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1 Introdu
tionThe personal 
omputer market has 
reated a huge demand for small, inexpensive and reasonablyfast disks. The huge market base for these disks easily amortizes the development 
osts of thesedisks. Unfortunately, the relatively small market base for high performan
e 
omputing o�ers nosu
h amortization of development 
osts for high performan
e disks. Consequently the gap between
ommodity disks and \high performan
e" disks is shrinking. Disk arrays are one way that highperforman
e 
omputers 
an potentially 
apitalize on the 
ommodity disk market.Improvements in disk te
hnology will help to determine if disk arrays based on 
ommoditydisks 
an provide suÆ
ient performan
e for high performan
e, parallel 
omputers. Disk rotationalspeeds, seek time pro�les, media density, platter diameter and disk to 
ontroller interfa
e speeds areall 
hanging, but at di�erent rates. We wish to predi
t the feasibility of disk arrays based on future
ommodity disks. We begin by examining the e�e
ts of 
hanges in disk te
hnology on several diskarray ar
hite
tures. Unfortunately, the spa
e spanned by the system parameters is far too large toexamine in a single simulation experiment. Instead, we will de�ne queuing models whi
h 
an beanalyzed to gain insight into system performan
e.The remainder of this paper is organized as follows. In x2, we brie
y des
ribe disks, trendsin disk te
hnology, and the disk array ar
hite
tures whi
h we analyze. In x3, we derive algebrai
expressions for the performan
e of the disk array models. In x4, we dis
uss the e�e
ts of in
remental
hanges in disk te
hnology on disk array performan
e. Finally, in x??, we 
on
lude with a summaryof our results and o�er dire
tions for future resear
h.
2 Disk Ar
hite
tures and ModelsWe examine the performan
e of four di�erent disk array ar
hite
tures to as
ertain whi
h 
on�gu-rations provide s
alable performan
e as disk parameters in
rementally improve. Before we de�nethe array ar
hite
tures we must des
ribe our model of disks and disk servi
e.2.1 Basi
 Disk Ar
hite
ture
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Variable Name Des
riptionS Seek delay Head rea
hes 
orre
t 
ylinderL Rotational laten
y Head rea
hes 
orre
t se
torT Media transfer time Data moves from media to tra
k bu�erI Disk interfa
e delay Data moves from tra
k bu�er to 
ontroller 
a
heTable 1: Disk Servi
e Time Components
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Figure 1: Components of a Typi
al Disk
A disk, shown in Figure 1 is 
onne
ted to an input/output 
ontroller in the 
omputer via a
onstant bandwidth interfa
e. The 
ontroller either has a lo
al memory whi
h is used as a 
a
hefor storing data for later transfer to the requesting pro
essor or it has a

ess to a global memorywhere it 
an 
a
he data. We assume a simple model of disk servi
e that in
ludes non-overlappingseek time, rotational laten
y, media transfer time and disk-
ontroller interfa
e delay; see Table 1.During a seek, the disk arm, shown in Figure 1, moves the disk heads until they are above thetra
k with the requested data. When a disk arm moves, it �rst a

elerates and then de
elerates torea
h the 
orre
t tra
k. Seek time is not a linear fun
tion of seek distan
e. Figure 2 shows the seektime distribution as a fun
tion of seek distan
e for the Wren 7 and the IBM 0661 [5℄.Ea
h tra
k 
ontains the same number of logi
al subdivisions or se
tors where data is stored asshown in Figure 1. After seeking, the disk rotates until the head is positioned at the �rst of therequested se
tors and then rotates through the request's se
tors to transfer the data. Rotationallaten
y is solely a fun
tion of rotation speed, but the media transfer time is a fun
tion of the requestsize, rotation speed, and the storage density.When the data are transferred from the media, they are temporarily pla
ed into a disk 
a
he
alled a tra
k bu�er for transfer to the disk 
ontroller. After the data are transferred from the mediato a tra
k bu�er, the 
ontroller interfa
e transmits the data to the 
ontroller. A dire
t memory�Supported in part by a Resear
h Assistantship from the Department of Computer S
ien
e.ySupported by � � �
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Figure 2: Typi
al Seek Time Pro�les
a

ess (DMA) devi
e on the 
ontroller inserts arriving data into the 
a
he without any signi�
antqueueing delay at the 
ontroller. Interfa
e delay is a fun
tion of request size and interfa
e speed.2.2 Disk Te
hnologyThe needs of high performan
e 
omputing have driven the upper end of disk te
hnology forward. Toremove the overhead due to seeks, head per tra
k drives have been developed whi
h ele
troni
allyswit
h heads rather than moving to a new tra
k. Opti
al disks o�er vast quantities of storage atthe 
ost of in
reased response times.These options have proven very 
ostly be
ause development 
osts are amortized over a verysmall market. At the same time, the personal 
omputer market has pushed the \low" end of diskte
hnology forward at a rapid pa
e. Commodity disks are now smaller, 
heaper, have a higher
apa
ity, and are more reliable than ever before.Table 2 summarizes the evolution of disk te
hnology for several representative disk types. TheIBM 3380, introdu
ed in 1981, is the 
lassi
 large expensive disk. Redu
tion in the distan
e betweenread/write heads and the disk surfa
e, 
oupled with better disk surfa
e 
oating have made possiblehigher data densities and 
loser platter spa
ing.This in
rease in density led to redu
ed disk diameters for equivalent amount of storage. Smallerdiameters, 
oupled better better 
ontrol over disk head position helped to redu
e head seek times.These trends made the development of drives su
h as the Wren 5, 6, and 7 possible.The Fujitsu 2652 and IBM 0661 are representative of the te
hnology 
urrently driving themarket. The Fujitsu 2652 is a full height 5.25 in
h disk while the IBM 0661 is a 3.5 in
h half heightdrive. The Fujitsu 2652 has a higher bit density and rotates and seeks faster than the IBM 0661.2.3 Disk Array Organizations
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MeanSeek Interfa
eSpeed Time Density Diameter Capa
ity SpeedName Year (RPM) (ms) (Mbits/in
h2) (In
hes) (Megabytes) (Mbytes/se
)IBM 3380 1981 3600 18 2.27 14 645 3Wren 5 1987 3600 16.5 15.1 5.25 613 5Wren 7 1989 3600 15 25.9 5.25 1050 5Wren 9 1991 3600 12.9 45.1 5.25 1830 10Fujitsu M2652 1991 5400 11 32.4 5.25 1800 10IBM 0661 1991 4320 12.6 19.4 3.5 320 10Table 2: Disk Parameters
I/O Controller

Disks

Interface
Array to Controller

(Contains Cache)

(Constant Bandwidth)

Array Logic
(Includes Buffer)

Figure 3: Basi
 Disk Array Con�guration
High performan
e system developers seeking to 
apitalize on strides in 
ommodity disk te
hnol-ogy have proposed and built various forms of disk arrays [6, 7℄. Groups of disks 
an be physi
ally
oupled via hardware or logi
ally 
oupled via software. We examine four di�erent disk array 
on-�gurations with di�erent approa
hes to 
oupling and syn
hronization. Figure 3 shows a 
on
eptualview of a disk array whi
h is not bound to any one model.Fully Syn
hronous ArrayIn a fully syn
hronous array [3℄, disks are both seek and rotationally syn
hronized. Thismodel e�e
tively 
ombines the D disks via hardware to form a single disk with a transfer rateD times faster than that of a single disk, but with the same seek and rotational laten
ies.Partially Syn
hronous ArrayIn a partially syn
hronous array, the disks seek together but rotate independently. Data isstriped a
ross the same physi
al lo
ations on all disks. All disks 
ooperate to servi
e ea
hrequest. This ar
hite
ture is a software implementation of a fully syn
hronous array.Fully Asyn
hronous Array 4



1

2

p Disk
Array

Sources

P P

Figure 4: Queuing Model
In a fully asyn
hronous disk array [4℄, disks seek and rotate independently. Data is stripeda
ross the disks. Unlike syn
hronous and partially syn
hronous arrays, only those disks
ontaining data parti
ipate in servi
ing a request, potentially improving performan
e forsmall requests.Fully De
oupled DisksFor the previous ar
hite
tures to be feasible, they must o�er a response time whi
h is atleast as low as that of an ar
hite
ture where ea
h disk 
ontains a disjoint �le system. A fullyde
oupled disk array ar
hite
ture di�ers from the asyn
hronous ar
hite
ture in that data isnot striped a
ross the disks. The request arrival rate at ea
h disk is 1D th of the arrival rate forthe pre
eding models. De
oupled disk systems trade lower response times on single requestsfor inter-request parallelism and potentially higher throughput.

3 Disk Queuing ModelsHaving brie
y des
ribed disks, disk trends, and disk arrays, we now derive a mathemati
al represen-tation of the issues dis
ussed above. For ea
h of the four disk array ar
hite
tures proposed above,we derive algebrai
 expressions for their performan
e. Our approa
h is to derive the mean servi
etime and response time for ea
h of the disk array organizations des
ribed in x2.3. We want to usethese expressions to predi
t the performan
e of future disk arrays 
omposed of varying numbers ofdisks with lower seek delays, higher rotational speeds and media densities, and di�erent interfa
espeeds.3.1 De�nitionsTable 3 summarizes the key variables for the disk array performan
e model. As shown in Figure4, we assume the requests arrive at rate P�p and follow a Poisson pro
ess. From this arrival rateand the disk array models, we derive expressions for servi
e rate, utilization, queuing lengths anddelays and throughput.Table 4 de�nes the key 
omponents of disk system servi
e time. We assume that seek timeaverages 1=� se
onds, that ea
h disk 
ompletes a full rotation every 
 se
onds, and that ea
h disktra
k 
ontains t blo
ks of data. Spa
e on ea
h disk is allo
ated in units of s byte blo
ks. The disk5



Variable De�nition�p Pro
essor request rate (requests/se
ond)P Number of pro
essors� Aggregate request rate = P�pW Mean queue delay (se
onds)N Mean queue lengthX System throughput (MBytes/se
ond)R Total request delay (se
onds)Table 3: Queuing Variables
Variable De�nition� Re
ipro
al of average seek time (se
onds)
 Time for full disk rotation (se
onds)t Size of disk tra
k (blo
ks)l Fixed Request size (blo
ks)s Blo
k size (disk allo
ation unit) (bytes)i Interfa
e delay per byte (se
onds)D Number of disksTable 4: Disk System Parameters

to 
ontroller interfa
e operates at a rate of i se
onds per byte. Disk arrays 
onsist of D disks. Ea
hrequest is for l blo
ks. For this analysis, we do not examine the e�e
ts of request size variation.3.2 Basi
 Servi
e ModelWe begin our models with a mathemati
al des
ription of the 
omponents of servi
e time for a singledisk. These expressions will be used as building blo
ks for our disk array models.A viable statisti
al model for expe
ted seek delay must re
e
t the 
ommon 
ase of short but slowseeks as well as the less 
ommon 
ase of long but faster seeks. To approximate this distribution andmaintain a tra
table analyti
 model, we approximate seek time as an exponential random variablewith mean 1=� and probability density fun
tion fs(xj�), given byfs(xj�) = ( �e��x for x > 0,0 for x � 0. (1)Integrating (1) gives an expe
ted seek delay ofS = Z 10 �xe��xdx = 1� ; (2)and varian
eV ar(S) = Z 10 �x2e��xdx = 1�2 : (3)
6



Disk rotation speed is 
onstant, and any possible rotational laten
y is equally likely at the timea request is issued. Therefore, rotational laten
y is uniformly distributed on the interval [0; 
℄ where
 is the time for a full disk rotation,1 and the probability density fun
tion is
fr(xj
) = 8><>: 1
 0 � x � 
,0 otherwise. (4)

The expe
ted rotational delay is obtained by integrating (4) on the interval [0,
℄:L = Z 
0 x
 dx = 
2 ; (5)and the varian
e of the rotational delay isV ar(L) = Z 
0 x2
 dx� L2 = 
212 : (6)The total disk transfer time depends on request size, rotation speed and data density. Be
auserotational speed and data density are �xed by the disk ar
hite
ture, and request size does not varyin our analyses, disk transfer time is 
onstant. Finally, array-
ontroller interfa
e delay dependson request size and interfa
e speed. Be
ause interfa
e speed is �xed by the disk ar
hite
ture andrequest size does not vary, interfa
e delay is 
onstant.3.3 Fully Syn
hronousWe begin with the simplest 
ase: all disks rotationally and seek syn
hronized. For this model, theheads on all D disks are positioned identi
ally to e�e
tively provide a virtual disk with D times thetransfer speed of a single disk. Similarly, the disks rotate in unison, and the same se
tor passesunder the heads of all disks simultaneously.Seek requests are sent to all disks 
on
urrently, making the seek delay equivalent to the seekdelay of a single disk. The rotational laten
y of the group of disks is the same as the rotationallaten
y of a single disk. Ea
h disk 
ontains only 1D th of the request data, redu
ing the mediatransfer time by a fa
tor of D.The seek delay of a syn
hronous array is the same as the seek delay of a single disk. Theexpe
ted seek delay and its varian
e are given in Equations (2) and (3). Likewise, the expe
tedrotational laten
y and its varian
e are given in Equations (5) and (6).Data transfer time is the fra
tion of a tra
k transferred multiplied by the disk rotation time.For a request of size l blo
ks, the data transfer time isT = 
t d lDe;where t is the size of a tra
k, and 
 is the time for a disk rotation. Be
ause we assume all requestsare of �xed size, the transfer time varian
e is zero.After media transfer is 
omplete, data are transferred to the 
ontroller 
a
he. We assume thatthe interfa
e delay per byte is a 
onstant i, yielding a total interfa
e delay for a request of size lsbytes ofI = lis:1Note that this presumes rotational position sensing. 7
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Figure 5: Servi
e Time Components (4K Byte Requests 512 Byte Blo
ks)
Combining the mean seek, rotational laten
y, transfer time, and interfa
e delay, the expe
tedtime B to servi
e a request when there is no resour
e 
ontention isB = S + L+ T + I= 1� + 
2 + 
t d lDe+ lis: (7)Figures 5 and 6 show how the syn
hronous disk array servi
e time varies with the number ofdisks and request size for two di�erent disks, the IBM 3380 and the IBM 0661. For small requests,seek and rotational laten
y dominates, and multiple disks provide little bene�t. However, for largerrequests, the D-fold in
rease in transfer rate makes multiple disks attra
tive.As disk diameters shrink, seeks tend to be faster, and rotational speeds tend to in
rease. Smallerdisks are not just tiny repli
as of their larger 
ounterparts. InsuÆ
ient improvements in mediadensity when 
ompared to 
hanges in disk diameter di
tate that tra
ks will have a lower 
apa
itythan their larger 
ounterparts. As tra
k 
apa
ity de
reases, transfer time in
reases. In
reasedrotational speeds redu
e rotational laten
y and help to o�set the in
rease in transfer time due toredu
ed tra
k size. The relative magnitude of seek time, rotational speed and data density determinethe 
ontribution of transfer time to total servi
e time. This in turn di
tates the feasibility of thissyn
hronous disk array model for new generations of disks.In addition to analyzing the mean request servi
e time, one must also 
onsider queuing delaysin order to obtain a true estimate of system performan
e. Queuing delays depend on servi
e rateand request arrival rate. For M/G/1 queuing analysis, we need expressions for average servi
e timeand the se
ond moment of the servi
e time.In this model, disks operate syn
hronously at all times. The 
omponents of servi
e time do notoverlap. Be
ause the 
omponents of servi
e are independent, and the servi
e time varian
e isV ar(B) = V ar(S) + V ar(L) + V ar(T ) + V ar(I)8
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Figure 6: Servi
e Time Components (64K Byte Requests 512 Byte Blo
ks)
Disk Parameters � = 2=se
 � = 4=se
 � = 8=se
 � = 10=se
IBM 0661 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8Halved Average Seek 2 2 3 3 2 2 3 3 2 2 3 3 2 2 3 3Double Rotation Speed 1 2 2 3 1 2 2 3 1 2 2 3 1 2 2 3Halved Seek/Rotate Times 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2Table 5: Disk Counts for Equivalent Array Performan
e (64 K Byte Requests)

= 1�2 + 
212 :The se
ond moment of the servi
e time isSe
(B) = V ar(B) +B2= 1�2 + 
212 + � 1� + 
2 + 
t d lD e+ lis�2 : (8)Finally, the average response time is simply the sum of queuing delay and servi
e timeR = W +B = �Se
(B)2(1� �B) +B: (9)Figure 7 shows how response time varies with request arrival rate and the number of disks forthe IBM 3380 and IBM 0661. The rate of in
rease in response time as request rate rises is less forthe IBM 0661 than the IBM 3380.By setting (9) for a disk array with one set of disk parameters equal to that of an array withanother set of disk parameters, one 
an solve for how many disks of the new disk type it takes to9
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have a syn
hronous disk array with performan
e equal to the original array's performan
e. Table5 shows exa
tly how some \simple" improvements to the IBM 0661 result in smaller syn
hronousdisk arrays with the same performan
e.3.4 Partially Syn
hronousWe next 
onsider a partially syn
hronous disk array ar
hite
ture. Data is blo
k striped a
ross thedisks. In order to ensure that all disk heads are always, on identi
al tra
ks, all disks parti
ipatein servi
ing all requests regardless of request size. Be
ause there is no physi
al syn
hronizationbetween the disks in the array, disk rotations are independent and the time to satisfy a request isthe maximum a
ross the disks.When a request is servi
ed, all disks seek in unison to the same physi
al tra
k, and the meanseek time and varian
e is identi
al to that of a fully syn
hronous array.Rotational laten
y on ea
h disk is uniformly distributed on the range [0; 
℄. Be
ause disks rotateindependently, the rotational laten
y of the disk array is the maximum of the rotational laten
iesof the individual disks.The probability density fun
tion of the maximum of n i.i.d. random variables with probabilitydensity fun
tion f(x) and distribution fun
tion F (x) [1℄ isfmaxn(x) = n[F (x)℄n�1f(y): (10)The probability density fun
tion of the uniform distribution is given in (4),F (x) = Z 1
dx = x
 :
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Substituting in (10), we obtain the probability density fun
tion of the maximum of D i.i.d.uniform random variables:fmaxD(x) = D
 �x
�n�1 : (11)The expe
ted rotational laten
y for a D disk request is obtained by integrating (11) on therange [0; 
℄L = Z 
0 Dx
 �x
�n�1 dx= 
DD + 1 ;and the varian
e isV ar(L) = Z 
0 Dx2
 �x
�n�1 dx� L2
= 
2DD + 2 � � 
DD + 1�2 :When the disk with the maximal rotational laten
y �nishes, it must perform its data transfer.Be
ause all disks transfer the same amount of data, when this last disk �nishes its transfer, alldisks have 
ompleted. Therefore, the data transfer time isT = 
t d lDe:After media transfer is 
omplete, data is transferred from the bu�er to the 
ontroller. Thisdelay is identi
al to the syn
hronous 
ase above.Combining the mean seek, rotational laten
y, transfer time, and interfa
e delay, the expe
tedtime B to servi
e a request when there is no resour
e 
ontention isB = S + L+ T + I= 1� + 
DD + 1 + 
t d lDe+ lis: (12)Figures 8 and 9 show how the 
omponents of servi
e time vary with the number of disks andrequest size for two di�erent disks. In Figure 8, transfer time is a small fra
tion of servi
e time.The bene�ts gained from redu
ed transfer time is masked by in
reased rotational laten
y. Moredisks leads to worse response time. In Figure 9, transfer time dominates servi
e time for few disks.The de
rease in transfer time as D in
reases o�sets the in
rease in rotational laten
y and leads toa performan
e improvement.Be
ause 
omponents of servi
e are independent, the varian
e of servi
e time is given byV ar(B) = V ar(S) + V ar(L)= 1�2 + 
2DD + 2 � � 
DD + 1�2 :The se
ond moment of servi
e time isSe
(B) = V ar(B) +B2= 1�2 + 
2DD + 2 � � 
DD + 1�2 + � 1� + 
DD + 1 + 
t d lDe+ lis�2 : (13)
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Figure 8: Servi
e Time Components (4K Byte Requests 512 Byte Blo
ks)
Substituting (12) and (13) into (9) gives response time for a partially syn
hronous array.Figure 10 shows how response time varies with request arrival rate and the number of disksin the array for the IBM 3380 and the IBM 0661. Transfer time dominates servi
e time more onthe IBM 0661 than on the IBM 3380 due to the latter's slower rotational speed and larger tra
k
apa
ity. Therefore, the IBM 0661 disk array is able to a

ommodate a higher arrival rate beforeresponse time rises ex
essively.By 
omparing Figures 7 and 10, we see that, for this workload, partially syn
hronous diskarrays based on the IBM 3380 degrade faster than fully syn
hronous disk arrays. This is due to thein
reased rotational laten
y in the partially syn
hronous array. This degradation is less noti
eablein disk arrays based on the IBM 0661.3.5 Fully Asyn
hronous ArrayWe now 
onsider an asyn
hronous disk array ar
hite
ture. Like the previous disk array ar
hite
-tures, data is striped a
ross the disks in one blo
k units. With this model, one does not assumethat all disks start and end ea
h transa
tion on identi
al tra
ks. In fa
t, some disks may not evenparti
ipate in servi
ing some requests. In order to maintain an solvable analyti
 model, however,we assume the disk array only servi
es a single request at a time even if the disks for two requestsdo not overlap.The disks seek and rotate independently. When a request is servi
ed, disks with request dataare sent transa
tions. When all disk transa
tions are 
omplete, the array forwards the data to the
ontroller.For a request of size l blo
ks, the number of disks n involved in servi
ing the request isn = min (D; l) :
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Figure 9: Servi
e Time Components (64K Byte Requests 512 Byte Blo
ks)
Ea
h of the n disks seek a

ording to (1) and rotate a

ording to (4). The expe
ted seek time isthe maximum of the n independent seek delays and the expe
ted rotation time is the maximum ofthe n independent rotational laten
ies.Simply adding the expe
ted seek delay to the expe
ted rotational delay would imply that alldisks �nish seeking before any rotational laten
ies begin. Be
ause this is not the 
ase, we �nd thedistribution of seek and rotation together. The probability density fun
tion of seek with laten
y isobtained by 
onvolving (1) and (4) [3℄ asfs+r(zj�; 
) = Z z0 fs(xj�)fr(z � xj
)dx

= 8<: 1
 �1� e��z� for 0 � z � 
,e��z
 �e�
 � 1� for z > 
. (14)The asso
iated distribution fun
tion is obtained by integrating (14) [3℄:Fs+r(tj�; 
) = Z t0 fs+r(zj�; 
)dz
= 8<: t
 1�
 �1� e��t� for 0 � t � 
,1� e��t�
 �e�
 � 1� for t > 
. (15)Substituting (14) and (15) into (10) gives the probability fun
tion of the maximum seek and rota-tional laten
y:fmaxn(x) = nFn�1s+r (x)fs+r(x): (16)Integrating (16) gives an expe
ted seek and rotational laten
y ofS + L = Z 10 xnFn�1s+r (x)fs+r(x)dx;
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and varian
eV ar(S + L) = Z 10 x2nFn�1s+r (x)fs+r(x)dx� (S + L)2 :Be
ause obtaining a 
losed form for these integrals is not straightforward, we use numeri
al ap-proximations for the quantity S + L and its varian
e.When the disk with the maximal seek and rotational laten
y �nishes, it must perform its datatransfer. Be
ause all disks involved in the transa
tion transfer the same amount of data, when thislast disk �nishes its transfer, all disks have �nished. Therefore, the data transfer time isT = 
t d lne:Interfa
e delay is identi
al to the 
ases above.Combining the expe
ted seek and rotational laten
y, transfer time, and interfa
e delay, theexpe
ted time B to servi
e a request when there is no resour
e 
ontention isB = (S + L) + T + I= Z 10 xnFn�1s+r (x)fs+r(x)dx+ 
t d lne+ lis: (17)Figures 11 and 12 show how the 
omponents of servi
e time vary with the number of disks andrequest size for two di�erent disks. Note that, unlike the other models, seek and rotational laten
iesare 
ombined. Like the partially syn
hronous disk array model shown in Figures 8 and 9, for smallrequests, the in
rease in overhead as the number of disks in
rease o�sets the bene�ts of redu
edtransfer time. Unlike the partially syn
hronous array, however, servi
e time does not ne
essarilyimprove for larger request sizes as the number of disks in
reases.
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Figure 11: Servi
e Time Components (4K Byte Requests 512 Byte Blo
ks)
In Figure 12, large request performan
e improves as the number of disks in
reases until thein
reasing overhead of seek and rotational laten
y is greater than the redu
tion in transfer timedue to parallelism. For this workload, asyn
hronous IBM 3380 disk arrays su�er from in
reasedservi
e time for arrays with more than two disks while IBM 0661 disk arrays have improved servi
etime for arrays 
ontaining up to four disks.If the blo
k size is in
reased, small requests will be distributed over fewer disks. In parti
ular,any request smaller than the blo
k size will a

ess only one disk regardless of the number of disksin the array. The performan
e degradation evident in Figure 11 would be eliminated with a blo
ksize s of at least four kilobytes. Large requests would still bene�t from redu
ed transfer delaysbe
ause they would still span all of the disks in the array.Be
ause 
omponents of servi
e are independent, the varian
e of servi
e time is given byV ar(B) = V ar(S + L)= Z 10 x2nFn�1s+r (x)fs+r(x)dx� (S + L)2 :The se
ond moment of servi
e time isSe
(B) = V ar(B) +B2= Z 10 x2nFn�1s+r (x)fs+r(x)dx� (S + L)2 + �(S + L) + 
t d lne+ lis�2 : (18)Substituting (17) and (18) into (9) gives response time for an asyn
hronous array.Figure 13 shows how response time varies with request arrival rate and the number of disksin the array for the IBM 3380 and the IBM 0661. By 
omparing Figures 7 and 10 to Figure 13,one sees that for this workload, asyn
hronous disk arrays with more disks 
an su�er from in
reasedresponse time. Figure 13a shows that for this workload, asyn
hronous disk arrays 
onsisting of more15
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Figure 12: Servi
e Time Components (64K Byte Requests 512 Byte Blo
ks)
than two IBM 3380 disks a
tually have worse response time than a single IBM 3380 disk workingalone. Unlike Figures 7b and 10b, Figure 13b shows no redu
tion in servi
e time for asyn
hronousIBM 0661 disk arrays 
onsisting of more than four disks.3.6 Fully De
oupled DisksOur �nal array model does not split individual transa
tions among the disks. Instead, it assumesthat the request stream is divided evenly among the disks so that ea
h disk servi
es a requeststream with with arrival rate �=D.This model di�ers from the other models in that data is not striped a
ross the disks. Be
auseea
h request is servi
ed by a single disk, the seek and rotational laten
ies are those of a single disk.In addition, transfer time is not amortized by the number of disks.Be
ause ea
h disk a
ts on an independent request stream, disks do not wait for the other disksto �nish between requests. Seek and rotational delays are individual disk delays. As des
ribed inx3.2, we assume that seek time is exponentially distributed with parameter �. This gives us theexpe
ted seek delay shown in (2) with varian
e (3). Rotational laten
y is uniformly distributed onthe range [0,
℄. This yields the expe
ted rotational laten
y shown in (5) with varian
e (6).As in the other models, data transfer time is the fra
tion of a tra
k transferred times the diskrotation time. Be
ause requests are not divided a
ross the disks, a request of size l blo
ks has adata transfer time ofT = 
lt :After media transfer is 
omplete, data is transferred from the bu�er to the 
ontroller. Weassume that interfa
e delay is of unit 
ost i, yielding a total interfa
e delay for a request of size l
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blo
ks ofI = lis:Based on these assumptions on 
omponents of servi
e time, the expe
ted base servi
e time isB = S + L+ T + I= 1� + 
2 + 
lt + lis: (19)Figure 14 shows how the 
omponents of servi
e time vary with request size for two di�erentdisks. This �gure di�ers from �gures 5, 6, 8, 9, 11 and 12 be
ause the number of disks is irrelevantto servi
e time distribution. With disk arrays 
onsisting of eight IBM 0661 disks, servi
e timefor 64 kilobyte requests takes about twi
e as long with this model as with the other disk arrayar
hite
tures. On the IBM 3380, about the same amount of time is spent on media transfer asis spent on 
ontroller-interfa
e delay.2 Conversely, the IBM 0661 be
omes stri
tly media transferbound as request size grows due to its faster SCSI interfa
e.Be
ause 
omponents of servi
e are independent, the varian
e of servi
e time is given byV ar(B) = V ar(S) + V ar(L)= 1�2 + 
212 :The se
ond moment of servi
e time isSe
(B) = V ar(B) +B2= 1�2 + 
212 + � 1� + 
2 + 
lt + lis�2 : (20)2The IBM 3380 has a 3 megabyte per se
ond external interfa
e.17
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Figure 14: Servi
e Time Components for De
oupled Disks
Substituting (19) and (20) into (9) gives response time for a partially syn
hronous array.Figure 15 shows how response time varies with request arrival rate and the number of disks forthe IBM 3380 and the IBM 0661. Unlike the other models, for low request arrival rates, there islittle di�eren
e among the response times for varying numbers of disks. For these arrival rates, theother disk array models outperform this 
on�guration.By 
omparing Figure 15 to Figures 7, 10, and 13, one sees that as the request arrival ratein
reases for this workload, response time for de
oupled disks rises more slowly than with eithersyn
hronous arrays or partially syn
hronous arrays. The region where other disk models havesuperior response time is smaller for IBM 3380 disks than for IBM 0661 disks.
4 EvaluationHaving derived the response times for the di�erent disk array types, we 
an now 
ompare them toea
h other. By setting the response time of two array types equal to ea
h another, we 
an solvefor how many disks of one array type are ne
essary to have a response time equivalent to that ofa disk array of another type. It is instru
tive to examine how many disks a syn
hronous, partiallysyn
hronous, or asyn
hronous disk array need to equal the performan
e of some �xed size de
oupleddisk system.4.1 Comparison of Disk Arrays Based on Current DisksAs des
ribed in x3.3, Equation (9) 
an be set equal to itself for di�erent disk parameters and diskarray types in order to determine the \equivalen
e" of di�erent disk arrays. For example, supposeone sets the response time of a D disk de
oupled IBM 0661 disk array equal to the response timeof a n disk syn
hronous IBM 0661 disk array. One 
an solve for the number of disks, n, ne
essaryto mat
h the de
oupled response time performan
e with a syn
hronous disk array.
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Figure 16 shows how many Fujitsu 2652 disks must be in a disk array to equal the responsetime performan
e of a de
oupled disk system 
onsisting of four and eight disks. The horizontalaxis represents the rate at whi
h requests arrive at the array and the verti
al axis represents thedisk 
ount. When the arrival rate prohibits a disk array type from mat
hing the performan
e of ade
oupled disk system, a bullet is shown to indi
ate this maximum arrival rate.For this request size and disk type, asyn
hronous disk arrays are unable to mat
h the responsetime performan
e of de
oupled disks for arrival rates larger than three requests per se
ond. Thisis due to the in
rease in seek and rotational laten
ies whi
h ex
eeds any de
rease in transfer time.Partially syn
hronous disk arrays are able to a
hieve better response time than de
oupled disksystems with fewer disks for arrival rates less than 13 requests per se
ond. At this point, thein
rease in queuing delay on the partially syn
hronous array makes it impossible to 
ompete with the`redu
ed' arrival rate of the de
oupled disk system. Syn
hronous disk arrays fare better, a
hievingbetter response time for arrival rates up to about 17 requests per se
ond.Similarly, Figure 17 shows how many IBM 0661 disks are needed to equal the performan
e ofa de
oupled disk system 
onsisting of four or eight disks. The lower 
apa
ity tra
ks on the IBM06613 
oupled with its slower rotation speed4 di
tate that transfer time is more dominant in theIBM drive. This improves the e�e
ts of disk arrays whi
h 
apitalize on redu
tion in transfer time.The most signi�
ant di�eren
e between Figures 16 and 17 is that, in Figure 17, asyn
hronous diskarrays are able to beat the performan
e of de
oupled disk systems with fewer disks for arrival ratesup to seven requests per se
ond.3The IBM 0661 has 24K Byte tra
ks while the Fujitsu 2652 has 44K Byte tra
ks.4IBM 0661 disks rotate 72 times per se
ond while Fujitsu 2652 disks rotate 90 times per se
ond.
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es for Fujitsu 2652 Disk Arrays. (64K Byte Requests, 512Byte Blo
ks)
4.2 In
reased Rotational SpeedsAs new disks are developed, improvements in 
omponents and pa
kaging have made possible in-
reases in disk rotation speeds. This improvement redu
es rotational laten
y whi
h tends to in
reasethe fra
tion of servi
e time attributable to transfer. At the same time, however, transfer time isde
reased. Figures 18 and 19 show the e�e
ts of doubling the rotational speeds the Fujitsu 2652 andthe IBM 0661 respe
tively. While it is unlikely that rotational speeds will double within a singledisk generation, one 
an easily see the asymptoti
 e�e
ts produ
ed by improvements in rotationalspeeds.By 
omparing Figures 16 and 18, one 
an see the e�e
ts that an in
reases in rotation speedhas on disk arrays 
omposed of Fujitsu 2652 disks. The net e�e
t is that the range where diskarrays 
ompete with a de
oupled disk system is slightly redu
ed under higher rotational speeds.The high seek and rotational laten
y of asyn
hronous disk arrays is never amortized by redu
edtransfer time. Partially syn
hronous disk arrays are unable to a
hieve a better response time thana de
oupled disk system for request arrival rates greater than eleven per se
ond. Syn
hronous diskarrays are 
ompetitive until the arrival rate time ex
eeds about 17 requests per se
ond.Similarly, by 
omparing Figures 17 and 19, one sees how in
reased rotation speed a�e
ts theperforman
e of IBM 0661 disk arrays. The range where asyn
hronous disk arrays 
an mat
hthe performan
e of a de
oupled disk system is redu
ed to three requests per se
ond. Partiallysyn
hronous and syn
hronous disk arrays are also slightly impaired.One 
an see by 
omparing Figure 16 to 18 and Figure 17 to 19, that IBM 0661 disks are lessa�e
ted by the in
rease in rotational speed than the Fujitsu 2652 disks. For a �ve disk array
onsisting of IBM 0661 disks, ea
h disk transfers 13 kilobytes of data for a 64 kilobyte request,or about half of a tra
k. Transfer time is roughly equivalent to rotational laten
y. The redu
tionin transfer time due to in
reased rotation speed approximately equals the redu
tion in rotational
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ks)
laten
y. This equalization of redu
tion helps make the IBM 0661 disk arrays less sus
eptible to
hanges in rotational speed than Fujitsu 2652 disk arrays.4.3 Redu
ed Seek DelaysIn addition to improving rotational speeds, 
onsiderable e�ort is pla
ed into redu
ing average seektime in new disks. Seek times are almost half of what they were when the IBM 3380 was released;see Table 2. Unlike in
reases in rotation speeds, redu
tion in seek time stri
tly in
reases the fra
tionof servi
e time attributable to data transfer. This in turn improves the performan
e of disk arrayswhi
h redu
e transfer time. Figure 20 shows the e�e
ts of halving the seek time of the Fujitsu 2652disk arrays. These e�e
ts are similar to the e�e
ts of a redu
tion in seek time to the IBM 0661 diskarrays.By 
omparing Figures 16 and 20, one sees how mu
h a redu
tion in seek time on the Fujitsu2652 a�e
ts the fra
tion of servi
e time attributable to transfer time. Asyn
hronous disk arraysare able to o�er response times superior to a four disk de
oupled system with only two disks forarrival rates up to nine requests per se
ond.Asyn
hronous disk arrays 
an 
ompete with eight disk de
oupled systems for arrival rates up to15 requests per se
ond. Partially syn
hronous disk arrays are 
ompetitive with de
oupled systemsfor arrival rates up to about 17 requests per se
ond. Syn
hronous disk arrays have better responsetime than de
oupled disk systems with fewer disks even when the request arrival rate is as high as21 requests per se
ond.
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4.4 In
reased Tra
k DensitySin
e the IBM 3380 was released in 1981, data storage densities have doubled several times. Thistrend is likely to 
ontinue in the future. In
reases in tra
k 
apa
ity redu
e the amount of servi
etime attributable to transfer delay. Figure 21 summarizes the e�e
ts of doubling the tra
k 
apa
ityof the the Fujitsu 2652 disk arrays. These e�e
ts are similar to those of the IBM 0661 arrays.By 
omparing Figures 16 and 21, one sees how mu
h an in
rease in tra
k 
apa
ity a�e
tsthe performan
e of disk arrays. Doubling the tra
k 
apa
ity halves the transfer time, de
reas-ing the bene�t of the transfer time redu
tion o�ered by syn
hronous, partially syn
hronous, andasyn
hronous disk arrays. Partially syn
hronous disk arrays 
an only meet the response time ofde
oupled disk arrays for request rates less than �ve requests per se
ond. Queues start to grow,preventing low response times, for syn
hronous disk arrays when arrival rate ex
eeds 13 requestsper se
ond.4.5 Combined Disk ChangesHaving examined the e�e
ts of 
hanges in rotation speed, seek time, and data density, we now lookat the how disk arrays perform when all of these disk improvements are made at the same time.Figures 22 and 23 show the e�e
ts of these improvements on disk arrays based on the Fujitsu 2652and the IBM 0661 respe
tively.By 
omparing Figure 16 to 22, one sees that partially syn
hronous disk arrays based on the`improved' Fujitsu 2652 disks are less able to 
ompete with de
oupled disk arrays than arrays basedon the original Fujitsu disks. The in
rease in disk array performan
e due to redu
ed seek time issmaller than the negative disk array e�e
ts produ
ed by in
reased rotation speeds and higher tra
k
apa
ity. Syn
hronous disk arrays are less a�e
ted and are able to maintain their advantages over

22



1 3 5 7 9 11 13 15 17 19 21Arrival Rate (requests/se
ond)02
46
810
12

DiskC
ount

..........................................................................................................................................................................................................................................................................................................................................................................................................................

......................................... De
ouple

..........................................................................................................................................................................................................................
..........................................................

......................... Syn
hronous

................................................................
..............�

......... Partially Syn
hronous

........... ........... .�

........... ........... . Asyn
hronous

1 3 5 7 9 11 13 15 17 19 21Arrival Rate (requests/se
ond)02
46
810
12

DiskC
ount ..........................................................................................................................................................................................................................................................................................................................................................................................................................

......................................... De
ouple

........................................................................................................................................................................................................................
......................................................

................................................
.................................................. Syn
hronous

.........................................................
..................

................
...............�......... Partially Syn
hronous

........... ........... .�

........... ........... . Asyn
hronous

a) De
ouple: Four Disks b) De
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de
oupled disk arrays for request arrival rates less that about 17 requests per se
ond.By 
omparing Figure 17 to 23, one sees how the disk array performan
e of IBM 0661 disks
hanges with in
reased rotation speed, redu
ed seek time, and higher tra
k density. IBM 0661disk arrays were less a�e
ted than Fujitsu 2652 disk arrays by in
reases in rotation speed; see x4.2.Therefore, one would expe
t that IBM 0661 disks arrays would perform better in the fa
e of 
om-bined te
hnology improvements than Fujitsu 2562 disk arrays. As expe
ted, partially syn
hronousand syn
hronous disk arrays with fewer disks are able to mat
h the performan
e of de
oupled disksystems for slightly higher request arrival rates for the improved IBM 0661 disks.
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