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Abstract
The UPIO (User-controllable Parallel I/O) we proposed
in [6] extends the abstraction of a linear file model into
an n-dimensional file model, making it possible to control
the layout of data blocks across disks and aggregating disk
bandwidth through UPIO’s interfaces. This enables users
to produce high-performance external computation codes
by planning I/O, computations, communication, and data
reuse effectively in the codes. In this paper we show how
well UPIO produces high-performance external computation codes by designing an I/O and communication-efficient
external Laplace equation solver algorithm and exploring
the effects of UPIO with the codes.

1. Introduction
We believe that users are better able than systems to reduce I/O time through explicit I/O management for the parallel computing environments. Thus, to achieve high performance, file systems or I/O mechanisms for parallel machines should be user-controllable in the sense that users
should be able by considering the access patterns to determine the file structure, control the distribution of data
blocks on physical disks, and easily present a variety of
access patterns with a minimum number of I/O requests.
However, the majority of current file systems for parallel
computers are based on a linear file model and do not support user-controllable features [1, 7, 9].
The Vesta parallel file system [3] supports a twodimensional file abstraction that provides a flexible way of
data partitioning for parallel access, but it does not support
the partitioning multidimensional data structures. The Galley [8] file system allows users to control declustering data
across disks by defining subfiles. Each subfile resides on a

single disk, and it is more structured by a collection of one
or more independent forks. Each fork of a subfile is similar
to a traditional Unix file. In Galley, however, there is no
notion of file-level operations. Each operation is applied to
only a single fork of a subfile.
The UPIO we proposed in [6] efficiently supports user
controllability; an important part of UPIO is “logical disk,”
which can be defined by users based on data domain. Users
have total control over the logical disk, making it possible to
control the layout of data blocks across disks and aggregating disk bandwidth through UPIO’s interfaces. This enables
users to produce high-performance external computation
codes by planning I/O, computations, communication, and
data reuse effectively in the codes. In this paper we show
how well UPIO produces high-performance external computation codes by designing an I/O and communicationefficient external Laplace equation solver algorithm and exploring the effects of UPIO with the codes.
The rest of this paper is organized as follows. In Section 2 we briefly introduce UPIO. I/O and communicationefficient Laplace equation solver algorithm using UPIO and
the experimental results are presented in Sections 3 and 4.
Finally, we make some concluding remarks.

2. User-Controllable Parallel I/O
2.1. Logical Disk and Data Access
We believe that users can represent the semantics of data
domain on disks as it is by extending the abstraction of a
one-dimensional file to an n-dimensional file. For example,
if a two-dimensional matrix is in memory, application programs access an element of the matrix through the index of
the element. This method can be applied to another twodimensional matrix that is too huge to fit into the memory

all at one time. If we divide the matrix into submatrices
that are small enough to fit into the memory, we can get another matrix of the submatrices and map each element of
the newly created matrix into one of the submatrices.
If we define the newly created matrix and each element
of the matrix as a logical disk (LD) and a logical disk block
(LDB), respectively, we can have a two-dimensional LD.
Users can access any submatrix through the index of the
LD, because each element of the LD is mapped into one of
the submatrices. Therefore, an LD and the index of the LD
correspond to a file and its file pointer, respectively.
We can also define a one-dimensional array as an LD to
map each element of the array with one of the submatrices.
In other words, an LD is an n-dimensional array that is defined by users to map each element of the array into some
data elements that correspond to an LDB, which is also defined by users. Hence, users can define a flexible file abstraction according to the needs of applications by defining
the structure of an LD.
An LD is just an abstract block-index domain on which
users control I/O explicitly. The LD does not allocate space
for it, either in memory or on a physical disk. Users are
therefore able to map the basic structure of computation into
an LDB, represent the semantic of data domain by defining
the shape of an LD, and control data distribution by distributing the abstract index across I/O or compute nodes.
In UPIO all accesses to the data on physical disks are
made through LDs defined by users. The mapping between
LDBs and physical disk blocks is done automatically by
simple mapping algorithms when data is accessed through
the LD [6]. Specifying the indices of LDBs is the only thing
that should be done by users in order to access data on physical disks.
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Figure 1. Example directions to read/write
LDBs in a 2-dimensional LD
Suppose a two-dimensional matrix is mapped into a 5  5
LD as shown in Figure 1 and a user wants to access the data
chunks represented as shaded rectangles in that figure. In
UPIO users can access the data with one operation by identifying the LDBs that are mapped into the data chunks. All
of the LDBs can be accessed at one time with the following
statement:

LD read(ldd, mv cnt, memv, cnt, news, index)
This function reads three (= cnt) LDBs, beginning at the
LDB index, (2, 2), toward the direction news, and stores
data into the memory as specified by the memory vector
memv, where ldd is a logical disk descriptor1 [6].
The direction information, news, is represented by setting the values for the distance between LDBs in each dimension of an LD. Figure 1 shows some example directions
that users can specify. The memv is a pointer to an array of
(mem, lcnt); lcnt LDBs are stored beginning at mem; mv cnt
means the number of the array elements. More complex
functions for presenting a variety of access patterns are described in [6].

2.2. Architecture and Storage Models for UPIO
Our architecture model assumes a MIMD multicomputer. In the model, rather than make specific assumptions
about the underlying network, we assume that the cost for
an access to a remote node is independent of the distance between the communicating nodes. Communication between
nodes has a start-up overhead of  , while the data transfer
rate is 1=. The time taken to send a message from one
node to another is modeled as  + m, where m is the size
of the message. For our complexity analysis we assume that
 and  are constant, independent of the link congestion and
distance between two nodes.
The UPIO operations can be applied to two different
storage models for MIMD parallel machines: local logical disk model (LLDM) and global logical disk model
(GLDM).2 The models specify how the data is mapped into
logical disk(s), how the LDBs are distributed across physical disks, and how the data is accessed through the LD by
each compute node.
In LLDM, the (input) data is divided into local data belonging to each compute node. Each group of local data
is mapped into a separate LD and stored in a separate file
called local file, where each LD is the abstraction of each
local file. In other words, each compute node has its own
LD and local file. The compute node has sole control of
this data and accesses the data through the LD. Any sharing with other compute nodes will be done through explicit
message passing.

3. I/O and Communication Efficient Laplace
Equation Solver
In the Jacobi iteration method the new values in each
iteration are computed using the values from the previous
iteration. We may represent the Jacobi update procedure
1 This
2 See

is similar to the file descriptor of the Unix file system.
[6] for GLDM.
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Figure 3. Procedure of I/O and collective communication with overlapped data

(c) Logical Disk

Figure 2. Data distribution for the Laplace
equation solver

for any iteration using an array assignment statement as
follows:
DO i = 2 : n-1
DO j = 2 : n-1
A(i, j) = 14 (B(i, j-1) + B(i, j+1) + B(i+1, j) + B(i-1, j))

For an external computation let’s assume that an n  n
data array is decomposed on PX  PY grid compute nodes
in (BLOCK, BLOCK) manner as shown in Figure 2, and
the subarray (say H  N = PnY  PnX ) assigned to each
compute node cannot all be in the main memory at the same
time due to the limits of the main memory and is stored in a
local LD.3
We can define the LDB as block-wise or row-/columnwise for the Laplace equation solver, because four equidistant nearest neighbors are needed to calculate the new value
of a point. A block-wise LDB can be defined as the basic
unit of I/O, but in this case, in order to calculate the new
values of the elements in an LDB, at least five LDBs are
required.
However, if a column is defined as an LDB, reading only
three LDBs is enough to calculate the new value of the data
elements in one LDB.4 Therefore, we may get a better performance in terms of I/O if we define an LDB as a columnwise block.

3.1. Algorithmic Modification
Let’s suppose that Figure 2 (b) represents the data format
assigned to P21 . Where N is the number of columns, H is
the height of the data array assigned to each compute node.
3 We use LLDM to extend the internal computation method to an external computation problem.
4 We assumed that the main memory of each compute node can contain
at least three LDBs.

Let’s assume that each compute node has its own LD to
store the data array and each column is defined as an LDB
(see Figure 2 (c)).
Consider the subarray that is assigned to compute node
P21 , shown in Figure 2. To compute the values in an LDB
(say LDB l), LDBs l , 1 and l + 1 are required; to compute the values at the four boundaries of the subarray, P21
needs the values in compute nodes P20 ; P11 ; P31 ; and P22
(see Figure 3).
For example, to compute the first LDB, compute node
P21 requires some data elements from other compute nodes.
If we assume that each compute node performs computations from the first LDB, in the SPMD programming model,
the other compute nodes are also working on the first LDB.
The bottom and top elements are in the memory of the bottom and top neighbor compute nodes, but LDB N , 1,
which will be computed in the last by compute node P11 ,
is not in memory. Thus compute node P11 needs to read
the LDB and send it to compute node P21 . This is an extra
I/O, because the LDB should be read again at the end of the
iteration. At the end of the iteration, compute node P21 requires LDB 0 from compute node P31 , and thus P31 has to
do an extra I/O to read the LDB and send it to P21 .
We can eliminate the extra I/Os by simply changing the
direction of computation in every iteration. The arrows in
Figure 2 represent the direction of computation. All compute nodes whose x coordinates are even numbers start
computation from right (LDB N , 1) to left (LDB 0), and
other compute nodes whose x coordinates are odd numbers start computation from the opposite direction. The
nodes contain the boundary values so that they can exchange boundary values before starting computation. In the
next iteration, the direction of computation is reversed and
will be reversed again after the iteration, and so on. Individual compute nodes do not have to write back the results on
the disk at the end of each iteration, because the results are
used in the next iteration.
While computing the data elements in LDB l, each compute node has to store the newly computed temporary results in the main memory and then write the results back

to the physical disk. Thus it seems that extra memory is
required to store the temporary results shown in the code
segments for the Laplace equation solver. However, if we
use the memory space for LDB l , 1 to store the computation results for LDB l and use the memory as a circular
queue, no extra memory is required.
Therefore this pattern of computation requires no extra
memory space and I/O operations caused by other compute
nodes’ requests to get boundary values, which optimizes the
I/O operations.
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where I is the number of iterations and W

 3.

4. Experimental Results
3.2. Complexity
In this section we analyze the algorithm described above
in terms of I/O and communications, because the complexity of computations is the same as that of an internal algorithm.
In the external Laplace equation solver each compute
node reads W , 1( 2) LDBs at the beginning, exchanges
H elements with the right or left neighbor compute node
and W , 1 elements with the top and bottom neighbor compute nodes, and computes W , 2 LDBs. The computation
results (W , 2 LDBs) are written back to the physical disk.
Thus the minimum required amount of memory for each
compute node will be

M = WH + W , 1  3H + 2 = 3 PnY

+ 2,

(W

 3).

Reading, communication, computation, and writing
LDBs of W , 2 will be repeated until the last LDB in each
compute node is read.5 At the end of each iteration, individual compute nodes do not store the computation results
for the last W , 1 LDBs and use them in the next iteration.
Instead, the results should be stored when the computations
are completed, and the total number of I/O operations will
be
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where I is the number of iterations and P = PX  PY .
The algorithm is optimal in terms of the number of I/O operations, because each LDB is accessed only once for read
and write.
Let’s consider the communication cost. In every iteration
to compute the first and last LDB, each compute node exchanges H elements with the right or left neighbor compute
node. While computing whole LDBs (N LDBs) assigned
to each compute node, each compute node exchanges N elements with the top and bottom neighbor compute nodes.
Exchanging N elements with the top or bottom neighbor
5 LD

read and LD write are used to read and write the LDBs.

We implemented UPIO on top of the Proteus [2] parallelarchitecture simulator which runs on a Sun workstation.
Proteus is an execution-driven simulator for parallel architectures; it has been validated against real message-passing
machines.
For I/O nodes in our architecture model we added IOPs
(I/O Processor) and Ruemmler and Wilkes’ HP97560 disk
[10] that is attached to an SCSI bus whose peak bandwidth
is 10 MB/s. The disk capacity and peak transfer rate are
1.3 GB and 2.34 MB/s, respectively.6 The file system block
size is 4 KB. In our experiments we configured the simulator with 16 compute nodes (4  4 grid) and 16 I/O nodes.
Each node has a 25 MHz CPU and a direct-memory access
(DMA) capability.
In order to evaluate the performance of the external
Laplace equation solver based on the algorithm described
in the previous section, we implemented the algorithm with
an LD and a traditional file system using file pointers on our
simulator. (Hereafter, we call the programs the LD and FP
versions, respectively.) In our experiments a 4K  4K array
is decomposed on 4  4 grid compute nodes in (BLOCK,
BLOCK) manner. Each compute node stores a 1K  1K
subarray using a 1-D local LD in the LD version; the subarray is stored in a local file in the FP version. In the FP
version the subarray is stored in column-major order and a
column of the subarray is defined as an LDB in the LD version, where data is stored contiguously and randomly on the
disk.
Figure 4 compares the performances of the external
Laplace equation solver using a file pointer and an LD,
where the memory contains W  1024 + W , 1 elements
and W is varied 3, 6, 9, and 12. In this figure we can see
that the FP version performs the worst in contiguous and
random disk-block allocations. This result can be explained
as follows.
In the algorithm for the external Laplace equation solver,
a submatix is forwardly and backwardly accessed in every
other iteration repeatedly. Under a contiguous disk block
allocation, disk blocks are accessed contiguously in both
6 The disk model is reimplemented by Kotz [4] and has been validated
against disk traces provided by HP.
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Figure 4. Performance of Laplace equation solver
data access patterns. The direction of data access is the
only difference between the data access patterns. However,
from our experiments described in [5], we observed that the
backwardly accessed performance is worse than that for forwardly accessed.
When a subarray is forwardly accessed, multiple
columns of the array are accessed at the same time in all
program versions of the algorithm. If the subarray is backwardly accessed, only a single column of the array is accessed at one time in the FP version. Thus memory size
does not much affect the performance of the FP version.
However, in UPIO it is possible to access multiple LDBs in
any direction and optimize disk-head movements in an I/O
node. Thus, as the memory size increases, more columns
can be accessed and the effect of backwardly accessing data
decreases in the program using an LD.

[2]

[3]

[4]

[5]

[6]

5. Conclusions
In this paper we showed how well UPIO produces
high-performance external computation codes by designing
I/O and communication-efficient external Laplace equation
solver algorithm and exploring the effects of UPIO with the
codes. In this algorithm we reduced the number of I/O operations by reusing data already brought into memory at
the end of each iteration and by using a memory vector
of UPIO, which is an array of (memory offset, number of
LDBs) and makes it possible to read or store data into or
from non-contiguous memory space. By explicitly scheduling the direction of computations, it is possible for compute nodes to communicate each other collectively, thereby
eliminating extra I/Os caused by communications. This algorithm is also memory efficient, because no extra memory
is required to store temporary computation results.
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