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l'arallel disk I/0 subsystems are becoming more important in today' s large-scale parallel machines. Parallel disk systems 
provide a significant boost in I/0 performance reducing the gap between processor and disk speeds. We describe a Unix­
like file I/0 user interface, implemented in a paral!el file J/0 subsystem on an MIMD machine, the nCUBE 2. Based on 
message passing, we develop parallel disk read/write algorithms to achieve higher parallelism when more disk drives are 
used. We use !he closed queuing network model to analyze !he effect of sorne tunable system parameters for our parallel 
file system. Our experiments show !he speedup of I/0 performance is almost equal to the number of disk drives we use. 
Thus, our user-level parallel file I/0 approach will provide scalable I/0 performance. 

1 . Introduction 
High computation rates mean little if an application has large file I/0 requirements, involving many megabytes 
of input/output data. In many mulliprocessors, file J/0 is handled by a host (front-end) computer attached to the 
massively parallel machine. Thus, hundreds of processors share a few channels to communicate with the host 
for the use of disks. In addition, historie trends clearly indicate that the improvement in the speed of disks is 
not keeping up with the increase in the speed of processors [Leiss&Johnson, 1988] [Leiss, 1995]. 
Consequently the computing capability and I/0 performance are increasingly unbalanced in these massively 
parallel computing systems. 

The nCUBE 2 has an MlMD hypercube architecture. By using VLSI technology to integrate al! the components 
necessary for parallel computing onto a single chip, the nCUBE 2 system may scale from as few as 8 compute 
processors toas many as 8,192 compute processors in a single system architecture [NCUBE, 1992]. 

Processor: Each nCUBE 2 node is a VLSI CISC (Complex Instruction Set Computer) 64-bit-register 
processor which is rated at approximately 2.7 double-precision MFLOPS and 7 MIPS with 20 MHz clock. 
Memory: The nCUBE 2 is a distributed-memory supercomputer with up to 16 Mbyte-s memor; for each 
processor. 
Communication: A network communication unit includes 14 DMAs (Direct Memory Access), by which 
Input/Output channels can access main memory without the intervention of CPU. These are used to transfer 
data between main memory and I/0 channels. Of the 14 DMAs, one is reserved for J/0 devices such as 
disks to provide full support for system designs with up to a dimension 13 hypercube. The DMA cha..nnels 
are full duplex and parity checked for reliability with a 2.2 Mbytes/second network ba.ndwidth. 
J/0: The NCUBE NChannel boards [NCUBE, 1988] provide the connections between !he hypercube and 
the externa! world. Each NChannel board has sixteen serial channels connecting to the peripheral devices. 
Each serial channel on the NChannel board is controlled by an I/0 processor - an identical processor to 
those used in the hypercube. Each serial channel can support one I/0 peripheral controller. 

The nCUBE 2 system makes it easy for users to al!ocate system resources. Programs run on subcubes (a 
subset of the total compute processors in the hypercube that forms itself a hypercube), with sizes varying from 
a single compute processor to the entire system configuration. To address the processors in the subcube, a 
program uses the processors' logical numbers within the subcube, raLher than actual hardware addresses. This 
means a program can function consistently no matter where in the hypercube it is loaded. Within a subcube, 
processors are numbered starting atO. For example, a 2-dimensional subcube has four processors which are 
numbered O, 1, 2, and 3. Users can select the size of the subcube at compile-time or at run-time without 
modifying their programs. 

* Work supported by Sandi" National Laboratorios; 2ccess lo !h•ir nCUJ3E 2 ls gratefully admowledged. 
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Each I/0 board has 128 full duplex channels (see Figure 1) directly connected to the hypercube [NCUBE, 
1988]. Each I/0 board contains 16 I/0 processors, each connected to eight compute nodes in the hypercube by 
using 8 bidirectional channels. In contrast to the eight channels used by an I/0 node on the NChannel board, 
the iPSC/2. CIO system [Intel, 1988] has only one Direct-Connect link from one I/0 node to the hypercube. 
The architecture used iri the nCUBE 2 permits high I/0 data transfer rates between the hypercube itself and the 
extemal world. 

The hypercu~e 
Compute Nades 

Figure 1: 
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To understand the multiple-channel configuration, consider the following example. We use 8 I/0 nodes on a 
I/0 board with logical number 3. These 8 I/0 nodes are shared by 1024 compute nodes in the hypercube 
through 64 distinct I/0 SI channels. For example, the I/0 node 2 uses its channel O to connect to the compute 
node 11, channell to the compute node 75, channel2 to the compute node 139, and so on. 

Table 1· Multiple I/0 Channeis to the Hypercube 
I/0 00 I/0 I/0 I/0 00 I¡O I/0 

NodeO Nodel Node2 Node3 Node4 Node5 Node6 Node7 
Channe[ O 3 7 11 15 19 23 27 31 
Channell 67 71 75 79 83 87 91 95 
Channel2 131 135 139 143 147 151 155 159 
Channel3 195 199 203 207 211 215 219 223 
Channel4 259 263 267 271 275 279 283 287 
Channel5 323 327 331 335 339 343 347 351 
Channel6 387 391 . 395 399 403 407 411 415 
Channel 7 451 455 459 463 467 471 475 479 

An SI node is a compute node directly connected to its corresponding I/0 node via the SI channel. Al! other 
nodes (non-SI nodes) route their I/0 messages to their nearest target SI node, which then routes further to the 
corresponding I/0 node. The path from the non-SI node to SI node follows the e-routing scheme [NCUBE, 
1992]. The nCUBE 2 provides 8 different channels to increase the bandwidth. Nevertheless, the disadvantage 
is that several compute nodes share the same SI node. 

2. ParaHel File I/0 Mechanism 
The disk driver and file system interface "nsdisk" runs on each I/0 node and manages files. It can be viewed 
as a separate file system process that controls attached disks. These nsdisks receive messages from compute 
nodes an.d perform I/0 jobs. nsdisk is a UNIX-like file system which uses file descriptor tables to keep the 
mformatwn of open files for each process. On the compute node side, the process only keeps a file table 
struc0Jre containing the address of the I/0 process (e.g., nsdislc) servicing this file and the file descriptor used 
by th1s I/0 process. A separate file in this I/0 process has its own file descriptor. A compute process can be 
v1ewed as a client process andan I/0 process as a server process. We may create separate file descriptors in 
eac? I/0 ~ode to access severa! files simultaneously. A compute process can refer to these different files as a 
log¡cally smgle, large file to achieve parallel I/0. 
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Figure 2 illustrates the file structure, with process A opening two files, one in I/0 node O, the other in I/0 node 
L Process B opens a file in the I/0 node O. The UFID (U ser File ID) is used as a file descriptor in the compute 
node, and the SFID (System File ID) is for the I/0 node. The Vertex operating system allocates two UFIDs (0 
and 2) for process A, and receives SFID O and 1 from I/0 node O and I/0 node 1, respective! y. Process B has 
UFlD 1 and SFID 2 in the I/0 node O. The entry in the process file table contains only the infonnation of a 
pointer to the system file table in the I/0 node. The process file table resides in the compute node. 

UFID 

Process A 

0 FO~p~e~n~F~il~e~T~a~b=le~~ 
~E 

Process B 
Open File Table 

o 
r---1t===l ~ UFID 

1/0 node O 1/0 node 1 

System Open File Ta [iS~y~s~te~m~O~p~e~n~F~ile3Table 
SFID~ --¡_J ~ SFID 

4 4 

Figure 2: File Structure Used in the nCUBE 2 

The problem of multiple disks on separate computing entities has been studied for distributed file systems 
[Reddy et al., 1989]. NFS (Network File System) from Sun is an exarnple of such a file system [Leffler et al., 
1989]. Note that any one file is constrained to reside on a single disk. This would clearly cause a bottleneck at 
the I/0 node if data are required concurrently by severa! compute nodes. The nCUBE 2 file system is based on 
NFS. Each I/0 node uses the file server nsdisk process to manage its independent file system. The nCUBE 2 
uses the disk volume narne as a prefix of the path narne to open a file, e.g., "1/dfOO/ ... ". A disk's volume narne 
is unique to the whole nCUBE 2 file system. Therefore, the user process can decide to which I/0 nade the l/0 
message should go. Although a file is constrained to reside on a single disk, we still can use the data 
declustering technique [Reddy et al., 1989] to open severa! files on each disk to make the data distribute to 
these different files. 

I/0 in the nCUBE 2 file system is based on rnessage-passing. It includes the asynchronous and synchronous 
services. The nCUBE 2 library provides read and write function calls (the sarne as the UNIX read and write 
function calls) to achieve the synchronous block I/0 operations. The asynchronous function cal!s are 
readstartlreadend and writestartlwriteend: 

readstart (file_descriptor, length_of_buffer), readend(file_descriptor, buffer), 
writestart(file_descriptor, buffer, length_of_buffer), writeend(file_descriptor); 

readstart requests a read operation from file descriptor file_ descriptor of size length _o!_ buffer, then readend 
fills the data buffer with the data requested by readstart, with the sarne file descriptor argurnent used by a 
previous readstart call. If there are severa! readstarts with the sarne file descriptor, readend will choose the most 
recent request. writestart and writeend have the sarne calling convention. In our implementation of parallel I/0, 
we use the nread or nreadp function cal! [NCUBE, 1992] to select messages from I/0 nodes. The message will 
contain the I/0 node number, data and returned status. With this infonnation, we can easily determine which 
disk l/0 has finished. 

3. Design and Analysis of the nCUBE 2 Parallel File I/0 
A para!! el I/0 file system must distribute data arnong rnultiple disk devices. The distribution should be as eve~ 
as possible; otherwise disk skew [Kim, 1986] occurs which decreases the overall I/0 performance because It 
degrades parallel access. If we want to write a block b to a disk, the placement rule should determine which 
disk block b resides locally. The data placement rule should avoid disk skew. Disk interleaving is chosen here. 
For a file striped across disk drives numbered from O to D-1 (D the total number of disk drives), block b 
(numbered frorn 0) is on the disk drive numbered (b mod D). 
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The nCUBE 2 uses independent disk controllers which are attached to separate processors (I/0 nodes) in the 
ínterconnection network. In interleaving data on n disk devices, the goal is to reduce the read/write access time 
by a factor of l(n. However: it i_s not easy to achieve an vq ~peed-up of '! unless we dis~egard the ~ontention 
of interconnecuon commumcauon. Therefore, the connect1.v1ty plays an nnportant role m the muluprocessor 
machine. 

We use PJO File for a logically single, large file whose blocks are declustered arnong small files on disk drives 
of UO nodes. We index the first block on the frrst disk drive by O. The pararneters are: 

D: number of disk drives available ií1dexed by Dk, k E (0, ... , D-1), 
B: number of bytes per block indexed from Oto B-1, 
C: number of blocks for each disk drive that can fit into the colflffiunication buffer, which resides in the 

user process space for the communication space of the UO operations. 
The Verlex operating system in each compute node is responsible for all prinlitive file I/0 requests to the file 
system servers nsdisk on each I/0 node. The implementation of these Vertex file I/0 operations is based on 
the message-passing mechanism. Vertex sends data messages with distinct message types to request nsdisk to 
do UO operations, and Vertex waits for the acknowledge or data message replying from the nsdisk. For 
exarnple, if Vertex wants to execute a file open system cal!, Vertex finds an empty entry of the user process file 
descriptor table as a user file descriptor to keep the address of the corresponding file server and sends the file 
open related information with message type N_FOPEN (Ox8021) to request the corresponding nsdisk to open a 
file for the user. Then, Vertex waits for the system file descriptor from nsdisk via an incoming message. 
Vertex stores this system file descriptor for successive UO requests to nsdisk. The read or write I/0 operations 
use the same method. 

We need aPIO File table to keep the information of open files on each disk drive. The entries of this tableare 
indexed by a user PIO File descriptor. 

offset: indicates the PIO File pointer position in terms ofbytes; the file pointer always points to the byte that 
is ready to be read or written. 

For each open file on the disk drive Dk> k e {O, ... , D-1), 
F k: file descriptor of the file on Dk, which is required by Vertex to provide the 

information needed to send the UO operation message to the file server. 
Nk: address ofi/0 node where Dk resides. 

Each UO node can have severa! disk drives attached. The number of these disk drives depends on the disk 
controller which is connected to an UO node. Sorne disk controllers can control up to seven disk drives such as 
the SCSI disk interface, but others may not. However, an J/0 node can only handle one incoming I/0 message 
at a time and then issues the physical disk operation through the disk controller. For exarnple, disk drives D0 
and D 1 are al! attached to the UO node N. Vertex issues an I/0 operation to the I/0 node N for D1 and then 
issues another one for D0. No mauer how long the disk D1 takes to operate the I/0, the file system of I/0 node 
N guarantees that the acknowledge (ACK) message of UO will be sent for the frrst one (D1), and then for D0. 

The interconnection network is based on e-routing and wormhole routing [Ni et al., 1993]. The path from a 
node to another node is fixed according to e-routing. Wormhole routing guarantees that the second message 
from N will be blocked until the frrst one is fmished. In the PIO File table, we need to keep the addresses of 
UO nodes where disk drives reside. The reason is that ari I/0 ACK message only contains the information of 
the UO node address and the retumed status of UO operation. We need the I/0 node address to search the data 
structure (message queued linked list) for the matched I/0 node address's request queued in that data structure. 
When an I/0 request is issued by Vertex, we append information related to thls request to the message queued 
linked list. If anUO ACK message arrives, we retrieve information of the corresponding queued request Two 
primitives are used in our algorithms, namely "ASYNCHRONOUS DISK READ!WRITE' and "READ ACK 
FROM l/0 NO DES" (see Figure 3). 

PIO OP_EN, PIO CLOSE: Because each I/0 node contains an independent file system, we use a file in each 
d1sk dr1ve to store the declustered block data. PIO OPEN will retum a user PJO File descriptor (pfá) to be used 
in successive UO operations. P/0 CLOSE is used to close al! the involved files on disk drives. 

• .A..Sl'NCHRONOUS DISK READIWR!TE 
{issue an asynchronous disk read or write regarding Fk with ~ and Nk; the current file position is offset] 
if disk operation is read 
i.hen { read nbytes of data from Dk into user space buffer J ca/1 rea<lslart(Fk, nbytes); 
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else ( write nbytes of data from user space buffer lo Dk } 
call wróteslari(F k• buffer, nbytes); 

Inser~ infonnation of Dk• Fk• Nk• buffer, offset, nbytes 
h>to data structure at the end of message queued linked list; 

• li.EAD ACK Fli.OM l/0 NODES 
Waól for an incoming I/0 ACK message from any I/0 node with message type read retumed or write rerurned; 
lf message type is read returned 
then ( read retumed message contains I/0 node address, 11 of bytes read, data from disk, disk operation status} 

Se..,-d• for the fust with the same I/0 node address from the beginning of message queued linked list; 
Relrleve information of !}¡,;. Fko N k• buffer, offset, nbytes; 
Move read-in number of bytes da~» from communication buffer to the user space buffer; 

e!se ( write retumed message conl>lins l. I/0 node address 2. disk operation status or error code} 
Search for the first with the same I/0 node address from the beginning of message queued linked list; 
Retr!e'l'e information of J\:. Fk• N k• buffer, offset, nbytes; 

Delete Ibis data structure ftom message queued linked list; 

Figure 3: Asynchronous Disk Read/Write, Read ACK From I/0 Nodes 

387 

However, when processes are tenninated, Vertex will close al! the files for the user processes. The algorithms 
ofPIO OPENandPIO eLOSE are given inFigure4. 

ARgonthm PlO OPEN 

Input: l. file name used in each D¡,;,k E [0, ... , D-1] :filename 
2. type of open (e.g., READ, WRITE) : type 
3. file permissions (for creation type of open) :flag 

Output: user P!O File descriptor: pfd 
[ Flnd an empty PIO File table entry, initialize its offset and retum the index pfd; 

Fo< each disk drive DJ.:, k <E [0, ... , D-1} 
do open_file_name = !)¡¡, volume name + fdename; 

{ open a file on !}¡,; and get a flle descriptor Fk from Vertex } 
call open(open_file_name, type,flag) and retum a Fk; 
( save Fk and N1c for later use. N k : address of I/0 node where 1\: resides } 
Insert Fk and N k into the data structure of PIO File uble entry index by pfd; 

relurrn pfd; 

Algorithm l'IO CLOSE 
Input: user PlO File descriptor : pfd 
Output: file sUtus 
( Relrieve PIO File table entry indexed by pfd; ( get the infonnation of Fk } 

For each disk drive J\:, k E [0, ... , D-1} 
do ( close a file on !}¡,; and Vertex remove Fk from its flle descriptor table } 

call close(Fk) 
Remove the PIO File table entry index by pfd; 

rehJR"Bt file status; 

Figure 4: Algorithm Parallel File 110 Open, Parallel File I/0 elose 

PIO READ, /P'lO WRITE: We use the disk striping technique for data and files. PIO READ and PIO WR!TE 
do not take the contention of interconnection network into consideration. Initially, P/0 READ and PIO WRITE 
issue a disk operation to each disk drive. Then, whenever an I/0 ACK message from any disk drive comes, the 
request of the next corresponding data block belonging to this disk drive will be issued. 

In Figure 5, the predefi.ned parameter e is the number of blocks in the communication buffer of each disk 
drive. If we set e to be 2 instead of 1, P 10 READ and P JO WRJTE will issue two disk operations to each disk 
drive initially. This will keep the disk drives busier. However, the product ofblock size, number of disk drives 
and e must not exceed the size of the communication buffer which is allocated in and uses up user mernory 
space. 
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no SEEK: To allow random access of files, we also allow resetting the file pointer for the P/0 File. The 
calling convention of P/0 SEEK (code omitted here) is the same as the UNIX lseek system call. 

Algonthm PIO READIWRITE 
Defined Parameters: B = bytes per block, D = # of disk drives, e = # of blocks in commwúcation buffer for each drive. 
Assumption: bytes of communication buffer ;:::: B* D * C. 
Input: l. user PIO File descriptor: pfd, 

2. address of buffer in user process : buffer, 
3. number of bytes to read/write : nbytes. 

Output: count of bytes copied into user space or written to PIO file. 
{. 

BUFFER.¡..... buffer; NBYTES .¡..... nbytes; { keep information used later J 
Relrieve PIO File table entry indexed by pfd; { get the iuformation of offset, F k• N k ) 
[ initiate Disk Read/Write for each block of communication buffer per disk drive ) 

e t- 1; 
.,.¡,;¡e nbytes > O aoul e S e 
do x .¡..... L offset 1 B J mod D { fi.rst disk drive to issue read/write operation } 

k<-- x; { repeat issning read/write operation in k, k+l, ... , D-1, O, l, ... , k~l sequence) 
re peal 

do bytes_!eft_in_block <- B -(offset mod 8); 
if nbytes < bytes_left_in_block 
lhen bytes_op .¡..... nbytes; 

el se bytes_op <- bytes_left_in_block; { issue physical disk read/write and insert Dk, Fk, N k• buffer, 
offset, bytes_op into data structure of message queued linked list ) 

ASYNeHRONOUS DISK READIWRJTE; [ update new buffer, nbytes and offset) 

buffer<- buffer + bytes_op; nbytes <- nbytes - bytes_op; offset <- offset + bytes_op; 

k<- (k+ 1) mod D; [ next disk drive to issue read/write operation ) 

lmiil (nbytes S O) or (k= x) 

e<- e+ 1; { next block of buffer per disk drive } 
{ continue to issue read/write operations until N BYTES of bytes copied into user space or written to P!O file ) 
whi!e m.essage queued linked list is not empty 
do [ read any fust ACK message from IJO nodes and retrieve DJc, Fk, N k, buffer, offset, bytes_op related to this 

ACK from data structure of message queued linked list, then delete this data structure from list ) 
READ AeK FROM !!O NODES; 
buffer= buffer+ bytes_op + B"(D*C- !); { next tentative block toread ) 
if buffer< BUFFER+ N BYTES 

ll~<n offset<- offset+ bytes_op + B*(D*C- !); 

nbytes <-BUFFER+ N BYTES -buffer, 

bytes_left_in_block <- B - (offset mod B); 
if nbytes < bytes_left_in_block 
lhen bytes_op <- nbytes; 

eise bytes_op <- bytes_left_in_block; { issue physical disk read/write and insert DJc. Fk, N k, buffer, 
offset, bytes_op into data structure of message queued linked list ) 

ASYNCHRONOUS DISK READIWRITE; 
eise continue; { exceed the length of user buffer to read/write ) 

updale PIO f"úe table offset for next read/write; 
rol u m (total number of bytes read/write ); 

Figure 5: Algorithm Parallel File l/0 Read/Write 

In PIO WRJTEIREAD, ifD is the disk size ande is the number ofblocks in the communication buffer per disk 
drive, then there are at most D *e active messages in the whole system if i:here are no other jobs in the system. 
Each message needs to start from the compute node and then goes through the interconnection network to the 
file server. After the service of I/0, the file server sends another message (ACK) back to the compute node. 
However, we can view this so that this message carries the retum value back to the compute node. In the 
middle processing of PIO WRITE!READ, the number of active messages is always D*e; whenever a message 
comes baclc, it issues another message to the same destination. Of course, this is not true when P 1 O 
WRITE/READ is almost finished because sorne disk drives may have done al! of their corresponding data 
blocks and could be idle. However, if we only consider very large files, the system almost always has D * e 
active messages running through it. 
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This kind ofworkload suggests the closed queuing network model [Jain, 1991] which has no extemal arrivals 
or departures in the system. The jobs (messages) in the system keep circulating from one queue to the next. 
The total number of jobs (messages) in the system is constant. Each job goes through several service centers to 
receive the system resources and then re-circulates. Service centers may be of two types, queuing center and 
delay center. Jobs at a queuing center compete for the use of the server. Thus the time spent by a job at a 
queuing center has two components: waiting time and service time. Queuing centers are used to represent any 
system resource where jobs compete for service, e.g., the interconnection network and file system servers. At 
the delay center, jobs are allocated their own server, so there is no competition for service. Thus the residence 
time of ajob ata delay center is exactly the job's service time. We consider messages as jobs. Each message 
must receive service from the system resource and then goes back to the same compute node. We use PIO 
WRITE or P JO READ to predict the performance and explain how influential the contention of interconnection 
network is. This illustrates that useful results such as how to define the three parameters D, B and C can be 
obtained. 

Figure 6 shows our modei. There are four service centers, al! queuing centers. Each I/0 request message 
competes with other I/0 request messages for system resources. The first stage is the CPU which is 
responsible for the computation of the data block placement rule and copying data from the user space buffer to 
the communication buffer for data transmission. The CPU queuing service center takes one I/0 request 
message at a time. 

Figure 6: Parallel File I/0 Closed Queuing Network Model 

The next stage is the interconnection network with the e-routing scheme defming paths to disk drives for I/0 
request messages. If any two I/0 request messages use the same DMA channel to route their respective 
messages, one waits until the other finishes its routing. These two paths are overlaid due to the shared channel; 
these paths are channel-joint. Paths with no common channel shared are said to be channel-disjoint. Channel­
disjoint paths are viewed as separate queuing service centers. Each I/0 request message chooses its queuing 
service center to go through to its corresponding I/0 node. For example in Table 1, if compute node 3 wants to 
write three data blocks to I/0 nodes 1, 2 and 3 through compute nodes 7, 11 and 15, respectively, the three 
paths are as follows: 

Pathl: 3-t7-ti/ONode 1 Path2: 3->11--ti/0 Node2 Path3: 3-t7-tl5-t I/0 Node 3. 
Paths 1 and 2 are channel-disjoint, but Paths 1 and 3 are not. Path 2 and Paths 1 and 3 are two channel-disjoint 
routings. Thus we need two queuing service centers A and B to represent the two channel-disjoint routings 
with A serving P aths 1 and 3 and B only P ath 2, The I/0 request message to I/0 nodes 1 or 3 not only will 
spend time in data transmission but also for queuing in queuing service center A if any. 

. . ~ { right - most different bit position ( index from O) of x and y if x * y, 
Defimtwn: P(x, y) = ·f 

-1 1 X y. 

Theorem: For any two paths Path1(x, y) and Path2(x, z), if P(x, y)* P(x, z) then paths Path¡(x, y) and 

Path2(x, z) are channel-disjoint. Therefore, if there are n paths Pathk(S, Dk), kE { 1, ... , n}, from a 

common source S ton destinations DkE ¡ J •... ,nJ. then there are m channel-disjoint routings, where mis the 

number of different val u es of P (S, Dk) for k from 1 to n. 



390 XXII Conferencia Latinoamericana de Informática 

Proof: We considera source x = (x,_1 xn_2 ... Xj ... x¡ ... x1 x0)z, <)lld two destinaüons Y = (Yn-l Yn-2 ... Yi ... Y¡ 
y0) and z = (zn-l zn-Z .•• Zj ... z1 z0). We assume ihat i is the right-most bit position where x and y differ, and j 

for X and Z. If i :;é j, then we lrnow that fue SOurCe node uses channel i Of j tO route tO node (X,.¡ Xn-2 ••. Xj ••• Xj 
... x1 x0h or (xn-I xn-Z ... Xj ... x1 Xoh frrst. and then continues to y or z, respectively (the complement ofx¡ is 

i¡). In e-routing, the message travels in ascending order of the dimension. Therefore, nodes through which the 

path from x to y passes are all with least significant bits ii ... x1 XQ, but those nodes which !he palh from x to z 
travels have least significant bits xi ... x1 x0. They are al! different nodes; thus, it is not possible to use the same 
channel in their respective routing. Therefore, if paths use different channels to take off from a common 
source, then they are channel-disjoint. If there are m different channels, then we have m channel-disjoint 
routings. 

The third stage is the I/0 nodes system. Each I/0 request rnessage needs to be handled by their corresponding 
I/0 node frrst and then be transferred to a physical I/0 operation to its target disk drive by its I/0 node. Each 
I/0 node can only handle one incoming I/0 message at a time; it must wait until an I/0 operation finishes so that 
it can issue anoiher I/0 operation to their attached disk drives. If there are sorne I/0 messages arriving at the 
sarne I/0 node at the sarne time, they will be queued. 

The last stage is similar to the second stage. If the I/0 request is write, it is only used for the transmission of 
the returned status of an I/0 operation. If the I/0 request is read, it is used for the transrnission of the read-in 
data block and the returned status. When an I/0 request rnessage goes through the fourth stage, it waits for the 
CPU ru<d carries another I/0 request rnessage to repeat the process again. 

We classify JJO request messages into different clusters (classes) according to their destination. I/0 request 
rnessages belonging to dass i rnust use the resource of I/0 node i even if another I/0 node is id! e and has free 
resources. Based on this rnultiple class model, we use the Multiple-Class Closed Queuing Network Model 
[Jain, 1991] to derive our predicated performance measurement 

We obtained the following systern pararneters using monitor prograrns to estirnate the service times (service 
dernand) of service centers. This does not include any time spent waiting for service. 

CPU Service Center (Stage 1) 
( including rnemory copy of data and cornputation of placernent rule ) 

Data Block B = 4 Kbytes ---> 800 microseconds 
Data BlockB = 8 Kbytes ---> 1065 microseconds 
Data BlockB = 16 Kbytes ---> 1820 microseconds 

File Server Disk Read/Write (Stage 3) 
{ including overhead of file managernent and physical disk I/0 } 

Data Block B = 4 Kbytes ---> 17300 microseconds 
Data Block B = 8 Kbytes ---> 19500 microseconds 
Data Block B = 16 Kbytes ---> 20500 microseconds 

Interconnection Network Service Center (Stages 2 and 4) 
( assumes a rnessage travels an average of five dirnensions in our lOD hypercube ) 

Data Block B = 4 Kbytes ---> 1854 microseconds 
Data Block B = 8 Kbytes ---> 3697 microseconds 
Data Block B = 16 Kbytes ---> 7384 microseconds 
A returned status = 8 bytes ---> 15 .microseconds 

We used different data block sizes (4Kbytes, 8Kbytes and 16Kbytes) wilh the same pararneters- eight I/0 
nodes and only one channel-disjoint routing (one service center in stage 2) to predicate the performance of PIO 
WRITE. We used only one active I/0 message for each I/0 node. We neglect !he influence of the fourth stage 
because very little time is spent there (15 rnicroseconds). Table 21ists sorne performance rneasurements: 

T able 2: Predictedl Performance with Varying Data .Block 
System CPU Interconnection Utilization 

Response Residence Network Residence Interconnection ofEach I/0 
Time for each Time for each Time for each I/0 Network Node 
I/0 Request I/0 Request Request Message 

(msec) (msec) (msec) (messages) (%~ 
B-4 Kbytes 22.27 1.06 3.91 1.40 77.67 
B=8 Kbytes 33.00 1.39 12.11 2.94 59.09 

.8=16 Kbytes 59.69 2.36 36.83 4.94 34.34 
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A class i I/0 request message carries a data block B to its corresponding I/0 node i. The spent time in the J/0 
system is 22.27, 33.00 or 59.69 rosee for 4 Kbytes, 8 Kbytes Or 16 Kbytes, respeetively. In this example, 
there are eight active messages in the system. The utilization (the fraction of time the resource is busy servicing 
requests) of each 1/0 node is lower for 16 Kbytes data block because of the interconnection network 
congestion. The average number of I/0 request messages in the Interconneetion Network for 16 Kbytes data 
block is 4.94, which means any I/0 request message needs to wait on average for an additional four messages 
( 4.94-1) in order to finish its jobs. The I/0 request message for 4 Kbytes data block nearly 

needs to be queued in the Interconneetion Network. However, the disk operational rate for a 4 Kbytes data 
block (4/0.0173=231.2 Kbytes/second) is slower than for a 16 Kbytes 9ata block (16/0.0205=780.5 
Kbytes/seeond). Suppose we have a 2 Mbytes data buffer to write to the I/0 system. If a 4 Kbytes data block is 
used, 512 data blocks need to be transferred to I/0 nodes. In this example, each class i I/0 request message 
needs to run 64 (512/8) times to fmish 2 Mbytes data PIO WRITE. There are 8 active I/0 request messages 
doing I/0 operations concurrently in the I/0 system. Therefore, the total time spent in P/0 WRITE is 1425.28 
(64*22.27) rosee for using 4 Kbytes data blocks and its I/0 operational rate is 1.40323 Mbytes/second. The 
l/0 operational rate for 8 Kbytes or 16 Kbytes data block is 1.89394 Mbytes/second or 2.09415 
Mbytes/seeond, respeetively. The bigger data block provides a better I/0 operational rate. However, the 
bottleneek seems to be in the interconneetion network if we only use one channel-disjoint routíng like in this 
example. The percentage of time spent in the interconneetion network is 17.56%, 36.70%, and 61.70% for 4 
Kbytes, 8 Kbytes, and 16 Kbytes data blocks, respeetively. Although a 16 Kbytes data block has good 
performance, the interconneetion network congestion is a problem. 

We use the same parameters as the above example but we only focus on a 16 Kbytes data block. In the above 
example, I/0 request messages use only one channel-disjoint routing. A message needs to wait for another one 
completing its transmission. In this example, we assume we have multiple channel-disjoint routings available. 
We assign the class i l/0 request message going through the channel-disjoint routing 
Li /2J in the case of 4 channel-disjoint routings. In the case of 8 channel-disjoint routing, the class i I/0 request 
message goes through the channel-disjoint routing i. As shown in Table 3, when we use four channel-disjoint 
routings, the I/0 operational transfer rate is almost twice that of one channel-disjoint routing. However, if we 
add four more channel-disjoint routings (for a total of eight routings), the I/0 operational transfer rate is 
bounded. There is little difference between four and eight channel-disjoint routings; the residence time for four 
or eight channel-disjoint routing is 7.38 or 9.17 rosee, respeetively, compared with one channel-disjoint 
routing. 

T bl 3 a e : Pr d' d p f . h M l' l Ch e 1cte er ormance w1t u tiple 1 D' ' ' t R t' s anne- ISJOID ou m 
System CPU Interconnection Utilization I/0 Operational 

Response Residence Network Residence ofEachi/0 Transfer Rate 
Time for each Time for each Time for each I/0 node 
I/ORequest I/ORequest Request Message 

(msec) (msec) (msec) (%) (Mbytes/Sec) 

1 Routmg 59.69 2.36 36.83 34.34 2.UY415 
4 Routings 32.53 2.86 9.17 63.03 3.84260 
8 Routings 30.81 2.92 7.38 66.54 4.05712 

We reserved only one block of communication buffer for a I/0 node, the single buffer approach. If we reserve 
two blocks of communication buffers for a I/0 node, there are two active I/0 request messages in the system 
for a I/0 node, the double buffers approach. We could reserve more blocks per I/0 node but thi1> uses up local 
memory. We use the same parameters as before for the double buffers approach. l. e.,'there are 16 active I/0 
request messages in this I/0 system. Two I/0 request messages are assigned to the same 1/0 node. If we ~e 
more communication buffers to increase the number of active messages, the utilization of each I/0 node IS 

boosted by four or eight channel-disjoint routings (see Table 4 ). But the utilization of each I/0 node or I/0 
operational transfer rate is bounded when we add extra channel-disjoint routings. With 8 channel-disjoint 
routings, although we spend less time (9.11 rosee compared with 13.09 rosee for 4 channel-disjoint rout!ng) in 
the Interconneetion Network, we spend more time in the CPU stage. That is why there is no signlficant 
difference between 4 imd 8 channel-disjoint routings. 
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Predicted Performance wHh Double Buffers Approach 
System CPU Intetconnection Utilization IJO Operationa! 

Response Residence Network Residence ofEachi/0 Transfer Rate 
Time for each Time for each Time for each JJO node 
I/0 Request J/ORequest Request Message 

(msec) (rosee) (msec) (%) (Mbytes/Sec) 

1 Routmg 118.15 2.3Y 91.29 34.70 2.JJ)tJ5 
4 Routings 49.74 3.93 13.09 82.43 5.02614 
8 Routings 47.06 4.17 9.11 87.12 5.31237 

We conclude that the best parameters (see Secüon 3.2) are 16 Kbytes data blocks and !he double buffer 
approach. If we can at least find four channel-disjoint routings, the parallel file I/0 system will attain almost 
optimal behavior, n¡¡meiy more than 5Mbytes/second I/0 operational rate over 8 I/0 nodes. 

4, Experimental ResuHs 
We implemented a user-level parallel file I/0 system utilizing !he message-passing mechanism and multiple file 
servers in I/0 nodes to allow the user to take advantage of the multiple disk drives provided by 1. large-scale 
parallel machLne, namely !he nCUBE 2. We used one real compute node in fue hypercube and eight I/0 nodes 
with multiple channels connected to the hypercube. We use one disk drive for each I/0 node, since the number 
of disk drives attached to a I/0 nodes does not affect the performance of I/0 nodes. The primary performance 
metric is the I/0 tra.'1sfer rate (bytes/seconds), !he nu..mber of bytes of data written to the disk drives divided by 
the real execution time, incorporating overhead, such as memory copy, interconnection network transmission 
and calculation of placement mleo Each parallel I/0 request involved 2 Mbytes data from the user buffer. Our 
parameters were as follows: 

Disk Drive Size (D) = 8, 
Block Size (B) = 4, 8 or 16 Kbytes, 
Communication Buffer Size (C) = 1 or 2 block(s) per Disk Drive, 
U ser Data Buffer Size = 2 Mbytes. 

Figures 7 and 8 show the experimental results of P/0 READ or PJO WR!TE. The best I/0 performance for 
our 2 Mbytes file access over 8 disk drives can be achieved by using 16 Kbyte data blocks and the double 
buffer approach for both PIO READ or PIO WRITE. The best speedup of !he I/0 performance is 

Mbytes/SecoCJd 

5 r-~--~--~------------------------~----~ 

4 r---~------~a---------~~~~~~~------~ 
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o 

GkCl 3.8249 

3.4791 
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C=1: Single Bdler; C=2 : Double Buffers 

3.9944 1.0318 

4.0369 4.1245 

4.0777 4.6700 

Figure 7: Experiments: Compute Node with 4 Channe!-Disjoint Routings 
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Figure 3: Experiments: Compute Node with 1 Channei•Disjoint Routing 

4.53 or 11.84 for PIO READ or PIO WRJTE, respectively, as compared wiili the conventional single disk 
(UNIX) read or write. 

The nCUBE 2 provides a better multiple-channel connectivity instead of the single channel to an J}O nade 
provided by iPSC/2 CIO. If we centralize I/0 activities in sorne compute nodes with more channel-disjoint 
routings to I/0 nodes, these compute nades send file data to those with few channel-disjoint routings. Since we 
our approach applies equally to other large-scale machines we can use it in general message passing MIMD 
systems to get scalable I/0 performance. 

5. Condusion 
Our user-level parallel file I/0 approach satisfied our goal of achieving significant I/0 performance to clase the 
gap between the processor and the disk. We provided parallel Unix-like file interfaces by which the user can 
explore more functionality of parallel file I/0 such as the mapping mode described in [DeBenedictis et al, 
1992]. Our user-level parallel file I/0 is scalable to the hardware architecture. The more disk drives are 
available, the greater the I/0 performance will be (up to a point). Moreover, our approach, developed for the 
nCUBE 2, can be applied to other large-scale MIMD machines. Although the underlying configuration is 
important, we can use Theorem 1 to decide which compute node has the maximum number of channel-disjoint 
routings to the specific disk drives and then centralize our file J/0. 

Our parallel file system is not only good for sequential files but can also be used for random access, which 
provides the user a flexible way to control data thoroughly. It is transparent to the user. The user can also use 
the approach of I/0 minimization [Leiss, 1995] to reduce the number of disk I/0 activities. The capability of 
random access provides a good way to achieve it. 
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