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Abstract: There is increasing interest in the use of multiple-disk parallel I/O
systems to alleviate the I/O bottleneck. Effective use of I/O parallelism requires
careful coordination between data placement, prefetching and caching policies.
We address the problems of I/O scheduling and buffer management in a parallel
I/O system. Using the standard parallel disk model with D disks and a shared
I/0 buffer of M blocks, we study the performance of on-line algorithms that
use bounded lookahead.

We first discuss algorithms for read-once reference strings. It is known (see
[3]) that any deterministic prefetching algorithm with either global M-block or
local lookahead, must perform a significantly larger number of I/Os than the
optimal off-line algorithm. We discuss several prefetching schemes based on a
randomized data placement, and present a simple prefetching algorithm that is
shown to perform the minimum (up to constants) expected number of I/Os.

For general read-many reference strings, we introduce the concept of write-
back whereby blocks are relocated between disks during the course of the com-
putation. We show that any on-line algorithm with bounded lookahead using
deterministic write-back and buffer management policies must have a competi-
tive ratio of (D). We therefore present a randomized algorithm, RAND-WB,
that uses a novel randomized write-back scheme. RAND-WB attains a com-
petitive ratio of ©(v/D), which is the best achievable by any on-line algorithm
with only global M-block lookahead.

*Research partially supported by the National Science Foundation under grant CCR-9704562
and a grant from the Schlumberger Foundation.
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1.1 INTRODUCTION

Continuing advances in processor architecture and technology have resulted in
the I/O subsystem becoming the bottleneck in many applications. The problem
is exacerbated by the advent of multiprocessing systems which can harness the
power of hundreds of processors in speeding up computation. Improvements in
I/O technology are unlikely to keep pace with processor and memory speeds,
causing many applications to choke on I/O. The increasing availability of cost-
effective multiple-disk storage systems [7] provides an opportunity to improve
the I/O performance through the use of parallelism. However it remains a
challenging problem to effectively use the increased disk bandwidth to reduce
the I/0O latency of an application. Effective use of I/O parallelism requires
careful coordination between data placement, prefetching and caching policies.

The parallel disk model of Vitter and Shriver [21] consists of D independently
accessible disks and an associated I/O buffer with a capacity of M blocks. The
buffer is shared by all the disks. The data for the computation is stored on
the disks in blocks; a block is the unit of access from a disk. In each parallel
I/O up to D blocks, at most one from each disk, can be read from or written
to the I/O subsystem. From the viewpoint of the I/O, the computation is
characterized by a reference string consisting of the ordered sequence of blocks
that the computation accesses. A block should be present in the I/O buffer
before it can be accessed by the computation. Serving the reference string
requires performing I/O operations to provide the computation with blocks
in the order specified by the reference string. In this model the measure of
performance of the system is the number of parallel I/Os required to service a
given reference string.

Classical buffer management has been studied extensively in a sequential
I/O model [1, 4, 5, 6, 9, 16, 19]. These works primarily deal with developing
efficient buffer management algorithms for a single-disk system, by optimizing
decisions regarding the blocks to be evicted from the buffer. The use of in-
formation about future accesses, lookahead, to improve the eviction decisions
made by on-line algorithms for single-disk systems was studied in [1] and [5],
using different models of lookahead. The overlap of cpu and I/O operations in
a single-disk system was addressed in [6], and off-line approximation algorithms
were presented and analyzed. In the scenario of parallel I/O studied here, sev-
eral new issues (discussed in Section 1.1.1) arise, precluding any straightforward
extensions of the algorithms for single-disk systems to the parallel situation.
In [3] the question of designing on-line prefetching algorithms for parallel I/0
systems using bounded lookahead was addressed. Fundamental bounds on the
performance of algorithms were presented for an important, albeit restricted,
class of reference strings called read-once reference strings. However, the prob-
lem of general reference strings in which blocks can be repeatedly accessed,
called read-many reference strings, was not considered. For read-many refer-
ence strings an optimal off-line buffer management and scheduling algorithm
was presented in [20] for a distributed-buffer parallel I/O model in which each
disk has its own private buffer. An interesting alternate measure of perfor-
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mance that has been proposed is the elapsed or stall time which includes the
time required to consume a block as an explicit parameter [6, 12]. An off-line
approximation algorithm for parallel I/O scheduling and buffer management
in this model was presented in [12]. However, so far the question of devising
an on-line algorithm with bounded lookahead for general read-many reference
strings in a parallel I/O model has not been addressed.

In this article we study the on-line I/O scheduling problem in the framework
of competitive analysis. In this framework, the measure of performance of an
on-line algorithm is the competitive ratio (defined formally in Section 1.2).
Informally, this ratio measures how well a given on-line algorithm performs
compared to the optimal off-line algorithm; the latter has access to the en-
tire reference string and constructs its schedule using some off-line optimization
strategy. We first discuss algorithms for read-once reference strings, followed by
consideration of general read-many reference strings. We introduce the concept
of write-back, whereby blocks are dynamically relocated between disks during
the course of the computation. Using global M-block lookahead (defined in
Section 1.2) and randomized write-back, we design an on-line buffer manage-
ment and scheduling algorithm, RAND-WB, whose competitive ratio matches
that of the best on-line algorithm which uses only the same amount of looka-
head. For worst-case reference strings, the expected number of I/Os performed
by RAND-WB is shown to be within ©(v/D) times the number of I/Os done by
the optimal off-line algorithm. In contrast any scheduling algorithm with the
same lookahead, that uses only deterministic rather than randomized policies
is shown to require Q(D) times as many I/Os as the optimal off-line algorithm
in the worst case.

The rest of the article is organized as follows. In Section 1.1.1 we intuitively
discuss some basic differences in parallel and sequential I/O. Formal definitions
of the parallel disk and lookahead models, and the terms used are presented
in Section 1.2. We summarize the main results of this work in Section 1.2.1.
Bounds on algorithms for read-once reference strings and the use of randomiza-
tion in this context are presented in Section 1.3. Read-many reference strings
are considered in Section 1.4. In Section 1.4.1 we introduce the concept of
write-back and derive a lower bound of Q(D) on the competitive ratio of any
deterministic algorithm using global M-block lookahead. Finally, an algorithm
which uses randomized write-back and achieves a competitive ratio of ©(v/D)
is presented in Section 1.4.2.

1.1.1 Performance Issues in Parallel I/O

In the sequential I/O model, the measure of performance is the total number
of I/Os performed. However in the parallel I/O case the appropriate measure
is the total number of parallel I/Os performed, as more than one block can be
fetched in parallel. The potential for overlapped accesses raises new issues that
make the problem of minimizing the number of parallel I/Os challenging.
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Prefetching. In the sequential model blocks are fetched on-demand; that
is, an I/O for a block is initiated only when the block is requested by the
computation. It is well known that early fetching cannot reduce the number of
I/Os needed! in the single-disk model [19]. In a parallel I/O system doing all
I/Os only on-demand is wasteful of the available I/O bandwidth, since only one
block will be fetched in any I/O operation. Disk parallelism can be obtained
by prefetching blocks from disks that would otherwise idle, concurrently with a
demand I/0. In order to prefetch accurately, the computation must therefore
be able to look ahead in the reference string, beyond the last referenced block.
Parallel prefetching for specific applications has been studied in [2, 8, 14, 15, 17],
for example.

Choice of blocks to fetch on an I/O. In the sequential model blocks are
always fetched strictly in order of the reference string. Interestingly, in the
parallel model fetching blocks in order of their appearance in the reference
string can be inefficient. For instance, consider the examples of Figures 1.1a
and 1.1b which assume D = 3 and M = 6. Assume that blocks labeled A;
(respectively B;, C;) are placed on disk 1 (respectively 2, 3), and that the
reference string Y= A1A2A3A4BlClA5BQCQAGB3C3A7B4C4C5CGC7. For the
example we assume that a parallel I/O is initiated only when the referenced
block is not present in the buffer. The schedule in Figure 1.1a is obtained by
always fetching in the order of the reference string. At step 1, blocks B; and
C} are prefetched along with the demand block A;. At step 2, By and Cs are
prefetched along with As. At step 3, there is buffer space for just 1 additional
block besides A3z, and the choice is between fetching Bs, C3 or neither. Fetching
in the order of ¥ means that we fetch Bs; continuing in this manner we obtain
a schedule of length 9. In an alternative schedule, Figure 1.1b, which does not
always fetch in order, at step 2 disk 2 is idle (even though there is buffer space)
and C5 which occurs later than Bs in ¥ is prefetched; similarly, at step 3, Cs
which occurs even later than Bs is prefetched. However, the overall length of
the schedule is 7, better than the schedule that fetched in the order of X.

Disk 1 A1 A2 A3 A4 A5 A6 A7
DlSk 2 Bl BQ B3 B4
Disk 3 C1 | Co C3 | Cy | Cy5 | Cg | Cr

Figure 1.1a Scheduling X in order

Disk 1 A1 A2 Ag A4 A5 A6 A7
Disk 2 || By B; | Bs | By
Disk 3 01 Cg 03 04 C5 Cﬁ C7

Figure 1.1b  Scheduling X out of order
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Replacement Policy. In the parallel I/O model, choosing a block to evict
is complicated because of two reasons: the need for parallelism and the use
of prefetching. It is well known that the replacement policy that evicts the
block from buffer whose next reference is the farthest (known as the MIN
algorithm [4]) minimizes the total number of I/Os done in the sequential model.
In a parallel system this is not a sufficient criterion. The eviction decision is
influenced by the potential parallelism with which blocks can be read again;
that is, it may be better to evict a block even though it increases the total
number of blocks fetched, if it permits greater parallelism. Secondly, there is
an intrinsic tension between the need to increase parallelism by prefetching
and the desire to delay the fetch as late as possible in order to obtain the best
possible candidate for eviction. For instance consider the following example
with D = 3 and M = 6, where blocks A; (respectively B;, C;) are placed
on disk 1 (respectively 2, 3). Suppose that at some point the buffer contains
Ay, Ay, Az, B1, B2, Ch, and the remainder of the reference string consists of the
subsequence: X* = A4B3C2A4B3ByB1C1 A1 As Az. Figure 1.2a shows the I/0
schedule obtained by using the same policy as MIN (known to be optimal for
a single-disk) to determine evictions. To fetch A, the algorithm will evict
Az that is referenced later than all the other blocks in buffer. Bs and Cs
are prefetched along with A4, evicting blocks As and A;2. The buffer now
has blocks A4B3C>B;B>C1, and the computation proceeds till block A; is
referenced. Three more I/Os, fetching blocks Ay, As and Aj respectively, are
required to complete the schedule. In contrast Figure 1.2b shows a schedule
that takes only 2 rather than 4 steps. This is obtained by evicting blocks A4;, By
and C; (instead of Ay, A> and Aj3) at the first step. When the computation
references B these blocks are read back in just one parallel I/0.

Disk 1 A4 A1 A2 A3 Disk 1 A4 A1
Disk 2 B3 Disk 2 B3 B3
Disk 3 CQ Disk 3 CQ C1
Figure 1.2a Schedule using MIN Figure 1.2b Alternative Schedule

1.2 DEFINITIONS

We use the Parallel Disk Model [21] of a parallel I/O system. This model
consists of D independently accessible disks and a shared I/O buffer capable of
holding M (M > 2D) data blocks. In one parallel I/O step up to D accesses,
at most one on any disk, can proceed in parallel. The measure of performance
is the number of parallel I/Os required to service a given sequence of I/O re-
quests. This model uses the I/0 time as the measure, and looks to the overlap
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Figure 1.3 Parallel Disk Model with a Shared 1/O Buffer

in read-many reference strings, in contrast to read-once reference strings where
all the requests are to distinct blocks.

Definition 1. The ordered sequence of blocks read by the computation is
called the reference string. In a read-once reference string all the references are
to distinct blocks. In a read-many reference string any two references can be
to the same data block.

Read-once reference strings arise naturally and frequently in I/O-bound ap-
plications running on parallel-disk systems: external merging and mergesorting
(including carrying out several of these concurrently) and real-time retrieval
and playback of multiple streams of multimedia data such as compressed video
and audio. In a read-many reference string the accesses are still read-only,
but there is no restriction placed on the frequency of accesses to a block. The
main difference between the problems of serving read-once reference strings and
read-many reference strings is that in the latter, buffer management plays an
important role in determining the performance. In the read-once case a block
can be evicted from the buffer as soon as it is referenced. However, in the
read-many case a data block can be referenced several times, and the buffer
manager may find it useful to retain it in the I/O buffer even after a request for
it has been serviced. As noted earlier, the choice of block to evict is influenced
by the potential parallelism with which it can be read again.

In order to perform accurate rather than speculative prefetching it is nec-
essary to have some knowledge of the future requests to be made to the I/0
system, beyond the current reference. This knowledge of future accesses is
embodied in the notion of lookahead. In sequential I/O systems lookahead
was used to help the buffer management algorithm in making eviction deci-
sions [1, 5]. In parallel systems lookahead is needed for making prefetching
decisions independent of its use in aiding evictions. In [3], two models for
lookahead were defined in the context of read-once reference strings: global
and local. Our algorithm RAND-WB uses global M-block lookahead defined
below for read-many reference strings. Such a lookahead is also called M-
block strong lookahead in the model of [1]. There has been substantial interest
in obtaining such lookahead information for prefetching from applications us-
ing combinations of programmer hints and program analysis [18]. Intuitively,



RANDOMIZED PARALLEL PREFETCHING AND BUFFER MANAGEMENT 7

global M-block lookahead gives the next buffer-load of distinct requests to the
buffer management algorithm. This information can aid both prefetching and
caching.

Definition 2. An I/O scheduling algorithm has global M -block lookahead if it
knows the portion of the reference string containing the next M distinct blocks,
beyond the current reference. For a read-once reference string this lookahead
spans exactly the next M blocks in the reference string.

The second form of lookahead we consider, local lookahead, is particularly
appropriate for read-once reference strings. This lookahead models stream data
where each stream is associated with a separate disk. The data within each
stream is accessed in a predictable fashion but the relative order of accesses
across streams is unknown. In this model lookahead information is localized to
each disk independently. For each disk we only know the sequence of accesses
from that disk up to and including the first block from that disk which is not
present in the buffer. In [2, 11] it is shown how this information can be obtained
in an on-line fashion in applications like external merging and video servers, by
implanting a small amount of information in the stored data blocks.

Definition 3. An I/O scheduling algorithm has local lookahead if, for each
disk d, it knows the sequence of accesses from disk d up to the first block from
d not present in the buffer.

As an example consider the an I/O system with D = 2 disks, containing
blocks A; and B; respectively, and a buffer of size M = 4. Suppose that at
some stage, the buffer contains blocks Ay, By, By, Ay and the remainder of the
reference string is ¥* = A, B1 Bo B3 A3. Global M-block lookahead provides the
sub-string A, By Bo B3 to the algorithm, while local lookahead provides the two
strings As A3z and B; B3 B3 to the algorithm. In particular local lookahead does
not provide any information regarding the relative order of blocks across disks.

Since the algorithms we consider use a bounded amount of lookahead we
refer to them as on-line algorithms. In contrast, off-line algorithms base their
decisions on the entire reference string. To quantify the performance of an al-
gorithm we use the competitive ratio which is a measure of how well it performs
relative to the optimal off-line algorithm.

Definition 4. An on-line parallel prefetching algorithm .4 has a competitive

ratio of C4 if for any reference string the number of I/Os that A requires is
within a factor C4 of the number of I/Os required by the optimal off-line
algorithm serving the same reference string. If A is a randomized algorithm
then the expected number of I/Os done by A is considered.

1.2.1 Summary of Results

We demonstrate quantitatively the benefits of randomization in prefetching and
buffer management algorithms for multiple-disk parallel I/O systems. We con-
sider the case of read-once and read-many reference strings separately. For the
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read-once case it was shown in [3] that any deterministic prefetching algorithm
with either global M -block or local lookahead must perform significantly more
I/Os than the optimal off-line that has access to the entire reference string. We
discuss several prefetching schemes based on a randomized data placement, and
present a simple prefetching algorithm that is shown to perform the minimum
(up to constants) expected number of I/Os. For the case of general read-many
strings we introduce the concept of write-back, whereby blocks are dynamically
relocated between disks during the course of the computation. We note that
buffer management algorithms that perform no write-back can pay a significant
I/O penalty when compared to algorithms that do. However deciding which
blocks to relocate and how to move them is not easy to do in an on-line manner.
We show that any deterministic buffer management and scheduling algorithm
with global M-block lookahead must have a competitive ratio of Q(D). That
is, any strategy that is based solely on the bounded lookahead and the past
behavior of the algorithm, can in the worst case serialize its disk accesses.

We use randomization to improve buffer management and scheduling deci-
sions. In particular, we show that by employing randomization in the reloca-
tion, the competitive ratio can be improved to ©(v/D) rather than the (D)
necessary for any deterministic strategy. We present a randomized algorithm,
RAND-WB, that uses a novel randomized write-back scheme, and attains the
lowest possible competitive ratio of ©(v/D). As a corollary we show that if ini-
tially all the data blocks have been randomly placed on disks, the competitive
ratio of RAND-WB is O(log D).

1.3 READ-ONCE REFERENCE STRINGS

For read-once sequences, we first consider a worst-case model wherein a de-
terministic placement algorithm is used to place each block of the read-once
sequence on a disk. Since no block is referenced more than once, and the
buffer can hold M blocks, a prefetching algorithm that is allowed a lookahead
of M blocks into the reference string would know, at each point, the next
memory load to fetch. Yet, counter to intuition, we have the interesting result
(Theorem 1) that there are read-once reference strings such that any parallel
prefetching algorithm with o bounded lookahead of M incurs Q(\/ﬁ) times as
many parallel I/O operations as does the optimal off-line prefetching algorithm
that knows the entire sequence.

Theorem 1 [3] The competitive ratio of any deterministic on-line algorithm
having global M-block lookahead is at least Q(v/D).

In the case of local lookahead the prefetching algorithm has no access to any
information regarding the relative order in which blocks originating from dif-
ferent, disks are consumed. It turns out that this is a very powerful advantage
for an adversary who can force a much higher lower bound on the competi-
tive ratio of such on-line algorithms. Theorem 2 shows that any deterministic
algorithm using only local lookahead can perform Q(D) times worse than the
optimal off-line algorithm. Note that for read-once strings it is trivial to de-
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sign an algorithm with a competitive ratio of ©(D), merely by performing all
I/Os on demand. Thus in a deterministic setting, local lookahead is practically
useless in speeding up the I/0.

Theorem 2 [3] The competitive ratio of any deterministic on-line algorithm
having local lookahead is at least Q(D).

In order to improve the performance of prefetching algorithms using bounded
lookahead, a randomized placement algorithm is employed. In a deterministic
placement scheme the predictability of the decisions made by the prefetching
algorithm can be exploited by an adversary to limit the performance signifi-
cantly. By randomizing the placement it becomes difficult for the adversary
to defeat the prefetching algorithm. It is possible to design simple prefetching
algorithms which significantly improve the parallelism attainable over deter-
ministic placement schemes. For our randomized algorithms we require that
each block of the reference string be placed on any disk with uniform probability
1/D. Implementations of such randomized placement schemes and associated
data structures to obtain the desired lookahead in an on-line manner for appli-
cations like external merging and video servers, are discussed in [2] and [11],
for instance.

Algorithm GREED

GREED uses local lookahead. Data is placed on disks so that each block
independently has equal probability of being placed on any disk. The shared
buffer is partitioned into D logical buffers of size M /D blocks each; each
logical buffer is associated with a single disk. GREED builds a schedule as
follows:

1. If the requested block is present in the buffer the request is serviced
without any further action.

2. If the requested block is not present in the buffer a parallel I/O is ini-
tiated. The blocks fetched depends upon availability of buffer space.

(a) From each disk, the next block not in buffer is fetched provided
there is buffer space available in the logical buffer for that disk.

(b) If there is no buffer space for a particular disk then no block is
read from that disk.

Algorithm GREED uses a simple prefetching method based on local looka-
head. In Theorem 3 we show that GREED performs ©(N/D) expected number
of parallel I/Os to service a reference string of N blocks. Since any algorithm
must require at least N/D I/Os to fetch N distinct blocks, GREED is within
a constant factor of the optimal.

Theorem 3 [11] To service a reference string of length N, GREED using a
buffer of size M = Q(D log D), incurs ©(N/D) expected number of 1/0s.
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To bound the performance of GREED, it is useful to consider its behavior over
a substring of the reference string. Define phase i, phase(i), to be the substring
(bj,bjt1,--.,bk) of the reference string, such that (a) block b;_1 occurs in phase
phase(i — 1) and (b) if by, is from disk d then phase(i) has exactly M /D blocks
from disk d and less than M /D blocks from any other disk. Note that phase(1)
starts with block b;. From this definition of a phase, it is easy to see that:

Claim 1 At most M/D I/Os are needed to service the requests in any phase.

Hence to estimate the total number of I/Os done to service the reference string,
we first estimate the total number of phases in the reference string. This can
be done by counting the average number of blocks referenced in any phase.
To find the expected number of blocks referenced in a phase, we consider the
following urn problem: Given D identical urns of capacity C each, find the
average number of balls, B, to be thrown before one urn gets filled, assuming
that the probability of a ball falling in any wrn is 1/D.

By associating each logical disk buffer with an urn of capacity C = M/D,
and block references with throws of a ball, we see that B is the average number
of blocks referenced in a phase. The above problem has been studied in [10] to
give the following expression for B.

B>D'"¢(C)eT (1+C7Y)

Using n! > (n/e)™ and the fact that T' (1 4+ C~') > 0.88, for all positive C,
we get the desired result that B = Q(CD/(D¢)). The expected number of
phases is no more than N/B + 1 and each phase requires at most M /D I/Os.
Hence the expected number of I/Os is O(ND& /D). When C = Q(log D) the
total number of I/Os is ©(N/D), which is asymptotically optimal.

Note that GREED effectively partitions the shared buffer into D fixed parts
of size M /D blocks each. It is interesting to consider the role of partitioning
the shared buffer in GREED. It may appear that by statically partitioning the
buffer the potential parallelism is being unnecessarily restricted. An alternative
would be to maintain just a single buffer of M blocks and fetch from all disks
whenever there are D or more buffer blocks available. If less than D blocks
are available, then only the demand block is fetched. Denote this algorithm by
GREED*. Surprisingly, Theorem 4 shows that the performance of GREED*
which uses an unpartitioned shared buffer can be actually worse.

Theorem 4 [17] To service a reference string of length N, GREED* incurs
O(N/D) expected number of 1/0s, provided the buffer is of size M = Q(D?).

The theorem was proved by modeling the dynamics of the buffer using a Markov
chain. Each state in the chain is a D-tuple [p1,pa, . ..,pp], where p; is the num-
ber of prefetched blocks from disk ¢ in the buffer. State transitions correspond
to the buffer changes following a reference to a block. An example of the chain
in a 3-disk system, with a buffer of size 5 is presented in Figure 1.4. Consider
the state [0,1,1]. It has three outgoing transitions, each with probability 1/3
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/ 2,0,‘1&5#(\ 2,06
{ 3,0’0)‘/ . 3’01, —  miss O > D free blocks

—=  hit 2 <D free blocks

Figure 1.4 The Markov chain with D = 3 disks and M = 5 buffer blocks.

since the next reference can be from any of the disks with equal probability.
If the next block referenced is from disk 2 or 3 a transition is made to [0, 0, 1]
or [0,1,0], respectively. If the block referenced is from the first disk an I/0 is
required, since the first disk has no prefetched blocks. Since [0,1,1] has 2 free
buffer blocks available for prefetch, the demand block from disk 1 is fetched
along with prefetches from disks 2 and 3; this is shown by the transition leading
to state [0,2,2]. However when the system is in state [2,1,0], the buffer has
only 1 free block available for prefetch. Hence in this case the reference of a
block from the third disk results in only the demand block from disk 3 being
fetched, forcing a transition back to [2,1,0]. This transition also has probability
1/3. Finally, when in a state like [0, 0, 3] the system has a probability 2/3 of
remaining in the same state since the next reference can be from either disk 1
or disk 2 with probability 2/3.

Solving for steady-state probabilities of the states, the expected number of
blocks fetched in any I/O can be shown to be [17]:

n D-1
2—D+ M[Hym-1 — Hu-p]

1

where Hy is the kth Harmonic number. This expression simplified when M =
Q(D?) gives Theorem 4.

Finally, we consider an algorithm, NOM, that uses global M-block looka-
head. NOM behaves like GREED* except that only blocks within the current
M-block lookahead are prefetched. The proof of the theorem follows by us-
ing the analysis in [2] for a related problem. NOM has performance similar
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to GREED for M = Q(Dlog D). However for smaller buffer sizes the relative
order of performance of the algorithms considered is NOM followed by GREED
followed by GREED*.

Theorem 5 [2] To service a reference string of length N, NOM using a buffer
of size M = Q(Dlog D), incurs ©(N/D) expected number of I/0s.

1.4 READ-MANY REFERENCE STRINGS

In a read-many reference string, a single data block can be requested more than
once by the computation. Hence a situation may arise wherein a particular data
layout strategy may be favorable for data accesses occurring in one section of
the reference string but unfavorable for accesses in other sections. One way
to tackle this problem is to relocate data blocks dynamically so as to have
a favorable data placement during the next set of accesses. The underlying
intuition is to rearrange the layout so that blocks which are evicted may be
fetched in parallel with other blocks in the future. Of course, writing a block
out to a different disk, other than the one on which it currently resides, incurs
the cost of writing out a block. But the gain in I/O parallelism as a result of
this relocation can be used to offset the extra cost in performing the write. We
refer to this action of writing an evicted block to a disk, different from the one
from which it was fetched, as write-back.

1.4.1 Lower Bound on Deterministic Algorithms

Write-back allows the location of a data block to be dynamically altered as the
requests in the reference string are serviced. However, there is only one copy
of the block on the disks at any time. A block is said to reside on disk d if the
only copy of the block in the I/O system is on disk d. We next introduce the
notion of a simple deterministic algorithm (SDA) which captures the intuition
behind most existing buffer management algorithms. We shall show that, in
the worst case, such algorithms may be ineffective in exploiting the latent I/0
parallelism.

Definition 5. Let the set of blocks in the I/O buffer after the first k re-
quests, {(r1,rs,...,7k), in the reference string are serviced be By. At this stage,
let the lookahead window be L. An algorithm is is said to be a simple de-
terministic algorithm (SDA) if at this time the set of blocks that it prefetches,
the set of blocks that it evicts from the buffer and the the disks to which it
writes back these evicted blocks can be uniquely determined by specifying By,
(ri,re,...,1) and L.

The above definition underscores the fact that a SDA uses deterministic
policies to decide which blocks to prefetch, which blocks to evict and where
to write-back the evicted blocks. This determinism can be exploited by an
adversary to generate reference strings which require the SDA to make a large
number of I/Os. In this section, we first analyze the performance of simple
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deterministic algorithms with global M-block lookahead and show that the
competitive ratio of such algorithms is Q(D).

As a simple illustration, let us consider an algorithm which does not per-
form write-back and uses deterministic buffer management policies. Let the
algorithm have global M-block lookahead and base its decisions according to
the following rules: (a) do not evict any block from the buffer that is in the
current lookahead. (b) greedily prefetch blocks in the lookahead window.

Now consider the performance of the above algorithm while servicing the
requests of an application which accesses a matrix of size 3M x D blocks in two
stages: first in row major order and then in column major order. The matrix
is assumed to be initially laid out on disk with the blocks of each row striped
across all D disks. Assume M = Q(D). Tracing through the algorithm we can
note that the I/Os during the first stage are completely parallelized. However,
in the second stage there is very little parallelism when the columns of the
matrix are accessed; the first M — 1 blocks of column i are prefetched along
with the last M — 1 blocks of column ¢ — 1. Figure 1.5 depicts the structure
of the entire reference string as seen by the algorithm. The algorithm makes

Column access

All blocks
Row Access from same disk

Figure 1.5 lllustration of matrix accesses as seen by the deterministic algorithm

3M 1/0s during the first stage and 3M + (2M +1)(D — 1) I/Os in the second.
Hence the total number of I/Os performed by the algorithm to service all the
I/0 requests is (M D).

In contrast consider an algorithm which works just like the one presented
except for the write-back policy; it writes back in such a way that all blocks
which originated from the same disk are now striped across all disks. This
can be done by writing back row ¢, 1 <1 < 3M, in a stripe starting at disk
(i —1) mod D + 1. The cost of writing back during the row access stage is 3M
I/0s. However the benefit is that all future I/Os can be parallelized. Hence the
total number of I/Os performed by this algorithm is 6 M (counting the reads
and writes) in the first stage and 3M in the last stage. The ratio is clearly
Q(D).

The on-line algorithm in the above example did not use any write-back.
However even in a more general case, when the algorithm uses an arbitrary
deterministic write-back policy along with more sophisticated prefetching and
block replacement heuristics, we can construct a reference string for which the
algorithm must serialize its I/Os significantly. This intuition is formalized in
Theorem 6 which gives a lower bound on the competitive ratio of any simple de-



14

terministic algorithm. We shall prove the theorem by considering an arbitrary
on-line algorithm A using global M-block lookahead. Based on the behavior
of A we construct a reference string, the nemesis string, for which A requires
Q(MD) 1/0s (Lemma 2). We then show an alternative off-line schedule which
services the same reference string in ©(M) I/Os (Lemma 3), thereby showing
that the ratio between the two is Q(D).

The reference string constructed has two stages. In the first stage M (D +1)
distinct blocks are referenced. In the second stage a total of 2M D blocks are
referenced; of these M D /2 blocks were also referenced in the first stage. These
MD/2 blocks are chosen based on the write-back employed by algorithm A
so that it will be forced into sequentializing accesses to these blocks. Thus
it will perform Q(M D) I/Os in the second stage (Lemma 2). On the other
hand, the off-line algorithm reads in these M D /2 blocks at the end of the first
stage, and writes them out in a way that accesses to them can be parallelized
completely. Overall the off-line algorithm will perform © (M) reads and ©(M)
writes (Lemma 3). The detailed proofs follow.

Proof of Lower Bound. To aid in the analysis it is useful to define the
notion of a phase, which is a sub-sequence of the reference string.

Definition 6. A phase is a maximal length sub-string of the reference string
containing references to exactly M distinct blocks. The first request belongs to
the first phase; and every request in the reference string belong to exactly one
phase. The ith phase, ¢ > 1, is denoted by phase(7).

The start of a phase refers to the instant when the first block of the phase
is referenced. Similarly, the end of a phase refers to the instant when the last
block of a phase has been serviced. The following definitions will be useful in
characterizing the set of blocks which are accessed in a phase. These definitions
are based solely upon the reference string and are independent of the algorithm
used to service it.

Definition 7. The set of clean blocks, C;, in phase(i) is defined as the set of

all blocks in phase(i) not requested in the previous phase, phase(i — 1). The
set of stale blocks, S;, in phase(i) is defined as the set of blocks in phase(7)
requested in the previous phase, phase(i — 1). The set of new blocks, N;, in
phase(i) is defined as the set of blocks in phase(i) not requested in any prior
phase, phase(j), 1 < j < i. The set of reuse blocks, R;, in phase(i) is defined as
the set of clean blocks in phase(i) that have been requested in some previous
phase, phase(j), for j < ¢ — 1. The numbers of clean, stale, new and reuse
blocks in phase(i) are denoted by ¢;, s;, n; and r; respectively.

Let A denote a simple deterministic algorithm with global M-block looka-
head. We describe the construction of a reference string, which will be used to
give a lower bound on the performance of 4. Let us construct a reference string
7, consisting of M (3D + 1) references. Reference strings of arbitrary length for
which the proofs will follow can be constructed by repeating n. Figure 1.6 il-
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lustrates the structure of the constructed reference string as seen by algorithm
A. The details of the construction are as follows:

Totally D sets of 2 phases

] ith set
Initial set of D+1 phases A set of 2 phases A2i+D+1 defined here

Figure 1.6 Structure of a worst case reference string for A

Construction of nemesis reference string 7

1. The first D + 1 phases of 5 consist of M (D + 1) new blocks which are
striped across all disks. Let F' denote this set of M (D + 1) blocks.

2. The last 2D phases are constructed in sets of two phases each. The
ith, 0 <14 < D, set of two phases is constructed as follows.

m  The first phase of the set, phase(2i + D + 2), consists of M new
blocks striped across all disks.

m  The next phase, phase(2i + D + 3), is made of two parts. The

first part consists of M/2 new blocks striped across all disks.
The second part is a sequence of M /2 blocks given by Asitpy1,
where As;y pi1 is determined as follows.
Let £k = 2i + D + 1. Let F} denote the set of all blocks from F'
which have been referenced exactly once till the end phase(k).
Let Ag, ;, be the set of blocks from Fj, residing on disk j at the
end of phase(k); let By ;, subset of Ay ;, be the set of all such
blocks in the buffer. Then height(k) = max;{|Ar,; — Br,j|}, is
the maximum number of blocks from F}, residing on the same
disk and not in the buffer. A disk d, such that |44 — B4l =
height(k) is called the max disk. The sequence A, can now be
defined as the ordered sequence of M /2 earliest referenced blocks
in the set Ar,4 — Bi,q4, from a max disk, d.

First we show that for the reference string 7, height(2i+ D + 1) > M/2, for
all 0 < ¢ < D. This will ensure that As;4py1 is well defined for all 0 < i < D
thereby allowing the construction of the sequence 7 as above.

Lemma 1 With respect to algorithm A, and the reference string n, height(2i+
D+1)>M/2, for0<i<D.
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Proof : In the first D + 1 phases, a total of M (D + 1) distinct blocks are
referenced exactly once. However at the end of phase(D + 1), there are at most
M blocks in the buffer; hence height(D +1) > M. This allows the construction
of n till phase(D + 3).

Now, inductively, if n has been constructed till phase(2i + D + 1), 0 <
i < D — 1, we shall show that height(2i + D + 1) > M/2. This will then
allow the construction of 7 till phase(2i + D + 3). By construction and the
inductive hypothesis, Mi/2 blocks from F have been referenced twice at the
end of phase(2i + D + 1). Hence |Fyiypt1| = M (D + 1) — Mi/2. In addition,
there are at most M blocks in the buffer at the end of phase(2i+ D +1). Hence
O

Now we shall count the number of I/Os performed by algorithm 4 to schedule
1. The lower bound on its performance is then shown by presenting a schedule
which services 7 in Q(D) times fewer number of I/Os.

Theorem 6 Every simple deterministic algorithm with global M -block looka-
head has a competitive ratio of (D).

Proof : In Lemma 2 we show that algorithm A performs Q(M D) I/O0s to
service the reference string 7. On the other hand Lemma 3 presents an I/0
schedule which services the same reference string in only ©(M) I/Os. A worst
case reference string for which the theorem holds can then be constructed by
repeating 7 an arbitrary number of times. a

By the nature in which the last 2D phases are constructed, in each set of two
phases algorithm A will need to fetch at least M /2 blocks from a single disk,
thereby incurring at least M/2 I/Os.

Lemma 2 Every simple deterministic algorithm A, performs Q(M D) 1/0s to
service the requests in reference string 1.

Proof : To service the first M (D + 1) requests algorithm .4 performs at least
M(D +1)/D 1/0s. We shall now show that the algorithm will perform Q(M)
I/Os in each subsequent set of two phases, phase(2i + D + 2) and phase(2i +
D+3),forall0<i< D.

By construction, no block referenced in phase(2i + D + 3) is present in
algorithm A’s buffer at the end of phase(2i + D + 1). In addition, M/2 blocks
in phase(2i + D + 3) are referenced from the same disk. In order to service
these requests algorithm A must perform at least a total of M /2 I/Os in phases
phase(2i+ D +2) and phase(2i + D + 3) combined, for each 0 <4 < D. Hence
the total number of I/Os performed by algorithm A to service the reference
string 7, is Q(M D). m|

In contrast, we could device a scheme wherein all the blocks of the second
stage could be written out striped across all disks. This would then reduce
the number of I/Os performed in each of the phases of the second stage to
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O(M/D). This approach is used in Lemma 3 to develop a scheme which can
service the same reference string 7, in ©(M) I/0Os.

Lemma 3 The reference string nj can be serviced in ©(M) I/Os.

Proof : Let us consider an I/O schedule to service reference string 7, based
upon the following two rules.

1. In any phase I/Os are initiated only on demand, simultaneously prefetch-
ing from as many of the remaining disks as allowed by buffer space.

2. Let T be the set of all blocks occurring in some Ag;ypy1, 0 < i < D.
At the end of phase(D + 1), I/Os are performed to relocate all blocks in
I such that the blocks in each Ag;p+1 are uniformly distributed on all
disks.

During the first D+1 phases this schedule performs a total of (D+1)M /D I/0s
to read in the blocks. Now we shall show that the relocation can be performed
by doing at most M reads and M writes. By doing so we can guarantee that
in each of the subsequent phases only M /D reads are required, with a net cost
of O(M).

If the buffer size M > D?, the relocation can be easily performed in M reads
and writes of I' by reading blocks with full parallelism and writing out one stripe
whenever we get D blocks from one set Asitpy1, 0 < @ < D. Interestingly,
relocation can also be done in ®(M) I/0s as long as M > D by reducing the
problem of scheduling the I/Os to an off-line load-balancing problem which can
be solved using bipartite graph matching. |

A special case of this theorem, when the algorithm does not do any write-back
is representative of buffer management algorithms normally used in practice. In
this case it is easy to see that the same proof holds. A simpler construction, with
the last 2M D requests being constructed from the initial placement of blocks
on disk suffices. Theorem 6 indicates that in the worst case such algorithms
are ineffective in exploiting the latent I/O parallelism even when substantial
lookahead — one memory load — is provided to them.

1.4.2 RAND-WB: An Efficient Randomized Algorithm

As seen from the preceding discussion, determinism in the I/O scheduling al-
gorithm results in poor performance. We address this problem through the use
of randomization. We present an on-line algorithm, RAND-WB, which uses
randomized write-back in an attempt to parallelize repeated accesses to blocks.
By doing so we show that its competitive ratio can be improved to ©(v/D). In
perspective, this is the best competitive ratio that is achievable by algorithms
which have global M-block lookahead and a fixed initial layout of blocks on
disks [3].
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We begin by defining a few terms which help in the specification of the
algorithm RAND-WB.

Definition 8. A block present in the buffer is said to be marked if it is
referenced in the current phase; the block is said to be unmarked otherwise.

In order to specify the blocks to be prefetched in an I/O it is useful to
determine, for each disk, the next block not in the buffer to be referenced in
the same phase. Let L denote the set of these blocks.

Algorithm RAND-WB

Algorithm RAND-WB uses global M-block lookahead. Initially unmark all
blocks in the buffer.
On a request for a data block the following actions are taken.

1. If the requested block is present in the buffer the request is serviced
without any further action.

2. If the requested block is not present in the buffer a parallel I/O needs
to be initiated for all blocks in the set L. Some action is required, to
create the necessary space for these blocks.

(a) Choose any |L| unmarked blocks from the buffer, giving priority
to blocks which have not been relocated. Of the blocks selected,
write-back the blocks which have not been relocated as described
in (b), after flagging them as relocated.

(b) To perform the write-back stripe the blocks in a round robin
fashion across as many disks as necessary, starting the stripe
from a randomly (uniform probability) chosen disk.

(c) Read in the blocks of L in one parallel I/O.

Intuitively, RAND-WB works as follows. On every I/O request the algorithm
checks the buffer to see if the requested block is a hit, in which case the request
can be serviced without any I/0. If the block is not in the buffer, an I/0 is
initiated and prefetches issued in parallel. However some buffer space needs to
be freed to complete these I/Os. Since the buffer is of size M, and we prefetch
blocks only in the current phase (size M) there will be at least |L| blocks in
the buffer which are not marked; these are candidates for eviction. However we
need to write-back only those blocks which have not been relocated previously.
Hence we try to choose such blocks whenever possible. The randomization in
the choice of the first disk to perform a striped write guarantees that each
block is effectively relocated to a randomly chosen disk. In the next section we
analyze the performance of RAND-WB.

Analysis of RAND-WB. Let OPT denote the optimal off-line algorithm.
It is easy to see that any I/O schedule can be transformed into another schedule
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of the same length in which a block is never evicted before it has been referenced
at least once since the last time it was fetched. Hence we implicitly assume this
property for OPT.

At the start of phase(i), let N; be the maximum number of new blocks on
a single disk in phase(i). Similarly, let R; be the maximum number of reuse
blocks on a single disk in phase(i). Note that while r; depends only on the
reference string, R; also depends on the write-back policy of RAND-WB. To
prove that the competitive ratio of RAND-WB is ©(v/D) we proceed as follows.
In Claim 3 we argue that RAND-WB does not need to perform any I/0s to
access the stale blocks of a phase. Lemma 4 shows that the total number of
I/Os performed by RAND-WB in phase(i) is at most N; + R;. Lemma 5 shows
that due to the use of randomization in the write-back the expected value of
R; is small. We then bound the benefit that OPT gets by prefetching new
blocks. To do this we consider a sequence of phases, a super-phase, in which
the number of I/Os that OPT can save by prefetching new blocks is no more
than 3M. We show that the number of I/Os done by OPT in a super-phase
can be lower bounded by Q(M/v/D) (Theorem 7). Finally noting that the
number of parallel writes done by RAND-WB is upper bounded by the number
of parallel reads, the competitive ratio of RAND-WB is O(v/D). The details
of the proof follow.

We shall say that a block is prefetched for phase(i) if the earliest future
reference of that block is in phase(i). Similarly a block is said to be from disk
j if it was last fetched from disk j.

Definition 9. At some instant let the number of new blocks in phase()
which have been prefetched by OPT, from disk k, be §; r; let a; » be the total
number of new blocks in phase(i) which reside on disk k. The peak of phase(i)
is defined to be the maximum number of new blocks of phase(i) which need to
be fetched from any single disk, P; = maxg{c;r — Bir}-

The peak is said to be on disk d if and only if a; 4 — 8i,4 = Pi. The peak
of a phase changes as OPT prefetches new blocks. The peak of phase(i) is a
measure of the minimum number of I/Os that need to be done in phase(i) if
no more blocks are prefetched for it.

Definition 10. In some I/O done by OPT in phase(i), let {s1, s2,...5p) be
the new blocks prefetched for phase(i'), i’ > i, ordered by their occurrence in
Y. Then s; is called a useful block if the peak of phase(i') following the I/0 is
(one) less than the peak prior to the I/0.

From the above definition, if a single phase has U useful blocks prefetched
for it, then at least U blocks must have been fetched from a single disk, and
hence at least U I/Os must have been done to fetch them. Of course, if the U
useful blocks are for different phases then less than U I/Os may be sufficient
to fetch them.

Claim 2 If U useful blocks are prefetched by OPT for any single phase, then
OPT must have done at least U 1/0s.
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We now cluster phases into super-phases based on the number of useful blocks
prefetched by OPT in each cluster.

Definition 11. A super-phase is a minimal collection of contiguous phases
such that the total number of useful blocks prefetched by OPT in the collection
is greater than 2M. Each phase belongs to exactly one super-phase. The jth
super-phase is denoted by Sj;.

Let Topr(j) be the number of I/Os done by OPT, in the jth super-phase.
Similarly, let Tyannws(j) be the expected number of I/Os done by RAND-WB
in the jth super-phase.

Algorithm RAND-WB never evicts any block that is used within the same
phase. Hence once a block is fetched it remains in the buffer at least till the
end of the phase. As a consequence we have:

Claim 3 In a phase, no I/0 is required by RAND-WB to fetch stale blocks.
In addition, RAND-WB reads in a block at most once in a phase.

This leads to an important observation regarding the number of I/Os done by
RAND-WB in a phase. If at the start of a phase there are a maximum of b
blocks from some disk referenced in that phase and not present in the buffer,
then the number of read I/Os performed by RAND-WB in that phase is b. We
next show that the analysis of RAND-WB can be decoupled into counting the
maximum number of new and reuse blocks of any phase.

Lemma 4 The total number of read I/0s done by RAND-WB in phase(i) is
at most T; < N; + R;.

Proof : From Claim 3 no I/O is done by RAND-WB to fetch the stale blocks
in phase(i). Hence, the total number of read I/Os done by RAND-WB in
phase(i) T;, is equal to the maximum number of clean blocks on any single disk
in phase(i). By definition, the number of clean blocks in phase(i) is the sum
of the number of new and reuse blocks in that phase. Hence the maximum
number of clean blocks on any disk, in phase(i) is at most N; + R;. O

Algorithm RAND-WB randomly relocates blocks which are evicted from the
buffer. Such blocks when referenced later in the reference string are by defini-
tion, called reuse blocks. Hence, for RAND-WB, we can bound the expected
value of the maximum number of reuse blocks from any single disk in a phase
by relating it to the classical occupancy problem [10]. Suppose that m balls
are randomly (uniform distribution) thrown into n urns, what is the expected
mazimum number of balls in any urn? Let C(m,n) denote the expected max-
imal occupancy when m balls are thrown into n urns. This translates to the
problem of finding the expected maximal number of reuse blocks from a single
disk in any phase, giving the following lemma.

Lemma 5 Let the number of reuse blocks in phase(i) ber;. The expected value
of the mazimum number of reuse blocks from any disk that RAND-WB needs
to fetch in phase(i) is at most R; = C(r;, D) = O(r;ln D/ D).
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Claim 3 states that RAND-WB does not perform any I/Os to fetch the stale
blocks of a phase. Hence stale blocks cannot contribute to the difference in the
number of I/Os done by OPT and RAND-WB in super-phase, S;. Moreover,
at most M blocks (one memory load) can be prefetched in earlier super-phases
for phases belonging to super-phase S;. This together with the fact that, by
definition, at most 2M useful blocks can be generated and consumed in the same
super-phase, indicates that the the total number of useful blocks consumed in
a super-phase is at most 3M.

Finally, we note that the total number of writes performed by RAND-WB
can be bounded by the number of reads. Hence it is enough to only count
reads performed by RAND-WB in a super-phase. Putting the above arguments
together, we obtain the following relation between the number of I/Os done by
OPT and RAND-WB in a super-phase. We use ) s, to indicate the sum over

all 4 such that phase(i) belongs to S;.
Lemma 6 The number of I/Os performed by RAND-WB in super-phase S; is

Tosnvwn(§) < 2(Tow(§) + 3M + ) _C(ri, D))
S;

where r; is the number of reuse blocks in phase().

Equipped by the above lemmas, we now bound the ratio of the number of I/Os
done by RAND-WB and OPT — the competitive ratio.

Theorem 7 The competitive ratio of the algorithm RAND-WB is ©(v/D).

Proof : We partition the reference string into phases and then group phases
into super-phases. We shall show that the ratio of the number of I/Os done by
RAND-WB and OPT in any super-phase is at most O(v/D).

We now derive a lower bound on the number of I/Os performed by OPT
in a super-phase. Let S be an arbitrary super-phase of the reference string.
By definition, a total of at least 2M useful blocks are fetched by OPT in the
super-phase. But as the buffer can hold at most M blocks, only M of these
could have been prefetched for super-phases beyond S. Hence at least M useful
blocks prefetched by OPT in the super-phase must have been consumed in the
same super-phase.

For any phase(i) in the super-phase S;, let the number of useful blocks
prefetched by OPT in phase(i) for other phases in the same super-phase be ;.
Let the number of such phases be n. Let the number of I/Os done by OPT in
phase(i) to prefetch useful blocks be I;. Let phase(iy), in super-phase S;, be
the kth phase for which a useful block is prefetched by OPT in phase(i). Let
Br be the number of useful blocks prefetched by OPT in phase() for phase(iy).
During one I/O by OPT in phase(i) at most one useful block could have been
prefetched for phase(ir): the number of I/Os done by OPT to fetch useful
blocks in phase(i) is I; > B, for all 1 < k < n.

The number of useful blocks prefetched in phase(i) for phases prior to and
including phase(iy) is Zle Bi- This implies that the number of (useful) blocks
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occupying space in the buffer during phase(i) is at least v; — Zle Bi. Hence
at least these many blocks referenced in phase(ix), are not present in the buffer
at the start of phase(ix). Due to this at least (y; — Zle B1)/D 1/0s need to
be done by OPT in phase(i).

The total number of useful blocks prefetched in phase(i) for phases in S;
isy; = 27:1 Bi- Then the total number of I/Os in S; caused by the reduced
buffer space due to prefetched blocks is at least

TOPT(j) > ZZ(’W_Zﬁl)/D

S; k=1 =1

_ ¥ (z 5 mw)
Sy \k=11I=k+1

= > (Z(Zﬂl —ﬂk)/D>
S k=1 =k

> (Z kBr/D — %’/D> (1.1)
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We know that >, B = vi and also B < I;. >._, kB is minimized when
Br > Bs whenever r < s. Therefore set G, to its maximum value I;, for as many
of the initial Bxs as possible

n vi/li—1
SkBe = D kI
k=1 k=1

%o
- 2I; 2

Hence, from Equation 1.1, the total number of I/Os caused by prefetching and
consuming useful blocks in the same phase can be bounded as follows.

Torr(4) > Z (22:1) - ;E) (1.2)

Sj

The total number of I/Os performed by OPT in the super-phase is at least the
sum of the number of I/Os to fetch useful blocks in the phase.

Toer(§) > ) I (1.3)
Sj

Since a total of «y; (useful) blocks are fetched in each phase, the number of I/Os
performed in the super-phase must be at least

TOPT(j) > ZW@/D (1-4)
S;j
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Combining Equations 1.2, 1.3 and 1.4,

Tor:(5)

\Y%

v 3w Vi
ax SZISZ (2L~D - 2D> ’;5
7 J 7

2
Vi 3v | v
I; - =
2. T oD o0t p)/?

v

j
Noting that I; > v;/D we get

2 . I 2
71 71 > T f)/z

2,LD 2D = 2 "2I,D

> 7;/VD

I +

At least M useful blocks prefetched in the super-phase S; are for phases in the
same super-phase: Zsﬂi > M. Hence, Top:(j) > M/3v/D.

By definition, a block which is a reuse block in phase(i) is not referenced in
phase(i — 1). Hence it can be argued in a fashion similar to that of the useful
blocks that at least } g ri/D 1/Os are performed by OPT due to the reuse
blocks — either they are in the buffer during phase(i — 1), in which case they
occupy buffer space, or are fetched in phase(i) with full parallelism. Hence the
total number of I/Os done by OPT in super-phase S, is at least

Torr(j) > max M/3\/1_7, Zm/D
S;

From Lemma 6 and the preceding bound on Topr (), Tranows(F)/Torr(4) is
O(VD).

To lower bound algorithm RAND-WB one can construct a read-once refer-
ence string [3] for which RAND-WB will perform at least ©(v/D) times more
I/Os than OPT. This therefore implies that the competitive ratio of RAND-WB
is ©(v/D). O

Corollary 1 If the initial data distribution is such that each block indepen-
dently has probability 1/D of being on any disk then the competitive ratio of
RAND-WB is ©(log D).

The proof follows from the fact that if the initial data layout is random, then
the expected value of the maximum number of new blocks from a single disk in
any phase parallels that for reuse blocks. In fact, in this situation RAND-WB
does not need to rewrite evicted blocks, since the placement for the reuse blocks
is already randomized.
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1.5 CONCLUDING REMARKS

The use of multiple-disk parallel I/O systems to alleviate the I/O bottleneck is a
practical reality. However it remains a challenging problem to effectively use the
increased disk bandwidth to reduce the I/0 latency of an application. Effective
use of I/O parallelism requires careful coordination between data placement,
prefetching and caching policies.

The parallel I/O system examined in this article is modeled using the in-
tuitive parallel disk model consisting of independent disks sharing a common
I/O buffer. The I/O accesses are modeled using a reference string which is the
ordered sequence of blocks that the computation requires. We studied the I/0
scheduling problem in such a system in the framework of competitive analysis.
Two types of reference strings, read-once and read-many, were considered sep-
arately. Read-once reference strings, in which blocks are accessed only once,
arise naturally in streamed applications like video servers. In contrast there is
no restriction on the frequency of block accesses in read-many reference strings.
In order to perform accurate prefetching the scheduling algorithm needs to be
able to look ahead into the reference string. Based on the type of informa-
tion available two forms of bounded lookahead, global M-block and local, were
defined.

For the case of read-once reference strings it is known [3] that any determin-
istic prefetching algorithm using global M-block lookahead has a competitive
ratio of Q(v/D), and those using local lookahead must have a competitive ratio
of Q(D). Hence in the worst case on-line deterministic algorithms are signif-
icantly serialized. We therefore discussed several prefetching schemes based
on randomized data placement, and presented a simple prefetching algorithm;
the algorithm is shown to perform ©(N/D) expected number of I/0s, for a
reference string of length N for M = Q(Dlog D).

For the case of general read-many strings we introduced the notion of write-
back, whereby blocks are dynamically relocated between disks during the com-
putation. We showed that any algorithm with global M-block lookahead, which
uses deterministic write-back and buffer management policies must have a com-
petitive ratio of (D). In other words, any strategy that is based solely on the
bounded lookahead and the past behavior of the algorithm, can in the worst
case fail to exploit any I/O parallelism.

Using randomization we improved the performance considerably. We pre-
sented a randomized algorithm RAND-WB, that uses a novel randomized write-
back scheme, and attains the lowest possible competitive ratio of ©(v/D). As
a corollary, if initially all the data blocks are randomly placed on disks, the
competitive ratio of RAND-WB is ©(log D). This is the first study of on-line
algorithms for read-many reference strings in the parallel disk model. Other
recent works have dealt either with on-line algorithms for a restricted class
of read-once reference strings, or with off-line approximation algorithms for
read-many reference strings.
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Notes

1. Prefetching may however help in overlapping cpu and I/O operations [6].

2. Even if B3 or Cy were fetched on demand in the next 2 I/Os, the same eviction
decisions would be made.
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