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Abstract. The Enhanced Pay-Per-View (EPPV) model for 1 Introduction
providing continuous-media services associates with each
continuous-media clip a display frequency that depends or.1 Motivation and related work
the clip’s popularity. The aim is to increase the number of
clients that can be serviced concurrently beyond the capagyext-generation database systems will need to provide sup-
ity limitations of available resources, while guaranteeing aport for various forms of multimedia data such as images,
constraint on the response time. This is achieved by sharingideo, and audio. Multimedia data types differ from conven-
periodic continuous-media streams among multiple clientstjonal alphanumeric data in their characteristics, and hence
The EPPV model offers a number of advantages over othefequire different techniques for their organization and man-
data-sharing schemes (e.g., batching), which make it morggement. Of these new data typesntinuous-medigCM)
attractive to large-scale service providers. In this paper, Weyata (video and audio) present a major challenge, since they
provide a comprehensive study of the resource-schedulingonsist ofstreamsof media quanta (video frames or audio
problems associated with supporting EPPV for continuoussamples) that must be delivered in a timely fashion. Hence,
media clips with (possibly) different display rates, frequen-ijn contrast to traditional storage managers, a CM storage
cies, and lengths. Our main objective is to maximize theseryer needs to ensure that the retrieval and storage of such
amount of disk bandwidth that is effectively scheduled undercp streams proceed at their pre-specified real-time rates.
the given data layout and storage constraints. Our formula- A CM server, like any other storage server, has a limited
tion gives rise to /&’-hard combinatorial optimization prob- - amount of resources (e.g., memory, disk/network bandwidth,
lems that fall within the realm of hard real-time scheduling gnd disk storage), which places a hard limit on the number
theory. Given the intractability of the problems, we proposepf streams that can be simultaneously delivered. Thus, it
novel heuristic solutions with ponnomiaI-time Comp|9Xity. is a Cha"enging pr0b|em to design effective resource man-
We also present preliminary experimental results for the avagement algorithms that can provide on-demand support for
erage case behavior of the proposed scheduling sche_mes agdarge number of concurrent CM clients. For many appli-
examine how they compare to each other under differengation environments, like movies-on-demand, a CM server
Workloads. A majOI’ Cont.rlbutlon of our work is the |ntr0duc- typ|ca”y needs to Sustain |eve|s Of Concurrency that far ex-
tion of a robust scheduling framework that, we believe, canceed the limits imposed by available resource capacities.
provide solutions for a variety of realistic EPPV resource-This means that the convention@ndom accesgor, fully
scheduling scenarios, as well as any scheduling problem inmnteractive) service model that places resource reservations
volving regular, periodic use of a shared resource. Basegy allocate independent physical channels for each client can-
on this framework, we propose various interesting researchot possibly provide cost-effective solutions in such envi-
directions for extending the results presented in this paper. gnments Qzden et al. 1994, 1995a). As a result, several
. . ) ) data-sharingtechniques have been proposed in the litera-
Key words: Continuous media — Multimedia databases —tyre for increasing the number of concurrent clients beyond
Storage systems — Real-time scheduling the capacity limitations of available resources:

— Batching(Aggarwal et al. 1996a, 1996b; Dan et al. 1994;
Shachnai and Yu 1995) allows several clients waiting in
the server's queue for the same CM clip to share the
same stream. )

— Buffering (or, Bridging) (Kamath et al. 19950Qzden et
al. 1995c; Shi and Ghandeharizadeh 1997) uses extra
memory buffers in a controlled fashion to allow requests

Correspondence toMinos N. Garofalakis that arrive with a small phase difference with respect to




207

the start of a stream to fetch their data blocks directlyregularity of EPPV service is that it can also support user
from memory (i.e., with no disk access). interaction through VCR-like operations (Almeroth and Am-

— Piggybacking(Golubchik et al. 1996) allows clients to mar 1996;0zden et al. 1996b). From the service provider’s
view the same clip at different display speeds, so thatperspective, a desirable feature the regular structure of EPPV
eventually, they can catch up with each other and sharservice is that it simplifies the periodic scheduling of live
the same stream. events, such as news and sports events, into the program.

— Enhanced Pay-Per-View (EPP\(dr, Periodic) service Because of the advantages outlined above and its poten-
(Ozden et al. 1994; Garofalakis et al. 1997) assigns eachial to provide scalable, cost-effective CM offerings, EPPV
clip aretrieval period, typically determined by the clip’'s is quickly becoming the service model of choice for tele-
popularity. Streams retrieving a clip are initiated period- com, cable, broadcast, and content companies (e.g., PRE-
ically at offsets equal to the clip’s retrieval period and CEPT Software). Realizing this potential, however, requires
multiple clients can share the same stréam schemes for effectively scheduling the available disk band-

) ) _ width and storage capacity, so that high levels of concur-
Work on batching has typically concentrated on differentyency and system utilization can be sustained. Two phenom-
disciplines for scheduling requests from the server's queueana make this a challenging problem — the periodic nature
The goal is to strike a balance between: (1) fairness, (2hf EPPV service and the relatively high latencies of mag-
minimizing average waiting time, and (3) minimizing client netic disk storage. The periodicity of clip retrievals in EPPV
reneging probability (i.e., the probability that a client’s re- servers generates a host of difficult periodic task-scheduling
quest is cancelled due to excessive waiting). Scheduling disproplems that fall within the realm of hard real-time schedul-
ciplines like FCFS, Maximum Queue Length (MQL), and ing theory (Liu and Layland 1973). The high disk latencies
Maximum Factored Queue Length (MFQ) have been pro-complicate effective utilization of disk bandwidth and stor-
posed and evaluated using simulation models (Aggarwal ejge with reasonable amounts of buffer space, which is an
al. 1996a; Dan et al. 1994). The main problem with thesemportant cost factor in CM server design. The use of mul-
batching policies is that they atmpredictable in the sense e disks to handle the high storage volume and bandwidth
that they cannot offer a guaranteed upper bound on how longequirements of CM data exacerbates the problem. Thus, the
a client request must wait in the queue. Furthermore, resultgeed for intelligent scheduling mechanisms becomes more
on the behavior of such policies (either analytical or by Sim'pronounced as the scale of the system increases.
ulation) are typically based on specific probabilistic .models Despite the importance of the resource-scheduling prob-
of “customer-reneging behavior” whose accuracy is oftenjem for EPPV service, prior work has typically concentrated
questionable in practice. Buffering is based on the idea thagn other issues such as data layout schemes to efficiently
it is possiblg to trade extra memory for reduceq bandwidthsupport periodic retrieval(qzden et al. 1994, 1995a) and
demand. This is a very general approach that is orthogonadpport for VCR functionality under EPPV (Almeroth and
to other data-sharing schemes and, consequently, can be inmmar 1996; Leung et al. 1997). Abram-Profeta and Shin
corporated into batching, piggybacking, or EPPV, as an ad(1997) used simple queuing models to solve the problem of
ditional optimization (e.g., to faqllltate VCR funct|0naI|t_y)_. assigning optimal retrieval periods to the set of clips stored
However, we should note that with current hardware pricingat an EPPV server. Their models assume that all clips have
and stream parameters, Fr.ading memory for disk bam_jwidtqhe same length and display rate requiremeahd ignore
is often a losing proposition (Leung et al. 1997). Piggy- mylti-disk data organization issues. None of the above ef-
backing uses the fact that small differences in the displayorts has considered the general problem of EPPV resource-
rates (e.g., deviations of at most 5% from the normal d's'scheduling and, consequently, they can be viewed as or-
play rate) are not perceived by the viewer. Nevertheless, thgyogonal to our work. A restricted form of the problem that
compression is used, because of inter-frame dependenciesqengthS was addressed in the work@tden et al. (1997).

Compared to other data-sharing schemes (most notably
batching), EPPV service offers the advantagereflictabil-
ity — the response time for transmission of a clip to a client1.2 Our contributions
is bounded by the clip’s retrieval peritdThis retrieval pe-
riod is typically determined by the service provider, based onln this paper, we address the resource-scheduling problems
factors such as clip popularity, legal/financial constraints onassociated with supporting EPPV service in their most gen-
the distribution rights of a clip, and specific programming eral form. We present a scheduling framework that handles
choices. Because of the regular pattern of clip retrievalsCM data with (possibly) different display rates (depending
clients can be informed of the exact time that a specific transon the media type and/or the compression scheme), different
mission will start. Thus, even when resources are scarceheriods (depending on the popularity of a clip), and arbitrary
the EPPV service model can guaranpeedictableresponse  lengths. Given a hardware configuration and a collection of
times for all incoming requests. An additional benefit of the clips to be scheduled, we present schemes for determining
a schedulable subset of clips under different assumptions

1 Depending on the underlying networking technology, clips can be de-@bout data layout.

livered to clients via uni, multi, or broadcast channels. _ Clustering. Each disk is viewed as an independent stor-

2 In existing television terminology, the term “Pay-Per-View” refers to it: that is. the d f h clio i d inal
both a prescheduled playback program and a certain pricing mechanism. age unit; that is, the data of each clip Is stored on a single

We refer to our service model as EPPV to emphasize the scheduling aspect diS_k a_nd multiple Clips_can_b_e clustered on each disk. De-
of the service without constraining its pricing mechanism. spite its conceptual simplicity, clustered placement can
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suffer from disk bandwidth and storage fragmentation,+ Scheduling Trees” combination under different workloads.
leading to underutilization of available resources. We believe that our proposed scheduling tree framework is a

— Striping. Each clip’s data is declustered over all avail- powerful tool, applicable to any scenario involving regular,
able disks. Striping schemes eliminate disk storage fragperiodic use of a shared resource. A prototype implementa-
mentation. On the other hand, as we will see, stripingtion of the framework is currently being built on top of the
significantly increases the complexity of scalable and.Zellini multimedia storage server at Bell Labs (Martin et
cost-effective EPPV services. al. 1996).

In each case, our main objective is to maximize the amount

of disk bandwidth that is effectively scheduled under theq 3 Organization

given layout and storage constraints. This is typically the sit-

uation facing large-scale CM servers that periodically needrne remainder of this paper is organized as follows. In
to re-schedule their offerings to adapt to a changing audigect. 2, we present our server model architecture and nota-
ence, content, and popularity profifeittle and Venkatesh jona| conventions. Section 3 describes our resource-schedu-
1995; PRECEPT Software 1998). For the clustering schemging framework and algorithms for clustered CM data layout.
we formulate these optimization problems as generalizé¢-Gs and CGS are discussed in Sects. 4 and 5, respectively.
variants of the 0/1 knapsack problem (Ibarra and Kim 1975, gects. 6 and 7, we introduce the scheduling tree structure
Lawler 1979; Sahni 1975). Since the problems are clearly;nq gevelop algorithms for the PMSP and the more complex
~J-hard, we present provably near-optimal heuristics withgcnequling problems introduced by the EPPV service model
low polynomial-time complexity. We then present two al- nder CGS. The experimental evaluation of the average-case
ternative schemes for striping clipkine-grained striping  pehavior of our algorithms is given in Sect. 8. Section 9
(FGS) views the entire disk array as a single large disk in &jiscusses some interesting extensions to the schemes devel-
manner similar to the RAID-3 data organizatiodzZden et onaq in this paper. Finally, Sect. 10 concludes the paper and
al. 1995d; Patterson et al. 1998). This scheme is conceptygengifies directions for future research. Proofs of theoretical

ally simple and significantly reduces the complexity of the reqts presented in this paper can be found in the Appendix.
relevant resource-scheduling problems. Nevertheless, FGS

suffers from increased disk latency overheads that render it

impractical, especially for large disk arraySoarse-grained 5 Notation and system model
striping (CGS)is based on a round-robin distribution of clip

data across the disks and has the potential of offering mucl}, s section, we present a brief overview of our CM server

better scalability and disk utilization than FGS This, how- odel and the notation that will be used throughout this pa-
ever, comes at the cost of the more sophisticated scheduger_ First, we present a model mfund-based retrievafor

ing methods required to support periodic stream retrievaly oyr model follows the conventions used in most earlier

Specifically, we demonstrate that the scheduling problemgy o on multimedia storage servers (Chen et al. 1993; Gem-
involved in supporting the EPPV service model under the, o et al. 19950zden et al. 1995b; Rangan and Vin 1991,
CGS data layout are non-trivial generalizations of the pe-19g3) Next, we present the three different multi-disk data
riodic maintenance scheduling problem (PMSP) (Wei andyganization schemes considered in this paper (Clustering,
Liu 1983). Given that PMSP is known to bé=’-complete  rGg and CGS) and describe how the round-based retrieval
in the strong sense (Baruah et al. 1990), we propose novehqqe| adapts to each different organization scenario. Finally,
heuristic algorithms for scheduling the periodic retrieval of | o qescribe thenatrix-based allocation schem@®zden et
coarse-grained striped clips. We follow a two-step approachy - 1996p, 1996¢). that tries to optimize the data layout of
First, we introduce the novel concept ofsaheduling tree clip based on the knowledge of its retrieval period. Ta-

structure and demonstrate its use in obtaining collision-fre, o 1 summarizes the notation used in this paper with a
schedules for periodic maintenance. Next, we extend our defpriet description of its semantics. Additional notation will

initions and algorithms to handle the more complex problems,q introduced when necessary.
introduced by the periodic retrieval under CGS. Thus, our

work also contributes to the area of hard real-time schedul-

ing theory by proposing the scheduling tree structure and, 4 Retrieving CM data
algorithms as a new approach to periodic maintenance. We

also present a scheme for packing multiple scheduling treegqnqjger a single magnetic disk storing a collection of CM
to effectively utilize disk bandwidth and storage, and showC"pS_ We assume that the disk has a transfer rate,qf.

that all the scheduling problems examined in this paper cany storage capacity afy;.x, a worst case seek time of.x,

be seen as special cases of this general packing formulation,, 4 o worst case latency of,; (which consists of rota-

Finally, we present a set of preliminary experimental results;j 4 delay and settle time). A clif; is characterized by a
that compare the average performance of the schemes pryign|ay rater; (the rate at which data fof; must be trans-
posed in this paper and confirm the superiority of the “CGSitted to clients) and a length (in units of time) We refer

to the transmission of a clip starting at a given time as a

A related problem izapacity planningGiven a fixed user profile, de-  yraam Data for streams is retrieved from the diskiiunds
termine the minimum system configuration that can accommodate it. This

problem is essentially dual to ours, and we believe that most of our tech—Of IengthT. For_a stream dlspla_ylng Cl'ﬁji_ (denOted by
niques are applicable. We will not address capacity planning further in thisstream(C})), a circular buffer of size 27" r; is reserved in

paper. the server’s buffer cache. In each round, while the stream is
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Thus, if we let{C;} denote the set of clips clustered on any

Param. Semantics single disk in the server, we require the following conditions
C; Continuous media clipi(=1,..., N) to be satisfied:
(also, task of retrieving”;) l .
T Display rate for clipC; (in Mbps) {7—‘ . [ ) i+ ¢ } <T-2-t
T; Retrieval period for clipC; (in s) T Z{c”}(rd"’”"' tat) seck 2
T Time unit of clip retrieval (round length) {Ci} li-ri < caisk-
l; Length of clipC; (in sec)
n; Retrieval period ofC; in rounds
c; Number of columns in the matrix af’; 2292 Fine-grained striping
d; Maximum column size (in bits)
ndisk  Number of disks in CM server A major deficiency of clustered data organization for large-
Tdisk Disk transfer rate . . . .
ik Disk storage capacity scale CM services is that it can lead to bandV\_/l_dmhn_I
tooek Disk seek time storage fragmentation, and, consequently, underutilization of
tiat Disk latency server resources. Striping schemes eliminate storage frag-

mentation by declustering a clip’s data across all available

disks. This essentially means that we no longer need to sat-
consumingdT” - r; bits of data from its buffer, th& - r; bits isfy a storage capacity constraint on each disk, as long as
that the stream will consume in the next round are retrievedhe total storage requirements of the clips to be scheduled
from the disk into the buffer. This ensures that each streantlo not exceed the storage capacity of the disk array.
will have sufficient data to display the corresponding clip  In FGS QOzden et al. 1996a), each retrieval unit of a clip
continuously. The quantity’ - r; is termed theetrieval unit  is striped across athy; ., disks of the server. Consequently,
of clip C;. every stream retrieval involves all thg; ;. disk heads work-

During a round, for streamstrean{C), ..., streanfC}) ing in parallel, with each disk being responsible for fetching

for which data is to be retrieved from disK;- r1,....,T - g irk bits of C; in each round. This striping strategy is em-
bits are read using the C-SCAN disk head scheduling algopioyed in the RAID-3 data distribution scheme (Patterson
rithm (Silberschatz and Galvin 1994). C-SCAN schedulinget al. 1998). For EPPV service, the number of concurrent

ensures that the disk heads move in a single direction wheg;,oams retrieving cligC; from the array is exactly{l—i}
servicing streams during a round. As a result, random seeks ‘ Tl

to arbitrary locations are eliminated and the total seek over- NUS, to ensure continuous delivery, the following condition

head during a round is bounded by ... Furthermore, ~Must be satisfied:

retrieval of each non-contiguously stored piece of data caj I w N
f

T"I’i

—————— + N - ljat
=1 Tdisk * Ndisk

incur a disk latency overhead of at meg}; during a round.
To ensure that no stream starves during a round, the sum

the total disk transfer time for all data retrieved and the over-
all latency and seek time overhead cannot exceed the lengtf, o 1). Despite its conceptual simplicity, FGS can lead

T of the round (Chen et al. 1993; Gemmell et al. 1995, qgerutilization of available disk bandwidth due to in-

Ozden et al. 1995d, Rangan and Vin 1991, 1993). MOr€qreased latency overhead®zden et al. 1996a). This is

formally, we require the following inequality to hdid clearly demonstrated in the above condition for continu-

T 7 ity, which shows that, during each round, all disks incur

— "'tlat) ST =2 tseek- (1) a penalty oft,,, for each clip storedn the entire server
These latency penalties limit the scalability of an EPPV
server based on FGS, since the problem is obviously ex-
acerbated as the size of the disk array grows.

<T—2'tseev 3
T, < K (3)

here N is the total number of clips on the server (see

{stream(C;)} (

2.2 Multi-disk data organization schemes

2.2.1 Clustering 2.2.3 Coarse-grained striping

In clustering, each disk of a multi-disk system is viewed as

an autonomous unit — entire clips are stored on and retrieve f each clip are mapped to individual disks in a round-robin

222;1 3i§|l<n§|]:I§r(:)|3|: r?)r:ﬂ dr?gjallt;pe)lg rﬁl:)%selc;n dg?acrlelzjt?itg\rlg? tcﬁl?smanner. Consequently, the retrieval of data for a stream on
means that Eq. 1 must be satisfied on each disk, where thCIIIO Ci_proceeds in a round-robin fashion along the disk

summation is taken over all streams retrieving clipstored §rray. During each round, a single disk is used to fetch a

. L . retrieval unit ofC; and consecutive rounds employ consecu-
on that disk. Note that by the definition of EPPV service, they o s This striping strategy is employed in the RAID-5
number of concurrent streams retrieving cfip is exactly

. o o data distribution scheme (Patterson et al. 1998).
[TW Furthermore, each magnetic disk has a limited storage CGS avoids the large latency overheads of the fine-
capacity that cannot be exceeded by the set of stored clipgrained scheme and, consequently, can offer much better

In the CGS schemelzden et al. 1996a), the retrieval units

4 Although our schemes can be extended to handle disk calibration and 5 We assume that a disk has sufficient bandwidth to support the retrieval
multi-zone disks Qzden et al. 1995b), these issues are not addressed in thisf one or more clips. If this does not hold, one or more disks can be viewed
paper. as a single composite disk.
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R R S L L T T Jot of ¢'s matrix, that isd; = PT—W - T - r;. (Although some

ELZ‘Q;V [ [ [ Jel2  columns may actually contain less data thiariOzden et al.
T T [ s 1996¢), in this paper, we are ignoring possible optimizations

- for smaller columns.)
iod 1T To support periodic retrieval, a clip matrix is stored in

column-major form (i.e., data in each column is stored con-

@ (b) tiguously on disk) and its retrieval is performadcolumns
Fig. 1a.A clip matrix. b Its layout on disk (i.e., one column per round) with each element handed to a

different display phase (Fig. 1b). Matrix-based allocation re-
) duces the overhead of disk latency per stream, since, in each
scalability and bandwidth utilizationOzden et al. 1996a). 4nd. it incurs a total overhead of ortly,; for [LW streams
On the other hand, supporting periodic stream retrieval re- ' T
quires much more sophisticated scheduling methods thaof C;, rather than{%ﬂ - t1at (Using Egs. 1, 2 and 3). This

either clustering or FGS. This is because, unlike the tWomeans that a single disk using the matrix-based scheme can
previous data organization schemes, CGS does not impos§ pnort the periodic retrieval afy, ...,y provided that

a steady load on each diskiring each round Consider the e following inequality holds:

retrieval of clip C; from a particular disk in the array. By

virtue of the round-robin placement, each stream retrievingz(i +tar) + 2 toeer < T )
data ofC; needs to fetch a retrieval unit af - r; bits from o Tdisk -

that disk periodically, at intervals of 4, rounds. Further- e

more, to support EPPV service, the streams retrieving cliprhe disk bandwidtheffectively utilizedby a clip during a

C; are themselves periodic with a peri@=n; - T. Thus, round is the amount of raw disk bandwidth consumed by
supporting continuous, periodic service under CGS gives ris¢he clip without accounting for the latency overhead. For
to complexperiodic real-time task-scheduling problertisu C;, this is exactly%, or, equivalently,[%w Ty

and Layland 1973) that cannot be reduced to simple alge- The matrix-based allocation scheme benefits all three

:)hrglscec?gglltelcr):ss alllrlw(g (I)Equrs. r%) aggeg'sﬁlSggﬁ's\;ﬁlldbejcri'\f)etf?agrmulti—disk data organization strategies considered in this pa-
in the Fp))aper prop 9 per by significantly reducing the latency overhead in each

round. For example, in Egs. 2,3 for clustering and FGS the

-1
termt,,, is replaced by, - PT—W . Thus, we present our re-

2.3 Reducing disk latencies: matrix-based allocation sults assuming that matrix-based allocation is used. For FGS
(CGS), this means that the retrieval unit striped (resp. dis-

By definition, the EPPV service model associates with eacHributed) across the disks of the server is an emtiie@mnof

clip C; aretrieval period’;. We assume that retrieval periods C; rather than a single matrix element. However, we should

are multiples of the round lengfh. This is a reasonable as- stress that the schemes presented in this paper are equally

sumption, since retrieval periods will typically be multiples applicable to the original data organization methods without

of minutes or even hours and the length of a round (usuallythe matrix-based scheme optimization.

bounded by buffering constraints) will not be more than a

few seconds. Thenatrix-based allocation schen{®zden et

al. 1994, 1996¢), increases the number of clients that can b@ EPPV under clustering

serviced under the EPPV model by laying out data based on

the knowledge of retrieval periods. The basic idea is to disUnder a clustered data organization, the EPPV resource-

tribute the starting points for theoncurrent display phases scheduling problem reduces to effectively mapping clip ma-

of a clip uniformly across its length, and layout the datatrices onto the server’s disks so that the bandwidth and stor-

that these display phases will need to retrieve during theage requirements of each matrix are satisfied. That is, Egs. 2

same rounctontiguouslyon disk. Each display phase cor- need to hold for each disk. We address this scheduling prob-

responds to a different stream servicing (possibly) multiplelem in two stages. First, we present a solution that considers

clients. This layout method reduces the disk latency overonly the bandwidth requirements of clips (essentially, as-

head incurred during data retrieval and, therefore, increasesuming that each disk has infinite storage capacity). Next,

the amount of disk bandwidth utilized effectively. we extend our approach to handle disk storage limitations.
More formally, for each clipC;, the maximum number We present the first case separately, since our results for this

of concurrent display phases ﬁéﬂ Conceptually, clipc; ~ case will also prove useful for FGS.

is viewed as a matrix consisting of elements of len@th

(Flg. la). We definey; = TT (i.e., the length of t'he retrieval 3 1 Bandwidth constraint

period of C; in rounds). The matrix for’; consists ofc; =

min{n;, [H} columns ano{%w rows (corresponding to the We associate two key parameters with each clip:
clip’s display phases). Note that we can haye< n; when _ Ay _
the retrieval period of the clip exceeds its length (il — Asize size(C;) = 7#45—-, that captures the normalized

k.

T;). Finally, we letd; denote the amount of data in a column contribution of C; to the length of a round, or, equiva-
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Algorithm PACKCLIPS(C, ngisk) is to define the size of a clig); as a2-dimensional size
Input: A collection of CM clipsC' = {C1,...,Cn} and a number of yector Si = [siz_el(C'i), sizez(_C',-)], Wwhere the. first compor_lent
diskS ;5. is the normalized bandwidth consumption of the clip (as
Output: ¢/ C C and a packing ofC” in ng;s, unit capacity defined in the previous section) and the second component
bins.(Goal: Maximizezciec/ value(C;).) is the normalized storage capacity requirement of the clip.
’ More formally,

o

1. Sort the clips inC' in non-increasing order of value density

obtain a listL =< C4,...,Cn > wherep; > p;+1. Initialize d; + ot L7
load(B;) = value(B;) = 0, B; = 0, for each bin (i.e., disk)}B;, size1(C;) = _Tdisk_ " gnd sizeo(C;) = v
j=1...,N. T — 2 tseek Cdisk
2. 2':;” ‘I*_ad};“fi ”r‘] L f(_'” ths_‘ order) dick) such thabad(B Let {(v) denote the maximum component of a vector
- Si;;(cj.) <elt e first bin (i.e., disk) such thabad(B;) + (i.e., itslength). The 2-dimensional extension of i ck-
2.2. Setload(B;) = load(B;) + size(C;), value(B;) = Crips algorithm s bas?o!CQP defining the value density of
value(B;)+value(C;), B; = B; U{C;}, andL = L—{C;}. a clip as the ratig; = % Theload of a disk is also a
3. Let B<i>, i = 1,...,nqis; be the bins corresponding to the  2-dimensional vector equal to the vector sum of sizes of all
ndisk 1argestvalue’s in the final packing. clips clustered on that disk, and the condition in step 2.1 of

ReturnC’ = Uldis* B, . (The packing ofC” is defined by the
Bgis's.)

PackCLIPS becomed(load(B;) +s;) < 1. That is, we re-
, , quire thatboth the bandwidth and storage load on each disk
Fig. 2. Algorithm PACKCLIPS do not exceed the disk’s capacities. For our worst case anal-
ysis of the 2-dimensionaPackCLips algorithm, we also
lently, its (normalized) disk bandwidth consumption (see 3SSUMe that the storage requirements of a clip never exceed
Eq. 4); and, one half of a disk’s storage capacity, thatsige(C;) < 3.
_ A value value(C) = P*W 1., that corresponds o the This is a reaso_nable assumption, since current disk storage
! T; v capacities are in the order of several gigabytes. The follow-
bandwidtheffectively utilizedoy C; during a round. ing lemma shows that the extra dimension degrades the worst

Using these definitions, the problem of maximizing the ef-case performance guarantee of our heuristic by a factor of
fectively scheduled disk bandwidth can be formally statedtWO-

as follows:Given a c/ollection of clipg = {C}, . e CN}_’ Lemma 3.2. Assuming that the storage requirements of any
determ/me_ a subset” of C' and a packing of {size(C;) : clip are always less than or equal to one half of a disk’s
Ci € C'} in najsi unit capacity bins such that the total value gyqrage capacity, the 2-dimensiofalcx CLips heuristic is
>_c,ecr value(C;) is maximizedThis problem is a general- 1/4-approximate; that is, fp pr is the value of the optimal

ization of the_traditional 0/1 knapsack opt@mization probl_em schedulable subset afd; is the value of the subset returned
(Ibarra and Kim 1975; Lawler 1979; Sahni 1975). Thus, it is by PACKCLIPS, then V2
! Vop

clearly. 727-hard®. Given the intractability of the problem, T =&
we present a fast heuristic algorithm (termedck CLipPs) We have already noted that clustering can lead to disk
that combines the value density heuristic rule for the classistorage and bandwidth fragmentation, and this is clearly
cal knapsack problem (Garey and Johnson 1979) with a firstdemonstrated in the rather discouraging worst case bound
fit packing rule. Briefly, the main idea is to define the value of Theorem 3.2 — for “bad” lists of clipgpackCLIPS may
density of clipC; as the ratig; = "j'%(g)) and pack the clips be able to utilize only as little as one fourth of the raw server
in decreasing order of density into unit capacity bins using acapacity. Since storage fragmentation is not an issue when
First-Fit rule. The schedulable subset (and the correspondingtriping is used, we can effectively ignore storage constraints
schedule) is determined by selecting thg,, “most valu- by assuming that the aggregate storage requirements of the
able” bins from the final packing. Algorith®ackCLips is  clips to be scheduled do not exceed the storage capacity of
depicted in Fig. 2. the server; that is, we assume thaf l; - r; < ngisk - Caisk

The following lemma provides an upper bound on thein the description of our striping-based schemes.
worst case performance ratio of our heuristic.

Lemma 3.1. Algorithm PAckCLIPS runs in timeO(N 4 EPPV under FGS

(log N +ny;sx)) and is ¥2-approximate; that is, Vo pr is

the value of the optimal schedulable subset &idis the  Inthe FGS scheme, each column of the clip matrix is declus-

value of the subset returned Back CLips then V‘O/f;T > % tered across alhy;,;, disks of the server (Fig. 3a). This im-
plies that each clip being retrieved imposes a constant load
per round onall disks in the server, since each disk is re-

. ] sponsible for retrievingni? of the clip’s column in each
3.2 Bandwidth and storage constraints round. Thus, the following condition must be satisfied on
each disk:

We now extend thePAckCurips algorithm to handle the
storage capacity constraints imposed by the disks. The ide d.
- 7Z+Ntlat S T_Z'tseek:- (5)
6 Note that the traditional knapsack problem remaifhg”-hard even if o1 | disk " Tldisk
the size of each item is equal to its value (i.e., the SUBSET SUM problem . . . .
(Garey and Johnson 1979)) Thus, the fact thiae1(C;) and value(C;) To ensure continuous retrieval, all disks in the system

are correlated does not affect the hardness of the problem. must satisfy the same condition (hamely, Eqg. 5). Conse-
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guently, the problem of maximizing the effectively sched- to provide deterministic service guarantees for all disks, we
uled bandwidth clips under FGS corresponds to a traditionalconsider only this worst case number of subtasks in our
single-bin, 0/1 knapsack problem with (one-dimensional)scheduling formulation.

(3
Tdisk’ "dzsk tiat
T

clip sizessize(C;) = T (from Eg. 5), and val-

uesvalue(C;) = %
much simpler version of the knapsack model developed fo
clustering and traditional knapsack heuristics can be used t
provide near-optimal solutions (Ibarra and Kim 1975; Lawler
1979; Sahni 1975). In fact, oltackCLips algorithm (with
number of bins/disks equal to 1) readily provides a 1/2-
approximate heuristic for the problem.

We should once again stress that, despite its conceptu
and algorithmic simplicity, FGS suffers from excessive disk
latency overheads that severely limit the scalability of the

scheme. This fact is analytically shown inEq. 5 and clearly — ¢; = n;

indicated in our experimental results.

5 EPPV under CGS

In the CGS scheme, the columns of a clip matrix are mapped
to (and, retrieved from) individual disks in a round-robin
manner (Fig. 3b). Consider the retrieval of a clip matfix
from a particular disk in the array. By virtue of the round-
robin placement, during each transmission(gf a column

of C; must be retrieved from that disk periodically, at inter-
vals of ng;.k rounds From Formula 4, each such retrieval

requires a fractlonrf“L of the disk’s bandwidth. Fur-
thermore, to support EPPV service, the transmissions; of
are themselves periodic with a peri@d=n; - T.

Thus, the retrieval of a clip matri’; from a specific
disk in the array can be seen as a collectiopafodic real-
time tasks(Liu and Layland 1973) with period; (i.e., the
clip’s transmissions), where each task consists of a collection
of subtasksthat areng;, - 7' time units apart (i.e., column
retrievals within a transmission). Moreover, the computation
time of each such subtask# +14:. An example of such
a task is shown in Fig. 3b. Note that the maximum number

of subtasks mapped to a disk 6y equals[nd — (e is

the number of columns i’;.) This number may actually
be smaller for some disks in the array. However, in order

We say that two (or more) clip retrievat®llide during

a round if they are all reading data off the same disk. Col-
Ty (as in Sect. 3). This is clearly a lisions play a crucial role in our scheduling problem. Our
Ialgonthms need to ensure that, whenever multiple retrievals

ollide during a round, their total bandwidth requirements

0 not exceed the capacity of the disk. Before addressing
the scheduling problems associated with this general model
of periodic tasks, we briefly review two special cases that
essentially correspond to the best and worst case workloads
for CGS.

=multiple (n4;s) for all 7. In this case, the re-
trieval of C; from a particular disk corresponds to a pe-
riodic real- time task with periody;s; - 7 and computa-

.. Maximizing the effectively sched-
uled bandW|dth can again be formulated as a general-
ized knapsack problem which, in fact, is identical to the
problem defined in Sect. 3.1, but with a slightly differ-
ent interpretation of terms: they; ;. unit-capacity bins
now correspond to rounds of lengthand the items cor-
respond to retrievals of clip columns. The main advan-
tage of CGS over clustering in this case, is its ability to
equally distribute the bandwidth and storage load across
all disks. Compared to FGS, the main advantage of CGS
is the reduced latency penalty for each clip, which im-
plies better scalability. In fact, a simple analysis shows
that, for this special case, CGS is guaranteed to outper-
form FGS for large disk arrays.

It is important to note that it is not always feasible to
reduce the general scheduling problem to this special
case, e.g., by “padding” clip lengths or periods so that
the equalityc; = n; =multiple(ng;sx) is satisfied. For
example, if the length of a clip is significantly smaller
than its period, them; < n; and padding the clip to the
length of its period is clearly not an effective solution.
For example, consider a clip with, = 1.5Mbps,i; =
5min, T; = 100 min, and a system witli’ = 1s and
ngisk = 10. Padding the clip’s length to reach its period
implies that 1 GB of storage is wasted per clip.
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— gcd(i, nj) = Land ¢; > ng;s, for all i,j # i.7 In this 6 The scheduling tree structure

case, using theChinese Remainder TheoreiiKnuth ) ) ) - )
1981), we can prove the following lemma. In the previous section, we identified the scheduling problem
) . that arises when supporting EPPV service under CGS and
Lemma 5.1. Assume that CGS is used for a collection eyamined some special cases. In this section, we address the
of clips such that gcd(,n;) = 1 for all i # j and  general problem. We first consider a model of simple peri-
¢i > naisk for all i. Then, during any time interval of  qgic real-time tasks and show that deciding the existence of a
lengthny - --ny - T', there exists a round at which the cojjision-free schedule is equivalentperiodic maintenance
retrievals forall clips collide. (Baruah et al. 1990; Wei and Liu 1983), a problem known
Thus, retrieval periods that are pairwise relatively primeto be intractable. Motivated from this result, we define the
correspond to a worst case scenario for CGS. That isnovel concept of &cheduling treeand discuss its applica-
there exists a round in which%— + ¢,,; units of time  tion in a heuristic algorithm for periodic maintenance. We
need to be allocated for egéﬁkcltai. The existence then show how the scheduling tree structure can handle the

of such worst case collisions means that CGS has tdnore complex model of periodic tasks identified in Sect. 5.

be overly conservative and is typically outperformed by
FGS.

6.1 Periodic maintenance scheduling

Consider the case of arbitrary retrieval periods. Using the o . .
GeneralizedChinese Remainder Theorem (Knuth 1981), we The k-server periodic maintenance scheduling problem (

can show the following lemma. PMSP)(Baruah et al. 1990) is a special case of the problem
) . of scheduling simple periodic tasks in a hard real-time en-

Lemma 5.2. Consider two clipsCy and Cz, and leta; = yironment. Briefly, thek-PMSP decision problem can be

min{ [n;kw , gcd%ff(z;x)k) }, i = 1,2. The retrieval of stated as followsLet C' = {C4,...,Cn} be a set of peri-

¢y and C; can be scheduled without collisioifsand only ~ ©dic tasks with corresponding periods = {ns,...,nx},
if aq +az < gcdur, no). where each; is a positive integer. Is there a mapping of the

i - . . the tasks inC' to positive integer time slots such that succes-
Lemma 5.2 identifies a necessary and sufficient conditiorsjve occurrences af; are exactly n; time slots apart and no
for the collision-free scheduling (ormergeability(Yu et al.  more thank tasks ever collide in a slotRote that ifu; is the
1989) of two clip retrieval patterns. Our result extends thejndex of the first occurrence «f; in a schedule fo, then
result of Yu et al. (1989) on merging two simple periodic the (multi)set of starting time slotsus, ..., ux} uniquely
patterns to the case of periodic tasks consisting of equidistarjetermines the schedule, sin€goccurs at all slots,; +j-n;,
subtasks. Furthermore, Lemma 5.2 can be generalized t9 > g
any number of clips if their periods can be expressed as  Baruah et al. (1990) have shown that, for any fixed value
n; =k -m; for all i, wherem; andm; are relatively prime 1 > 1 ,-PMSP is /2”-complete in the strong sense. Conse-
for all i # j. (Note that, for two clips, this condition is qguently, given a collection of simple periodic tasks with pe-

obviously true withk = gcd(ua, n2).) riods P, determining the existence of a collision-free sched-
Lemma 5.3. Consider a collection of clip&' = {Cy, ..., ule is intractable (i.e., it is equivalent to 1-PMSP). The ex-
Cn}, with retrieval periodsn; = k - m;, for all i, where IStence of ascheduling treestructure (as described below)

. . . . that contains all the periods iR, guarantees the existence
gedin, m;) = 1 fori # j. Let a; = min{ [ndkw ’ of a collision-free schedule. Furthermore, the starting time

W }. The retrieval ofC' can be scheduled without tsloégfor each task can be determined from the scheduling
ree.

Unfortunately, Lemma 5.2 cannot be extended to the gen® eflnfmon d6.1. Adscgeduhn%htr.e?s aftree _strr]tjcturﬁ consist-

eral case of multiple clips with arbitrary periods. In fact, INg of nodes and edges with Integer weights, where

in Sect. 6, we will show that deciding the existence of a 1. each internal node of weight can haveat most w

collision-free schedule for the general casefis”-complete outgoing edges, each of which has a distinct weight in

in the strong sense. Thus, no efficient necessary and suffi- {0,1,...,w — 1}; and,

cient conditions are likely to exist. The condition described 2. each leaf node represents a periadsuch thatn; is

in Lemma 5.2 can easily be shown to be sufficient for no  equal to the product of weights of the leaf's ancestor

collisions in the general case. However, it is not necessary, nodes.

as the following example indicates.

collisionsif and only if Y%, o; < k.

i ) , i B B We define thelevel of a node dr, edge) as the number

Exa_mple 1.ConS|der£hree clips with periods = 4,72 =6,  of jts proper ancestor nodes. Thus, the level of the tree’s
ng = 8 and letng;s; = 4. This set can be scheduled with ot is 0 and the level of all edges emanating from the
no collisions, by initiating the retrieval of’y, Cg, Cs al oot is 1. For any node:, let w(n) and e(n) denote the
rounds 0, 1, and 2, respectively. However, the inequality Nweight and the number of edgeswfrespectively. Also, let
Lemma 5.2 (extendedafor three clips) fails to hold, since ycegtor_node; (n) represent the weight of the ancestor node of
ng(TLlan27n3) =2< Zi:]_ o = 3. _—

8 To the best of our knowledge, no similar notion of tree structure for

7 The ged() function returns thgreatest common divisoof a set of periodic task scheduling has been proposed in the real-time scheduling
integers. literature (Stankovic and Ramamritham 1993).
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Fig. 4a. The scheduling tree structurb. A tree for the set of tasks in b Period placement when the node is split
Example 1

(multi)set of periods. Our algorithm is based on identifying
and incrementally maintainingandidate node$or schedul-
ing incoming periods.

n atlevelj, and letancestor edge,;(n) denote the weight of the
ancestor edge af at level j, wherej < level(n). Finally,
definer;(n) = []/_sancestor_node; (n) for 0 < j < level(n). o . ) ]

Consider a leaf node for period located at level. The Def_lnltlon 6.3. Ar_l internal noden at Ievel_l is candidate for
first slotw; in which the corresponding task is scheduled isPeriod  n;  if ~and only if  m_s(n)n
defined from the scheduling tree structure as follows: and ged((n), 7 "s) = w(w(n)

n)—e(n)"

! A periodn; can be scheduled under any candidate node

Ui = anceswf—e‘jgel(”i)+Za”065t0f—edgej(ni)'ijz("z‘)~(6) n in a scheduling tree. There are two possible cases:
j=2

Note that, by the definition of the scheduling tree structure,
the set of node weights on a path from the root to a leaf
(i.e., period) node representdfactorization of that period.
The edge weights along the root-to-leaf path intuitively iden-
tify the slot number moduli that the leaf node “occupies”
in the periodic schedule. Some additional intuition for the o - n
scheduling tree structure and the above formula is provided 1S is done as follows. Let = ged@w(n), 7 %1w;)- Node
in Fig. 4. The basic idea is that all tasks in a subtree rooted at 7 IS Split into a parent node with weight and child

— If m(n)|n; then the condition in Definition 6.3 guaran-
tees that: has at least one free edge at whichcan be
placed (Fig. 5a).

— If m(n) Jn; then, in order to accommodate;, under
noden, n must besplit so that the defining properties
of the scheduling tree structure are kept intact.

some edge emanating from nodet levell will utilize time nodes with weight“®, with the original children ofa

slot numbers that are congruentito (mod m;(n)), wherei divided among the new child nodes, as shown in Fig. 5b;

is a unique number between 0 amg(n) — 1. Satisfying that is, the first batch of% children ofn are placed

this invariant recursively at every internal node ensures the under the first child node, and so on. It is easy to see that

avoidance of collisions. this splitting maintains the properties of the structure.
Note that the existence of a scheduling tree for a set of Furthermore, the condition in Definition 6.3 guarantees

periodsP is only asufficient conditionfor the existence of that the newly created parent node will have at least one

a collision-free schedule. For example, the periods 6, 10, free edge for scheduling;.
and 15 are schedulable using start times of 0, 1, and 2, re-
spectively, although no scheduling tree can be built (sinceUle
gcd({6, 10,15}) = 1). However, using th&eneralized Chi-
nese Remalnder Theorem.ls stra|ghtforwarq to show th‘.”“ uled, all remaining periods only have to check a maximum
the existence of a;chedqll_ng forest as d?f'”ed below,_|§ of three nodes, namely the two closest ancestors of the leaf
both necessary and sufficient for the existence a CO”'S'OnTor n; and, if a split occurred, the last child node created
free schedule. in the split, for possible inclusion or exclusion from their
Definition 6.2. Let I3,..., I} be scheduling trees faPy, candidate sets.

The set of candidate nodes for each period to be sched-
d can be maintained efficiently, in an incremental manner.
The observation here is that, when a new peripis sched-

..., Py, where Py, ..., P is a partitioning of of the peri- As in Sect. 3, we assume each task is associated with
ods in P. The treesl’; and I'; are consistentif and only  a value and we aim to maximize the cumulative value
if, for eachn,, € P, andn; € P;, we haveu,, # w of a schedule. The basic idea of our heuristic (termed

(mod gcdf,,,, n;)). A scheduling forestor P is a collection  BuiLDTREE) is to build the scheduling tree incrementally in

of pairwise consistent scheduling trees for some partition ofa greedy fashion, scanning the tasks in non-increasing order
P. of value and placing each period in that candidate node

M that implies the minimum value loss among all possible
candidates. This loss is calculated as the total value of all
periods whose candidate sets become empty after the place-
ment of n; under M. Ties are always broken in favor of
Given the above intractability result, we present a heuristhose candidate nodes that are located at higher levels (i.e.,
tic algorithm for constructing scheduling trees for a given closer to the leaves), while ties at the same level are broken

Corollary 6.1. Determining whether there exists a schedul-
ing forest for P is equivalent to 1-PMSP, and, thus, it is
J-complete in the strong sense.



Algorithm BUILDTREE(C, value)

Input: A set of UET periodic task€ = {C4,...,Cxn} with cor-
responding period$® = {ni,...,ny}, and avalue() function
assigning a value to eact;.

Output: A scheduling treé” for a subsetC’ of C. (Goal: Maximize
ZCiGC’ value(C;).)

1. Sort the tasks irC' in non-increasing order ofalue to obtain a
list L =< C1,C5,...,CN >, wherevalue(C;) > value(C;+1).
Initially, I" consists of a root node with a weight equakhte.

2. For each periodic task’; in L (in that order)

2.1. Letcand(n;,I") be the set of candidate nodes foy in I".
(Note that this set is maintained incrementally as the tre
built.)

For eachn € cand(n;, I'), let I' U {n;}, denote the tree

that results whemn; is placed under node: in I'. Let

loss(n) = {C; € L — {C;} | cand(I" U {n;}») = 0} and
value(loss(n)) = > o, closs(n) value(C}).

Place n; under the candidate nodeM such that

value(loss(M)) = min, ccand(n,,r){value(loss(n))}. (Ties

are broken in favor of nodes at higher levels.) If necess
node M is split.

o)

S

2.2.

2.3.

ary,

24. Setl’ =I'U{n;}m, L = L —loss(M).
2.5. For each taskC; € L, update the candidate node set
cand(n;, I').

Fig. 6. Algorithm BUILDTREE

using the postorder node numbers (i.e., left-to-right order)
When a period is scheduled in, the candidate node sets for

all remaining periods are updated (in an incremental fash
ion) and the algorithm continues with the next task/period

(with at least one candidate ifi). Algorithm BUILDTREE
is depicted in Fig. 6.

Let N be the number of tasks iv. The number of
internal nodes in a scheduling tree is always going to b

O(N). To see this, note that an internal node will always

have at least two children, with the only possible exception

being the rightmost one or two new nodes created during th

insertion of a new period (depending on whether splitting

was used, see Fig.5). Since the number of insertions is
mostN, it follows that the number of internal nodesi§V).
Based on this fact, it is easy to show thawILDTREE runs
in time O(V®).

Example 2.Consider the list of periods n; = 2, n, = 12,
ngz = 30 > (sorted in non-increasing order afiue). Figure 7
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@ (b) (© (d)

Fig. 7a—d. Construction of a scheduling tree for the set of tasks in Exam-
ple 2

ul=0 u2=1

@

(b)

Fig. 8a,b. lllustration of the new splitting rule

at intervals ofng;s,. In this section, we propose heuristic
methods for building a scheduling tree in this generalized
'setting.

An important requirement of this more general task
model is that the insertion of new periods cannot be al-
lowed to distort the relative placement of subtasks already
in the tree. The splitting mechanism described in the pre-
vious section for simple periodic tasks does not satisfy this
requirement, since it can alter the starting time slots for all

Subtasks located under the split node. We describe a new rule

for splitting nodes without modifying the retrieval schedule

for subtasks already in the tree. The idea is to use a dif-

ferent method for “batching” the children of the node being
plit, so that the starting time slots for all leaf nodes (as
pecified by Eqg. 6) remain unchanged. This new splitting

rule is as follows:f the noden is split to give a new parent

node with weightd, then place at edge of the new node

(i =0,...,d— 1) all the children of the old node whose

parent edge weight was congruent;to (mod d). Our claim

that retrieval schedules are kept intact under this rule is a

illustrates the step-by-step construction of the scheduling tredirect consequence of Eq. 6.

using BUILDTREE. Note that perioch3 splits the node with
weight 6 into two nodes with weights 3 and 2.

6.2 Scheduling equidistant subtasks

In Sect. 5, we identified a clip retrieval under CGS as a pe
riodic real-time taskC; with periodn,; = TT (in rounds) that

consists of a collection ofhw subtasks that need to be

Example 3.Figure 8a illustrates a scheduling tree with two
tasks with periods:; = 6, n, = 6 assigned to slots 0 and
1. Figure 8b depicts the scheduling tree after a third task
with periodngz = 15 is inserted. Although there is enough
capacity for bothn; andn; in the subtree connected to the
root with edge 0, the new split forces to be placed in the
subtree connected to the root with edge 1.

In this setting, the notion of a candidate node is defined
as follows.

scheduledh; s, rounds apart. The basic observation here is
that all the subtasks af; are themselves periodic with pe- Definition 6.4. An internal noden at level ] is candidate
riod n;, so the techniques of the previous section can be usetbr period n; if and only if m;_1(n)|n; and there exists an
for each individual subtask. However, the scheduling algo< € {0, ...,d—1} such that all edges of with weights con-
rithm also needs to ensure that the subtasks are sched- gruenttoi (modd) are free, where = gcdgu(n)
uled together, using time slots (i.e., rounds) placed regularly

’ ﬂlil;(n))'
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Algorithm FREESLOT(n, n;, u) a method that ensures that if tfiest subtaskof a taskC;
does not collide with the first subtask of any other task in
the tree, then no other combination of subtasks can cause a

Input: A scheduling tree node, a periodn;, and a specific time slo
u

Output: TRUE iffn; can be scheduled in slatunder node:; FALSE collision to occur. This means that, once the first subtask of
otherwise. C; is placed in the scheduling, tree there is no need to check

1. If nis not a candidate for, then return(FALSE). the rest OfCZ-’.S subtasks |nd|v!dually.

2. Let | = level(n) and let t = ancestor.edge,(n) + Our algorithm sets the weight of the root of the schedul-
Zl:z ancestor_edge; (n) - m;_a(n). ing tree tong; s (This is _posgble since the’s are multiples

3 I ,ﬁH(n) does not divide: — ¢ then returmn(FALSE); of ng;sk.) By EQ. 6, this implies that consecutive subtasks of
Else lety = —»=t . a task will require consecutive edges emanating from nodes

m—1(n) . . .

4. Letd = gedfn;, w(n)) ande = uw modd. at the first level (i.e., the direct descendants of the root).

5. If all edges ofn labeledk - d+e, for k= 0,..., “®) 1 are free The basic idea of our method is to make sure that when
then return(TRUE); the first subtask of a task is placed at a leaf node, a num-
Else return(FALSE). ber of consecutive edges of the first-level ancestor node of

Fig. 9. Algorithm FREESLOT that leaf aredisabled so that the slots under those edges

cannot be used by the first subtask of any future task. By
our previous observation; — 1 =[,“—] — 1 consecutive
However, under our generalized model of periodic tasksedges of the first-level ancestor of the leaf fgr must be
a candidate node for; can only accommodate a subtask of disabled, starting with the right neighbor of the edge under
C;. This is clearly not sufficient for the entire task. The tem- which that leaf residess( is the number of subtasks 6f;.)
poral dependency among the subtask€’pfneans that our  This “edge disabling” is implemented by maintaining an in-
scheduling tree scheme must make sure dliathe subtasks  tegerdistancefor each edge: emanating from a first-level
of C; are placed in the tree at distancesngfsy. node that is equal to the number of consecutive neighbors of
One way to deal with this situation is to maintain candi- ¢ that have been disabled. Our placement algorithm has to
date nodes for subtasks based on Definition 6.4, and use @aintain two invariants. First, the distance of an edgsf
simple predicate based on Eq. 6, for checking the availabilitya first-level node is always equal to maxs;} — 1, where
of specific time slots in the scheduling tree. The schedulinghe max is taken over all tasks placed unden the tree.
of C; can then be handled as follows. Select a candidate nodgecond, the sum of the weight of an edgef a first-level
for n; and a time slot; for n; under this candidate. Place noden and its distance is always less than the weight of
the first subtask of’; in u; and call the predicate repeatedly (so that the defining properties of the tree are maintained).
to check ifn; can be scheduled in slat; + j - naisx, for ~ Based on the above scheme, we can define the notion of a

j=1,..., [ Ci 1 If the predicate succeeds for gl then  candidate node as follows.

Ndisk

C; is scheduled starting ai;. Otherwise, the algorithm can  pefinition 6.5. Let n be an internal node at levél Let n;
try another potential starting sleg. Algorithm FREESLOT,  pe 3 period and definé = gcdw(n), —2—). Node n is
depicted in Fig. 9, is a predicate for checking the availability ._ i ¢ periodn, if and only if sz(l?)rb)m and the
of a specific time slot, under a candidate nodefor period following conditions hold
n;. The correctness of the algorithm follows from the fact
that Eg. 6 can be rewritten in nested form as follows: 1. If n is the root nodey has a free edge.
2. If level(n) = 1, there exists an € {0,...,d — 1} such
that all (non-disabled) edges afwhose sum of weight
(ancestor_edge(n;) + ancestor_nodes(n;) - plus distance is congruent to € j) (modd), for 0 <
(... (ancestor_edge;_1(n;) + ancestor_node;_»(n;) - j < sy, are free.
3. If level(n) > 2,
3.1 there exists ahe {0,...,d— 1} such that all edges

u; = ancestor_edgeq(n;) + ancestor_nodeg(n;) -

ancestor_edge; (n;)) . . .) .

A problem with the approach outline above is that, even of n with weight congruent ta (mod d) are free;
if the number of starting slots tried fo€; is restricted and,
to a constant, scheduling each subtask individually yields 3.2 s; —1+ancestor_edges(n) < ancestor_node(n) ands; +
pseudo-polynomial time complexity. This is because the ancestor_edge,(n) is less than or equal to the weight of
number of scheduling operations in a trial will ¥ <), the (non-disabled) edge followingncestor_edge,(n),

wherec; = min{n;, &1 is part of the problem input. if there is such an edge.

We propose a polynomial time heuristic algorithm for the
problem. To simplify the presentation, we assume that everNote that clause 2 ensures that edge distances are main-
periodn; is a multiple ofng;.;. Although it is possible to  tained when first-level nodes are split. Based on the above
extend our heuristic to handle general periods, we believelefinition of candidate nodeBUILDEQUIDTREE (shown in
that this assumption is not very restrictive in practice. ThisFig. 10) can be used to construct a scheduling tree in polyno-
is because we typically expect round lengihso be in the  mial time. A proof of the correctness BfFUILDEQUID TREE
area of a few seconds and periddgo be multiples of some can be found in the Appendix.
number of minutes (e.g., 5, 10, 30, or 60 min). Therefore, it
is realistic to assume the smallest period in the system caixample 4.Consider three tasks;, C> and C3 with s1, s2,
be selected to be a multiple af;;s,. Our goal is to devise s3=2,1, 3, n1,ny,ng =12 18 10, andngy;s;, = 2. Figure 11



Algorithm BUILDEQUIDTREE

Input: A set of periodic task€' = {C1, ..

., Cn } with corresponding
periods P = {nq,...,nx} and avalue() function assigning a|
value to eaclC;. Each task consists of subtasks placed at inter
of Ndisk-

Output: A scheduling tred” for a subsetC’ of C. (Goal: Maximize

Zciec' value(C;).)

. Sort the tasks irC' in non-increasing order ofalue to obtain a
list L =< C1,Cy,...,CN >, wherevalue(C;) > value(Cj+1).
Initially, I" consists of a root node with a weight equahtg; ;..

. For each task’; in L (in that order)

2.1 Select a candidate nodefor n; in I". (Ties are broken in

favor of nodes at higher levels).
2.2 Ifw(n) fn;, split n.

2.3 Schedule the first subtask ©f undern. (Ties are broken in

favor of edges with smaller weights.)

2.4 Letd be the distance of the ancestor edge at the first leve

the leaf corresponding ta,.
Set the distance of this edge to r{axs; — 1}.

Fig. 10. Algorithm BUILDEQUIDTREE

@ (b) (©)
Fig. 11a—c.Scheduling equidistant subtasks with edge disabling

illustrates the three states of the scheduling tree after placin

tasksC1, C», andCj3, respectively.

6.3 Handling slots with multi-task capacities

als
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it is possible for a leaf node that is already occupied to be a

candidate for a period. Hence, the basic idea for extending

our schemes to this case is to keep track of the available slot
space at each leaf node and allow leaf nodes to be shared
by tasks. Thus, our notion of candidate nodes can simply be

extended as follows.

Definition 6.6. Let n be a leaf node for of a scheduling
tree I' corresponding to periog. Also, let S(n) denote the
collection of tasks (with periog) mapped ta:. Theload of
leafn is defined astoad(n) = 3" ¢ 5, size(C5).

Definition 6.7. A noden at level!l is candidate for a task
of C; (with periodn;) if and only if

1. n is internal, conditions in Definition 6.4 hold, or
2. nis external (leaf node) correspondingtp(i.e.,m;(n) =
n;), andload(n) + size(C;) < 1.

With these extensions, it is easy to see that BunLpE-
QUIDTREE algorithm can be used without modification to
produce a scheduling tree for the multi-task capacity case.

7 Combining multiple scheduling trees

To construct forests of multiple non-colliding scheduling
trees, trees already built can be used to restrict task place-
ment in the tree under construction. By Beneralized Chi-
nese Remainder Theorethe scheduling algorithm needs to
ensure that each subtask of taSk is assigned a slot;
such thatu; # u; (mod gcdg;,n;)) for any subtask of
any taskC; that is scheduled in slat; in a previous tree
within the same forest. This obviously is a very expensive
method and efficient heuristics for constructing scheduling

rests still elude our efforts. In this section, however, we
g)rovide a general packing-based scheme that can be used for
combining independently built scheduling forests. Of course,
for our purposes, a forest can always consist of a single tree.
Our goal is to improve the utilization of scheduling slots that
can accommodate multiple tasks.

Given a collection of tasks, scheduling forests are con-

An interesting property of the scheduling tree formulation isstructed until each task is assigned a time slot. We know
that it can easily be extended to handle time slots that cathat no pair of tasks within a forest will collide at any
fit more than one subtask (i.e., can allow for some tasks t@lot, except for tasks with the same period that are assigned
collide). As we saw in Sect. 5, this is exactly the case forto the same leaf node as described in Sect. 6.3. A simple
the rounds of EPPV retrieval under CGS. Using the notatiorconservative approach is to assume a worst case collision
of Sect. 3, we can think of the subtasks @f as items of
size size(C;) < 1 (i.e., the fraction of disk bandwidth re- size(F;) = max,, cr,{load(n;)}, wheren; is any leaf node in
quired for retrieving one column of clig;) that are placed
in unit capacity time slots. In this more general setting, ather, a forestt; has a valuevalue(F;) = 3 . f, value(C}).
time slot can accommodate multiple tasks as long as theiThus, under the assumption of a worst case collision, the
total size does not exceed one. Note that this problem is aproblem of maximizing the total scheduled value for a col-
generalization of thé-server periodic maintenance schedul- lection of forests is a traditional 0/1 knapsack optimization
ing problem £-PMSP), where all items are assumed to beproblem. A packing-based heuristic lilxckCrLips can be

of the same size (i.e%th of the capacity).

The problem can be visualized as a collection of unit

across forests. That is, we define the size of a forest as

F;, and the load of a leaf node is as in Definition 6.6. Fur-

used to provide an approximate solution.
In some cases, the worst case collision assumption across

capacity bins (i.e., time slots) located at the leaves of dorests may be unnecessarily restrictive. For example, con-
scheduling tree, whose structure determines the eligible binsider two scheduling treel§; and I, that are constructed in-
for each task’s subtasks (based on their period). With redependently. Let; be an edge emanating from the root node
spect to our previous model of tasks, the main difference i1 of 7 ande, be an edge emanating from the root nede
that, since slots can now accommodate multiple retrievalsof I. If e; mod (gcd, n2)) # e2 mod (gedg, no)) holds,
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then the tasks scheduled in the subtrees rooted ahde,

can never collide. Using such observations, we can devise
more clever packing-based strategies for combining forests.
As an example, consider the following strategy. Assume a

videos was equal te; = 1.5 Mbps. To model differ-

ences in video popularity, our workload comprised two
distinct regions: a “hot region” with retrieval periods be-
tween 40 and 60 min and a “cold region” with periods

collection of independently built scheduling forests:;}.
Let d be the gcd of all the root nodes of all the trees in
every forest. LetF;;(j), 0 < j < d, denote the collection of

all subtrees rooted at a first level node (i.e., a child of the

root) in each tree within foresk;, such that the weight of
the edge connecting the subtree to the root is congruent to
(mod d). As previously, we define the size and valud®(;)
assize(F;(j)) = max,, c r,(;){load(ny)}, wheren,, is any leaf
node in Fi(j), andvaiue(Fi(j)) = > ¢, cr. () value(Cr). Fi-
nally, let F'(j) denote the collection of aﬁ“;ej)’s for a fixed

between 150 and 180 min.

Workload #2 consisted of small video clips with lengths
between 2 and 10 min (e.g., commercials or music video
clips). The display rates for these videos varied between
2 and 4 Mbps (i.e., MPEG-1 and -2 compression). Again,
clips were divided between a “hot region” with periods
between 20 and 30 min and a “cold region” with periods
between 40 and 60 min.

value of j. We consider three different cases of the schedul\We experimented with each component executing in isola-

ing problem.

1. No subtasksln this case, each task is a simple peri-
odic task. We are then faced with a packing problem
that can be described aGivend collections of objects
F = {F(0),...,F(d — 1)}, for each collectionF'(j),

0 < j < d, determine a subsef’(j) of F(j) and a
packing of F’(5) in a unit capacity bin such that the
total valueZFi(j)eF,g] value(F;(j) is maximized Since

each collection an be treated independently, our prob

lem corresponds to a traditional 0/1 knapsack optimiza-
tion problem. Thus, knapsack heuristics (e.g., algorithm

PackCLIPS(F'(),1)) can be used for each collection
F(j) of objects. (The set of scheduled tasks is define
by the set of subtrees selected in the packing.)

. gcdQuaisk, d) > 1: In this case, if we sef to be equal to
gcd(rask, d), then the optimization problem is the same
as in case (1). In other words, in spite of the subtasks, w
can pack subtrees of different forests, rather than packin
the entire forest. This is because, if geglx,d) > 1
holds, then all the subtasks of a task reside in subtree

rooted at edges (emanating from the root) with weights

that are congruenttp (mod gcd@, ng;sk)) for somej
(0<j<a).

. Otherwise.With each forestF;, we associate al-di-
mensional size vector (with thg” component equal to
size(F;(7))) and a valuevalue(F;) = Z;lzl value(F; (7))
We are then faced with d-dimensional variant of our
original (i.e., worst case collision) packing problem, in
which forests are packed into &dimensional unit ca-
pacity bin with the objective of maximizing the accumu-
lated value. Again, heuristics (likBackCrips) based
on d-dimensional vector packing (Coffman et al. 1984)
can provide approximate solutions.

8 Experimental performance evaluation
8.1 Experimental testbed
For our experiments, we used two basic workload com-

ponents, modeling typical scenarios encountered in today’
pay-per-view video servers.

tion and with mixed workloads consisting of mixtures of
type #1 and type #2 workloads. For each experimental run,
an appropriate number of type #1 and/or type #2 video clip
requests were generated randomly, using a uniform distribu-
tion to select specific values for clip lengths, display rates,
and periods from the corresponding ranges. Note that the
ranges were actually discretized for our experiments. For
example, instead of the continuous range 90-120 we used
the set 90, 100, 110, 120. This allowed us not only to model
more realistic scenarios for our video server setting (e.g.,
support only a finite number of periods and display rates),
but also to avoid “bad” examples for our periodic scheduling

doroblem (e.g., periods that are relatively prime). We concen-

trated on scaleup experiments in which the number of gener-
ated video clip requests was chosen so that the total expected
storage requirements of the offered workload were approxi-

énately equal to the total storage capacity of the server. This

llowed us to effectively ignore the storage capacity con-
traint for the striping-based schemes. (For clustering, stor-
age capacities were accounted for by using the 2-dimensional
version of PACKCLIPS (Sect. 3.2).) Once the set video clip
requests in the workload was finalized, the requests were
handed to the appropriate scheduling algorithm for each data
layout strategy to try to produce a valid schedule given the
bandwidth and storage limitations of the server. For clus-
tering and FGS, we used the 2- and 1-dimensional version
of PAckCLips, respectively. For CGS, we employed our
scheduling tree building algorithm (to build a collection of
trees for the given periodic requests) followed by a sim-
ple tree-packing scheme based on the “worst case collision”
assumption (described in Sect. 7). In all cases, our basic
performance metric was theffectively scheduled disk band-
width (in Mbps); that is, the amount of the server’'s disk
bandwidth that each scheduling scheme was able to utilize
effectively for the given workload. (The graphs presented in
the next section are indicative of the results obtained over
different ranges of the workload parameters.)

The results discussed in this paper were obtained assum-
ing a bandwidth capacity of;;sx = 80 Mbps and a storage
capacity ofcy;sp, = 4 GB for each disk in the server. The
worst case) disk seek time and latency were setat =

4 ms and;,; = 9.3 ms, respectively, and the round length
wasT = 1 s. As part of our future work, we plan to exam-

— Workload #1 consisted of relatively long MPEG-1 com- ine the effect of these parameters on the performance of our
pressed videos with a duration between 90 and 120 mirscheduling schemes. Table 2 summarizes our experimental
(e.g., movie features). The display rate for all theseparameter settings.
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Table 2. Experimental parameter settings

Disk Params. Workload #1 Workload #2
rqisk 80 Mbps l; 90-120 min l; 2-10 min
cqgisk 4 GB T; 40-60 , 150-180 min T; 20-30, 40-60 min
tseek 24 mMs T 1.5 Mbps r; 2-4 Mbps
tiat 9.3 ms No. clips  20-200 No. clips  80-200
T 1ls Hot clips  5%-50% Hot clips  5%-50%
Workload #1, Hot Region: 30% Workload #1, Hot Region: 10%
450 T T T T 350 T T T T
CG Striping (Sched. Trees) —— CG Striping (Sched. Trees) ——
Q400 r Clustering (PackClips) - 1 2 a0l C|Sstgri(ng (PackCIipsg o |
a FG Striping s . 3 FG Striping -o--
2 350} 1 =3 -
£ £ 250+ 1
=] °
s 300 ; 4 s
2 " g 200} ]
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a 200 T a 150 ]
3 8
= 150 ] L
2 3 100 | b
S 100 | A £
n a
50 E
50 L 1 1 1 1 1 1 il 1
10 20 30 40 50 10 20 30 40 50
No of disks No of disks
Fig. 12a.Workload #1, 30% hotb Workload #1, 10% hot
8.2 Experimental results to type #1 workloads, the relative performance of clustering

and FGS schemes under this workload of short clips is sig-
The results of our experiments with type #1 workloads with nificantly worse. This is because both these schemes, being

hot regions of 30% and 10% are shown in Fig. 12a and bunaware of the periodic nature of clip retrieval, reserve a
respectively. Clearly, the CGS-based scheme outperformSPecific amount of bandwidth for every cff during every
both clustering and FGS over the entire range of values fofound of length7’. However, for clips whose length is rel-

the number of disks. Observe that, for type #1 workloadsatively small compared to their period this bandwidth will

and for the parameter values given in Table 2, the maXi_actually be needed only for small fraction of rounds. Fig-

mum number of clips that can be scheduled is limited byUre 13a clearly demonstrates the devastating effects of this

the aggregate disk storage. Specifically, it is easy to see th@2ndwidth wastage and the need for periodic scheduling al-

the maximum number of clips that can fit in a disk is 3.95 gorithms.

and the average number of concurrent streams for a clip is _Finally, Fig. 13b depicts the results obtained for a mixed
(0.3-3+07-1) = 16. Thus, the maximum bandwidth that workload consisting of 30% type #1 clips and 70% type #2

can be utilized on a single disk for this mix of accesses jsclips. CGS is once again consistently better than FGS and

1.6-3.95.1.5 = 948 Mbps. This explains the low scheduled clustering over the entire range of disk array sizes. Compared

bandwidth output shown in Fig. 12. We should note that int@ PUre type #1 or #2 workloads, the clustering-based scheme
> able to exploit the non-uniformities in the mixed workload

most cases our scheduling tree heuristics were able to schelf: X e )

ule the entire offered workload of clips. On the other hand,[© Produce much better packings. This gives clustering a

the performance of FGS schemes quickly deteriorates as tHgear Win over FGS. Still, its wastefulness of disk bandwidth

size of the disk array increases. This confirms our remarkd0"_Short clips does not allow it to perform at the level of

on the limited scalability of FGS in Sect. 4. The perfor- CGS.

mance of our clustering scheme under Workload #1 suffers

from the disk storage fragmentation due to the large clip i

sizes. We also observe a deterioration in the performance of Extensions

clustering as the access skew increases (i.e., the size of the

hot region becomes smaller). This can be explained as fol9-1 Improvements for long periods

lows: PackCrips first tries to pack the clips that give the

highest profit (i.e., the hot clips). Thus, when the hot regionIn general, the period; of a clip C; may be greater than its

becomes smaller, the relative value of the scheduled subségngthl;. The algorithms presented in Sects. 3 and 4 for clus-

(as compared to the total workload value) decreases. tering and FGS can be used to schedule such clips, however,
The relative performance of the three schemes for a typghey may be unnecessarily restrictive. This is because for

#2 workload with a 50% hot region is depicted in Fig. 13a. clustering and FGSPAckCLips reserves disk time equal

Again, the CGS-based scheme outperforms both Clusterinép L+, and nddi +tqt, respectively, everyl’

Tdisk isk ' Tdisk

and FGS over the entire rangeraf;,. Note that, compared units of time for cIipri. However, if the length the clip
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Workload #2 Hot Reglon 50% Mixed Workload (30% Iarge clips), 10% hot
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Fig. 13a. Workload #2, 50% hotb Mixed workload (30-70%), 10% hot

is much smaller than its period, then in evérytime slots 9.2 Conventional data layout

the reserved disk capacity i, — /; time slots is wasted.

The effects of this bandwidth wastage and the need for pePreviously in this paper, we assumed that clips are stored on

riodic scheduling techniques are also demonstrated in ouglisks using the matrix-based layout scheme. That is, each

experimental results in Sect. 8.2. column of a clip matrix is stored contiguously. A column
Under clustering and FGS, the retrieval of a diipcan s nothing more than the total amount of data that needs to

be modeled as a collection of periodic real-time tasks withpe retrieved in a round for all concurrent display phases.

periodT; = n; - T, where each task consists of a collection Thus, the matrix-based layout provides the nice property of

of ¢; subtasks that aré’ time units apart and have a com- reducing the disk latency overhead within a round for all the

putation time equal to the column retrieval time; {s the  concurrent phases to a singlg;. On the other hand, our

number of columns ir€;.) Note that the only difference be- scheduling and packing algorithms can also handle conven-

tween this task model and the one defined in Sect. 5 is thafonal data layout schemes that do not exploit the knowledge

the distance between consecutive subtasks is only one timef retrieval periods during data layout.

slot (rather tham;.;). Our scheduling tree algorithms and Assume the conventional data layout scheme that stores

the packing-based schemes for combining forests and treahe clip data contiguously on disk (i.e., stores the clip ma-

can easily be modified to deal with this case. trix in row-major order). This scheme has been the basis
Obviously, to deal with the storage dimension for clus- of most work on CM. Letb;, denote the disk bandwidth

tering, the packing-based scheme presented in Sect. 7 needgerhead for supporting the periodic retrieval of ofip. If

to become two-dimensional. That is, each forBsis char- T, < [;, thenb; is the same under both the conventional

acte(riZ(;]d(by a} two-dri]mensiogal Siﬁe (;/ectgrz [size1§ﬂ),h and the matrix-based scheme. HoweverTjf > [;, then

sizeo(F;)] (similar to the one described in Sect. 3.2), where Tory

size1(F;) is the maximum disk bandwidth requirement of clustering and CGS requirk, = [ W(”d ¥ fiar) Under

any task scheduled withifi; andsize,(F;) is the total stor-  conventional layout, and only; = {T ;f Ti +¢,,: under

age requirement of all the tasks scheduled withjnMore Ll

formally matrix-based layout. Similarly, ifl; > I;, then FGS re-
’ quiresb; = [f}(% t1a¢) under conventional lay-
tiat = | Ty N
size1(F}) = Maxe, c r, {%} and out, and onlyb; = [TW o * liee Under matrix-based
layout. Thus, our packing and scheduling algorithms remain
. , ; _ b, i}
sizes(F}) = Zc o Z i, th_e same ongéz and, thussize1(C;) = 7— >+ are appro
i priately redefined.

Using these definitions, the two-dimensiori2hckCrLiPs
algorithm can provide an approxmate solution to the value
maximization problem for a given collection of forests. Note -3 Random access service
that, if the number of subtasks of a tagk is equal to

n; = L, thenC; will occupy all available time slots in a In addition to supporting EPPV service, our tree-based
scheduling tree. Thus, if; > I; holds for each clig’;, our ~ Scheduling algorithms can also offer supportfandom ac-
scheme reduces exactly to the one in Sect. 3. cessservice models, where resource reservations have to be

FGS can be handled in a similar manner. In this casepPlaced to allocate an independent channel for each admitted

each foresf¥; is characterized by a scalar (i.e.,one-dimensio- client.
dj to Most CM storage systems are built using the round-based
nal) sizesize;(F;) = maxc;cr, {%} and forests  disk scheduling/buffer management algorithm described in

can be packed using one unit capacity bin. Sect. 2. That is, data for CM streams is retrieved into a
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buffer cache from disks in rounds of lengih For each rate ofr; = 1.5 Mbps. Both schemes will support approx-
stream(;, a buffer of size 2 T - r; is reserved for the imately 21 requests. Now, let us assume after a while all
duration of the stream and a disk time of Iengfdlifi + 4t the incoming requests have a ratergf= 288 Kbps. If the
is reserved in every round. In each round, while the streanvalue of " is not changed in the basic round-based scheme,
is consumingT” - r; bits of data from the buffer cache, the this scheme can support approximately 99 requests with rate
nextT - r; bits of data that the stream will consume in the r2. On the other hand, the scheduling-tree based approach
next round is retrieved from disk into the buffer cache. Thecan support 1092 requests with rate
optimum value ofl" that maximizes the throughput depends
on the available buffer space, disk bandwidth, latency and
rates of the incoming stream requests. In order to maximizelO Conclusions and future research directions
the throughput under this basic round-based approach, the
value ofT (i.e., the length of the round) needs to be changedn this paper, we have addressed the resource-scheduling
dynamically depending on the incoming requests. Howeverand data organization problems associated with supporting
changing the value d¢f dynamically complicates the system EPPV service in their most general form; that is, for clips
design. with possibly different display rates, periods, lengths. We
An alternative strategy for supporting continuous re- studied three different approaches to utilizing multiple disks:
trieval of CM data is to prefetch a constant amount, sayclustering, FGS, and CGS. In each case, the periodic na-
d bits, for each stream independent of its rate and maintairture of the EPPV service model raises a host of interest-
a fixed round size. The consumption timedbits depends ing resource-scheduling problems. For clustering and FGS,
on the rater; of a streanC;. More specifically, if we denote we presented a knapsack formulation that allowed us to ob-
this time by P;, thenP; can be estimated a3 = Ti Hence, tain a provably near-optimal heuristic with low polynomial
for each streant;, instead of prefetching - r; bits in ev-  time complexity. However, both these data layout schemes
ery round,d bits can be prefetched in evepy = Z: rounds.  have serious drawbacks: clustering can suffer from severe
Thus, in everyp; rounds,—2— +#,; time must be reserved storage and bandwidth fragmentation, and FGS incurs high
for a streamC; (If each cliuﬁsiks striped oveng;,, disks in a disk latency ovgrheads that limit its scalablh_ty. CGS, on the
round-robin manner, thed bits need to be retrieved from a other hand_, avoids thes_e problems but requires sop_h|sjucated
' hard real-time scheduling methods to support periodic re-

disk in everyng;si - p; roundsm and in this case we denote | Iy .

: : o trieval. Specifically, we showed the EPPV scheduling prob-
h f ;). Prefetch ; S o .
this number of rounds by,). Prefetchingl bits in everyp, lem for CGS to be a generalization of the periodic mainte-

rounds ensures that streaffy will have sufficient data to . . .
display the corresponding clip continuously. This length is"ance scheduling problem (Wei and Liu 1983) and devel-
ped a number of novel concepts and algorithmic solutions

independent of a stream’s rate and constant for each strearfj! . . .
Moreover, in order to reduce the buffer space requiremen[o address the issues involved. We also presented a prelim-

of a stream from 24 to d+T'-r;, one needs to schedule each 'Nay set of experimental results that verified our expecta- -
retrieval for C; exactly p; units apart. Thus, this approach tions about the average performr_;mce of the threg schemes.
results in a collection of simple periodic tasks. clustering can lead to fragmentation and underutilization qf
In this alternative approach, for each disk (thererag; resources and the perfo_rmance of .FGS does not spale lin-
disks in the case of CGS or Clustering and one “big” disk inearly in the number of dISkS due to increased latencies. Our
case of EGS aTZz'tffe’“ scheduling trees can be maintained. n(_)vel tree-based aI_gonthm for CGS emerged as the clear
Taion Ttiat winner under a variety of randomly generated workloads.
When a new strear@; arrives, the admission controller can Finally, we demonstrated that the novel resource-scheduling
check whethelC; can be inserted into any of the schedul- framework developed in this paper is powerful enough to
ing trees and whether theredst T" - r; bits of buffer space  handle a number of different multimedia-related scheduling
to reserve forC;, and if this is the case, strea@} can be  problems.
admitted. The scheduling tree ensures that the data retrieval The EPPV service model and the scheduling tree frame-
for each stream within the tree will never collide in the samework proposed in this paper suggest several directions for
round with the data retrieval for another stream in the treefyture research.
On the other hand, the data retrieval for a stream in ong1) Handling task release/departure dat@$ie schemes pre-
tree may collide in a round with the one of another streamsented in this paper are based on the assumption that the
in another tree. However, the number of data retrievals thaperiodic tasks corresponding to the retrieval of clips from
collide in a round will never excee@;z%ﬁglz’} since only so  the EPPV server are all available to be scheduled at time 0.

) ) disk
many trees are maintained for each

disk. Since each rounfurthermore, the tasks apermanentin the sense that, once
has enough capacity for retrieving=2 :te,lek . d bits from  Scheduled, they will not depart from the system (at least, not

_ ) Tdisk i until the server decides to reschedule its offerings). In real
a disk, this approach ensures that each stréamwill al-  jife however, the clip retrievals will have specifielease
ways have sufficient data to display the corresponding clinang departuredates that limit their lifetime in the playback
continuously, while requiring onlyi + 7 - r; buffer space.  program. For example, the offering of an R-rated presenta-

tion should probably be limited to the evening hours (e.g.,
Example 5.Consider a single disk system witly;s, = 40 9pm to 5am). A possible solution using the existing methods,
Mbps, t;.¢ = 9.3 ms andt...r, = 14 ms. Suppose that the would be to construct multiple scheduling trees for differ-
value ofT' is set to 1 s irboth approaches. Letbe 1.5 Mb.  ent time intervals (based on expected releases/departures)
Suppose that for a while all the incoming requests have and then constrain the algorithm that combines trees to only
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combine trees for the same interval. A more general apincorporated into our framework. More complicated prob-
proach would be to try to directly incorporate the conceptlems arise when the differences in the clip display rates are
of release and departure dates in the scheduling tree strusuch thatdifferent round lengthshave to be used for dif-
ture. The main idea is that the scheduling structure neederent clips in order to use disks and memory effectively.
some way of accounting faiemporary periodic tasks that For example, clips with small rates should use large round
are active only during specific time intervals. This essen-lengths to reduce the disk bandwidth wasted to latency over-
tially corresponds to an extension of our model of periodicheads, whereas clips with large rates should use smaller
real-time tasks, where thaffering of a clip itselfcan be ei- round lengths to reduce their buffer requirements. Handling
ther periodic (e.g., daily 9pm-5am) or one-shot (e.g., a livedifferent round lengths requires significant and non-trivial
debate on November 12). Designing scheduling structuresxtensions to our scheduling tree framework and methodol-
and algorithms for this extended task model is a challenginggy.

and important problem for future research. (5) Dealing with variable bit-rate (VBR) data-he schemes

(2) Incorporating memory bufferingrhe schemes presented presented in this paper can deal with VBR data using stan-
in this paper assume that: (1) the minimum possible amountlard techniques. For example, the server can push data for
of buffering is provided to each active stream; and, (2) theclip C; at a constant rate; and sufficient buffer space is al-
buffering constraint can never be the bottleneck when decidlocated at the client to smooth variations with respect;to

ing the subset of the clips to schedule (i.e., there will alwaysNote that, by the nature of EPPV service, different display
be enough buffers to support the clips chosen). When serveshases of the same clip will typically (assuming the clip’s
memory is scarce, assumption (2) may not be valid. In suctperiod is smaller than its length) overlap in time, and, conse-
cases, the buffering constraint can be incorporated in ouquently, share resources such as disk bandwidth and buffer
scheduling framework by viewing buffer requirements as anspace. This presents possibilities for additional optimizations
additional dimension to the “size” of a clip. Our schemesfor VBR data under EPPV, by controling the overlap of con-
can then be readily extended usingvector-packingfor- current streams on the same clip to reduce their combined
mulation, as in the 2-dimension®RAckCLips algorithn? . resource requirements (e.g., overlapping bandwidth “peaks”
Note that the buffer constraint can be ignored if the bufferin one phase with “valleys” in another). Exploring such op-
size is at least 27T - rg;sk - Naisk- The situation is much timizations is left as an open issue for future research.
more interesting when assumption (1) is invalid. The exis-

tence of additional memory buffers allows the clip retrieval
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Each of the firstiy;,, bins isat least half-full(by virtue

of first-fit and decreasing clipizeS).

The bin capacity filled up to now b¥f; was filled at a
value density that is greater than or equal to the density
that the optimal algorithm would use to fill the corre-
sponding part of the bin(s) (by the order of clip place-
ment).

Let Vi, (m) denote the total value of the first — 1
s in the list (already packed in the firat; s, bins). By

timedia Database Systems: Issues and Research Directions”, Springe@bservations (1) and (2) it is clear that the remaining capacity

Berlin Heidelberg New York, pp 237-261

at that point cannot contribute more thafy, (m) to the
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optimal solution. From this and observation (2) we concludel/4-th of that capacity (before placing a clip in dislgsx+1).
that Further, by the order of clip placement, we know that that
1/4-th was filled at themaximum possible densitipr the
Vorr < Vin(m) + Vi, (m) < 2 Vi, <2 Vi given set of clips. Thus, the total “capacity” of the optimal
solution cannot possibly contribute more tharvdlue(Sg)

Proof of Lemma 3.2We extend the length functiokf) (de- to the total value. This obviously implies the result.

fined in Sect. 3.2) to sets of-dimensional vectorsS as

follows: Letw =3, . o v, theni(S) = maxi<i<a{W[i]} (.., proof of Lemma 5.1 Assume that the retrieval af; from
the maximum component of the vector sum of all elements, particular disk is initiated at time slot. Then, the slots

of S). The following result_establishes an ir_nportant property(partia"y) occupied by the retrieval af; from that disk are
of the vector length function that is used in our worst casegiven by the equation = t; +k - n; + j - ngss,, Wherek > 0

analysis. Its proof is based on a “pigeonhole argument” (seeél d0< i .
for example, Garofalakis and loannidis 1996). navsy< [ndk '

N ] ] ) Thus, givent;, the slots for clipC; are characterized by
Proposition A.1. Let S be a collection ofd-dimensional 3 set of> 1 moduli: w;; =t modn; = (t; + jngisk) modn;

vectors and lef5y, . .., .S, beany partition of S. Then,

for0<j < [H:—J The Chinese Remainder Theorem can

> =1 1(Si) <US) < Z 15)). now be directly used to obtain the result.

d ;
=1 Proof of Lemma 5.2.0ur proof uses the following ancil-

lary result, which is a direct consequence of @eneralized

Consider the i_tem.s in orde'r of decrgasing value d,e”SityChinese Remainder TheorefiKnuth 1981). It provides nec-
and letCy,, be the firstitem that is placed 'n.th@ié"fﬂth b|_n essary and sufficient conditions under which collisions will
by PAackCLips. Let B;, 5; denote the fraction of bandwidth  ccy'in a fixed schedule of periodic clip retrieval tasks.

and storage capacity (respectively) of thth disk (1< j <
naisk) that is used by clips mapped onto that disk. We also_ emma A.1. Consider a specific disk and let denote the

used; to describe the vector with componeris and 5. start time for the retrieval o€; andn = lcm(ny, . .., ny)
The first-fit rule used by our heuristic ensures that when(je. the least common multiple afs, ..., ny). Also,

C,, is pushed to the extra disk we have

let U5 = (ti +7j- ndisk) modn,; for 0 < 7 < ndclk .

max{ B; +sy[1], S +sn[2]} > 1 Then, in any interval of lengtn (after all retrievals are
for every diskj = 1,..., ngisk- initiated) there exists exactly one time slot where all re-

Since decreasing value density implies decreasing valueievals collideif and only if for all 1 < i < k < N,

for 5;[1] ands;[2] < 3, the above condition implies that uij = up (Mmod gedf,,ng)) for some combination of
1 1 0<ji< [H:J and 0< I < LL;"—’@J
Bj>1—E or Sj>1—§
Observe that, by its definitiony, is exactly the number

or, equivalently:(d,) > 3 for every diskj = 1,. .., ngisk. of distinct moduli (mod gcdg1, n2)) that are “occupied” by

Let Sy denote the sets of clips packed in the fitgts,.  the retrieval of clipC;. To see this, assume that the re-
bins by our heuristic. LeSopr be the set of clips sched- trieval of C; is initiated at some time slot. Then the
uled by an optimal policy. Consider the partitions of thesepattern of the time slots occupied I6y; (mod gcdga, n2))
two setsSy, . .., Sy and S pr, - - ., Sop produced by will start repeating itself as soon as the condition+
our heuristic and the optimal policy, respectively. We alsok . ng;,,, = = (mod gedfy,no)) is satisfied, or equiva-
use these symbols to represent the corresponding collectioently % - ng,, = multiple(gcd@a, ny)). This equality will
of size vectors (i.e.57, is also the collection of size vec- be satisfied for the first time when the right-hand side
tors packed in thg-th disk). Using Proposition A.1 and the equals lcmtg;sk, gcd, n2)), i.e., the least common mul-
analysis outlined in the previous paragraph, it is easy to seéple of ngs, and ged(ng, n2). Thus, the number of dis-

that tinct moduli (modgcdg.,n2)) occupied by C; is either
= leMngier.gedin,ne) —  geda,ny) ; P
Ndisk = ndzk USHpr) = 2 Z U(s;) and b= fdisk = G, e (USING the iden
= 2 C.eSapr tity lem(z,y) = gcg('ﬁy)) or ["?J whichever is smaller.
. Ndisk Also observe that by the form of the retrieval patterns, these
disk o Z I(Sy) < Z I(si), a; moduli occupied byC; are regularly spacecd; s (mod
2 j=1 CieSy gcd(ny, np)) time slots apart).

Thus, it is easy to see that, if the condition + a; <

which implies gedua, o) is satisfied, then it is always possible to “shift’

I(s) > 1 I(s) one of the patterns so that no collisions occur. On the other
Z Si) > 4 Z Si)- hand, if g + oz > gecdy, n2) then a simple “pigeonhole
Ci€Su Ci€Sorr argument” shows that the moduli equality in Lemma A.1 will

Thus, if we consider the optimal solution as a “bin” with always be satisfied (for some combinatiori ahdj). Hence,
total capacity ofy ©, ¢ ... [(Si), the above inequality guar- the retrievals ofC; and C; will collide. This completes the
antees that th&ackCrips heuristic will fill up more than  proof.
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Proof of Lemma 5.3The proof proceeds in a manner exactly and C; in a partition,u; modng;s, = uj modng;., holds,
similar to the proof of Lemma 5.2 (using the observation thatwhere v; and v/ are the time slots in which subtasks
ged(u, ny) = k for all i # ). C; and C; are scheduled, respectively. Since the distance

Correctness of algorithMBuiLDEQUIDTREE. The correct- between two consecutive SUbt§Sks of a tasmd%.’“.’ aII_
the subtasks of a task will be in the same partition (i.e.,

ness of BUILDEQUIDTREE relies on the following claim. 7, d — ) d 0 < i
Given a set of tasks, there is a collision-free schedule, if thééi mot "é"sk’ dit (ug ) i 'tﬁdislﬁ) TO ﬁtdiskk’ '_th'j Th 5i)-
tasks can be partitioned intey; ;. partitions such that the ue to tondiion 2.1, the Nirst sublasks within theé same
: o~ subpartition do not collide. Furthermore, Condition 2.1 im-
following conditions hold. : X X :
plies that for any pair of taské’; and C; in a subparti-
1. For each partition, there is an integémwhich is a mul- tion, ufmodd—u}modng;.x _ u;MOdd—u;modna;si holds. Let us

. : L , . = -
tiple of nq;s, that divides the periods of all the tasks in enumerate the subpartitions of Fa kpartltlon by the value of

that partition. modd— o’ modr.en
2. Each partition can be further partitioned into subparti- —— -, Whereu; the time slot in which the first
tions such that the following hold. subtask of a tale in that subpatrtition is scheduled. Since
g
2.1 The first subtasks of any pair of task$ and C; u;modd—u; MOUnaisk g (4i*Maioh)MOM — (i *raisk)MOGRaisk if_

in each subpartition can be scheduled coII|5|on freefer only by one, in such a schedulé, the subtasks of a task
in time S|0t5 u; and u; such thatu; mod - will be in consecutive subpartitions of a partition. Once the
first subtask of a task’; is scheduled in a subpartition, due to

sk

(7
’ iy Condition 2.2, we can ensure that in the next 1 subparti-
2.2 E"d”k Sfmm < o, wheres],,, is the maxi-  {ions none of the tasks’ first subtask is scheduled, we ensure
mum of the number of subtasks of any task in thethat none of the subtasks of the tasks scheduled within a
subpartition. subpartition will collide with any of the subtasks scheduled

within a different subpartition of the same patrtition. Further-
more, it is straightforward to prove that, if the first subtasks

of two tasks are scheduled within the same subpartifion
without collision, none of their subtasks will collide provided
that none of the tasks’ first subtask is scheduled in the next
sJ  — 1 subpartitions.

We will now prove that, if tasks can be partitioned such
that if Conditions 1 and 2 hold, one can generate a collision-
free schedule by modn‘ymg each; in each partitiony,

0 < j < ngisk, by u} = j +u; - ngisk. Obviously, the
subtasks of tasks W|th|n subpartitions of different partitions
cannot collide. This is because for any pair of subtaSks

ma.



