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Staggered Push—A Linearly Scalable Architecture
for Push-Based Parallel Video Servers

Jack Y. B. Lee Member, IEEE

Abstract—With the rapid performance improvements in videos; and the latter approach is known to suffer from load-
low-cost PCs, it becomes increasingly practical and cost-effective palancing problems [4], [5].
to implement large-scale video-on-demand (VoD) systems around |, i haner, we propose a parallel-server architecture for
parallel PC servers. This paper proposes a novel parallel video Lo . L
server architecture where video data are striped across an array 4€Signing scalable VoD systems. Unlike replication, we use
of autonomous servers connected by an interconnection network. Striping to achieve load sharing across multiple servers without
To coordinate data transmissions from multiple autonomous increasing storage requirement. Furthermore, by striping using
servers to a client station, a staggered push scheduling algorithm 5 sma| unit size, the system is insensitive to skewness in video

is proposed. A system model is constructed to quantify the per- . : . :
formance of the architecture. Unlike most studies. this work does retrievals. This architecture allows one to incrementally scale

not assume the existence of a global clock among the servers and/P the system capacity to more concurrent users by adding
tackles two problems arising from server asynchrony: inconsistent (rather than replacing) more servers and redistributing (rather

schedule assignment and traffic overlapping. The former problem than duplicating) video data among them.
is solved by using an admission scheduler and the latter problem  The main contributions of this paper are as follows.

is solved by an over-rate transmission scheme. Analytical results o
prove a remarkable property of the staggered push architecture: * We propose and analyze quantitatively a staggered push
as long as the network has sufficient capacity, the system can architecture for scheduling disk retrieval and network
be scaled up linearly to an arbitrary number of servers. Design transmission in parallel video servers. We prove a remark-
examples and numerlc_al_results are used to evaluate the_ prop_osed able property of the staggered push architecture—the
architecture under realistic assumptions and to compare it against . .
other architecture. system can be scaled Uipearly to an arbitrary number

of servers as long as the network has sufficient capacity.

« We discover that for loosely-coupled servers like PC or
workstation clusters, server-clock asynchrony could lead
to inconsistent schedule assignments among different
servers. To tackle this problem, we propose the addition of

Index Terms—Parallel video server, performance analysis,
scheduling algorithm, server push, server striping, staggered
push, video-on-demand.

|. INTRODUCTION
RADITIONAL video-on-demand (MoD) systems com-

monly employ a high-performance server for the storage *

and delivery of video streams to multiple clients. This

an external admission scheduler to centralize admission
control and perform schedule assignments.

Apart from inconsistent schedule assignments, we dis-
cover that server-clock asynchrony could also lead to over-

lapping between data transmitted from different servers.
This could induce network congestion, leading to video
packets being dropped at the network switches and routers.
Worst still, the client may not be able to cope with the
aggregate data rate even if the network can successfully
deliver the data. To tackle this problem, we propose an
over-rate transmission scheme that can effectively prevent
traffic overlapping.

To evaluate the strengths and weaknesses of the proposed
architecture, we use numerical results to compare and con-
trast staggered push with another architecture—concur-
rent push [6], using the same system parameters and as-
sumptions.

Manuscript received March 24, 1999; revised August 13, 2002. This work The rest of the paper is organized as follows. $ect|c_)n Il re-
was supported in part by Research Grant CUHK6095/99E from the HKSAREWS some related works and compares them with this study.
Research Grant Council and the Area of Excellence in Information Technologyection |11 presents an overview of the system architecture. Sec-
and a research grant from the HKSAR University Grants Council. The associate . . . .
editor coordinating the review of this paper and approving it for publication szpn IV studies the 'n?or?S'Stent schedule assignment problem
Prof. Chung-Yu Wu. and proposes an admission scheduler to tackle the problem. Sec-

The author is with the Department of Information Engineering, Chlne%n V studies the traffic Overlapplng problem and proposes an
University of Hong Kong, Shatin, N.T., Hong Kong (e-mail: jacklee@com- . .
puter.org). over-rate transmission scheme to tackle the problem. Section VI

Digital Object Identifier 10.1109/TMM.2002.806533 presents buffer management algorithms for server and client,

single-server approach is a natural extension of networked
file systems and works well for small-scale systems with
medium-quality videos. However, with the emergence of high
definition video in terrestrial broadcasting, consumers will
increasingly demand similar high quality video from VoD
service providers. Coupled with the need to serve a large
number of concurrent users, the capacity of the single-server
approach is quickly becoming a severe limiting factor.

While server replication [1]-[3] and partition can be used to *
scale up the system capacity, the former approach would not be
economical due to the large storage required for high-quality
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and derives the respective buffer requirement. Section VIl evalet required, as there are no periodic requests traveling from a
uates the system performance using numerical results and cafient back to the servers. Interested readers are referred to Rao
pares to the concurrent-push architecture. Section VIl discussésl.[15] for qualitative and simulation comparisons of the two
practicality and reliability issues. Finally Section IX draws &ervice models in single-server multimedia systems.
conclusion. Finally, the studies by Biersaat al. [16], [17], Boloskyet
al. [18], Lee [6], and Reddy [19] are more closely related to the

Il. RELATED WORKS architecture proposed in this paper. In particular, the servers in

e studies all send data directly to the clients (called proxy-at-

he
Recently, a number of researchers have proposed and Stu‘i‘l tin [7]). Secondly, these studies all employ some forms of

various architectures for implementing parallel video server, rver-push service model.

An overview with architectural comparisons can be found in [7]. This paper differs from the study by Biersagtal. [16], [17]

For most studies, fair and meaningful quantitative comparisomsthree ways. First, they proposed to stripe video across servers
are not feasible due to the inherent differences in architectu( fixed number of frames while we propose striping using

assumptions, and the lack of compatible performance mOd?%d—size blocks. As compressed video frames vary widely

Therefore we first discuss the relevant literatures in this SeCt'RPsizes the former approach clearly has potential storage and
and compare them qualitatively with the approach proposed,p, 4 balancing problerh By contrast, striping using fixed-size

this paper. A quantitative comparison with the concurrent PUBtbcks avoids the frame-level processing issues and guarantees

architecture [6] will be presented in Section VII. storage balance irrespective of the compression formats.

First, th? studies by BUddhik@F al.[8], Lougheret al. [hg'], Second, while they also suggest striping in fixed-size units in
Tewarietal.[10], [11], and Wiet al.[12] are based on architec- 1 71 their study did not consider variations in video-block-con-

tures having two types of nodes, namely storage nodes and ge: ption times and simply assumed constant consumption
livery nodes (called independent-proxy in [7]). In [9]_[12]’th‘?ime. This assumption is not valid for most compression
delivery nodes are independent hosts connected to all ser [thats as each fixed-size block can contain different number
via a high-speed interconnect. The delivery nodes merge vi frames (even partial frames) [6]. Third, their study did
data retrieved from the storage nodes and deliver them to consider scheduling issue at the servers and assumed a

plients. In. the study by Buddhikcm al.[8], the dglivery nodg server transmits data at line speed to a client, which is clearly
is a proprietary ATM switch (called APIC), and is reSpons'k_)lﬁ“npractical due to the client's lower processing capability.

for delivering data blocks r(_atrieved by_ the storage nodes_m-mis study has investigated the server-scheduling problem,
synchronous manner to a client. Effectively, the APIC provides e e the inconsistent schedule assignment problem and

the hardware global clock needed to precisely synchronize g oyerlapping problem arising from server clock jtter, and

storage nodes. . . ’?/roposed solutions to solve them.
This independent-proxy architecture is fundamental The study by Bolosket al. [18] differs from this paper in

different from the architecture proposed in this paper, Whe{ﬁo ways. First, they focused on experimentation by means

servers directly transmit video data to a client without passirbg an implementation using the PC platform, and did not deal
through any intermediate node. Sta}ggered push elilminates th performance modeling in detail. Second, while their
extra hardware needed to run the intermediate delivery no ign also employs a centralized controller for admission

as well as the gxrt]rahhigh-lgpeed interconnect Iinki_ng uhp tr(1,'8ntrol, they have not discovered the inconsistent schedule
storage nodes with the delivery nodesy incorporating the assignment problem arising from server-clock asynchrony. By

eff_ec.t of server clock jitier and compensating accordmglxomrast, we focus on modeling the system performance and on
existing network hardwares such as FastEthernet and ATM ntifying the effect of server-clock asynchrony. We reveal

be used. Results (see Section VII) show that the staggered pysh, -onsistent schedule assignment problem as well as the

architecture is robust to server clock jitter and performs wejl. ¢ overlapping problem and tackle them with an admission
even if servers are loosely synchronized using Conventio%%lheduler and over-rate transmission, respectively
distributed clock synchronization algorithms. For the study by Reddy [19], while the author did point out

The studies by Freedmast al. [13] and Leeet al. [14] are 5 horential problems could occur in case the server clocks
based on the client-pull service mode, where the server Procgss not synchronized, no solution was suggested. Moreover,
video-block-level requests as they arrive. This model diffef

) ) fie proposed architecture is designed for a specific intercon-
from the server-push service model employed in staggered pushvio sitch (Omega network). The study assumed that all

A detail comparison between the two service models is beyog rver clocks are precisely synchronized and transmission via

the scope of this paper. Briefly speaking, client-pull results il.‘ﬂe switch can be exactly scheduled. By contrast, this paper

simpler server design and does not need server-clock synchlgs , yes 4 loosely-coupled system and derives a more realistic

r?'za“"”- Onthe o.th.er hand, ser\(er-_push allows better optimi rformance model that incorporates server clock asynchrony,
tion of server efficiency as periodic schedulers can be us lay jitters, and variable video consumption rates

Moreover, a full-fledged up-stream communication channel is

IThe independent proxy can also be implemented within the storage?While one can perform striping in units of group of pictures (GOP) for
servers—callegroxy-at-server While this does not require additional hostsMPEG-compressed video, GOPs still varies slightly in size. Worst, GOP struc-
dedicated for the proxies, transmission and processing overheads are it (i.e., the sequence of |, B, P frames) in MPEG videos can change dynam-
incurred as the embedded proxy module will still have to receive video datally (e.g., to adapt to scene changes or increase in motions). Hence, this ap-
from all other servers and then forward to the clients. proach still suffers from potential storage and load balancing problem.
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Finally, a related study by Lee [6] has proposed a sche
uling algorithm called concurrent push for scheduling server

retrieval and transmission. Briefly speaking, all serverstransn  pegieval DDD DD D — .-
to a client concurrently and continuously under concurrent pus v
The transmission rate is reduced proportionally so that the ¢ I Wacro-Found >

gregate data rate is equal to the average video bit-rate. The study
proposed an Asynchronous Group Sweeping Scheme (AGSS)
to reduce client buffer requirement and system response time.
Nonetheless, the client buffer requirement still increases witlhe loads are evenly distributed to all servers irrespective of
system scale (i.e., number of servers) and the author proposkewness in video popularity [5].
a Sub-schedule Striping Scheme (SSS) to maintain a constanto schedule disk retrievals and network transmissions at
buffer requirement, at the expense of higher processing ovtire servers, we propose siaggeredpush algorithm where
head at the client. the servers transmit bursts of data to a client in a round-robin
This concurrent-push algorithm is designed to take advamanner at the average video bit rate. gt be the average
tage of the quality-of-service (QoS) control available in today'§deo rate and assumed to be the same for all clients. Then the
ATM networks. In particular, as a server sends data continuousignsmissions from the servers are staggered such that only one
to a client at a constant rate, one can easily integrate the cofthe servers transmits to a receiver at any given time, depicted
stant-bit-rate (CBR) service available in today’s ATM networki Fig. 2. In this way, there will be at most = N¢ /N video
so that end-to-end QoS can be guaranteed. The tradeoff, hblecks being transmitted concurrently at a server. Note that
ever, is scalability—both server buffer requirement and cliemthile one can potentially reduce server buffer requirement by
processing overhead increase with system scale. By contrétstnsmitting at a rate higher thaRy,, the client in turn will
the staggered push algorithm proposed in this paper is lineahngve to be capable of receiving at such a high data rate. This
scalable, i.e., the server requirement and client requirementigeless practical as client network connection usually has lower
mains the same irrespective of the system scale. While staggdreddwidth and the client device (e.g., set-top box) will likely
push cannot take advantage of ATMs QoS control, we can stifive limited processing capability.
tackle network congestion problems by the over-rate transmis-To support staggered push, the server scheduler is divided
sion scheme proposed in Section V. into two scheduling levelsmicro-roundand macro-roundas
shown in Fig. 3. Video blocks retrieved in a micro-round will
be transmitted in the next micro-round. LBt be the average
time needed to completely transmit a video blockibbytes.

Fig. 1 shows the architecture of a parallel video servepince a video block is transmitted at a rate equal to the video
comprising multiple autonomous servers connected by €ata rateRy, we can obtaif/’x from
interconnection network. We denote the number of servers in
the system byVs and the number of clients by-. Hence the Tr = Q/Ry. 1)
client—server ratio, denoted hy, is No/Ns. Each server has
separate CPU, memory, disk storage, and network interfaces.

server's storage spaces are divided into fixed-size stripe u'Hgnce, the disk will transfer up sA — N video blocks

of @ bytes each. Each video title is then striped into blocks : . .
. . . in one macro-round, with one block transmitted for each video
Q@ bytes and stored into the servers in a round-robin mannersf;[ls

- ream.
shown in Fig. 1.

Striping with fixed-size blocks simplifies the process of
striping video streams encoded using interframe compression
algorithms (e.g., MPEG), where frame size varies considerablyUnexpectedly, the two-level scheduling scheme may result in
for different frame types. Since a stripe unit is significantlynconsistent schedules among different servers if admission is
smaller than a video title (kilobytes versus megabytes), thierformed independently at each server. Specifically, as servers
enables fine-grain load sharing (as oppose to coarse-graie loosely coupled, the internal clock of each server in the
load sharing in data partitioning) among servers. Moreoveystem will not be precisely synchronized. We defitaek jitter

Fig. 3. Two-level scheduler for staggered push.

Ill. SYSTEM ARCHITECTURE

An an Ng-servers system, each macro-round consisty of
icro-rounds, and each micro-round transf&rsideo blocks.

IV. SCHEDULE ASSIGNMENT
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e \ | % l_/", [_K | micro-rounds, then it guarantees that the assigned micro-round
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Retiieval .
: ' has not started in any of th€s servers.
Proof. See Appendix A. ]
For example, let 4 be the local time the new request arrives
Fig. 5. Micro-round overflow due to inconsistent schedule assignment. at the admission scheduler. Then the admission scheduler will
attempt to admit the request to micro-round

as the difference between the internal real-time clocks of two
servers. Many algorithms for controlling clock jitter between e — ta T14A 3)
distributed computers have been proposed [20]-[22] and hence A 2 '

will not be pursued further here. We assume that the maximum
clock jitter between any two servers in the system is bounddi@te that we need to add one 0, because a new request

and is denoted by. cannot join the current micro-round (it has started already). If
With the presence of C|ockjitter1 one server could assign tvme a.SSigned micro-round is fu”, the admission scheduler will

new video sessions to start with the same micro-round while &fquentially check the subsequent micro-rounds until an avail-

other server could assign them to two different micro-rounds @Ble micro-round is found. In the worst case shown in Fig. 6,

shown in Fig. 4. This can occur because each server assigns Htgvtransmission of the first video block will be delayed for

sessions to micro-rounds according to its own internal clockYs + A + 1) micro-rounds:

which differs from other servers due to clock jitter. As a single

micro-round can serve_only up_vbvideo sessions, eventually Ds = T <Ns n [L-‘ n 1) ) (4)

one server could experience micro-round overflow although an- Tr

other server can admit the new video session (Fig. 5). While one . ]

can delay the new video session at the overflowed server untill© Petter evaluate the delay incurred, we can derive the av-

the next available micro-round, the transmission schedule wifiage scheduling delay under a given server load. Assume that

be delayed significantly and will result in severe traffic overlaghere aren (0 < n < ANs) active video sessions, then it can

ping with transmissions from another server (see Section V) .0€ shown that (see Appendix B) the average scheduling delay is
To solve this inconsistent schedule assignment problem, @¥en by

propose adding an external admission scheduler between the

servers and the clients to centralize schedule assignment. To @

initiate a new video session, a client will first send a request s = Ry Z

the admission scheduler. Using the same clock-synchronization 3=l

protocol, the admission scheduler maintains the same clock T 1 Nyewu(n, j) 5

jitter bound with the servers. As new sessions are assigned + Tr + m ®)

solely according to the admission scheduler’'s clock, the

scenario depicted in Figs. 4 and 5 will not occur. However, {Qnere

ensure that the assigned micro-round has not started in any of

new video session

Ns—1 /Ns k(Ns — 7)j!(Ng — k — 1)!
- <Z Ns!(j — k)!

k=1

the servers due to clock jitter, the admission scheduler must Ns N Ns+n—j(A+1)—1
add an extra delay to the assignment. N(n, Ns, A) = (=1) ( I >< s nNJ_l )
Theorem 1:If the admission scheduler delays the start of a §=0 J S
new video session by (6)
and

A= ’VT——‘ (2 Nywu(n, m) = (%)N(n—mA, Ng—m, A—1). (7)
F
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Server 0 — SSSSSNSNNY AN Therefore, ORT can prevent traffic overlapping if clock jitter

i : is less than half of a micro-round. With ORT, the maximum

Severl1 — \Ar7777777] Przr7z77772 network bandwidth needed at each server will be increased to

L 1 (]

1 1 1 A RV

] o ] Corr = ARorr = AQARy : (14)
Total &\\\\\\‘\"L‘VI/[I/[I} k\\\\\\\‘kﬂ'llllllﬂ Q — qu—

T— overlapping

VI. BUFFER MANAGEMENT
Fig. 7. Traffic overlapping due to server clock jitter. . . .
In this section, we present buffer management algorithms em-

Server 0 NN NN R ployed at the server and client, and derive the respective buffer
requirements. For simplicity, we ignore network delay and delay
Server 1 A 7z , iiter. However, the effect of network delay and delay jitter can

be incorporated in the same way as clock jitter and the same

Total — NN 2777 NNXNVZ/Z7774 ,  derivations are still valid.

Fig. 8. Preventing traffic overlap by over-rate transmission. A. Server Buffer Requirement

There arelNg micro-rounds in a macro-round, therefore the
duration of a macro-round, denoted b, is given by

If server clock jitter is larger than zero then transmissions NsQ
from two or more servers destined to the same client will overlap Tr = Ry (15)
and multiply the transmission rate in the overlapping interv Is buffers are released after each micro-round, this scheduler

gﬁfﬁt?é;-um?n;(i)gIgaiigii:iagg derzt‘;(;r;;t the network and treequires only2AQ buffers for each server, regardless of the

. 4 . - ngmber of servers and clients in the system. Therefore, existing
To avoid traffic overlapping, we can sacrifice some server an
servers do not need any upgrade when one scale up a system by

network bandwidth, and transmit video data at a rate higher than ..

! . . adding more servers.
Ry, sayRogrr (Fig. 8). We call this scheme over-rate transmis- 9
sion (ORT) for obvious reason. The transmission window Wiy jient Buffer Requirement
then be reduced to a time interval of

V. TRAFFIC OVERLAPPING

Many studies on VoD system assumed that video data are con-

T, = Q ) (8) sumed periodically by the video decoder. However, our experi-
Rorr ence on programming some off-the-shelf hardware and software
We can guarantee that there will be no transmission overlappi¥ige0 decoders reveals that the decoder consumes fixed-size
by ensuring that data blocks only quasiperiodically [14]. Given the average video
data rate Ry, and block size@), the average time for a video
Ty+7<Tp. (9) decoder to consume a single block is
Rearranging, we can then obtain the minimum transmission rate Tovg = Q (16)
needed to avoid traffic overlapping: Ry
To quantify the randomness of video block consumption time,
R > Qi (10) we employ the consumption model proposed in [6], reproduced
ORT Q — RvT

below for sake of completeness.

Since the transmission rate must be positive and less than inDefinition 1: Let7; be the time the video decoder starts de-

finity, we have the condition that coding thesth video block, then the decoding-time deviation of
0 video block: is defined as

T< g, =1 11) Tov (i) = T; — iTasg — To 17)

In other words, the server clock jitter must be smaller thanad decoding is late Fpy (i) > 0 and early ifTpy (i) < 0.
micro-round. Note that under this condition, traffic overlappingh® maximum lag in decoding, denoted by, and the max-
involves at most two servers and the data rate is doublegtfo imum advance in decoding, denoted’By, are defined as fol-
in the overlapping region. ARorr in (10) can become very lows:
large when the denominatqr b_eco_mes small, _the_z useful operating Ty, = max{Tpy (i) |Vi > 0} (18)
range for over-rate transmission is actually limited by

Tr = min{Tpy (i) | Vi > 0}. (19)

The boundsl', andTr are implementation dependent and

Substituting (10) into (12) and rearrange we can then determiggn be obtained empirically. Knowing these two bounds, the

the maximum clock jitter for which ORT is applicable: playback instant for video block, denoted byp(:), is then
0 bounded by

™ < g = 05T, (A3)  ax{(To+iTauy+TE), 0} < p(i) < (To+iTusg+11). (20)

RorT < 2Ry . (12)
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Buffers are used at the client to absorb these variations to pgacemax{|d; — d;|| Vi, j} = 7, the worst case is
vent buffer underflow (which leads to playback hiccups) and N _
buffer overflow (which leads to packet dropping). LBt = Y >1+ (f — S —Te T> (27)

(Y + Z) be the number of buffers (each bytes) available at Tr

the client, organized as a circular buffer. The client prefills ﬂ\ﬁhich is the number of buffers that must be prefilled before
first Y buffers before starting playback to prevent buffer undeﬁ'eginning video playback.

flow, and reserves the la&tbuffers forincoming data to prevent
buffer overflow.

We first determine the lower bound f&t. Let¢y be the time
(with respect to the admission scheduler’s clock) when the fi
block of a video session begins transmission.d;dte the clock
jitter between the admission scheduler and serw&fthout loss
of generality, we can assume that the video title is striped with
block zero at server zero. Then the time for blédk be com- min{ f(i+Lc—2)} > max{p(i)} Vi> (Le—Z). (28)
pletely received by the client, denoted f§), is then bounded

Similarly, to guarantee that the client buffer will not be over-
flowed by incoming video data, we need to ensure thatthe
video block starts playback before tle+ Lo — 2)th video
"Slock is completely received. This is because the client buffers
are organized as a circular buffer. Therefore, we need to ensure

by Again using the bounds from (21) and (22), we can rewrite (28)
as
((i+1)Tr +to+ [~ + dmod(i, Ns))
<) < ((i+DTp +to+ [+ duoaq, vgy) (1) (i+ Lo —1)Tp +to+ f~ + dmod(i+Le—2, Ns)
wherefT andf~ are used to model the maximum transmission > Tavg + f(Le = Z - 1)+ T (29)

time deviation due to randomness in the system, including tra®s-

mission rate deviation, CPU scheduling, bus contention, etc. (i4+Le —1D)Tr +to+ f~ + dmod(i+Lo—2, Ns)
Since the client begins video playback after filling the first > iTyog + (Lo — Z)Tp +to + f+
buffers, the playback time for video block 0 is simply equal to 7
F(Y —1). Settingly, = f(Y —1) in (20) then the playback time +dimod(Lc-7-1,Ns) T T (30)

for video blocki is bounded by Similarly, rearrange and solve foZ we obtain (31),

(f(Y =1) + iTopy + Tg) < p(i) < (F(Y =1) 4 iTypy +Tr). @S shown at the bottom of the page. Again noting that
22) max{|d; — d;|| Vi, j} = 7, the worst case is

To guarantee video playback continuity, we must ensure that Z>1+ <f+ — AT+ T) (32)
all video blocks arrive before their respective playback dead- Ty

lines. Therefore, we need to ensure that for all video bIocI@
the latest arrival time must be smaller than the earliest playbal():LI
time:

ich is the number of empty buffers needed to avoid client
er overflow.

max{f(i)} < min{p(i)} Vi> 0. 23) C. System Response Time
Another key performance metric of a VoD service is system
Using the bounds from (21) and (22), we can rewrite (23) as response time, defined as the time from initiating a new request
. . to the time video playback starts. Ignoring system administra-
i+1)Tr +t * 4+ dimodi N Ty Y —-1)+T . ; 2 ;
@+ DTr +to + 7 + dmoati, Ns) < Tavg+f( )+Te tion and network delay issues, system response time is consisted
(24)  of two components: scheduling delay and prefill delay. Sched-
(i+ V)Tp +to+ fT + dmod (i, N<) uling delay is the delay incurred at the admission schedulgr plus
<iT VT 4+ f’l 4 Tp. (25) the delay incurred at the server scheduler, as derived in Sec-
Havg T XLF +lo+ ]+ Gmod(v—1,N5) T LE- tion IV. For prefill delay, we note that the client prefills the first
From (1) and (16), we know th&,,, = T, rearranging and Y video blocks before starting video playback. Hence, the av-

solving forY’, we then obtain erage prefill delay can be obtained from
+_ ) _ . . Y
Y >1+ (f f TE + (dmod(’L,Ns) dmod() -1, ]\(5)) ) ) DP — RQ (33)
TF 1%

(26) and the system response time is simply the ddgr+ Dp.

t—f T dmo( —7Z— V. _dmo 7 —
Z>14 (f fm+ L—I-( 1(Le—Z—1, Ns) d(i+Lc 2,Ns))> 31)

Tr
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TABLE |
SYSTEM PARAMETERS USED IN PERFORMANCE EVALUATION

System Parameters Symbol Value
Video block size (0] 65536 Bytes
Video data rate Ry 150KB/s
Maximum early in decoding time T -130ms
Maximum late in decoding time T, 160ms
Client-Server ratio A 10
Transmission time deviation . ft Oms
Server clock jitter T 100ms

VIl. PERFORMANCEEVALUATION

In this section, we evaluate the performance of the propos
architecture using numerical results. All results are comput2
using the derivations in Sections IV-VI with the system paranZ
eters listed in Table |. The parametérs, 71 are determined
experimentally by collecting video block consumption times ¢
a hardware MPEG-1 decoder (Sigma Designs RealMagic).

quirement (M

A. Design Example

Server Buffer Re

To illustrate performance and resource requirements of t3
architecture, we first consider a design example in this sectic E R
We assume that there are eight servers in the system, wit r— v \I' v \I' © \I' © \I' o—¢
client—server ratio of 50(i.e., up to 400 concurrent streams) 07 A 2 .
Using the parameters in Table I, the server buffer requireme
is calculated to be 6.25 MB. Compared with the amount «

N

6 (

Number of Servers

3> Concurrent Push

memory in today’s PC, this buffer requirement is relativel +++ Concurrent Push w/ AGSS

small. Moreover, as conventional PCs can be expanded to : BE88 Concurrent Push w/ AGSS & SSS

MB or more memory, in theory a client-server ratio of ove —0— Staggered Push

2000 can be supported. Hence server buffer requirement will

not become a limiting factor to the system’s scalability. Fig. 9. Server buffer requirement versus system scale.

Using the same parameters, the client buffer requirement is
calculated to be 256 KB. This translates into an average ptg- Client Buffer Requirement

fill delay of 1.41 s. To determine the system response time, WeFig. 10 plots client buffer requirement versus system scale for

assume that the system is at 90% utilization. Then the cor 5th concurrent push and stagaered push. We observe that con-
sponding scheduling delay will be 0.735 s. Together with prefi P 99 PUSA.

delay, the average system response time becomes 2.146 s, Werﬁem push is not scalable without SSS, while staggered push

within acceptable limits. We perform more detailed sensitivi has a constant client buffer requirement that will not limit scala-

analvsis with respect to kev system parameters in the foIIowin”ity' Note that although client buffer requirement in concurrent
secti)(/)ns P y sy P p%sh can be controlled to a constant by SSS [6], the system scal-

ability is still limited as client processing overhead due to SSS
increases with system scale. It is particularly important to main-
tain a constant client buffer requirement in practice as it would
Fig. 9 plots server buffer requirement versus system sc#e very expensive (if not impossible) to upgrade every existing
(i.e., number of servers) for both concurrent push and staggetsiént devices (e.g., set-top box) whenever the system is scaled
push. This graph clearly shows the remarkable property of stagy.
gered push—constant server buffer requirement irrespective ofn Fig. 11, we analyze the sensitivity of client buffer require-
system scale. By contrast, server buffer requirement increasg@snt to server clock jitter. As the results indicate, the buffer
with system scale under concurrent push, even with AGSS ardjuirement is relatively insensitive to clock jitter, even if the
SSS. When concurrent push is scaled up to 12 servers, sefitgr is increased to one second. Hence one can safely employ
buffer requirement increases to 40.6 MB compared to just 6.8% existing software-based, distributed clock-synchronization
MB under staggered push. Hence the ultimate scalability of theotocols in staggered push.
concurrent push architecture will be limited by server buffer,
while the proposed staggered push architecture can be scéledSystem Response Time

up without any upgrade to the existing servers. Fig. 12 plots the system response time versus system scale.

SThis particular client—server ratio is determined from past implementati%(hIIe the worst-case system response time 'ncreajses Imea_rly
experiences using PentiumPro-200 Mhz class machines. with more servers, the average system response time remains

B. Server Buffer Requirement
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Fig. 10. Client buffer requirement versus system scale. ;X:X ggggggx: EE:E Xﬁ Qggg E%\?:iage)

6 | I | | +++ Concurrent Push w/ AGSS & SSS (Max)
B Concurrent Push w/ AGSS & SSS (Average)

—O— Staggered Push (Max)

©-C Staggered Push (Average)

4 —t——t————t—1t—t—1—T—11 Fig. 12. Average system response time versus system scale at (90%
/ utilization).
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System Response Time (seconds)
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N

Fig. 11. Client buffer requirement versus server clock jitter.

low (~2 s) for a utilization of 90%. This suggests that we car 0 0.2 0.4 0.6 0.8 I
maintain a low system response time simply by limiting the Max. Server Clock Jitter (seconds)
system to, say, 90% utilization by means of admission control — - Concurrent Push w/ AGSS & SSS (Max)
In Fig. 13, we study the sensitivity of system response tim B8 Staggered Push (Max)
to server clock jitter. As expected, the system response time i X> Concurrent Push w/ AGSS & SSS (Avg, 90% Uil

+++ Concurrent Push w/ AGSS & SSS (Avg, 80% Util)
—O— Staggered Push (Avg, 90% Util)
©-© Staggered Push (Avg, 80% Util)

creases for larger clock jitter values (cf. Theorem 1). Howeve
given that server clock jitter can readily be controlled to within
100 ms [20], the average system response time is still only 0.735
s for an eight-servers system at 90% utilization. Fig. 13. System response time versus server clock jitter.

E. Server Bandwidth Overhead distributed software algorithms, the results show that over-rate
Fig. 14 plots the ORT transmission rate versus server clotlknsmission is applicable to all three cases. For example, with

jitter for block sizes of@Q = 64 KB, 128 KB, and 256 KB. @ = 64 KB, ORT will transmit at 1.556 Mbps instead of the

As clock jitter can be readily controlled to within 100 ms byideo bit rate at 1.2 Mbps, incurring a bandwidth overhead of
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1]

<«— Upper limit for which
ORT can reduce
network congestion.

Transmission Rate (Mbps)
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Max. Server Clock Jitter (seconds)
XXX Over-Rate Tx (Q=64KB)
+++ Over-Rate Tx (Q=128KB)
BEE Over-Rate Tx (Q=256KB)
""" 2 x Video Bit Rate
===- 1xVideo Bit Rate

Fig. 14. Transmission rate versus server clock jitter.

29.7%. Increasing the block size to 256 KB reduces the ORjbing from the servers to a client will be close to constant bit-
transmission rate to 1.273 Mbps, or a bandwidth overheadrate, with small gaps in between (due to over-rate transmission).
only 6%. Thus the system designer can adjust the block sizeQa the other hand, Boloslet al.[18] have suggested that future
balance between bandwidth cost and memory cost. In any ca&EM networks may have support for such many-to-one traffic
compared to uncontrolled traffic overlapping which results imodel that can provide QoS similar to the one available to cur-
doubled transmission rate at 2.4Mbps, bandwidth under ORTré&nt constant-bit-rate service.
clearly substantially lower.
B. Reliability
Another issue in parallel video server is reliability. Specifi-
VIIl. D ISCUSSIONS cally, as videos are striped across servers without data redun-
dancy, any single server failure will cripple the entire system.
There are a number of ways to tackle this reliability problem.
As the results in the previous section show, the propos€uhe approach, as proposed by Bolosksl.[18], improves reli-
staggered push architecture can be scaled up to any nunddality by data mirroring. Their system replicates all video stripe
of servers, provided that the network has sufficient capacitynits and distributes them to the servers using declustering so
Compare with the concurrent-push architecture, staggered ptisht additional loads after a server failure are evenly shared by
achieves linear scalability at the expense of bursty netwattke remaining servers. The obvious tradeoff is doubled storage
traffic (and slightly larger delay and client buffer requirementyequirement. A subtler tradeoff is the need for declustering. As
In particular, if we consider the network traffic between a serveo known algorithm can automatically produce a declustering
and a client, it is easy to see that the traffic will be in the forracheme (i.e., where to place each replicated units) for an arbi-
of bursts with an average interburst interval(dfs — 1)7F s. trary number of servers, this mirroring approach would require
By contrast, servers in concurrent push transmit to a cliemore capacity planning when being scaled up.
continuously at a constant rate, allowing easy integration with Another approach is by means of parity units, as proposed by
QoS offered by existing ATM networks. Staggered push willee et al. [24]. Their system introduces redundant units com-
not be able to make use of QoS available in today’s ATMuted from video data units into the servers, and uses a special
networks. video transfer protocol to detect server failure. The client, armed
In practice, if the VoD system is deployed in dedicated netvith the redundant units and the survived data units, can then
works with a priori bandwidth planning, then staggered pusbompute the lost video units in real-time. In the simplest form,
can still be used effectively. This is because the over-rate tratise redundant units are simply parity units, computed from ex-
mission scheme already guarantees that network congestion dusive-or between the video data units of the same stripe. This
to traffic overlapping will not occur, and the aggregate traffiparity-based striping scheme can protect single-server failure

A. Practicalities
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and their protocol can maintain continuous video playback dapplying the inequality|z| — |y] < [z — y]: z, y > 0, to the
spite server failure by means of additional buffering at the clierfght-hand side of (36), we then obtain
While their architecture differs from staggered push (pull-based ' " ' '

. .. 1 %\ i A
versus push-based), similar redundant striping scheme can also {T_J — {T_J —1< {T T W —1.
be introduced to staggered push to achieve fault tolerance. The F F F F
author is currently investigating the supportive system modul8ince clock jitter is boundedt; — t4| < 7, for0 < 7 < Ng,
(e.g., fault-detection protocol, recovery protocol, transmissiave can rewrite (37) in terms of:

(37)

scheduling, etc.) that are needed to support fault tolerance in " /
taggered push A i< | -1 (38)
S ’ Tk Tr | TF
IX. CONCLUSION Hence, if
In this paper, we propose and analyze a parallel video server A T4 (39)
architecture for implementing linearly scalable video-on-de- Tr

mand systems. The proposed architecture employs fixed-size

block striping for data storage, and a staggered push scheduffi§t €ast

algorithm for co-ordinating transmissions among multiple T
autonomous servers. We incorporate the effect of server clock A= {ﬂ-‘
jitter and reveal the inconsistent schedule assignment problem

and the traffic overlapping problem. We tackle the formehen the assigned micro-round is guaranteed to have not started
problem by an external admission scheduler and the lattBrany of the servers. =
problem by an over-rate transmission scheme. Our results = _

show that the over-rate transmission scheme can effectivBly Derivation of the Avage Stieduling Delay

prevent traffic overlapping with a small bandwidth overhead Assume that video sessions start independently and with
under clock jitter bounds achievable by existing software-basedual likelihood at any time. Then a video session can be
synchronization algorithms. Moreover, we show that the sernvassigned to any one of th€s micro-rounds with equal prob-
buffer requirement, the client buffer requirement, and the senatrility. Assume that there are active video sessions, then the
bandwidth requirement are all independent of the numbeomber of ways to distribute thesevideo sessions amonys

of servers in the system. The average system response tigreups is a variant of the urn-occupancy distribution problem
though increases slightly with more servers, remains acceptastel is given by [25] as:

if we limit the system to less than full utilization. These results N .

demonstrate that the proposed architecture can be scaled UR/fg, ng A) — S (-1 <N5> <Ns+n—J(A—|— 1)—1) .

(40)

large number of users without costly upgrade to the existing = J Ns—1
servers and clients. (41)
APPENDIX To obtain the probability of having: fully-occupied micro-
rounds, we first notice that there a(réff) possible combina-
A. Proof of Theorem 1 tions of havingn fully-occupied micro-rounds. Given that, the

number of ways to distributeiy(— mA) video sessions among
HdVs — 'm) micro-rounds with none of those micro-rounds fully-
occupied can be obtained from (41) $n — mA, Ng — m,
— 1). Hence the total number of ways for exactly of the
micro-rounds fully occupied is given by

Let¢; be the local time a new request arrives at seiver<
1 < Ng), ta be the local time the new request arrives at t
admission scheduler, an be the extra scheduling delay (in
number of micro-rounds). Then the admission scheduler
attempt to admit the request to micro-roung as given in (3).
For serveri, the new request arrives during micro-round=
|t;/Tr]. Hence the problem is to find such that 4 > n; for
0 <i < Ng, i.e., the assigned micro-round has not been Start?dHence, the probability of having: fully-occupied micro-

in any of the servers. Using this condition, we can then obtain ; e . :
S L rounds givem active video sessions can be obtained from
the following inequality:

Nywu(n, m) = <];[f> N(n—mA, Ns —m, A —1). (42)

Nfull(n"/ m)

na > i (34 Pruanlmn. m) = R Vs, B @)
Expanding gives Assume thatn out of Ng micro-rounds are fully occupied, then,
the probability for the assigned micro-round to be available (not
H’iJ +14+A> L;_ZJ . (35) fully occupied) is given by
F F
NS —m
Rearranging gives Vo = Ng (44)

A t; ta . 36 HenceP, = (1 — V;) will be the probability of the assigned
B s B (36)  micro-round being fully occupied. Now provided that the as-



LEE: STAGGERED PUSH—LINEARLY SCALABLE ARCHITECTURE

signed micro-round is fully occupied, the probability that the [4]

next micro-round is available is

NS —m

Ng—1°
This is also the probability for a client to wait one additional g

micro-round provided the assigned micro-round is already fully

occupied. It can be shown that the probability for a client to

Vi1 = Pr{next round availableP,} = (45) Bl

7
wait k& additional micro-rounds provided that the fiksassigned 7
micro-rounds are all fully occupied is (8]
. Ng —
Vi = Pr{(k + 1)th round availabl¢P,} = H ol
5 —
1<k <m. (46) [10]

We already knowP, and it can be shown that the probability [11]
for the firstk micro-rounds all fully occupied is given by

L
Pk:H(Ng—i)

=0

_ mI(Ns — k)!
" Nsl(m— k)’

ISkSm [12]

(47)
Hence, we can solve for the probability of a client having to wait13]
k additional micro-rounds from

Wi = Pr{(k + 1)th round free P} P,
(NS - m)m'(Ns — k- 1)'
Ns'(m - k‘)' ’
Therefore givenn—the number of micro-rounds that are fully- [16]
occupied, the average number of micro-rounds a client has to

wait can be obtained from [17]
il
Tr

Ns
Wavg(m) = Z ka +
k=1
where the second term accounts for the additional delay as de-
scribed in Theorem 1. Similarly, given—the number of active
video sessions, the average number of micro-rounds a client hag
to wait can be obtained from
Ng—1
Mavg(n) = Z Wavg(j)Pfull(n-/ j)
7=1
And the corresponding average scheduling delay given a systeg]
utilization of n is

[14]

[15]

1<k<m.

(48)

(49) (18]

(50)  [20]

[22]
_ Mamg(n)Q
Ds = Fr— (51) 23]
Substituting (43), (48)—(50) into (51) gives the desired remult.
[24]
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