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Abstract

An important resource management issue in multimedia servers is to balance
the load on the available hard disks. Using random redundant storage strategies
we can balance block requests over the disks by exploiting the freedom to service
them by different disks. This induces a so-called retrieval problem in which
to decide for each block which disk to use for its retrieval. We formulate this
problem as an MILP problem, prove that it is AN"P-complete, and show that the
problem can be seen as a multiprocessor scheduling problem. Next, we describe
a heuristic with a performance guarantee based on an LP-relaxation.

1 Introduction

A multimedia server offers continuous streams of multimedia data to multiple users.
In a multimedia server one can often distinguish three parts: an array of hard disks to
store the data, an internal network, and a fast memory from which the users consume,
which is usually implemented in RAM. The multimedia data is stored on the hard
disks in blocks, such that a data stream is realized by a series of blocks. The total
RAM is split up in a number of buffers, one for each user. A user consumes, possibly
at a variable bitrate, from his/her buffer and the buffer is refilled with blocks from the
hard disks. A buffer generates a request for a new block as soon as the amount of data
in the buffer becomes smaller than a certain threshold. We assume that the requests
are handled periodically in batches in such a way that the requests that arrive during
one period are serviced in the next one. In the server we need a cost-efficient storage
and retrieval strategy, that guarantees, either deterministically or statistically, that the
buffers do not underflow or overflow.

The cost of a multimedia server mainly consists of the costs of hard disks and RAM.
The number of hard disks needed for a given number of users depends on the disk
storage and disk transfer rate requirements of the entire system. Our analysis focuses
on applications for which the transfer rate requirements form the bottleneck, as in some
video on demand applications. This means that it is important to use the available
bandwidth of the disk array as efficiently as possible and for that we have to (1) use
each single disk efficiently, i.e., to optimize the effective reading time, and (2) balance
the workloads of the disks. To optimize the effective reading time we should make the
data blocks as large as possible, but this is in contrast with the buffer costs, as the
amount of RAM per user grows linearly in the blocksize. In this paper we do not discuss



this trade-off any further; we focus on the load balancing performance of redundant
storage strategies.

The load balancing performance of a storage strategy is an important factor in the
disk costs, as an efficient usage of the available bandwidth of the disk array increases
the maximum number of allowed users. In this paper we analyze the load balancing
performance of random redundant storage strategies: each data block of a stream is
stored on a randomly chosen subset of the disks. Redundancy gives the freedom to
obtain a balanced load. To exploit this freedom we have to solve in each period a
retrieval problem, i.e., to decide for each data block which of the disks to use for its
retrieval. Prior work [1, 3, 5] shows that redundant storage strategies have a good
load balancing performance. A drawback of the redundant storage strategies is the
disk storage overhead, but in case the disk transfer rate forms the bottleneck instead
of the disk storage capacity this need not be a serious drawback. In this paper we
describe a general model for the retrieval problem, describe the problem in terms of
multiprocessor scheduling, analyze its complexity, and give approximation algorithms
and their performance.

2 Problem formulation

We consider a multimedia data server that handles requests periodically in such a way
that in each period the data blocks are fetched that were requested in the preceding
period. Each data block is stored on a given subset of disks. As we consider multi-
zoned disks, the read time for a block depends on the zone in which the block is stored.
For each data block we have to decide from which disk(s) to retrieve it. We allow that
different parts of one block are retrieved from different disks with the advantage that
we have more load balancing freedom. The drawback of splitting up a block access is
that the total number of accesses increases, which generally results in a larger total
switch time. We approximate the switch time per disk using a linear function in the
number n of blocks to retrieve from that disk, i.e., s(n) = s-n 4 ¢. The problem is
to find for each period an assignment of the data blocks to the disks that results in a
minimal period length, where the period length is defined as the maximum over the
disks of the sum of the switch time and the read time. More formally, the problem can

be defined as follows.

Problem 1 [Retrieval Problem)].

Given are a set M of disks and a set J of data blocks. For each block 5 € J and disk
m € M a 0/1l-parameter wu;, indicates whether block j is stored on disk m and pj.,
gives the transfer time to read block j from disk m. Furthermore the parameters s
and ¢ of the switch time function are given. We introduce for all j € J and m € M
a decision variable x;.,, indicating the fraction of block j to retrieve from disk m, and
a corresponding 0/1-variable y;,, that indicates whether or not disk m is accessed for
(a part of) block j. Note that xj, > 0 implies that y;, = 1. The problem is to find
values for x,,, and yj,, such that



max (Z TimPim + 5 Y Yim + C) (2.1)

JjeJ JjeJ
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The retrieval problem can be seen as a multiprocessor scheduling problem, by viewing
the disks as machines and the block requests as jobs. In the well-known three-field
classification the machine environment of our problem is given by unrelated parallel
machines, the special constraints on the jobs are machine eligibility and preemption
with set-up cost, and the optimization criterion is the makespan. The result is that
the retrieval problem can be denoted by R | M;, pmtn + set-up | Cpax. A difference
between the retrieval problem and a standard multiprocessor scheduling problem is
that it is allowed that two disks work on the same block at the same time in case
of preemption. This means that in contrast to multiprocessor scheduling a preemted
assignment of the blocks to the disks is automatically a feasible schedule for retrieval.

3 Complexity and solution approach

We can prove that the feasibility variant of the retrieval problem is NP-complete in
the strong sense by a reduction from 3-partition, which is NP-complete in the strong
sense [2].

Theorem 1 NP-completeness The feasibility variant of the retrieval problem is NP-
complete in the strong sense.

Proof (sketch). Considering an instance of 3-partition with items aq,...,as, and a
binsize B = % > a;, we construct an instance of the retrieval problem in the following
way. For each «a; of the 3-partition instance we define a block 7 which is stored on all
disks, i.e., uj, = 1 for all m € M, and has a transfer time pj, = p; = a; on all disks.
Furthermore we define the value s in the objective function as s = B, the makespan
bound T of the retrieval problem as T' = 4B, and the constant ¢ of the switch time
function as 0. With this transformation we can conclude that 3-partition is a special
case of the retrieval problem. a
In the full paper we show that the retrieval problem remains NP-complete in the
strong sense in case of random duplicate storage, i.e., each block is stored on exactly
two randomly chosen disks.



A straightforward way to derive a heuristic for the retrieval problem is by solving its
LP-relaxation and rounding up the y-variables. In the solution of the LP-relaxation
each y-variable will have the same value as the corresponding x-variable, as we want
to minimize the period length and s > 0. This means that we can omit the y-variables
from the formulation. We use an LP-solver to solve the resulting LP-problem, in which
we minimize T subject to:

Yier Y Tjm(pim +5) +c < T, (3.1)
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We construct an algorithm ALGI for the retrieval problem as follows. ALGI solves
the LP-relaxation, rounds up the y-variables and computes the the actual cost using
equation (2.1).

Theorem 2 Performance ratio of ALG1 The absolute performance ratio of ALG1 is

bounded by 1 + |J|.|M|2's

T e s) in which pmin ©s the minimum transfer time.

In practice, the ratio between |.J| and |M| depends on the ratio between disk transfer
rate and consumption rate, such that it gives an indication for the number of users that
can be serviced by one disk. For a given set of system parameters this ratio is more or
less constant, and consequently, the other | M| factor in the numerator of the formula
in Theorem 2 makes that the performance guarantee grows in the size of the system.
To improve on this, we describe in the full paper a second algorithm based on the
work of Lenstra, Shmoys, and Tardos [4] for the non-preemptive scheduling problem
min{|M|s,pmax+s}

R | | Cimax, which results in a performance ratio of 1 + ==,
M(pmin‘l"s)
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