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Performance Modeling of Video-on-Demand Systems
In Broadband Networks
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Abstract—A video-on-demand (VoD) system allows a viewer
to choose a video of his choice such as movies, electronic encyclo-
pedia, or educational videos, which is delivered to him real time
via a network. This paper is a performance study of a distributed
video server system in a fully connected backbone network. Under
the assumptions of uniform loading and symmetrical network,
analytical models are proposed for two server selection strategies
(Random and Least Loaded) and for two reservation schemes
(the strict reservation and the residual reservation). The models
can be used to determine the call blocking probability and the
requirements of network bandwidth given the capacity of video
servers. In addition, our models provide a useful tool for VoD
operators to design and dimension their systems.

Index Terms—Central video server, distributed video server
system, fixed-point iteration method, local video server, video on

demand. Group of Group of
Users Users
|I. INTRODUCTION Service area

HE TELEPHONE network of the past is fast evolving media transmission
".“0 an mt.egrated Ser.VICe.S b_roadba_nd network_where d FS‘ 1. Afully connected LVS network for VoD systems.
and video traffic are carried in increasing proportions. Wit

Ehehad\llan.ces n dcodmgc,j stora%e,\;craDngmlgl(s |<|)ntanbd networkg‘n tems [3] showed that the distributed design costs no more
efcthno ogute_s, Vi ?o ct)rt] f?m?n ( 0 tr)1 'Sf It ey bo %%omg ONfan the centralized design, while it is capable of saving consid-
ot the most important traflic types in the future broadban neé’rable network bandwidth with better service quality. Designing

Worl_<. VoD service can offer lnst_ant access t(_) a large seleqtlg istributed server system is inherently complicated. One has
of video sources, such as movies, electronic encyclopedia,or

. ) . Lo t0 decide which set of video programs and how many copies of
educational videos. VoD trials in different areas of the worl prog y cop

. . ) ch needed to be placed in each server location and how these
[41, [2] h.ave .demons.trated that VoD is technically feasible argﬁould be updated with the changes in locations of other servers
Laser Disk-like functions, such as pause, fast-forward, chap

: X d traffic composition, occurrence of system fault, etc.
search, slow play, and repeat, can easily be implemented.

lassificati £ oD ) be based the d ig. 1 shows an example of a VoD system in a fully connected
classilication ot VOL S€rvices can be based on Ihe degree ., 4 \vhere there are two types of video servers: the local

interaction allowed to the users. There are pay-per-view (PPYjyo ) cory e (LVS) and the central video server (CVS). A CVS
quasi _video-on-demand (Q-VoD), near wdeo—on—dema%ggres all the video programs in high-capacity optical disks or
(N'VOD.)' and true y|deo-on-demand (T-VoD). Recently,. th?nagnetic tapes. LVSs with on-line mass storage stor@dipe
world-first commercial T-VoD system? was launched in ular video programs which are downloaded periodically (say
Hong Kong. S . . .daily or weekly) from CVS. The existence of LVSs releases
Our focus in this paper is on performance evaluation of d'é}cessive access to CVS in the following way. When the less

ributed T-VoD. In a backbone network serving hundreds opular videos are requested, the CVS will load the requested

thousands of VoD subscribers, it is imperative that many video,. /< into the on-line storage and then the videos are trans-
servers are to be used and placed close to the subscribers for ﬂFed to the users through the network. Ifthe CVS is busy, such

ancing the load in the network. In fact, a recent survey on Vo guests are blocked. When the subscribers request the popular
videos which constitute the majority of the demand, the LVS
Manuscript received April 9, 1998; revised March 6, 2001. This paper wagssociated with the request is tried. If it is busy, other LVSs are
recommended by Associate Editor S.-F. Chang. Jyied. Such a popular video request is blocked only when none
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Fig. 2. Generic VoD architecture.
Fig. 3. The simplifying VoD system.

a number of corresponding LVS selection strategies for perfor-

mance optimization. control or a keyboard to interact with the system. User interac-
tive operations may include stop, speed-up, slow-down, jump
Il. VoD SYSTEM ARCHITECTURE forward, etc.
The generic architecture of a VoD system is shown in Fig. 2.
There are fogr important eler_nents: 1_) the network; 2) the | svpLIFYING ASSUMPTIONS SERVER SELECTION
program provider; 3) the service provider; and 4) customer STRATEGIES, AND RESERVATION SCHEMES
premises equipment (CPE). A brief overview of these network
elements is as follows. As stated before, we, in this paper, focus only on the access

Network: The network provides the interconnection of thef popular movies since it makes greater impact on the system
network elements in the VoD system. Beside program transfperformance. Therefore, we only consider a fully connected net-
the network also includes other important functions, e.g., sigrork with A7 LVSs like the one in Hong Kong (i.e., ignoring the
naling and network management. The network could be of aayistence of CVS for the study). We further assume the network
kind as long as to be able to provide enough bandwidth for suisteymmetric and uniformly loaded. Fig. 3 shows such a simpli-
kind of video application. A VoD implementation using ATMfied network. Each (popular) movie is copied to every LVS. In
technology appeared in [4]. the VoD system, each LVS consists of an array of disks, each of

Program Provider: There can be one or more than one prowhich has a certain number of read-write heads. The I/O transfer
gram provider, which provide a wide range of video programsate of each head is generally much higher than the required de-

Service Provider: The user generates a particular video rdivery rate of one movie, so each head can serve more than one
quest to the service provider, who will obtain the necessamyovie simultaneously. For simplicity, but without loss of gen-
material from program providers and deliver it to the user agrality, we assume that each head can at most serve one user at
the facilities of the network. Thus, the service provider acts agime. There aré/ heads in an LVS. In other words, each LVS
an agent of the user and can access various types of progran support a maximum @¥ users simultaneously.
providers. It is possible that the network, program providers, There are a number of server selection strategies for selecting
and service providers all belong to the same organization, bun LVS to serve a user request. For all strategies considered, a
general, they will be distinct. In fact, anyone with marketableser request is assigned to its nearby LVS located at the local
materials can offer his services to the user through a serviaitch first. If this LVS is busy, a remote LVS is tried. Fig. 3
provider. There are two main types of storage [4]: gives an example showing the nearby and remote LVS for re-

Video Server: This is random access type of storage, sudajuests 1 and 2. Accessing remote LVSs consumes additional
as hard disk, solid state memory, etc., which provides a real-titn@ndwidth from the network and may lead to congestion. Fig. 3
playback of video program upon the user request. The vidgives an example showing the use of remote LVS (for request 2)
could be stored in encoded format (e.g., MPEG) so as to redutmes cause additional bandwidth when compared with the use of
the storage cost. In this paper, the LVS is of this type. nearby LVS (for request 1). In addition, themotetraffic may

Video Library: It is an archiving system. Upon a user recause more local traffic overflow (from LVS B, in this example)
quest, the program in the video library will be batch-loaded &nd make the situation worse. Therefore, itis important to select
the video servers such that the user could view the video peo appropriate remote LVS such that the (additional) bandwidth
gram in real time. It takes time for batch-loading a program, smst can be reduced/minimized. The specific remote LVS to be
the video library should only store less popular program in ordehosen depends on the server selection strategies, two of which
to reduce the average waiting time to the users. In this papare studied in this paper.
CVS is of this type. 1) Random StrategyAn LVS is chosen among the available

CPE: The user has a display such as TV screen, or a set-tegnote LVSs at random. If all the LVSs are busy, the request is
box (STB), to control the display, and a device such as a remoggected.
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2) Least-Loaded StrategyThe remote LVS with the lightest groupl  group2
load is chosen. If all the LVSs are busy, the request is rejected. L E O

Moreover, in order to minimize the system cost, it may be 2 1 [ ]
necessary to restrict the volume of remote traffic. This can be , ,
achieved by reserving some server capacity to local requests

only. For this purpose, two reservation schemes are studied in

this paper: ' ’
1) Strict Reservation Scheme: server heads are reserved LU I o
solely for local video requests. In this scheme, each LVS keeps r Nt

a record of the number of overflow calls occupying its servers. ' ' '
When this number reach@g— r, further remote overflow calls Fig. 4. Queueing model for the residual reservation scheme.
will be blocked, even if there are free servers available.

2) Residual Reservation Schemehe lastr unoccupied accuracy. Using the model, we could design and dimension
server heads are reserved solely for local video requeststda vOD systems. Examples through case studies are shown
other words, a video server will not serve any remote vidgg Section VI. Some interesting insight and design rules were
requests if the number of its available server heads is equakigg found.
or less thanr. Let A\p be the rate of local offered traffic to an LVS and
Ao be the rate of overflow traffic from an LVS to other (re-
mote) LVSs. Let both of these two traffic streams be Poisson
processes and let the service time (or movie showing time) be

Analytic models have been very attractive, not only becausgponentially distributed with mean equal to one unit time (this
of the relatively small computational requirements of the nassumption is justified by considering the effect of user interac-
merical solutions as compared with simulation (we did find outon and the varying lengths of different video programs). Note
model is much more efficient than simulation, as shown in nthat, like Erlang B formula for call-blocked-clear telephone net-
merical results section), but also because the modeling preyrks, the video duration does not need to be exponentially dis-
lems have been intellectually simulating and because of probletibuted. This exponential distribution assumption used in this
with simulation other than computational expense [5]. In thisaper is just for the sake of simplicity. Here, we will study two
paper, we will develop a queueing model for the distributed VoD/S selection strategies: Random and Least Loaded, both with
system and focus on the derivation of the blocking probabilityo (strict and residual) reservation schemes. The definition of
and the bandwidth cost (on the fully connected core netwonkjajor symbols are summarized in Appendix (Table 11).
given the capacity of video servers. Other performance mea-
sures, such as the end-to-end service response delay, the amgu
of video buffers required, the network capacity required, etc/:g,' rl‘—iandom Strategy
are beyond the scope of this paper. 1) Residual ReservationFirst, we will find the blocking

Each LVS can be modeled as a multiserver queue and thepthability of the whole network. The network can be modeled
of LVSs in a network can be modeled as a queueing netwods two groups of queues, as shown in Fig. 4.

Under the Poisson arrival and exponential service time assumpEach group consists @ff multiserver queues. Each queue in
tions, the network can be represented as a multidimensiogabup 1 hasV — r servers while each queue in group 2 has
Markov chain with the dimension equal to the total number afervers, which means a total 8f servers in an LVS. Note that
LVSs. Although this chain can be solved theoretically, solutioresserver (different from a video server), which is a common ter-
beyond the three-node cases are computationally infeasible chiaology in queueing theory, is equivalent to a server head in
to the curse of dimension. an LVS. Consider a particular video server (say video server 1).

With that, the development of efficient computationalt consists of queue 1 from group 1 and queue 1 from group 2.
procedures for good approximate solutions is of interest. Thidese two queues are called companion queues. The servers in
fixed-point iteration method [6] for the analysis of dynamithe two companion queues are used in the following way: the
routing in circuit switched networks appears to be applicable feervers in the group 1 queue will always serve the local requests
the analysis of the VoD system. But a direct application leadisst, while the servers in the group 2 queue will serve the local
to unacceptable errors when checked by computer simulatioequests only when the servers in the group 1 queue are all busy.
This is due to the assumption that all LVSs are statisticalNote that if a request departs from the group 1 queue, one re-
independent. A detailed study of the VoD system reveals thgaiest, if any, in the group 2 queue will be transferred to the group
some essential internal structures of the VoD system need tolbgueue such that the above condition holds again (i.e., the group
captured in the model and this leads to a set of consideralilgjueue will be always filled up first). This transfer is possible
more complicated system equations. Our solution approasimce group 1 and group 2 are omdgical concepts. According
however, still makes use of the fixed-point iteration methodb the residual reservation scheme, an LVS consists of a group
Various examples with diverse system parameters show that thgueue and a group 2 queue where the group 1 queue can serve
new analytical model can give quite accurate results. Therefobeth local traffic and remote traffic (i.e., overflow traffic from
the contribution of the paper is to present a new approximatther LVSs), while the group 2 queue is reserved for local traffic
analytic model with computational efficiency and reasonabtmly. The input traffic to group 1 represents the aggregated fresh

IV. ANALYSIS OF VoD SYSTEMS
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arei calls in group 1, there are at masf = [(i/(N — r))]
queues that can be filled up. Therefore, omig/ companion
queues in group 2 can be occupied since, as mentioned before,
group 1 queue must be filled up first. In other words, wittalls

in group 1,; is limited to be M. So, we have

M}\'D Pfull(i) (1-p f;]p*j))

M [1- Py (1-P (i)

0, J<N-—7r
i[1- B ) (1P (i) | Prai. ) =4 GG =rM-1) j < Mr
C.G ) T

i Py (1-P () +i Therefore, the total transition rate from stéie ;) to state
(4, 5+ 1) is MAp Pran($)(1 — P (%, 7)). On the other hand,
@ the total transition rate from state, ;) to state(: + 1, j) is
henceM)\D[l — Pfuu(i)(]. — Pf/ull(i7 ]))]

At state(s, j), two types of departures would lead to a tran-
sition to statg¢, 7 — 1). The first type is simply a departure of
a call in the group 2 queue. For the second type, if a queue in
offered traffic to the network and its rate is equalitb\,. Re- group 1 is full and its companion queue in group 2 is not empty,
garding to the queueing model in Fig. 4, the operation of residumkall departure in the group 1 queue effectively causes a call
reservation scheme is as follows. When a call (request) arrivegléfparture in the group 2 queue since, as mentioned before, the
is randomly directed to one of the queues in group 1 (say quet@mpanion group 1 queue has to be always filled up first. The
1). If the queue is full, it will go into its companion queue (i.e.probability P (¢, j) that, at staté:, j), a queue in group 2 has
queue 1) in group 2. If that queue is full as well, it will be redino (local) calls at all is given by
rected back (overflowed) to one of other available queues (i.e., .
among queues 2 td/) in group 1. If all those queues are full, P, j) = Cr(j, M - 1). @
the call will be blocked. ’ C,.(5, M)

Let (4, j) represent the state of the network in which there are " )
totally i and; calls in groups 1 and 2, respectively. Fig. 5 shows 'Nerefore, the total trzim‘smon‘rate from stédte j) to state
the transition rates into and out of stgiej). (¢, j—1)isiPrn(0)(1 —p*(j)) +7. At state(s, j), a transition

At state(i, 7), an arrival will cause a transition to state j+ L0 State(é —1, j) occurs when the corresponding group 1 queue
1) if it is directed to a full queue in group 1 and the companiof$ Nt full (and hence no group 2 call will try to convert to a

queue in group 2 is not full; otherwise, the arrival will cause §r0UP 1 call), or when the corresponding group 1 queue is full
transition to statéi-+1, j). Let Pru(7) be the probability that an PUt the companion queue in group 2 is empty. This happens with

arrival is directed to a full queue when there agalls in group "at€[l = Prn(é)(1 = p*(é, j))]. .
1. To find Pran(i), consider the problem of insertingdistinct ~_ Fi9- 6 depicts the state space of the network. B, j) be
balls into M urns where each urn has the capacity to sfére the probability that the network is in stafe 5). A new call will

balls. The number of distinct occupancies is (see [7] for detaiI%F blocked only if all of the queues in group 1 are fully occupied
plus the corresponding queue in group 2 being full, since a call

Fig. 5. Transition rates at stafé j) for the residual reservation scheme.

M ; B will try the nearby LVS and all the remote LVSs before being
M M—-j(N+1)-1
Cn(i, M) = Z(-D’( ; ) <L * J\i[(— 1+ ) ) blocked. So, the call-blocking probability is given by
F=0 -
! (l) Mr ) . ‘
Cn (i, M) can be calculated by the following recursion: Pg = Pa(M(N —r), h)P(M(N =), j).  (3)
i=r
On G, ml) LO<i<N Now, we consider the cost due to transmission of video from
m=1;0<:<

7

_LisnN remote LVSs. To do that, we try to focus our attention on an
0, m=1;4> LVS and model its behavior. When the nearby LVS is full, the
- ml%]\)c (i—jm—1), 2<m<M random strategy directs the call (request) to one of the admis-
— N I T T sible remote LVSs at random. Since the network is symmetric
= and the loading is uniform, the local call blocking probability

Pran(i) is simply given by is equal toPp calculated above. Let us denote an LVS to be
in statei when it has servers occupied, and the corresponding
0, . i <N -7 state probability be?;. Since each remote LVS carries the re-
Prn(i) = On—r(i— (N - r),M—1) mote traffic (requests) from/ — 1 possible LVSs, but each of
" Cn_r(i, M) them has als@/ — 1 remote LVSs to direct its remote traffic to,
N —r <i < M(N —r). the total remote traffici; to an LVS at staté is

Let P/ ,,(¢, 5) be the probability that a call entering group 2 A — {A, t=0,1,....N—-1—r @)

finds a full queue when the network is stdie j). When there 0, otherwise
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Fig. 6. State transition diagram of the network with the residual reservation scheme.
whereA is a constant and; is related to\, by the following or
equation of conservation of flow: N1
-F)i = 1 P]\T. (9)
M—1 Nt
N—r—1 N 1! H Ak
> AP =XpPy|1-| > P . (5 hi
i=0 j=N—r

Substituting it into the normalization equation, we obtain

When an LVS is in staté the call arrival rate\; and the call oo

departure ratg:; are Z —~— v+ Pyv=1 (10)

=0 .
=04 H i
k=1

Therefore, P, and hencé’;’s can be solved by (9) and (10).
Here, we assume that the effective total arrival rate in eachL€t” denote the set aF;. For a giveri”, A can be calculated
state is the actual total arrival rate scaled by a constasuch Dy using (5). For a giveds, P can be calculated by (6)—(10).
that the carried traffic is matched with that calculated from tHdence, these equations can be written in the fixed-point model

LN ©)

previous network model fom A = fi(P) andP = ¢1(4) [6]. 4, « andP can be
computed by the Successive Over-Relaxation method.
N—r—1 The transmission cost per server in a unit tiieis
(0% )\D(l—PN)—i-A Z R I)\D(l—PB). (7)

r M-1
=0 Ct = Oé)\DPN 1-— <Z PN_7‘,> C (11)

From the balance equation, we have i=0

Mgl where C is the cost of transmitting a call (video) with unit
\; Pit (®) length, a\p Py is the remote traffic rate from an LVS, and

P =
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ML J | |
' N (P (P (i) +]
Fig. 7. Queueing model for the strict reservation scheme.
1 — (3Ci_y Pv—i)M 1] is the probability that at least one re- @

mote LVS is not full [and hence can handle remote (video) M@y 8. Transistion rates at st j
quests].

Note that in the special case whegr= 0, Py is simply given
by E(MXAp, MN), whereE(A, k) is the Erlang B formula
with offered traffic A and k servers. Using thi’g, the trans-
mission cost can be calculated by the above method it

) for the strict reservation scheme.

local call to replace the departed one. Let us calculate this
probability. Among thej calls in group 2, the number of local
callsj can be estimated by

to 0. S (i - 1Py
2) Strict Reservation:Another reservation scheme is to re- a_ i>r p
server servers solely for local calls. So, each LVS keeps arecord )= Z(i — PPy + ijij I

of the number of overflow calls (from other queues in group 2)
occupying its servers. When this number reachves- », fur- ) - ]
ther remote overflow calls will be blocked, even if there are freherer;; is the probability thatin an LVS, there arbocal calls
servers available. A network deploying this reservation scher@@ds overflow calls. The calculation af;; will be discussed in
can be modeled as two groups of queues as in Fig. 7. more detalil later. _

Each group consists 6/ multiserver queues. Each queue in The probabilityP’(i, j) that, at stat¢, j), a queue in group
group 1 has- servers, while each queue in group 2 Bas- » 2 has no local calls at all is given by
servers. It means that an LVS consists of a group 1 queue and -

. treoN CN—T(J? M - 1)

a group 2 queue, where the group 1 queue is reserved for local P(i, )= —————
traffic only, while the group 2 queue can serve both local and On—r(y: M)
remote (overflow) traffic. The input traffic to group 1 represents Therefore, the total transition rate from stéte ;) to state
the aggreagated fresh offered traffic to the network and its rate j — 1) is iPru(4)(1 — pt(j)) + . Fig. 9 depicts the state
is equal taM A p. When a call arrives, it is randomly directed tospace of the network.
one of the queues in group 1. If the queue is full, it will go into For a call to be blocked, all the queues in group 2 must be

its companion queue in group 2. If that queue is full as well, ftjlly occupied. Therefore, the call blocking probability is given
will be randomly redirected to one of other available queues jy

group 2. If all those queues are full, the call will be blocked.
Let (¢, 7) represent the state of the network in which there are
totally ¢ and; calls in groups 1 and 2, respectively. Fig. 8 shows

the transistion rates into and out of stétey).
At state (4, j), an arrival will cause a transistion to state Now,we consider the cost due to transmission of a video from

(i, 4+ 1) if it is directed to a full queue in group 1. Theremote LVSs under this reservation scheme. Again, we switch
probability P, (7) that an arrival is directed to a full queueour focus to an LVS. Leti, j) represent the state of an LVS in
when there aré calls in group 1 is given by which there aré direct calls ang overflow (remote) calls. Note
0 0<i<r thatwherD < ¢ < r, j can take any value between 0 aNd- r,
) Yol = but wheni > r, 7 can only be between 0 and — i. The state
Pfull(z):{c,,(L—uM—l) i< Mr . I
—_— < << Mr. space is as shown in Fig. 10.
Cr(i, M) Let ©2; and(2, be the sets of states in which direct calls and

Now, we consider the transition form staté j) to state overflow calls can be accepted, respectively. They are given by
(i,  — 1). Two types of departure will lead to this kind of
state transition. The first is simply a call departure in a group

i>r i

Mr
Pp = ZPfull(i)P(iv M(N —7)). (12)

Q ={(,4) :0<i<r, 0<j<N-—7}

2 queue. The other occurs when a queue in group 1 is full and U{(i,7) : 7<i<N, 0<j<N-—i}
its companion queue in group 2 has at least one local call; a o ‘ ‘
call departure in the group 1 queue effectively causes a call 2 ={(,j) : 0<i<r, 0<j<N-—r}

departure in the group 2 queue, since we can always find a U{{,5) :r<i< N, 0<j<N-—1i}.
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Fig. 10. State transition diagram of a single server with Random strategy and the strict reservation scheme.

As in the case of residual reservation, the total remote traffithereA;; is related to\ , by the following equation of conser-

A; ;toan LVS at staté:, j) is vation of flow:
Z AijFj=Ap |1- Z Fij
(7, 3)€Q0 (4, 5)EQ

M-—1

Aij — {Av (i, 1) € Qs (13) -(1—-11- Z P“ ) (14)

0, otherwise (4,5)€Q2
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Fig. 11. State transition diagram of an LVS with Least Loaded strategy and the strict reservation scheme.

The transition rates fronfi, j) to (¢ + 1, j) is aAp for Consider a particular LVEL. If this LVS is full, the overflow
(4, ) € 1, and that from(é, 7) to (¢, j + 1) is aA;;. Again, calls of rateAo will be routed randomly to one of the least-
we scale up the actual traffic rates to match the carried traffmaded (remote) LVSs. Let there be a totabafuch LVSs. Then
obtained fromPg the remote load from servet that falls on a particular least-

loaded LVS is\o /(. Let Z;, be the probability that an LVS has

o 2o Z Py+ Z APy | = Ap (1= Py). k or more occupied servers. Then, we have

i,5)EN i,7)EQ _
(i, 5) (i, ) (15) Z) = ;kpn. 17

Using (14) and (15) and the global balance equations of each -
state, the set aP;; can be obtained by solving a system of linear Given that remote LVS3 of LVS A hask occupied servers,
equations. Then, using the same method as described in the thggrobabilityf (3 | k) thats — 1 other remote LVSs also have
of residual reservation, for a givePlz obtained from the net- k£ occupied servers ea@mdeach of the remaining/ — 1 — 3
work model, the set of’;;, A, and« can be solved. Once aremote LVSs has more tha@noccupied servers is given by
set of ;; is calculated, it can be used to calculate a new set of
P(i, §), and then a news. This process is repeated until both fBk) = <
Pp and all ;; converge.

Therefore,C; is given by

M-2

/3 . )(Zk _ Zk+1)'871Z]w_1_'8 (18)

k—+1

whereZ;, — Z;41 is the probability that an LVS has exactly

occupied servers, i.ely. Therefore, given that LVE hask

C,=a\p |1- Z P, occupied servers, the amount of traffic that gets routed from
LVS A to remote LVSB is

(4, )€
M—-1 M-1 A
o]
.= —f(B |k
1— 1= Z P C. Yr ;ﬁf(/| )
(¢, ))ER '
o o AT -7
M—1 Zi—Zwn
)\O Z]‘W—l _ Z]‘W—l
B. Least-Loaded Strategy =71 b 7 AL (19)

1) Residual ReservationFirst, Py is found using the same
method as in Random strategy. Then, we proceed to calculat
the transmission cost.

When the local LVS is full, the Least Loaded strategy will (M—1)y;, i=0,1,....,N—1—r
direct the call to the remote LVS with the maximum available i = {
servers. When there is more than one LVS of such kind, one is
chosen at random. wherelg = ApPy.

ince LVSRB carries the remote traffic from/ — 1 possible
Ss, the total remote traffiel; on LVS B is

. (20)
0, otherwise
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Note thatA4; is related to the carried load as follows:
0.10

N-1 N—r—1
o <)‘D Z P+ Z AiPi) =Ap(l = Pg). (21) 0.09 - =— Random (simulation) -
=0 =0 +—— Least Loaded (simulation) )
When LVS B hasi servers occupied, the call arrival rate 0.08 - < - Random/LeastLoaded (analysis) -
and the call departure rate are z -
= X 7 - -
Ai=Ap+ A4, 1=0,1... . N-1 E T
: . (22) 3 -
i =1, 1=1,2,..., N. 5 006 - 7} & -
Therefore, for state, the global balance equation is given by £ e N
8 0.05 - S -
()\n + Nn)P n — )\n—IP n—1 Tt Nn-l—lP n+1 (23) = '«»;
. . 04 - = -
with the understanding thdt, = 0 forn < 0orn > N. 00 s af
Again, using thePg obtained from the network’s moded,;, 003 - @ = i}
P;, anda can be solved using the Successive Over-Relaxati 2"
method. 0.02 | | | | | | | | |
C, is given by 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

r

- M-1
Cy=aApPy |1~ <Z PNi) C. (24) Fig. 12. Blocking probability againstfor the residual reservation schemes.
1=0

In the special case when = 0, Pg is again given by
E(MMp, MN), and using thisPg, the transmission cost can
be calculated by the above method witket to 0.

2) Strict Reservation:Firstly, Pg is obtained by the same
method as in Random strategy.

Now, for the transmission cost, consider an LVS, the sta
transition diagram is as shown in Fig. 11.

The state transition diagram is very similar to that of Rando
strategy, except that the overflow traffic is state dependent.
state(, j), leti + 7 = k, and the rate of overflow calld;; is

0.16 T T T

S— Random (simulation)
>——"Random(analysis) 4

/4 Least Loaded (simulation)
3—+H Least Loaded (analysis)

normalized transmission cost

8—1
M-1
Ao (M —2
A= M-1) > /3—1(/3—1) > Pun

B8=1 rn—l—]:l,:k

n<N-—-r

M-1-3
Z Prnn + Z Prn]\"—r (25)
m+n>k 0<m<r r

with Fig. 13. Normalized transmission cost againgor the residual reservation

schemes.
alAp Z P“—i- Z AU.P“ I)\D(l—PB). (26)
(5,5)e (5, 5)€ overflow traffic to the least-loaded LVS, and hence reduces the
Using the same method as in Random strategy, we can saivebability of (further) overflow. However, asincreases, the
Pg, P;;, ande. The transmission cost is simply given by (16) difference becomes less and finally, whehecomes large, the
performance of the two strategies converges. This is because
V. NUMERICAL RESULTS whenr becomes large, each LVS is dominated by local calls and
. . . ngt many overflow calls would be accepted in both schemes.
In this section, some numerical results from our models an : : ) )
. . . Now, we consider the strict reservation schemes. Fig. 14 plots
simulations are presented, givéih = 5, N = 50 andAp = : o : ] . .
dhe blocking probability against Comparing with simulation

47.5. The simulations are carried out using OPNET versiof.6 . . .
X . : : . results, it can be seen that our model quite accurately predicts
First, we consider the residual reservation schemes. Fig. 12 plots ' o .
thé blocking probability for a wide range of

the blocking probability against The blocking probability pre- Fig. 15 plots the normalized transmission cost agairfet

dicted by our model is quite close to the simulation results. : ; ; ) .
. ) . . the strict reservation schemes. Both simulation and analytical
Fig. 13 plots the normalized transmission cost againBbth T
results show that the transmission cost of Least Loaded strategy

simulation and analytical results show that whias small, the . -

- . s always less than Random strategy. Compared with Fig. 13, we
transmission cost of Least Loaded strategy is less than Random : R :

o . cgn see that the residual reservation is a more effective scheme

strategy. This is because Least Loaded strategy always directs L o .

0 smoothly limit/control the transmission cost (i.e., network

3http:/Avww.mil3.com. bandwidth utilization).
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G— residual reservation
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Fig. 17. Normalized transmission cost against blocking probability.
Fig. 14. Blocking probability againstfor the strict reservation schemes. 9 9 9P ¥

: . : TABLE |
019 | SPEED COMPARISON BETWEEN ANALYSIS AND SIMULATION
analytical | simulation
L a7 1 N=50, r=0 0.06 698.64
8 i N=50, r=10 ] 22.03 557.56
5 0.15 b N=60, r=0 0.02 632.32
8 N=60, r=10 | 31.83 589.10
& 013 |
< —
@ i =
= 0.8
§ 011 G—=0© Random (simulation) - Ria 4, (1]
5 &—— Random (analysis) iy i)
g 0.09 | /5~ Least Loaded (simulation) > 8 ab Fi=Ei At
c G—=a Least Loaded (analysis) £ = e
I LAt B L
0 L " N,
0.07 4 b e, (P=3)
Er L et Y B “""-\.H | romad
o I ! l"-\. =
0.05 ) ) ) ; .08 h‘-\._m = "%u.
10 20 30 40 -k s . ik
r =" " = . L
E (.05 T i e s 1"& - '.‘er-_-
Fig. 15. Normalized transmission cost againsfor the strict reservation £ ; e ,.___“""---___H i "“-,.__h‘ e
schemes. oa - L o - .
L] Ir="10}
' k o oot 0.0z ooa 0.0 0.0
G—=© Random (simulation) Hocking probabiliy
0.25 G—+1 Random (analysis) !

A—2A Least Loaded (simulation)
+——+ Least Loaded (analysis)

Fig. 18. Normalized transmission cost against blocking probability for
differentr and.NV.

0.20
Fig. 16 plots the normalized transmission cost for both
Random and Least Loaded strategies when there is no

normalized transmission cost

018 reservation in LVSs for local calls. As with reservation, the

transmission cost for the Least Loaded strategy is always less
0.10 than the Random strategy.

Fig. 17 plots the normalized transmission cost against

o.osﬁ blocking probability for both reservation schemes with the
] Least Loaded strategy. It can also seen that, given a blocking
probability, the residual reservation scheme gives less commu-
0.00 = 0.90 0.95 700 hication cost than the strict reservation scheme. From these

normalized load results, we can conclude that residual reservation with Least
Loaded strategy always performs better than other combina-
Fig. 16. Normalized transmission cost against loading. tions of the reservation scheme and selection strategy. From
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Fig. 19. Total cost against blocking probability= 0.01. blocking probalility

now on, we focus our study on residual reservation with tHéd- 20. Total cost against blocking probability= 100.
Least Loaded strategy.

Although our model does not provide a closed form solutioghst. On the other hand, wheris less than 1, it means that the
for the performance measures, it is still computationally mokgrver cost is relatively higher than transmission cost. Figs. 19
efficient than simulation. Table | gives a snapshot of the runnirghd 20 plot the total cost against blocking probability with:
times (in seconds) of two approaches using a Sun Ultra 1 mgg1 and 100, respectively. Comparing these two figures, it can
chine. Obviously, solving our models requires much less tinfR seen that can affect the relationship between total cost and

than simulation. blocking probability. In Fig. 19, the total cost decreases with
7, while in Fig. 20, the total cost increases whedecreases.
VI. APPLICATIONS OF THEMODELS Also, in Fig. 20, for a given a blocking probability, there exists

Our models provides a useful tool for VoD operators to desigi 0ptimal combination oV andr such that the total cost can
and dimension their systems. For example, using our model, #eminimized. For example, if a blocking probability of 0.01 is
transmission cost and blocking probability can be obtained ftquired,NV- = 55 andr = 8 should be chosen such that total
different reservation parameteand disk headsV, as depicted COStis minimized. In addition, through these results obtained, it
in Fig. 18. When designing a system to meet a specified qualf§n be seen that the introduction of server strategy schemes is
of service requirement (blocking probability), this set of curve4ery useful in order to reduce system cost.
can be used to choose appropriate values fand NV, so that
the transmission cost can be well controlled. VII. CONCLUSION

Alternatively, for a newly established VoD system, our model In this paper, a fully connected video server network architec-

can b_e used to assess the relationship b_etween total cast an?JF@for VoD systems was studied. Under the assumptions of uni-
blocking probability. Here, the total co%tis modeled as

form loading and symmetrical network, analytical models were
T = a x transmission cost N (27)  proposed for two server selection strategies (Random and Least
wherea is a scaling factor andv is a measure of the cost of aLoaded) and for two reservation schemes (strict reservation and
video server, assuming that the cost of a video server increasesidual reservation). The models can be used to determine the
with the number of disk heads. Wheris larger than 1, it means call-blocking probability and the requirements of network band-
that the transmission cost is relatively higher than the serwgidth given the capacity of LVSs. It was shown that the models
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TABLE I
DEFINITION OF MAJOR SYMBOLS

Symbols | Definition
M the number of LVSs in the system
N the number of server/disk heads in an LVS
r reservation parameter
(z,7) the state of the network in which there are totally ¢ and j
in groups 1 and 2, respectively
P(i,j) | the probability that the network 1s in state (¢, )
Ap the rate of local offered traffic to an LVS
Ao the rate of overflow traffic from an LVS
Cy(t, M) | the number of distinct occupancies when inserting ¢ distinct balls into M urns
where each urn has the capacity to store N balls
Pru(z) | the probability that an arrival is directed to a full queue
when there are ¢ calls in group 1
Plali,7) | the probability that a call entering group 2 finds a full queue
when the network is state (¢, 5)
Pi(i,7) | the probability that a queue in group 2 has no local calls at state (7, 7)
Pg the system blocking probability
Cy the transmission cost (per server) on the fully connected core network in a unit time

are, in general, quite accurate when compared with the simulafs] K. W. Ross,Multiservice Loss Models for Broadband Telecommunica-
tion results. Numerical results showed that: 1) the Least Loaded__ tion Networks New York: Springer-Verlag, 1995, ch. 7.

. . rh?] . Chlamtap and A. Ganz, “Design and analysis of very high-speed net-
strategy always provides less communication cost than Random* i architectures, IEEE Trans. Commumvol. 36, pp. 252-262, Mar.
strategy as expected; 2) given the same blocking probability, 198s.
the residual reservation scheme gives less communication cost
than the strict reservation scheme; and 3) the residual reserva-
tion is a more effective scheme to smoothly limit/control net-
work bandwidth utilization than the strict reservation schem
In addition, the models provide a useful tool for VoD operatol
to design and dimension their systems. For example, when
signing a system to meet a specified quality of service requit
ment (blocking probability), a set of system parameters can
obtained by using the models such that the total system cos
minimized.
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