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ABSTRACT

Storage consolidation is becoming an attractive paradmgmnaddta
organization because of the economies of sharing and tleecfas
centralized management. However, sharing of resourcealidev
only if applications can be isolated from each other. Thiskuar-
ets the problem of providing performance guarantees t@plira - : oy
gation irrgspective 01? the bet?aSior of other V\?orkloads. qu;’iaon of the data sets. _Howe_ver, sharlng_ resources I onl_y pai_dtlthe
requirements are represented in terms of the average tipatig system can provide suitable isolation among the clienterims of
latency and maximum burst size. Most earlier schemes only do securlt_y, privacy and performan_cg. . .
weighted bandwidth allocation: schemes that provide coofrla- In this work we focus on o.btalnlng performance isolation ago
tency either cannot handle bursts or penalize applicafiantheir concurrent workloads sharlr_lg the resources of a stor_age:rser
own prior behavior, such as using spare capacity. Eac_h workload mu§t be provided the gbstractlon of havingvits
Our algorithmpClock is based on arrival curves that intuitively dedlcate.d Server W'th a guaranteed minimum lavel of perdews.
capture the bandwidth and burst requirements of applicstivVe C_onve_ntlonally, sharlng of _storage resources betw_e en oz
show analytically that an application following its arriveurve with different requirements is haf?d'ed by statically pm'mng the
never misses its deadline. We have implemem@tbck both in resources, for exaf_“p'e’ by c_ensurl_ng_that t_he data for élﬂtBNOﬂ_(-
DiskSim [2] and as a module in the Linux kernel 2.6. Our evalua Ioad_s_ re'_5|de_s on d'ﬁ_ereﬁt q'Sks V.V.'thm a d'.Sk array. HOWM.“C
tion shows three important featurespdflock: (1) benefits over ex- partmonlng Is inflexible in .|t.s ability to adjust to wqu@ varta-
isting algorithms; (2) efficient performance isolation dnast han- tl_ons, leading to over prowsmngd and unnecessarily esipere-
dling; and (3) the ability to allocate spare capacity to @itbpeed signs. An alternatlve.approa.ch. Is to Sh'?“e the storage mspbe-
up some applications or to a background utility, such as tgack tween workloads, using statistical multiplexing to redtioe over-

pClock can be efficiently implemented in a system without much all resource requirements, gnd apply schedgling me‘h‘?‘?”gt"
overhead. cally isolate the workloads in a way that avoids destruciiter-

) ) ) ference between them.
Categories and Subject Descriptors:C.4 [Performance of Sys- The performance requirements of a workload are usually ex-
tems]: Modeling techniques; D.4.2 [Operating Systemsbii&ie

' : ) pressed in terms dhroughputand/orlatencyconstraints. For ex-
Management] : Secondary storage; D.4.8[Operating Sy}{xes ample, a multimedia workload might have strict latency regu
formance] : Modeling and prediction

ments in order to provide glitch-free service, whereas & fild
transfer might care more about overall throughput thanatentcy
of individual requests. Similarly an online transactiord ajuery
processing system may need to guarantee fast responsedime f

costs. Companies (like Amazon S3 [1] for instance) are begin
ning to provide storage as a service, where a customer caa buy
specific amount (GBytes) of storage with certain reliapiind ac-
cess requirements. Even within an organization, the needdia
sharing among different organizational units favors the afscen-
tralized data repositories over ad hoc partitioning andiaaon

General Terms: Algorithms, Design, Management, Performance

Keywords: Burst handling, Fair scheduling, QoS, Real time guar-
antees, Resource allocation, Storage performance viétiain

1. INTRODUCTION

Consolidation of storage belonging to one or more organiza-

tions in a centralized shared repository is an increasipglyular
paradigm for managing organizational or departmentagidata.
The advantages of this approach include the ease of ceetali
management, flexibility in data placement, and lower ojegat
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transactions while providing minimum throughput levelsdaeries.
The desired capabilities of a scheduling framework areMdgt
throughput requirements and deadline guarantees for evenk-
load that follows a stipulated service level agreement (2hddie
bursts of stipulated maximum size without compromisingdtiea
guarantees (3) Flexibly allocate unused system capaciiyot&-
loads that desire more than their stipulated service witpeunal-
izing their contractual guarantees (4) Allocate spare cigp#o a
background activity (such as a backup utility or defragragnin
large bursts, without hurting contractual flows (5) Be wodn¢
serving,i.e. the system should not idle if requests are pending.
In this paper we present a scheduling sche@leck, that meets
the above requirements. The scheduler enables all wedivieeh
clients (those satisfying their burst and throughput camsts) to
meet their stipulated deadlines. We prove that under cepia-
cisely characterized assumptions of deterministic bemano well
behaved flow will miss its deadlines. In practice the assionpt



may be occasionally violated due to the stochastic natutevef
level request scheduling in a storage system, resultingrmesnissed
deadlines. However, as we show empirically, the requirésare
met on the average. Our scheduling schea@éock does not re-
quire exact knowledge of the system capacity, which is sty
difficult to estimate and varies dynamically in a storage/eerAn
estimate of the system capacity is necessary for highet-é&lmis-
sion control. To guarantee hard deadlines, conservatiimaes of
the capacity and behavior of the flows need to be made. Inipeact
the system may use less conservative “typical”’ values amua@m
a statistical model of flow behavior, providing probabitstather
than hard guarantees. The modeling and analysis of statiQbS
is not considered in this paper.

A second contribution of the paper is in designing a flexible
method to allocate spare capacity of the storage systemdo ba
ground activities. Our scheme allows us to identify chunkare
used capacity that can be allocated to background jobse\ghir-
anteeing that future requests of well-behaved flows willlséi ser-
viced within their guaranteed bounds. In contrast, prevEzhemes
provide service to background jobs only in small granulkesitvhen-
ever there are no foreground jobs to be run. Alternativlly spare
capacity may be used to accelerate contractual clients. ety

mum burst size but also how frequently bursts can occur. ©the
wise a flow that makes continuous bursts of maximum size could
quickly exceed the server capacity, leading to unboundeddzs.
The arrival function for f; denoted byRi(s,t) is the total num-
ber of 10 requests made bfy in the time interval §,t]. We say
that fj is well behavedf Ri(s,t) < gj + pi(t —s), for all time inter-
vals [s,t]. This model of arrivals is also known as a leaky bucket
model [20, 23] with parametersi( p;). The leaky bucket model
limits the burstiness of a flow by controlling the size and fitee
quency of the bursts: the maximum burst sizejiand the average
arrival rate isp;. The following condition states the requirement for
isolation among the flowsa well behaved flow should never miss
its deadline regardless of the behavior of other flodditionally,

we would like to meet other goals enumerated in the last@ecti
such as the flexible use of spare capacity to speed up camfact
flows or background jobs, and work conservation. Note that we
do not assume that flows are voluntarily well behaved, nor do w
throttle them to conform to the leaky bucket parameters.ciRgr
the flows to be well behaved allows for simpler schedulingalg
rithms, but can result in low system utilization. Insteadw# are
allowed to opportunistically exceed their arrival functispecifi-
cations. While the system cannot guarantee meeting thdidesd

this needs to be done in a way that ensures these clients fare noof the flows with extra requests, in practice it will often d@eato

penalized later for their use of this spare capacity.

The rest of the paper is organized as follows. We presertecela
work and discuss the limitations of existing techniqueshi; hext
Section. In Section 3 we describe the system model and delate
definitions and then we present our scheduling algorigh@iock.
Formal results are summarized in Section 4. Section 5 presen
evaluation results using bobiskSim[2] and an implementation of
pClock as a Linux kernel module. We end with some conclusions
and future directions in section 6.

2. OVERVIEW

We model the storage system as a server with internal concur-
rency, providing shared service to a setoflients orflows fy, fa,
--- . fm and to a background utility, as shown in Figure 1. Requests
from a flow wait in a private queue before being sent to theeserv
We treat the storage server as a black box; it may have an inter
nal queue that reorders the requests that have been disgatzh
it. Hence, our scheduler provides strict isolation in teohgueu-
ing delays observed by the competing flows before their regue
are dispatched to the server. Once dispatched, the reqliefnw
ish within a small amount of time assuming an efficient, stion
avoiding scheduler (such as C-LOOK, C-SCAN etc.) at theasfor

server.
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Figure 1: System Model

The service requirements §fare specified by a 3-tuplei( pi, &),
where g; is the maximum burst size (number of 10g), is the
throughput (in 10s per second — IOPS) akhds an upper bound
on the latency of an 10 request (in ms). To guarantee thedgten
constraints of a flow it is necessary to bound not just the maxi

use the unused capacity arising from statistical variatiorthe ar-
rivals to meet the requirements. For instance, in a closed-sys-
tem, where a client can adapt its input rate based on themsspo
time to gain additional service during periods of light lo&ince
the scheduler isolates the flows, allocating the spare dgmimes
not interfere with the remaining flows; clients that stayhivittheir
arrival specifications will continue to receive guaranteedsice.

Most bandwidth allocation algorithms that are used to mevi
throughput guarantees are based on assigwggto arriving re-
quests. The tags are based on the priority of the flow, artiived
of the request, and its service demand. The queued requests a
then serviced in order of their tags. Our algoritp@lock is also
based on the use of tags, but has several advantages ovarltee e
schemes. We now describe three idealized cases to illedtrat
benefits of thepClock algorithm. The examples describe simple
situations to make them easier to follow; nonetheless, titkeu
lying advantages remain even under more complex systenvbeha
iors. These cases respectively illustrate goals 2, 3 anddritbed
in Section 1.

Case 1 — Ability to handle bursts Consider two flowsfa and
fg that have stipulated throughputs pf = pg = 50 IOPS and
worst-case latenciedy = 500ms, dg = 250ms respectively. The
maximum burst sizes dfy and fg aregs = 0 andog = 25 10s. As-
sume the system capacity is 100 IOPS. Suppose thatfflesends
requests at a uniform rate of 50 IOPS, whergasends a burst of
25 10s every (b seconds. This is shown as Case 1 in Figure 2.
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Figure 2: Case 1:fg is bursty and therefore misses its deadline
(250 ms), whereasp meets its deadlines. Case 2fx is starved
during [2,3] for using spare capacity during [1,2]



Bandwidth allocation algorithms (e.g. WFQ [8] and its sigsce
sors [3,9,10]) will successfully provide bofa and fg their desired
throughput of 50 IOPS. However they will not be able to cantro
the latencies of the requests. The tags assigned by WFQd®8] (f
instance) to requests of botf will and fg will be 1/50, 2/50,
3/50, ---. Therefore WFQ will interleave the requests faf and
fg in essentially a 1 : 1 ratio. Requests fraix will be serviced
with very little queuing delay. However, the requestsgin each
burst will face a worst-case latency of 500 ms. In contnaGtpck
will meet the deadlines of both the flows, and all requestffg
will finish within 250 ms of their arrival, by scheduling reggts in
a different order.

Case 2 — Penalizing flows for use of spare capacitonsider
two flows fa and fg with stipulated throughpyia = pg = 50 IOPS.
Assume the system capacity is 100 IOPS and burst sizeso, =
0. Suppose thafta sends a burst of 200 |IOstat 0, and then sends
requests at its stipulated rate of 50 IOPS fiiom?2 onwards, while
fg sends a burst of 100 IOs &= 2, and then sends requests at a
steady rate of 50 IOPS aftee 3. During the time interval [®] fg
is idle and the system has a spare capacity of 50 IOPS. The inpu
profiles are shown as Case 2 in Figure 2.

In the interval [02] the spare system capacity is absorbed Ay
which receives 100 IOPS, well above its stipulated rate dfZgeS.
When fg becomes active at time 2, existing scheduling algorithms
like Virtual Clock [29] and SCED [23] (see Section 2.1 forther
details) penalizép for the excess service it received during the first
two seconds. Intuitively this is because the tag$oWvill become
very high due to the extra requests that were serviced in tbie fi
two seconds, anda is subsequently starved while the tagsfgf
catch up. During the interval [2], these algorithms will give all
the service tdg and starvefa, even though it isfg and notfa that
is exceeding its service agreement at this time. In contp&dock
does not penalize a flow that has gained extra service by sparg
capacity. For this example, the service providedp®jock after
t = 2 is shown by the dotted lines in Case 2 of Figure 2; as can be
seen both flows receive 50 IOPS.

Case 3 — Flexible allocation of spare capacitySpare capacity
can be allocated in two ways: one is to give all the spare ¢gac
contractual flows and the second is to use spare capacitgalsjp
background tasks. Our algorithm allows both these policias-
thermore, we are able to allocate spare capacity to backgrasks
in batches rather than in small chunks. Because many baakgro
activities (such as backup) perform mainly sequential E)stem
throughput usually increases if the scheduler can proweice
to the background job in larger bursts instead of fine-giineer-
leaving with the contractual flows.

2.1 Related Work

The work related to QoS-based resource allocation can be di-

vided into three broad categories. Firstis a class of sdmegalgo-
rithms for proportionate bandwidth allocation, such as BGR],
Virtual Clock [29], WFQ [8], WF?Q [3], SFQ [10], SCFQ [9],
Leap Forward [27] and Latency-rate scheduling [25]. Asulsed
below, the primary goal of these algorithms is to divide up th
bandwidth in a specified manner between the flows; they do not
explicitly attempt to control the latencies of the requestise sec-
ond class of scheduling algorithms based on survice curvés [
19, 23, 26] attempt to simultaneously control both the badtw
allocation and the latencies of the flows. Finally, storageeific
methods such as Fagade [17], Stonehenge [13], SFQ(D) fib] a
Avatar [28], either use variants of virtual-time based taggr a
feedback based mechanism to provide heuristic assurafeigs. 1
provides a quick comparison p€lock with existing algorithms in
the three categories.

2.2 Fair Queuing Algorithms

Bandwidth allocation algorithms assign tags to requesseda
either onreal timeor virtual time. An early solution, Virtual Clock,
assigned tags to requests basedesl time[29]. However, it is
known that this solution can result in starvation. Otherpore
tional bandwidth schedulers, WFQ [8/F2Q [3], SFQ [10, 11],
and SCFQ [9], use the notion efrtual time tagging to simulate
the idealized fine-grained multiplexing of the GeneraliRedces-
sor Sharing (GPS) algorithm [12, 20]. While these algorgtpro-
vide very good bandwidth allocation, the worst-case latenge-
rienced by a request can be high since it depends on the number
of active flows [4]. Bennett and Zhang [4], Leap Forward [27],
and Latency rate scheduler [25] significantly improved ttency
bounds, so that request delay depended only on a flow’s owai ban
width allocation and request rate.

A fundamental limitation of these schemes is that i@ pos-
sible to independently controhe bandwidth and latencies of the
flows. The latency incurred by a request is inversely rel&deits
bandwidth allocation, so that flows with high (low) bandvaidtl-
location receive low (respectively high) latency. Thesgpathms
have just one parameter to adjust both throughput and lgtend
this is insufficient [7] for meeting both constraints indegdently.

Other issues that are not handled well by these schemeslénclu
the ability to handle bursts and the difficulty of relatingiual time
tags to predict free system capacity.

2.3 Algorithms based on Service Curves

To decouple bandwidth allocation and latency requiremesrisz
et al. [7, 23] extended the service curves concept intratiuge
Parekh and Gallagher [20, 21] to allow variable rates. Utlege
service curves both bandwidth and latency constraints resgsab
isfied provided certain capacity constraints are met. Theyiged
SCED [7, 23] algorithm to schedule workloads specified byvami
set of service curves that meet the capacity constraintsveler,

a drawback of their solution is that a client that uses spgstem
capacity may get starved in the future when resource caatent
is high. The solution has both the drawbacks described i @as
and Case 3 in Section 2. In addition, SCED is unduly conserva-
tive in setting the deadlines of requests. It sets the deadd be

the earliest value possible without causing other flows srtfieir
deadlines; by contraspClock sets the deadline of a request to be
as late as possible. This permits greater flexibility in siciieg
spare capacity (Case 3 of Section 2).

Stoica et al [19, 26] have identified cases where SCED may fail
and have provided a modified virtual-time based algorithiemvuid
starving a client for using excess capacity. However theytdo
guarantee that the client can meet its deadline if it usesexie
cess capacity. Furthermore their scheme may also sometamss
well-behaved clients to miss their deadline.

2.4 Storage Specific Methods

For storage systems, Facade [17], Stonehenge [13], SH&D)
and Avatar [28] propose virtual-time based schedulingtetias,
while incorporating issues specific to storage workloadesivbf
these schemes use virtual tags and a single set of weightstimk
the throuhgput and the response time. However, it is notilpless
to control both bandwidth and latency independently witingle
parameter, and the use of virtual time makes estimationaresga-
pacity and real-time deadlines difficult. SCAN-EDF [22] poses
hybrid low-level disk scheduling algorithms to meet redudead-
lines while maintaining high throughput. Cello [24] and YF&)
also provide fair bandwidth allocation mechanisms aloni wp-
timizing disk scheduling for seek minimization. SLEDS [&es



Algorithm class B/W allo- | Latency| Burst han- | Avoid star- | Spare Tagging mechanism
cation control | dling vation capacity
control
Fair Queuing Algorithms| Yes No No Yes No Virtual Time
Service Curve based | Yes Yes Yes No No Real Time
Storage specific heuristigs Yes No No Yes No Virtual Time
pClock Yes Yes Yes Yes Yes Real Time

Table 1: Comparison of existing scheduling techniques

live feedback from the system to throttle flows based on ayleak
bucket model. Throttling I0s may lead to non work conserving
schedules. It is also difficult to give fine grained guarastee la-
tencies or to handle bursts in SLEDS. Avatar [28] is a twalev

DEFINITION 3. Lett= 0 be the start of a system busy period.
Let a and b, a< b, be the start times of two successive active pe-
riods for f. Let R(0,b) be the cumulative arrivals for; fin the
interval [0, b]. TheArrival Upper Bound % (t) for the active pe-

scheme that uses EDF scheduling at the second level to meet reriod [b,t] of f; is defined as:%ib(t) = min{Z3(t), R(0,b) +

sponse time deadlines; however it does not provide guasnte
control-theoretic approach for scheduling in storageesystwas
proposed in [16].

3. SCHEDULING FRAMEWORK

In this section we will present our scheduling algorithm and
show how each of the goals is met using our framework. We will
first introduce terminology and definitions followed by atuitive
description of the components of the algorithm. We then &ilyn
present our scheduling algorithplock and show that it meets the
desired goals. Finally, we discuss the estimation and atiloc of
spare system capacity.

3.1 Definitions

To simplify the presentation, time is represented by disdiene
stepst =0,1,2,---. The requirements of a flo are represented
by a triple @, pi, &) whereg; is the largest number of 10 requests
that f; can make at any time step; is the average throughput
(IOPS) ands (ms) is the maximum allowable latency of a request.
The number of requests made Iiyat time stept is denoted by
ri(t). Thearrival function R(a,b) = SP_,ri(t), is the total number
of 10 requests made bfy in the interval[a, b]. The amount of ser-
vice (number of 10s) provided t§ in the interval g t] is denoted

by S(s,t). In order to meet the performance guarantees the system R

must service at leaf;(s,t) 10s of f; within the interval §,t + &];
ie. S(st+§)>Ri(st).

Flow f; is well behaved if the size and frequency of its bursts
are limited by a leaky bucket with parameteos, ;). That is, for
every time interval §t], Ri(s,t) < gj + pj(t —s). This constraint
is difficult to use computationally in this form: to deterraihow
many request$ can make at timewhile remaining well behaved,
the definition requires us to check the inequality for all gible
intervals ending at. Hence, the constraint is expressed in the form
of a function called thé\rrival Upper Bound(AUB) that captures
the size of the burst permitted at tirnsuccinctly, as defined below.

DEFINITION 1. Thebacklog of a flow f{ at time t is denoted
by B(t) = Ri(0,t) — S(0,t). Flow f; is said to bebusy at time t if
Bi(t) > 0. A flow that is not busy at time t idle. A system busy
period is a maximal-sized time interval during which at least one
flow is busy.

DEFINITION 2. Flow fj isactiveattimet if R(t,t) > O; else it
isinactive att. An interval [st] is an active period for f; starting
at s, if f is inactive at time s- 1 and is continuously active at all
times in the interval [&].

o+ pi(t—Db)}.

The definition of the AUB function for flowf; is illustrated in Fig-
ure 3(a). The arrival functiof®(0,t) that represents the cumu-
lative arrivals offj, is shown by the dotted line. The AUB con-
sists of three segmentg®(t), U3(t) and Uib(t) corresponding to
the start of the three active intervals ff), [a,r] and [b,«). The
AUB in the interval [0, p] is given by %°(t) = oi + pit, and is
shown by the solid line of slopg; att = 0. Fort > a, since
Ri(0,a) + ai > UP(a), we haveUR(t) = UP(t). The next active
period for f; begins at timé. SinceR; (0,b) + 0; < U2(b), we have
fort > b, ZP°(t) = Ri(0,b) + ai+pi(t—b). A well-behaved flow
will never send more requests than specified by its currerB AU
function.

LEMMA 1. Let a be the start of the active period for that
includes time t. Then fswell behavedat t if and only if R(0,t) <
UA(1).
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Figure 3: (a) Computation of Arrival Upper Bound (AUB)
function for a flow f; (b) Using AUB function to compute tags.
Well behaved arrival at t; gets a deadline ot; + &; others are
delayed based on how much the arrivals exceed the AUB

System CapacityService guarantees for well behaved flows can
only be met if the system has sufficient capacity to meet 8tgiu-
lated requirements. A lower-bound on the system capaeifgrred
to as theSystem Capacity Constraintis defined below. The con-
straint is defined based on the initial AUB functidd8(t) of the
flows, and their latency boundg Note that the constraint depends
only on the static parameters of the flow requirements, an¢heo
dynamic behavior of the schedule. Hence it can be easilykeldec
to determine eligibility of a flow for admission control posges.

To illustrate the definition we use an example of two flows with
requirementsfa = (50 10s, 50 IOPS, 200 msand fg = (110 IOs,



100 IOPS, 600 njs Consider the case when the two flows begin at
t = 0; both send their maximum burst and then send at a fixed rate
corresponding to their throughput requirements. The fiesitine
is at 200ms forfp and the system must service 50 IOs requested at
t =0 by fa by this time. This provides a lower bound on the capac-
ity of 250 IOPS. Att = 600 ms, all requests dfa received before
t = 400ms must be serviced, as must all 110 IOs in the initialtburs
of fg. Hence the system must service at least pa(ds — da) + 0B
=50+50 x 400/1000+ 110= 180 IOs byt = 600 ms, requiring a
capacity of at least 300 IOPS. Beyong 600 ms, the system must
service all requests from and fg that arrive at rateg; and p;
respectively. Henc€ > 50+ 100 = 150 IOPS. The maximum of
these is a lower bound on system capacity, and in this exaimnple
300 IOPS.

This motivates the definition below. By considering the cafse
all m flows sending their bursts at= 0, followed by requests at
their designated throughput it can be seen, as in the abevess,
that meeting this constraint is necessary if the system deter-
ministically guarantee the requirements of all the flows.

DEFINITION 4. Let the flows be arranged in order of non de-
creasing latencies, represented®y< & < --- < dy. Let C denote
the system capacity. Ti®ystem Capacity Constraintis defined
by the following equations:

pi<C
;.

k
VKk,S g+ pi(k—3d) <Cx &
RAPKA

@)

@)

LEMMA 2. A necessary condition required to guarantee that
all well-behaved flows meet their deadlines is for the capagito
meet the System Capacity Constraint.

In Section 4, we show that these conditionssriciento guaran-
tee that flows never miss their deadlines. This does not ablyio
follow from the definition. For instance ifa in the above example
sends its burst at the same timefasis sending at its steady rate
of 100 IOPS, then to meet the burst of 50 I0sfgfwithin the 200
ms deadline and serve the request$f100 IOPS) may appear to
require a capacity of 350 IOPS. However, as we show a capafcity
300 I0PS is sufficient to meet all deadlines.

3.2 pClock Algorithm

The algorithm assigns tags to arriving requests. Each stgee
ceives astart tagand afinish tag The scheduler dispatches the
request with the smallest finish tag to the server on a reqaast
pletion. The tags assigned are controlled by the curreiviahrrp-
per bound (AUB) function of the flow. Informally, requestsitiare
within their arrival bounds will be assigned finish tags ddaahe
real-time deadlines of the requests, while requests treezkthe
arrival bounds are assigned higher deadlines. Hence whbaed
flows will have their requests serviced in preference toghbat
exceed their arrival constraints, and will meet their lajebounds
if they are serviced by their finish tags.

Algorithm 1 provides a high level description of the actiafs
the scheduler at request arrival and scheduling instaritsreTare
three actions to be performed when a request arrivpstateNum-
tokensupdates the AUB function for the present arrival tine
CheckandAdjustTags used to resynchronize flows thereby avoid-
ing starvation, an€ComputeTagassigns start and finish tags as in-
dicated above, based on the AUB. We describe these in ma# det
below. A formal description of various components is présein
Algorithm 2 along with related notation in Table 2.

[ Symbol | Meaning

g Start tag of requestof f;
B Finish tag of request of f;
MinS Minimum start tag of a pending request fraim
Max$S 1/pi + Maximum start tag of a pending request
from f;
numtokens| Number of tokens available fdy

Table 2: Symbols used and their descriptions

Request Arrival:

Lett be arrival time, of requestfrom fj;
UpdateNumtokens( );
CheckandAdjustTags();
ComputeTags();

Request Scheduling:
Choose the requestwith minimum finish tag:j"" and
dispatch to the server;
Let the chosen request be from fldwwith start tag §';
MinS = S;

Algorithm 1 : pClock algorithm

N P OB WN B

w

UpdateNumtokens:
On each request arrival from flofy: Let A be time
difference between the current time and the time of the
previous request of;;
numtokens+= A x pi;
if (numtokens> g;) then

| numtokens= g

CheckAndAdjustTags:

LetC be the set of currently busy flows;

if (Vj € C,Min§ > t;) then

mindrift = minjcc {MinSj —t, };

Vv j € C, Subtracmindrift from MinS;, Max§ and all
startandfinishtags

ComputeTags:
if (numtokens< 1) then
g = max{Max§, t};
‘ Max§ =9 +1/pi
else
| §=t
Fr=§+a
numtokens= numtokens— 1;
Algorithm 2: Components opClock algorithm

UpdateNumtokens In order to assign tags, the scheduler must
first update the arrival upper bound functié@n®() to the current
timet. It maintains a variableumtokensfor each flowfj. The
variable keeps track of the difference between the AUB aetim
and the cumulative number of arrivals up to that time. (%42(t) —
Ri(0,t)). lts value indicates the number of requests that can be
made byf;j att without violating the arrival constraints. Hence a
value less than one means that a well behaved flow cannot make
any request &t

The initial value olhumtokensis set tog; at the start of a system
busy period. It is decremented by 1 every time a request fiom
arrives, and continuously increases at the ratg 6DPS. Hence in
an interval ofA seconds it will be incremented ky x p;, but the
value is capped af;.
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Figure 4: Finish tags assigned byClock for two cases

Compute Tags: This routine assignstart and finish tags §
and R respectively) to the requestfrom f; arriving at timet.

F' is simply set to the sum of and the latency bound. The
value assigned to the start t&ydepends on whether the request
is within the AUB or exceeds it. In the first case (recognizgd b
numtokens> 1), § is set to the current time If the total number
of requests made bfy through timet exceeds AUBfumtokens<

1), the start tag will be assigned a future time greater thaim
particular the start tag is set roughly to the time it wouldentaken

a well behaved flow (with identical burst and throughput e
tions) to send the same number of requests.

Figure 3(b) shows how the tags are set.tAthe total number
of requests made by is below the arrival upper bound. Hence the
request is assigned a start tagipfind a finish tag of; + 6. On
the other hand, ab the total request® (0,tp) exceeds the AUB.
Hence the start tag is set tg the earliest time at whicR;(0,t2)
does not exceed the AUB.

The routine maintains two variablé4in§ and Max$ for each
flow fi. The starttag of the last requestfptlispatched to the server
is maintained by the variabMinS. Requests belonging th will
have start tags spacedd] apart,i.e. Min§+1/p;, MinS +2/p;,

.-+, Max§ —1/p;. Hence if there is another request frdinwhile
this backlog persists it will be assigned a start tagvi@ixS, and
Max$ will be increased by Ap;.

Example 1 We illustrate the assignment of tags and how the al-
gorithm meets deadlines of bursty flows with an example. ©ens
two flows fa and fg with requirementg0, 50 IOPS, 500 njsand
(25 10s, 50 IOPS, 250 mis The system capacity is assumed to be
100 IOPS fa sends requests at a uniform rate of 50 IOPS, whereas
fg sends a burst of 25 IOPS everysGsec. The tags will be as-
signed as described below. (For convenience we scale vhjues
1000i.e. we consider throughput in IOs per millisecond and assign
all tags in milliseconds).fa will have start tags of 0, 20, 40, 60,
.-+ (0, 100Q'pa, 2000/pa etc.) and finish tags starting from 500
and spaced at intervals of 20 ms eadh. will have 25 start tags
(0a = 25) with value 0 whose corresponding finish tags are all 250.
This will repeat again at 500 ms where the burst of 25 requeitits
be assigned finish tags of 750. The finish tags are shown asl Case
in Figure 4. The scheduling based on finish tags will compiete
entire first burst fromfg before doing any request df; similarly
it will do the entire second burst (with finish tag 750) aftelyo
12 requests ofa. This is not possible using previous techniques
for bandwidth allocation which would interleave the reqadsom
the two flows (since they have the same throughput requireshen
resulting in large latencies fdg.

We finally discuss the remaining component of the algorithm.
Adjust Tags: The motivation for this component is to allow flows
to flexibly use spare capacity without being penalized. Rstance
a closed-loop clienf; that keeps a fixed number of requests out-
standing at the server, will automatically increase itsuinate
when the system is lightly loaded and slow down as the load on
the system increases. Without the tag adjustment compotient
scheduler could penalizg for the extra service, because the al-
gorithm would set the start tags @fs requests far into the future
beyond the current time As a new flowf; gets activated it will
receive start tags beginning from the current timélencef; will
get starved till the tags of; catch up. We need a mechanism to
synchronize flows likef; with newly activated flows.

The routine checks for the state when all the start tags of all
requests in the system are greater than the currentttimbis in-
dicates that busy flows have received more than their guegdnt
amount of service by. At this time, rather than allowing the tags
to keep running ahead of real time, the algorithm recompilites
tags so that the smallest start tag after readjustmentidesmevith
the current time. The relative values of the tags are not changed
and they just shift as a block by an offset that depends onifhe d
ference between the smallest start tag in the system anditfent
time . Since new flows will begin their tagging from the cutren
time as well, all flows compete fairly from this point on, adioig
starvation. The time at which the tags are adjusted is aléedca
synchronization instant

Note that this shift raises the possibility that some flowsyma
now miss their deadlines since a greater number of requesis t
anticipated are pushed into a given time interval. Howeagyve
show in Theorem 1 the readjustment of tags does not resultyin a
missed deadlines. Hence this provides a simple method tid avo
starvation, while still maintaining the ability to handlarbts and
meet latency bounds.

Example II: We present an example to illustrate how the tags are
adjusted. Consider the same flofysand fg as example 1 but with
a different arrival pattern (see Case Il of Figure 4). Egsend 100
I0s att =0 and 50 IOs front = 1 onwards. Leffg send a burst of
size 25 10s at = 1 and 50 IOPS onwards. The finish tags far
will go from 500 ms to 2500 ms spaced by 20 ms eacht Atl,
all the 100 IOs fromfa have completedfg will have 25 finish tags
at 1250 ms and the remaining tags will be 1270, 1290 and so on
(again spaced by 20ms each). Now if no tag shifting is ddpe,
will get starved till the tags ofg catch up to 2500 ms. To avoid
this behaviompClock will shift the minimum start tag ofa from
2000ms to 1000 ms (and the corresponding finish tag from 2500
to 1500) when the first arrival fronfig occurs. Thusfa will start
competing withfg as soon as the finish tag & reaches 1500 ms.

3.3 Calculation of Spare Capacity

DEFINITION 5. Thespare capacityof the system is the maxi-
mum amount of service that can be provided to a background job
while ensuring that every well-behaved flomwmieets its deadlines.

The spare capacity can be allocated either to the foregr(rom
tractual) flows, so that they can get more than the contractemlint
of service or to some background job. The first case is easy to
implement since one can schedule the background job onlypwhe
there is no request present from any of the foreground flowesv-H
ever a potential drawback of this scheme is that the reqoéste
background job may be done in a scattered manner ratherritean i
batch.

Allocation of all spare capacity to a background job is much
more challenging, because we need to identify the amourgares
capacity that can be given to it without hurting any of the lwel



behaved flows. As shown in Lemma 5 whenever the tags are ad-

justed by the algorithm, the system can provide a burst efgiz 1
from each of the busy flows to the background job. We allodae t
combined burst from all busy flows to the background task.A_et
be the set of busy flows; their tags would have been adjustsetba
on the current timé. The background requests will be scheduled
as follows: Vf; € F, scheduleg; — 1 requests of the background
job with deadline equal to+ &. This has two major benefits over
existing methods. First, the guarantees to well behavedsfaw
not missed and second, the requests of the background joloagee
in batches, which can lead to better disk utilization as nizamk-
ground jobs (backup, defragmenter) tend to be highly setlen
Note that bandwidth allocation schemes based on virtua, tag
such as WFQ, SFQVF2Q etc. can only implement the first case,

we simulated a storage system using DiskSim3.0. The steyage
tem consists of 16 Seagate ST39102LW disks each with approxi
mately 9GB capacity arranged in 4 strings of 4 disks eachhEac
string is configured as a JBOD. The storage server consisas of
device driver with four attached controllers (one per sfrinOur
algorithm pClock is placed at the driver. Each disk runs a cyclic
SSTF (shortest seek time first) disk-head scheduling akgorand

has a queue of size 4 for command queuing. DiskSim models
many of the details of the storage system such as caching, bus
conflicts, write buffering, and low-level scheduling atldighat are
abstracted away in our model and analysis; this allows uste c
firm that our algorithm works in a storage environment witbst
features. Flows have a mixture of 70% reads and 30% writes un-
less otherwise stated. Finally, we implemented our algoritn

where a background job is scheduled when no one else is active the Linux kernel and tested it with various benchmarkingl¢oo

This is because there is no relation between virtual tagsaandl
deadlines. In our case one can tune the allocation of sppexita
between contractual flows and background jobs by assignirsg
to the background job based on the actual slack time between t
minimum start tag and the current time.

4. PROOF OF CORRECTNESS

In this section we provide a proof of the scheduling guaeste
provided by our algorithm. We will show that if the system aaiy
satisfies the constraint described in Section 3 and all floevsvall-
behaved then all flows will meet their deadlines. We will tisbow
the stronger result that well-behaved flows are insulatenh fthe
behavior of badly behaved flows by proving that the deadlares
met for all the well-behaved flows even if other flows exceedrth
AUB curve.

LEMMA 3. Let fi be a flow that is well-behaved. If every re-
quest of f completes service before the finish tag assigned to it by
pClock, then ifnever misses a deadline.

LEMMA 4. Let u be the last time before t at which the sched-
uler adjusts the tags of the set of busy flows. The total number
requests (from all flows) with finish tags between u and t thath
not yet been serviced by u, is upper bounded ky(€—u).

LEMMA 5. Let. denote the set of busy flows at a synchroniza-
tion instant u at which the tags are adjusted. Then the sybsn
spare capacity at least jc (o — 1) at time u.

As a consequence of Lemma 5, at a synchronization instant
the system can schedule a background job in bursts ef1 re-
quests with deadlina+ gj for eachf; ¢ &7, without affecting the
foreground flows.

LEMMA 6. Lets be the start of the system busy period that con-
tains timet. The total number of requests (from all flowshiftish
tags between s and t is upper bounded by €—s).

THEOREM 1. If a flow f, is well behaved and the system ca-
pacity constraint is satisfied, theprfever misses its deadline, irre-
spective of the behavior of other flows.

5. PERFORMANCE EVALUATION

In this section we present extensive results of evalugi®igck
using simulation and actual implementation in Linux ker@es,
on synthetically generated workloads and various bendken&ve
evaluated our approach in three scenarios. First, we siatlia
single disk system using DiskSim3.0 [2], mainly to show camp
ison betweemClock and other methods. This is a simple environ-
ment that is easy to manage, understand, and reason abodf. Ne

The algorithm is implemented as a modutaat creates multiple
pseudo devices, one per flow, all backed up by a single disth Ea
pseudo device is associated with bandwidth, latency anst bew
quirements and represents a single flow. All requests gainiget
disk go through pseudo devices and our scheduler decidewhi
requests to forward and when. We experiment with mtbpand
anticipatory as our underlying scheduler in the kernefopis a
very simple scheduler that just sends the requests to dieMiseFS
order, andanticipatory[14] scheduler introduces some delay be-
fore scheduling a request in anticipation of a request cltisthe
one that is just serviced.

We aim to show the following properties of our framework with
this evaluation: (i) additional features of our solutiondgympari-
son with other existing algorithms, specifically the SCE@oaithm
[23] andW F2Q+ [3, 4]; (ii) the ability to isolate performance of
well and ill-behaved flows; (iii) ability to handle burstsanrivals;
(iv) ability to assign available spare capacity withouttmg the
deadlines of well-behaved flows.

5.1 Comparison with SCED andwW F2Q+

Since SCED antlv F2Q+ are the existing algorithms that come
closest to matching the featuresmflock, we chose to compare
the performance gbClock against these two algorithms. We im-
plemented both SCED ail F2Q algorithms in DiskSim and used
a single disk server for comparison. As noted in Sectioni24d,
flow uses spare capacity resulting from idle periods of oflosrs,
then SCED may starve the flow when the idle flows become active.
We show this behavior using the following test case: 2 idsiti
flows with requirementg10 10s, 45 IOPS, 500 mseach. The
system capacity is approximately 95 IOs/sec, which we fooyd
sending random 10s to the disk. As shown in Figure 5(a), flow 1
sends 45 |0s/sec between- 0 andt = 20 seconds, then is inac-
tive until t = 70 seconds and then sends around 80 |0s/sec until
t = 90 seconds. Flow 2 sends 45 |0s/sec until21 seconds, then
80 I0s/sec between= 22 andt = 71 seconds, and returns to 45
I0s/sec fromt = 71 onwards. This simulates the behavior of an
application that tries to use the spare capacity by sendiaggar
number of requests when it detects that there is spare tapatie
storage server. The application sends more requests ifideadre
not missed and goes back to its contractual rate if the Igtstacts
to increase. We have shown the average arrival rate; thalactu
inter-arrival time follows an exponential distributionigire 5(b)
shows the bandwidth allocated by SCED and Figure 5(c) shows
the latency observed. Figure 6 shows the arrival pattendwalth
allocated, and latency observed usptgjock. Note that when flow
1 sends requests at a higher arrival rate dfter70 seconds, flow

1Wwe thank Richard Golding and Theodore Wong of IBM Almaden
for providing the skeleton module for creating psuedo devic
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flow 2 still meets its requirements and flow 1 suffers. The spikin flow 2's latency is because it reduces it arrival rate at 75ec

2's throughput falls to 10 10s/sec in the case of SCED. Howeve
flow 2 gets 45 10s/sec after= 70 in the case gbClock. Similarly,
the latency of flow 2 irpClock rises briefly to about 690ms when
flow 1 becomes active, and then drops back to normal withirc2 se
onds. However in SCED the latency for flow 2 goes up to almost
15 sec, and it takes almost 135 sec for it to come back to its gua
anteed value. In practice an application may abort and cet@
failure when such large latencies are encountered. Thigsstimat
SCED doesn't support viable spare capacity usage, and adrde
starvation.

In the case of virtual time based aIgorithﬂd\tFZQ+ has been
shown analytically to have the best latency bounds and asiegffi
implementation [4]. All these schemes are primarily sctiedual-
gorithms for bandwidth allocation, and there is no mecharfisr
reducing latency or handling bursts other than increasiadpand-
width allocation to a flow. To demonstrate and contrast wliils t
behavior, we experimented with the following setup: 2 flowthw
requirementg5 10s, 50 IOPS, 500msand (20 I0s, 40 IOPS, 250
ms) respectively. The system capacity is around 95 10s/seev Flo
1 sends 50 IOs/sec and flow 2 has periodic bursty arrivalseniber
sends 40 |0s at the beginning of every 1-second window (irdfrs
ms). Figure 7 shows the arrival pattern, bandwidth allatated
latency observed by th&/ F2Q+ scheduler, and Figure 8 shows
the arrival pattern, bandwidth allocated and latency alezbusing
pClock. Note that, in the case @ F2Q+ the deadlines of flow 2
are missed because of the bursty arrivals, but the througjyar-
antees are always met. In the cas@@fock, flow 2 never misses
its deadlines, which also implies that its bandwidth guteres are
fulfilled. This is because, unlik&/ F2Q+, burst handling is built
into pClock.

5.2 Performance Isolation

One of the basic requirements of our framework is to provide
performance isolationi.e., to prevent an ill-behaving flow from
affecting the throughput and response times of other wetialed
flows. To test ifpClock can effectively provide isolation among the
flows, we experimented with three flows with requiremer{t00
I0s, 650 IOPS, 500 ms (50 10s, 400 IOPS, 300 msand (50
I0s, 250 IOPS, 200 mgespectively. The storage system capacity
is around 1500 10s/sec, obtained by sending random rectodbies
system, which has 16 disks. (All the DiskSim experimentsnfro
here on use the 16-disk storage system.)

In this experiment, two of the flows are ill-behaved becahsg t
exceed their request rate specification. Both flows 1 andr8 sta
at their specified request rate, but increase the arrival gt30
10s/sec and 20 10s/sec respectively every 10 seconds (shown
Figure 9(a)). The results are shown in Figures 9(b) and 9(cg
well-behaved flow 2 never misses any deadlines despite tbe la
number of arrivals from other flows. Also note that flow 3'sfat
cies rise much faster than those for flow 1 because the piopaté
increase in the arrival rate for flow 3 (about 8%) is higher pared
to flow 1 (about 46%).

Next we explored bad behavior in terms of large bursts in the a
rival pattern and show thgiClock still meets all guarantees. A
bursty arrival pattern is simulated with ON-OFF arrivalshile
keeping the average arrival rate constant. A bursty flow isemo
likely to miss its deadline because of higher queuing dettbgw-
ever, the algorithm should be able to absorb bounded bUistest
the effect of sudden bursts we used the following flow paramset
(50 I10s, 650 IOPS, 400 ms (200 I0s, 400 IOPS, 200 njsand
(50 10s, 330 IOPS, 200 msespectively. Flow 1 sends a burst of
size 650 every second in single spike. A spik@tDs is simulated
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by sendingn 10s at a gap of A ms each. Thus, a spike of size
100 10s will be sent in a period of 10 ms. Flow 2 sends a spike of
200 I0s every 500ms, thereby sending total arrivals of 4GJdé€x.
The arrival pattern is shown in figure 10(a). Bandwidth aneray
observed by various flows are shown in Figures 10(b) and 10(c)
Note that flows 1 misses its deadlines because it sends lirsts
much larger sizes (larger than éis/alue) but this doesn't affect the
deadlines of flow 2 and 3 in any way. Flow 2 is able to meet its
deadlines inspite of the burst because its bursts are witthiurst
size parameter of 200. We note here that if the flows are natyur
then all the deadlines are actually met (since the systeapiahte

of doing it) and the deadlines are missed only because oftige |
burst size.
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Figure 11: Latency observed by flows when we vary either
burst parameter for flow 1 or actual burst size. Throughput
is kept constant in these tests.

5.3 Handling Bursty Arrivals

In this section we will show the effectiveness and sensytiof
pClock in the presence of bursty arrivals (spikes). Our athor is
able to absorb bounded spikes. The spike size that can bebaldso
without missing any deadlines depends on the system cyzamuit

requirements of other flows. We will show two characterssté
our burst handling mechanism: first we show that as we vary the
burst parameter of a floypClock is able to steal latency from one
flow to satisfy the burst of another flow. Second we show that as
long as the size of the spike is less than the burst pararnp&ieck
never misses the deadline. As the spike size increasestérey
of the bursty flow increases but the other flow never misseteds!-
line. This will also show the sensitivity of response timehathe
variation in burst parameter of the flow.

We experimented with 2 flows with following parametet850
I0s, 750 IOPS, 300 mj (50 10s, 750 IOPS, 500 ms Flow 1
sends a burst of size 750 10s (single spike) and we decrease th
burst parameterof) for flow 1 from 350 to 0. Figure 11(a) shows
the average latency obtained by each of the flows in preseince o
flow 1 bursts. Note that the latency for flow 1 increases as we de
creases; and the latency for flow 2 decreases with the decrease in
o1. Thus, our algorithm is able to steal latency from one flow and
give it to another with variation in the burst size parametéote
that in this case flow 1 misses its deadline because it is sgradi
larger burst that the limit but flow 2 never misses its deadlin

Next we will show thapClock is able to absorb the bursts if they
are not higher than the burst size bouml. (The value ofo cannot
be arbitrarily increased because of the system capacityticont.
Figure 11(b) shows the variation of average response tirsergbd
by flows when we keep = 350, but we vary the spike size sent
by flow 1 between 350 and 750 10s. The inter spike gap is decided
such that the 10 rate is still 750 10s/s. Note that flow 1 is dble
meet its deadlines on average until a burst size of 450, #fter
its average latency goes to 350ms, whereas the desiredroeadl
300ms.
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5.4 Spare Capacity Allocation

As mentioned before, we can allocate spare capacity in tyswa
the first is to give all the spare capacity to contractual fldwisey
send more requests, and the second is to give it to backgrend
tivities and provide only the guaranteed capacity to thereatual
flows. Both policies can be useful under different scenarios

To test the behavior of these two policies, we used the fellow
ing experimental set up: two foreground flows and one backgio
flow with a high probability (0.95) of sequential requestdl.tAree

flows access a single disk. The background job has a fixed set of

requests (2000 IOs in our experiment) that it needs to finsk.

contractual values. The latency of flow 1 is also unaffecesxthbise

it is well behaved, whereas flow 2 sees higher latencies sedau
is sending more arrivals than specified, and the spare ¢ggaci
given to background job. Thus, we can expedite a backgrooind |
when needed while still providing contractual guaranteesther
flows. A further improvement would be to allow a flexible way
to share the spare capacity between foreground (contfafitwas
and background jobs. This is outside the scope of this pakisa
part of our future work.

5.5 Linux Implementation

make flows send more than the specified request rates andwee ho  We implementegClock in the Linux kernel as a loadable mod-

long it takes for background job to complete. This simuldtes

ule. Once the module is loaded it creates pseudo devicesh Eac

behavior of a backup or defragmenter on the same disk as flows;pseudo device can be backed up by a physical block device by

we want the backup to finish as fast as possible without afigct
the foreground tasks. The contractual parameters for botysfl
are (15 10s, 45 IOPS, 500 ms The system capacity for random

calling a special mount operation that uses a spetificl call
in the module. Each of the pseudo devices can be assignes thre
parameters - burst size, bandwidth, and latency by usinrgl

I0s is around 95 10s/sec. Flow 1 sends around 42 I0s/sec andcalls defined in the module. Once this is done, we can run one

flow 2 around 48 10s/sec. The inter-arrival pattern for resgsiéol-
lows a uniform distribution between a minimum and a maximum
value. Figure 12(a) shows the throughput obtained by flowsnwh
spare capacity is allocated to foreground flows and Figufe)12
shows the bandwidth obtained by flows when the spare cagacity
allocated to the background task. In the first case, the lbaukg
task only gets a few requests when there is no other requedt pe
ing in the system, whereas in the second case the backgraskd t
is scheduled in batches whenever spare capacity is awailtlote
that the background task finishes mush faster with the squoliny
because of its sequential nature and because its reque stshad-
uled in batches, which leads to a higher disk throughputo e
bandwidth of foreground tasks isn't affected and they gt the

application per pseudo device and observe the desiredatitboc
from the algorithm. For these experiments we created foeugs
devices, all of them are backed by a common hard disk. Thisiglis
only accessed by our module and the operating system is gedpo
using another disk. The capacity of the disk is about 85 |O=i&s

is measured by sending random 10s to the device. The whole mod
ule is implemented using about 900 lines of C code, along with
about 200 lines of code for mounting and unmounting opematio
The actual algorithm code is only 60 lines and the rest is dode
initialization, mounting and other setup related operatid=irst we

will provide some results for various micro benchmarks gtaiw

the bandwidth allocation and latency controlplock. We im-
plemented a workload generator for the micro benchmarkagus
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Figure 12: 10s observed by contractual flows and backgroundgb, with two policies of implementing spare capacity. Notehat when
spare capacity is allocated to the background job, it finishe much faster (in 96 seconds) and disk throughput is much higér

Workloads Specs ops/s | Avg Avg
(a1,01,5) B/W Latency
(mb/s)| (ms)
I (Webserverl)| (5,30,500 16.6 1.3 2705.5
I (Webserver2)| (5,60,500 332 |27 1279.2
Il (Varmaill) (5,30,500 534 1.2 966.3
Il (Varmail2) | (5,60,500) 149.2 | 1.9 331.7
1T (oltp) (20,60,250) | 60.9 | 0.1 367.2
Il (Webserver) | (5,60,500 23.9 1.9 942.9

Table 3: Filebench Results

threads to maintain multiple outstanding 10s andrtheosleeall
for rate control. Later, we present some results for ma@ting of
pClock using filebench [18], a benchmark tool created by Sun.
Bandwidth allocation: We ran two applications with require-
ments( 5 10s, 40 IOPS, 100 ms for both. Flow 1 is rate con-

Filebench Results: Filebench comes with a number of work-
loads intended to represent standard applications. Weadous
workloads such asebserver, varmail, oltpising filebench. Each
workload is associated with a pseudo device with an ext2 yie s
tem and it accesses files on that device only. For our expaténe
each pseudo device is backed up by a partition on the hard disk
Thus, the workloads access different partitions on the daane
disk. We experimented with different requirements for desi
and observed the impact of those reservations on actualeeaik
Each workload has a set of parameters to tune the datasetand a
tual workload. We mostly used the default parameters in thdw
load files in filebench but modified certain fields such as filesi
and the number of threads to ensure that the dataset is thayer
the available memory. For example, the webserver worklezad u
the following parameters: 1000 files, file size = 256k, theeper
workload = 16 and mean directory width = 20. We experimented
with three scenarios, two concurrent webservers with badttw
requirements in a 1:2 ratio, two varmail workloads with baitth
requirements in a 1:2 ratio, and, finally, the oltp workloathw

trolled and sends 40 10s/s whereas flow 2 is always backlogged webserver, such that both have similar bandwidth requinéspeut

with 8 10s pending. Figures 13(a) and 13(b) show the bandwidt
obtained and latency observed by two flows. Flow 2 gets ardénd
10s/s thereby utilizing the spare capacity in the systemwéler,
flow 1 gets its required 40 10s/s at a latency of 30ms withoiride
affected by flow 2. The latency of flow 2 (around 180ms) is highe
because it is continuously backlogged. We also experirdemith
two continuously backlogged flows with bandwidths of 20 Kas/
and 60 10s/sec, keeping other factors constant. Since the #oe
always backlogged, they obtain about 24 and 63 IOs/sec. Fhe a
erage latencies observed are 320ms and 130ms respecfivedy.
shows thatpClock is able to maintain a bandwidth allocation in
proportion to the requirements. The latencies observectamne
sistent with the expected correlation between bandwiddtation
and latency. The flow with higher bandwidth allocation olkesr

a smaller latency. In the absenceptflock, both applications get
an equal share of the bandwidth and no requirements arecedfor
(Plots omitted due to lack of space.)

Latency handling: In order to show thgpClock is able to meet
latency requirements, we experimented with 2 flows with iegu
ments( 5 10s, 40 IOPS, 100 ms for both. The first flow sends
requests at the rate of 40 IOs/s whereas the second flow sezea
its rate after every 1024 I0s. Throughput and latency resarké
shown in Figures 13(c) and 13(d) respectively. We obserse th
the average latency for the first flow stays close to 30ms, edser
the other flow suffers a latency of 180ms at the peak (alwagk-ba
logged with 8 requests). In terms of throughput, the first fimts
it share of 40 10s/sec, whereas the other flow gets around 4/5,10
thereby utilizing the spare capacity without affecting flbw

oltp has a stringent latency requirement. The specificatiom re-
sults reported by filebench are shown in Table 3.

Case |: Two webserver workloads with bandwidths in the ra-
tio 1:2, while the other factors are same. The results shawv th
the bandwidth reservation in a 1:2 ratio is visible at theligppion
level. The average latency shown is for macro file operatsorch
asreadfile, openfile, closefile, appendfilerand, deleteéiled thus
do not correspond to block level latency. However, the ayeta-
tency is inversely proportional to the bandwidth requirateeThis
was expected because the workloads are always backlogdéldean
disk is 100% utilized.

Case II: Two varmail workloads with bandwidths in the ratio
1:2, while the other factors are same. Again the bandwidibrre
vation of 1:1.6 is visible even at the varmail applicationele The
average latencies are in the ratio 3:1 and so are the numbps/.
This is again an artifact of the averages computed by fildibewer
file level operations. This shows that providing a certaiockt
level guarantee can affect the application’s performanckfierent
ways depending on the file operations involved.

Case lll: Finally, we experimented with two diverse workloads,
oltp (which is rate controlled) and webserver (which is als/back-
logged). We set a stringent deadline and a higher burst sizbé
oltp workload. The results show that the average latencytpfi®
much lower than that of the webserver workload. The bandwidt
consumed by oltp is lower because oltp is rate controlledair\g
the ops/s shown are the file level operations and it is higireolfp
because oltp does a greater number of smaller operatiorseas
webserver mainly does open-readwholefile-close on files.
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Figure 13: Linux Micro benchmarks: Plots (a) and (b) show thebandwidth allocation, where flow 1 is unaffected by flow 2, whih is
always backlogged. Plots (c) and (d) shows that flow 1 meets ibandwidth and latency requirements even when flow 2 increas its

rate from 40 IOPS until it is always backlogged.

Overall, we conclude that setting bandwidth allocationshat
block level does affect the application performance in tieeted
manner: a higher bandwidth allocation yields a higher dpmra
rate at the application level. However, in order to conthal tper-
ation rate of the application, an additional layer of cohtnay be
needed to set and adjust the resource allocations appedpria

6. CONCLUSIONS

We presented thpClock algorithm that allows multiple work-
loads to share storage, with each workload receiving thel lef/
service it requires.pClock allows each workload to specify its
throughput, burst size and desired latency, and guarattiaethe

latency will be met so long as the workload does not exceed the

specified burst size and 10 rate specificatiop€lock has several
other desirable features, such the ability to allocateespapacity
to the workloads or to background jobs. We show analytichidy,
under certain idealized assumptions, a well-behaved wadkWill
never miss its deadlines. Since the assumptions made inlimpde
the problem may not always hold in practice, we have dematestr
using extensive simulation experiments and a real systepfeim
mentation that our algorithm meets all of its goals. The @lgm is
light-weight to implement and efficient to execute. In figtuvork,
we plan to explore how application-level QoS mechanises aut
with control of the storage service. We also plan to study btos
age service QoS control interacts with low level schedulswygch
as disk scheduling and command queueing in disks and digksarr
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