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Abstract

Scientific data centers comprised of high-powered comg@iuipment and large capacity disk stor-
age systems consume considerable amount of energy. Dypama management techniques (DPM)
are commonly used for saving energy in disk systems. Thesévapowering down disks that exhibit
long idle periods and placing them in standby mode. A file estjfrom a disk in standby mode will
incur both energy and performance penalties as it takeggriand time) to spin up the disk before
it can serve a file. For this reason, DPM has to make decisisris when to transition the disk into
standby mode such that the energy saved is greater thandhgyermeeded to spin it up again and the
performance penalty is tolerable. The length of the idleqoeuntil the DPM decides to power down a
disk is called idleness threshold.

In this paper, we study both analytically and experimeptdyinamic power management techniques
that save energy subject to performance constraints onciilesa costs. Based on observed workloads
of scientific applications and disk characteristics, wes/gl® a methodology for determining file assign-
ment to disks and computing idleness thresholds that rassignificant improvements to the energy
saved by existing DPM solutions while meeting response tiomstraints. We validate our methods with
simulations that use traces taken from scientific appbeceti

keywords: Disk storage, Power management, File allocation, Scientifirkload, Performance guar-
anttee

1 Introduction

The rapid growth in highly data-intensive scientific research has fueles@osion in computing facilities
and demand for electricity to power them. Several analysts are now predictinenergy costs will even-
tually outstrip the cost of hardware in data centers [2]. As a result, negl@nergy costs at data centers
has become the focus of multiple research efforts which are aimed at desisihitectural strategies for
energy efficient computing systems. Examples of projects that are tyruederway include the Green-
Light project at UC San Diego, DiskEnergy at Microsoft, GREEN-NE®j€ct in INRIA and the Green

Grid Consortium.
There are multiple components that contribute to the power consumption in aedétasuch as servers,

storage, cooling, networks etc. However, recent papers estimatebihst 26 -35 percent of the energy
consumption at data centers is attributed to disk storage systems [9]. Ttemtaaye of disk storage power
consumption will continue to increase, as faster and higher capacity diskdeployed with increasing

energy costs and also as data intensive applications demand reliable ane@ss to data resources.
Reducing the energy consumption of the disk storage system has beessadtlin many recent re-

search works. Research efforts are directed at several levdisaspbysical device level , systems level
and dynamic power management (DPM) algorithms. At the physical deviek @igk manufacturers are
developing new energy efficient disks [23] and hybrid disks (i.e., disksintegrated flash memory caches).



At the system level, a number of integrated storage solutions such as MAIBARAID [25], PERGA-
MUM [24] and SEA [26] have emerged all of which are based on the rgépeinciple of spinning down
and spinning up disks. Disks configured either as RAID sets or as indepedisks, are configured with
idle time-out periods, also callédleness threshold, after which they are automatically spun down into a
standby mode. A read or write I/O request targeted to a standby disksctugsdisk to spin-up in order to
service it. This of course comes at the expense of a longer response fileatess requests as well as a

penalty in terms of energy costs.
Dynamic power management (DPM) algorithms have been proposed to detemntiime when the disk

should be transitioned to a lower power dissipation state while experiencimjeaperiod. Analytical
solutions to this online problem have been evaluated in terms of their competiiiveThis ratio is used to
compare the energy cost of an online DPM algorithm to the energy costayftamal offline solution which
knows the arrival sequence of disk access requests in advanisewetl known [13] that for a two state
system where the disk can be in either standby or in idle mode there is a tight bb2ifor the competitive
ratio of any deterministic algorithm. This ratio is achieved by setting the idlenesshibid, T, to £ B where
B is the energy penalty (in joules) for having to serve a request while theigliskstandby mode, (i.e.,
spinning the disk down and then spinning it up in order to serve a requesdt};ds the rate of energy

consumption of the disk (in watts) in the idle mode. We call this valuedngpetitive idleness threshold.
In this paper we focus mainly on read requests, we assume that writestegaa be handled efficiently

by using any one of the energy-friendly approaches presented in trauite. For example, in [24] it is
recommended that files will be written into an already spinning disk if suffigipate is found on it or write
it into any other disk (using best-fit or first-fit policy) where sufficiepase can be found. The written file
may be re-allocated to a better location later during a reorganization pro&asther recently proposed
strategy for energy saving for writes is called Write Off-Loading [18jisTtechnique allows write requests
on spun-down disks to be temporarily redirected reliably to persistengstetaewhere in the data center.

1.1 Contributions of this paper

In this paper, we quantify the effects of disk power management onmesgome based on request work-
loads and disk characteristics. To the best of our knowledge, with tlepgan of the work in [28], very
little work has been done on modeling and analyzing the effects of powergaammt on the response
time for file access requests using realistic workloads and disk charticterig addition, the trade-off

associated with using more or less disks on power consumption and regpoes has not been studied.
More specifically, our goal is to produce useful tools that can help inrmi@teng when power saving

policies should be used at all as well as optimal idleness thresholds andsbon the number of required
disks needed in order to provide response time guarantees. Our maibwimtis are:

e We develop an analytic model of file requests served by a disk equippegavithr saving mecha-
nisms

e Based on this model, we develop a procedure called Smartldle that compuéeal Smportant pa-
rameters such as request arrival rate "break-even” point thatntietes when power saving should
be applied, how many disks must be used to support response time cdasaathoptimal idleness
thresholds

e We validate this procedure by applying it to two real life scientific applicatiocesaand show sig-
nificant improvement over common existing DPM strategies thatcaspetitive idleness threshold
value to power down the disk.

The remainder of the paper is organized as follows. More details ablatedeelevant work are pro-
vided in Section 2. In Section 3 our analytical model is described. In Sectvom ptesent our procedure for
determining system parameters for maximizing energy savings while meetingrparfce requirements. In



Section 5 we present our simulation model and results and in Section 6 arasipplaf our model on two
scientific workloads is presented. Finally in Section 7 we present outugions and directions for future
work.

2 Related Work

Conserving energy in large scale computing has been recently explof8dli®]. Colarelli and Grun-
wald [5] proposedMAID for near-line access to data in a massively large disk storage environiemnt.
show, using simulation studies, that a MAID system is a viable alternativearabte of considerable en-
ergy savings over constantly spinning disks. A related system was implein@miecommercialized by
COPAN systems [7, 8]. This system, which is intended for a general datarcis not focused on scientific

applications and is not adaptively reconfigurable based on workloads.
The theory of Dynamic Power Management of disks has drawn a lot oftiatterecently from the

theoretical computer science community (see [13] for an extensive iewenf this work). Most of this
work considers a single disk only and attempts to find an optimal idle waiting p&isad called idleness
threshold time) after which a disk should be moved to a state which consumps\ess More specifically,
the problem discussed in these research works is based on the assuhmititve disk can be transitioned
amongn power consumption states where tHestate consumes less power than fiestate fori < j. The
disk can serve file requests only when it is in the highest power state!{th&te) which is also called the
active state. The system must pay a pen@lifa request arrives when the disk is in tiffestate, the penalty
is proportional to the power needed to spin up from statethe active state. The penalty is decreasing

with the state number, i.3; < 3, forj > i, and B, = 0.

The problem is that of devising online algorithms for selecting optimal thredimoksk, based on idle
periods between request arrivals, to transition the disk from one &iaterto another. The most common
case transitions between two states namely, idle state (full power) and w@mnsleep state (zero power).
The quality of these algorithms is measured by their competitive ratio which cesgaeir power con-
sumption to that of an optimal offline algorithm that can see the entire reqemséisce in advance before
selecting state transition times. As mentioned before, for a two state systenisthdight bound of 2 for

the competitive ratio of any deterministic algorithm.
There are also several results showing that with randomized online algerithe best competitive

ratio achievable improves & (e— 1) ~ 1.58 [14]. Response time penalty is not considered in these works.
Another approach to DPM [12], attempts to learn the request arrivakseg probability based on previous
history and then generates a probability-based DPM strategy that minimizegideted power dissipation.

It is known that power management schemes have an effect on thensesfime of the system. In [21]

an upper bound on the additional latency of the sys- tem introduced bgrppanagement strategies is

established.
More recently, it has been suggested that energy efficiency issaakldbecome a first-class perfor-

mance goal for query processing in large data base management sySexaml research papers deal with
energy efficiency in DBMS using several benchmarks. Examples intheduleSort [22]and SPECPower

benchmarks which measure energy efficiency of entire systems thatrpatta management tasks.
In [20], the authors develop a power consumption model based on datatlie TPC-C benchmark.

In [17], the authors provide a framework for trading off performaanéd power consumption of storage
systems based on a graduated, distribution-based QoS model. This vedskwdin workload profiling
partitioning and scheduling to reduce energy consumption. In [10] greffigiency optimizations within
database systems are discussed. The experiments in [10] use a dagigiort eorkload (TPC-H) which
scans an entire table and applies a predicate to it. In [15] techniquesdiacimg power consumption
in DBMS are introduced. One such technique, called QED, uses wellrkioowery aggregation methods
to leverage common components of queries in a workload to reduce axtegsbe storage system. The
technique involves some performance penalties as it is done by delayinggsemes in order to increase
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such leveraging opportunities. Other energy conservation technigopssed are addressed in [3, 18, 19,
24,25, 28].

3 Model

3.1 Definitions and Notations

In the section, we apply the M/G/1 queuing model, similar to the approach in§188p to estimate the
power cost and response time for a disk with a specific exponentiahbrate of file access and idleness
threshold. Table 1 displays the notations and parameters used in the moelefalliés for the parameters
of disk, e.g. |, Ty, Py, and R, are given based on the specification in [23].

Table 1: Notations and Disk Parameter values
Name | Notation Default Value

Dps disk with power-saving mode
Dnps | disk without power-saving mode

Gps Energy cost in one cycle yps (J)

Tps The length of one cycle for 3 (S)

Pes Power cost oDps (W) Eps/Tps
Pnps Power cost of Rps (W)

P Pps/Pnps

T Idleness Threshold (s) 10~ 500
Ty Time to spin down a disk (s) 10

Ty Time to spin up a disk (s) 15

Py Power to spin down a disk (W) 9.3

P, Power to spin up a disk (W) 24

P Power in idle mode (W) 9.3

Pa Power in active mode (W) 13.0

Pany Power in standby mode (W) 0.8

Gau Energy to spin down and up a disk (J) Py xTg+Pyx Ty
Ta Length of a busy period entered from an idle state| (s)

fr,(x) | Length of a busy period entered from arsecond
warm-up state, consisting of partigj and the whole

Tu (s)
A arrival rate of file access (1/s) 0.1~ 0.001
p traffic intensity for the disk AxE[Y
E[Y Mean service time of a file (s) 7.56s
E[S] 178.05s

3.2 Power Cost

In this sectionE[Y] denotes the expected value of the variableln the following section we present an
anlytical model for estimating the power costs fiys andDyps Within one cycle of power mode transitions
of a disk, where one cycle represents the time from the end of a busylpetiloat of the next busy period.
Since one cycle dbyps must consist of an idle period and a busy period, we can express thevailaarof



Pups as
Prx1/A+PaTy

1/AN+T,

However, forDps there are three different patterns in one cycle, as shown in Figure fewhepresents
the time from the end of the last busy period to the arrival of the next stq&ecall that under an M/G/1
model, if the arrival rate i&, the time between two busy periodsis an exponential distribution with mean
=1/A. T, denotes the length of a busy period entered from an idle state. We knotligiraean off; under
an M/G/1 model can be expressed as

E[Ta] = E[S/(1—p);
whereS denotes the service time apds the traffic intensity. Alsoft,(X) represents the length of a busy

period entered from axr-second spinning-up state, consisting of parfigphnd the whole off,. Under the
M/G/1 model with setup time, the mean &f (X) can be written as

E[Pnps| =

E[fr,(X)] = (1+A xX)E[T4J;

wherex is the setup time [9], i.e., equivalent to the spin-up time in this work.

Vie S -
(e , one cycle
Time(s)
req .
(byte) ,
T, i T4 T, £, (Ty+ Ty+ T ,—t) Time(s)
Vie one cycle '
bytés . .
t
TT i Td ': stv E Tu ' f:l‘a(Tu) % Tlme(S)
one cycle :

Figure 1: The three possible patterns in a cycle for DPS. The verticaMagjsepresents the total volume,
in bytes, of unserviced requests

Since each case has different occurrence probability in a periodeo€ymie,E [Prs] can be expressed
as o
E[Grg) _ 321E[GhgP'
E[Tes] 2, E[TdP
whereE[Ghg, E[Tig], andP' are the mean energy cost, mean time period and probability of a requeat arri

in Caseli, respectively. The following three Cases occur depending on thabofia request. The details
of power cost and response times calculations are given in Appendix A.

E[Ppg] =

Casel,t < T;: This case indicates that a request arrives while the disk is idle but biferiele period
reaches the Idleness threshold value for it to begin spinning-down.

Case2, Ty <t < T; +Tq: Here an request arrives when the disk has been long enough padetitssisl
threshold; it is in the process of spinning down but has not completely-dpwn.

Case 3, (T +Tq) <t: In this case the request arrives after the disk has completely spun-down
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The mean response times can similarly be estimated for disks operating in Eeivey modeDps. We
can calculate the mean sojourn tifef a request, i.e., its response time, by calculating the rg@jnfor
each case. The details of these calculations are given in Appendix A.

3.3 Numerical Results

In this section, we illustrate our methods using the disks and workload ¢beséics in Tables 1 and 2.
Similar figures can be obtained using the analytical model developed. Riglots the relationship between
E[Pes]/E[Pups] @andA for T; = 0,10,53,and160. When < 0.029, Pes/Pyps Would be smaller than 1, i.e.,
the power-saving mechanism is efficient since it is below the threshaldri§ure 3 plots the corresponding
values for response times including the caseTioe . We note thafl; = 53 is thecompetitive idleness
threshold in our case obtained B®qy/ (P — Psyy)-

100 pr T T T T
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Figure 2: Relationship between the ratio ofFigure 3: Graphs of response time vs. arrival rgte
E[Prs]/E[Pvps] and arrival rate A for T, = for T =0,10,53 160 andwo sec.
0,10,53 and 160s.

From Figure 2, we note that when> 0.029, theDps disk have a normalized power cost larger than 1.
That is, when the arrival rate of files in a power-savibBgd) disk is larger than 0.029, then its power saving
features should be turned off to avoid incurring more power cost tham-gawer-saving (NPS) disk.

4 Procedure for Selecting Parameters of Disk Storage Configuration

4.1 Procedure

Figure 3 describes the relationship between the arrival rate of reqoeste disk and their corresponding
expected response time. In Figure 4 the cuBegA,0) andBps(A, «) represent the mean response times
of disks hit with request arrivals at rakefor T, = 0 andT; = o respectively. The entire space covered by
Figure 4 is divided into 5 areas based on the following rules.6Leéenote the required constraint, by the
user, on the response time. We will use this figure to describe our pnecediledSmartldlie presented as
Procedure 1. The procedure will determine the necessary numbetivef disks and the idleness threshold
for these disks. LeR denote the total arrival rate of requests to the system, and suppose the minimu
number of disks required to hold the entire set of file.isThe procedure first computes the arrival rate for
a single diskA = R/N. Given a pointX with coordinategA, 6') which represents a combination of request
arrival rate and the required response time in Figure 4, we will show haaltolate the actual number of
active disks and the idleness threshold based on the area that contapwrhig=irst, if A > 0.029, since
power-saving mechanism is inefficient according to Figure 2, the pueeddll suggest spinning disks for
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Figure 4: Five areas of the procedure  Figure 5: An alternative plot of 4, wheR= 2 per
sec

the whole time, i.e., setthe idleness threshold te. Thus, for anyd’ larger tharBps(A, ) andA > 0.029
(i.e., Area 1), we knowN disks are enough to meet such constraints because they ca®gffere) of
response time, which is smaller th@h Note that, in this case using less thidrdisks, in order to save

power is not feasible becaubk is the minimum of disks necessary for storing the entire data.
Second, ifA < 0.029 but®’ > Bps(A,0) i.e., the pointX falls in Area 2 of Figure 4. We know that

such a constraint can be satisfied even when the disk is spun down ifaifeere requests pending for
service. ThusN disks are enough and their idleness threshold will be set to 0 to save thpoaest Using
more tharN disks is not useful because the constraint on response time is alvisfiedaln the case that
Bps(A, ) < 0 < Bpg(A,0), (i.e. X lies in Area 3), it is necessary to carefully get an idleness threshold
that satisfie®ps(R/N, T;) = 0'.

Third, if the given®’ < Bpg(A,x), (i.e., Area 4), we have that the arrival rate is too high for each disk
to finish serving a file withir®’ even when the power-saving mechanism is disabled to avoid the additional
delay of spinning-up and spinning-down disks. In this case, more lthdisks are needed to obtain a
A = R/N to be sufficiently low to satisf¥ps(A,) = €. Finally, if the pointX falls in Area 5, the given
0’ is not feasible to be satisfied because it is smaller than the service timé>rddeelure 1, describes the
process of estimating the required number of disks and expected regpuoas for configuring a system of
disks given a usage workload and specific disks characteristics.

4.2 lllustration

The following gives an example on how to use the procedure. Assumingribia aate of requests is fixed
at 2 per sec, we can redraw Figure 4 to show the relationship betweead the response time. This is now
shown in Figure 5. Observe that Figure 5 can be considered a Y-Axismiinage of Figure 4. FaX = 50,

if a response time within 20 seconds is desired, then Area 1 of Figure fddbewsed. This implies that
the files should be stored on 50 disks which are kept constantly spinnimgevr, if an average response
time less than 10 seconds is desired, tefalls within Area 4. In this case we compulé such that
Bps(2/N, ) = 10. The solution is given bjl = 80. This means that files should be distributed over 80

instead of 50 disks that are constantly spinning.
Next, if N = 100 and the response time constraint is set at 15 sec, then the point fatlsar8 ATo get

the possible idleness thresholds, we examine, from Figure 6 those thatesoss the line d = 15 when

N > 100. Such a position is marked by the symKolwhere the two curve8ps(2/N,53) andBps(2/N, 80)
cross the line. So we still use 100 disks to pack the files and set the idlerestsallal at 53 seconds, i.e., the
smaller of 53 and 80. This saves more power while meeting the 15-sec dondti@vever, if the response
time constraint is 40-sec, the point falls in Area 2 In this case we distributariieshe 100 disks again,



ProcedureSmartIdle (R,N,6' A,i)

Input:
R: The total arrival rate of files to the system.
N : The minimum number of disks to store the data.
®' : The constraint on the response time.
A . Arrival rate of file requests to a disk.
i : The idleness threshold.
Output:
P : The expected mean power cost
0 : The expected mean response time
Bps(A, i) defines a function for the mean response time of disk hit with requesabraieA and
an idleness threshold of;
SetA < R/N; X < coordinateé\, o') ;
switch AreathatX liesdo

caseAreal
Pack files intd\ disks that are never spun-down;

SetP < NxPyps(a); 8 < Onps(A) alternativelyd < Bpsg(A, ) ;
| break;
aseArea?2
Pack files intaN disks ;
| Seti < 0; P < NxPpg(A,0); 8 < 6Bps(A,0) ;
caseArea3
Set idleness thresholdhat satisfie®ps(R/N,i) =6’ ;
Pack files intdN disks ;
B SetP < N % Pps()\, I), 0 < eps()\, I) )
aseArea4
Left shift the pointX until it intersects the curve ;
Pack files intaVl disks such thak satisfiefps(R/N,0) =0'; // These are disks
that are never spun-down
| SetP <M x PNPS(R/M); 0 < eNps(R/M) ;

caseArea5
| No solution can satisfy the specified constraints ;

O

O




but set the idleness threshold to zero. This means a disk is spun-dowaoraasno requests are pending
for service. This not only saves power but also provides 25 seadralerage response time.

Jprpr—Trr 7T T T T T T T

0'..:. Sy ey ey ey 1 p e |

80 100 120 140 160 180 200

Figure 6: A enlarged area 3 for multiple curves9p§(2/N, 1)

5 The Simulation

We developed a simulation model to examine the model proposed in Section 8rapdred this with the
Smartldle procedure described in Section 4. The simulation environmerdevatoped and tested using
SimPy [11], as illustrated in Figure 7. The environment consists of a watldeaerator, a file dispatcher,
and a group of hard disks.

;

File File
Request [ [ Dispatcher |
Generator

|
File-to-Disk | [Py

Mapping Table
S m

Figure 7: The configuration of disks in the simulaFigure 8: Power consumption of disks in different
tion modes

,

seek 12.6W

;

5.1 Hard Disk Characteristics

Table 2 shows the characteristics of hard disk used in the simulation. Withgb#ications taken from [23]
and [27] we built our own hard disk simulation modules. A hard disk is spumdmd set into standby mode
(see Figure 8) after it has been idle for a fixed period which is catlledess threshold [6, 19]. We do not



use the recently revised DiskSim simulator [4], that is commonly used in the litermiuour simulations
because, it still provides only old and small disk models, e.g., 1998's 8GRlys&s, and the number of
events needed to handle a file request is highly correlated with file sizesgrialikSim too slow for a
realistic data center simulation that involves disks, each of the order of B§@E&and tens of thousands of
files requiring terabytes/petabytes of total data storage.

Table 2: Characteristics of the Hard Disk

Description Value Description Value
Disk model Seagate ST3500630AE Standby power | 0.8 Watts
Standard interface SATA Active power 13 Watts
Rotational speed 7200 rpm Seek power 12.6 Watts
Avg. seek time 8.5 msecs Spin up power 24 \Watts
Avg. rotation time 4.16 msecs Spin down power 9.3 Watts
Disk size 500GB Spin up time 15 secs
Disk load (Transfer rate) 72 MBytes/sec Spin down time | 10 secs
Idle power 9.3 Watts

5.2 Workload Generator

The workload generator supports two different ways to produce fijeests. First, the generator can pro-
duce requests based on a log of file accesses to a storage system.abktleatdistribution of file file sizes
and the arrival time of each request from the real workload. Sedbedgenerator can follow a Poisson
process to produce requests at a Rite get files specified in a given list. The sizes of the files in the list
are generated based on a Zipf distribution whose probability distributiomés dpy

N

; where {(N,K) :_Zli‘K. (1)

Also, the generator can control the frequency of requests to eacfidildetermine reasonable parameters
for the Zipf distribution that are close to the actual data accesses, walltggéle requests to the NERSC's
High Performance Storage System (HPSS) for 30 days (between Magd3lune 29, 2008). There were
88,631 files accessed in the 115,832 read requests. The mean size lekthegiiested was 544 MB. This
requires 7.56 sec to service a file if these files were to be accessed filwk storage systems with disk
transmission rate of 72MBps. The minimum space required for storing aletingested files is 95 disks.
Next we classified the 88,631 files into 80 bins based on their sizes, wiganedth of each bin is 128MB.
We then compute the proportion of the number of files in each bin compared \eittotdl number of
files. Figure 9(a) plots these proportions for the 80 bins. Each go¥ty) in Figure 9(a), represents the
proportion Y of files with sizes in the intervéX — 64, X + 64] in MBytes. As we can see this distribution is
closely related to the Zipf distribution because the proportion decreasestdingarly in the log-log scale
of the axes. Figure 9(b) shows the relationship between the sizes ofriietheir corresponding access
frequencies. In this analysis of accesses to NERSC datasets, the fiegegncies of files are independent
of the sizes. We can therefore assume that each file has the same eepessdyf .

5.3 File Dispatcher and Mapping Table

Once arequest is generated, the file dispatcher forwards it to theponging disk based on the file-to-disk
mapping table. Files are randomly mapped to a specific number of disks. Wi®enof disks and idleness
thresholds are determined by the procedure proposed in Section 4 efurrfiose of comparing the power
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consumptions of the DPM strategy, we also generated a mapping table thafilss@Endomly to all disks
and fix the idleness threshold at 0, 53, 160 seas,adre., without enabling the power saving features of the
disk. The time to map a file to disk by the dispatcher is ignored since it is negligible.

1 T T T T rorTorTTTTT 10 T T T T T T T T T
log data ——
0.1 lef(27,80) — @ 8
5 oo} g
e I8 6F ]
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ey 2 ; ;\'/( MW
1e_06...l s 0ol s L 0 | | | | | | | | |
100 1000 10000 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
X=File Size (MB) File Size (MB)
(a) Log-log plot of workload distribution (b) Plot of access frequency of workload

Figure 9: Analysis of workload from NERSC

6 Experimental Results
6.1 Evaluation of the Model

We first evaluate the correctness of our analytical model proposedctioSe. Only one disk is used in
this scenario. The service time of requests has the same distribution antepersa(see Table 2), as those
assumed in the analysis. The simulation ends when it has served 300@8teedtigures 10 and 11 show
the normalized power cost of the disk and the response time of requestsdiffigient values of arrival rate
and idleness threshold respectively. By respectively comparing thegu@$§ with Figures 2 and 3, we can
validate our analysis for power cost and response time.
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Figure 10: Power cost at different arrival rates Figure 11: Response times at different arrival rates
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6.2 Constraints on Response Time

Next, we examine whether the proced@maartldie determines the suitable number of active disks and idle-
ness threshold to meet the response time constraints while still saving pawpa@d with our analytical
model. Suppose we consider using 100 disks andNset40 and try to satisfy a response time constraint
of 20 seconds. For comparison, we also plotted the response times aad gaming ratio when the disk
idleness threshold is fixed at 53 seconds, which as mentioned beforemripetitive idleness threshold in

our case.

1200 50 T T T T T
= Smartidle —— g g
S 1000 O 4F Model ¢ it
=800 4 T8 ==
7 o 30F NoPowerSaving —&— i .
Q £ : : : : : : :
O 600 £ ‘ ‘ : : ‘
N F
2 400 g
o]
T 200 , %
No Power Saving —5—
O | | | | | | 0 | | | | | | |
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
R (Arrival Rate Per Sec) R (Arrival Rate Per Sec)

Figure 12: Power savings with constraBit= 20 Figure 13: Response time with constra@t= 20
andN = 40. andN = 40

Figures 12 and 13 show the power saving and response time plots fgraasestime constraint of 20-
sec. The Smartldle procedure design satisfies the response time caongtitgrsaving 60% of power on
average. Th&martldle procedure results in a much shorter response time than the specifiechwaristr
arrival rates ranging from.8 to 25 and yet saves more power than with fixed 53-sec idleness threshold. In
this interval of arrival rates the poiik, 8’) always falls in Area 1 and the Smartldle procedure suggests that
the disks be kept spinning at all times, instead of spinning down after aregfieéhreshold. Spinning down
a disk after a fixed idleness threshold is inefficient since it not only resudtsonger response time but also
incurs more power cost than simply spinning disk.

6.3 Using Trace Logs of Scientific Data Accesses

In this subsection we test whether the Smartldle procedure can be usedviottie configuration of disks
that satisfy the constraint of response time when apply the requesi aatie extracted from a real workload.
Suppose we consider the use of 200 disks with the minimum number requiragide- 96. The arrival
rate of requests is.044683. Figure 14 shows the ratio of power savings obtained from tregngnalytical
model, theSmartldle procedure and fixed idleness threshold of 53 secs. The initial idleneshitid used
varies from 8 to 35 seconds. Figure 15 shows the correspondingn®sfimes of obtained in each design
configuration. From Figure 15, we find that disks configuration obtaired applying theSmartldle not
only meets the constraints, but also provides response time far less thaiti#hesisponse time constraints
ranging from 8 to 25 sec. Further we see that from Figure 14 that wievacmore power savings than that

the expected savings achievable from the analytical model.
In addition to the NERSC workload, we also tested Suertldle procedure with workloads from the

BaBar project [1]. The BaBar project is a high energy physics exyet with over 600 world-wide col-
laborators from 75 institutions in 10 countries. The data for this experimaiaisd at the Stanford Linear
Accelerator Collider (SLAC) site. There are about 86,378 distinct filesedtavhich will require at least
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Figure 14: Power savings between Smartldle arielgure 15: Response times of Smartldle and fixed
fixed idleness threshold values for NERSC data idleness threshold values for NERSC

123 disks of 500GB to store them. The trace log of file requests for OQM &as used in this study. It
contained 93,172 read requests and involved 10,735 distinct files. Enagavarrival rate (per second) of
the requests is.07838, which is much higher than that in the workload of NERSC. The mearo&iies
accessed by these requests is 1,235 MB, which requires about 16&d88mean service timg|[s, and
332.438 sec for E[3 when the disk transmission rate is 72MBps and a single 32GB LRU cachplzyed

in front of all disks.
Compared to the uniformly distributed accesses observed in the NERS@aaiiEigure 9(b)), the

workload shows 48% of requests accessing files with size larger thamB 1Fa@ther observation shows
these requests target only 783 files that constitugeo/of the files involved in all requests.
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Figure 16: Power savings between Smartldle arielgure 17: Response times of Smartldle and fixed
fixed idleness threshold values for BaBar idleness threshold values for BaBar data

Figure 16 shows the ratio of power savings incurred while Figure 17 sliosvresponse time of disks
when their idleness threshold are configured by Smartldle for constraintsg from 20 to 45 seconds.
From the two figures, we again find that disk configuration derived fusimgSmartldle not only meets the
constraints of the response times, but further gives a greater savingxpacted by the analytical model.

7 Conclusion and Future Work

In this paper we developed an analytic model to analyze the interaction of¢éssworkload with a disk
system that uses power saving mechanisms. The model allowed us to dexmsedure that allows design-
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ers to accurately evaluate the trade-offs between energy consumpdioesgonse time. The procedure can
be used to determine whether the required response times are achievdtd@ebyrent system and what are
the associated energy costs. The procedure also allows designers thdyperformance of the system by
adding or subtracting disks as well as determining idleness thresholdgy thsiprocedure on simulated
data as well as real life work logs showed significant improvement in greasgts over commonly used

DPM strategies.
Additional work also needs to be done to make dynamic decisions about migfilgbetween disks if

it is discovered that the arrival rates to disks deviate significantly fronmitial estimates used as an input
to the Smartldle procedure. We also plan to investigate our techniques withreadiée workloads that
include various mixes of read and write requests. In addition, we will alsstinate the effects of various
caching strategies as we believe that cache size and cache replacehivéggg may significantly affect the
trade-off between power consumption and response time.
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Appendix A: Derivation of Results for Analytical Model

Expressions for computing the power costs and the meannsspiones are given below.
Case,t < Ty :

Pl = Prob{t < Ti}; E[Ghg] = PtE[T1] + PaE[Ta); andE [Ty = E[T1] + E[Ta);
where E[1] is E[t] in Case 1 and can be written B§T;] = OT‘tp(t)dt/foTI p(t)dt wherep(t) is the probability
density function (pdf) of.

15



Case2, Ty <t < Ty +Tg:
P2 = Prob{Ty <t < Tt +Ta}; E[E5g = Pr T + Gau + PaE[T2; andE[T3g] = T + T + Tu+ E[T2;
whereE([T,] is the busy period in Case 2 and can be written as

T E M (Ty+Tu— (t—To))] p(t)dt
AL a
Bl = JET p(t)t '

Case3, (T +Ty) <t:
P3 = Prob{T; + Tq < t}; E[ESg = P Ty + Py T + Py E[Ta] + Py Tu+ PaE [ fr, (Tu)]; andE [Ty = Te + Ta + E[Ta] +
Tu+E[fr,(TW)];
whereTs is standby timeE[Tg,], in Case 3 and can be written

T TPt
B e L

Mean Response Time

Similarly, by the above model fdDps, we can calculate the mean sojourn tifhef a request, i.e. its response time,
by averaging th&[6] of each case as

E[Bpg] = iE[e‘]P‘;

whereP' andE[0'] are the probability and the mean request sojourn time, oéispy during the cycle of case
Besides, since Byps does not spin down, we can simply regardTiggsc and then geE[Byps| = E[61]. Next, recall
that the sojourn time in M/IG/1 [9], is

_ P EF .
and in M/G/1 with setup tim&, the mean sojourn timg|[6y] is
E[S At E[X] E[X?
Efox] = -2 E51, b XL EX e, ©)

T1-p2E[§ "NTF+EX] A I+EX] 2E[X]

Then, according to the above two equations, wekj6t], E[62] andE[83] as follows:
Casel t < Ti:
Based on equation 2, we hai#é9'] = (p/(1—p))(E[S?]/2E[S)) + E[Y

Case2, Ti <t < Tt + Tq:
From Case 2 of Subsection 3.2, we have that the setupXimef Case 2 isX; = To =T+ Tg+ Ty —t. So we

get
JEET (T 4 Ta + Tu—t)plt ot
E[XZ] == Ti+Tg . (4)
T p(t)dt
o T (T T+ Ty —t)?p(t)dlt
E[XZ] = Tt Ty : (5)
T ¢ p(t)dt

Then, we can expre$s6,| from 3 by substituting terms with 4 and 5.

Case3 T+ Ty < t:
Because the setup time in Case Xis= T,, we have

E[S? A1t T T
p_EIST, + o — +E[S.

31
B =g Es Ta T, AT 2
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