ELSEVIER Performance Evaluation 33 (1998) 89112

Performance analysis of admission control algorithms based on reward
optimization for real-time multimedia servers

Ing-Ray Chen **, Tao-Hung Hsi®
 Department of Computer Science, Virginia Polytechnic Institute and State University, Northern Virginia Center,
7054 Haycock Road, Falls Church, VA 22043, USA
" Institute of Information Engineering, National Cheng Kung University, Tainan, Taiwan, ROC

Received | July 1997; received in revised form 7 December 1997: accepted 4 March 1998

Abstract

We propose and analyze a class of admission control algorithms based on reward optimization for multimedia servers
designed to provide on-demand services to clients in an environment where workload characteristics of clients can change
dynamically. These admission control algorithms are developed based on two strategic choices, namely, “deterministic”
or “best-effort” regarding quality of service (QoS) control, and “priority-reservation” or “no priority-reservation” regarding
reservation control. We first formulate the design of admission control algorithms for real-time multimedia servers as a reward
optimization problem, with the “reward” referring to the value which the system receives after servicing prioritized clients
based on the QoS requested and delivered. Then, we derive closed-form solutions for the reward rate expressions which the
system can possibly obtain as a result of applying these admission control algorithms and validate the analytical results with
a simulated VBR video server. A physical interpretation is given for the best combination of strategic choices under which
the system can obtain the best reward as a function of workload and cost characteristics of the clients. We demonstrate that
the reward value which the system receives under our proposed admission control algorithms at optimizing conditions can be
much higher than those under traditional admission control algorithms which do not consider reward optimization. © 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

On-demand multimedia servers including KTV servers and video-on-demand servers are frequently de-
signed to service a large number of clients simultaneously [11,14]. Once a client is admitted, the service of
media data normally must be provided continuously to the client based on the quality of service specified
unless a re-negotiation takes place [18]. Due to this continuity requirement, a portion of the server capacity

* Corresponding author. Tel.: +1 703 538 8376; fax: +1 703 538 8348; e-mail: irchen @cs.vt.edu.

0166-5316/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
PIISO166-5316(98)00002-9



90 1.-R. Chen, T.-H. Hsi/ Performance Evaluation 33 (1998) 89-112

will necessarily be reserved for the client until the client departs. A central design issue of such multimedia
servers thus is how to effectively allocate the server capacity to clients so that for a given hardware con-
figuration more clients can be admitted without violating the QoS requirements of all the admitted clients.
The issue is particularly interesting when the server is overloaded because new arriving clients might have
to be rejected. In this case, a design issue is how to minimize the loss to the system, or, better yet, how
to maximize the pay-off or reward to the system. This paper intends to formulate the design of admission
control algorithms as a reward optimization problem.

Over the past few years, various admission control algorithms have been proposed in the literature,
generally adopting the design concept that all the admitted clients are to be serviced in round-robin rounds
where, in each round, media blacks requested by all admitted clients are retrieved, buffered, and transmitted
across the network (or displayed locally) in a pipelined, continuous fashion. Each client is allocated with a
buffer which alternates between being filled by disk reads and being emptied into the network (or displayed
locally) in each round [1,12,13,17]. For example, if a client requests a playback rate of 30 frames/s, then
in each service round, the system should retrieve as many media blocks as necessary, corresponding to a
minimum of 30 frames from the server disk into the buffer area of the client, in order to meet the QoS
requirement of that client. Obviously, the maximum number of clients which can be admitted by the server
depends on the underlying hardware structure and capacity of the server and the QoS requirements of the
clients.

Rangan et al. [13] have developed a round robin admission control algorithm to guarantee that the
underlying hardware structure and capacity can satisfy the QoS requirements of all of the admitted clients.
They allow clients to have different QoS requirements in terms of playback rates, and thus in each round
different clients may request different numbers of media blocks to be retrieved. They developed a disk
scheduling algorithm to efficiently retrieve the requested media blocks so as to reduce the retrieval time
per client and for the system to be able to accept more clients. Based on their algorithm, the maximum
number of clients which can be admitted to the system without violating their QoS requirements can be
determined at the run time. Rangan and Vin [12] performed a similar analysis for a file system for digital
video and audio. The approach adopted by Rangan et al. [12,13] is strategic in nature, i.e., not allowing
the QoS requirement of any admitted client to be violated at any time. Such an admission strategy results
in “deterministic” services where the continuity requirements of all admitted clients are never violated for
any brief moment during the entire service span. Consequently, a worst-case assumption regarding service
times, i.e., the worst-case retrieval time, is used in deriving the maximum number of clients which the
server can admit while satisfying their QoS requirements.

Since deterministic services may needlessly constrain the number of clients that can be admitted and
make the server capacity severely under-utilized, Vin et al. [17] proposed that the system may be able to
admit a mix of intolerant and tolerant clients, with intolerant clients still requesting deterministic services
while tolerant clients request only “predictive” services. The predictive service discipline is another strategy
regarding QoS control for which momentary violations of the continuity requirements can be tolerated,
as long as the fraction of media data delivered on time is larger than a specified threshold value, say a,
specified as part of a client’s QoS requirement. For example, o = 97% means that 97% of media data must be
delivered on time. For deterministic services, it is 100%. Based on this concept, Vin et al. derived admission
control criteria for deterministic services (based on worst-case service times), and also for predictive
services based on average-case service times obtained from extrapolation data from past measurements.
They also discovered by simulation that the maximum number of clients which can be admitted by the
server with predictive services is greatly increased with the server utilization being greatly improved,
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when compared with deterministic services. It was demonstrated that these benefits are obtained without
sacrificing the QoS requirements specified by tolerant clients requesting predictive services. Although the
work by Vin et al. [17] demonstrates the benefits of predictive services over deterministic services, it is not
clear how a client would declare itself as a tolerant client and specify the threshold value « in his/her QoS
requirement, since in real-world applications it is unlikely that a client would be willing to lose any data
unforcefully. Since the work by Rangan et al. [12,13] in admission control is strategic in nature regarding
QoS control, they again assume that when the system is overloaded, newly arriving clients are simply
rejected.

In this work, we consider “deterministic” or “predictive” (which we term “best-effort” in this paper, to
make it clearer) as only part of possible strategic choices in designing admission control algorithms for a
multimedia server. In our view, an admission control algorithm is composed of a set of strategic choices,
with *“deterministic” and “best-effort” being the possible strategic choices in the strategy group concerning
QoS control, while “priority-reservation” and *“no priority-reservation” being the possible strategic choices
in another group concerning reservation control. One strategic choice is to be selected out of each strategy
group to form an admission control algorithm. ! The deterministic or best-effort strategy concerns the
maximum number of clients the system can admit based on the capacity and structure of the underlying
hardware without violating the QoS requirements of all admitted clients; on the other hand, the priority-
reservation or no priority-reservation strategy concerns whether the system should separately reserve server
capacity to clients with different priority levels (and thus “values”), especially when the system is over-
loaded. This list of strategic choices considered in this paper is by no means exhausted. For example, for
the strategy group regarding QoS control, in additional to the deterministic and best-effort strategic choices
considered above, we can also include statistical QoS control strategies into this group. A statistical QoS
control strategy determines if a client can be admitted based on a statistical estimation of the probability
that the total data requested by all the users exceeds the server capacity. A new client to the system is
rejected if this probability at the arrival instant is found to be greater than a specified threshold probability
value, say, |0™%. Chang and Zakhor [1] have proposed a class of statistical admission control strategies for
buffer management for variable bit rate (VBR) video servers and showed that statistical admission control
is more effective than deterministic admission control for interactive video server systems. This paper does
not consider statistical admission control strategies.

The purpose of reserving the server capacity discriminatingly for different prioritized clients is for system
“reward optimization”, considering that a high-priority user is associated with a higher “value” if it is served
successfully and, correspondingly, a higher “penalty” if it is rejected or served unsatisfactorily (due to QoS
deterioration). With this concept, we formulate the design of admission control algorithms as a reward
optimization problem, with the “design space” consisting of all possible combinations of strategic choices
and with the goal being to optimize the system value.

Specifically, we consider that every client can be assigned with a reward indicating its value to the system
(e.g., monetary value) when the client is successfully serviced, and conversely a penalty or, more generally,

! Another strategy group not considered in this paper consists of “local admission only” and “remote admission” strategic
choices regarding global QoS control. *Local admission only” means that the server admits a client only locally and rejects
the client if it cannot accommodate the client without forwarding the client to another replicated multimedia server, while
“remote admission” means that the server forwards the client as often as necessary either because the client cannot be accepted
locally or just for load balancing reasons. This strategy group offers the possibility of load balancing for a set of replicated
multimedia servers providing the same service. This strategy group is not treated here since we do not deal with replicated
servers in this paper.
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a penalty function indicating the negative value (e.g., loss of profit) imparted to the system when the client
is rejected or is not satisfied with the QoS delivered. These positive/negative reward functions reflect the
benefit/loss to the server system. The problem we are interested in solving is determining the best admission
control algorithm, according to which the system can receive the maximum value. In this paper, we consider
the case in which the server services a mix of high-priority and low-priority clients, each characterized by
its own arrival /departure rates as well as its reward/penalty value functions.

When we choose a strategy regarding QoS control, i.e., deterministic or best-effort, we can determine
the maximum number of client requests that the system can service without overloading, based on previous
theoretical results [13,17]. In addition, if we choose a “priority-reservation” strategy regarding reservation
control, we can divide this maximum number of clients into several “priority threshold values.” with a
threshold value referring to the amount of server capacity reserved for the high-priority clients, for the
low-priority clients, or both. We will show in this paper that there exists a set of optimizing “priority
threshold values” under which the server can obtain the maximum reward. With the concept of reservation
control for prioritized clients, we vitalize the role of admission control algorithms from a passive role, i.e.,
preventing system overload, to an active role, i.e., maximizing the system value while still satisfying the
QoS requirements of all the admitted clients. With this formulation, the system value measure becomes
a unifying performance metric in assessing the performance of admission control algorithms formed by
various combinations of strategic choices. In this paper, we consider four possible algorithms since there are
four possible combinations (i.e., 2 times 2) out of “deterministic” or “best-effort” regarding QoS control,
and “priority reservation” or “no priority reservation” regarding reservation control.

The rest of the paper is organized as follows. In Section 2 we state the system assumptions and notation
that are used in the paper. Section 3 develops analytical models based on queueing theory, for analyzing a
class of “threshold-based” reservation control strategies. Based on the analysis result, we derive analytical
expressions for the system reward rate (i.e. value/time) obtainable by the system for each of the four
admission control algorithms considered in the paper. Section 4 validates the analytical results with a
simulated variable bit rate (VBR) video server based on discrete-event simulations. A physical interpretation
of the analytical and simulation results is given and the conditions under which one algorithm can provide
a better system value than the others as a function of client workload characteristics are discussed. Finally,
Section 5 summarizes the paper and outlines some future research areas.

2. Assumptions and system model
2.1. Client workload characteristics

We assume that our multimedia server system accepts clients with two different priority levels. The
inter-arrival times of high-priority and low-priority clients are exponentially distributed with average times
of 1/An and 1/, respectively. When a client arrives, the server determines whether to accept the client
based on its admission control algorithm. Once a client is admitted and thus a reservation is made to the
client, the client is assured of the reserved capacity until it departs. The inter-departure times of high-priority
and low-priority clients are assumed to be exponentially distributed with an average time of 1/u. While in
general, different clients may have different QoS requirements regarding their playback rate, frame rate,
display resolution, etc., for simplicity we assume that all clients demand the same QoS requirement. The
last two assumptions are justified for video-on-demand (VOD) servers.
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2.2. Cost model: Reward/penalty characteristics of clients

The value of a client to the server system is characterized by the client’s reward/penalty cost model.
We assume that when the server successfully services a high-priority client without violating its QoS
requirement, the system receives a reward value of vy,. On the other hand, if a high-priority client is rejected
upon arrival, we assume that the system loses a value of g, immediately. Moreover, for a high-priority
client having been admitted into the system, if the client is dissatisfied with the QoS delivered, then the
system receives only a portion of the reward or even a penalty depending on the degree of discontent. Let oy,
represent the percentage of multimedia data delivered to the client on time (thus representing the degree of
QoS satisfaction) during the client’s entire service span. Then, the reward value received by the server system
when the client departs can be described by a reward function v}’,(vh, gn, o). For deterministic services,
obviously vt’}(vh, gh, Q) = v;](vh, gn. 1) = vy since with deterministic services the QoS requirement of each
admitted client is always satisfied and no client would be dissatisfied with the QoS delivered. For best-effort
services, since the client’s QoS requirement is not guaranteed all the time and ay, is not necessarily equal
to one, a possible form of Ufl(')h’ gn, on) 1s that it satisfies the following boundary conditions: if oy = 1, a
positive value of vy, is returned and if ay, = 0 then either zero is returned (in which case the reward value is
down to zero but no penalty applies) or a negative value of —gy, is returned (in which case a penalty applies).
In the analysis which follows, we drop the argument part of vy and just use vj, to denote this function; no
assumption is made regarding its form. 2

With the above cost model, a high priority client thus imparts a value of vy (vp, gn, o) when it is admitted
into the server system and a negative value of —gy, when it is rejected on admission; similarly, a low priority
client imparts a value of vj(v|, g1, &) when it is admitted into the server system and a negative value of
—q) when it is rejected on admission. When all clients are indistinguishable, these two sets of parameter
values and functions are identical. While in reality each client might have its own set of reward/penalty
parameters, for analytical tractability we assume that all high-priority clients have their unique set of
(V. gn, orn) parameter values and reward function v}’], and all low-priority clients also have their unique
set of (v, g, @;) parameter values and reward function v|. This assumption is reasonable for multimedia
server systems which must provide distinct services to prioritized clients based on their values/penalties
imparted to the system. We assume that the system designer can estimate the values of these two sets of
parameters and reward functions to characterize the target client—server system.

2.3. Resource assumptions

We assume that the resources being controlled by a multimedia server include some processors and
buffer, as well as a storage unit for storing multimedia data. While in general a storage unit may consist of
tape, disk and expanded memory units (e.g., as in a video server [2]), we assume that a disk subsystem is

2 In the simulation study to be introduced later in Section 4, we assume that vy (vh, gh. o) is of the exponential decay form,
ie.,

U (Vh. gn. ap) = o

which means that the reward value deteriorates from vy, to ) exponentially as ey, goes from 1 to 0. Here 8, is called the decay
parameter which determines the degree of exponential deterioration of v], with respect to 1 — a,.
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being used as the storage medium since it is a cost-effective solution with a reasonable latencies and data
throughput rates [6].

Regardless of the admission control algorithm employed by the system, there is a maximum number of
clients which can be admitted by the server. Although it is generally true that both the disk throughput and
the buffer available can constrain the number of clients, we assume that the disk throughput is the limiting
factor.

2.4. Performance metric

The performance metric being considered in their paper takes both rewards and penalties of the clients
into consideration. It is called the system’s total pay-off rate (or reward rate), defined as the average amount
of reward received by the server per time unit. In other words, under a particular admission policy if the
system on average services Ny, high-priority clients and Ny low-priority clients per unit time while rejecting
M, high-priority clients and M; low-priority clients per unit time, then the system total pay-off rate is

NhU}; -+ N1U|, - Mngn — Mq).

Note that here we have used vy and v| instead of vy and v; for the reward functions of high-priority and
low-priority, respectively, because we have to consider the degradation of the reward when a client does
not satisfy the QoS delivered. The problem we are interested in solving is to identify the best admission
control algorithm under which this performance metric is maximized.

Notation

Ah arrival rate of high-priority clients

Al arrival rate of low-priority clients

" departure rate of clients

Uh reward of a high-priority client if the client is serviced with a complete satisfaction with the QoS
delivered

v reward of a low-priority client if the client is serviced with a complete satisfaction with the QoS
delivered

gh penalty of a high-priority client if the client is rejected on admission

q1 penalty of a low-priority client if the client is rejected on admission

ah average degree of QoS satisfaction for high-priority clients

o average degree of QoS satisfaction for low-priority clients

vr’] short-hand notation for the reward function 1)}’1( Uh, ¢n. oty), which returns the actual reward value
of a high-priority client

v]’ short-hand notation for the reward function v,’( V1, 41, ), which returns the actual reward value of
a low-priority client

B decay parameter of a high-priority client for the case when the reward function of a high-priority

client decays exponentially with the value of | — «y,. i.e., v{](vh. gh, Qn) = v exp(—6 (1 — ap))
6 decay parameter of a low-priority client
PO, total system pay-off rate under a reservation control policy x
PO;  total system pay-off rate under a reservation control policy x and a QoS control policy v






