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Abstract

As parallel computers are increasingly used to run scienti�c applications with large data
sets� and as processor speeds continue to increase� it becomes more important to provide fast�
e�ective parallel �le systems for data storage and for temporary �les� In an earlier work we
demonstrated that a technique we call disk�directed I�O has the potential to provide consistent
high performance for large� collective� structured I�O requests� In this paper we expand on this
potential by demonstrating the ability of a disk�directed I�O system to read irregular subsets
of data from a �le� and to �lter and distribute incoming data according to data�dependent
functions�

� In tro duction

Despite dramatic impro v emen ts in pro cessor tec hnology � parallel�computer arc hitecture� parallel

languages and compilers� programming en vironmen ts� and parallel algorithms� man y programmers

of scien ti�c applications for massiv ely parallel pro cessors disco v er that their application�s p erfor�

mance is limited b y the rudimen tary data�storage systems a v ailable on to da y�s m ultipro cessors�

When they �nd a m ultipro cessor that is con�gured with su�cien t parallel�I�O hardw are 	unfor�

tunately � man y are not
 they often disco v er that the �le system soft w are is not designed to meet

their needs �CK�
 � KN��� PEK

�

���� or has p o or p erformance �Nit��� KR��� FBD�� ��

As a result� there are sev eral prop osals for new in terfaces� run�time libraries� compilers� lan�

guages� and �le systems to supp ort parallel applications on parallel computers� The fo cus of this

pap er is on a �le�system tec hnique called disk�directed I�O� whic h can dramatically impro v e the

p erformance of reading and writing a large� regular data structure 	lik e a matrix
 b et w een memory
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that is distributed across man y pro cessors and a �le that is distributed across man y disks �Kot�� ��

W e explore the p oten tial for disk�directed I�O in three other situations� data�dep enden t distribution

	Section 

� data�dep enden t �ltering 	Section �
� and w orking with irregular subsets 	Section �
�

W e presen t conclusions and a lo ok to w ard the future in Section ��

� Bac kground

There are man y di�eren t parallel �le systems �DSE�� � Pie��� Dib��� DdR�� � Mas�� � FPD�
 �

LIN

�

�
� Ro y�
� CF�� � Kri��� MS��� HdC��� HER

�

���� Most are based on a fairly traditional

Unix�lik e in terface� in whic h individual pro cesses mak e a request to the �le system for eac h piece of

the �le they read or write� Increasingly common� ho w ev er� are sp ecialized in terfaces to supp ort m ul�

tidimensional matrices �GL�� � Mas�� � BdC�
� CFPB�
 � GGL�
 � BBS

�

�� � SW�� �� and in terfaces

that supp ort collective I�O �Mas�� � BdC�
 � GGL�
� BBS

�

�� � CFH

�

�� �� With a collectiv e�I�O

in terface� all pro cesses mak e a single join t request to the �le system� rather than n umerous inde�

p enden t requests�

In this pap er w e assume that the m ultipro cessor has an arc hitecture lik e that in Figure ��

in whic h there are t w o t yp es of pro cessor no des� those without disks� whic h are called compute

pro cessors 	CPs
� and those with disks� whic h are dedicated to the �le system and whic h are called

I�O pro cessors 	IOPs
� Most� though not all� of the ab o v e parallel �le systems are designed for

mac hines with an arc hitecture of this t yp e�

There are sev eral database mac hines that can �lter tuples from blo c ks of data as they are

read o� disk� forw arding only those of in terest on to the computational no des 	e�g�� T andem Non�

Stop �EGKS���
� The Sup er Database Computer �KHH

�

�� � has disk con trollers that con tin uously

pro duce tasks from the input data set� whic h are consumed and pro cessed b y CPs as they b ecome

a v ailable� Th us they ha v e a load�dep enden t data�distribution mec hanism� The Bridge 	PIFS
 �le

system �DSE�� � tried to distribute data among memories to impro v e access lo calit y �

The P ASSION library can read submatrices that can b e represen ted as a large con tiguous region

with some �holes� of un w an ted data� b y reading the full region of data and then �sieving� out the

undesired data �TBC

�

���� This siev e is not data�dep enden t� and is used to allo w the library to

mak e larger� more e�cien t requests to the �le system�

Disk�directed I�O� Disk�directed I�O is a tec hnique for optimizing data transfer giv en a high�

lev el� collectiv e in terface �Kot�� �� In this sc heme� the complete high�lev el� collectiv e request is passed
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Figure �� An arc hitecture with t w o t yp es of pro cessor no des� compute pro cessors and I�O pro�

cessors� The latter ha v e attac hed disks and are dedicated to �le�system service�






to the I�O pro cessors� whic h examine the request� mak e a list of disk blo c ks to b e transferred� sort

the list� and then use double�bu�ering and sp ecial remote�memory �get� and �put� messages to

pip eline the transfer of data b et w een compute�pro cessor memories and the disks� Compared to a

traditional system with cac hes at the I�O pro cessors� this strategy optimizes the disk accesses� uses

less memory 	no cac he at the I�O pro cessors
� and has less CPU and message�passing o v erhead�

In exp erimen ts with reading and writing one� and t w o�dimensional matrices� disk�directed I�O

w as as m uc h as �� times faster than traditional cac hing in some access patterns� and w as nev er

slo w er �Kot�� ��

An interesting application� Karp o vic h et al� �KF G�� � describ e the problem of storing and

retrieving radio�astronom y data sets� The read�mostly data set is large and m ulti�dimensional� eac h

data p oin t represen ts an astronomical reading at some time at some frequency on some instrument

p oin ted at some region of the sky� Needless to sa y the data set is extremely sparse� They store the

data set b y partitioning in to buc k ets along a few of the dimensions� and sorting within a buc k et

along other dimensions� Applications rarely read the en tire data set� instead� they request a subset

of the data b y sp ecifying ranges for the time� frequency � and region� Using an index of buc k ets�

only the necessary buc k ets m ust b e read in to memory � The buc k ets are then �ltered to extract the

items of in terest� and 	in a parallel application
 distributed among memories of the m ultipro cessor

according to the application�s needs�

Clearly this application has v ery di�eren t I�O needs from those imagined for the disk�directed�

I�O system in �Kot�� �� It reads an irregular� discon tiguous subset of data from the �le� It �lters

out and discards some of the data it reads� after examining the data� Finally � it distributes the

data among the memories in a data�dep enden t manner� In the remainder of the pap er� w e sho w

ho w the concept of disk�directed I�O can also include these un usual requiremen ts�

� Data�dep enden t distributions

In the disk�directed I�O system describ ed in �Kot�� �� matrices could b e read from the �le� dis�

tributing records among the memories in man y di�eren t distributions� As eac h blo c k w as read

from disk 	in whatev er order w as con v enien t for the disk
� the records within that blo c k w ere

sen t to the appropriate lo cation in the appropriate memory � based on the distribution function� In

�Kot�� � the distribution function w as indep enden t of the data� of course� a di�eren t� data�dep enden t

distribution function could easily b e used for the same purp ose�
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A traditional �le system� ho w ev er� is quite di�eren t� With a data�indep enden t distribution�

eac h pro cessor indep enden tly computes the lo cations of the records it requires from the �le� and

reads those records� With a data�dep enden t distribution� ho w ev er� there is no w a y for pro cessors

to request their o wn set of data� A reasonable solution is similar to t w o�phase I�O �dBC�
 �� eac h

pro cessor reads some con v enien t subset of data from the �le� examines eac h record to compute the

distribution function� and then sends the data to the appropriate pro cessor�

In b oth cases w e assume that the distribution function can only decide to whic h pro cessor eac h

record b elongs� and send the record to that pro cessor� Once there� the pro cessor app ends the record

to its bu�er for later pro cessing�

�	
 Experiments

T o gauge the impact of data�dep enden t distribution on p erformance� w e devised an exp erimen t

to compare our disk�directed I�O and traditional�cac hing �le systems� Of course� for the purp ose

of this exp erimen t it matters little what distribution function w e actually use � ev en a data�

independent function w ould do� W e used a cyclic distribution 	 rc in �Kot�� �
� Th us� the disk�

directed system needed no c hange for this exp erimen t� In the traditional cac hing system� the

compute pro cessors eac h lo op ed reading blo c ks from the �le� and for eac h record within eac h blo c k�

sen t the record on to the appropriate destination pro cessor� Logically � it made no di�erence whic h

blo c ks w ere read b y whic h pro cessor� since most records w ould b e redistributed an yw a y � F or b est

p erformance on con tiguous la y outs �Kot�� �� w e c hose to ha v e compute pro cessors read the blocks

in a cyclic distribution�

W e ran these exp erimen ts on our sim ulator from �Kot�� � called ST ARFISH� ST ARFISH ran on

top of the Proteus parallel�arc hitecture sim ulator �BDCW�� �� whic h in turn ran on a DEC�����

w orkstation� W e con�gured Proteus as in �Kot�� �� as sho wn in T able �� In all cases a �� Mb yte �le

w as strip ed across disks� blo c k b y blo c k� using one of t w o la y outs within eac h disk� con tiguous or

random� Blo c ks w ere � Kb ytes�

W e rep eated eac h exp erimen t in this pap er �v e times and rep ort the mean v alue of eac h measure

here� The largest co e�cien t of v ariation of an y data p oin t w as ����� so the trials w ere extremely

consisten t�

�	� Results

�
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Figure �� Results of data�dep enden t distribution exp erimen ts� Eac h graph is normalized against the

�b est� v alue for that measure� TC is traditional cac hing� and DDIO is disk�directed I�O� �con tig�

is a con tiguous disk la y out� and �random� is a random disk la y out� Both ��� and �����b yte records

w ere used�

�



T able �� P arameters for sim ulator�

MIMD� distributed�memory 
� pro cessors

Compute pro cessors 	CPs
 ��

I�O pro cessors 	IOPs
 ��

CPU sp eed� t yp e �� MHz� RISC

Disks ��

Disk t yp e HP �����

Disk capacit y ��
 GB

Disk p eak transfer rate ��
� Mb ytes�s

File�system blo c k size � KB

I�O buses 	one p er IOP
 ��

I�O bus t yp e SCSI

I�O bus p eak bandwidth �� Mb ytes�s

In terconnect top ology � � � torus

In terconnect bandwidth ��� � ��

�

b ytes�s

bidirectional

In terconnect latency �� ns p er router

Routing w ormhole

Figure � sho ws the results of these exp erimen ts� These c harts plot the execution time for the

exp erimen t� the n um b er of b ytes sen t through the in terconnect as messages� and the n um b er of

messages� eac h normalized against the b est p ossible v alue for that measure� In all cases a smaller

n um b er is b etter� with ��� b eing the b est� F or execution time� the b est p ossible v alue is computed

from the amoun t of data read o� disk and the p eak throughput of the disk driv es� Clearly � that

execution time w as only p ossible with no o v erhead and a con tiguous la y out� F or message b ytes� the

b est p ossible v alue is obtained when only the data itself is sen t from the I�O no des directly to the

appropriate compute no des� F or message coun t� the b est p ossible v alue is the n um b er of records�

since in our system eac h record is sen t to its destination as a separate message� ST ARFISH often

uses proto cols with an ac kno wledgemen t sen t for eac h message� so the normalized message coun t

is usually greater than ��

Eac h c hart compares t w o disk la y outs 	con tiguous and random
� t w o record sizes 	�� b ytes

and ���� b ytes
� and t w o �le systems 	traditional cac hing 	TC
 and disk�directed I�O 	DDIO

�

F or comparison� w e add �TC� no redirect�� in whic h eac h pro cessor directly requested the data

it needed� this w ould b e imp ossible with a truly data�dep enden t distribution� but pro vides an

in teresting comparison�

Consider �rst the �����b yte records� On the con tiguous la y out� all three systems p erformed

�



similarly 	whic h is wh y w e c hose this distribution pattern
� but using traditional cac hing to fetc h

and then redirect the data pushed all of the data through the net w ork t wice� The n um b er of

messages explo ded as eac h blo c k needed four messages� I�O request� I�O reply � send to another

no de� and ac kno wledgemen t from the other no de� On the random la y out� disk�directed I�O w as

faster b ecause it could sc hedule the I�Os for b etter disk p erformance� Disk�directed I�O used

sligh tly more messages here� these w ere startup o v erhead and w ould b e negligible with a larger

n um b er of records� as can b e seen in the bars for ���b yte records�

Consider the ���b yte records� whic h presen t an in teresting picture� Despite nearly doubling the

amoun t of message tra�c� traditional cac hing with data�dep enden t redistribution w as faster than

the direct�access v ersion� Here w e w ere essen tially using a pip elin ed form of t w o�phase I�O �dBC�
��

Compute pro cessors requested whole blo c ks from the I�O no des� rather than small records� The

larger requests reduced the o v erhead b ottlenec k exp erienced at I�O no des� whic h in this case more

than o�set the extra w ork at the compute no des and in the net w ork� Disk�directed I�O w as alw a ys

b etter� ho w ev er� b ecause it could not only a v oid the extra messages� but had less o v erhead and

could optimize the disk tra�c�

In our exp erimen ts the net w ork w as fast enough to not b e a b ottlenec k� Th us� redistributing

the data from the compute no des w as not a p erformance problem� Of course� systems with slo w er

net w orks� or with net w orks b eing shared b y other applications� ma y �nd disk�directed I�O to b e

ev en more v aluable for its abilit y to a v oid doubling the net w ork tra�c� An imp ortan t example is

a w orkstation cluster b eing used as a parallel computer�

� Data�dep enden t �ltering

If the disk�directed �le system can mak e distribution decisions based on the data in the record� it

is easy to see ho w it could �lter out records according to some function of the data in the record�

	Again� w e assume that w e do not send the data to a sp eci�c lo cation within the destination

pro cessor� instead� the destination app ends newly arriving records to its curren t bu�er�
 The same

amoun t of I�O is needed� but there ma y b e substan tial sa vings on net w ork tra�c�

In a traditional system� eac h compute pro cessor reads its data in c h unks� �ltering and com�

pacting eac h c h unk b efore reading more from the �le system� The same amoun t of I�O is needed�

and the same amoun t of net w ork tra�c is needed� as without �ltering� Th us� traditional cac hing

is essen tially una�ected b y �ltering�
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�	
 Experiments

W e again used the cyclic 	 rc
 distribution pattern� W e �ltered out either �� or ��� of the records�

according to a random �ltration function 	since again it do es not matter sp eci�cally what function

w e use
� Other system parameters are the same�

�	� Results

Figure 
 sho ws the results of these exp erimen ts with t w o disk la y outs 	con tiguous and random
�

t w o record sizes 	�� b ytes and ���� b ytes
� t w o �le systems 	traditional cac hing and disk�directed

I�O
� and t w o �ltration ratios 	�� and ���
� Since w e used a trivial �ltration function� traditional

cac hing has the same p erformance regardless of the �ltration ratio� On random la y outs disk�directed

I�O can optimize the disk sc hedule� and on small records it has lo w er o v erhead� so it had b etter

p erformance in those cases than did traditional cac hing� This c hart sho ws that adding �ltration

do es not a�ect p erformance� whic h is no surprise� but that it dramatically reduces the net w ork

tra�c� Th us� �ltering at the I�O pro cessor rather than at the compute pro cessor will ha v e less

impact on other applications� or on other sim ultaneous comm unication in the same application�

and w ould p erform b etter in systems where the net w ork ma y b e a b ottlenec k� e�g�� w orkstation

clusters�

� Irregular subsets

While man y applications ma y b e able to sp ecify an I�O transfer as a large� con tiguous p ortion

of a �le� or p erhaps as a regular pattern of smaller pieces of the �le �NK���� there are some ap�

plications that need to request an irregular� discon tiguous subset of a �le� One example is the

radio�astronom y data set describ ed ab o v e� Another class of suc h applications includes computa�

tional quan tum c hemistry applications� whic h retriev e precomputed in tegrals from a table stored

in a large �le �Ken���� Finally � man y applications use sparse matrices� non�uniform mesh decomp o�

sitions� or other irregular out�of�core data structures� Ho w migh t disk�directed I�O supp ort these

kinds of applications�

�	
 Experiments

W e sim ulate applications that request an irregular subset of blo c ks from the �le� although w e do

assume that they could sp ecify the en tire subset up fron t in a list 	e�g�� in a batc h request �NK�� �
�

The list w as in logical sorted order� In the disk�directed I�O system� eac h compute pro cessor sen t

�
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Figure 
� Results of data�dep enden t �ltration exp erimen ts� T raditional cac hing is unc hanged b y

�ltering� W e compare normal DDIO with a DDIO that �ltered ��� of all records� The message

metrics are normalized against the amoun t of tra�c necessary with no �ltration�
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its list of requests to the appropriate I�O pro cessors� The I�O pro cessors con v erted the logical

o�sets to a list of ph ysical blo c k n um b ers� sorted the list for the b est sc hedule� and pro cessed the

blo c ks m uc h as b efore� In the traditional�cac hing system� eac h compute pro cessor requested one

blo c k at a time� according to the list�

W e used a ��� Mb yte �le and selected an irregular subset of ab out ��� of the �le blo c ks� of

that subset� eac h pro cessor requested those blo c ks that w ould also b e distributed to it if the whole

�le w ere distributed cyclically � blo c k b y blo c k� to all pro cessors� Th us� this pattern w as a subset of

the rc pattern� The subset w as arranged so that eac h pro cessor receiv ed ab out the same n um b er

of blo c ks� and eac h disk receiv ed ab out the same n um b er of read requests�

�	� Results

Figure � displa ys the results of these exp erimen ts� T raditional cac hing is presen ted b oth with and

without the prefetc hing it normally uses� It is clear that in the random la y out the prefetc hing

made p erformance dramatically worse� b y prefetc hing useless blo c ks on the mistak en assumption

of sequen tial access� whereas in the con tiguous la y out those mistak es made little di�erence b ecause

those prefetc hes w ere quic kly completed b y the driv e�s o wn prefetc hing� A pro duction system w ould

need to include smarter prefetc hing p olicies �KE�
 � PG�� ��

Disk�directed I�O w as faster than traditional cac hing� and obtained its usual b ene�t on a random

la y out due to sorting� It is no b etter or w orse in terms of message tra�c� The main p oin t here is

that disk�directed I�O need not b e restricted to regular access patterns� as long as the request can

b e formed as a reasonably compact list of records to transfer� it w orks �ne�

� Conclusions

While our earlier w ork demonstrated the v alue of disk�directed I�O for large� collectiv e requests� the

examples w ere limited to regular structures with a data�indep enden t distribution �Kot�� �� In this

pap er w e sho w that disk�directed I�O could accommo date irregularly structured requests� data�

dep enden t distributions� and data�dep enden t �ltering� with no loss in p erformance� T raditional

cac hing� on the other hand� had costly prefetc h mistak es on the irregular access pattern� doubled

the net w ork tra�c when doing a data�dep enden t distribution function� and w as not able to reduce

the net w ork tra�c when doing data�dep enden t �ltering� Although the di�erence in net w ork tra�c

did not a�ect the execution time in our exp erimen ts� b ecause w e used a v ery fast net w ork� it ma y

a�ect p erformance on systems where the net w ork is slo w er or shared 	as in a w orkstation cluster
�
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Figure �� Normalized measures for exp erimen ts requesting an irregular subset of the �le� Best exe�

cution time is computed from the p eak disk bandwidth and the actual amoun t of data transferred�

Best message coun t and message b ytes are computed assuming that only the requested blo c ks will

�o w through the net w ork�
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Giv en that disk�directed I�O has the p oten tial for all of these capabilities� the crucial remaining

question is ho w to mak e these capabilities a v ailable to the programmer� In particular� ho w do es

the user 	or compiler
 tell the I�O pro cessor ab out its distribution function� �ltration function�

and whic h �le data to read� W e are b eginning to study this issue� W e ha v e prop osed a new

in terface �NK��� that ma y pla y a role in sp ecifying the desired subset of �le data� and p erhaps in

data�indep enden t distributions� but m uc h more w ork remains to b e done�

Availability

ST ARFISH is a v ailable at http���www�cs�dartmouth�edu�research�starfish� or b y ftp to

ftp�cs�dartmouth�edu in pub�pario�STARFISH��

Man y of these pap ers can b e found via the URL http���www�cs�dartmouth�edu�pario�html�
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