needs make this problem even worse. Hence, reducing
power consumption of hard disks is an efficient

embedded systems.

In recent years, processor energy conservation for
real-time embedded systems has been extensively
studied. However, energy conservation for disk storage
in real-time systems remains an open problem.

In this study we aim at developing a novel energy
management strategy for real-time embedded storage
systems. Our approach is to blend the energy
management strategy with low-level disk scheduling
mechanisms to conserve energy consumed by storage
systems. The proposed approach can minimize energy
consumption of real-time embedded disks while
making the best effort to meet timing constraints of
real-time disk requests.

The rest of the paper is organized as follows. In the
next section we summarize related work. Section 3
describes a model of energy management in real-time
embedded disks. In section 4, we propose the energy
management  strategy.  Section 5 presents the
experimental results. Finally, Section 6 concludes the

paper.

2. Related Work

There exist many excellent studies on storage
systems, and previous techniques used to improve the
performance of storage systems include caching and
buffering [15], paralel file systems [10], load
balancing [7], and disk striping [6]. Disk scheduling
mechanisms play an equally important role in bridging
the performance gap between CPUs and disks [11].
Although the shortest seek time first (SSTF) agorithm
is efficient in minimizing seek times, it is starvation-
bound and unfair in nature [13]. The SCAN scheduling
algorithm is conducive in tackling the unfairness
problem while optimizing seek times [13]. These disk
scheduling algorithms are inadequate to meet the
demands of disk requests with timing constraints.

Many data-intensive applications are rea-time in
nature in the sense that disk requests must be
completed before specified deadlines. While some disk
schedulers were implemented for a mixed-media data
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set, a mixture of data accessed by multimedia
applications and best-effort applications [3], other disk-
scheduling algorithms were proposed to provide quality
of service guarantees to different classes of
applications [7]. Our approach differs from the existing
disk scheduling algorithms in that ours can effectively
conserve energy by blending an energy management
strategy with real-time disk scheduling algorithms. In
other words, our strategy can be readily integrated into
any existing disk scheduler to minimize energy
consumption of real-time embedded storage systems.

A lot of research has been carried out in disk
energy management in the context of storage servers
[8][12]. Most research in disk energy management has
focused on the issue of when disks should be put to
deep to reduce power consumption while achieving
high performance [14]. Carrera and Bianchini
developed an energy conservation technique to save
energy by combining laptop disks and server disks [8].
These energy management schemes are focused on
non-real-time disk, and are unable to guarantee
deadlines of rea-time disk requests. The maor
difference between our approach and the prior disk
energy conservation techniques is that ours can reduce
energy consumption of disks while meeting deadlines
of disk requests.

Very recently, we proposed an energy-aware
message scheduling algorithm (referred to as PARM)
for real-time wireless networks [2]. Unfortunately for
this scheduling agorithm, PARM limits its
applicability to wireless networks. Therefore, PARM
can not be directly applied to storage systems.

3. Modeling Energy Consumption

Each real-time disk request submitted a disk system
specifies its timing constraint in form of a deadline, by
which the request must be completed by the disk
system. Note that deadlines of disk requests can be
derived from real-time applications issuing the disk 1/0
operations. A disk request r is modelled by three
parameters, r = (a, s, t), where ais the disk address, sis
the data size measured in KB, and dis the deadline.

To model disk power consumption, we use a finite
state machine representation built around real
performance data gleaned from an IBM DTTA 350-
640 hard-disk drive [4]. Note that we are concerned
with relative variance in power consumption from one
algorithm to the next. Thus, it does not matter if the
normalization process changes the absol ute value of the
result so long as the relationships that exist in the
originad power state model between the power
consumed in one state versus the power consumed in
another versus the power used when transitioning from
one state to another are preserved.

Let R = {ry, rp, ... 1} be alist of disk requests
issued to areal-time embedded disk system. Let T, and
T denote the time intervals in which the disk systemis
active and inactive, respectively. We refer to T, as the
time required to enter and exit the inactive state. The
total energy consumed by the disk system can be
computed as

Etotal = Eon + Eoff + Etr
=T, P, +T,Ps +T,P (D)

on" on trotr

where P,, and Py are respectively the power of the
disk in the active and inactive state, Py, is the state
transition power.

The transition time T, and power P, can be
computed by the following two equations.

Ttr = Non,off Ton,off + Noff ,onToff ,on (2)
Rr = 1:on,off Pon,off + 1:off,on Poff,on
T, T
fon off — e ’ foff on — oL
’ T, +T ' T, +T

on,off off ,on

on,off off ,on , (3)

where Tonof @nd Toon @€ the required times to enter
and exit the inactive state, Ponor and Pgon are the
power values when the disk enters and exits the
inactive state. In Equation (2) No, o and Neg o are the
number of times the disk enters and exits the inactive
state. Without loss of generality, we assume that Nop off
and Nggon are identical. Thus, Equation (2) can be
simplified as

Ttr = Ntr (Ton,off + Noff ,on )’

N, =N =Tot on- (@)
In general, Ton in Equation (1) is the sum of tota
serving and idle times (See Equation 5).

Ton = Tserve +Tidle' (5)

where the total serving time is the sum of the serving
time of each disk request. Thus, we have

Tane = Y T.0),

TS(I) :Tﬁk(i)-i_Trot (i)+Ttrans(i)' (6)

where Te IS the amount of time spent seeking the
desired cylinder, T, is the rotational delay and Tyans iS
the amount of time spent actually reading from or
writing to the disk.

We can quantitatively compute the energy saved by
the energy management strategy as below

Esave = (Ton +Toff +Ttr )Pon - E‘total
= (Ton +Toff +Ttr )Pon - (T P +Toff Poff +Ttr Ptr )

= (Pon - Poff )Toff + (Pon - Ptr )Ttr . (7)

tr on,off
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4. The Energy Management Strategy

This section presents the energy management
strategy using 1/O burstiness for energy conservation
(hereafter as IBEC). It is assumed that the overhead of
IBEC is negligible when compared to the processing
times of disk regquests. This assumption is reasonable
because recent studies show that energy management
strategies spend less than 1% of computation.

The IBEC algorithm is based upon the idea that by
delaying the execution of some requestsit is possible to
allow the disk to remain in a"deep" state for a longer
duration of time while processing larger contiguous
blocks of requests when the disk is active, thus making
better use of the disk when it is being fully powered.
The consequences of this are twofold. First, we
improve the efficiency of the disk by reducing the
amount of time that it sits idle in the active state.
Second, as a direct conseguence of this policy we also
reduce the sum total number of power state transitions
that the disk will make when servicing a given request-
stream.

This is important because transitioning from the
"deep" dtate to the "active' state is a process that is
expensive both in terms of power consumed and the
amount of time that it takes to complete this transition,
so by reducing the number of these transitions it is
possible to substantially improve the power
consumption characteristics of the system. The general
concept is that if a request arrives while the disk isin
the dleep state, and if we determine that the request's
deadline does not require immediately waking the disk,
then we do not wake the disk, and instead cache the
request for later process.

In fact, under the IBEC algorithm, if the disk isin
the "deep" state, we do not wake it until we determine
that we must do so in order to guarantee the deadline of
the waiting disk request(s). Note that it is probable that
while we are waiting to wake the disk to service our
waiting request other requests will continue to arrive,
and that these requests are aso queued until the disk is
transitioned to the "active" state, at which point all
waiting requests are serviced at once. This is the
mechanism by which IBEC reduces the sum total
number of necessary state transitions, and also how it
attempts to create contiguous blocks of requests to
service out of a potentially arbitrarily sporadic stream
of requests. Also note that as more requests end up
gueued and consequently delayed, it is necessary to not
just ensure that we guarantee the deadline of the first
request in the waiting queue, but also to ensure that by
delaying the first request we are not causing the
deadlines of subsequent requests to become
unrealizable. Thus it may quite often be the case that
we will need to transition to the "active" state some

length of time before it is absolutely imperative to do
SO just to meet the deadline of the first request so that
we can still hope to guarantee the deadlines of
subsequent requests. This imposes a couple additional
requirements on the agorithm. First, it becomes
necessary to re-evaluate the threshold at which we must
transition the disk to the "active" state whenever a new
request is added to the waiting queue. Second, there
must be a mechanism for estimating the amount of time
spent in serving a given request given what we
currently know about the state of the system. The first
criteria is fairly trivia, the second is a bit less so,
however, the estimation does not need to be exact, so
long as it is always greater than or equal to the worst-
case service time of the given request.

It is obvioudy better to be as close to exact as
possible, but as long as our estimation is never less
than the actual value we can generally assume that we
are not causing deadlines to be missed by delaying a
series of disk requests, although it is possible to posit
scenarios under which in is not possible to avoid
missing a deadline when applying this energy
management policy. As we will see, this sort of
situation actually occurs only extremely rarely in
practice. A simple way to estimate the worst-case
service time of a request while remaining reasonably
accurate within the bounds of the system is to simply
assume that the request we are estimating for will
require seeking the read/write head entirely across the
disk, from the first cylinder to the last, and that once it
gets there we will have to wait for one full revolution
of the hard-disk before the data we are interested in
passes under it and reading/writing can commence.
Assuming that the disk we are working with performs
consistently in terms of its read and write speeds, which
for the purposes of our simulation it does, we then have
an estimate that is not only reasonably cheap to
compute but which should also aways exceed the
actual service time of any real disk request without
being so far off from the actual value as to render such
estimation pointless.

It should also be noted that by itself, IBEC is a
energy management policy, not a scheduling algorithm.
It is meant to be implemented on top of or in
conjunction with a separate scheduling algorithm,
which should be a real-time scheduling algorithm such
as EDF or LLF. As requests arrive, they are first
scheduled according to whichever algorithm is being
used, and then processed by the IBEC energy
management  policy. A  high-level  agorithmic
description of IBEC isgivenin Fig. 1.

Step 7 verifies that deadlines can till be
guaranteed as new requests are added to the waiting
gueue. Note that step 7 requires a bit of thought when
actually being implemented. Also note that it may also
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be desirable to allow the disk to idle for some threshold
of time before seeping it as opposed to immediately
sleeping the disk as soon as there are no requests active
or pending. This is due to the relatively large amount
of power consumed in transitioning from the "sleep”
state back to the "active" state, which creates a
situation in which it could conceivably be more
efficient to alow the disk to sit idle for a brief period
of time in hopes that more requests will arrive. The
exact threshold at which it is no longer beneficial to
alow the drive to sit idle is something that is a function
of the disk's power consumption characteristics as well
as the relative distribution of requests in the request-
stream, and as such this is something which can be
computed if we know details about our request-stream
in advance or if we have some way of making a best-
guess based on observation of the request-stream at
runtime. This however is beyond the scope of both this
rescarch and the IBEC agorithm in its current
incarnation.

1. if there are no requests active or pending then

2 the disk enters the inactive state;

3. dse

4 if thedisk isactivethen

5. dispatch arequest with the earliest deadline;
6. else/* thedisk isinactive*/

7 while deadlines can be guaranteed do

8 Cache any requests that have arrived;
9 the disk enters the active state again;

10. dispatch any waiting requests,

Fig. 1. The IBEC energy management strategy

5. Results

We evaluate in this section the performance of the
IBEC agorithm wusing syntheticaly generated
workloads as well as traces generated from real-world
applications. To reveal performance improvements
gained by our proposed algorithm, we compare IBEC
with three existing scheduling algorithms, namely, EDF
(Earliest Deadline First), DP-EDF (Delayed Power
EDF), and PA-EDF (Power-Aware EDF). While DP-
EDF and PA-EDF are two widely used power-aware
scheduling algorithms, EDF is a well-known real-time
scheduling scheme with no power-awareness at all. The
three baseline algorithms are briefly described below.
(1) EDF: The disk request with the earliest deadline is
always executed first. (2) DP-EDF: Switch a disk to the
"deep" state whenever it has been idle for a certain
amount of time and wake it up immediately whenever
there is a request arrives. All arrived requests will be
processed in an EDF order. (3) PA-EDF. Switch adisk
to the "deep" state whenever it is idle and wake it up

immediately whenever there is a request arrives. All
arrived requests will be processed in an EDF order.

The first goal of the performance evaluation is to
examine the overall performance improvements of
IBEC over the three competitive algorithms. Second,
we will investigate the performance impacts of request
distribution patterns in terms of power consumption
and guarantee ratio. Third, we study the performance
sengitivity of the IBEC algorithm to request arrival
rate. Last but not least, we validate the results from the
synthetic real-time requests by running three real world
real-time applications with IBEC.

Before presenting empirical results in detail, we
present the simulation model as follows. Table 1
summarizes the key configuration parameters of the
simulated disk scheduling system used in our
experiments. The performance metrics by which we
evauate system performance include: Power Factor
(PF) and guarantee ratio (GR). PF indicates a
normalized power consumption of an agorithm
compared to the maximal power consumption
consumed by the least power efficiency agorithm,
whose PF is set to 1. Consequently, the values of PF
fall into a range between [0, 1], where a smaller PF
indicates a higher level of power efficiency. GR is
measured as a fraction of total submitted requests that
are found to be schedulable.

Power factor

75 175 625 1500 3500 10000 15000 25000

Average Deadline

Fig. 2. Power consumption vs. deadlines.

Fig. 2 shows the power consumption of these four
algorithms when average request deadline varies from
75 msto 25000 ms. We observe from Fig. 3 that each
of the four agorithms consumes the same amount of
power at the maximal level when the average request
deadline isless than 3500 ms. Thisis because the hard-
disk has to be kept active al the time to service the
arrival disk requests which have very tight deadlines. In
other words, there is no opportunity for IBEC to
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conserve some power. Therefore, IBEC gracefully
degraded to existing power-aware scheduling
algorithms like DP-EDF and PA-EDF. When the
average request deadline is equal to or larger than 3500
ms, however, IBEC starts to conserve some energy
while the three baseline algorithms remain the same
performance in power consumption. We attribute the
PF improvement of IBEC over the three baseline
algorithms to the fact that IBEC judiciously employ the
loose deadlines to conserve some energy. More
interestingly, the improvement of IBEC over the three
existing schemes in terms of PF is more pronounced
when the deadline becomes looser for IBEC can further
improve its power consumption performance when
more slack time is available. On average, IBEC can
save 10.8% power compared with the baseline
agorithms.

HIBEC OPA-EDF EMDP-EDF NEDFH

=)

o

Guarantee ratio (%)

SP
S P
SP

5 175 625 1500 3500 1000

15000 2500

Average Deadline
Fig. 3. Guarantee ratio vs. deadlines.

Fig. 3 plots GR of the four algorithms when the
deadline is increased from 75 to 25000 ms. It reveals
that IBEC performs exactly the same, with respect to
GR, as dl the rest approaches when the deadline is less
than 1000 ms. The reason is that the relatively high
workload along with the tight deadlines make IBEC
only concentrate on guaranteeing arrival requests
timing constraints, which have a higher priority than
power conservation requirement. However, the GR
performance of IBEC suddenly drops off when the
deadline is 10,000 ms. In fact, thisis an artifact of our
specific implementation of the IBEC algorithm. In
order to keep simulation times manageable and to
closely approximate a real system where no infinite
amount of time is avalable to re-evaluate the
schedulability of a queue, we limited the maximum
number of requests that IBEC would ensure their
deadline constraints. In particular, when the length of
the waiting queue of requests is larger than 1,000, our
implementation of IBEC will no longer guarantee the
schedulability of requests after the 1,000th.

Now we focuse on performance impact of the
request distribution pattern. Specificaly, we evaluate

the performance of the four agorithms in the cases
where disk request arrival pattern follows Normal
Distribution, Sparse Distribution, and Clustered
Distributed, respectively. The letters on the X-axis
denote the names of distribution pattern being used.
For example, "N" means normal, "S' means sparse,
and "C" means clustered. The numbers following the
letters denote the parameters that were specified to the
corresponding distribution patterns. For instance, "N,
0.5" denotes normal distribution with an arrival rate of
0.5, "S, 500" indicates sparse distribution with a sparse
idle threshold of 500 ms, and "C, 25-50" indicates a
clustered distribution mode with between 25 and 50
requests occurring per cluster.

Power factor

Load Pattern

Fig. 4. Energy vs. workload distribution.

From Fig 4, we can make three important
observations. First, al algorithms perform identically
in power consumption under the Normal Distribution.
Second, the three power-aware algorithms noticeably
outperform the EDF scheme, which has no power-
awareness at all, when the Sparse Distributions were
applied. This is because the nature of the Sparse
Distribution decides a relatively large time interval
between two continuous disk requests, which in turn
gives the three power-aware algorithms chances to
switch the hard-disk to “seep” mode to save energy.
Furthermore, IBEC dlightly outperforms DP-EDF and
PA-EDF, two naive power-aware algorithms. The
rationale behind this phenomenon is that IBEC can
make most use of the slack time of each arrival request.
Put it in another way, IBEC only wakes up the disk at
the last second from which al arrived requests
deadlines can still be met, while DP-EDF only lets the
disk sleep for afixed period of time no matter whether
a request is waiting for service or not. Third, for
clustered workloads, IBEC and the two naive power-
aware techniques perform comparably, and they both
significantly perform better than EDF. This is due to
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the fact that IBEC, DP-EDF, and PA-EDF can put the
disk to “deep” status completely between clusters of
requests. Thus, the three power-aware algorithms can
substantially save power compared with EDF. The
reason why IBEC ties with DP-EDF and PA-EDF is
that the performance improvement of IBEC in terms of
power consumption essentially depends on slack times
of arrival requests rather than the arrival patterns.

EIBEC OPA-EDF EDP-EDF §IEDF|

Guarantee ratio (%)

N,0.5 S,500  S,1500

$,5000 C,25-50 C,100-500 C,500-
1000

Load pattern
Fig. 5. Guarantee ratio vs. workload distributions.

four algorithms deliver a 100% guarantee ratio
under the Sparse Distribution. The reason for this is
that the average request deadline is generaly much
shorter than the sparse idle threshold, which means that
even though IBEC aggressively sows down the
processing pace of disk requests, their deadlines can
gtill be satisfied. When we applied a Cluster
Distribution pattern, the performance of the four
algorithms goes down when the parameters of the
Cluster Distribution increase. This is because there
were a large number of requests arrived during a burst
of incoming requests. Consequently, al the algorithms
can only guarantee the deadlines of a small part of
them.

7. Conclusions and Future Work

In this paper, we developed an energy management
strategy (IBEC) using 1/O burstiness for real time
embedded storage systems. To compare the
performance of the IBEC strategy against three existing
approaches (PA-EDF, DP-EDF, and EDF), we
conducted extensive simulation experiments using
synthetically workload conditions as well as real-world
data-intensive applications. The results show that
compared with the three alternative strategies, IBEC
substantially reduces energy consumption by up to 60%
while maintaining a comparable performance in the
guaranteeratio.
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