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Abstract. Excessive buffer requirement to handle 1 Introduction
continuous-media playbacks is an impediment to cost-
effective provisioning for on-line video retrieval. Given the 1.1 Motivation
skewed distribution of video popularity, it is expected that
often there are concurrent playbacks of the same video filé\ principal goal in designing &OD server is to support as
within a short time interval. This creates an opportunity to many concurrent streams as possible with minimum amount
batch multiple requests and to service them with a singleof resources, e.g., disk bandwidth and memory buffer. In
stream from the disk without violating the on-demand con-supportingjitter-free playback of continuous-media streams,
straint. However, there is a need to keep data in memong certain amount of memory buffer needs to be allocated
between successive uses to do this. This leads to a buffédp synchronize the asynchronous disk operatioesieval,
space trade-off between servicing a requesh@mory mode with synchronous playback oepration. An important factor
vs. servicing it indisk-mode In this work, we develop a governing synchronization buffer size is the disk-scheduling
novel algorithm to minimize the buffer requirement to sup- strategy. A common characteristic of disk-scheduling in
port a set of concurrent playbacks. One of the beauties of theontinuous-media playback is that the synchronization buffer
proposed scheme is that it enables the server to dynamicallgize increases extremely rapidly as disk bandwidth utiliza-
adapt to the changing workload while minimizing the total tion reaches 100%.
buffer space requirement. Our algorithm makes a significant It is not unreasonable to assume that the user access
contribution in decreasing the total buffer requirement, espattern shows some degreesikewness.e., most of the re-
pecially when the user access pattern is biased in favor of guests are for a small number loft files, while the rest of
small set of files. The idea of the proposed scheme is modthe files are rarely accessed. This characteristic was studied
eled in detail using an analytical formulation, and optimality in a user survey on commercial video rental [vid92]. In a
of the algorithm is proved. An analytical framework is de- VOD environment, individual playbacks are interleaved ac-
veloped so that the proposed scheme can be used in comigierding to their respective arrival times. Further, some of the
nation with various existing disk-scheduling strategies. Ourplaybacks are for the same file (or video title). Thus, in a cer-
simulation results confirm that under certain circumstancestain situation, it may be better for a playback to use the data
it is much more resource efficient to support some of theblocks which have been loaded by the preceding playback,
playbacks in memory mode and subsequently the proposeitistead of reading the blocks directly from the disk, which is
scheme enables the server to minimize the overall buffecalled memory-modelayback. In memory-mode playback,
space requirement. playback does not require memory buffer for synchroniza-
tion, but an appropriate amount of buffer space needs to be
Key words: Multimedia — Disk scheduling — Data retrieval allocated to retain the data blocks loaded by the preceding
— Buffer management — Synchronization stream in memory. The amount of buffer space for memory-
mode service is linearly proportional to the interval length
between the playbacks, and the playback bandwidth. Further,
the buffer space requirement for memory-mode playback
not affected by aggregate disk bandwidth utilization.

Per playback buffer space requirementdk-modeser-
vice, where playback reads the data blocks from the disk,
increases with the aggregate disk bandwidth utilization, even
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number of ways to service a given set of playbacks. Ondashion and the overall disk bandwidth utilization changes
extreme is to support all the playbacks from the disk re-dynamically. Subsequently, buffer requirements for individ-
trieval and the other extreme is to pre-load all the requiredual disk-mode playbacks change dynamically as well. We
files into the main memory to avoid any disk operation. We develop an analytical framework which computes the buffer
exploit the characteristics of the two ways of supplying datarequirement of the disk-mode playback. We develop an algo-
blocks to a playback, and propose a scheme to compromiséthm, calledSMDP, which efficiently determines the ser-
these two extremes, providing the best (or minimum) totalvice mode of the playback minimizing the overall memory
buffer requirement. buffer requirement. When there is a change in disk band-
width utilization, i.e.,arrival of a playbackor termination of
a playback SMDP algorithm is dynamically executed to
1.2 Relation to the previous work re-examine the service modes of the individual playbacks.
The rest of the paper is organized as follows: Sects. 2
Recent years have seen a number of studies discussing the mad 3 describe the buffer requirement to maintain a set of
sues in multimedia server design [AOG92, CKY93, KHS94, playbacks from disk and memory, respectively. In Sect. 4,
RVR92, RW92, GKS96, TF98]. Anderson et al. [AOG92] we explain the characteristics of each service mode. Section
modeled continuous-media playback from the view point of5 describes the service-mode determination problem and the
a consumer/producer relationship and established a mathproposed approach. In Sect. 6, we generalize the proposed
ematical model for its playback requirement. Initial focus idea to a heterogeneous playback environment and explain
in this area was on how to providmntinuity in playback the overhead of service mode transition. In Sects. 7 and 8,
operation during frame retrieval from the disk, whose be-we provide simulation results for the proposed algorithm
havior is asynchronous in nature. Rangan et al. [RVR92]Jand the conclusion, respectively. The appendices contain a
modeled theFIFO disk-scheduling algorithm to preserve detailed analysis of the proposed scheme and the proofs of
the continuity requirement. Kenchammmna-Hosekote et althe lemmas.
[KHS94] used thesCANscheduling algorithm in supporting
continuous-media playback and established the formula for
the continuity requirement. Chen et al. [CKY93] proposed 2 Buffer requirements
the group sweep scheduling(GS&yorithm which is a hy-  for continuous-media disk retrieval
brid betweernFIFO and SCANscheduling. Each scheduling
policy has its own advantages and disadvantages, which an@ retrieving data blocks from a disk, a certain amount of
later discussed in detail. Reddy et al. [RW92] approachedbuffer space needs to be dedicated to each session to syn-
the problem of supporting continuity from the viewpoint of chronize the asynchronous disk retrievals and synchronous
real-timesystems. In addition to head-scheduling issues in glayback. We call the memory buffer for this purpose a syn-
single disk, there have been a number of studies on how tehronization buffer. To support multiple playback sessions
design a disk subsystem for a continuous-media file servetconcurrently, a set of disk retrieval (or read) operations need
[GC92, Gem93, VGGG94a, VGGG94b, OBRS94]. A multi- to be executed periodically. Individual disk-read operations
media stream requires guaranteed disk bandwidth to produdeave to be completed by their respective firm deadlines.
atimely flow of data. The disk-scheduling algorithm focusesTo guarantee the completion of a disk-read operation by its
on supporting multiple streams without violating the timing deadline, a certain amount of system resources have to be re-
constraints. [PD93, Ant96] expand the disk-scheduling algoserved. Playback of a continuous-media file requires various
rithm to array of disks. It is possible that a playback usestypes of resources, i.edjsk bandwidthand main memory
the data blocks that have has been loaded by a preceding
playback. In this case, memory buffer for disk 1/O is not re-
quired for the latter stream. Dan and Sitaram investigated th@.1 The schedulability condition
idea of maintaining in memory the data blocks used by one
playback for a certain period of time, to be utilized by the We formulate the general constraints in disk-scheduling for
subsequent playback request, calleérval cachindDS93].  continuous-media playback. Let= {s1,...,s,} be a set
They used a Markovian model to obtain the probability of of n streams, and let; be the playback rate for stream
future utilization of in-memory data blocks. Recent efforts s,. n, and b are the number of disk blocks to be fetched
have incorporated the concept odningin disk layout for  for s; in a cycle and the size of a block, respectively. A
continuous-media file systems [Gha95, Ren96]. cycleis the length of the time interval between successive
bursts of disk-read operations. LE(s) be the length of the
cycle for playbacks. To ensure jitter-free continuous-media
1.3 Contributions playback, the amount of data blocks fetched from the disk
within a cycle should be no less than the amount of data
In this work, we first build an analytical framework for mem- consumed by playback during the same amount of time.
ory buffer requirement as a function of disk bandwidth uti- This constraint can be formulated as Eq. 1.
lization. We analyze the asymptotic behavior of the memory
buffer requirement which is independent of individual disk- Vibn; > riT(s). @)
scheduling algorithms. . . 1 We assume that system bus bandwidth, CPU, etc. are at a lesser pre-
Due to the nature of aan-demandservice environment,  mium compared wittdisk bandwidthor main memoryand hence do not
playback requests arrive at the server in a non-deterministi€onsider them in this context.
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On the other hand’(s) should be no less than the total time O(s). We first model the seek time behavior of the disk
required to read the blocks for all playbacks in a cycle. Eacthead movement. A number of experimental measurements
stream requiresn; bytes to be loaded from the disk. Thus, have resulted in the following model of seek time behavior

T'(s) can be expressed as follows: [RW94, WGP94].
= bn; _Jar+bzifz < ¢
IS = Zl (Bmaz * 6i> Ticer = {az +byxr  Otherwise “)

3

bn; n Here,z andc denote the seek distance and threshold value,
5t Z d; . (2)  respectively, in terms of the number of cylinders. In the HP
=1 AT =1 97560 disk,ar, b1,a and b, are 3.24 ms, 0.4 ms, 8.0 ms
Total buffer size is proportional to the length B{s)(Eg. 1). and 0.008 ms, and is 383 cylinders [RW94]. LeC be
Thus, in our effort to find minimum buffer requirement in the number of cylinders in the disk. We establish an upper
supporting a set of playbacks, we replaesvith = in further ~ bound for head-positioning overhead in supporting a set of
derivation stepd; in Eg. 2 is the head re-positioning over- playbackss= s, - -, s,.
head in switching the disk-read operation from one play- In the SCANscheduling algorithm, the disk head scans
back to another. Detailed modeling and analysis of op-the cylinder from the center of the platter outwards (or
erational overhead requires rather sophisticated techniquedce versa), and reads the data blocks in cylindrical order.
and an analytical formulation which incorporates all the Thus, the respective cylinders are visited once in each cy-
factors, e.g.,seek latency cruise time settle-down time  cle. The upper bound on the overheadSi@ANscheduling,
head changeetc., is virtually impractical for our purpose. Oscan(9), is expressed as in Eq. 5, given thet; < ¢
[RW94, WGP94] provide good summaries of disk internals.[KHS94]. This formulation is due to the fact that when the
B, is the maximum data transfer rate, which is governedinter-cylinder distance is shorter than a certain threshold,
by the rotational speed and magnetic density of the diskseek time is proportional to the square root of the distance:
plate. In disk 1/O operations, head repositioning overhead -
is non-trivial. Consider a disk spinning at 7200 RPM with — () _ /
5 ms average seek time. It can transfer data at 5 MBpstSCAN(S) (n=1) <al+bl n— 1) ’ ©)
i.e., it takes 0.4 ms to read a 2048-byte block. Consid- . .
ering a 5-ms average seek time and 4.2-ms average rotdd FIFO scheduling [RVR92], the disk head reads the data
tional Iatency% s), it actually takes 9.6 ms to read a blocks in a fixed order independent of_the location of the
2-KB block. In‘our example, 95% of the time in retrieving data blocks for each stream. Due to this property=tifO
2048-Byte block is spent on head positioning. To minimize Scheduling, the disk head makes a full sweep of the disk
the operational overhead in disk 1/0, making the block sizePlattern — 1 times in the worst case. The corresponding
larger is often proposed as a solution [BR96], especially inmaximum overhead ifrlFO scheduling,Or;ro(s), is ex-

M"
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bandwidth-intensive continuous-media applications. pressed as in Eq. 6:
We can partition Eq. 2 into two parts, namely, tata 9 = (n — Dlao+ boC 6
transfer time which is>"-, % and thepositioning over- Firo(9) = (n = az +:C). ©)

head O(s) = Y., 4;. Positioning overheads governed by N group sweep scheduling, nameBSS[CKY93], the set

the disk-scheduling policy, and thgata transfertime de-  Of playback streams are partitioned into a certain number of
pends on the total number of blocks to be transferred. Th@roups, say;. SCANscheduling is used within a group and
latter is independent of the scheduling policy. bebe the ~ FIFO scheduling is used between the groups. Since there are
vector (n1, . .., n,), which satisfies both Egs. 1 and 2. With ¢ groups to be scanned, the disk head makesl sweeps
sandO(s), we can reformulate the continuity constraints of of the disk platter. The size of the group is as |arge{§%,

Eq. 1 as follows [KHS94]: wheren is the number of playback sessions. With this figure,
O >y 3 the positioning overhead iBSS O(s), can be formulated as

b (B — ) : (3) in Eq. 7. In Eq. 7, whery is equal to oneQ¢ss(s) becomes

Bmag A TTA = the same a®sc4n(S); and wheng is equal ton, becomes

. denotes the coefficient which is determined by the disk-the same a®)r;ro(9):

scheduling strategy:; in n represents the number of blocks

to be fetched in a cycle for playbackand "'~ n; is the

Infl > a.

total number of blocks to be fetched in a cycle. Thusn O 44(s) = ({n-‘ - 1) a; + by _£

Eqg. 3 is an asymptotic measure of the buffer space require- 9 [ﬂ -1

ment in supporting a set of playbaclks,Observing Eq. 3,

we find that, asy"'-, r; approaches3, .., n increasesery +(g — L)(az2 + b2C) . (7)

rapidly. Comparing head-positioning overheads in Egs. 5, 6, and 7,
we observe that thE CANandFIFO disk-scheduling strate-

2.2 Aggregate positioning overhead gies haye the smallest and Iargest overhead,_ respectively, in

for different scheduling policies supporting a set of playback sessiogsywhen viewed from

their asymptotic behaviors. Considering tis88ANmakes a
Another important concern is the analysis of aggregate opfull sweep each cycle independent of the number of play-
erational overhead for a set of disk retrieval operationsbacks, when there are a relatively small number of playback
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sessions, th&IFO strategy performs better than t&&AN 7e+08

strategy. —~  6e+06 ‘
: |
$  5e+06

2.3 Buffer requirements for different scheduling policies é 26406 I)
(O]

If we substituteO(s) in Eq. 3 with the actual overhead incor- 3 3e+06

porating disk head movement characteristics under different ,__ . /

scheduling strategies, namelflscan(s), Orrro(s), and £ /

Ogss(s), we can obtain the buffer requirement veatofor @ 1e+06

each of these policies. 0 g

The SCANSstrategy reads data blocks in cylindrical order 0 20 40 60 80 100
in one direction, i.e., either inbound or outbound. For the Number of Streams( x 187 KByte/sec)

individual playback, its disk-read operations in consecutiveFig. 1. Buffer space requirement
cycles can be adjacent or as much d¥<? apart. Thus, to

compensate for interval variance between consecutive disk S
operations, a double-buffering scheme is used. I'SBAN ~ M(s) = a,, - K, —=EL (11)
disk-scheduling policy, the total buffer requiremenic 4 Binaz = =1 Ti
can be expressed as in Eq. 8: In Eq. 11, a, and «, correspond to the multiplication
Osoan(® T, 7 constant anoo(s)fM, respectivelya,s correspond to 2, 1
Nscan = 2( 3 =1 ) (8) and (1 +§) for the SCAN FIFO, and GSSscheduling poli-
Brax (Bmaz = 3izami) cies, respectively. Observing the formulations provided so

In FIFO scheduling, the disk operations for each streamfar, we can deduce that a new playback from the disk can
are exactlyT'(s) apart. Thus, an application can consumebe initiated as long as the aggregate playback bandwidth
a data block immediately after it has been loaded intodoes not exceed the maximum disk bandwidth regardless
the memory without introducing additional memory buffer. of the disk-scheduling policy. Details of this call admission
Thus, the buffer requirement féflFO schedulingnr;ro,  Property are provided in Theorem 3 in Appendix B. It is
can be expressed as in Eq. 9: interesting to observe that in Egs. 8, 9 and 10, the multipli-

" cation constantsy,s for SCAN FIFO, and GSSscheduling
Nprro = Or1ro() 3 iz Ti _ (9)  strategies, respectively, are inversely proportional to their
o— (Binas — Y1y 7i) aggregate operational overheads in Egs. 5, 6, and 7.

. . . In Fig. 1, we plot the relationship between the number
. GSSis a hybr_lq OfFIFO scheduling an(SCAquheduI- of streams and the total amount of required buffer space.
ing. Let us partition the set of pla_yback streamto g We consider playback of MPEG-1 streams at 1.5 Mbps
g:gugféc?lamg)y%l’ ot %{th-ir:ethgés :guco'nstﬁgugi\gi gy((:alre_s (187 KBps). The disk spins at 7200 RPM, and one revolution
) tyr part. groum;, the ¢ PEr”  takes 8.3 ms. It has 1964 cylinders and its seek time is mod-
ations will be performed based on the cylindrical position. led after the HP97560 disk [RW94]. The disk is formatted
If we assume that each group has the same amount of da{ve?}ith 4096 byte blocks and takes 0.2 ms to read one block
blocks to read, then the maximum variance of the interval X '

: . ; X which is equivalent to a rate of 20 MBps. Theoretically, the
between disk operations for a stream in consecutive cycles Sisk can support up to 106, i G{ZOOOOJ streams. As shown

7@ i \ : 187 . :
4 » and thus an additional amount of buffer space needs teq 1 ffer requirement increases extremely rapidly as it ap-

be introduced to compensate for this interval variance. Theyrgaches the upper bound.
buffer requirement foGSSscheduling algorithmmgss, can
be formulated as in Eqg. 10:

_ 1 Ocss(9) Y iy i
nass <1 * g) (Bb (Bmam - Z?:l 7‘1‘) ) ' o

3 Buffer requirement for memory-mode playback

Consider a sequence of concurrent playbacks for fjle
Si = st,s2,...,s%, which are chronogically ordered accord-
ing to their starting time. Let(s¥) and A¥ be the starting
2.4 Generalized schedulability condition time of the playback and the interval between consecutive
playbacks, respectively. We defink ast(s¥*1) — t(sk).
Equations 8, 9, and 10 enable us to extract the common Assume that the playbac¥ is supplied data blocks from
characteristics (or asymptotic behavior) of the buffer re-the disk, i.e., indisk mode and a certain amount of buffer
guirements and schedulability conditions for different disk- memory has been allocated for synchronization purpose. The
scheduling strategies. The buffer requirement formulationmmediate successive playback;?, can either be supplied
consists ofmultiplication constants.,., overhead factors., the data blocks from the disk or can use the data blocks
and bandwidth utilization We develop a general formula- previously loaded by¥. In the latter situation, the playback
tion of buffer requirement for continuous-media playback. s¥*1 does not require buffer memory for synchronization
Let M(s) be the buffer requirement for supporting a set of purposes, but because it behinds¥, a certain amount
continuous-media playbackd«(s) can be formulated as in of buffer memory needs to be allocated to retain the data
Eq. 11. blocks which have been used Bj. With a playback rate

max
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t M(sp) can be obtained using Eg. 3, and one of Egs. 5, 6,
S T T T x I I > or 7, depending on the disk-scheduling strategy. Wesise ~
5 AS to denote memory-mode playback when it is necessary to
S si s s S LS ¢ distinguish it from disk-mode playback?.
> With a given set of playbacks, the algorithm deter-
= 1 1 T f f f ‘ mines the service mode of each playback to minimize the
s $ A2 $s! s g total buffer requirement. Theervicemode determination
2 t problem,SMDP is defined as follows.
) >
T T T T T x x x x x x T T Definition 1. SMDP. Given a set of playback requests
s s s2g2s &8 8 5§ g partition it into s); and sp such that the total buffer space
requirement, i.e. M(s) = M(sp) + M(Sps) is minimized.
b= SUS

1 : Playbacks for File 1 4.2 Profitability of service-mode conversion

S, : Playbacks for File 2

Fig. 2. Sequence of playbacks We introduce the notatior- to represent a conversion of
service mode. Wheg? is currently in disk mode, convert-
ing it to memory mode, i.e.sF — 3F, changes the buffer

ri(bytes/s), tf}f Eglffef size fg{lmaintakining.the data blocksrequirement.s* — s* reduces the total synchronization

for interval [s7, ;"] is ri(t(s;") — #(s;)). Figure 2 illus-  pyffer requirement, since playbac no longer requires

trates the request arrivals for playbacksands, denote the sk bandwidth. The amount of reduction can be formulated

sequence of request arrivals for file 1 and file 2, respectivelyasM(sD) — M(sp ~ {s¥}). Sinces" is now serviced in

In Fig. 1, we observed that the total buffer size increasesnemory-mode, a certain amount of memory buffer is re-
veryfast as disk utilization reaches 100%. Consecutive playqyired for memory-mode service af. We introduce the
backs for the same file may be sufficiently close that theerm profitability to denote whether a giveservice-mode

total amount of buffer memory required becomes smaller byconversionactually decreases the total buffer requirement.
supporting some of the playbacks in memory mode. We an-

alyze this idea to show how to achieve the minimum bufferDefinition 2. Converting the service mode of playbagk,
requirement. from disk mode to memory-modé, — 3¥, is called prof-
itable if the total amount of buffer memory decreases as a
result of the conversion.
4 Determining service mode of a playback
After convertings® to memory mode, the set of playbacks
4.1 Problem formulation in disk mode corresponds t&p {sf}. The conversion,
sk s 3F, is said to beprofitableif Eq. 12 holds.
We define twoservice mode®f playbacks with respect to _
the source of data, nametlisk modeandmemory modein M(sp) = M(sp ~{s}) > A7l . (12)
disk-mode service, the playback reads the data blocks fromgeqyction in synchronization Memory buffer
the disk. In memory-mode service, the playback uses thep ffer increase
data blocks which have been loaded by the preceding play-
back of the same file. Each service mode requires differenThe respective decrease in the buffer requirement is called
amounts of buffer space. Our objectivet@ssupport a set  profit and is denoted bfPs(s¥ +— 3F). It is formulated as in
of multimedia playbacks with minimum total buffer space re-Eq. 13. Equation 12 is equivalent Ry(s* +— 5¥) > 0.
quirement Towards achieving this objective, we investigate ke K b1
the trade-offs for the two service modes and develop an algoFs(si = 8;) = M(sp) — M(sp ~ {s;'}) — 477" (13)
rithm to determine the optimal service modes for individual o5 the aggregate bandwidth of the disk-mode playbacks in-
playbacks. _ _ _ creases, per-playback buffer requirement (in disk mode) in-
Before discussing the solution, we describe a numbegreases as well. In contrast, the buffer size for a memory-
of variables that are useq to formulate the problem. Themgde playback is not affected by the aggregate disk band-
set of playbackss is partitioned into subsets;,s,,....  width. Service modes of ongoing playbacks need to be exam-
s = s7,5%,... is a sequence of playbacks for fileordered  ined upon the arrival or departure of a playback, and need to
according to playback starting time. We partitismto two  pe ypdated dynamically towards minimizing the buffer mem-
sets with respect to service modes, nansglyfor disk mode  ory requirements. When a new playback request arrives, the
andsy, for memory mode. The total buffer requirements for puffer requirements for the individual disk-mode playbacks
s, M(s), can be expressed asi(sp) + M(su). M(s7),  are re-computed. We call converting a service mode from
s; € s, denotes the buffer size allocated fefr. If s¥ is  disk to memory asnergingof playbacks, since the playback
in disk mode,M(s}) corresponds to synchronization buffer then re-uses the data loaded by the preceding playback for
size. If it is in memory mode,/\/l(sf) corresponds to the the same file. When playback finishes, we check if there is
buffer size to keep the data blocks in memOI’y for a Certa|nany memory_mode p|ayback Whose Service-mode Conversion
time interval. M(sys) can be expressed @S¢, Af'r;. results in the decrease of the total buffer requirement. When
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Bfler Size that the individual disk-scheduling algorithms, e §GAN
s={sisys?s? 3 s3) FIFO, GSS etc. for continuous-media playback share the
x: A2 same asymptotic behavior in buffer space requirement. We
Max. Buffer Requirement Y: Playback length of 1 use the asymptotic bourtd [CaRLR90] to denote the buffer
Z: Increase in Buffer size requirement in our formulation instead of providing the
***** Arrival of Request formula for individual scheduling algorithms.

O(M(sp)) — O(M(sp V) =
Bmaw ZSiEV T
(Bmam - ZZL::]_ Tz)(BmaT - (Z:‘L:j_ Ty — Zsiev T’L)) '

Equation 14 is used as the basis for finding the optimal set
of playbacks for service-mode conversion.

(14)

> 5.2 Adaptive merging of playbacks

Time

2 2 g3 3 1.1 2 2 3 3
i Sy St $251 s | S1S;  S1 S5 S;s;

Completion of Request

We introduce two algorithms, calledSMDP,,.. and
Fig. 3. Buffer size upon start and completion of playbacks SMDP,.,, that are executed in the event of arrival and
departure of playbacks, respectively. The fundamental idea

. ) ) of these two algorithms is the same. Since the former is
service mode is converted from memory mode to disk modegyecyted with the arrival of playback request and the latter

the playback is supplied the data from the disk rather thang excuted with the completion of playback, the comparison

using the loaded data. Converting a playback mode fromy,§ selection conditions are symmetric to each other.

memory to disk is callesplitting. When a new request arrives, it is assumed to be sup-
ported in disk mode and we re-compute the synchronization
buffer requirement for all the disk-mode playbacks includ-

5 Adaptive service-mode conversion ing the new one. Then, the algorithm computes the profits of
. _ _ service-mode conversions for the individual disk-mode play-
5.1 Properties of service-mode conversion backs, and sorts them in decreasing order of profit. Compu-

tation of the profit is based on Eg. 14. Once the disk-mode

Initially, we consider that all playbacks have the same play-playbacks are sorted according to their profit, the algorithm
back rates, i.e., they ateomogeneoufrom the perspective converts the playback to memory mode one by one. Each
of disk bandwidth requirement. Later in this article, we re- conversion is followed by a re-computation of the profits for
move this constraint and prove that the proposed schemthe remaining disk-mode playbacks. It is proved in Lemma
works for the generic environment where individual play- 4 that once the playbacks are sorted according to the profit,
backs have different playback rates. the relative order is not affected by the removal of a play-

The total amount of buffer increases in a stepwise fashback from the list. As there is a smaller number of disk-
ion as new playbacks are added to the set of ongoing playmode playbacks, per-playback synchronization buffer size
backss, as shown in Fig. 3. The amount of buffer decreasesdecreases, and hence the profit of service-mode conversion
in a similar fashion as each playback completes. As showrlecreases. The algorithm continues converting the service
in Fig. 3, even though the playbacks have the same playmodes from disk to memory until there is no maqoeof-
back rates, the amount of increase in total buffer size reitable conversion.
sulting from adding a new playback gets larger as there are Table 1 illustrates the algorithm SMDP,,.,.
more concurrent playbacks. One of the important propertiesS MDP,,,.. is executed upon the arrival of a new play-
is that the profit ofs® — 3¥ depends on the disk bandwidth back. The algorithm examines only the disk-mode play-
utilization. More specifically, the profit of disk-to-memory- backs for profitability. SMDP,,.,. computes the required
service mode conversion for the same playbackarger buffer space for each interval(§¥), t(s5*1)] and determines
under higher disk utilization. The formal description of this if s¥*1+ 5%*1 is profitable
property is provided in Lemma 1 in Appendix B. It implies The for loop in lines 9-13 initializes the sat2 with
that service modes need to be re-examined when there is the profitableintervals. Since all playbacks require the same
change in ongoing playback sessions, i.e., arrival or deparamount of buffer, performing® — 3% with the shortest-
ture of a playback. interval-firstpolicy will result in maximizing the total profit.

We provide a formulation to compute the amount of de-For each iteration of thevhile loop in lines 14-24, the al-
crease in the buffer requirement resulting from converting agorithm selects the shortest time intervaf. If Py (s#*1 —
set of playbacks from disk mode to memory mode. L&  55*1) is greater than O, the service mode €f? is con-
the set of playbacks afto be converted from disk mode to verted to memory mode. Tharofit Py (s¥** — 7¥*1) varies
memory mode. Then, the amount of buffer space reductiordepending ors’. As the service modes of the playbacks are
resulting from converting the service modeswis formu-  converted to memory mode (lines 21 and 22), the effect
lated as in Eq. 14. Detailed derivation steps of Eq. 14 areof — becomes less significant. Eventually, the reduction in
provided in Lemma 2 in Appendix B. In Sect. 2, we showed buffer requirement for disk-mode playbacks, which results
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from s¥ s 5¥, becomes smaller thad?~'r;; and thus the
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Table 1. Algorithm for SM D Py

profit of s¥ — 3¥ eventually becomes negative. If the profit aigorithm 1. SMDP,,..

of a service-mode change in the shortest interval is less than
0, this implies that there are no mopeofitable playbacks,
and hence the algorithm terminates.

5.3 Optimality of theSMDP algorithm

O h WNE

Let v be a set of disk-mode playbacks to be converted to’
memory mode. Theorem 1 states that given a set of disky
mode playbackssp, algorithmSMDP,,.. findsv, v € sp, 9

which minimizes the total buffer requirement. 10
Theorem 1. (Proof of optimality) Letsp be a set of disk- 12
mode playbacks and € sp be a set of playbacks con- 13

verted to memory modg, which minimizes the total buffer
requirement, is found by converting the service modes withl4
the shortest-interval-first policy. 15

16
Proof. We prove the theorem by contradictiaBMDP,,,.. 17
converts the service mode of the playbacks withshertest- 18
interval-first policy The algorithm selects the playback for 20

the service mode conversion based on the interval with its,;
preceeding playback for the same file. The playback with ,,
shorter interval is preferred. Let us assume that the 23
optimal set, which maximizes the profit of conversions, and 24

> Minimizing Buffer Requirement with Arrival of the requests
SMDParr(9{
Set of Intervalsil, I2;
Set of Requests ;
s + {s¥ € ssuch that sk is in diskmode} ;
Boolean: DONE ;
I1 « intervals ins’ ;
12+ ¢;
DONE « False ;
> Initializing profitable interval sets
for all AF € 11
if (Py(sF*l— 751y > 0) then
I2 + 120 {AF}
end if
end for
12 + sort(12);
> with the increasing order of interval length
while ( not DONE )
Ai.“ <« ShortestInterval(12) ;
if Py(sF1 3F+1) < Othen
DONE + TRUE ;
else
12+ 12— {AF};
sfﬂ — §§+1 ;
s « - {sF*1};
s s- {sF1} u{sk*1y
end if
end while
return(s) ;

there exists a playback ¢ v in disk mode such thatt®~* 25
is shorter than the windowA’ of a certain playback’ €
v. This means that is not based on thshortest-interval-
first policy. The profit of converting the playbacks into

}

memory mode can be formulated as follows (refer to Eq. 14) and subsequently per-playback buffer requirements for disk-

Ps(V > V)
_ Bmaw ZS;‘EV T
(Brmaz = si€sp ri)(Bmaz — shesp i T 2ushev 7;)
- Z Af_l’l“i .
s;"'ev

Let u bev ~ {s¥} U {s'}. All playbacks require the same
amount of bandwidth ang| = |u|. Thus, the synchroniza-

tion buffer space reduction resulting from service-mode con

mode playbacks become smaller. Hence, when the disk-
mode playback terminates, individual memory-mode play-
backs are examined for possible service-mode conversion.
Upon the completion of the playback, the server examines
the profitability of the remaining memory-mode playbacks.
For each memory-mode playback, if Af‘lri is greater
than M(sp U {s¥}) — M(sp), i.e., it requires less buffer
space to service! in disk mode, then the service mode of
5% needs to be changed to disk mode. The profitfofs s*

is formulated in Eq. 17:

versions inv and inu is the same. It can be expressed as inPy(3F — sF) = AF1r; — {M(sp U {sF}) — M(sp)} .(17)

Eq. 15:
M(sp) — M(sp \ V) = M(sp) — M(sp \ u). (15)
Thus,

Ps(V = V) — Ps(u = U) = r(AFE - A"y, (16)

From our assumptionA¥~* > A’. This leads to the fact that
Ps(v > V) is less tharPs(u — U) in Eq. 16, andv cannot
be optimal. This is a contradiction, and hence the claim.

5.4 Adaptive splitting of playbacks

Algorithm SMDP,(s) in Table 2 shares the same basic
idea and formulation witlS MDP,,... in Table 1, and we do
not provide its detailed descriptio§MDP 4., (S) examines

the requests in memory mode, in decreasing order of interval
length, since the profit in Eq. 17 is maximized by the longest
interval length.

6 Generalization
6.1 Heterogeneous playbacks

In a large-scale VOD server environment, it is natural that

When a memory-mode playback terminates, disk bandindividual users make playback requests with different QoS
width utilization remains the same, and thus no further acrequirements, which result in different disk bandwidth re-

tion is required. Termination of a disk-mode playback im- quirements. We relax the assumption of homogeneous play-
plies that the aggregate disk bandwidth utilization decreaseback rates and enhance the proposed algorithm to find the
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Table 2. Algorithm for SM D Pgc,,(9)

Algorithm 2. SMDP 4y,

> Minimizing Buffer Requirement with the completion of the playback
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the playbacks are removed from the sorted. lighis prop-
erty serves as the basis for proving tbptimality of the
gSMDP,,,. algorithm. The details are shown formally in

SMDPgep(9){ Lemma 4 in Appendix B.
1 Set of Intervalsi1, 12 ;
2 Setof Requests: ; Theorem 2. Given a set of playbaclss and disk-mode play-
3 Boolean: DONE ; backssp C s, gSMDP,,,. finds an optimal set of playbacks,
g g < 'S”_te“’a's ns; V C sp, to be converted to memory mode, whose conversion
6 ses: results in minimzation of total buffer requirement.
! E %’?:iilan';a:frif’itable interval sets Proof. Let v be thg optimal solution which minimizes thg
8 foral AF € I1 overall buffer requirement and let us assume that there exists
9 if (Py(F*1 > s5*1) > 0) then a playbacks® such thats* ¢ v, and
10 12+ 12U {A%} . .
11 end if Ps, (sF = s5) > Pg, (s = 8'),3s" € V.
12 end for
13 12 sort(I2); Letu=v~ {sf} U {s'}.
> with the decreasing order of interval length
14 while ( not DONE ) Pop (V1= V) = M(sp) — M(sp —v) — Y Atr; o (18)
15 Ai.“ < LongestInterval(12) ; slev
16 if Py(FF*t i sF*1) < Othen !
17 DONE <+ TRUE ; From Lemma 2, the aggregate reduction of buffer space re-
18 else . sulting from converting the disk-mode playbacks is the sum
;g é,_ffff ;jﬁi}’ of the incremental reductions resulting from changing t.he
o K {;v,_m’}; service modes one by one. Thus, we obtain the following
29 s s- {sF1) Uy from Eq. 18. Letw =v ~ {s'} =u ~ {sF}.
23 end if ~
24 end while Psp (V= V) = Ps, (W = W) + Ps,, \w(si‘C = sr).
25 , return(s) ; Thus,
PSD (V — \7) — PSD (LI — EI) = PSD \W(Sl — Sl)
—Pspw(sh > s¥). (19)

optimal service modes for a set loéterogeneouplaybacks. . .
P g B ay From Lemma 4, andp ~ W C sp, the right-hand side of

Heterogenity of playback bandwidths introduces another di X o
mension of complexity, since it is not possible to determineEd- 1%|s_less than 0. lThLLS?SDI(V '; V) is less (tjhaﬁDSD(u '(Th
the relative profit by comparing the interval lengths alone.t): @ndV is not optimal. This leads to contradiction, and thus

An important characteristic in heterogeneous playback is thame optimal solutiorv should consist of playbacks chosen by
the increase in the synchronization buffer due to the addii"e LPF policy. Hence, the claim.

tion of a new playback is hyper-linearly proportional to the

playback rate of the new request. Consider the following ex- . .

ample. Let the playback rates fsp ands, be 2 Mbps and ~ 6-3 Overhead in transition phase

4 Mbps, respectively. If the addition of, via disk mode
requires a 3-MB increase in total buffer size, then addition
of s, in disk mode entailsnore thana 6-MB increase of
buffer requirement. Detailed description of this property is
described in detail in Lemma 3 in Appendix B.

Converting a service mode from the disk to memory entails
atransition phaseduring which the playback requires buffer
space for disk-mode service as well as for memory-mode
service. The transition phase lasts until the playback mode
is completely converted to memory mode. When the system
decides to convert the service mode of a certain playback
from disk to memory, the data blocks required by to-be-
converted playback are not immediately available in mem-
ory since the memory buffer does not retain the consumed
data blocks for possible later usage. For this reason, the
playback needs to be serviced from the disk for a certain

6.2 Optimality of generalize§ MDP,,,..

In heterogeneous playbacks, the generaliZtDP,,..,
namelygSMDP,,.., converts the service modes of the play-
backs based_ohPF (largest-profit-firsy policy. In the gen- interval. Letto be the arrival time ok*. WhenSMDP,,,,
eralized version oS MDP, the playbacks are sorted with decides to perform* — 3, the immediate predecessor of

respect to the profit (line 13 of Table 1) instead of the inter- . k1 starts t tain data blocks i f
val length. In a homogeneous playback environment, profit’i ’ .., s; -, starts lo refain data blocks ih memory from

is proportional to interval length. to. Without loss of generality, we assume th&t” is being
The f0||owing important property makéd F-based con- serviced in disk modesf can be serviced in memory mode
version valid, and makes the algorithm very efficient Only when the appropriate data blocks are available in mem-
(O(logn) for each arrival of new playbackpnce the disk- ~ ory. At time to, playbacks;~* has been playing for\; ~*
mode playbacks are sorted according to their profits, the rel-time units. s¥ requires the data blocks from the beginning
ative ranks of the playbacks do not change, though some ajf the file, which are not available in memory @t Let [o
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be the index of the data block thaf*1 starts to keep in . . .
memory atto. s* will require lq at time o + A1 Thus. at In our simulation environment, each user_reqyests an MP_EG—
PR i X @ 7" 1 stream, at 187 KB/s. As can be seen in Fig. 1, it requires
to+A; ™7, si can be serviced in memory mode. The time in- 760 \MB of buffer space to support 100 concurrent playbacks
terval between the start of conversion and the completion o5 the disk. We compare this buffer size with the buffer
conversion, i.e.,tp, to+ Ay ], is called thetransition phase  sjze with SMDP algorithm. By carefully determining the
The length of the transition phase fgf — 5% corresponds  service mode of each playback, the maximum buffer require-
to the interval length to its immediate predecess@j‘,‘ 1 ment decreases substantially. When we adbptDP algo-
The transition phase introduces an additional buffer over+ithm in determining the service mode of the playbacks, the
head. In avideo-on-reservation (VORynvironment, where buffer requirement reaches 68 MB when the server accom-
the playback starting time is known a priori, transition over- modates the 100th playback with mean inter-arrival time
head can be eliminated. Figure 4 illustrates how buffer sizeof 1 s. It is only 8.9% of the buffer requirement without
changes during the transition phase. the SMDP algorithm. TheSMDP algorithm enables the
It is possible that the service modes of more than oneserver to reduce a significant amount of buffer space in sup-
playback need to be changed when a new playback arriveporting a set of continuous-media playbacks.
i.e., there is aroverlap of transition phaseLonverting the We investigate the effectiveness of the proposed scheme
service modes of several playbacks simultaneously causamder different server loads. Simulation is performed under
the concurrent existence of multiple transition phases, whichdifferent average inter-arrival times to mimick the different
can cause a bursty increase in buffer usage. To minimizéevels of server loads.
the additional buffer space overhead for multiple concur- Figures 5 and 6 illustrate the buffer requirement under
rent transitions, we proposeterleavingof transition phases. different request inter-arrival times. We consider five differ-
The order in which a set of conversion is performed doesent average inter-arrival times: 1 s, 2s,4 s, 6 s, and 8 s,
not affect the resulting buffer size, as shown in Lemma 2and the skew factat is 0.15. There are two major observa-
in Appendix B. To minimize the peak demand of buffer tions which deserve some attention. With the same number
requirement during transition, i.eransition overheadthe  of concurrent streams, the buffer space requirement becomes
transition phases of the requests are interleavethcreas-  smaller as the average inter-arrival time of the requests gets
ing order of profit. smaller. This is because the time interval between the ad-
jacent playbacks for the same file is smaller under heavier
workload, and thus the profit of service-mode conversion
7 Simulation-based evaluation from the disk mode to memory mode becomes more sig-
) ) ) nificant. Subsequently, more streams tend to be supported
We present the re_sults of a detailed simulation study top memory modeThese results confirm thahe proposed
evaluate the effectiveness of the proposed scheme. In owcheme is more effective especially under heavy-load circum-
users. The user access pattern is modeled usindZipfe  pandwidth capacity. In disk-only mode, we can theoretically
distributior?. We adjust the skgw factaer to mod_el dlﬁe_rent _support up to 106 streams. In contrast, the proposed scheme
user access skewness. The disk model used in the simulatithaples the server to support more streams with less amount
is the same as the ogoeoggtroduced in Sect. 2.4. Theoreticallysf puffer space. Further, the number of concurrent playbacks
it can support up tq %jg7°| = 106 MPEG-1 streams. is no longer governed by the maximum disk transfer rate and
sz_l I can pe larger than the number of playbacks supported from
i=1 4 > the disk.

i=1 il—«
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7.2 Effect of user access pattern

If Fig. 7, we visualize the effect of access skewness on thdCK Y93l
buffer space requirement. Depending on the type of con-
tents in the server, the user access pattern may vary. It i§so3

widely known that in movie on demand, user accesses ar
focused on a small set of hot files, while most of the files

are rarely accessed [vid92]. Meanwhile, it is possible that
the user accesses the files in relatively uniform fashion. Oonéce?

of the advantages of the proposed scheme is the fact that

can exploit the user access skewness. We verify this charaggemog)

teristics via simulation study. The average inter-arrival time
in Fig. 7 is 2 s. We run the simulation under three different
access skewnesses, with= 0.15,0.271 and (9. Skewed

factor,a = 0.99, is used to generate the uniform access pat-

tern. As illustrated, when the user access pattern is mor
skewed, i.e., user accesses are towards a smaller subset
the files, the buffer space requirement becomes smaller.

8 Conclusion

: . : OBRS94
An excessive buffer space requirement to handle contlnuoué- ]
media playbacks is a serious impediment, to cost-effective

provisioning for on-line video retrieval, especially when re-
quired I/O bandwidth reaches its full capacity. Given the
skewed distribution of video popularity, it is expected that

often there will be concurrent playbacks for the same video

within a short time interval. This creates an opportunity to

batch multiple requests and to service them with a single
stream from the disk. At the exchange, there is a need to

Y. Won, J. SrivastavaSMDP: minimizing buffer requirements for continuous media servers

keep the data blocks in memory buffer between successive
uses. This leads to a buffer space trade-off between servic-
ing a request in memory mode vs. servicing it in disk mode.
In this work, we develop a novel algorithm to minimize the
buffer requirement to support a set of concurrent playbacks.
Our algorithm makes a significant contribution in decreas-
ing the total buffer requirement, especially when the user
access pattern is biased in favor of a small set of files. The
idea of the proposed scheme is elaborately modeled using an
analytical formulation, and the optimality of the algorithm

is proven. The proposed scheme can be used in combina-
tion with any existing disk-scheduling strategy without sig-
nificant overhead. Our detailed simulation results confirm
that beyond a certain threshold of the number of concur-
rent streams, less buffer space is required in supporting a
playback by memory mode, and subsequently the proposed
strategy effectively minimizes the overall buffer space under
heavy-load conditions.
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The left-hand side of Eq. 22 should be greater than 0 regard-
. less of the scheduling algorithm. However, sinBg,,., <
Appendix A S, 7, the right-hand side of Eq. 22 is less than 0. Con-
Time complexity tradiction, and hence=£) holds.
N o . . <) If 3L 7; < Binaa, then the bottom part of Eq. 11
In addition to the optimality of the solution, the time com- s greater than 0, and thus the buffer requirement to support
plexity of the proposed algorithm is another important con-s with the respective disk-scheduling policy can be obtained
cern which determines its practicality. Given a set of disk-from Eqgs. 5, 6, 7 and 11. Hence, the claim.
mode playbackssp, the algorithm sorts the playbacks with e formulate the amount of reduction in buffer require-
respect to their profit, whose time complexityégn logn),  ment resulting from removing a playback from the disk,
wheren is the number of playbacks. i.e., converting it to memory-mode playback. For notational
In a practical situation, the profit of a service-mode simplicity, let R be the aggregate bandwidth requirement
change needs to be re-examined upon the arrival or depafor disk-mode playbacks, i.eR = > .5, Ti- Removing a
ture of the playback. SincgSMDP,,, and g$SMDPa,  playbacks; € sp will result in reduction of the buffer re-

are identical from the aspect of time complexity, we provide quirement. We can compute the amountreductionas in
the analysis only ogSMDP,,.,. algorithm. Eq. 23:

When a new request arrives, the algorithm sorts the disk- &
mode playbacks with respect to their profits, incurring an O(M(sp)) — O(M(sp ~ {si})

O(nlogn) time complexity. However, the property revealed - R B R—r

in Lemma 4 allows reducing the complexity further. Lemma Bz — R Bpaz — (R—13)

4 states that even though there is an arrival or a departure 7 Bmas

of a playback, the relative ranking of the remaining play- = (3 &\ (B,. —(R—r)) (23)

backs in the sorted list does not change. Thus, when a new _ )
playback arrives, the existing disk-mode playbacs, re- Lemma 1. Assume thas a]?d s consist of or;ly dlsvlé-mode
main sorted properly with respect to their profits. The majorplay]E’aCKi IS C sands; € 8, thenPy(si — 57) <
task is finding a proper ranking for the newly arrived play- Ps(si = 57)-

back. The profit of change for each playbaclsiineeds to  proof. Py(sk s %) = M(sp) — M(sp — {s*}) — Aty
be re-computed. The synergy can be found in insertion sof{je haver =S _.r; and R’ = >, s Ti- Now,

[CaRLR90]. Thisinsertionandre-evaluationtakes©(logn) Ti€s
time. Pe(s) > 57) — Py (sf — 5)
= {M(sp) — M(sp — {s}})}
Appendix B A
Proofs —{M(S) = M(sp — {s;"})} . (24)
B

Theorem 3. Given a set of streams, their playbacks can i . .
be supported from the disk if and only¥f?™, r; < Bpa.,  BY @Pplying Eq. 23 toAd and B in Eq. 24, we obtain the
regardless of the disk-scheduling algorithm. following:

Ps(sh — 5F) — Py (sF — 5F)

Proof. Intuitively, if the aggregate bandwidth required to

supports exceeds the maximum bandwidth of the disk, the - BimaaTi
continuity requirement cannot be satisfied. We look at this (Bmaz — R)(Bmaz — (R —131))
condition and its proof via an analytical formulation. BinazTi

(=) Let us assume th3t ", r; > B,,,, With the continuity " (Bmazr — B)Bmas — (R — 1)
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Since R is greater thanR/, (BmaI—R?(%?s:;—(R e O(M(9) — OM(s\V))
(BmaszE(%::; @y IS greater than 0. Hence, the claim. _ Zf:l riBmaz (30)
Lemma 2. Lets = {sl, ...,s,} and v be the set of disk- (Braz — R Buaz — (R — X0, m)

mode playbacks and the set of playbacks to be changed froience, the claim.
disk mode to memory mode, respectively. Then, the decrea

in buffer memory resulting from the changes is témma 3. Let rz andr, be the rates for two playbacks

ands,, respectively, and, > r,. Letsbe the set of ongoing
O(M(sp)) — OM(sp ~ V) playbacks. LetAM, and AM, be the additional amounts
o Zs i of memory to accommodatg and s, into s by disk mode,

- . respectively. Thengdle > =
(Bmaw - Zi:l ri)(Bmam (Zz 1T — Zsiev Ti)) AM, v

Proof. We use induction to prove this lemma. LBtbe the
sum of disk-mode playbacks & >, ;.

In case|v| = 1, the lemma is simplified into Eq. 23.
Hence, the lemma holds. amount of memory, and thus we can re- Wrwd(s) as

In caselv| = 2, letv = {s;, s; }. We consider that service- M(s) = Ks3 2, ;. To simplify the expression, we intro-
mode changes one by one. Change— §; will decrease duce another variabl&s which is a coefficient determined

Proof. Let s = {s1,...,s,} and all playbacks are in disk
mode. The buffer size for each playback is proportional to
its playback rate, i.e., playback is allocatedZ M(s)

the buffer requirement as follows: by ihe disk operational chara_cteristics, i._e., disk-schedt_iling
policy, seek time, etc., ansl Since operational characteris-
O(M(9) — O(M(s~ {s:})) tics of the disk are not affected by the system or above layer
_ 7i Bmaz o5 entity, ’s can be interpreted as a function of ordyGiven
" (Bimaz — R)Bmas — (R—13)) (25) this, the claim is written as in Eq. 31. L& =>"" r;.
As a result ofs; — 3;, the sum of the playback rates from | . >+ then Ksoproy(R+71e) — KsR > Tz ) (31)
the disk mode decreases Bb— r;. Thus, a decrease in the oo Ksogry(BR+1y) = KR ™ 1y
buffer requirement resulting fromy, — 3, is as follows: Then
OM(s {s:})) — OM(s~ {57} ~ {s;}) R(Kspry — Ky +Ksoryrary
- Tijax . (26) > R(’CSU{’I‘y} - ICS)T;C + ’Cw{ry}rw’l“y . (32)
(Bmam - (R - Ti))(Bmam - (R — Ty Tj))) Thus,
The sum of Eq. 25 and Eq. 26 results in Eq. 27: rary(Ksogray — Ksugry 1)
O(M(9) — O(M(s~ {si,5;})) P1
_ (r; + r])Bmax +R((K:SJ{”} - ]CS)T;U - (ICSJ{Ty} - K9rz) > 0.
™ Boar — D (Bas — (R n @)
max max — Ty =Ty P2
The result in Eq. 27 is not affected by the order of the Ksugr,} iS greater thaiCs .., 1, and hence’l is greater than
changes. Hence, the lemma holds in the dase 2. 0. P2 is greater than or equal to 0 sincié—'C L) RS > T
Now, let us assume that the lemma holds|fdr= & — 1. iy Rs =Ty

When |v| = k, the decreases in the buffer requirement ISHence’AMJL > 5 = holds. Hence, the claim.

the sum of the decrease obtained ¥i@hanges. For nota- | emyma 4. Given a set of disk-mode playbackandt such
tional simplicity, let us number the playback ratesviras thatt C s, if Ps(s’ > s) < P(s" > ), thenPy(s’ —
r1, .-,k <n. The decrease from the first- 1 changes §) < Pi(s" s ).

is obtained by Eq 28, since we assumed that the lemma

holds whenjv| = k — 1: Proof. Let ng csTi and Zsfet r; be R, and R;, respec-
tively.
OM(S) ~ OM(S™ {51, -, 5 1)) . B
k—1 , P(S/i—>8’)= max —A/T/.
= Z =1 " Bmax =) (28) s (Bm(mc - Rs)(Bmax - R, — T/)
/! ~ ~
(Bimaz = B)(Bmar — (R =225 ))) From the assumptio®s(s’ — s’) < Ps(s” — s"),
Now, changing the service mode of brings the fol- BomaaT .
lowing decrease: (Bman — R)Bomaw — Rs — 1) Ar
OM(S~{sh, ..., sk 1}) —OM(S~ {sy,...,5}) - Baar" .
r' B (Bmaw - Rs)(B’maa: - Rs - T”)
= k_—Taz (29) =
( mazx (R Zz 1 TI))(BmaI (R Zq 1 l Bmawr/
The total decrease in the buffer requirement from changing (Bmaz — Rs)(Bmaz — Rs —17)
the service mode of is the sum of Eq. 28 and Eq. 29, which B Bzt < Ay — A

can be re-written as follows: (Bmas — Rs)(Bmas — Rs — 177)
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Braxt can be written as

(Bmaz—Rs)(Bmaz—Rs—17')

Brnax 1 — 1 ) Thus, the above equa-

Bmaz—Rs—1"  Bmao—R
tion can be written as follows:

1

Bma:z: -
(Bm(m? - Rs - T’/ BmaT
< A/T/ . A//T”
SinceR, > Ry,
1

1
— Ry — 1"

Bmax - 1
Bmax - Rt - Bmaw - Rt -’

<
1

Bmam -
<Bmam - Rs - TI Bma;t
Thus,

1

1

Bmar ( -
Braz — By — 17 Braz — By — 1"

< A/T/ _ AHT”
B
&5 ma — Ay <
& Ps’ — ') < Pi(s” — s").

Hence, the claim.

Bmaz

1
—R,—r") "

)

— A
maxr Rt - Bm,am - Rt —r"
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