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Abstract

In this paper, we present the Cello disk scheduling framework for
meeting the diverse service requirements of applications. Cello em-
ploys a two-level disk scheduling architecture, consisting of a class-
independent scheduler and a set of class-specific schedulers. The
two levels of the framework allocate disk bandwidth at two time-
scales: the class-independent scheduler governs the coarse-grain al-
location of bandwidth to application classes, while the class-specific
schedulers control the fine-grain interleaving of requests. The two
levels of the architecture separate application-independent mech-
anisms from application-specific scheduling policies, and thereby
facilitate the co-existence of multiple class-specific schedulers. We
demonstrate that Cello is suitable for next generation operating sys-
tems since: (i) it aligns the service provided with the application
requirements, (ii) it protects application classes from one another,
(iii) it is work-conserving and can adapt to changes in work-load,
(iv) it minimizes the seek time and rotational latency overhead in-

Total/Access Time First (STF/SATF), Aged Shortest Access
Time First (ASATF), etc., that schedule requests to minimize
the total seek time and rotational latency overhead [11, 17].

2. Disk scheduling algorithms optimized to service requests

with real-time deadlines: The simplest of these algorithms
is Earliest Deadline First (EDF) [14]. EDF schedules re-
quests in the order of their deadlines but ignores the relative
positions of requested data on disk in deriving the access
schedule. Hence, it can incur significant seek time and rota-
tional latency overhead. This limitation has been addressed
by several disk scheduling algorithms, including Priority
SCAN (PSCAN), Earliest Deadline SCAN, Feasible Dead-
line SCAN (FD-SCAN), SCAN-EDF, Shortest Seek Earliest
Deadline by Order/Value (SSEDO, SSEDV) [1, 4, 5, 16], etc.
These algorithms start from an EDF schedule and reorder re-
quests so as to reduce the seek and rotational latency overhead
without violating request deadlines.

curred during access, and (V) itis computationally efficient.

Unlike the systems for which these scheduling algorithms were

designed, today’s general purpose file and operating systems simul-
taneously support applications with diverse performance require-
ments [3, 15]. For instance, a typical file server today services
Since the invention of movable head disks, several algorithms haverequests from interactive best-effort applications (e.g., word pro-
been developed to improve /O performance through intelligent cessors); real-time applications (e.g., video and audio players); and

scheduling of disk accesses. These algorithms can be broadly di-file transfer applications (e.g., http servers). Interactive applica-
vided into two classes: tions require the file server to minimize the average response time

) ) ) o ] of requests. Real-time video playback applications require the file
1. Disk scheduling algorithms optimized to service best-effort server to retrieve successive video frames prior to their playback
requests: The simplest of these algorithms is First Come First instants (i.e., deadlines). However, due to the periodic nature of
Served (FCFS), that schedules requests in the order of theiryideo playback, these applications do not benefit if the frames are
arrival. Since the access schedule thus derived is independentretrieved much prior to their deadlines. Finally, file transfer appli-
of the relative positions of the requested data on disk, FCFS cations require the server to provide high throughput across several
scheduling can incur significant seek time and rotational la- requests, but are less concerned about the response times of indi-
tency overhead. This limitation has been addressed by severalyidual requests.
disk scheduling algorithms, such as Shortest Seek Time First  wjith the many-fold increase in CPU processing power, network
(SSTF), SCAN, LOOK, V(R), etc., that schedule requests to handwidth, and disk capacity, it is inevitable that general purpose
minimize seek time [6, 7, 8, 9, 10, 18, 19, 20]; and Shortest computing environments of the future will support applications of
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even greater complexity and diversity. We can anticipate that next
generation file systems will support applications that process mas-
sive amounts of data for visualization and support real-time inter-
activity. For instance, a repository of satellite imagery might be
accessed and processed by programs for feature extraction and real-
time visualization; an application for interactive navigation through
virtual environments will issue requests for the storage and retrieval
of heterogeneous information objects (e.g., imagery, 3-D models,
video, etc.) from distributed file servers under real-time constraints.
Since most conventional disk scheduling algorithms are optimized
for a single performance criterion, they are ineffective at simulta-
neously supporting applications with such diverse requirements.



Most of the techniques developed to-date for addressing this
problem employ simple adaptations of conventional disk schedul-
ing algorithms. To illustrate, consider a mix of real-time and best-
effort applications. A real-time disk scheduling algorithm can be
adapted to service these applications by modeling the requests gen-
erated by best-effort applications as a periodic task with deadlines
[13]. This modeling, however, is non-trivial and introduces artifi-
cial constraints that reduce the effectiveness of the system. Another
common approach for servicing the mix of real-time and best-effort
applications is to employ a scheduler that assigns priorities to ap-
plication classes and services disk requests in the priority order.
Unfortunately, such schedulers may violate service requirements
of requests and induce starvation [2]. Finally, simply enhancing a
conventional scheduler by allocating time-slices to service requests
from different application classes may incur substantial seek and
rotational latency overhead (for short time-slices) or yield unac-
ceptable response times (for long time-slices) (see Figure 1).

In this paper, we present tt&ello disk scheduling framework
for simultaneously supporting applications with diverse require-
ments. Cello employs &wo-level disk scheduling architectyre
consisting of aclass-independenscheduler and a set aflass-
specific schedulers. The two levels of the framework allocate
disk bandwidth at two time-scales: the class-independent sched-
uler governs theoarse-grain bandwidth allocatioto application
classes, while the class-specific schedulers controfitigegrain

EDF and fixed priority schedulers are suitable for hard real-
time applications [14], while scheduling algorithms such
as FD-SCAN and SSEDV/SSEDO are are suitable for soft
real-time applications [1, 5]. Just-in-time schedulers (which
schedule requests just prior to their deadlines) are desirable
for real-time applications that initiate data consumption at
deadlines (e.g., video playback). Finally, algorithms that
schedule requests at the earliest possible instants prior to
their deadlines, and thereby minimize the response time while
meeting the real-time requirements, are suitable for interac-
tive real-time applications.

Best-effort applicationsThese applications do not need per-
formance guarantees. They can be further classified as either
interactiveor throughput-intensive Interactive applications
require low average response times. Throughput-intensive
applications require the file system to sustain high through-
put across multiple requests, but are less concerned about the
response times of individual requests. For instance, word
processors are interactive best-effort applications, while file
transfer is a throughput-intensive best-effort application.

Conventional disk scheduling algorithms such as SCAN,
SSTF, SATF, etc. are suitable for these applications.

From this, we conclude that different policies are suitable for

interleaving of requests from the application classes to align the Scheduling disk requests from different application classes. Hence,
service provided with the application requirements. The two levels © &lign the service provided with the application needs, a disk
of the architecture separate application-independent mechanismsS¢heduling framework should employ different policies for different
from application-specific scheduling policies, and thereby facilitate @PPlication classes. Furthermore, such a framework should protect

the co-existence of multiple class-specific schedulers.

application classes from one another. For example, bursty arrival

We demonstrate that Cello is suitable for next generation operat- of best-effort requests should not cause deadline violations for real-
ing systems since: (i) it aligns the service provided with the applica- time requests; and the arrival of a burst of real-time requests should
tion needs, (ii) it protects application classes from one another, (jii) NOt Starve best-effort requests.

it is work-conserving and can adapt to changes in work-load, (iv)

These requirements can be met by partitioning disk bandwidth

it minimizes the seek time and rotational latency overhead incurred @M0ng the application classes, and then employing an application-

during access, and (v) it is computationally efficient.

specific policy to schedule requests within each partition. However,

The rest of the paper is organized as follows: The requirements (€ granularity of partitioning should be chosen such that (1) the
for a disk scheduling algorithm for next generation operating sys- S€€K time and rotational latency overhead incurred while servicing
tems are derived in Section 2. Section 3 describes and analyzes th&89Uests is minimized, and (2) the service provided is aligned to
Cello disk scheduling framework. Section 4 presents the results of € application requirements. Finally, to efficiently utilize disk

our experiments. Finally, Section 5 summarizes our results.

bandwidth, the framework must beork-conservindi.e., it should

utilize the idle disk bandwidth available to one application class to

schedule pending requests from another class); and should adapt to
changes in the work-load.

) ) . ) . ) In summary, a disk scheduling algorithm suitable for next gen-
To determine a suitable disk scheduling algorithm, consider the gration operating systems: (i) should align the service it provides
requirements imposed by applications likely to be simultaneously \yith the application needs, (i) should protect application classes
supported by general purpose file and operating systems of thefrom one another, (iii) should be work-conserving and should adapt
future: to changes in work-load, (iv) should minimize the seek time and
rotational latency overhead incurred during access, and finally (v)
should be computationally efficient. In what follows, we present a
disk scheduling framework that meets these requirements.

2 Requirements for a Disk Scheduling Algorithm

¢ Real-time applicationsThese applications require the oper-
ating system to provide performance guarantees. Depending
on the strictness of the requirements, these applications can
be classified as eithéard real-timeor soft real-timeapplica-
tions. Whereas hard real-time applications require determin- 3 The Cello Disk Scheduling Framework
istic guarantees for the response time of each disk request,
soft real-time applications require statistical guarantees. Re- 3.1  Architectural Principles
guest generation in these applications can eithgrebmdic
or aperiodig and the applications may consume data imme-
diately following its availability or at predefined instants. For
example, video playback is a periodic, soft real-time appli-
cation, in which the accessed video frames are consumed at
predefined instants (determined by the video playback rate
and the consumption instants of previous frames). In con-
trast, applications that support interactive navigation through
virtual environments yield real-time requests with low aver-
age response time requirements.

Cello achieves the above objectives by allocating disk bandwidth
to application classes at two time-scales. At the coarse time-scale,
it determines the number of requests from each application class to
be serviced, and at the fine time-scale, it determines the order for
servicing the set of requests from the application classes. Whereas
the former enables Cello to protect application classes from one
another as well as adapt disk bandwidth allocation with changing
work-load, the latter enables it to align the service provided to
the application requirements while minimizing the seek time and
rotational latency overhead.



(a) Seek and rotational latency overhead for a 8KB request (b) Response time for a 8KB request
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Figure 1 : Effect of time-slicing on throughput and response times. A scheduler that allocates time-slices to applications in a round-robin
manner can incur substantial seek time and rotational latency overhead while switching from one application class to the next. Increasing
the duration of time-slices, and thereby servicing multiple requests from each application class within each slice, reduces the fraction of disk
bandwidth wasted in switching between application classes. However, this increases the response time for requests.

These two tasks naturally map totao-level disk schedul- Class 1 Class2  Classn

ing architecture consisting of aclass-independeraind a set of g u g Pending
class-specificschedulers. The class-independent scheduler gov- ee Queues
erns thecoarse-grain bandwidth allocatioto application classes, ’ Ost Os O s Class-specific
while the class-specific schedulers control ihe-grain interleav- Schedulers
ing of requests from the application classes. Moreover, they sepa- \ |
rate application-independent mechanisms from application-specific O ¢ Class-independent
scheduling policies, and thereby facilitate the co-existence of multi- Scheduler
ple class-specific schedulers. The concepts of allocating disk band- Scheduled
width at two time-scales and separating application-independent Queue
mechanisms from application-specific policies are the key contri- Q Fers
butions of the Cello disk scheduling framework. |
To servicen application classes, Cello uses a class-independent
schedule€ andn class-specific schedule$s, i € 1, n], and main- @
tains(n + 1) queues:n pending queue®ne per application class
and asche(_:iuled queuesee I_:l_gure 2?‘ Newly arriving requests Figure 2 : The architecture of the Cello disk scheduling framework
are placed in the class-specific pending queues, and are eventually
moved to the scheduled queue. Requests are dispatched for service
frc_)m the scheduled queue. The class-independent scheduler _deter3_2 The Class-independent Scheduler
mineswhenandhow manyrequests are moved from each pending
queue to the scheduled queue. To do so, it definemt@nval The class-independent scheduler performs two functions. First, it
(namely, the coarse time-scale), assigr@ghtsw; (w; > 0) to determines when and how many requests from each application
the application classes, and during each interval, determines theclass should be inserted in the scheduled queue. Second, it exports
number of requests to be moved from the pending queues to thean interface that enables the class-specific schedulers to determine
scheduled queue such that the disk bandwidth allocated to appli-where to insert requests in the scheduled queue.
cation classes is in proportion to their weights. The class-specific
sched_ulers utilize the state of the sched_uled queue exported by the 5 4 Allocating Disk Bandwidth to Application Classes
class-independent scheduler to determimereto insert these re-
quests in the scheduled queue. Consider a file server servicing application classes. Leb;
Observe that the two-level disk scheduling framework of Cello (w; > 0) be the weights assigned to the application classes, and let
facilitates the development ofseervice managethat allocates disk the duration of an interval b. The class-independent scheduler
bandwidth as per the requirements of applications [12]. To illus- C allocates disk bandwidth to application classes using one of two
trate, if an application requests hard (soft) real-time service, then methods: (i)proportionate time-allocationin which the fraction
the service manager can use a deterministic (statistical) admissionof an interval for which the disk services requests from an appli-
control algorithm that utilizes the disk bandwidth allocated to hard cation class is proportional to its weight; and (@ijoportionate
(soft) real-time application class to determine if the request can be byte-allocation in which the amount of data accessed within an in-
satisfied, and if so, assign the request to the appropriate applicationterval for an application class is proportional to its weight. Note that
class. Similarly, the service manager can monitor the workload since each request may incur a different seek and rotational latency
from each application class, and then adapt the disk bandwidth al-overhead and may access different amounts of data, the above two
locations (namely, the values af;, ws, ..., wy) accordingly. The methods yield different allocations. In what follows, we describe
development of such admission control and bandwidth adaptation the techniques for achieving proportional time- and byte-allocation;
algorithms, however, is the subject of future research and beyondwe will discuss their relative merits in Section 4.
the scope of this paper.
In what follows, we describe the design of the class-independent
scheduler and some examples of class-specific schedulers.




Proportionate time-allocation

In the proportionate time-allocation method, for each interval, the
class-independent schedu&maintains the disk idle tim&, and

the total service timéf;,s € [1,n] — which includes seek time,
rotational latency, and transfer time — expended for scheduling
requests from class At the beginning of each interval, andi/;

are initialized to 0. Whereal;'s are updated when a request is
inserted in the scheduled quedsis updated every time the disk is
idle. At all times,C ensures that the following inequality holds:

zn:Z/lj +I<P

Jj=1

(1)

To allocate disk service time to application classes in proportion
to their weightsC operates as follows: For each cldsg
U; < nwi .

Zj:l Wy

thenC invokes the class-specific scheduler for claggamely,S;).

If the pending queue for clagss not empty, theid; returns with a
requestr, and the desired location for insertingn the scheduled
queué. The location is specified by rev, next] pair, where

(P-1) (2)

prev andnext are two successive requests in the scheduled queue.

On receiving thisC first computes: (i), the total seek time,
rotational latency and transfer time incurred in servicing reqgriest
if itis inserted after requestrev; and (i) 7,<~:, the time to service

Tnexts

requesinext after servicing request C then verifies that:

1. The insertion of in the scheduled queue does not increase
the total service time expended for clad®eyond its propor-
tionate share. That is,
wi

PR

wj

U+T<(P-I)- (3)

r in the scheduled queue changes the service time:ot,

but does not affect the service time of any other requests, this

condition is formulated as:

n
Zuk + 7+ (Tr?ese;ut - Tnezt) S (7) _I)
k=1

(4)

wherer, .+ is the service time fonext prior to the insertion
of r.

If (3) and (4) are satisfied, thehinsertsr in the scheduled queue
betweerprev andnext, and updates; as:

Ui =Ui + 7 (5)
Moreover, if requeskext belongs to clasg, C updated/; as:
Ui =U; + (Tnezt — Tneat) (6)

new

Specifically, if 7753 < Tnezt (i.€., if insertion ofr reduces the
service time for requestext), then (6) credits the utilization of
classj; and if 1,755t > Tneat, thenld; is incremented appropriately.

This symmetric model of update maké#sndependent of the order

inwhich requests are inserted in the scheduled queue, and dependent

solely on the order in which requests are serviced by the disk.

1The techniques for selecting a request and determining the de-
sired location for inserting it in the scheduled queue are discussed in
Sections 3.2.2 and 3.3.

. The cumulative service time expended for all classes does not
exceed the available interval duration. Since the insertion of

Once the request is inserted re-evaluates (2) for clagsand
repeats the above procedut@switches from one class to another
either when the pending queue for the class is empty or when the
request selected by the class can't be inserted into the scheduled
queue (i.e., either (3) or (4) are violated). In the former case, ¢lass
becomes a member 6f the set of application classes that have not
fully used their service time allocation; otherwise, clasgcomes
a member OEA‘, the set of classes whose requests can't be inserted
into the scheduled queue due to violation of either (3) or (4).

To effectively utilize disk bandwidttG employs dazyapproach
to distribute the unused service time allocation of the classés in
to service pending requests from classeg .inSpecifically, if the
scheduled queue is empty and if none of the of the clasgebave
a pending request, theéhschedules requests from classe§ ione

atatime? The selection of a request from classeg ifor insertion
into the scheduled queue involves two steps:

1. Determination of the set of classés (£’ C &) eligible
for utilizing the unused service timeThe eligibility of a
class depends on the service time distribution pol€ycan
allocate the unused service time among all the classés in
in proportion of their weights or in a priority order. In the
former case, all the classes fhare eligible, while in the
latter case, highest priority classes with non-empty pending
gueues are eligible. Hybrid policies—in which classes at the
same priority level receive service time in proportion to their
weights—are also possible.

. Selection of a request from one of the eligible classes for
insertion into the scheduled queukhis selection is governed
by two requirements:

(a) Proportionate distribution of unused service time among

the eligible classes: For each eligible class 5’, c
maintainsX;, which measures the unused service time
of classes ir€ expended to schedule requests of class
¢ within an interval. At the beginning of each interval,
AXi’s are initialized to O; and; is updated when a class

1 request is scheduled to utilize unused bandwidth allo-
cation of classes ii. To ensure proportionate distribu-
tion of unused service time among the eligible classes,
C selects a request of clasenly if

w;
Zjeé\' Wi

wheret andt.,q denote the current time and the com-
pletion time of the currentinterval. If none ofthe classes
in £’ meet this requirement, theti’s are re-initialized

to 0; and the process is repeated.

(b) Minimizing the seek time and rotational latency over-
head incurred in servicing selected requests: To meet
this requiremeng invokes the class specific scheduler
of every class irf’ that satisfies (7) for a request, and
selects a request that is closest to the current disk head
position for insertion into the scheduled queue.

X < - (tena — t) (7)

To ensure that (1) will be satisfied after the insertidnegrifies that

zn:uj +I4+7<P

j=1

(8)

2This enables C to schedule a request from any of the classes in £
immediately upon its arrival.



wherer is the service time of the request selected for insertion. Once the request is inserted,re-evaluates (12) for clagsand
If (8) is satisfied,C inserts the selected request into the scheduled repeats the above procedure. To utilize the unused byte alloca-
gueue, and updates; as: tion of a class to service pending requests from other clagses,
employs a technique similar to the one used in the proportionate
Xi=Xi+71 9) time-allocation method.
Moreover, to ensure that the allocation available to classésisn

reduced appropriately (see 2), the service timiacurred by the ~ 3-2-2 Exporting the State of Scheduled Queue

inserted request is charged to the idle timeThat is, the idle time
is updated as
I=I+r (10)

Best-effort applications are elastic, and can tolerate variations in
the response times of individual requests. Real-time applications
are more rigid and impose deadline requirements with each request.

Consequently, a class-specific scheduler must determine a position
for inserting a request that does not inadvertently violate the dead-
lines of the requests already in the scheduled queue.

To assist a class-specific scheduler in determining the insertion
position, the class-independent scheduler must export the state of
the scheduled queue along with the constraints imposed by real-time
requests. Cello defines these constraints in ternstack

Proportionate Byte-allocation

In the proportionate byte-allocation method, for each interval, the
class-independent scheduler maintainsZ, the disk idle timeZz;
andl;,: € [1,n], the total service time expended for scheduling
requests from clasaé Additionally, C maintainsB;,: € [1,n],
which denotes the total number of bytes accessed during an interval
for classi. Just as in the proportionate time-allocation method,  Definition 1 Given the set of requests in the scheduled queue, the
ensures (1) holds at all times. slack of a request is defined as the difference between the latest time
To ensure that the amount of data accessed within an interval by which the disk must begin servicing the request and the earliest
for an application class is proportional to its weights, the byte- time at which the disk may begin servicing the request.
allocation method, unlike the proportionate time-allocation method, . . ) . .
charges the same (namely, the average) seek and rotational latency ~The latesttime by which the disk must begin servicing a request
overhead per byte incurred within an interval to all request classes, IS governed either by (i) the deadline (if any) associated with the
regardless of the actual latency overhead incurred by individual request, (ii) the latesttime by which the disk must begin servicing the
requests. Specifically, given the valueghfandB;, C definesO, next request in the queue, or (iii) the completion time of the current
the average service time per byte incurred within an interval, and interval. Let the scheduled queue cont&imequests. Let; denote
V;, the amount of time already expended for servicing requests of the service time incurred for thi&" request in the scheduled queue,

classi as:
U
0= 72;1:1 i Vi=DBi-0 (11)
Zi:l B"
and then allocates disk bandwidth to classes as follows: For each
classi, if w:
Vi< =i (P-1) (12)
Zj:l Wy

thenC invokesS; to obtain a request and the desired location
for its insertion (specified by fprev, next] pair). Just as in the
time-allocation method] determines-, 7.+, andr, s+, and then
computes the new value ¥ as:

D h Uk T (TR — Theat)
B Z?:l Bi +b

whereb denotes the amount of data (in bytes) accessed hythen
verifies the following two conditions:

Onew

(13)

1. The insertion of in the scheduled queue does not increase

V; beyond its proportionate share. That is,

wj

Z?:l wj

V,'new = Onev (Bl +b) < (P _I) . (14)

2. The cumulative service time expended for all classes does not

exceed the available interval duration. That is,

orev . (b+23i> <P-I (15)
i=1

and letd; denote its deadline. Also, lét, 4 denote the completion
time of the current interval. Then the latest tifyeby which the
disk must begin servicing thé" request is given by:
o min(dR,tmd) — TR 1=
L= { min(d, lis1) — 7 1< (A7)

Note that if thei" request is a best-effort request, than= co.

The earliest time at which the disk may begin servicing a request
depends on the service time of all the requests preceding it in
the queue. Specifically, if denotes the current time, then the
earliest times; at which the disk may begin servicing tH& request
(z € [1, R]) in the queue is given by:

t 1 =1
e"_{ i1t 2<i<R (18)
Givenl; ande;, the slack of the?® request is defined as:
s; = max(0,l; — e;) (19)

Thus, s; defines the duration for which thé" request can be
delayed without violating the deadlines of any of the requests in the
scheduled queue.

The class-independent scheduler must recompute slack values
after insertion of each request. Since this involves recomputing
ande; for each request in the scheduled queue, a naive slack com-
putation algorithm ha®(R) complexity. However, the following
relationships between the slack values of consecutive requests in the
scheduled queue can be utilized to significantly reduce the overhead
of slack computation.

Observe that substituting (13) into (15) yields (4). If (14) and (15) | emma 1 The slack of a best-effort request is equal to the slack

are satisfied, thefi insertsr in the scheduled queue betweefev
andnezt, updateds;’s using (5) and (6), and updat&s as:

B; =DBi+b (16)

of the request following it in the scheduled queue.



Proof: If position ¢ in the scheduled queue contains a best-effort
request (i.e.d; = 00), using (17), (18), and (19) we get:

li—ei=(liy1—mi) —ei =liv1 —eina (20)

Hence,s; = max(0,l; — e;) = max(0,/;+1 — €i+1) = s;+1. M
The following two corollaries are a consequence of Lemma 1.

Corollary 1 Consecutive best-effortrequestsinthe scheduled queue
have identical slack values.

Corollary 2 The slack of a best-effort request is equal to that of
the first real-time request following it in the scheduled queue.

Lemma 2 If consecutive real-time requests in the scheduled queue
have the same deadline, then they have identical slack values.

Proof: Let two real-time requests at positiohgnd: + 1 in the
scheduled queue have identical deadlines @e= d;+1). Then
using (17) and (18), we get:

li —€; = (min(di,l,url) — Ti) —€; = min(di+1, l,‘+1) — €i41
(21)
Sincel;+1 < diy1 (from (17)), the lemma follows. |

Lemma 3 Slack values increase monotonically in the scheduled
queue.

2. Insert the selected request into the scheduled queue using the

classicslack stealingechnique [13]. Specifically, the sched-
uler inserts the request ahead of the request at pogifiothe
scheduled queue only if the increase in service time yielded
by inserting the request is smaller thap. This provides

low average response time to best-effort requests without vi-
olating deadlines of real-time requests. To minimize the seek
time and rotational latency overhead, sequences of best-effort
requests are maintained in SCAN/SATF order.

As per the slack stealing criterion, if the request can be in-
serted at more than one locations in the scheduled queue, then
the scheduler can employ eithefist-fit, a best-fit or ahy-

brid policy for determining the insertion location. Whereas
the first-fit policy minimizes the response time of the request,
potentially at the expense of overall disk throughput; the
best-fit policy maximizes disk throughput at the expense of
a higher response time. A hybrid policy can balance these
tradeoffs by selecting the locatiarfor insertion that mini-
mizesc; = Bd; + (1 — 8)7i, (0 < 8 < 1), whered; andr;,
respectively, denote the response time and the service time
for the request if it is inserted at locatiarin the scheduled
queue. Note that witl® = 1 the hybrid policy reduces to
first-fit, and with@ = 0 it reduces to best-fit.

3.3.2 Throughput-intensive Best-effort Applications

Proof: Using (17) and (18), we get:
livi—eiri=liti—(ei+7) = (liy1 —7i) — e (22)

Since from the definition df, l;+-1 —7; > ;. Hencel;+1—eiy1 >
l; — e;, and the lemma follows.

It follows from the above lemmas and corollaries that a sequence

Throughput-intensive applications (e.g., ftp) require the disk sched-
uler to sustain high throughput, but they are less concerned about
the response times of individual access requests. A scheduler can
meet this requirement as follows:

1. Select a request from the pending queue in FIFO order.

2. Insert the selected request towards the tail of the scheduled

of best-effort requests followed by a sequence of real-time requests
with the same deadline have identical values of slack. Hehcan

gueue, and order the sequence of requests from throughput-
intensive best-effort applications in SCAN/SATF order.

maintain a single value of slack for each such sequence rather than

maintaining it for individual request. This significantly reduces the 33,3 Real-time Applications with Periodic Consumption
overhead of slack computation. As we illustrate in the next section, ] o ) S )

by exporting the values of; along with the state of the scheduled ~ Video playback is a periodic, soft real-time application, in which
queue, the class-independent scheduler enables the class-specififie accessed video frames are consumed at predefined instants (de-

schedulers to determine the position for inserting a new request intotermined by the video playback rate and the consumption instants of
the scheduled queue. previous frames). Hence, it is an example of a real-time application

with periodic consumption.

- Just-in-time schedulers — that service requests just prior to their
3.3 The Class-specific Schedulers deadlines — are desirable for this class oflpplic;tion?s. Most of
Class-specific schedulers perform two functions. First, they or- the known real-time disk scheduling algorithms can be adapted to
der the requests in their pending queues in accordance with thederive a suite of just-in-time schedulers with different properties. In
application requirements. Second, when invoked by the class- what follows, we derive a just-in-time scheduler from the SCAN-
independent scheduler, they determine the position for inserting EDF algorithm [16].

the selected request into the scheduled queue and return it with  The SCAN-EDF real-time disk scheduling algorithm orders re-
the [prev, next] pair toC. In what follows, we describe the func-  quests based on their deadlines, and then schedules requests with the
tionality of class-specific schedulers for the interactive best-effort, same deadline in the SCAN order. This algorithm can be adapted
throughput-intensive best-effort, and a class of real-time applica- to achieve just-in-time service as follows:

tions. . . Lo
1. Select a pending request for insertion into the scheduled

3.3.1 queue in the earliest deadline first (EDF) order.

A scheduler for the class of interactive best-effort applications
should minimize the response times observed by requests. It can
achieve this objective as follows:

Interactive Best-effort Applications

2. Determine the set of feasible positions for inserting the se-
lected request in the scheduled queue, and then insert the
request at the last feasible position. For a request with dead-
line d, a positionk in the scheduled queue is considered

1. Select a request from the pending queue in the FIFO order. feasible if:

k—1
t+7+Y 7,<d and VjE[l,k—1]:d; <d (23)

j=1



wherer is the service time incurred by the requestifitis in- Invocation Order of Class-specific Schedulers

serted at positiok in the scheduled queue, ahid the current . ) -

time. This condition ensures that the requests with deadlines EX@mplé 1 Consider afile server servicing requests from a real-
are in the EDF order in the scheduled queue. Moreover, by time and a be_st-effort class. LeF us assume that the real-time class
selecting the largest value &ffor inserting the request, the ~ Nas two pending requesisandb; and the best-effort class has a

; ; i . Letthe time required to service each requests be
scheduler groups together requests with the same deadlineP€nding request _ .
and thereby facilitates the use of SCAN for their service. 10ms. Let the current time be 0, and the deadline for hotnd
b be 20ms. Consider the case that the class-independent scheduler
. . C first invokes the scheduler for real-time class ($ay and then
3.4 Complexity Analysis the scheduler for the best-effort class (s#). Sincea andb are

For a file server servicing application classes, the computational Nserted first, there is no slack for insertiageforea or b. Hence,

complexity of the operations performed by the Cello framework are the resulting schedule is, b, c; which meets all the deadlines.
as follows: If, instead,C had invokedS: beforeS:, thenc will be the first

request inserted into the scheduled queue. Since the deadline of
e Determining the position for inserting a request into the a can be met even if it serviced after.S; will insert a after c in
scheduled queueThe complexity of this operation depends the scheduled queue. Unfortunately, this results in the slack®f
on the insertion policy (e.g., first-fit, best-fit, etc.) employed be equal to 0. Hence, can't be inserted ahead af, resulting in
by the class-specific scheduler. In the worst case, if the the schedule, a,b. However, this schedule violates the deadline
scheduled queue contaif® requests, then this operation requirements ob. [ |

takesO(R) time. . . .
This example demonstrates that the order for invoking the class-

e Computing Slack ValuesThe class-independent scheduler specific schedulers impacts the feasibility of the resulting schedule.
must recompute slack values after insertion of each request. To minimize the possibility of generating infeasible schedules,
Since this involves recomputing ande; for each request  should invoke class-specific schedulers in the order defined by the
in the scheduled queue, a naive slack computation algorithm strictness of their requirements. For instance, by inserting requests
hasO(R) complexity. However, as demonstrated in Sec- from the real-time class prior to requests from the best-effort class,
tion 3.2.2, a sequence of best-effort requests followed by a the scheduler can minimize the possibility of best-effort requests vi-
sequence of real-time requests with the same deadline haveolating the deadlines of real-time requests. Such a policy, however,
identical values of slack. Hencé€, can maintain a single is only a heuristic.

value of slack for each such sequence rather than maintain-  In general, deriving a schedule that best meets the requirements
ing it for individual request. This significantly reduces the of application classes while incurring the smallest seek and ro-
overhead of slack computation. tational latency overhead requires complete knowledge about the

L ) o ) constraints (e.g., deadlines) and disk location to be accessed for all
» Reassigning idle bandwidtifo minimize the seek time and  the requests in the pending queues. Since the layered architecture
rotational latency overhead incurred while reassigning un- of Cello restrictsC to accessing only the requests at the head of the
used disk bandWIdthﬂ selects f0/[|nsert|0n into the scheduled pending queues, the resumng schedule may be sub_optimaL How-
queue arequest, from a classtif) that is closest to the cur-  ever, as we show in Section 4, the reduction in disk throughput due
rent disk head position. Since the number of request classesto such a sub-optimal schedule is small in practice.
is usually small and since, at any time, only one request from
each of the pending queues is considered for insertion into the
scheduled queue, a linear search through all eligible classes
may suffice. If the number of request classes is large, then Once an application class is selected, the class-specific scheduler
the algorithm can maintain a binary search tree to efficiently can employ araggressivepolicy that inserts as many requests as
choose the next request to be scheduled. Since the tree conpossible into the scheduled queue. In such a policy, the number of
tains no greater than elements, searches, insertions and requests of a class inserted into the scheduled queue will be con-
deletions are(log n) operations, while initial construction  strained by the bandwidth allocation for the class and the number of
of the tree is arO(n log n) operation. requests in its pending queue. As the following example illustrates,
such an aggressive policy may violate the requirements of requests.

Aggressive versus Lazy Insertion

e Insertions and deletions from the scheduled quebece the
position for inserting a request is determined, by maintaining Example 2 Consider a scenario where a large number of real-
the scheduled queue as a doubly linked list, insertion into the time requests with late deadlines (i.e., ones that expire in future

scheduled queue becomes@fl) operation. Also, sincere- intervals) arrive before a request with an early deadline (i.e., one
guests are always deleted from the head of a queue, deletiongthat expires in the current interval). The aggressive insertion policy
areO(1) operations. may spend the entire bandwidth allocation to schedule requests with

late deadlines. This may prevent the request with early deadline
from being inserted into the scheduled queue in the current interval,
violating its deadline. |

The two-levels of the Cello framework separate class-independent .

mechanisms from class-specific scheduling policies, and thereby fa-  Alternately, the class-specific scheduler can empl@zgpol-
cilitates the co-existence of multiple class-specific schedulers.” By icy that delays the insertions of requests with late deadlines as
isolating the implementations of class-specific schedulers, it sim- 10ng as possible to reduce the possibility of denying service to re-
plifies the development and modification of policies employed by guests with early deadlines. Implementing such a policy requires
class-specific schedulers. In what follows, we illustrate that the in- the class-independent scheduler to know when to invoke a partic-
formation hiding essential for achieving flexibility and extensibility ~ular class-specific scheduler such that pending request deadlines
in the Cello framework may yield sub-optimal schedules as com- are met; and the class-specific scheduler to know when any further
pared to a monolithic scheduler that utilizes complete knowledge delay of insertion will cause its unused allocation to be assigned to

about the requirements of requests from all the application classes Other classes. Design of such lazy class-specific schedulers is the
subject of future research.

3.5 Discussion
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scheduler for interactive best-effort class used the first-fit policy to £ 501

insert requests in the scheduled queue and maintained a sequence c.:: 40

of best-effort requests in SCAN order (see Section 3.3.1). The 30 -

scheduler for the throughput-intensive best-effort class inserted re- 20 b

quests at the tail of the scheduled queue in SCAN order (see Section 10}

3.3.2), while that for soft real-time requests inserted requests using o ‘ ‘ ‘ ‘ ‘ ‘ ‘

a just-in-time adaptation of SCAN-EDF (see Section 3.3.3). We 0 2 4 6 8 10 12 14 16

simulated a Seagate Elite 3 disk that stores text and video files, Number of text clients

using block sizes of 8KB and 64KB, respectively. . . e . .

Each text client in our simulations selects a random file and  Figure 3 : Disk utilizations for different video and text loads
reads it sequentially from beginning to end. Clients access the text
files either using an interactive or a throughput-intensive best-effort ) ) ) ) .
application. In either case, the size of data accessed by each appliPetween textand video requests while making scheduling decisions,
cation request is normally distributed with a mean of 32KB, while increasing the video load increases the number of requests in the
the inter-arrival times of requests are exponentially distributed with SCAN schedule, causing response time of text requests to increase.
a mean of 900ms. Each video client in our simulations emulates Cello, on the other hand, exploits slack values to schedule text re-
a video player and reads a randomly selected MPEG-1 file at 30 duests ahead of video requests whenever possible. Consequently, it
frames/s. Each MPEG-1 file has an average bit rate of 1.5 Mbit/s. p_rowdes low average response time to text requests even at heavy
Allvideo clients are serviced in the server-push mode. In the server- Video loads. For instance, with six text and six video clients (i.e.,
push mode, the file server proceeds in terms of periodic rounds and?@ disk utilization of 60%), the response time provided by Cello is
accesses a fixed number of video frames during each round. Re-2 factor of 2.5 smaller than SCAN. For Cello, the small increase in
quests for all the frames to be accessed in a round are issued aféSponse time at heavy loads is due to the decreasing availability
the beginning of each round, and all of these requests have the endf slack with increase in video load. Figure 4(b) plots the response
of the round as their deadline. These requests are serviced usindime of text requests for different text loads and a fixed video load.
the soft real-time class of Cello. Both the round duration and the 'Ne figure shows that, the response time provided by Cello is sig-
interval length were set to 1000ms in our simulations. The length Nificantly lower than SCAN over a wide range of text workloads.
of each simulation run was such that the 95% confidence intervals  Figure 5(a) plots the percentage of video request deadlines that
are within 5% of the reported values. Since the objective of our are V|_olated for different text loads. For_SCAN, w_ncreasmg_the text
study is to evaluate disk scheduling algorithms, we assume in our load increases the probablllty of deadline V|o_Iat|0ns for video re-
simulations that the system is limited only by the disk bandwidth dUests. For Cello, since the scheduler for the interactive best-effort

(i.e., the cpu, memory, and system bus never become bottlenecks).class determines the position for inserting a request into the sched-
uled queue such that none of the deadlines are violated, increasing

the text load has no effect on the probability of deadline violations.
Since throughput rather than response time is more important
To demonstrate that a scheduling algorithm that aligns the serviceto throughput-intensive requests, Cello services these requests at
provided to application needs performs better than one that uses ghe end of each interval in a single SCAN. This enables Cello
single policy to schedule requests from different application classes, to schedule interactive best-effort requests ahead of throughput-
we compared the response times yielded by Cello to those obtainedntensive requests, and thereby provide better response time to these
using SCAN. For this experiment, we configured Cello with two requests. To demonstrate this behavior, we configured Cello with
request classes—interactive best-effort and soft real-time—and as-all three request classes and assigned them equal weights. We then
signed the same weight to both classes (u&.,: ws = 1 : 1). measured the response time of interactive and throughput-intensive
We varied the video load and the text load and measured the diskrequests for a fixed video load. As expected, Cello provided lower
utilization, the response time of text requests, and the percentage offésponse times to interactive requests as compared to throughput-
deadline violations yielded by Cello and SCAN for each combina- intensive requests (see 5(b)).
tion of these parameters. Together, Figures 4, and 5 and demonstrate that existing disk
Figure 3 plots the disk utilization (i.e., percentage of the time schedulingalgorithms are inadequate for servicing application classes
the disk was busy) for different combinations of text and video With differing requirements; Cello addresses this limitation by: (1)
workloads. Since the utilization is a function of the total workload, isolating request application from each other, and (2) aligning the
different combinations of text and video loads can yield the same Service provided to the needs of applications.
utilization. In the rest of this section, we present results for specific
combinations of text and video loads. Figure 3 can then be used4.2 Effect of Proportionate Allocation in Cello
to determine the utilization for a particular workload combination, . . .
thereby correlating metrics such as response time to disk utilization. C€llo allocates the time spent in servicing requests among classes
Figure 4(a) plots the response time of text requests for differ- IN Proportion to their weights. To demonstrate this property, we
ent video loads. The figure shows that the response time of text configured Cello with all three request classes and assigned them
requests significantly increases with increase in video load when €qual weights (i.ew: : ws : ws =1:1 : 1). We then measured
SCAN scheduling is used, whereas it is largely independent of the the time spent in servicing requests of each class. The video and

video load when Cello is used. Since SCAN does not distinguish Xt loads used for our experiments were such that the pending
queues never became empty, and hence, each class used up its

3Source code for DiSkSimis publicly available from the author’s entire allocation in each interval. As shown in Figure 6(a), Cello
web page.

4.1 Aligning the Service to Application Needs
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Figure 5 : Performance of real-time and throughput-intensive best-effort classes.

allocated the time spent in servicing requests within each interval 4.3 Proportionate Time-allocation versus Proportionate
equally among the three request classes. Byte-allocation

To demonstrate that Cello allocates disk bandwidth unused by a

class to classes with pending requests, we configured Cello with the!n Proportionate time-allocation, the class independent scheduler
llocates the time spent in servicing requests among application

real-time and the interactive best-effort classes and and assigne | ; tion to thei iahts. Si diff h s
equal weights to these classes. We conducted an experiment irt.2>S€S IN proportion to their weights. Since difierent requests incur

which no video requests arrived from intervals 200 through 400. d'ﬁ*?re”t seekand rqtatlon_al '?‘?”Cy oyerheads, the numbe_r of bytes
Consequently, the interactive best-effort class received the entire’©li€ved for classesand j within an interval may not be in the
disk bandwidth in these intervals. In all other intervals, however, ratio w_] even though the time spent in retrieving this data is. The
Cello allocated the time spent in servicing each requests equally problem is further exacerbated if requests can have different sizes,
among the two classes. Figure 6(b) demonstrates this behaviorsince the transfer time of requests also differ in addition to the
Observe that, the actual allocation received by the best-effort classlatency overhead. To demonstrate this, we configured Cello with
is slightly larger than that of the real-time class. Since the block the interactive best-effort and real-time classes, assigned them equal
sizes used for video and text files was 64KB and 8KB, respectively, weights, and measured the time allocated and the number of bytes
the average service time of avideo request is larger than that of a text'etrieved for each class within an interval. The time-allocation
request. Towards the end of each interval, any residual allocation Strategy ensures that both the interactive best-effort and real-time
that is unutilized by the real-time class (since it is insufficient to classes receive equal durations within each interval. However, the
service any more video requests) is reassigned to the best-efforthumber of bytes retrieved differs significantly for the two classes
class. Since the service time of text requests is smaller than video(see Figures 7(a) and (b)). In contrast, the byte-allocation strategy
requests, the reassigned allocation is often sufficient to service aénsures that each class receives equal byte-allocation within each
text request, resulting in a larger allocation to the best-effort class. interval, but spends significantly different durations in retrieving
Finally, Figure 6(c) shows that fraction of the time spent by this data. (see Figures 7(c) and (d)).
SCAN in servicing requests belonging to the two classes within Both time-allocation and byte-allocation methods have their ad-
each 1000ms interval. Since SCAN does not distinguish between vantages and disadvantages. The byte-allocation method provides
text and video requests, the time spent is servicing requests of the direct correlation between the weights assigned to classes and the
two classes fluctuates across intervals. Such fluctuations increas@mount of data retrieved in an interval, making the task of assigning
the variation in the response time of text requests and the probability weights simple. However, a limitation of the byte allocation strat-
of deadline violations for video requests. egy is that each request is charged the same oveiQigzer byte,
causing requests for large blocks to incur a larger seek and rota-
tional latency overhead than smaller blocks. In reality, the latency
overhead depends on the relative positions of requests and is inde-
pendent of the request size. This penalizes requests for large blocks
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and benefits requests for small blocks. The time allocation strategy

does not suffer from these limitations, since each class is charged SCAN Cello

the exact service times of its requests. Finally, since admission con- Average | Worst- | Average | Worst-
trol algorithms for real-time requests (e.g., video) assume a fixed case case
duration allocation for servicing requests, the time-allocation strat- Det. insert posn| 9 us 0.5ms| 65us 4.6 ms
egy is more suitable for such environments. The byte-allocation Total inserttime| 129us | 7.4 ms| 180us | 12ms

strategy is more suitable for environments in which the file server
employs a single block size for all files.
Table 1: Implementation Overheads

4.4 Effect of reassigning idle bandwidth

Cello allocates bandwidth unused by a class to service pendingdisk scheduling framework for meeting these requirements. Cello
requests of other classes. To demonstrate the benefits of reassigningssigns weights to the application classes. It services requests from
idle bandwidth, we simulated two scenarios. In the first scenario, application classes by proceeding in terms of intervals and, dur-
we assigned equal weights{ = ws = 1) to the interactive ing each interval, allocates disk bandwidth to application classes in
best-effort and soft real-time classes; and in the second scenarioproportion to their weights. Cello distributes the unused bandwidth
we reduced the allocation of the best-effort class to 2@% ( allocation of an application class to schedule pending requests from
wz = 4 : 1). For both scenarios, we measured the response another class. It interleaves requests from application classes such
time of text requests. Figures 8(a) and (b) show the responsethat the service provided is aligned with the application needs (e.g.,
time of text requests for two different background video loads. video requests are serviced just prior to their deadlines, interactive
Although the allocation of the best-effort class is only 20% of pest-effort requests are scheduled such that their response times are
the total allocation in the second scenario, at light video loads, minimized, etc.). Finally, since a schedule that aligns the service
Cello reassigns bandwidth unused by the real-time class to thewith the application requirements may be different from one that
best-effort class, thereby providing response times comparable tominimizes disk latency overheads, Cello derives a schedule that
the first scenario. As the background load increases, the unusecalances these tradeoffs.

allocation of the real-time class decreases, causing the responsetime  Cello efficiently performs these functions by employing a two-

of text requests to increase. Finally, Figure 8(c) shows the responselevel disk scheduling architecture, consisting of a class-independent
time of text requests when static partitioning of disk bandwidth is scheduler and a set of class-specific schedulers. The two levels of
employed. The figure shows that the response times of requestshe framework allocate disk bandwidth to application classes at two
are larger by two orders of magnitudes as compared to Cello. Thistime-scales: the class-independent scheduler governs the coarse-
demonstrates that simple partitioning schemes are ineffective atgrain bandwidth allocation to application classes; while the class-
efficiently utilizing disk bandwidth. specific schedulers control the fine-grain interleaving of requests
from the application classes to align the service provided with the
application requirements. The two levels of the architecture sepa-
rate application-independent mechanisms from application-specific

Cello considers the requirements of requests as well as their relativescheduling policies, and thereby facilitate the co-existence of mul-
positions on disk while making scheduling decisions. This causes tiple class-specific schedulers.

some requests to be serviced out of scan order, increasing the seek  Qur experiments demonstrate that:
and rotational latency overhead incurred by Cello. Figure 9 com-

4.5 Overheads of Cello

pares the time for which the disk was busy within an interval for a
particular workload when Cello and SCAN are used. Although the
total time to service a given set of requests is larger if Cello is used,
the increase in service time is very small 2%). Thus, the loss in
disk throughput in Cello is negligible.

We have implemented the Cello disk scheduling framework in
a prototype file system. We conducted some preliminary experi-
ments to measure the overheads of making scheduling decisions in
Cello and SCAN. Our measurements were made on a 233MHz Intel
Pentium Il machine running Solaris 2.5. We ran the disk at 90%
utilization, resulting in queue lengths of up to 150 requests. Table

e Existing disk scheduling algorithms are inadequate for ser-
vicing application classes with diverse requirements.

Cellois suitable for servicing application classes with diverse

requirements since: (i) it aligns the service provided with the

application requirements, (ii) it protects application classes
from one another, (jii) it is work-conserving and can adapt

to changes in work-load, (iv) it minimizes the seek time and

rotational latency overhead incurred during access, and (V) it
is computationally efficient.

1 compares the overheads of determining the insert position andReferences

the total time for inserting a request into the scheduled queue. The

complexity of determining the insert position@§log R) in SCAN

(since binary search can be used to determine the insert position),

while that for Cello isO(R), whereR is the number of requests

in the scheduled queue. Hence, Cello incurs higher overhead than
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small and results in a CPU load of less than 1% for requests rates of
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5 Concluding Remarks

In this paper, we articulated the disk scheduling requirements im-
posed by applications likely to be supported by general purpose file
and operating systems of the future. We then presented the Cello
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