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ABSTRACT

In a shared-disk parallel I/O system, several processes may be accessing the disks con-
currently. An important example is concurrent external merging arising in database
management systems with multiple independent sort queries. Such a system may
exhibit instability, with one of the processes racing ahead of the others and monop-
olizing 1/O resources. This race can lead to serialization of the processes and poor
disk utilization, even when the static load on the disks is balanced. The phenomenon
can be avoided by proper layout of data on the disks, as well as through other I/O
management strategies. This has implications for both data placement in multiple
disk systems and task partitioning for parallel processing.

1 INTRODUCTION

Concurrent access to a shared parallel I/O system by multiple processes raises
new and interesting problems that impact system performance. One example
of such a system is several independent and concurrent jobs (either multipro-
grammed or on separate CPUs) accessing data on a set of shared disks [6].
Another is a parallel processing environment where subtasks of a single compu-
tation share data on multiple disks. The behavior of such systems is complex
and difficult to predict due to the interaction of several factors. The sequence
of logical block accesses made by a process depends on the underlying compu-
tation and in general on the data. The physical disk accesses depend on the
data mapping or placement policy which assigns logical blocks to actual disks
and locations on the disk. The disk scheduling policy influences the sequencing
of requests from different processes queued at a disk, resulting in differing I/0



2 CHAPTER 1

interactions. Finally, buffer availability affects the progress of the computation
and influences the actual (run time) request sequences seen at a disk.

In this article we use the example of multiple, independent, external-merge
jobs as a case study for the investigation of the performance of parallel I/O
systems. We compare the effects of different data placement policies on the
completion times of the jobs. We show how intuitively reasonable statically
load-balanced data placement policies can demonstrate quite unexpected dy-
namic behavior which results in large slowdowns caused by serialization of the
disks. Furthermore, such systems demonstrate anomalous behavior with re-
spect to buffer availability, as performance degrades with increasing numbers
of buffers. Appropriate disk scheduling policies are shown to alleviate this loss
of performance. We develop and analyze a model to explain this behavior. The
model’s predictions closely match those obtained from simulation.

There has been much recent attention on speeding up I/0 for specific compu-
tational problems using new 1/O-efficient algorithms [1, 2, 3, 4, 7], or efficient
prefetching and disk scheduling [5, 8, 14]. The usual model employed consists
of a single computational process, a fixed amount of main-memory buffer, and
a set of multiple, independent disks. A block can be fetched (written) from (to)
each of the disks in one parallel read (write) operation. From the viewpoint
of I/O operations, the computation essentially remaps the data (possibly after
some transformation) among the multiple disks. The objective is to use the
smallest number of parallel I/O operations, subject to the given buffer size, or
equivalently to maximize the I/O parallelism for a given buffer size.

Although a single-process abstraction is appropriate in many contexts, a multi-
process model is needed to understand and optimize system behavior in the
application mentioned above. Similar considerations can be expected to arise
at the operating system level in new parallel file systems like Vesta [9], which
provide shared parallel disk and buffer services to multiple processes. The
interaction of multiple processes often results in unexpected behavior resulting
in severely degraded performance. While some earlier studies (e.g., [4]) did
consider multi-level memory using multiple processors, those models are closer
to a shared-nothing than to the shared-disk architecture studied here [10].

One consequence of our study of shared-disk parallel I/O systems with concur-
rent processes is the identification of a set of conditions under which the system
can exhibit instability. By instability we mean the development of a race among
the processes, with the winner(s) monopolizing the system resources and mak-
ing progress, while all other processes come to a virtual halt. The effect is
to serialize the usage of disks, degrading I/O parallelism and disk utilization.
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This happens even though the load is symmetrically distributed and balanced
among the disks. In the worst case, this results in a slowdown proportional
to the number of disks; i.e., there is almost no performance gain from using
multiple disks.

The results have implications for both independent jobs and parallel program-
ming situations. In cases where the allocation of data to disks can be planned,
the problem can be avoided using appropriate data placement that prevents
the race from developing. Alternatively, disk scheduling or buffer management
strategies that block the development of the race can be employed. In the par-
allel programming case, the application usually has control over the number
and types of subtasks generated. The possibility of instability implies that task
partitioning based simply on dividing the I/O load evenly among tasks, may
be insufficient to obtain good run-time behavior due to serialization of the I/0.

The rest of this article is organized as follows. In Section 2 we describe external
merging and in Section 2.1 the model of the system and the external merge algo-
rithm used. Section 2.2 describes different data placement policies for multiple
independent external merges, and their performance is compared using simu-
lation. Placements resulting in job racing referred to earlier are identified, and
used as the basis for the analysis of unstable behavior. Two related problems
are considered in Sections 3 and 4. The first deals with a two-disk two-task
system; each task makes a copy of a file on one disk on the opposite disk. The
system is analyzed and the potential instability in a straightforward file-copying
application is identified. In Section 4 the more complex situation that describes
external merging is analyzed, and the conditions for unstable behavior are de-
termined. Possible solutions to instability based on disk scheduling and buffer
management are described in Section 5. The key features of the article are
summarized in Section 6.

2 EXTERNAL MERGING

Multiple external merging arises in database management systems executing
multiple independent sort queries. Since the data is usually too large to fit in
main memory, an external sorting algorithm (usually external merge sort [15])
is employed. A job accesses its data from the database in batches. Each batch
is sorted in main memory and the sorted run written out to a temporary file on
an auxiliary set of disks. After all the data has been exhausted, the multiple
runs that make up a data set are merged together into a single output run
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using an external merging algorithm [15]. In keeping with the design of current
high-performance database systems like DB2, SQL DS, etc., each run is placed
entirely on a single disk without striping.

A random-block-depletion model is used to model the merge [12]. Each merge
job chooses the leading unused block of any of its runs with uniform probability.
The CPU depletes this block, generates a block of output, and requests the
next block from that input run. If that block is in the cache, the request is
immediately satisfied; otherwise, the CPU is blocked until an I/O fetch for that
block is completed.

2.1 System Model

The system model consists of j concurrent processes or jobs, an I/O subsystem
with d independent disks Dg, Dy, - - - Dg_1, and a disk cache (disk buffer). Each
process performs a sequence of reads and writes based on the merging model
described above. A process suspends on reads, waiting for all the reads issued to
be completed before progressing. Writes are asynchronous; a process continues
after issuing a write request.

Data is stored on the disks and in the cache in blocks. A block is the smallest
unit of I/0, often a 4 Kbyte page in commercial systems. The average times
to read a block from and write a block to a disk are r and w, respectively.
r and w depend on several hardware parameters of the disk that determine
the seek, rotational latency and transfer time, as well as logical parameters
such as the data layout, access patterns and prefetching employed. Physically
consecutive blocks can be read or written together, reducing the overhead per
block. The read blocking factor b, and write blocking factor b, indicate the
number of blocks read or written together.

In many commercial systems, I/O is initiated only when the blocks in memory
for a run have been exhausted. In this strategy, known as demand I/0, jobs are
delayed on every read access. Prefetching, a method in which I/O operations
are initiated before they are needed, allows parallelism in the disk accesses.
Specifically, the model uses anticipatory intra-run prefetching. On each 1/0O
request, b, contiguous blocks of data are fetched from a run. When the first
block of an b.-block prefetch is consumed, the next b,.-block prefetch from the
same run is initiated. Also each time a block is consumed, a block of data to
be written to a disk is generated and buffered in the cache. When b, write
blocks have been buffered, a write operation is initiated.
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If a free cache block is unavailable when requested, a job waits until one is
released. We assume a large (or unlimited) cache size to concentrate on specific
issues of data placement on performance. The completion time for a job is the
simulation time at which all writes for that job are done, and the completion
time for a set of jobs is the completion time of the job that finishes last.

To focus on the I/O performance, the model assumes infinite-speed CPUs.
Additional simulation verifies that the behavior with finite-speed CPUs is es-
sentially unchanged as long as the entire system is not CPU-bound. Requests
are queued at the disk and unless otherwise stated are serviced using an FCFS
policy. For simulation, a linear seek model with seek time of 0.04 ms/cylinder,
average rotational latency of 8.33 ms, and block transfer time of 1.024 ms/block
were used. Unless noted otherwise, a job has 20 runs, each of which contains
1000 blocks, and each block has 4K bytes. The read and write blocking factors
are b, = 12 and b,, = 40, respectively.

2.2 Performance of Placement Policies

Fig. 1 illustrates four possible run allocation policies for the case when the
number of jobs is no more than the number of disks (i.e., j < d). Each job
has some number of input runs (indicated by Read) and a single output run
(indicated by Write). No disk will hold more than one output run. To utilize
all disks efficiently the I/O load should be divided as equally as possible among
the d disks. Since every output run is placed on a separate disk, we need only
consider the placement of the input runs. A read (write) disk is used only for
input (output); a read/write disk is used for both.

m  Policy 1: Dedicated Write Disk for Each Job.

j of the disks are used as write disks and the remaining d — j as read disks.
Disk Dy, 0 < k < j—1, is used exclusively for the output run of job k; the
input runs of each job are spread evenly among the remaining read disks.

m  Policy 2: Intra-job Separate Read and Write Disks

Each job uses d — 1 disks for input and the remaining disk for output. Job
k,0<k<j—1, uses disk Dy for its output run, and its input runs are
spread evenly among the remaining disks. Thus, there will be d — j read
disks and j read/write disks.

m  Policy 3: Intra-job Shared Read and Write Disks
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Figure 1 Run placement policies for a system with 2 jobs and 5 disks

This allocation is obtained by beginning with the allocation of Policy 2
above, and then permuting the input runs on the disks as follows. The
input runs of job k, 0 < k < j — 1, are moved from disk D(_1) moa j to
disk Dg. As in Policy 2, there will be j read/write disks and d — j read
disks. However, unlike Policy 2, each read/write disk also has input runs
of the same job that read from that disk.

m  Policy 4: Read from All Disks

Each job uses all d disks for input and one disk for its output run. There
are j read/write disks and d — j read disks.

The performance of these policies, determined by simulation, is shown in Fig.

2.
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Figure 2 Completion time of all jobs for 1 < g < 5 for the placement policies
described in Fig. 1 with 5 disks

Policy 1 is motivated by the recognition that the write of an output run would
tend to be the performance bottleneck for a small number of jobs. Conse-
quently, each disk that is allocated an output run is not loaded any further.
For 1 and 2 jobs, the total time matches the time required for writing an output
run. As the number of jobs increases, the number of disks allocated for reads
decreases, and the load on read disks begins to exceed that of write disks. As
may be seen, the performance rapidly deteriorates once the system becomes
input-bound.

The allocation in Policy 2 attempts to preserve the best-case performance of
a single job (that of Policy 1), with reasonable performance as the number
of jobs increases. It also has the advantage that the allocation for a job is
independent of the allocation of other jobs. Consequently, such a policy can
be easily implemented in the case of staggered job arrivals. An important
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fact to be noted in Fig. 2 is that the increase in the time for Policy 2 as the
number of jobs is increased cannot be accounted for merely by the increase in
the load on each disk. Even though there is perfect symmetry in the placement
of runs for each job, jobs progress at different rates, with a significant amount
of serialization among all jobs, which degrades the performance. The reason
for this racing behavior will discussed later.

Policy 3 presents one method that controls the racing inherent in the Policy 2
layout. The input runs of each job are permuted so that every output disk also
contains input runs from the same job. Fig. 2 shows the significant performance
improvement of Policy 3 over that of Policy 2. For 5 jobs, the completion time
for Policy 2 is 105 seconds, while the time for Policy 3 is 70 seconds. (The time
difference increases as the data size increases.) One disadvantage of Policy
3, however, is that the policy cannot be applied in the case of staggered job
arrivals; the number of jobs in the system must be known prior to laying out
data on disks.

Policy 4 is straightforward. All input runs are distributed evenly on the set
of d disks. There is at most one output run on any disk. Although it never
performs as well as Policy 3, its results are at most 10% worse. Policy 4 has the
advantage of accommodating staggered job arrivals. All input runs of a new
job are evenly divided on the set of d disks; its output run can be placed on
any disk without an output run.

The underlying reason for the race behavior is the difference in the rates of read
and write service (since reads are spread across multiple disks). Intuitively, one
job (say job A) gets slightly ahead and places some number of write requests
in the queue for its output disk. This slows down all the other jobs since they
have input runs on that disk, but not A since it does not have any input on
that disk. The delay for reads at this disk decreases the demand on the other
d —1 disks, allowing job A to get further ahead in its reads. In turn, job A will
generate even more write requests at its output disk, slowing down the rest of
the jobs even further. Eventually, only job A is progressing, and all other jobs
come to a virtual halt, waiting for read service at job A’s output disk. When A
completes, the remaining jobs race against each other, and this pattern repeats.

As these results show, the choice of an appropriate placement policy depends
on the values of j and d, and the job arrival pattern. When j < %, Policy 1
provides the best performance. The placement of input and of output runs is
relatively balanced (see Fig. 1). With prior knowledge of j and j > %, Policy 3
should be used for run placement. Policy 4 is the most appropriate when there
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are staggered job arrivals in the system, as it consistently provides reasonable,
albeit suboptimal, performance. For more details, see [11].

3 ANALYSIS OF A 2-DISK SYSTEM

Consider the following simple example of a two-disk, two-process system. The
input consists of 2N blocks of data divided equally and placed on physically
consecutive blocks of the disks Dy and D;. We refer to the blocks on Dy and
D, by (0,¢) and (1,¢), 1 <4 < N, respectively. The problem is to permute the
data so that block (j,7) is moved to ((j 4+ 1) mod 2, (7)), for some permutation
mon {1, --N}. That is, block ¢ on disk 0 (disk 1) is moved to block m(¢) on
disk 1 (disk 0).

In the framework of [1, 2, 7] the permutation problem posed above has a
straightforward solution. It can be performed using an optimal number of
parallel I/O’s and two blocks of buffer storage. Blocks ¢ from each of the two
disks are read in one parallel access, and are then written out in parallel to =(z)
on the opposite disks from which they were read. The total number of parallel
I/Os is 2N, which is optimal (since if all data were on a single disk, 4N block
accesses would be required). The time required is N(r 4+ w), which is a lower
bound on the time required by any solution. In an environment where read
and write times are nondeterministic, greater flexibility and (usually) better
performance can be obtained by decoupling the parallel accesses; i.e., accesses
at one disk proceed independently of accesses at the other disks.

3.1 Simulation Results

We simulated this 2-disk system with 7 as the identity permutation, making
the problem simply to copy each of the files from the disk on which it initially
resides to the other disk. Each of the two processes Py and P; reads 10000
blocks from a disk and writes them to the other disk. b, is fixed at 8 while
by, is varied. Fig. 3 shows a plot of the time for both processes to complete as
by is increased (i.e., w is decreased). It also shows the lower bound N(r + w).
Unexpectedly, the time for completion of Py and P; diverges significantly from
that predicted by the load on the disk, especially as w increases, indicating
that in the simulated system, the disk utilizations must have been significantly
less than 100%. In fact, when b,, = 1, the completion time is almost 60% worse
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Figure 3 Performance of the two-disk system

than expected (190 vs 115 seconds). In the following section, we analyze this
system and explain the loss in disk parallelism and performance.

3.2 Analysis

The loss in disk concurrency in the system is caused by the serialization of the
processes Py and P;. Due to the nondeterministic nature of the read and write
times, one of the processes (say Py) gets a little ahead of the other. That is, the
queue of pending writes at D; (the disk to which Py writes) is longer than the
queue at Dg. Since disk scheduling is FCFS, P; is delayed until all these writes
are serviced. During this time Py continues to read from Dy, and send more
write requests to Dy. These queue up behind the read request of P; already
in the queue. If the average block read time is smaller than the average block
write time, then by the time P;’s request reaches the head of Di’s queue and
is serviced, Py has put an even larger number of write requests into the queue
at Dp. Hence P;’s next read is delayed even longer.
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To simplify the analysis, we assume fixed times for reads and writes. Since a
job suspends on reads, there can be at most one read request pending at any
disk queue. Let f = w/r be the ratio of the average write and read block access
times. Assume that at time ¢ = 0, Dy has only one read request pending, while
D; has a read request and Ny write service demand pending!. 77 = Ny +rb, is
the time required for D; to service every request in the queue at t = 0. Let Ny
be the amount of write service demand that arrived at D; during the interval
(0,71). From ¢t = 0 to t = T1, only one read request is serviced at D;. As
soon as Py has this read request serviced, it sends b, /b,, write requests to Dy.
Assume that these write requests to Dy are serviced before T7 (a pessimistic
assumption). Pg is completing reads from Dq at a rate 1/rb, during the interval
(0,T1), except while Dy is servicing the b, /b, write requests from Pj, which
takes time wb,. Thus, during (0,77), Do spends 71 — wb, time to service reads
from Py, which translates into (77 — wb,)/rb, read requests serviced. These
newly read blocks are written to D;. Therefore,
N1 = [Tl — wbr]ib—rwbw
rb, by,
= Nof+uwb(1—f).

Let oo = wb, (1 — f). We rewrite the above formula as
N1:N0f+0t. (11)

Consider the relation between the write service demand at D, at Ty and 77.
From Equation 1.1, we get

Nog > N, @No(l—f) > U}br(l_f)a

or
No > N1 < (f <1 and wb, < Np) or (f > 1 and wb, > Np). (1.2)
Similarly,
Ny < N1 < (f <1 and wb, > Np) or (f > 1 and wb, < Np). (1.3)

whby, the critical threshold for Ny, is the amount of write demand generated for
each read completed. From Eqs. 1.2 and 1.3 we can see that when f < 1, the
write demand at D; remains relatively stable, oscillating about the threshold
value wb,. If Ny exceeds the threshold, the system moves to reduce the demand
at 71 (Eq. 1.2); if it falls below the threshold the system moves to increase the

1 The pending write service demand is the write time per block multiplied by the number
of pending write blocks in the queue.
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write demand (Eq. 1.3). Hence the queues remain bounded in size and the
system is stable. The behavior for f > 1 is very different. If the write demand
Ny reaches above the threshold wb, (Eq. 1.3), the system moves to increase
the write demand to N1 > Ng. If Ny falls below the threshold then the system
moves to decrease the write demand further; however, this behavior cannot be
sustained since the completion of a single read request at Dy puts wb, write
demand at D;.

The queues at T} are the same as at Tg, except the write service demand at
Dy 1s Nj rather than Ng. Let N;, i > 0, be the write service demand at D; at
time 7;. Since Ny is arbitrary, from Eq. 1.1, we can write NV; as

N; = wb, + f*(No — wb,). (1.4)
From Eq. 1.4, we have:
(f <) = (ff = 0) = (N; — wb,)

(f>1) = (f = o) = (N — )

The system is stable if f < 1 and unstable if f > 1 and wb, < Ng. That is, if
the write demand in any queue exceeds that in the other by wb, at any time,
then for f > 1, the queue grows without bound. Since read and write times
are nondeterministic, and a single read generates a write demand of wb,, this
initial condition will be reached with very high likelihood.

This race condition is consequently caused by a process (say Pp) sending writes
to a disk (D7) which already has a backlog of writes. When the backlog is large
enough, P; completes reads at D; at a rate which is insufficient to prevent Py
from further increasing the backlog on D;, eventually forcing P; to come to an
effective halt. Fig. 4 shows how the number of pending write requests at one
of the disks in the simulated system grows unbounded as time progresses for
different values of b, and b,. (The other disk had almost no pending writes,
as predicted). The number of pending write requests for ,=8 increases much
faster than for b,=4, since f = w/r is greater in the first case. The values for
the slopes agree closely with those predicted by the analysis.

While P;’s progress is virtually stopped, Dg is busy servicing reads while D is
busy servicing writes. When Py runs out of blocks to read at Dy, the backlog
of writes at Dy must be serviced while Dy is idle. When all backlogged writes
have been written, P; will begin reading from D;, and Dy will begin servicing
the writes sent to it. The larger the value of f, the larger the backlogged queue
of writes and the larger the percentage of idle time at a disk.
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Figure 4 Number of pending write requests at d; as time progresses for by, =1
and br=4, 8

4 ANALYSIS OF A MULTI-DISK SYSTEM

A generalization of the example in the previous section is the following per-
mutation, which is a special case of a related permutation arising in exter-
nal merging by independent, concurrent jobs [6]. There are d concurrent
processes, Py, P1,---Pg_1. The input for P; is the (d — 1)N blocks of data
(J,1),1 <i< N, 0<j<d-—1,j# i Initially this data is spread out among
the d — 1 disks D;,j # +. P; must interleave the records of these d — 1 streams
and write out the interleaved records to disk D;. Fig. 5 illustrates this for
d = 3. Note the correspondence between this and the layout of Policy 2.

All processes perform the interleaving independently and concurrently as fol-
lows. Each process P; reads a block of data from each of its d — 1 input disks;
the records in these d — 1 blocks are interleaved, and d — 1 output blocks are
written out to its output disk D;. In the model of [1, 2, 7], it is easy to find a
schedule of disk reads and writes that performs the permutation in (2Nd — N)
parallel I/Os, which is close to the minimum possible, (2Nd — 2N).
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Assume that at time ¢ = 0 one disk D,,, has a total queued write demand of Ny
and all other disks have no queued demand. Since none of the other disks D;£,
have any queued demand, all processes F;-,, are blocked waiting on reads from
D,,, and the total read demand queued at D,, is therefore (d — 1)b,r.

Let t; be the time required by Dy, to service the entire demand Ng+(d—1)b,r
queued at t = 0. We call this interval a depletion cycle. During the cycle (0,1;),
each disk Djzp, receives a total service demand of (d — 1)b,w + (d — 2)b,7,
excluding access requests from F,,. The first term is due to the single write
that P; generates to its write disk in this interval, and the second term is due
to the single read request that D; receives from every other process Pj; m.

Except for this newly acquired demand on D;, reads by P, would be serviced
unimpeded on D;. The worst case is that the writes to all disks D;»,, during
(0,t1) do not overlap with one another (this assumes that (d — 1)b,w > b,7).
We will assume that this is true for the interval (0,¢;). This is a reasonable
assumption because it is straightforward to show that even if it is not true
during this cycle, it must be true for the next cycle.

P,, will generate new reads to a disk D;+,, at rate 1/rb, during the portion of
the cycle when its reads are not blocked by other processes’ service demands.
Let f = f(d—1). Thus the total amount of write demand that P, will generate
during the cycle is

1
b

N1 = [t1—(d=1)(d— 1)brw] -
= |No+(d=Dbr(1—f)| f

b,
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The system will be unstable if Ny > Ny < (d — 1)b,r(1 — f)f > No(1 — f) If
f > 1, then if the load at D,, reaches or exceeds the threshold (d — 1)b,rf, the
write demand at that disk will grow without bound.

The larger d and b,w are, the longer it may take the system to reach this
point, but eventually the random nature of the service times will allow one
process, in effect, to block the remaining processes until all of its writes have
been serviced. The remaining processes are not completely stalled, but only get
one read completed during each depletion cycle, and the cycles rapidly grow
in length. For large f and N, the slowdown over the minimum possible time
2N(d — 1) approaches d.

Fig. 6 shows the results from a simulation of a system with d = 5. The figure
plots the times at which each process has had all of its writes serviced. Since
the actual order of finishing is random, the individual curves refer to the first,
second, etc., process to finish. The finish times are normalized by the sum of
the average read and write times per block, which is proportional to the total
service demand. This was done because the simulations were run for a range of
read and write blocking factors (write blocking of 1, 2, and 4, and read blocking
from 1 to 12). The blocking factors determine the average read and write times
per block and hence affect the finish times.
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Fig. 6 shows fairly good agreement with the analysis. For f = w/r less than
0.30, all the processes finish at approximately the same time. As f increases
the finish times of the processes begin to diverge because of 1/O serialization.
Considerable fluctuation in the finish times was noticed for different simulation
runs, due to variability in the amount of work that has completed before a
queue exceeds the threshold required for serialization to begin.

5 SOLUTIONS TO RACING

Appropriate run placement can be used to eliminate the occurrence of the race
condition, as discussed in Sec. 2.2. However, it may not be always possible to
use this method, as in the case of staggered arrivals of jobs. Two other methods
to avoid the race condition are: the use of appropriate disk-scheduling policies
and buffer management. We discuss each of these in turn.

In Round-Robin (RR) disk scheduling, I/O requests of different jobs are queued
at separate queues at a disk, and the queues are serviced in a round-robin fash-
ion. Read-Priority (RP) scheduling gives read requests priority over writes.
Fig. 7 shows the performance of these two scheduling policies and compares
the results to that of FCFS for the Case 2 placement. RR and RP show signif-
icant improvement compared to FCFS for more than one job. The completion
times of all jobs using either RR or RP disk scheduling are comparable to that
achieved using the placement of Case 3.

A second mechanism for avoiding race conditions is to allocate an equal portion
of the buffer space to each job. All pending write blocks of a job must be held in
its own portion of the buffer. Fig. 8 shows anomalous behavior of the system,;
that is, increasing buffer size degrades performance significantly. For 3 jobs,
the completion time goes from 46 to 60 to 67 seconds when the buffer size is
increased from 2000 to 4000 to 12000 blocks. The phenomenon is contrary to
our expectation that more buffer space improves performance.

Both scheduling policies and buffer partitioning avoid the race condition by
insuring that a job cannot block other jobs by getting far enough ahead. In
RR scheduling, when a job gets ahead and accumulates write requests at a
disk, the disk queue gives equal amount of services to requests of each job,
even read requests from other jobs arriving much later than the write requests.
Thus, these read requests do not have to wait until all pending write requests
are serviced, preventing the leading job from getting further ahead. The RP
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Figure 7 Completion time of all jobs for 1<J<5 for the placement policy of
Case 2 with 5 disks and different scheduling policies

scheduling policy works for a similar reason. When a job queues up write
requests at a disk, read requests from other jobs can bypass all the waiting
writes and get serviced quickly. No race condition can develop in this case,
since no job’s reads are delayed by a large number of queued writes. In the
limited buffer case, when a job gets ahead, it can only go as far as its buffer
space allows. The limited buffer space forces the job to wait and allows any
lagging jobs to catch up. In Fig. 8, increasing buffer space allows the race
condition to develop more fully, and performance suffers correspondingly.

The disk-scheduling policies provides a straightforward method to control the
performance degradation caused by the race condition and is independent of any
particular run placement policy. Simulation data suggests that the performance
of both the Round-Robin and Read-Priority schemes are quite insensitive to
the size of the disk buffer. The performance of the limited buffer management
scheme, however, is sensitive to the amount of buffer space. Also, the buffer
space needs to be controlled individually for each job. A slight increase in
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Figure 8 Completion time for 2 and 3 jobs for the placement policy of Case
2 with 5 disks and different cache sizes

buffer size may give rise to a large performance deterioration, as evidenced in
Fig. 8. In practice, it may be difficult to implement this policy if the buffer is
managed on a global basis.

6 SUMMARY

Several conditions are necessary for instability of the form described in this
paper. First, each process must have distinct input and output disks. If a
process reads from a disk to which it is also writes, no race can occur. Secondly,
reads must be faster than writes; this may arise due to differences in blocking
factors for reads and writes or parallelism in the input stream. Third, the disk
scheduling policy plays a role in determining if the system will become unstable.
Finally, a process should not be held up for any other resources. Under these
conditions it is possible for one of the disks to build up a substantial queue
of pending writes; all other processes reading from that disk are slowed down.
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Since the process writing to that disk does not have any reads on that disk, it is
not blocked and adds more write requests to the backlogged disk. This results
in an even bigger write queue at that disk. The positive feedback causes the
processes reading from that disk to become effectively stopped.

Controlling the instability can be addressed at several levels, each of which
tries to negate some necessary condition. The placement of data on the disks
or the partitioning of a task among parallel processes can be judiciously chosen
to prevent disjoint read/write disks for a process. Disk scheduling policies
which either give priority to read requests or at least do not allow them to
wait indefinitely at the tail of large write queues also prevent this instability
(see [11]). Finally, the buffer size allocated to each process can be limited,
so that a process waits for want of buffers. This approach conflicts with the
requirement of larger buffer space to improve the disk parallelism required by
some permutations [2, 1, 7].
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