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Abstract—We propose a novel framework for evaluating rely on migrating or copying data produce additional loaat th
techniques for power optimization in storage. Given an ar- contends with the foreground workload for resources, again
bitrary trace of disk requests, we split it into short time impacting performance. Thus, it is desirable that techesiqu

intervals, extract a set of simple statistics for each interal, . . . . L L
and apply an analytical model to those statistics to obtain provide their energy savings while minimizing their impact

accurate information regarding the performance and energy On performance.

characteristics of the system for that workload. The key Despite the importance of such techniques for power man-
abstraction used in our analytical model is therun-length - agement, estimating the impact on the system of a specific
a single sequential run of requests at the disk level. Using iacpnique is quite difficult, especially when the workloads
this abstraction, the model is able to account for arbitrary L . T .
interactions of random and sequential 1/Os in the context ofa a}re complex .(e.g. containing various dlst.rlbut|0ns of idle
RAID array, and obtain accurate results with less effort than a  time, and a mixture of random and sequential 1/0). On top of
detailed individual request-level simulation. Various layout and that, complexity is also introduced by the power conseovati
migration policies aimed at power conservation can be eagil technique itself, which might require not only turning disk
expressed as transformations on this set of statistics foraeh on or off, but also background copying or migration of data.

e e Simulation is a well-accepted method of evaluafi
We demonstrate the efficacy of our framework by using it >'Mulation IS a well-accepted method ot evaluating power-

to evaluate PARAID, a recently proposed technique for power Savings techniques, and can be used as an alternative to
optimization in storage arrays. We show that the performane running the workload on an actual system that implements

and power predicted by the model under the migration and that technique. Typically, storage simulators use modéls o
layout policies of PARAID accurately match the results of a key system components (such as hard drive, RAID controller,

detailed simulation of the system. The analytic model allow us tc.) to det ine the effect th ; f h "
to identify key parameters that affect PARAID performance, °© c.) to determine the effect on the system of each reques

and propose an enhancement to the layout of data in PARAID in the workload trace, and have bee.n ShOWF‘ to produce
which we show to perform superior to the original technique. accurate results [4]. However, they require considerdfidete

We use both the analytic model and detailed simulations to to simulate new techniques, if those techniques can not be
illustrate the benefit of our new layout. This also demonstrées expressed in terms of the already existing building blocks

the significant simplicity of evaluating a new technique by f the simulat d al . iderable simulati
applying a high-level model to the extracted trace statists, 0 € Simulator, and also require consigerable simulation

compared to the current alternative of either implementingthe  time. The difficulty of evaluating these techniques makes
new technique or simulating it at the level of individual requests. their deployment in practice less likely, thus reducingirthe

potential utility.

In this paper, we make two key contributions. First, we

The power consumption of storage systems is a predopresent a novel approach to modeling the performance and
inant component of overall data center power consumpticgnergy of a storage system, that can be used for evaluating
costing millions of dollars a year for large enterprises [5iechniques aimed at power optimization. Our approachestrik
As a result, various techniques have been proposed to aebalance between analytical models that handle only well-
duce the power usage of storage systems. These technigiefshed and simple synthetic workloads [23], [16] and full-
typically involve opportunistically spinning down a subseblown simulation at the level of individual requests [9].Ou
of the existing disks when they do not serve I/O requestspproach is to use an analytic model of the system that can be
and using data placement strategies (potentially inclydimpplied to key statistics extracted from short sequences-of
temporary copies) designed to increase the probability thguests. The entire trace is split into small time interveis;h
disks can be turned, or remain, off. However, there ameterval is summarized through some key statistics, which
two major performance costs associated with power-efficiein turn serve as input to our model to accurately evaluate
techniques. First, a smaller number of spindles reduces that trace under various layout mechanisms and migration
effective bandwidth of the system. Second, techniques thmtlicies. By using our model, the task of evaluating a new
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technique reduces to simply extracting these simple warklomodel these different storage types using our framework wit
statistics once, which can then be reused across differstraight-forward modifications. Our modeling techniqua ca
instantiations of our model corresponding to differenblaty therefore be useful to evaluate the performance and power
techniques. trade-offs of new energy efficiency schemes in a macro
The key abstraction in our analytical model is then- perspective, the results of which can enable one to make
length a single sequential block of requests as seen by tHecisions whether to implement/simulate the new scheme
disk; for example, a single 1/0 request of 128 KB will bdor further fine-grained assurance. Overall, we find that
treated as a run-length of 128 (the run-length can be in a@yr model is simple yet general enough to capture typical
granularity, as long as the same value is used through@@licies concerning the layout and migration of data from
the model). Similarly, 16 consecutive requests of 8K each tae viewpoint of power reduction in storage, thus providing
sequential blocks would also be treated as a run-length siple way to evaluate a variety of power-saving techniques
128. By aggregating these various run-lengths in the trade,the context of a given workload. We also find that our
our model accurately accounts for the exact mix of rando@mhancement to the layout strategy employed by PARAID
and sequential 1/0. The model captures the effect of fineorks quite well under a range of workloads, alleviating the
grained queueing due to burstiness in the workload. Unligerformance cost of the PARAID mechanism.
synthetic workload models, our model faithfully replayg th The rest of the paper is organized as follows: we present
exact duration and extent of burstiness in the real-worfdme background information on the current class of energy
traces. We show that even complex workloads with arbitragpnservation techniques, and an overview on the PARAID
mix of interleaved random and sequential 1/O can be effegystem, in Section Il. We introduce our model in Section Il
tively modeled based on this simple insight of separatirand validate it through comparison with detailed simulatio
them into run-lengths and then aggregating the bandwidth Section IV. We then present our new enhancement to
and latency characteristics for each individual run-langt PARAID in Section V. We discuss the overall goals and
We demonstrate the efficacy of our model by using it thmitations of our model in section VI. We discuss related
model the various components of the PARAID system [zw_esearch in Section VIl and conclude in Section VIII.
PARAID saves power by switching to a lower ‘gear’, i.e.
lower number of disks, when the utilization is low; writes
generated during that time to the shut-off disks are re-radpp In this section we first present a short overview of several
to remaining active disks. These are propagated back to #eergy conservation techniques for storage systems, and th
original disks when the load again ramps up, at which poiptovide more details about one such technique, PARAID,
the array does a ‘gear up-shift. We model the performanagich we use in the rest of the paper to demonstrate the
cost of this multi-gear operation, and validate it througbfficacy of our performance and energy model.
detailed simulations using DiskSim [4]. We show that the
results from the model match those of the detailed simutatié\- Energy conservation techniques

quite accurately, thus demonstrating the accuracy of thepisks form prominent building blocks of modern storage
model despite its conceptual simplicity. systems deployed in data centers. Most modern disks have
Our second key contribution is proposing a new layouit least two power modes of operatioastive modewhere
strategy for the multi-gear operation in PARAID, calledhe disk spins at full speed (and consumes maximum power),
enhanced PARAID, or e-PARAICSpecifically, instead of andstandby modewhere the disk stops spinning completely
mapping blocks of shut-down disks at the latter half of th@and consumes minimum power). The common philosophy
live disks in PARAID, we interleave the blocks at a finebehind conserving energy in storage systems is to switch
granularity, thus reducing the seek incurred when accgssihe disk between active and standby modes opportunisticall
data that was originally in the shut-off disks. Essentjaiiyy One of the challenges in deploying an energy conservation
layout in the disks now leavesucketsat periodic intervals technique is that often there is a direct trade-off between
to accommodate data from the shut-down disks. By meagsergy conservation and the system’s performance, rktjabi
of detailed simulations, we show that this technique ind availability; the time it takes to switch a disk between
superior to the base PARAID technique from the viewpoirtifferent modes results in reduced performance, temporary
of performance, when conserving same amount of energyavailability of data contents, temporary decrease im dat
Evaluations show that e-PARAID has 10-27% lower averagesiliency, or (often) combinations of them. Consequently
response time than the original PARAID. power conservation techniques aim to reduce energy con-
The generality of our modeling framework is evident fronsumption in a way that still allows the system to maintain its
the fact that we represent different types of storage systeservice level agreements.
namely a single disk, a normal RAID array, power-aware Based on the effect on performance or reliability of
RAID array called PARAID and our enhanced version af system, energy conservation techniques can be broadly
PARAID called e-PARAID. We were able to accuratelyclassified as (i) techniques that guarantee that at least one
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instance of data is readily available in the storage system a

[20] and (ii) techniques that do not make this guarantee, [25]
[7]. Techniques in the first class are generally deployed i
enterprise data centers with stringent SLA requiremergs, a HEN
they avoid having data requests be blocked for the large| || || |
amount of time required to bring a disk in active mode
from standby. Techniques in the second class are commonly
deployed in archival storage systems where data is verlyrare
accessed, and occasional delays in servicing data recrests 2
acceptable. One idea proposed in the context of techniques Fig. 1. PARAID system with two gears

in the first class above, is to use multi-speed disks [22]hSuc

disks can be used to save energy in the lower rotational

speeds, and at the same time preserve availability of dajge nierarchical in nature; the top layer will have the most
However, these types of disks are not yet commercialfysks, and the bottom layer will have the fewest. Each
available on a large scale, and therefore this paper and @#rthese RAID arrays will hold sufficient data to service
model focuses on techniql_Jes that leverage just the gct'd/e FBquests independently. These different layers of RAIByaT
standby power modes of disks. However, our model is readilynstructed on top of the original RAID array are called
extensible to handle such variable rotation speeds as We'bears The number of gears that can be supported by a
In this paper, we focus on the first class of techniquegystem depends on the amount of desired capacity of the
that guarantee quick servicing of all requests.Most ofehegystem. In order for the system to be capable of servicing the
systems aim at preserving peak performance and consgpquests independently even in lower gears (when the array
ing energy whenever the load is minimal. For exampl@as disks in standby mode), the data is heavily replicated,
Hibernator [32] uses multiple tiers of variable speed diskfyd unused storage space must exist for this purpose. The
and chooses the disk speed based on load characteristiggce for replicated data is calledft statebecause it can be
Similarly, PARAID [29] operates on RAID configurationyeclaimed later if it is needed. When the system operates in
constructed over varying number of disks, choosing thetriglywer gear (with fewer number of disks), the remaining disks
configuration based on the intensity of the load. In ordefe switched to standby (low-power) mode, which provides
for the system to have all data available even when SOMBBportunity to conserve energy.
disks are_in staqdpy mode, data needs to be moved or co.pieqlhe top-most gear in PARAID is synonymous to the orig-
across disks within or across arrays. For example, writgz| RAID array (with no power-awareness) in performance
offloading [17] directs writes to another storage array eor 5,4 data resiliency, since it is constructed from all thésis
to increase/batch the idle time in its original array (with aj, the array. Therefore, whenever peak performance is meede
implicit assumption that reads are rare and local enoughiq, system shifts to the top-most gear. The lower gears
be served from cache). The process of data movement @ iain fewer disks, with a soft-RAID constructed over part
copying introduces additional load to the storage arrayi-Mi ot their unused region. It is important to note that a soft-
gating the impact of this background load, that contends WiRa|D is constructed only over the unused region, and not
foreground load produced by applications, is an importagier the entire disks. Constructing a RAID over entire disks
design requirement for energy-efficiency techniques. would require the entire data in the array to be reshuffled. In
. the case of PARAID, original data present in disks are still
B. PARAID - A gear-shifting power-aware RAID intact and the contents of the to-be-shutdown disks aloae ar
Here we provide some background on PARAID techsopied to the newly constructed RAID. Therefore, additlona
nique [29] that conserves energy in RAID arrays whildata transfer during a gear-shifting process is propaation
preserving peak performance and reliability. We discuss @mly to the updates that happened in the shut down disks
detail the PARAID system in this section because we usdter the previous gear-shifting process. Figure 1 shows an
these concepts in the later sections of the paper. example of a PARAID system with two gear configurations.
PARAID exploits the fact that many workloads exhibitGear 1 (top gear) includes all four disks while gear 2 cossist
cyclic fluctuations with respect to load intensity and thiere of three disks. When the system shifts to gear 2, contents
it is not always necessary for the RAID system to run at pe&k the fourth disk are copied to the soft state region of the
performance (and power). The basic idea is to dynamicaligmaining three disks.
adjust the number of disks servicing requests based on loadPARAID is implemented as a software layer that resides
intensity. PARAID does this by converting a single RAIDbelow the RAID controller layer and its job is to control the
array into a set of overlapping layers —RAID arrays—, eachappings done by the RAID controller. When the system is
constructed over a different number of disks. These layarslower gear, requests are initially mapped to the original




array by the RAID controller. The PARAID layer wouldpredictions will be helpful in deciding if it is worth the
then re-map to the running subset those requests intenadfdrt to build such a system, or implement the technique
for the shut down disks. One of the pertinent issues handlat detailed simulation. Second, simulations are prone to
in PARAID is preserving the redundancy configuration acrogsplementation bugs and can lead to inaccuracies that may
gears even though the number of disks reduces for each lowever be noticed. Whereas, in the case of analytical models
gear. To accomplish this, the RAID level used in all geatbe inaccuracies are invariably due to deliberate, tolerab
are configured to be the same. For example, if the top-masneralizations and assumptions. Therefore, an andlytica
gear is RAID-5 over 8 disks, and if one of the lower geamhodel can also act as a way to cross-check the correctness
is RAID-5 over 5 disks, the system can tolerate a single disk a detailed simulation. Third, and more importantly, a

failure in either mode. model can provide intuitions about further improvementa to
system. For example, the importance of each parameters in a
Ill. M ODELING STORAGE ARRAYS model on the final result can be more easily visualized, which

In this section we present our modeling framework and u§guld also lead to ideas on how to improve the technique
that to derive performance and energy models for differeR€ing modeled.

class of storage systems. )
B. Model Overview

A. Need for a new model Given a trace, we model fine-grained latency and band-

We present the need for developing a hew model in tweidth over time and the overall amount of energy spent by the
perspectives here — first, in comparison to existing modedgstem in running the workload. This is done by splitting the
and next, in comparison to a system simulation. input trace into time windows and modeling average latency

With increasing deployment of energy-aware storage syafrequests within each time window. By keeping the window
tems, the need for a performance model that accounts for size small, it is possible to model fine-grained latency of
ergy implications increases as well. The energy consemvatithe trace requests. We model overall energy spent by the
policies for RAID arrays often affect performance in complesystem from the latency values which includes the seek time,
ways, that may be difficult to represent with traditional modlisk rotation time, etc., and from the number of power-mode
els. For instance, most energy conservation policies tr@sul switches the disks made for the entire trace. Energy values
movement of data within a RAID array [20], [7] or amongor each of these micro operations are obtained from disk-
set of RAID arrays [17]. While traditional performancemanufacturer specifications and they are aggregated to get
models handle response time of application requests or RAllRe overall energy consumed by the workload.
array throughput with good accuracy, they do not easily Table | lists the basic set of parameters encountered in our
handle the additional request-load generated within theyar model. Our modeling technique comprises of two phases.
due to the energy conservation technique used. Also, maste first phase is called the fingerprinting phase, where we
traditional models assume synthetic workloads with weltake as input a block-level request trace and extract some ke
defined distributions for inter-arrival times, locality afcess, parameters and statistics from it, by splitting the trade in
etc.,, and do not consider trace-specific distributions ,[23mall time intervals, each of size(in our validation results,
[16]. Because of this, one needs to categorize their wodkloave use the value of 100 ms). The parameters collected are
into a particular distribution in order to apply a model. Waamelyruncount[ien|., nr, anddsize, for each of the time
have developed a system that directly takes in a block-leweindows. Theruncount|len] is a vector, each representing
trace and extract useful parameters from it, which are félde number of requests of a particular size. For example,
as input to our model. Our model can be used to prediftin the current time window, there are four requests of
performance (latency and bandwidth) and energy behaviize 8, 12, 8 and 32 blocks, the runcount values are such
of a system for a given block level trace. that,runcount[8]=2, runcount[12]=1, runcount|[32]=1. The

Simulations of energy aware storage systems can alsodiee of the block doesn’'t matter here as long as the same
used to accurately predict performance and energy behavimit is used throughout the model. Also, tlien value
of a particular system for a given workload, e.g. Mantis[9fepresented in blocks can be changed to any meaningful
However, using an analytical model can be a better altemmatunit like bytes, stripes, etc., as long as it is consistent
to a detailed full system simulation in many cases. Firsiith the representation of other parameters in the model.
simulating a storage system with new energy conservati8equentiality of trace requests is directly captured by the
policies can often be difficult than modifying a simplenotion of runcount[len]; a highly sequential workload will
analytical model. Our experience with DiskSim is that implehave lesser number ofuncount and larger value foien
menting, correctly, even a straightforward algorithm sash while a fully random workload will have large number of
PARAID is a substantial effort. In most cases, we would beequests (oruncount) of smalllen. In addition to extracting
more interested in predicting the trend in a macro persgectihe various trace characteristics, we also take into addben
than in actual performance/energy numbers. These mabardware configurations namely (i) the total number of disks
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Parameter Description Units
T Time window size seconds
Niotal Total number of disks in the array -
Nactive Number of disks in the array that are currently spinning -
Nsjeep Number of disks in the array that are currently spun down -
mazx_len, Size of the largest request in bytes
dsizer Total data transferred in window bytes
sd, Average Seek Delay for window msec
rd Average Rotational Delay msec
str Total seek time in window- msec
rP,oP, sP rotational, operating, and seek power Watt
E Total energy consumed Joules
L, Average request latency in window (wait times accounted) msec
ART; Average Response Time in window (oblivious to wait times) msec
runcount[len] Vector of request counts of various sizes -
Seq Per-disk sequential bandwidth blocks/second
nrr Number of requests in each time window -
TABLE |

MODEL PARAMETERS

in the array, (ii) number of disks that are active in the cotre  However, wait times or request arrival rate is not accounted
window, (iii) number of disks that are in standby mode in th&hen calculating the average response time in the above
current window, (iv) stripe-unit size, (v) average seqiant equation. In order to model this, we assume that requests
bandwidth of the disks used and (vi) internal disk paransetearrive at a uniform rate within a time window. Note that
like head switch, track switch, head settle, full stroke ande assume uniform request rates only within a single time
single seek times. window( 100ms) and not the entire trace. As the time window
The second phase of our modeling technique is derivisize is reasonably small, near-accurate request rates are
performance and energy models for the storage system wétiptured. Let,. be the inter-arrival time between requests in
the help of parameters collected in the fingerprinting phase window r, computed as /nr. Therefore, average request
First, we start with considering a storage layer with onliatency within a time window after considering the wait tene
a single disk. As theruncountllen] vector captures the is given by,
degree of sequentiality and the exact mix of random versus
sequential workloads, we introduce seek and rotationalydel
for random workloads and consider the disk’'s average SE- —

nrr

> [(i x ART,) = ((i — 1) x MIN(ART,,t,))]

guential bandwidth parameteeq for sequential workloads. nrr —
Substituting these values for the statistics obtained aver 2
single time interval gives the total time needed by the disk Therefore, if the amount of data accessed durings
for executing all the requests in that interved,. dsize., storage bandwidth for that time interval is given by,
maLene banduwidth, — 2 3)
et, = Z runcount[len], (lgzt; + sd, + Td) Q) T et,
len,=1

) _ Equations (2) and (3) represents the average request la-
_ where, sd; is the average seek delay for windewand toncy and average storage bandwidth values for a single time
it is a function of the seek distance between requests in g o Applying this model for the entire trace gives a

window 7. Seek time is computed agttle_time for Very —|aiency and bandwidth curve that varies over time in the
short seek distances (in the order of less than 10 Cyl'n’deré)anularity ofr

proior;_opal to ?eefh—dwt‘énce 4f' ;glgli—ztégne fl(_)r dshort To model the storage energy consumption for a given trace,
seek distances (in he order o g cylinders), aWe start from the performance model described above, and
p_roport|onal t(_)seek_dzstanceJrsettle_tzme for longer seek a}nf the aggregate seek time, operating time and rotatioe tim
distances. This seek model was proposed by Ruemmler [ he case of a single disk storage system, the rotation powe
ar_1d we found that the latency values are reasonably accurgie entire period of the trace, operating power is theseldp
W|t_|r_1hth|sfmodtehl. time f ttime et; aggregated over all time windows and seek time is
th t_ere (_)rte, el _ave_ragek:esponse IMme for every requesiyyg aggregate seek delays from each of the time windows. We
€ ime intetval 1s given by, combine the timing measurements for each of these micro-
et, operations with their corresponding power values, whieh ar

ART: = obtained from the detailed disk specification. Therefdne, t

nrr



total energy consumed by the disk in running the workloagbphisticated RAID configurations like the those involving

is given by, parity. For the sake of simplicity and space constraint, we
have shown the case of RAID-0.
max From equation (4), the total energy consumed by a disk
E= Z[T-TP-F str.(sP —oP) +et;.(oP —rP)]  (4) array with Ny, disks can be calculated by aggregating
=1 the energy consumed by each disk. This is because, disks

where,rP, sP andoP are rotational power, seek powerconsume majority of power in a raid array when compared
and operating power respectively astd, et are total seek to controller's processor and memory. The energy formula
time and elapsed time for a time windawSeek power is the for RAID array is therefore sum of energy consumed by
power measured when the disk moves its disk head seeking@ividual disks in the array and is represented as,
particular sector and rotational power is the power measure

when the disk spins. In a system devoid of energy conser- Ntotal
vation techniques, the disk spins all the time(even when it Erarp = Z Eq (7)
is idle) consuming rotational power. Operating power is the d=1

power measured when the disk is busy servicing requestswhereF, is the energy consumed by each of the disks and
The equations (2), (3) and (4) shows the performance ajigs calculated using equation (4).
energy of a storage system containing a single disk, when

running a given workload. D. Modeling PARAID

We now see how the above equations get tailored by
making very little modifications to express the bandwidtpa
of more specialized systems like RAID and PARAID.

The PARAID system operates in different RAID configu-
tions (termed agear9 and dynamically switches between
them based on system load. The different gears in PARAID
C. Modeling RAID constitutes to RAID arrays containing different number of

We now use our modeling framework to represent tH#isks and all gears follow the same RAID policy. For
performance and energy consumption of a RAID arra§*@mple, if there are two gears with number of digkg;a:
Consider a RAID-0 constructed ové¥,..o; disks. Since all @nd Niotar — m, both the gears are constructed in a same
the disks are in active mode, we have,.iive = Niotal. R_AID Ieve_I. More details about the worqug of PARAID is
Assuming that every request is striped across the entir®RA@IVEn section Il. When PARAID operates in the top gear, it
array, the RAID bandwidth is the aggregate bandwidth G€rforms exactly like a normal RAID array witacrive =
all the disks in the array, capped by the RAID controllefVtotal- When operating in a lower gear wiki,o;q, —m disks,
bandwidth. We therefore find the bandwidth achieved bYactive = Neotar —m and requests that come #o disks are
individual disks, aggregate it and then cap the value by'&mapped to a reserve location M,c;... disks. Therefore

static parameterpaz_ctlr_bw. The elapsed-time calculationlust changing the effective number of disks used in equation
in this case is similar to equation (1) (5) cannot give a correct estimate on the performance of

PARAID during low-gear operation. Because of re-mapping
max len of data that go tom disks, additional seeks occur in the
et, = Z runcount[len], (zenT/Nactm + sd. +rd) Nacrive disks. Considering a per-disk perspective, chances
Seq of a disk incurring a seek to access a data pertaining to
(5) disks ism/Ngctive - We capture these increased seeks by
Equation (2) accounts for wait times where the requests angposing a cap on thén of a request when extracting the
gueued to get serviced from a single disk. The same techsncount|len] values from the trace. The cap for which the
nique can be used in the case of RAID also, by consideringquest length is limited is given bW;ota; — m.
the requests queued at the controller level. Thereforesdbas The parametesd, used in equation (5) is calculated from
on the time taken by the RAID array to execute requesseek distances between trace requests in a time window. It
within a time window, the average response tid&T, is cannot be used unmodified for modeling PARAID. This is
calculated, which in turn is used to model the wait times dfecause the data corresponding thedisks are placed in
each requests. The bandwidth of the storage array is giwenmeserve space on disk which is usually at an increased
by, seek distance from the actual data footprint of the disks.
We assume that the reserve space in every disk is situated
at a seek distance ofiax_distance/2. This increased seek
’max—CtlT—bw) distance applies only for the requests that are re-mapped to
(6) the reserve space on disk. First] for seeking a distance
The ratio between the size efand theet, represents de- of max_distance/2 is calculated by using the seek model
vice utilization. Though we have modeled the case of RAIDdescribed in [21]. A weighted seek delay can be represented
0, our modeling framework can be used to represent marsing the formula,

len-=1

Noctive X dsize
Bandwldthr = nmn (M

et,



The amount of update data can also be divided into
sd” = (8 x sd') + (1 — 6) x sd) chunks and coalesced into more than one time windows, in
which case the fractiop will be altered to affect all those
where, § is the fraction of requests that were mappetime windows. The seek distance for update operations is
initially to the m disks. This fraction can be obtained byconsidered asnaxz_distance/2 for both high-to-low shift
a single pass through the trace and finding the number afd low-to-high shift because, in both cases, the remote dis
requests whose length is more than the product of stripe-uaiea is either read or written (which involves increaseésee
size and the number of disks in active mode. We coalesce the extra update requestsitatacount|len] pa-
Substituting the above seek time value in equation (5) af@meter to account for extra data transfer due to background
applying (2) and (3) would give the latency and bandwidtipdate operations. We call the modifiedncount[len] as
of PARAID when running in a specific gear, either low oruncountflen]-
high. In order to model real-time gear shifts, we include
effects of background data movement between gears. This ., jen’

is important to model because, effects of background daetta\ Z runcount’ [len], (len o/Noctiver | sd" +rd)
copy on foreground requests impact on how fast the gear vt Seq
shifts, which in turn impacts overall benefits of PARAID. T (8)

During every gear shift operation, new data that was The above equation gives the time taken for the PARAID
written after the previous gear-shifting operation arenelo system to execute the requests from the trace in the current
copied to destination gear. For example, during down4slgift time window along with a fraction of update requests due to
process (fromNVioiq; disks 10 Noctive = Niotar — m disks) —gear-shift operations. Therefore, the above formula idduse
data that was written imn disks after the previous up-shiftfor every time window and when the system is in high gear,
process alone are copied because data written prior to théeduces to equation (5), and depending on whether there
previous up-shift would already be present in tNg..ive is a gear shift operation in the current time window, the run-
disks. length vector and the seek delay parameter are chosen.

In order to model these extra data movements acrossThe average response time of trace requests in the current
different gears, we make an assumption that the updatesitfe window is given by the total time taken for both trace
be propagated to the destination disks are laid out in a cagquests and background update requests, over the number of
tiguous manner. The performance model can be used to tréeice requests. This value is used in equation (2) to find the
the utilization of the array in each time window. Whenevedverage per-request latency of the trace requests in thentur
a sliding window of past utilization values increases b&yonime window. The PARAID bandwidth can be represented by
a threshold, the model marks the next time window witbquation (6), however with a different, value.

a gear-shift operation (in this case, down-shifting). Wiaen Energy consumed by PARAID cannot be modeled by just
time window is marked for gear-shift, the amount of data thalggregating the overall seek times and latencies for eamh ti
were written to then disks after the last gear-shift process isvindow as in the case of RAID. This is because, number of
calculated. This can be done by making a single pass througisks changes throughout the trace whenever the gear.shifts
the trace from the current time window backwards to th&nother problem is, the energy consumed for disk spin-up
previous time window that was marked for gear shift. Theas to be accounted separately as it is predominant. Here we
fraction of these update requests versus foreground rexjuexplain the process of modeling gear shifts with respect to
from the trace in the current time window, the parameter time in detail and then provide the energy model for PARAID
is calculated. system.

As we assume that the updates that need to be propPARAID shifts gears based on the device utilization values
agated to the destination disks are laid out contiguousjuring a past time interval. It may start off in the highest
the runcount[len] will be 1, where thelen is the entire gear (with all disks in active mode) and then when the
update footprint. However, copying the entire updates igtilization value falls below a threshold, the gear is down-
one operation might affect performance of foreground oghifted. Similarly when utilization value exceeds a thadh
erations in the destination disks. In order to avoid it, Wghe gear is again up-shifted. We model gear-shifts in theesam
specify acap to the length of each operation which makegay. For every time window, the elapsed time is calculated
runcount[len] = updatesize/cap, where maximum value using equation (8) and the ratio between time window size
of [en is cap. Taking into account the update requests, wend the elapsed time represents device utilization. Weextr

alter sd” value as, this parameter from the workload and if moving averages of
the utilization falls below a lower threshold or exceeds a
sd” = (A x sd)+ (1 = A) x sd) higher threshold, the next time window is marked for gear-
shift. The total number of gear shifts for the entire trace is
where,A=p+9 extracted and used in the energy model.
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latency profileof requests in the trace. Given that the purpose

Nye max ' of the model is to get a sense of the average aggregate
Epararp = T-n-SpE-l- Z (NactiUE(T)'E + T-”-ZP) performance, and not quite per-request response times, we
=1 adopt the following technique while comparing latencieg. W

9 . ) )
where,Nyerive(r) is the number of active disks during tim d_|V|de the temporal axis into intervals of 100ms(size of a

WIndow 7, 71 i8 Nyotal — Nactive for time windowr, Ny, is time window) each. Within each interval, we find the average

total number of gear shifts over the entire time period of t gt?ncy p;]redflcte(rj] by both the S|mula':|o_n alnd odurl r_nc_;dell. XVe
trace,spE is the spin-up energy, which is the product of spin2¢ leve that for the purposes our analytical model s
up time and spin-up poweE is per-disk energy consumedl©: such an average metric is sufficient and appropriate. For

that can be calculated from equation (4) atis the power easy readability, we sort time windows based on their awerag
measured when the disk is in standby mode latency values while plotting. Overall we find that our model

does a very good job of estimating the performance of both
V. VALIDATION OF THE MODEL RAID and PARAID.

In this section, we validate the representations for RAID . . .

and PARAID systems, derived from our modeling frameé" Simulation environment

work, by comparing it with its simulation. We pick two We use DiskSim simulation environment [4] for simulating
real-world disk traces for most of these results [17]. Thigoth RAID and various components of the PARAID system.
first is usrQ, a trace extracted from a server in MicrosofDiskSim has been shown to quite accurately model the
Research Cambridge that contained user home directoriegghavior of complex storage policies, and is thus a good
A trace segment containing 50K requests containing 62€andidate to compare our model with. Our baseline system
reads and average request size of 22KB was extracted. Tha RAID array of 8 disks

second trace iprn0, a trace from a print server at MSR. We We simulated gear up-shift and down-shift operations
extracted a segment containing 50K requests out of whidh, PARAID, and update propagation while moving across
there are 48% reads and average request size is 26KB. Tiféerent gears. Specifically, we use just 2 gears: the lower
metric we use to compare the model with the simulation is tlyear uses 6 disks while the higher gear uses the full 8 disks.
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During normal operation, we keep track of the updates that e system.
to thetransient disksi.e. the disks that would be shut down . .
during lower gear. To decide on the right gear to use, W& Comparison with the model

monitor the utilization of the array as the workload progess e now compare the performance and energy values from
over a sliding time window. Once the utilization drops belowyr simulation in Disksim with the values obtained from
a certain threshold, we reduce the gear and start copying #ig analytical models for both RAID and PARAID systems.
set of blocks that were written to the transient disks. Wgne goal of this section is to validate the representation
re-map those blocks to the other 6 disks by striping theg} RAID and PARAID systems derived from our modeling
uniformly across the remaining 6 disks. Similar to PARAIDframework against fine-grained, request-level simulat@me
the location of these "foreign blocks™ would be at a reservg the important parameters we extract from the trace is the
location in the other disks, namely at the second half of ﬂ?@n—length vector. We extract the run-length vector atouasi
individual disks. To provide a simple example where haffme intervals of 100ms each, and model the average latency
the disk is allocated for such foreign blocks, let us considgithin each interval. While extracting run-lengths withén
that the disk had 100 blocks. Out of thiS, the first 50 WOUI@OOmS interval, we account for disk Schedu"ng effects by
be reserved for original array blocks, and the remaining %@ting the block numbers and collating 1/O to blocks which
would be allocated for migrations from transient disks. ©ngre not necessarily contiguous in the trace, but occur iokqui
disks 7 and 8 are shut down, the 200 blocks in those disigccession that the disk scheduler would have interpreted
would be uniformly striped across the remaining 6 disks. them as sequential. We then feed these run-lengths to the
we view disk 6 and 7 to form a logical 200 block spacgormulas specified in the section 11l to come up with latency
block k in that space will be mapped to block 50 + k%6 oBstimates. Note that the process of extracting these run-
disk k/6. lengths and other parameters in the model has to be done
During the degraded lower gear operation, we again kegply once per trace. After the trace is "fingerprinted” once
track of the writes to these foreign blocks. Once the utiwith this technique, that fingerprint can be used repeatiedly
lization again increases beyond a threshold where the lows/luate it for various layout strategies by simply chaggin
number of disks is insufficient, we decide to restore th@e model to depict that strategy.
transient disks back into normal operation. At this poing, W We first compare a regular RAID system of 8 disks in both
propagate the updates to those foreign blocks back to thgje simulated setup and in our model. Figures 2 and 3 show
original locations. the comparison of sorted average latencies from both the
We use this simulation to extract per-request latencies, agimulation and our model. The y-axis shows average latency
then compute the average of these per-request latenciesadties over a time window of 100ms. The x-axis is the time
time window granularity of 100 ms each. Since our modelindow sorted with respect to their average latency values.
does not yet take disk buffering into account (we plan t®lore than 85% of the time windows have zero latencies
address this in the future), we also turned off buffering ias they don't have any requests issued in those periods.
DiskSim. Therefore, for better readability we start the x-axis neare
Disksim is basically a performance model. We extractdd the point where the average latency values are non-zero.
fine-grained timing measurements like total seek time, tot@ur model does a very good job of modeling the latency
access time, etc., from the simulation and used the disk povpeofile for both the traces. Not only are the shapes of the
values obtained from detailed disk specification, for thosmirves similar, they match almost identically in terms of
fine-grained operations to get the total energy consumed ttneir amplitude. This shows that despite the simplicitytaf t



model, it can match the accuracy of a full-blown simulatioA. Motivation

which accounts for numerous dynamic effects such as headrno pARAID system conserves energy by dynamically
movement, disk scheduling, etc. reducing the number of active disks at any instance based
Next, we validate our model for PARAID by comparing itson the load intensity. It conserves energy when running in
results to the simulated PARAID system. During the run of |ower gear mode with just a subset of the total number
the traces in PARAID, there were gear up-shifts and dowgf gisks. While in this mode, the requests that would have
shifts that happened based on utilization, thus resulting rilormally been mapped to one of the standby disks are re-
extra I/O being generated due to the write propagations. Wypped to the already active disks. This is possible because
plot the gear-shifting events as captured by the simul&fah qyring gear-shifting process, the contents of the disks tha
our model for "usr0” workload. Even in that setup, our modejre ahout to be shut down are copied to the unused areas in
does a pretty good job of predicting the latency profile ; Bgajhe active disks. In the original PARAID design, this reserv
the sorted latencies for the two traces match quite closegi,jace is found at the end of the disk so that the re-mapping
for both the simulated and the modeled version of PARAIRnction is straight forward and the reclamation of the rese
as shown in 4 and 5. The model calculates the utilizatiagfhace is done with ease as and when needed. For the ease
values from the bandwidth and based on a threshold valgeexplanation let us consider the native content of the disk
for utilization, the gears are shifted in the next time wimdo 35 native dataand the contents of the shut down disks that
From the graph 7 it can be seen that our model perforrgge copied to the reserve spacefaign data One of the
well in estimating gear-shift events. significant issues in having such a design is that, the disks
Finally, we compare the energy consumption values arriv@gtur increased amount of seeks when servicing a request
by both the simulation and our energy model. Both in the cagthose content spans the native data and the foreign data.
of simulation and modeling, we use disk manufacturer's speg/hen a sequential request arrives at the array, the disks tha
ification of energy values for each of the micro-operationgre currently active need to seek back and forth to gather the
like seek, spin-up, idle, busy, etc., In the case of simaiati native data and the foreign data that is located in a remote
DiskSim gives accurate profile of seeks, rotation, spin-ugcation on disk. Even with efficient disks scheduling, the
and spin-downs where we substitute the energy values. digk head needs to move over a larger area on disk. Instead of
the case of model, we substitute those energy valuesallocating a separate chunk of reserve space for foreigm dat
the model parameters that represents each of these migsek distance can be reduced by co-locating the reserve spac
operations. Fig 6 shows how close our model performs witfith the primary data space. More complex layout strategy
respect to simulation values. We have energy values fraigeds to be employed to implement this.
the simulation as a baseline value(100%) and show the error
rate of our model. The error rate is the ratio between the tof. Design

energy consumption value obtained from the simulation andwe propose a new layout methodology to place the foreign
our model. RAID model performs very well when compareglata such that the overall seek overhead due to the movement
to simulation with less than 3% error. The PARAID moded)f disk head between the native and the foreign data is
is also reasonably accurate with at the most 7% error raggduced. Instead of allocating one full chunk of space in
For both workloads for PARA'D, our model OVGrShOOt%e end of disk to p|ace the foreign data, we introduce a
the energy value because we have assumed that all se@lfscept of usingoucketsthat are spread across the entire
to remote location in disk would incur a seek distance @fisk. A bucket is a small chunk of free space in the disk that
max distance/2, while in practise, the seek distance may Bfe placed equidistant to each other. The space between two
lesser than that. One of our future work on this area is insecutive buckets are used to store the native data and the
develop a better model for representing the seeks to rempifekets are used to store the foreign data. The size of the

location in disk. bucket and the space between any two consecutive buckets
must be carefully chosen to avoid decrease in performance
V. E-PARAID : INTERLEAVED LAYOUT of accessing the native data during a high-gear operation.

The space between two consecutive buckets should be big

The performance model for PARAID makes it clearlyenough to avoid a sequential request accessing a native data
visible that one of the parameters that significantly affecfrom seeking across a bucket when the disk is in high-gear
low-gear performance of PARAID is the extra seek incurresiode.
when accessing data from remote location on disk. Based ort may be perceived that spreading out the effective space
insights provided by our performance model, we propose &or foreground requests by introducing buckets would reduc
enhancement to PARAID system that improves the perfahe performance of the foreground requests when the system
mance of low-gear operation of PARAID while conservingperates in high gear. However, as there is sufficient chunk
the same amount of energy. We call our enhanced versionaff space between the buckets, the foreground sequential
PARAID as e-PARAID. performance is not affected. One of the important advantage
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PARAID

of using this approach is, the foreign data and the nati\%Sing Ruemmler's [21] seek model, since both the original

data near which it is placed are often correlated. ConsidereaﬁqueStS and re-mapped requests are co-located. Therefore

sequential request that was written to a 5-disk RAID 0 arrair:\?eﬁlissed time for requests issued in time windous
e ’

when it operates in the high-gear mode and assume that
request occupied a few stripes in the original RAID. When
the system shifts to a lower gear by shutting down the disk =~ maz_len’ ,

number 5, the data in the 5th disk is laid over the other @, = Z runcount’[len/] (WJ# + sdr + Td)
disks in such a way that native and the foreign data that lenf =1

corresponded to a same stripe while in the higher gear are (10)
located close to each other. When mapping the foreign datdVhereruncount’[len’]. represents run-lengths from both
from the disk 5 to the other disks, the buckets are chosentfRC€ requests and background data copy requests(duang ge

such a manner that the correlated data are co-located. Shift operation) in a time window. _
The ability to represent a new layout strategy with the

C. Modeling e-PARAID help of our modeling framework shows the generality of
As we interleave the reserve space among the primary dtita framework and the ease of comparing different energy

region on the disk, the extra delays arising from seekinaro fefficiency schemes in a macro perspective.

off location on disk is avoided in the case of e-PARAID. Our )

modeling framework that we introduced in section Il ca: Evaluation

capture this enhancement without much change in parameWe now show two set of experiments to evaluate our new

ters. In the case of original PARAID model, equation (8) hdayout methodology. We first present the simulation results

a parameter calledd!”’ that accounts for increased seeks ioomparing the performance and energy consumption of the

lower gear by applying a weighted average of computed seekhanced version of PARAID with the original version of

values and extra seeks due to re-mapping. For e-PARAIPARAID. We then evaluate the accuracy of our model in

we change that parameter to just- which is the seek delay estimating the performance of e-PARAID by comparing it

computed for time window as a function of seek distance bywith simulation results. We have used five different traces
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collected from the servers of Microsoft Research, caris faster than PARAID in servicing the requests in lower gear

bridge [17]. We have already discussed about the details™Bpde. Figure 10 is a graph plotted with average per-request
the traceusr0 and pr0 in section IV. We use three more€Sponse times of PARAID and e-PARAID . This shows that
traces collected from MSR Cambridge servessch2, mds0 ©OUr enhancement consistently performs very well in lowrgea
andwebOare traces collected from servers containing projegtode when compared to traditional PARAID.

files of MSR researchers, a media server and a web servefhe second phase of our evaluation is validation of our
respectively. model of e-PARAID. We compared the results of e-PARAID

We simulated our new layout methodology by modifyin erformance model with its simulation. Figures 12 and 13
the RAID controller part of the DiskSim simulator. We hows sorted average latency values given by our model and

intersperse every mapping made by the RAID controller al%etalled 15|mulat|on for the tracgs n.amely usrO and prn0. Our
re-map it according to our layout. We fixed the chunk siz odel gives a reasonablg e§t|mat|on.on the performance of
between buckets as 32 stripe-units, which is large enou e-PARAID system with just altering the seek distance

to not affect significantly performance in top-gear, but Bm arameter to account for co-located data placement.
enough to improve locality in lower gears. The bucket size is 1heréfore, the enhancement proposed to PARAID con-
computed ashunksize x (m/Naeive). Figure 8 is a graph serves the same a_mpunt of energy as the c_mgmal PARAID
showing relative energy consumed by three types of systef¥St€M. while providing better performance in low-gear op-
namely unmodified RAID, unmodified PARAID and oureration.
enhanced PARAID. We have shown the % energy consumed

by PARAID and e-PARAID compared to the baseline RAID
system. This shows our performance enhancement routind he goal of our model is to get as close as possible (with-
did not adversely affect the energy conservation of theut compromising on simplicity) to an accurate simulatién o
original PARAID. We then measure the performance of thbe system being modeled, thus allowing system designers
e-PARAID system by using the five different workloads. Ithe ability to quickly reason about specific design choices
order to visualize the direct benefit from our enhancemetigfore actually implementing them. While we believe we
which is reduction of the seek distance when the systdmave gotten close to this goal in many respects, there are som
operates in lower gear, we plotted a graph (Fig: 9) th&sues that are still not addressed in our model. The firgt suc
shows the average seek distance of our system when cassue is storage controller level caching. Note that theitinp
pared to the original PARAID system. We captured the seéi our model is a block-level trace, the requests of which
distance when both the systems where in low-gear modee already misses from file system level caches. In many
In the simulation of the original PARAID, we allocated thecases, the storage cache is much smaller when compared to
reserve space near middle region of the logical addres&sphost level caches and therefore modeling storage-levélecac
while the native data of the disks stayed in the first 20% not as important as modeling the file system cache in a
of the logical address space. We also measured the CiiH-system model. Given the dynamic nature of caching, it
of per-request latency for one of the representative traogsuld be hard for any detailed analytical model to accuyatel
namely rsrch2, which was extracted from a server from MSRodel fine-grained cache behavior. Incorporating a coarse-
Cambridge that hosted projects of researchers at MSR. Wfined notion of caching would be feasible in our model
cropped the trace for a 10-hour period when the load intensprovided some high-level parameters about cache-hit cate f
was lesser and as the result, the system operated in lower workload, etc., By providing such parameters as input
gear for most of the time. Figure 11 shows that e-PARAIEB our model, we can avoid the complexities of integrating

VI. DISCUSSION
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an accurate cache model in our framework. Finding an inpudlues is similar to theirs; the the main difference is thatt
parameter like cache-hit rate can be done off-line by a ®mpssume an average request size, with run-count just refiecti
cache simulator, given a workload and system parameters.tAe number of requests that exhibit sequential localititoBi
we focus more on internal disk-level interactions arisieg band Gray [3] modeled seek times in mirrored disks arrays.
cause of power-conservation schemes, we did not incogor&hen and Towsley [6] proposed an analytical queuing model
disk-level caching into our model. for the response time of disk arrays in several of their
The other missing-feature in our model is that we do ngiapers. Bachmat [2] modeled the reconstruction performanc
model RAID configurations with parity; the update behaviorsf RAID 1 arrays. While these work mainly were focused on
on parity disks would be different from the data disks. ModRAID 1/0 arrays, Matt and Menon [14] modeled the response
eling parity disks within our model is fairly straight-foard; time of RAID 5 arrays and later, Kuratti and Sanders [12] and
we would need to incorporate the notion of partial stripghomasian [26] modeled the normal, rebuild and degraded
writes into our run-length computation. The current model imode of the RAID 5 arrays. Merchant and Yu [15], [30]
meant to be illustrative and is easily extensible to suppgrtesented many queueing models for response time of RAID
these refinements. Overall, we believe that our modelidgand RAID 5 disk arrays. While all these works model the
framework strikes a good balance between simplicity anmerformance of disk arrays to a reasonable accuracy, none of

accuracy by expressiveness. these models are tailored for power aware storage systems.
Our model is one of the first analytical models, to the best
VIl. RELATED WORK of our knowledge to model the performance of power-aware

We present the related work on two major categori¢i"age- _
namely, (i) the different types of energy conservationgie Thgre are also a few power models proposed in the_ past.
and (ii) performance models that were proposed for RAIantis [9] system generates power model by correlating a
based storage systems. few key system/workload parameters with the actual power

One of the common energy conservation algorithms qgegsurements. It models the power consumption of the
to switch the disks to standby mode after it is idle fofntire system and focuses more on understanding the power

a particular time period. Many research projects [7], [8Eonsumption behavior of each physical components of the

[13], [11], [18], [24], [33] have used and analyzed thiSystem. Ho_vvever, our model focgsses only_on the storage
methodology often called as the Fixed threshold algorithfi@Yer @nd aimed at easier comparison of various storage en-
More recent research has been towards the direction of-muf9y conservation schemes. Dempsey [31] on the other hand
speed disks. Gurumurthi etal. [22] was one of the firQrovides accurate power and performance measurements in

to propose the multiple speed disk model and later maff}e granularity of individual seeks and rotations for every
systems [32], [10], [19] used it to develop sophisticate'i?queSt that is serviced by t_he disk. Wh||_e I_Demps_ey prov_|des
energy conservation policies. These techniques perforsn v&ccurate power consumption values, it is a fine grained
well, but the downside is that multiple speed disks are stijmulator than an analytical model. In order to compare
not commercially available in a large scale. Our analyticdifferent energy efficiency schemes with Dempsey, one needs
framework can be used to model multi-speed disks 69 implement the technique in the simulator, which is often

manipulating with the effective seek delay values. PARAIG difficult job. STAMP [1] is a recent modeling technique
Qere front-end request characteristics are fed as input to

[29] was one of the first systems that proposed an eneﬁ - _ . :
conservation policy for RAID arrays constructed over lggad® model and it is converted to fine-grained back-end disk

disks. One of the most recent project on enterprise-le\}%ﬁti"ities like seeks. However, they do not take into actoun

power conservation was proposed by Narayanan et.al. [17f layout mechanism when translating front-end requests t
where the idle times in one server can be extended B9ck—end activities. Also, the front-end request charésties
offloading its writes to another server temporarily. fed to the model are more course grained than our technique.

There is a large body of work on analytical performance
models of RAID based storage systems. Varki et.al. [28] de-
veloped an analytical model that accounts for caching &ffec In this paper we have proposed a new model framework
and disk parallelism along with the effects of controllevél to easy derive representations for performance and energy
optimizations for performance of the disk array. Prior teith behavior of energy efficient storage systems. We have vali-
work, Uysal et.al [27] presented a model that predicts thiated the model with the simulation results for each of the
throughput of the disk array taking into account the meanodeled systems and we show that our new model performs
gueue length of the disk, implementation of the controlleéx good job in estimating performance and energy behavior
optimizations etc., They have a parameter called run-cowftRAID-based storage systems.
which is the number of contiguous requests with consecutiveWe have also proposed a new layout methodology for
block numbers. This parameter represents the degreeaaofexisting energy conservation scheme called PARAID and
sequentiality in their workload. Our notion efincount[len] we have shown that our enhancement performs better than

VIII. CONCLUSION
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the original PARAID system in terms of performance, whilge]

saving the same amount of energy as the original system. This

also shows the usefulness of our model in gaining insigl’tgs,]
that lead to improvements to existing systems and its gbilit

to model new layout strategies without much complexity.
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