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ABSTRACT

There is a growing interest in the @application of scheduling

techniques to the two mechanical operations which are bottlenecks

.

in the use of movable-head disk storage devices. A detailed sim-
ulati;csn model is used to ~explci:'~e the effect of these iﬁ.eé‘hnfiques
for varying,numbers of disk:mo&ulés.

;Primagy emphasis is on comparison of the two approaches to
" latency reduction based on the use of rotational position sensing
(S ):  software queueing 'Ver:s.uiﬁardwe,r e q'ueueing;. It 1s found
that both }'__of‘ these ':’c"echnigue‘s can be :highly effective for dlsk N
systems with many modiles operating under suBstantialyloads;
Both give similar gains in mean response time and peak throughput
capacity, but the hardware queuerxean:also'yield‘large-reductions
in channel utilization. '

'FOrfﬁhewtechniQues which apply to the other mechanical oper-
ation - the scheduling of seeks =~ results are mixed. Used alone,
seek’ scheduling is found to be ineffective on configurations
withgmahymodules, but good results are obtained when the two
classes of schedullng are used in combination.

In a;dcii‘t‘ion to the comparison of gross performance measures,
& varl ety of statistics are collected on the 1nt ernal Q?_eration
of the Gisk system. These observations give insights into the
subtle balances Of;ﬁheéﬁeueingPchesS;Wﬁidﬁ-aIEﬁthireadilY‘

obtained éxcept by simulation.




Introduétion
Modern computer systemswrely heavilyson-oneline;auxiliary=

storage devices to. provide rapid access to massive quantities of

data. Before any of this data can be processed, however, it must

drums and disks are the predominant on-line storage devices because
'of“their iarge éapacity and low cost. But these‘devices‘reQuire
mechanical motion in order to effect the transfer of data and
therefore cause large délays of the fast eentraigproce580r~ As
a result, access to auxiliary storage ‘:bec-'om‘es a serious bottle- , 1
,netk;in.edmputer operation.

# In multiprogramming operation, these input/output delayé.do
'th’generally‘cauSe’thE'céntralprOcessof to wait idle since
% 'thegefare§6£herkpracegges (programs) in the system which may be
| activated t <3 make u‘s‘e» .qf this time. But these processes may also
require records from the same device so that-aﬁqueuéing.sifuatiOh
.aeve10ps.v This'buildﬁnp-af*queues'adds:to theidelayss:Buﬂ‘it
also provides an opportunity to increase the throughput of 1/0

requests by clever scheduling. This is possible because the total

access time for a series of requests is a (known) function of the
sequence in which these requests are served. A scheduling rule

which orders transfer requests in such a way as to reduce mechanical

access time (by taking advantage of this knowledge) can thus increase
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.

throughput. Such rules have been applied in some maJor operating
srstems. L ,.

Of particular interest 1s the. movable ~head disk storage
facility. This device is in very-wide use in a wide variety of
systems. It is slow .c-ompar"'ed ;\Tlth d.rums z'aﬁéi ‘head=-per-track disks,
but. lower in cost. Where access speed is not a strzi_-rhlge‘n?t r'e.quire-
ment, the disk is the damir—iant;. device f.»or.j on=line storage. The
importance of efficient operation for such a heavily used device
is clear. The most common disk ‘._c-onf‘iguration consists of multiple
mOduleS and this factor impacts greatly on the scheduling problem.
Such configurations are the focus of this study. The RP-10 disk
fau 1ity used on the Digital Equipment Corporation PDP-10 compﬁt:_er

is examined in particular as a reasonably typical example.

The goal, then, is to evaluate and to gain understanding of

the effectiveness of the relevant scheduling technlques The

s AR

basis for this 1nvest1gatlon is a highly detailed simulation
model of a multiple disk facility. The objective is not merely

to compare these techniques for the standard gross performance

measures (mean response time and peak throughput capacity), but

also to obtain a variety of details which will elucidate the

internal operation of such systems. No .detailed study of this
sort is known to exist in the literature.

Prlmary emph:_as'ig_s is p‘-lac ed on the use of f»ecz:hniqu,és for
minimizing rotat 1onal delay- | These are te Chnl ques for scheduling
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the actual transfer operation based on the use off spe01al hardware
fOI‘ rotational position sensing (RPS) . There are two principal
"-a,ppr-'oaches - one in Whlch the schedullng logic .i-s.’ implemented in
s:oftwar:e; and the foi-;her which relies on g hardwar e queuer . Both
have been 1mplemented for ma jor is.yste‘-ms.. such as the PDP-10 and
.thefI_BM: System/370, respectively. The operation and effectlveness
of these rules (as well as the conventional mode of operation)

are examined in some detail.

A different approach to disk schedullng 1nvolves methods for
“minimizing delays which occur in the arm positioning operat 1on
These Itech'ni ques are also considered, both alone and in scombf'ina—
tion with the rotational methods

While a number of studies exist in these areas, they suffer
from various llmltatlons in se¢ OPe and method. This study seeks
to extend the understanding of disk scheduling techniques both
in breadth and in depth. It is also hoped that the present
results are glven in sufficient detail to aid 1n the formulation
- and v.‘aliéati;on of analytic models. Two successful app'lf‘icati‘-otrlls’f |

of this type are described. .

e

KNGS ER RS AP ICEY




CHAPTER II

Background

This chapter presents the necessary background for this study
in three stages. First is a basic outline of the structure and
operati on of multlple disk storage fa0111t1es . Next, the g.eﬂ.éi”és:‘ii
concepts and specific techn1<1ues for scheduling these deV1ces are
presented. Finally, attention focuses on the problems of evalua-
tlng the effectiveness of 'thje‘_se.--"t.ech.nique:s . This includes a
broad discussion of the difficulties of defining a meaningful
nodel, aé 'Well a'-s a review of e‘xisti_ng ‘work. |

2.1 Principles of Disk Operation -

~

From the viewpoint of the disk ‘s_»efsr"v'i.c.e- subsystem of a com—

puter, transfer requests are requests to read or write a block

of data at a specified position on the r-#e:cor-difng; surface. The

o

disk operation is characterized by the series of two mechanical

operations required to move the recording heads to this specified

position prior to the actual tran‘sfer;- The disk pack or module
is the basic unit of the magnetic recording medium and is actually

~.a stack of 1nd1V1dual | dlsks spa-c:ed. on a single spindle (the disk

drive). Recording heads are mounted on movable arms between

these disks, with one read/write pair per surface. Thus the re-

cording space is contained in a cylinder and is conveniently

descrlbed by cyllndrlcal coordinates: radius , angle, and depth. |

A11 transfer requests are given in terms of these coordinates.




Depth is of sec ondary significance, since the heads 'c‘_.orr"e.sp.ondi;_n_g.
to the desired surface may be switched at electronic speeds. The
other two ;e_eordina’ces c:o*rr-e,sp.dnd. t0 the two mechanlcal operations.
Acc ess at the proper radial p031t10n entails moving the head.,
much like cueing a record. Note that heads (one per surface) are
ganged on a s:Lngle comb-like mechanism and move as a unit . Thus R

a cylindrical recording plane is accessible from each arm position--

one circular track on each surface. This means that any -a;ngular-

motion. These arm positions are commonly specified by cylinder |
number. Finally, to transfer a block ;, it is necessary to wait
untll it .r'-o’ca’c-efs; ‘ into position under the head. Unlike ‘the‘ other
operations, angular positioning 1s pa851ve--no p'os_itive_, action is
required, merely waiting for the continual rotation. Angular

position is commonly specified by sector number where a finite

number of _ equi-ariguiar sectors are defined to span the disk

surface. The delays involved, then, are that of arm motion

(positioning or seek time) and that of r-iotati_‘on,al delay (latency).

The actual transfer also takes time, of course, but there is no

control over this delay.

The service times for these operations depend on the disparity

between the current and desired position. - Seek time -@ep'.ends only

on the number .c'i;-f cyllnders (radial dis‘tanc.e,) to be traversed :'S’O‘f_?-' "

the time for each request dépends on the placement of the previous




request. Latency depends only on the mumber of Se ctors (angular
distance) separating thjérzr‘:etcord rléqu,ei-st‘edf from the -:c-1*i‘r.r-,_ejn_t pos i’.-t:ion
of the heads. $So lot-ency varies with start time for the OPJe‘i”atiGB
and is othermse '-i;n&fé.pen‘d.e.ntr of previous requests. ©Seek times for
the PDP-10/RP-10 disk are typico.l——increa,sfipg in a nearly linear
" fashlon from a minimum of 20 ms. from one cylinder to the '*nox-t:
to a maximum of 80 ms. for a full traverse. ILatency for this
model increases linearly to a -maximﬁm: 6f 25 ms. for a full rota—
tibn,

Because the logic required to control a disk drive is expensive,
it is usually shared Py a number of individual drives. This

controller together with its drives (commonly four or eight)

comprise the disk facility. The.controller is connected to the

mainframe by a channel through which it receives all requests for

its drives.
Sharlng ‘the controller (and its channel) haturally imposes
limitations on the use of the disks. The most critical is that
the controller can handle only one transfer 0peratlon at a time.
This can create a bottleneck since | there may be many drives with °

reqguests which are on-cylinder and .ready to transfer at any given

‘time. ©Such a transfer entails more than just the time to read a

block Since the desired block (or ;‘?s'“e‘j.c”t.orf)z- is net, in .g:'ene'r'a«l._-.,f - .

dlrectly under the heads when the controller is ordered to do the

transfer, the controller must search the track until that block | R
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is encountered. This search time corresponds to the latency at the

time of initiating the transfer. So the busy time for the transfer

includes the time for the search as well as the time for the

~actual transfer.

The other limitation is that the controller is required to

initiate all arm "po.s.itio_ningf ?Q_peratfiﬁo\_.n-s.; Once it has been started,

the seek Qper‘atéioh can be performed by the drive alone. When the

proper cylinder has been reached, the drive signals completion to

any number of drives may be seeking simultaneously. Since seek
1n1t1at1 on 1s done at eleetronic speeds, the -lcéd on the control-
ler for this task is negligible. The limitation is that incom-
1ng positioning requests are deia;ye"d. if the controller is busy.

. Because of this interaction, it is important to coordinate

the handling of seeks and transfers for effective operation. On

completion of a transfer the controller will be giveh new work in

- the following sequence. First, seeks will be initiated on any

free drive which has been requested. Only then are any new trans-

fers started. This is quite sensible since the seeks can be

initiated with little chance of delaying the transfer, while the
t’ransffe‘;r would otherwise delay the seeks significantly.

In addition to the sharing of the controller, it is not un—

| cammon for more than one controller » each with a set of drlves

(or othéi' devi.ces),, to ;3_Shar.e a: 31ng1e channel. This, again, is
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based on economic :c‘:Qns.ider_ation_§~-+chanﬁe'1s: are- expensive. Another
llmltatlon is thus imposed on disk ss;'eririé'.efs: since th:fei -’c’.-_f;an‘n'eﬁl can
only transmit one record at a time. Since this c-oﬁpli cation is of
secondary 1nterest, this study Wl 11 Dbe llmlted prlmarlly to the case
of & dedicated channel and the terms "channel” .a‘ni’du. "controller"
will g,enera-ll,;;; be used to meéan both.

SO the basic structure of the gueueing system is of two types
of servers which combine to perform each of two types of service.
: The servers are the controller (one per facility) and the drlves
( several in parallel). The services are seeks (which are initi-
ated by the controller and the drive in concert 5 but completed
by ‘the drive alone) and transfers (which are performed by both
servers in concert). ~ Note that the drive is monopolized durlng
the entire period of service for a request on that drive,- seek,

transfer queueing, and tfansfer - even ‘though it is not active

3

during the transfer queueing period.

This discussion has considered only the smple case of in-
;depie'ndzent-’ requests to transfer s1ngle blocks, - Operation is
complicated by requests to transfer multiple consecutive blocks
and other kinds of comblned :op'er'ati'oné (such as writ e-verify)
which may occur in practice. These .cqmp;li,c:.afcioné have usually’
been ignored in previous studies of disk scheduling and will not

be considered here. The above discussion is also limited in

e

. that ‘some movable-head disks do. not operate quite as described
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here. They are atypical and will be ignored.

2.2 Scheduling Techniques

Before deScribing the techgiques ﬂor schedulingwdiSK;opera-

tions, it;should'be=emphasized that scheduling of requests is by
ﬁnOimeanS‘%he'oniy‘appraagh-tofreduCing;auxiliary_étcrage-delays,
In fact the traditicnai‘and;ddminantQappnaach,has been by way of

file organization, which operates in a manner complementary to

that of scﬁeduiing, The file organization approach is based on

prediction of the patterns of réquests which will be made of the

X

disk. Using these predictions, the content and placement of

blocks dre controlled when they are first written in such a way
'that,the=antiCipatedTprOeessing;SquEﬁces?Wi11€re9ﬁife-a@minimﬂm

of mechanical motion. These techniqués have evolved from a uni-

“prqgramming;envirbnment‘where-preéicﬁionﬁwaé straightforward.

The unpredictable interweaving of many requesting processes that
ocecurs in.multiprogramming‘has‘profoundﬂy3r6duéed,thepowerQf
this method.

rgcntrlegr»predict the behavior of the requestingproceSSés, It
takes thiS-as:giVen‘andfreliéson<knowledgezof the present coﬁtents
.Ofﬁthe:reguest»queues~to.adjustthe operation sequence within the
operating system. ASo,.unlike'thefile organization approach, the
*effectivenesseof'scheduling*is;enhandedaby the quéﬁeing:inherenf,

in.multiprqgrammed;operaiionAandxis insensitive to the lack of




predictability.

Alsbfofinotewis“theiattempt to reduce the number 0f mechaniEal:v
operations by transfering bat cihé:sf of many "'bl}-ocfik.s at once to and '
from aniﬁteimediételeVél of storage from~Whi¢h@th6y‘canﬁbe;ae-’
cessed at high speed The problem of how best .t’o:. 'cbmbine all of
| these methods for a given system is .’inte_restin_g: and important, but
must remain beyond the scope of this study

The rest of this s e_cf-tien 'coni‘{a-ins” a descrlptlon of the sched—
uling techniques to be explored. ;All.cf~theseeme£heds=sre:at
ilgast<mentioned‘inythe;eXistihgfliterature. Following this intro-
duction, the relevant efforts in evaluationﬂbf disk performance
are-fevieWed. V

In keeping with the usual manner of operation, the disk
system to be-scheduled.is.consideredwastWo.Separate-Queueiné
systems which are scheduled i ndependently. - One queue (actually
zone:fsrféachdrfve):confsins reduestsvwhich:swait-positioningof
£hesarm tofthevproper‘cylinder‘ The other (for &ll drives on a
control) lc‘-on;cailns%tr equests Wthh have been positioned and await
‘f_fér-ans.fer Thls smpllflcatlon can easily be j_us;fi;fied(. on two
~grounds. Any rule which considered'bpth-Qperations'wnuldihave
"difficﬁlty:meeting.théstringent'speed;liﬁitatiﬁnsr Also, newxyi’w

aarrivinggrequests'with;Short seek-ﬁimes'wouldiconflicf with the
;;planned t;snsfergseQuencezsd that even theoretical gains are

questionabide. So this distinction will be maintained here. The
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two problems, then ,_f are:

‘1. Scheduling (for each drive) of the requests which await

arm positioning on that drive, and |

2. | Schedull (for the entire facility) of requests which
have been positioned and await tra.ns fer..

This gives a two stage quelie structure of the following form. The
first stag,e consi sts of ~p‘ara-rll;.e:I_ queues ;f_'o’.r ji)QfS itioning, one for
each drive. The @utput of that s tage (on- c,_y’lincier requests ) then
funnéls into & single queue for transfer, which is the second
stage. Note that the number of requests in the transfer queue is
effect ively limited since there is usually only one request on-
cylinder per drive.

Rotational Optimization

Major emphasis will be placed on techniqués for mlnlmlzlng ‘*
the latency involved in disk ’t"re;r'isi-fer s, for two reasons + First,
it appears to be the more promising approach for multiple disk -
fdeilities,; and second, it has been less explored.

The basic approach to latency reduction is s imply to apply
the standard SOT (shortest operation time) rule. ~ Scheduling
occurs when the controller has just c ompleted a transfer and is’
free to, initiate any other requests that are queued. If the
number of the sebtor currently under the heads and of the sector

containing the desired block are both known, it is easy to compute

the latency for that operaﬁi on. All one need do is search “the

LN
-
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It is kno"m that ST gives good pérformance in terms of mean flow
time [Conway, Maxwell, and Miller, 1‘9:6’(.] 5 and because of the nature
of disk oper&ﬁ ion, it also gives increases in throughput. This

arises from the fact that operation times (latencies) are sequence
(time) d'epena‘e'nt. : By choosing requests which are nearby, those
which are presently distant tend to be held in the queue until
they happen t:oi be nearby. Thus the average lat e;lcyf is reduc ed

| and more transfers can be processed in a given time. The rota-
+tional nature of disk operation mpacts further on SOT scheduling. o
The usual flew of the SOT rule is that requests with long operation |
times suffer exc ess1ve delay. But because latency is a cyelic
function of time, a request with low priority at one time may have
high prlorlty the next.

This technique was initially applied to drum storage, which

| requn”es no seeking and is limited only by rotational delays. It
has been shown to produce dramatic gains in throughput on that
device (as much as twenty to one) [Denning, 1967]. The potential

for disks is of course far less spectacular. In addition, the *{

effect of latency reduction is a function of queue length and

queue length is limited by thé number of drives active on a given

controller. So the potentlal of* schedullng is further limited

for small configurations.
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The major practlcal dlfflculty in latency optimization is

that of knowing the current and desired positions. In order to be

able to s ense the current rotational position, .a drive must have




,specj_im_a:;l hardware. _‘ Only some of the more recent drives" (s’u'c"ﬁ as
" the TBM 3330 and the DEC RP-10) include this hardware--the widely
used IBM. 2314 does not. In addit’i_;o‘-n 1t is not otherwise required
to know on what s ector a rf‘;e"»qu.e’si’g-ed block will be found and this
in’formation is not {g,eneré-ily mairltaine'd' in existing systems
(although to do so is not di fficult). So it must be cautioned
that the se methods are not immediately appllcable for many instal-
"létions-.

- Lodoking in greater det ail, there are two distinct methods of
The operation of these methods is e¢losely tied to the availability
of special hardware. One requlres hardware for qr“»dtationai. posi-
tion sensing (RPS) but,v relies on software for th‘é queueing -of
requests. The other makes useé of special hardware features for
‘both functlons For convenience, the former ﬁil.l be referred to
as the software aPproazch (S-RPS) and the latter as | the hardware

approach (H-RPS). Both approaches have been implemented in recent

major systems: software in the DEC PDP-10 (RP-10 disk) [Stone,
19703 DEC, 1971], and hardware in the IBM System/370 (3330 disk)
[IBM, 1970, 197la]. The exact form of the algorithms used in

this study will be based on the documentation of these systems.¥

*¥ With one exception: the DEC: PDP-10 algorlthm permits alterna-
tion of SOT with occasional use of FCFS (normally once in ten

~ times). Such alternation will not be considered here.
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The software technique is quite straightforward in operation.
On -e-emplet’i‘on of a transfer t:h.e controller is free and a request
b scheduled. The software obtains the current se ctor number and
selects the nearest request from the queue (which is maintai ned in
software). It then orders the controller to begln a transfer for
that -request. The controller hand?le:‘s.(‘ the transfer just as it
would 1n conventional first-come-first s erVed (FCFS) operation--it
searches until the block is found and performs the actual #;‘r‘ans:f”er",
and is busy for this entire period (which is the sum of latency
and the transfer time). |

The hardware scheduling process is more involved. Its opera-

tion is based on the fact that since the time a block will be
under the heeds can be predlcted, there is no need for the control-
ler to be busy searching during the latency period. The special
ha;rdwar.e in the controller allows it to v‘-d;_i*s;conne%ct from the .mo.dule“
durlng this delay and to later reconnect in time to perform the

actual transfer. Since this hardware can keep track of multiple

requests (normally one on each drive), more than one transfer can

be initiated at a time. Confliects in the ‘&c.tual transfer--which
still requires the exclusive service of the controller and channel--
a.re ‘han&ied by permlttlng reconnection en-lyl if the controller is
not busy with another data transfer . When a reconnection attempt .
fails the r-"equest remains in the system and reconnection is attempt-
ed on each sub:_sequem:: revolution. So the 'ditisk' | software need not

H
£
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makeany-selﬁcti§n~aangarequestSs A1l new on-cylinder requests
.aréfPfeSegtedftotthecontrollerwhenever‘itbecames‘idlé, - Thus,
’fhe.SCheduling iS-péerrmed,within the,controller~and-is implicit
in the mode of operation deseribed above. | By natuéje of this mode
~0f'OPéfation~the:nearest'requestfwill.berthenextwtobetransfergd_.
Q'This‘abﬁraach hasjan~addedéttrgctiOn:dem.the‘ViéwPoint;Of{
Sthedufingstheory; The effect of thé;hérdware,queuer is to delay
the final scheduling decision until the last possible moment.
Since the gqueue size is . llmlted (in both cases ), even the nearest
"rreQuestswill.often:be;a-significant distance away. If a new and
less distant request arrives at such & time, the hardware will be | .
able to take advantage of the opportunity, put-fheAsgftware will S i
not--its conﬁroller does.ﬁotﬁermitvpreemptiOn, |
A more practical distinction concerns the use of the channel
by the two methods. Because H-RPS involves disconnecting, the
channel is freed during rotational delays. Thus the-féﬁal busy
time of the channel can be reduced. In‘an enviromment where it
is attractive to share the channel with other devices,'réduction
- of the load imposedrbythe disk‘fécilify-cOuldfbe quite important.
It will be demoﬁsfratedfiater that this effect can be significant.
There is one complication in the OpératiOnaof“bOth,msthodé

vhich has not yet been mentioned. Because of imprecision in the

RPS equipment and'the;necessary<d@lays‘of'har&ware operations, the

‘reading of current sector position cannot be taken to be exact.
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If a transfer (S-RPS) or reconnection (H-RPS) began too late to

findﬁﬁhé“stait of the block; the controller and channel would be

. tied upiin‘thampsearéh £Qr-an entire:révoiution¢.ﬁTQ:avoid*bhis

riék~of'largewielays,?Bath.methods alldwqévmarginAof'safeﬁy'in
thelr sche duling procedure. For the PfDP-.-lO'/RP-'-"lO this safety '
factor is one sector ( outof ten) [Stone, 1970]. So latencies
for schedullng are computed as | if the heads were some distance
ahead of the indicated position. This portion of the latency cen

not be reduced by seheduling;'

Stepping back to look at both stages of disk operation, a

féSéﬁQn&ary'benefitfofylatency reduction can be seen. Rgg%gk-that

Seeks can be initiated only when the controller is free, and so

;mayfbé:delayé&;if~a~transferuis'in_progress« If latency is reduced,

this delay will also be reduced. And here, also, the disconnec-

_tion feature of H-RPS has an impact. These effects, however; are

minor since the delays arise only when a request is made of an

~idle drive. Thus, the effect disappears as the load approaches

saturation.
There are other approaches to latency reduction which have

been suggested for disks by Weingarten [1968] and Sharma [1968].

' These are oriented to message switching operations which are

special in that they normally operate at very high request rates.
These techniques will not’bé-ébnsidéréafhere.

Positioning Optimization

Techniques for seek optimization are more numerous but can be

R
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reduced to two basic eonc-eﬁts .. One family of rules 'at.'t~emp.£.8- to
_optimize the choice of the x,iesxjtg request without regard ‘to' subsequent
operations. The other rules operate 1n a manner :ﬁin_t-'eﬁded~ to reduce.
total seek time for an entire group of requests. All of these
techniques can be imp}l‘e"amerl:tedi entirely in software.

Agaln SOT is the obvious. approach,taklng the form of the
'-shcariixe:s.t-.‘sfe.e'k'—--‘ciim,ef-r:fi.rst (SSTF) rﬁle . It is simple for the opera-
ting system 0 compare the current cylinder number with that re-
qtu'i‘r'.ed'. by each request and select that which is nearest Again,
the nature of the disk operation enables ,-‘S--:»théduling; to mprove
throughput as well as mean flow time. -In the ca‘,éef of seeks s how-
ever, the problem of exc esslve delay for some requests remains.

.. K request is procés:sed only if it is ‘i'}hem nesrest to the arm, and
if new requests happen to be arr iving near the arm, those which
are distant remsin at & disadvantage. |

A simple way to avoid this problem is to alternate this rule
with FCFS . This idea '(A'Whi‘éh- has received little note in the
literature) is implemented in the DEC PDP-10 such that every n-th
time the scheduler selects the oldest request instead of the near-
est [DEC, 1971]. This limits the delay of any one ;r"'exiuj-efs't“ (at . 4
sjome--perhaps ;negligi’ble—-cc;‘st in throughput) . |

Motivated by this problem of &is,C_riﬁinaf.-~i.on,_' Denning ;[f19677]
?p.ro;)'o ses ‘the SCAN rule. This rule 7g5r,aer.s. all -reque.s”t:s in the

queue by eylinder position and prjé.c_e;ss.es them in that order s
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.effectiVely:sweeping'badkah& forth across the entire surface of the
- disks | The dlrectlon of ‘the arm motion is reversed only when there
" are no more 'r'egques:ts' in the current di:r'eé;t'ion-; As originally pro-
po sed, requests are handled durlng sweeps in either dlrectlon
This causes requests for either extreme to wait as much as two
sweeps (away and back). Manocha [1969] considers a modification

(eircular SCAN) in which requests are processed in only one direc— .

tion, each scan ending with a long seek back to the starting

region. This rule has been implemented by IBM as an option under

0s/360 [IBM, 1971b]. Frank [1969] suggests a version of SCAN

~ which batches requests and satisfies all of each batch before
considering new requests.
Comparison of these rules will not be considered heére since

that problem has recently been studied by Teorey and Pinkerton

[1971] for the case of a single drive. The comparative perform= ”

e ance of these rules :should not be altered in a multiple drive -

| situation. What is of interest is the effect of multiple drive
operation ;dn the ef-féc‘tiv.ene:sS‘ (relative to if"C.FS ) of any such

rule 'Effect'iV-ene'S s may be 'dimin'i-slhgd for two reasons 1 ) queue
length per éfr ive may be relatively: short , afd 2) overall perform—

ance may be insensitive to improvements in seek performance.

such rule when used in combination with latency reduction tech-

nigques.
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 For this purpose, examination of a single rule is sufficient.

Since the evaluation will be in terms of throughput, the rule which

gives the best throughput will be used to set an upper bound on

the potential gains. 806 this study will consider only the simple
SSTF rulé in spite of its possible practical disadvantages.
The techniques to be examined in this thesis, then, are three:

the two methods of latency reduction described above and the one

operation is of course used as a standard of comparison. 'Existing
work relevant to this effort is reviewed in the following section:

2.3 Performance Evaluation

General Observations

The growth of interest in scheduling disk operations is clear-

1y reflected in the literature on dlSk performance ev;a‘;.-_lua’cfi?o;n;;

A number of comparative studies have been performed quite recently,

‘and some have not yet been published. The performance of arm

snheduiing‘techniqueshas been treated most extensively, but there
are some studies of rotational techniques. Béfore.describingrthe
findings of these-ccmﬁarisons,fthefmethpds and problems common to
all of these studies will bgigutiined, CQHSider&ﬁipn;is'liMiied

to theoretical methods — those which are based on mathematical

models of disk operation. While empirical methods offer certain

attractlons, they do not figure in the existing 1iterature -

(except to validate models) nor are they applied in this study.

£




Most of the studies are baged on analytical methods, but some

rely on simulation. In either case , ‘the structure of the problem

‘and the 'fm'é_:tho_-s of solution are such that different studies vary

widely in

S

1) operating enviromment modeled

2

simplifying assumptions and approximations.

R AR K T P T e ) e A O RS S I A b T T e A T R Py

A-l_lf;) performance measures obtained.

This diversity poses obvious problems to the attempt to make use of
published results for the comperison of different scheduling
techniques. Since each technique must be modeled as a separate
case, two consistent analyses are required for comparison. While
all of the maJ or rules have been analyzed in the llterature, the
results of different authors are not easily compared. Existing

- | results for comparison of scheduling rules are based on new anal-
yses Wthh were performed with that compar ison in mind.
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independent of previous studies, no comprehensive review of disk

performance analyses will be attempted here. This section will

B

concentrate, instead, on the results of comparative studies. Meth-

o odology will be considered as it relates to the interpretation of

these resultss To complement this presentation, a bibliography of

g e

all papers found to be relevant to the evaluation of disk perform-

AR s ]

. . ance is provided. For a survey of some of the major analytic | “

A ey Y

A

N LRI R g7 e VB ST R Y T T IR e, T TR e PR R ST b




22

efforts, the thesis by MacEwen [1971a] dis recommended.

The one 'a,,s,pefc}i:: of disk perf Orinanc.e. .e,valuat:i?gﬁ which is most

fundsmental and least satisfactory is the model of the system load.

The occurrence of I/O requests for a disk system may be modeled as
a stochastic proces S deflned by the probability distributions for
the following characterlstlcs
1) arrival time
2) location
a) module
) eyiinder
¢) -sgctdri ~ﬁ

‘For real systems in general, these distributions may be complex

and not at all independent. There is considerable ignorance 1n
this srea because of the lack of any thorough empirical studies of
I/0 loads (such as have been done for the similar problem of time-
sharlng system loads). This is compounded by the wide variation
@mﬁng-different‘types of systems. A number of simplifying assump-
tlons are generally made with some argument for their realism.

To begin with, the distributions are assumed independent, for

obvious reasons. A Poisson arrival process is commonly assumed.

This seems reasonable for some systems, particularly those with

S
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repair") model is more realistic. An extreme case of this model

assumes a constant number of requests in the system, which corre-.

sponds to a system dominatéd;by a few I/0-bound processes. Some

studies have used this model, assuming a constant request ldadten
each drive. This permits estimatian;@f-perfprmance'under;satuxa?
tidn:loading; iThesimplePOisson,assﬁmption_isalsb'questionaﬁle
fifwa system is subject to bursts of I/0 activity. Iﬁ such a case, -
theéaturationimbdelumightb@;realisticfduring.therMISt periods:

Uniform distribution of requestsrfhroughput‘thearecotdigg
space:is cpmmonly assumed. This is not realistic f@r:ma£§‘system83
sinee the blocks for a:given-process are“usuallxg?ouped.tﬁgeﬁher
;iEfEQHventional'batch—oriented.sy3£éms. It‘mayfbeAsbmeWhamamoref
realigticfof-time—sharinganduféal—tiMe:sySﬁemsg Some studies
[Fife and Smith, 1965; MacEwen, 197la] have attempted more realism.

There is also variaticﬁ intheblGék“lengfhdistrfbﬁtions
used: Many systemns péﬁmiﬁ'bldCK»SiZés:%é:vary*up-to a full track.
These haVezbeen,mQ&ele&:as uniform [MECEwen, 197laJ or exponential
[Teorey, 1971] distributions. Others, such'aspagéd’SYstems;dr.
time-sharing SyS£Emelike'fhE'PDP9105_rEquireia fiXed blo¢k.siﬁe«
This;is éaSily.mo&éleda

It is cleat that these~questicﬁsofcrealiémggre~afsérious

problem. Nevertheless, a comparison of scheduling rulés under

such assumptions is better than none at all. And realistic models

‘;aré{notwwithﬁut-theifdrawba¢ks, McAulay [1970] uses CSS/360, an
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user jbbStreamS. The very complexity of this model makes it dif-

&

ol

:08/360.oriented‘Simulapor,,toxmodel.the I/Qfactivity of typical
ficult to 'iﬂr;t»erpre-"c and generalize the results Perhaps a, | two

pr O-nge‘ci approach is required: Slmple models to gain understanding
of the processes and for rough estimation , and detailed (simila-
t:L on) models for accurate and rfealis-_’tfi‘i ¢ prediction.

In considering the effect of departures from the assumptions
of the 1dea11zed models, note that the two ¢lasses of scheduling
ruIES:aﬁe:sensiﬁiveitosdifferent ESPEGtsqu the load. 'ThErSééK
rulés.operate in&ependently on the individual drives; so it is

access rate per drive, along with cylinder distribution by drive,

-Wwhich are the major factors. Transfer scheduling, on the other

hand, works on a facility basis, normally with requests on each

of several drives. Thus it is access rate across drives, along

with sector distributions across drives, which are most important.

Since little correlation of sector positions across drives would

:be;éXpééted in;mbs%fsystemsﬁ this factor is not of real import.

It is the uniformity of load across drives that is of concern.

Where there is;gdmefkndWEQ&ge_df'these ;mtterns,,itgméy;bejpnactic’»

‘yi‘

al to estimate correction factors for application to the results
of the simplified models.

‘One aspect of the hardware operation which is generally

simplified is the seek time function. This is usually assumed

to be a linear function of the number of cylinders to e traversed..

o A AT B Yk
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Actual seek time functions may "b.‘eiv-quﬁjtje‘ 1rregular, and may depend
on the location of the start and end positions as well as just the
distance [Frank, 1969], but many are reasonably linear. The com-—

parison of ‘seek rules may be sensitive to this simplification but

transfer rules should be little affected.

Another general cons i_"dj_eratiqg relevant to this: study is that

of measures for performance. The measure which is generally ;pref er= -

red is the total time in. the 'sy-st-ex’ri , or response time, for a glven
level of load. The mean response ‘time is the simplest measure,

but measures of the variability of response time--standard devia—

tions or percentiles--are also desirable. Response time is general-

1y considered to be the measure with the greatest real world sign-

{fiecance. In some enviromments (such as. r;'e.»a,,li-tirme.‘,)=. f‘ew"' long waits

can be tolerated, in others it is sufficient that ', the mean wait

‘pe short. In either case, throughput is traded off for some re-

sponse requirement.
But throughput is still a useful and important measure.

Analysis for maximum throughput is relatively simple, using the

_saturation model discussed above. Peak capacity can be an inter-

esting measure, even when applied to an enviromment where satura-
tion is unusual And in an enviromment where .1-é;rg¢e bursts of
requests occur, this might be the most relevant me‘a;e'sm:é of pefforﬁl-
ance. A measure whlch Eis" cldgely related to throughput is the |

effective data rate, which specifies the amount of data (rather

than .,the' number of blécks) transmitted in a given time. For any
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arbitrarily close to the peak can by fixing the gqueue length at

‘that impr OVlng disk 'per;;formance- will improve total system perform-

variability in individual response times which may be caused by

given block size, these two measures are equivalent, but when block
sizes vary, data rate is usually a more meaningful quantity.
model to obtain peak throughput figures. In cases where there is

no seek scheduling, the disks operate at peak capacity as long &as

- theére is always one request in the gueue for each module. Shorter

queues will reduce activity, but longer queues will give no in-
crease., Thus modeling of peak capacity is easy for this case.

It is evident, however, that for the case of S'c.heéul'e~d seeks;

longer queue lengths will give | some 1ncrease in throughput. Tn

this case the absolute peak load cannot be modeled, but loads

some high value. Since long queue:s glve d1m1n1 ship_g returns,
this approach is quite pfr"acztic als

. Anoi’c'her.‘ quantity of interest 1n the study of scheduled opera-
tion is the service time for the operation (seek or transfer)
being scheduled. This gives a direct neasure of the scheduling
effect and may be easier o obtaln than the response time. How-
ever , this quantlty is not casily related to: total system p erform-~

ance.

Any consideration of disk performance implies the assumption

ance. This is clear when the disk is major bottleneck, but not

at all obvious when the system is more balanced. The increased
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scheduling becomes of special concern when gains may be marginal.

s ) 9

This issue has not received much attention and will not be examined -

here except to note some 've‘fy" int.éresting findings by Nielsen

[1971]. 1In a simulation of a sophisticated time-sharing system,

Nielsen studied (among other things) the effect on total system

performance of rotational techniques for fixed-head disks. Comn-

sidering a variety of configurations and loads, he concluded that

"the queuer technique can be surprisingly effective eéven where

access 1s not a severe problem or where other constraints are

‘beginning to bind." And with respect to the disadvantage of

scheduling, "the improved system 'per.fbrman.c\:'e offset the greater
variability in satisfying individual file requests, so that for
the most part the variability in system response times to users
actually decreased." While the fixed-head disk is certainly a
more attractive device to schedule, these results appear promis-
ing for movable-head disks, as well.

~

~One consideration which has not been discussed here is the

problem of comparing performance between different devices. While

this is not directly relevant to the present study, it should be

noted since the most prominent. H-RPS device is quite different in

- storage capacity from the most c¢ommon conventional dlsks The

capacity per module of the 3330 is about three:times that of the
standard 231h-type devices, and the ecj‘s.t_: is correspondlngly higher.
So: a given 'i"ﬁstallati{on mlght have to chose between some numb.e:tr‘

of standard size drives and a smaller number of "double-density"

f' e ,.‘.W,..;...: e .
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drives. This, in turn, means that a 3330 installation is more

|
|

1ikely~to“beintheﬁmargihalxregidn_of~RPS?performance'than if

smaller drives were used. Meaningful comparison between drives of -

upon in this thesis.

Comparative Studies

Existing work on the comparative evaluation of disk scheduling

techniques is reviewed in this section. Latency reduction is

considered first, followed by seek strategies. Finally work on

the combination of both methods is discussed.

The two techniques for rotational scheduling have been studied
in relation to FCFS, but not in relation t6 each other. Fife and
Smith [1965] compare S-RPS with FCFS for a range of parameters.

The effect of H-RPS is explored by McAulay [1970] in a total system

simulation. In addition, an analytic model of H<RPS is currently

unaer;aevelopment'by~Técreyt[1§711,-bgtﬂuséful.résultsﬂareenot-yet

. available [Teorey, 1972].

The Fife and Smith analysis assumes a saturation load in order

to compute peak capacity. While the intention of the study is to

consider multiple positioners on one drive, this is virtually

equivalentVto’théiprbblem=ofimultrple'd£ives,;each*With a single

positioner. One asstumption of interest is that cylinder distribu-
“tion is taken to be uniform except that 30 percent of all requests

are taken to require no repositioning. Some such provision has

the attraction of added realism for many common environments,

b
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but:ﬁhgvthirty-percent‘figuréfseéms:high_iffthereaaré mpré’than 8

very few active processes. Inelusion of this factor should enhance
.’theleffect,éfjﬁransfer schedﬁlingfsinee‘seek-delays are reduced.

The accuracy of the results obtained is dependent upon two key

approximations in the analysis (exponential positioning time and
gniformiremainiﬁg'latenqy), Cquutationgappears.tofbe?quiteffn-

volved.éinc¢<thesprocedurerfogﬁﬁhe=sche&uled case involves solving

a system of linear equations for the stationary probability distri-

bution of the states of the channel queue. It is apparently for
this reason that results are not given for more than three drives.

Although the focus of the work is not on scheduling, some

‘relevant comparisons are given in graphical form. Results are

Eresentedffor'wariatidns in two parameters; block size and the
ratio of positioning time to rotation time. As ,éXpeC’.c’ed;; the
scheduling effeect increases with both the number of:drives
(positiOﬁérs)3aﬁ&‘thEWTel&tiVéTmagﬁitUﬁeng the;rglgtionftﬁne,
Sizable gains are shown tobe.achieved by scheduling on three
drives.in;mcst‘of'thé-basgs'éonSidered, 'Unfértunaﬁély,.éampar-
isons are;noﬁ.given-forwmare~than.three-drives. Because of this
(and.uncerﬁainty-about'tﬁéviﬁ?aefzéfifhe,simplifying,assumptions)

these results are not discussed in detail here.

MeAulay [1970] simulates the;@perationLbfgan,éntirgacdmputer

system using H-RPS on & device with the parameters of the IBM 23LL.

A déﬁ&iléd.mOdel(of'af%ypical,jébS$réémfundEr7OS/360'is.used-for

“*the.gimulatidn5~wﬁiCh includes ecmpﬁtation, buffering, and over-
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lapped sequentlal file proc essing. Con51der1ng up to four tasks
(processes), MicAula,y*conclu_desj that gains of 5 to 30 percent in
thrOughput a.re possible. Mlxtur es of RPS and non-RPS devices on
a. single channel are also considered and found to be unattractive
(sometimes quite so).. Because.of the complexity of the simulated
lOads this WOI'.K' is difficult to "int:;rpr et 1r1 detall and relate to
other s tudl es. It does. indicate however that latency reduction

for disks can have significant impact on total system performance.

This complements the findings of Nielsen [ 1971], meritioned earlier.

The work of ‘,Téofx-“ey- [1971] promises to provide a relatively
sinple and direct analysis for the mean response time for H-RPS
given a Poisson access rate. While a final form of the model is
not available at this writing, some very appro:véimat:e results are
derived for the IBM 3330. These figures suggest that si zable

gains are obtained with eight drives, and that these gains become

‘minor ds the number of drives is reduced to two.

Considered as a group, these works suggest that transfer
scheduling can be effective, but | give little specific information.
Both technigues are shown to Work » but comparisons and detalls of
Just how they operate are not available, and for the case Of
scheduling on many drives, no useful r esults of any kind eX:Lst in
the open llt erature

- In contrast, the ‘scheduling of seeks nas been dealt with in
many papers, culminating very recently in two important studies.

The first treatment of seek scheduling is in the paper by Denning

i
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- [1967] which compares SCAN with SSTF and FCFS. Like most of these

studies, atsingle;drivefis-cﬁnsiderédyﬁuA.major3limitatidh¥oflfhe

analysis is that results aréﬁBbtainéd-fbrfre3ponséftiMe.as:a"func-

tion of queue length but not of the Poisson access rate. Since for

a given load, -the thfrUIeSTwilngperateVét'different‘eqyilibfium
queue lengths,,the*vaiuesfcamparéa~00rréspond_tqfdissimilgr Jloads.

In a computational example with a queue length of ten, SSTF is

shown to giveﬂSignifieant,impfovements,gver.FCFsg-With;SCAN,Show—
ing about one third of that effect. In later studies, Manocha

[1969] considers the eircular-SCAN rule and Framk [1969] looks at

Teorey and Pinkerton [1971] review these studies and perform

an interesting comparison of all the major seek rules using a sim-

ulation model of a single disk. Results are obtained for the IBM

2314 with fixed gize blocks. SSTF is found to be most eiféctive,

with SCAN and related rules not too far behind. With a half

- second mean response time constraint, SSTF is shown to roughly

double throughput capacity.: Note that the 2314 has a long seek

time (bgthVabsouyelywanﬂgrelative~tourota%ion‘ﬁime)_cdmparé&

iWith mOrefrecent:deviees;such as.the RP-10 and the 3330. This

makes demonstration on the 231k favorable to seek scheduling.

_The recent doctoralgthesiszb#:MacEWenﬁ[lQYlaJ;cpntainsuan
exceptionally thorough analysis of SCAN and FCFS for multiple as

well as single drives. Simulation and empirical measurements are
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scheduling combined‘with'alternating.SSTFVFCFS seek‘schéddling). -

used to verify the analysis téchniQpes.aﬁd”TéSﬂiﬁs.*.THe*WOrkiiS.

also umusual in that results are obtained for nomuniform cylinder
distributions which are ﬂefined~by“the'3eta distribution. Varia-
tion of the Beta parameter gives distributions ranging from uniform

to highly peaked at the center. This allows some consideration of
o | |

1

grbuping.effécts,-partichlari& the édmmon‘pracﬁiée.of plaéingf

commonly used data on %he;centralcylindérsﬁ Numerical results.
gre given for the IBM 231h, ‘Uﬂf@ftUnately,Ecdmputationa1 diffi—
culty was,.such that results are not cmmputea:for more‘thanffour"

drives. For uniform cylinder diStributions,!SCAN7is found to

show significant gains for one through four drives. When the

Beta parameter is set to model a significant tendency toward the

central cylinders, the effect of SCAN is reduced but not elimi-

* nated.

' These two efforts suggest that seek scheduling can be effec-
tiye}fbut'leave"open tWO'key guestions. 'Aszthefnumberﬁgf drives

increases, the congestion-at the transfer phase becomes dominant,

so the effect of seek Strategies should diminish after some point.
Itﬂis'importani to know whether- this occurs under normal operating

 conditions. It is also unclear whether it is worthwhile to combine

’(

the two levels of scheduling for additional gains.

SﬁmefWQrk:iS;undQIWay‘infthese‘areas,'butflittiézCaﬁﬁbe said

at present. 'Stone;andgmﬁrnerf[IQTl] are considering the operation

of the RP-10 diSk;asfusedﬁuy‘the PDP-lO (softWar¢'baSEdjrotatienal‘




While their analytic model is not in final form, this study is

notable for obtaining empirical data on real disk drives in an

.experiment‘désigged to match the conditions assumed in the analysis.

Some similation results are alsc presented.
| Sfiné-e :Qpera_"ﬁ'i on with mo:dulef queues fixed at ‘:Oin{’e; request per
 _drive.is equivalent to peak*load;witﬁ‘FCFS_s§EKsCﬁeduling, this
study s:how'é the effect of S-RPS with ~and w1thout the use of seek
" strategies. The absalutEigaiﬁ in throughput due to arm scheduling
is shown to be,rﬁughly“constantiaS“theAnumbér<of-driveslvary@
This means that the relative gain declines. For example, consid-

'eringxthegexperimeﬁtaiﬁresultS-férza‘queue‘length;of four requests

" . pér drive (camparedwaf<one,perdriVé)g.thérezis a gain of about
Tprercent~§n £wo'drives, ﬁo;percent-on-threeand*36 perCent on
four. | Increasing queue length to eight increases the absolute
gainAby'Qniy_gbout-a\third;'This-is encouraging, in that most of-
7£he.gain.éanbe'achiéved‘wiﬁh:rela£ively.Shortqueue'lengths.
Looking at the simulation results for eight drives, the gains are
only about lT pe_r‘c,,_enﬁ . So the effect 'd;ef-init-ej‘ly” c;lmlnlshes
Note that these are just the additional gains due to arm :schedul-
ing - the effect of transfer scheduling cannot be 1solat ed imn

these results.

]

Teorey [1971] is also developing a model for such a combina-

tion of rules, specifically the use of a batched-SCAN rule with

H-RPS. Unfortuﬁatexy@:uSEful;resulté;are;not yet availsble.

i
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1In this area, then, it is evident that seek scheduling can
| be effective when used in addition. to la.t ency reduc't:“i:;oni techniques.
- | . Furthermore , it is seen that the effect of seek scheduling 1s
< ~ reduced :(‘bu.ij not eliminated) by conge stion in the transfer stage.
This reduction occurs Well within the range of practical 1nterest
Thls also provides an upper limit on the possible performance of
seek scheduling alone. |

To summarize the present knowledge of scheduled disk perform—

ance, there are results in the following areas:

o g g 3 g AT A PR T B T T T p R s R,

1) some comparison of each of thé rotational teehniques to
FCFS for some numbers of drives,

2) comparison of the major seek strategies for one or & few

3) comparison between rotational scheduling with and with-

out seek strategy for varying numbers of drives.
Areas for which there are no readily useful results are:
1) performance of the rotational «="c..e'cihni§11.lieis in relatlon to
each other for varying numbers of drives,
2) effectiveness of seek strategies (alone) on configura-

tions with many drives. - |

As suggested earlier, another limitation in existing works is

that the results obtained are macroscopic performance measures
which give little insight into just how these rules operate and o

why the results are ' what they are. This thesis Wll:LE be concerned

Wl‘bh all of these problems. Of cour se there is still the br oader

; [T.'_. . ) . S
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problem discussed above: the nature of real demand pattérns:and
how to model them. This must remain beyond the scope of this
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;,jhoped*ﬁhe?Véluesof-these;insighiSacempensatgs.fbr‘the,paroghiality“ 3
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' CHAPTER III

Simulation of a Multiple Disk Facility

3.1 Choice of Method

It is clear from the previous discussion that the results

desired in.this study cannot be readily obtained from existing

!

..analyses. The choice of simulation modeling over purely analytic

methods for the new analyses is based on several considerations.
The essence of these reasons is that this work is dintended to be
exploratony'-'considering~aﬁvariety'of mbdélé in.ways*Which ¢annot
‘be fully known in advance. So the flexibility of the simulation ‘
anrqaeh:is.mpreyimpér%antrthan ﬁhe:trangferability:of.aﬁalytic
sgiutions, 'Variatioﬁs-to be;cdnsi&ered“includé theznature of'the
requesting process and the block size distribution, as well as
the two levels of scheduling. This flexibility also permits “the
'gimulator“tofbé.matched;to theasswmpﬁibns‘Of‘ﬁariOHS'eXisfiﬁg
studies for validation.

Alsé invo1Véd%in the.eXpiOratOry'drientaﬁﬁonfofzthis work.
i;-the‘desire fbr'Statistiéé on the microscopic behavior of the
diSk;system'in-aadition'tb'thé»ugwalfmacroscppic,perfonmande

measures. Simulation permits easy observation of such details

.;és.the;Qpeueingqand service times for'each stage of the disk

”6§§rationgand'the distribution of channel queue length. It is

o
| .
A




% ?An;addiéionalreasonlfor~usinglsimﬁlatioﬁ-is the neéd'fgrva

realistic model. The multiple disk system is 1_1"10.".[31 tractable to
analysis without certain smpllfylng assumptions and approximations
,[.,Mac‘Ewen , 1971al. So simulation (or some such .\’ralida"tioni :te‘ch.s
nique) is still requlr ed to assure the applicability of such an
analysis.. %
3.2 Model

Based on the above arguments, the major design goals for the

simulator are three: ' flexibility, realism, and detall of output.
Variations which must be modeled include device characteristics,

~ B - configuration {number of modules), environment (lga_é_ model), and
scheduling technigue. Statistics must be collected for macro-

: scopic performance measures, such as response time and through— |

| put, as well &as whatever microscopic measures promise to be useful.

. - The simulator is written using GASP for ease of programming

; and flexibility. GASP permits easy handllng of complex schedul?mg

_,  rules and readily adapts to the cyclic character of the disk
system state changes. The simulator is designed to be modular to
facilitate changes to the model, and consists of three major com-

ponents:

1. device operation

PR b

3. request generation.
Device parameters may be varied to consider any aPproprlate hard-

| ware. Control parameters are used to stelect; the »S'chéduli‘_ng ruies .
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which are all built.into the simulator. The two lower levels ééffi

‘the simulator-device operation and scheduling-are designed to
S .~ operate under any requesting process. Thus the model could even -

A

be driven by a real request stream. The block length distribution

is also easily varied.

s

Because of these variations; the simulation must be consider=

)

ed as not one, but a family of models with their r espective assump-
tions. The assumptions describing the loads considered hére are

1., Requesting process -

"f‘ a. Poisson access rate, or

b. Fixed load pe’r module

. | 2. Distribution in space

a. Independent uniform distributions over modules,

cylinders, sectors (for all runs)

|
TS s S

R
«w
L3 :

Record. length

a. Fixed (for all experimental runs), or
b. Uniform (for some validation runs only)

Essentially, the experiments in this thesis are based on two

models, one with a Poisson load and one with a fixed losd. How-

ever, i_sjo,_me;” validation runs are made with other record length

- distributions..

]
2

Tmplementation of the fixed load model involves one complica-

~ s

va...,‘_.,.
P TR P st

tion which should be noted. The obvious approach to maintaining
. - & fixed load is to issue a new request for a module whenever a

A :
0

e e e e s <
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“transfer is c.ompieftejd_ for that ;modu;l‘.e-._ However- the norma,tl sequence:

s,

‘for scheduling on completion of a transfer is to start the next

transfer (on some other drive) before returning control to “the

“requestipglppgceSSg Thﬁs*the.new;pequgét is issued tooiiate for

a seek to be initiated at that time, and the seek is delayed by

"the .’.le’hg.th?' of the new transfer operation. . Since the intent of

v o the model is to maintain & specified number of requests in the
seek queue for each module, scﬁe éérréctibn.is reqpired, Thié’is
easily accomplished by using a load generator which attempts to

keep n + 1 requests in the;Systemszr each drive (where n is the

-+ number deslred in the queue ) . Thus the standard

| satiration load

of one request in the queue for each drive is implemented by

keeping two requests in the system for each drive.
‘With respect to device operation, the simulation model is =
desigred to match the operation of real disksin all significant

details. All mechanical and queueing delays are s.-gimul,é,t'ed R in-

.Tcluding those'er;Seek‘initiation.énd;acceptance of seek-done
interrupts. The time for purely electronic OPeratlons such as
seek initiation and head switching is ignored as negligible. The

safety factor for latency computation is included and is used to

model the reconnect 1ondelay for H-RPS. In addition, each disk

is started at a random rotational position to avoid errors due to

eyt e pbrn s et pme .
PR S S S
e

synchronlzatlon e
The hardware model is defined by the number of sectors, |

nwnber of cylinders, rotatln time, seek time, safety factor,




and of course, the number of drives. The seek time function needs

some explanation. For lack of detailed specifications on the
RP-10, seek time is assuméd to be a linear function of the number
of cylinders traversed. The effect of any error on this study

should be minor. For other devices; this assumption of linearity

| matches the other studies of those devices. $So seek time is

specified by a minimum and maximum value.

The variables def ining each run, then, are the f ollOW1ng

1. device type - hardware parameters

f o 2. block length distribution - constant (or uniform)

| 3. block size | |

A

e L. load type - Poisson or fixed
R 5. load level - access rate or queue length
| - 6. numbér of drives

7. rotational scheduling technique - FCFS, S-RPS, or H-RPS

AT
G

e
R
(©a]

. seek scheduling technique - FCFS or SSTF

B S N e S

The outputs of the simulator are many and varied, | The aver-

age value (as well as-standard deviation, coefficient of variation,

minimum, ‘maximum, and number of observations) is obtained for::

1. total response time
o | 2. time in the positioning phase:

3. ‘time in the transfer phase

¥

o | L. 1latency*¥*

¥ For H-RPS, latency is defined to be the time to position to.the . ..

. record, starting from the initiation of transfer activity (set o

. | | - sector command) or from the completion of the last transfer, I IE
| ' whichever occured last. | - | - | y




. latency* conditioned on number in transfer queue (this

R e S R
°

also gives the distribution of the number in the transfer

queue at the initiation of each transfer)
T. seek distance in cylinders

]
o

The time integrated average (as well as standard deviation, minimum,

e B L T P s e N R S

anﬁumaximnm).iS'obtainédfor:

1. number of requests in the system
2. number waiting to seek
? : 3. number of concurrent seek operations.

i L, fraction of time a transfer is in process

5. fraction of time seeks are not overlapped by transfer
i '* . activity
6. fraction of time seeking, for each drive )

T. fraction of time seek initiation is delayed because of

“aAbusy contrQller,,fbr~eaéhidrivé;m

8. channel/controller utilization
9. drive utilization, for each drive

10. number in the transfer gueue

) ~ 11. number of seek done interrupts pending recognition by
the controller - | f o | | |

12. number in the positioning queue, for each drive - |

L} * ) ) . % ) = i -, - | . i

* For H-RPS, latency is defined'tQ bepthe time -to position to the
record, starting from the initiation of transfer activity (set
‘sector command) or from the completion of the last transfer,
whiChever‘occured_last. o | o { o
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Inadditidn,Afigures.ére‘dbtainedffar:

1. access rate observed

2. throughput

3. :efficiéncy-(in,term§ of data rate)

L, numﬁer of‘réCOnnectiﬁﬁ.attampts'(forH—RPS)
:This‘isAa;eonSideiable?variety~of'statistics, and naturally in-
clﬁdes.someitems‘ofminimalvalue@ ;Buiiittis dbviouslynbettef
‘toieri~0nfthe;side.of‘tOQJmany statistics, especially where in-

‘sight,intoioperational details is a goal. Most of the items

- listed found some appllcatlon in interpretation, validation, and

credibility checking of the various runs, and some-found important
applications which were not fully anticipated at design time.
The operation of simulator is;des;gned to permit a single

ilong.run-to“be:&ivi&eaiinfo.Sh@r%ef,sﬁb~funs for statistical

purposes. ‘The system is modeled as azébnti@ppus;}gggﬁrun,‘Q@QM_H 

~ separate and .i.nde_;pen&e_nt- statistics are collected for each sub-

4

run. This allovs the‘tranSient~staft4uP period to be isolated
and deleted. Such artranéieﬁt period is allowed for all runs &nd
may be assumed to have Dbeen rderlet’ae.d. ='f‘-f;01n’. all results discussed
Aih,thié;wﬁrk, DiVi;ionof_a:rﬁn.into sub=runs also gives a
simple measure of the statistical wvariation in the simulator

operation. . : »; | o

+ For camgﬂeteneé35-thasfelldWinggimplemeﬁﬁation~nctes are

V.inciuded: _design,~¢o&e,.an& teSt%tﬁne/#zaboﬁt oneandione.halfi-

men-months; program size - less than 800 lines of FORTRAN (mot




 #3

including standard GASP routines); and simulation speed - roughly
2000 requests per minute of’CPUatimeﬁ(on,the PDP-lO).

3.3 Validation ..

The validity of the simulator was checked in avvaiietyvof

ways: Most notable is the use;Of’the‘empiticaljdata;qngRP-lQ

throughput provided by Stone and Turner [1971], which indicated

‘& high degree of accuracy.
Initial checking was for a single drive with Poisson input.

-The.firstiStep"was examination of a short event trace for logical

and statistical errors. The variety of statistics collected per-

e HERET M

mitted cross “checking of certain items - whi ¢t could “be derived —— —
;erm_CthinatiénsuQf”the-OthéPSc Verification of resuitS‘for 
special cases whichtcoﬁldbesOIvedﬁwith_Standard.quéueiﬁg‘fofﬁulas
was also performed. By using a very high rotation speed and zero

seek. time, all but the constant transfer time is eliminated. Thus: =

the formule for a single server w1th 3P0‘i.s_é-'onf input and constant
service time is applicable. ,For~an average-szsixiéuch'runs,-the
SimﬁlateduQusuelength:is 3;h3%campéredfw1ﬁh a~theoré§i¢al varue“
,Ofﬁ3;h0;"?Since“the.§tandard'erfor'f@r ﬁhOse‘runs is about 0.3,
variability is the limiting factor. By -eliminating ‘transfer time
‘and including.seek,times?.é.similar'ﬁéét}c&n‘betmade"on-the:seek:
stage. The single server formula f';;r' -g'.eﬁei:-g;l servi c‘:e:. ti’_mes. (mean
and'variance a;efmeasure&) shaws similar‘good;agreementﬁhere.h‘

Further validation for Poisson input on one drive Wwas per-

P

formed by matching the simulation to published results. The




Slmﬂatl on by Teorey and Pinkerton [1971] makes use of an equiva-
lent model with parameters for the IBM 2314. Results for mean

number in the system given access rate [Teorey, 1972], were :

checked, with results as shown in Table 3.1(a). Again, run to run
variation obscures any inherent di sparities . Note that these runs

~ are not at all short, consisting of six sub-runs of five hundred

B e S

TR TR R I S O R T S

‘geconds (some 600-7000 requests) each. Such a series requires

about eighteen minutes of CPU time on the PDP-10. It is suggested
| . that the apparent di;s_ﬁaritie;s near saturation are due to the
closer approach to steady-state conditions achieved with these

1. - ... long runs. Similar comparison was made with computed values

obtained using the analytic results of MacEwen [19Tla: Section
k.2.2]. The simulator was modified to match his assumption of
uniform record length distribution. Results show excellent agre-

ement (see Table 3.1(b)). | |

Simulation of four drives with Poisson input was also checked
-aé;ainS"t" graphical results given by MacEwen [197la: Figure 5.3].
This comparison is shown in Table 3.1(c). Again agr eement is good.

In all of these runs with Poisson input, run to run variation

ig considerable. This arises primarily from the highly variable
request: load, which is eliminated in the case of fixed load models.

- - ~ In that case the veriability is limited to the individual seek and

transfer times. Excellent convergence is obtained with reasonably

MR AN NS Sk e
AR AN e SRR
e T R TR e

SEEe AN

short runs. | '- S
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TABLE 3.1(a)

VALIDATION RESULTS-POTSSON LOAD
For one 231l drive-Teorey [1972]

.

Number in System

| 'Rate/Second Teorey Simulator Standard Error

10 2 1.8k 0.08 (6x500
| | sec 'Oilds-'
g o | 13 8 91 - 1.2 ~ each)

13.5 18 2.} 10.8

| VALIDATION RESULTS-POISSON LOAD -
| | o For one 231k drive-based on MacEwen [1971la]

R % -
i 2, il LAty
A Sy R ST AT AR TR R M R

Response (ms)

. Rate/Second MacEwen Simulator

;1 o 6 163 162 (2x1000 seconds)

| ﬂl TABLE23¢1(C)

% | ' * VALIDATTON RESULTS-POLSSON LOAD
M For four 2314 drives-MacEwen [1971a]

: o " Response (ms)
: | - Rate/Second MacEwen Simulator

o5 230 . 215 . (1000 seconds)
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The fixed load simulation was checked against the empirical

ffigufesobfained.by’Stone:andTﬁrﬁefElQTl]WiEE;grafifying resuiﬁs,
These empirical flg'llr es are obtained from the actual operation of |
up to four RP-10 dlsks under a special load designed to match the
fixe&'load.assumptions~éer é{givenfqueue;lengﬁh, .Asshewﬁ.iﬁ

Table 3.2(a), this simulator matches those f igures to within a

erwip8¥96ntg This indicates that the assumption of linear seek

times is quite adequate. The simulation of SSTF was also checked

<

against these figures with similar success (Table 3.2(Db)).

Sunmearizing these findings in terms of accuracy, it dppears.

@haﬁetheggﬁMQlatorgisjegtpemely_acbu§g§§.er.fixedvload sit&g@iéﬁs,

For cases of Poisson input, variability is the limiting factor =

A
S
Y

extremely long runs are required to obtain high accuracy. It

.....

appears evident from the tests under fixed load that any inherent

inaccuracies in the simulator are relatively minor and would impact

1

only on very long runs. While this variability is a limitation

E o - in‘some possible applications of such a simulator, it is not a
serious problem for the purposes of this work. For comparative

analysis, it is precision rather than accuracy which is required.

Absolute error is not important 1f it is sufflclently systematic

O o o e R g L R T '3

to permit reliable comparisons. By making comparison runs. with

the same random ntmber seed, identical request streams are gen-

erated for each. This ellmlnate s -the largest portion of runm to

. run variation.

This pr1n01ple may be more clear from the followmg viewpoint .o

R s ST N E T
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TABLE 3.2(a)
" VALIDATION RESULTS-FIXED LOAD

For FCFS seeks, one request in the
-system per drive-Stone and Turner
[1971], [Stome, 1972]

)
'

Blocks/Second

Drives otone Simulator
b 55.71 55.28
3 45,18 4L, 49
J. 19.18 - 18.47

(100 seconds each)

" VALIDATION RESULTS-FIXED LOAD.

For SSTF seeks, four.requests.in-the'.
system per drive-Stone and Turner
[1971], [Stone, 1972]

Blocks/Second

&7

Drives Stone Simulator

) 70.13 T1. 4k | 3(i00-seconﬂs)
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results will be accurate for thatpartlcular request strea.m, and

c.ompafi sons of different systems will be valid, again for that
particular load. That this load diff ers stati stically from that

- ‘ specified by the mathematical model is a minor consideration: Dae
of & series of such matched I'uns , each dlverglng in different .

aspe?: ts from the expected load of the model, will assure that the

comparison is not sensitive to these minor differences &nd can be

A O R AT N MRS R Y B e

considered 're_pr-.es;ént:a;tive for that model.

4 AT P S A W T AT

A1l runs with Poisson input were matched in this way and found

- to be completely consistent. Thus the cor

Thus the comparative values may be ..

considered reliable.

A e
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of the results obtained in this study, a brief summary of the

" experimentation is provided. This summary is intended to ‘outline

AT AR A AT S A TR T AT T L 2
A b L g Tl e Bt S i

the specific cases examined and the types of statistics presented.

N

A directory of figures and tables is included for. convenient ref-

*ai,'.'{;_!;:.;.‘:;f!'}!p%":ﬁﬁf{:ﬁ?ﬁ:{

in section 4.2.

4.1 Summary of Rums

i Standard Parameters

All experimental~rdna*weretmaderwithrcansistentvparameters

for the hardware, which correspond to the PDP-10/RP-10 facility.
i o These are as follows:
§i ‘ - 1. Number of cylinders = 200

2. Number of sectors = 10

;Rétation-time:=:2§fm5

Tl e
‘.

=

Seek time range = 20 to 80 ms

A G T Y o Ty et e P A e R e ke e = B So f S

. D Safety:factor'= 1 sector

A
TR

Tn addition, all runs are for a fixed block size equal to one

: sector (2.5 ms) except where stated otherwise. This also cor-

i ~©_ responds to the PDP-10.

It must be emphaSized'thatraiigresults_given’here;applj.

A 4, U B Ty TRl U Ry L

L M IAGNTURM

]

- . ' directly only to the RP-10 disk.  ThgTbehaviorfof;dQViées’with;7 |
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different tlmlngcharacterlstlcs will be different, perhaps quite
so. It is hoped that the following d’iscus’s ion will take due note

of the impact of the RP-10 characteristics, and-some -attempt is

made to draw inferences about other deévices, notably the IBM 3330.

Great care should be taken in generalizing these findings.

Experiments with Poisson Load
Runs using the Poisson input model were made over a range of
access rates to determine the variation of performance with load

for eac¢h of the rotational techniques. The major performance

" measure obtained is mean response time, which is given for con-

" figurations of four, si¥, and eight drives. The

ase of eight

"D

drives is singled out as most interesting for intensive study and

a variety of factérs are examined.

The results of these experiments are presented in both graph-

jcal and tabular form as listed below. All values are averages

over five runs of one hundred seconds each, which are preceded

by & (single) start up period of fifty seconds. Note that all

results are given in terms of a nominal value for the access rate.

The rate actually observed differs sli'gh%y from this value and

is given in Table 4.2 (a,b,c).

Figure/Table L.2(a) Mean Response Time - 8 Drives -

4.2(b) Mean Response Time — 6 Drives.

L.2(c) Mean Response Time - b Drives.

4.2(d) Mean Response Time =

i N .
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Figure/Table L.3 Coefficient of Variation of Response Time

. 4.4 Chamel Utilization
4.5 Mean Number in System
4.6 M‘e‘é;n T:Lme in Transfer Stage
4.7 Mean Latency
4.8 Mean Numb er “in Transfer Queue
L.9 ZReéonnectionwFaiiﬁré Ratea

.10 Drive Utilization -

4,11 Mean Number of Concurrent Seeks

Experiments with Fixed Load

. . The fixed load model is used for a variety of runs which

include the effect of seek scheduling, variations in block size,
and variations in the safety féctor,-aS*well.as'cqmparison of
the three transfer rules. Choice of the saturation load model

for these exploratory runs is for reasons of convenience. The

rapid convergence is of course a prime factor. In addition, the

R R T B R R et S 2 Ll o s

?single values;forwpeak:thréughpuﬁ;are:mpre;easily compared than - - %

5
4
R
i

curves of response time as a funetion of access rate. The. addi-

tional information coﬁﬁained,in.such curves is not important to
| the present goals. Considering the regularity of the results

. : | which are obtained in the previous section, it seems reasonable

to assume that the effect of varying loads is similar for the

] | . cases considered here.
The results of these runs are presented as listed below.

o ©' .. The run length in all cases was one hundred seconds with a one




' half second start up period. All figures are pesk throughput

B H

in blocks per s e;.c‘O‘Iid,» except for the case of scheduled seeks. In

that case the model does not correspond to an absolute maximum
since larger queue lengths will give some improvement. Results

~ given are for a constant queue of eight requests on each drive.

This is a very high load and may reasonably be compared with the
other values: A true peak value would require veI‘.V long queues
Flgure/ Table L l Peak Capacity for Scheduled :Trsans‘fer'ss
k.12 Effect of SSTF Scheduling
§.13 Effect of Block Size
.1k Effect of 'S_af‘efy Factor

L.2 Effect of Rotational Scheduling

Macroscopic Performance Measures

It is clear that for heavy loads on many drives; rotational

scheduling techniques are quite effective. The two scheduling

rules are very close by most measures of performance, with H-RPS

showing some advantage in most cases. As expected, the effect of

SChedullng disappears as load is rediced and with smaller con-—

. figurations. The effect of H-RPS on channel utilization is sig-

|

nificant in all cases and could be a major consideration.

The figures for maximum throughput obtained from the peak

load model (Figure 4.1) give the clearest overall compari s,z)ns_ .

~ For eight drives, scheduling '-inc'r'e_ﬂ_.aiséhs;t:peak‘ capacity by nearly

45 percent. In this case H-RPS gives about two percent better

e
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TABLE 4.1

PEAK CAPACITY FOR SCHEDULED TRANSFERS

- | - Blocks/Second |
Drives H-RPS S—RPS FCFS

8 06.41 oL .67 67.1k

- e 6 81.25  T79.6T  65.83
’ | ) | L .60-86 '62.05 » 59@22
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% ~ performance than S-RPS. ’WithxéiX=driVes, the gains are reduced
§ | ﬁg-aboutKEO“to'25"percent, ;EVQHMSQ;'nOte-thét Six<drivééﬁwﬁich‘
; ‘are scheduled offer significantly-morecapacity'thanxeiéht.drives
? rwhich operateconventionallya Going down to four drives the
E gains are only about 5 percent or less and for two‘driveS‘ﬁhere=
g is no gain at all. This is clearly a‘result»offthe:decréasipg
| :qﬁeue'leng£ﬁs.
LOOkﬁngfmare>cleséiy3:a number of interesting observations
¢an be made. Most striking is the fact that the advantage of
H-RPS for six andﬁeightzifives is reversed for two and four.
é‘ .+ Furthermore, for two drives, H-RPS is even wor -th“nﬁnggséhﬁdu - N

ing at all.(FCFS). iThis.effthEcan,befattributed~to~th61différence
inoperatiOn'wiﬁh,feSPecttolthe.safetyfactor. ﬁHeRPS—canknéver
handle;agrEQuést.ﬁﬁich.arrives'ﬁiﬁha'laténcy‘ﬂmaller'thanfthe
-t safeiyfactar; Such a request-mustvwait'at:léastsoné‘révoluticn.,
%% . | With,seRPS,;suchza.requesﬁ-will,be_handled.if‘there,areAno‘qlter-
| natives in the queue. When.queue;sizes-aie small, this puts H-RPS
atza*aiéadvantage tcztheféxtenﬁithat_far some”reﬁnesisitwill do
‘WorSé-thannFCFSx"ASEQM?UG SizgsJinereasé,<thisisﬁﬁalance&.ouﬁ
by other gains. It must be emphasized th;t this:effect_disappeafs

as the safety factor is reduced. For & device like the IBM 3330

\ which has a safety factor of’onLy'two,seetorsrout:of“IESr(ra;hér-
than one out of ten) this efféthShoﬁld noﬁ‘be significant."
Another'observationAoan@te:conéerns the extent to which

. | . o S )
the transfer operation is a bottleneck in the cases -examined.
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Tt can be seen that for FCFS, there is a clear case of diminishing

‘returns as drives are added. This is due to the fact that transfer

throughput is limited to 66 2/3 blocks per second regardless of

..........

the number of drives (average service time is 125 ms '+ 25 ms
in all cases): For the RP-10, this is a clear limitation for
% . configurations of more than four drives. With eight drives, heavy

loads campletely saturate the controller. With the introduction

of scheduling, this congestion .can be used to advantage. It is
here that scheduling is most effective.

3ThéﬂresultSJfor'PoisSOn.input.permitamore=cqmplete=invesﬁiga:.

‘y TR T IR e

. - -tion-of these- effects+ - The response-time
fwhet-might?be;exPected,ibaeed dhthe.peék load figurés. With
eight*drivee.CFigureeheé(a)), the effect of.scheduling;is quite
significant. Response times w1th scheduling remain reasonable
lorg after ECFS has reached saturation. Cons1der1ng the range

.in'Whiéh FCFS is still operable, scheduling gives noticeable

improvements in response time for the upper third of that range.

¥ L R T S ey

The difference between H-RPS and'S&RPSZis'Vefy“slightrexcept.for
the heaviest loads. Curves for six drives (Figure 4.2(b)) are
similar, but the differences are less promounced. For four

drives (Figure 4.2(c)), the differences are minor. This varia-

tion with the mumber of drives is seen more clearly in Figure

» '  The saturation of the transfer stage is clearly visible in

the FCFS curve for eight drives.. At low access rates the addl-




RS

o ¥z

LU R a DL A 2 A TR T PR BN S et

e e s oS e 00

A D RO AT A T oS R SR Ay e R S i Tt ke D D N H

£ . - .

{
i
!
|
i
i
i
i
i
H

i
!

=
H
:
O<
=
(/\)
L
S
=

TN Fena
RSl E i,

rvreata

TSRS




i
{
it
it

. s DA Y BT e © Sttt

- Sttt s A

v

RESPONSE 1N MILLISECONDS

St S s g

FIGURE 4.2 (8)
MEAN RESPONSE TIME - 6 DRIVES

{

.

!
- 1
i
,
. i
,
;
K
o

D7




g e L actad

P TR Y

S TR T YR L R A AR b P e £ PR T e a2

i

R bt sy 26T SN,

|
.
|

RESPONSE. 1N MILLISECONDS

‘ e ' FIGURE 4.2 (c) S
" MEAN RESPONSE TIME - 4 DRIVES

i
i

3% T © ACCESS RATE In BLOCKS/SECOND e

1
| -
{ | .
i .
! I
- | , .
. : * i B
) i
i <
- - - * P «
w
- 5 |
- ' i
i ! :
i s B
|
i .
i « i
{
]

TR AT SR W TS 53 S RTRATITE - L S L AT s LA 3 e S




RESPONSE 1N MILLISECONDS

400

8

-

. I . pre 2 A
e B S T e A R R e GRS R S LS S TR R P

,  FIGURE 4.2 (p)
MEAN RESPONSE TIME - COMBINED RESULTS

!
i
|
i
|
|
|
|
|
i
i
I
!

0
ACCESS RATE. 1 BLOCKS/SECOND




TBIE h.2(a)

MEAN RESPONSE TIME-8 DRIVES o

Access Rate Response (ms)
Requests/Second H-RPS S-RPS FCFS
'—-—~‘-—¥- e e 95(9), 35 1012.2 -
| S (89.30) hoh.2  535.%
80(79.52) 198.6  212.2

'106;H2?

(
(
65( ) |
| 60(59.73) - 106, 82 111 .62 172.06
( ) | __




R R e o K R A A S T

g v
T L TS ST G P VAR DR

O R L R S LT

MEAN RESPONSE TIME-6 DRIVES

Response (ms)

S—-RPS
L65.6
1hk.1

81.9

. _:62 L
TABLE 4.2(b)
Access Rate
Requgsts/Second H-RPS
75(75.28) 402.2
60(60.14) 142.5
35(34.99) 80.9

MEAN RESPONSE TIME-4 DRIVES

Access Rate

Requests/Second

Response (ms)

FCEF'S

219.6

H-RPS

55(54.70)
b5 ( Lk, 7L )
30(30.07)

338.4
140.6

S-RPS
291. L
13k.9

87.8

FCFS
401.6
1.1
- 88.6 .




SR I S

AT R

R BN SN SR L ERR

e,

i
2
5

R R T

4
)
N
3
i
&

i

g

variation occurs in the region of heav;

tional arms have a clear effect on performance, but as loads near

the limit, this is washed out by thé ceiling on transfer through-

‘put. In other cases, a more balanced approach to saturation is

apparent.

One word of 'Qa.uti.or‘fg should be: 1nterJected here. Since 1t is
the length of the transfer queue which ‘determines the schedullng
effect, it is the numbeér of drives in active use Whl ch must be
considered. If the .current system load makes use of only four
out of eight drives, for example , _p:erf_ormance-- will eorr é:s'p.ond.
to that for a fcurﬁdrive:éystem.-'Eor conventional -‘batch systems,

ial effect of transfer sched- -

It is interesting to note that these gains in mean response

time are mnot obtained-at the cost of inecreased variation in re-

sponse time. This is often a ‘problem with SOT type rules (in-

cluding the seek scheduling techniques). Figure 4.3 indicates

that the coefficient of variation is never- increased by sched-

‘uling ( for the cases examined). In fact, a clear reduction in

y loading, especially for

S-RPS. This is rather surprising, but the following :expl‘anati.otn.
is su,gges;tféd. It is tqhes nsture of disk scheduling »teéhni ques
that they are most effective when they are most needed. Thus
é»cheduli'ng. tends t;o‘ level out the effect of transient over'loads :

Sir'ifn‘é‘e.. the transfer queue is .l-imit-e'd._,- no request-is ..I;e;g;lj.ected for

very long. The net result , then, is that the smoothing effect
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COEFFICIENT OF VARTATION OF RESPONSE TIME

Rafe/SecOﬁd H-RPS S-RPS FCFS
95 . 848 |
90 0 .8k6 .8L6
80 - .813 790
65 | .900
60 645 .58k .z6o<u,
50 | | - 579
%0 g8 BT o2

TABLE L.k

CHANNEL UTLLIZATION

Rate/Second H-RPS S-RPS FCFS
95 2 |
90 w b .995
80 398 962
65 I -972
60 .299 .81k .896
50 | o UThE
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more than compensates for the sequence inversions due to sched-

‘uling and a reduction in variation is observed.

-

S-RPS is :seen to yield lower variation than H-RPS at all

loads tested. It is not clear just what is the cause for ‘this s

“but two factors are suggested: the safety factor and the delayed

scheduling of H-RPS . Both factors cause Sequence inversions which
would ot occur under S-RPS. Another useful measure of variation’
1S the maxnnum ;I'fe'SPOns.e time. Sub-run statistics for this maximum
(which are not presented here ) are in Iacco‘r-d‘ with the. above results.

So scheduling of transfers turns out to be attractive in terms of

stability as well as efficiency.

It is in channel utilization that the two scheduling rules

~differ most, and this is clearly seen in Figure L.k . Channel

utilization is llnear for both FCFS and H-RPS. This is predict-
able, since the average channel time per request is fixed in both
cases. For FCFS, mean latency is independent of load; and with
H-RPS , channel time 1s ‘Simply the S’aféty factor time p_lﬁs the

actual transfer time. So H-RPS gives a channel utilization equal

to one third of that for FCFS - this is just the ratio of the two
‘per request channel times. = For S-RPS, channel utilization is

reduced only to the extent that latency is reduced. Under llght )

loading, this reduction is negligible. Even under heavy loads,

{

S-RPS requires more ithan twice as much channel time as H-RPS.
This alone can be a very good reason for applying the latter

t echnlque Remember, however, that this éxcess channel capacity

S 3
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cén be used effectively only for other similar devices [McAulay,

1970]. Sharing the channel with conventional devices results in

serious degradation due to interference.
One other macroscopic¢ measurement presented is the mean

-numbep7bf‘requests,ih thefsystem.(Figuré:h.sj; These results are

similar in form to those for response time. They give a different

viewpoint on the effect @f;I/O~de1&ys;by*shéwiné:the'averagé
.numﬁer-of'requests.outStanding at 'a given instant.
The results presented above are macroscopic in that they

reflect theﬁoperation=of-theftotal system as a black box. As

practical measures, theyrare»of'prime;interest; but for education~

S A B M T I T2, 2 pntt i ore e

AT

al purposes, they are too gross to really show what is happening.
While & great deal can be inferred from this information, the
reasoning must be indirect.

Internal Operation

To supplement the-abavetresﬁlts, a variety of detailed sta-
tistics on the intérnal-operaticnféf’the'systeﬁLarezexaminéd.=

These details are quite helpful in‘eiuaidaﬁingwthebehavior of

‘the three approaches to transfer sequencing. Close examination

of these figures reveals that the macroscopic effects of sched-
?uliﬁ€>arefbasedaon;aAraﬁher_&elicate balancefo'OPPOSing;forces.

?Bécause~qf‘thisAsubtletyﬁit-is difficult to predict or even

Laxplainamaéréscqpicqgerfonmance.relationshiPSrWithputvknOW1edge

vaf'sudh.détails; e T D - -

- For example, the observant reader may have nxmiceﬁiﬁhé£ the*

ey
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'Comparisén of S—RPS and H-RPS appears to be :-inconsist-eni‘} . It is
‘showfi that _fd_x; four drives or less, H;RPS perfoﬁns worse ‘t'h,a;n,
S-RPS, and this is attribut-ed to the shof‘t' qﬁeue' lengths . But
the response time flgures for eight drives show that H-RPS is
consistently best in the range tested, even when Juetes are short.
The reason for this is,ndt-at a11~dbvious~unﬁi1:more-detailed
information is considered.

- Looking at the curves for average tﬁmeginthe«tranSfer=stagen
(Figure ﬁié), it is seen that H-RPS actually does dQ'Wbrse-tﬁan‘:

S-RPS under light loads. Since total response time for H-RPS

__is betber for the same cases, improvements in the arm positioning

stage must more than compensate for poor transfer performance.

This~iS;con%inmed‘by'statistics forﬁﬁimeaspent=inithe seek stage
ﬁnoﬁ,givenyherEuin-dire¢t~form). .BaSed:On.this‘knqwledge,the
:effeetcan-beiattribuﬁedto~theabilitonﬁ'H—RPS to start seeks
earlier than the other rules. Note that this compensating effect
disappears~aﬁnvery light loads (since the1¢hannel is ranei&hbuSy),y
so that1thereH-RPS should;give Worse‘total.xespnhse times. This

is not of practical importance and was not tested.

Considering the tranéfer-ﬁimstfigﬁreS'more geﬁerélly;“1£jis
seen.thatftheitwo.Schedulingﬁruleé_give‘similarresults, both
better than FCFS at moderate and»high.loads} H-RPS, which is
best at high loads, crosses the curve for S-RPS, and then for -
FCFS,:astheulgad4decfeases,. .

The reduction in transfer time is, of course, an indirect

e e i e e s
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Rate/Second

95
90
80
60
50

TABIE 4.6

«;gj}TIMEjIN T3ANSFER'STAGE/

Milliseconds

H-RPS =~ S-RPS
41.2
38.3 41.5
- 3k0 35}5

o AV

Rate/Second

95
90
80
60
Lo

FCFS

| MEAN TATENCY
" Milliseconds
H-RPS S-RPS
T.58
8.0k 8.64
.96 9.59
10.75 11.12
12.53  11.97
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" effect of the reduction in latency which is the basic measure of

ToTERes

At Lo e Ty S A LA b

the scheduling effect. 8o it ié;notisurprising that the curves L
for latency (Figure L4.7) gi&e a. clearer and mére basic view of

this same effect. The differences in thefoperation of the ‘three

rules are quite graphically displayed by this statistic. As

R A P I e o e e

noted previously, the latency measured for H-RPS is defined to

- give comparisons which are consistent with the conventional usage

ey I O R G R LAY

as applied to the other rules. ;onewsurprising'result,fdr-that
case is the striking linearity of latency with the sdccess rate

g . (for moderate to high rates). This phénomenon remains unexplained,

% ., but it suggests some basic relationship which could be quite use-
:ful.if it can be confirmed aﬁd;idehtified. In'anivcase, the in-
crease in efféctiveness under heavy loading is evident for both
mgthodé»

These reductions inglaténcy“arepdiregtlyf;elated to ‘the

_1engthfof*thé%%raaneriqueue, Specifically, it is the'size of the

R
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queue amvﬁheftimeza.request,isfbelected”Whichwis;?hefdetermining‘

~facﬁér~.?Mean~1€ng£hfisggiven-in!Figure.h?Bmﬂar“b@thﬁseBPSsand

FCFS. Cdearablé'rESultSfforuﬂéBPS?were;notwdbtained5 but com—

g =pariéon of.timeintegratedeéanqueueslengthS'(not'givenhere) §
% findicaiegzthey ShOUld”be~similarftd the values for S-RPS. It §
é~ isfinﬁeresting“t0~obserye:that tﬁbgmean_queueulength.exceegs %
é thrgé’onlynearfsatﬁratianaise thatsﬁhedUIing*Qperateéﬂpredam-' %
% | o o | inantly’on_Short.queue§‘~” -f i
. One statistic which is of interest with respect to the opera-
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tion of H-RPS is the fraction. of recomnection attempts Wthh fail
(Flgure L. 9*;)5'._,- This is Aequival:eﬁit; to the méa.ﬁ- ;_probability‘ of re-
connectlon .faii,]_.ﬁr.e?;aﬁd, 1ig- a,"'m-éasure, of the extent of \:in't érferenc e;'
due to the other drlves . One might expect this failure rate to

be equal to (n-1)/n times the channel utilizetion, where n is the
number of drives. This appears reasonsble since the drive await-
ing reconnection 1 s no longer contributing requests (the case of
two drives is easily visualized). The simulation results 1ndlcate
that thls is true at low accéss rat er's;',_ but as the load increases,

the failure rate approaches the full value of the channel utiliza-

,‘:\ T

4ion. —The complication arises from the increasing arr

rival rate

of on-cylinder requests, which take up the slack left by the wait-

1ng drive. Estimation of this statistic is central to the ap-

proach used by Teorey [.31-9-7_1,_] to :obtai_n’ analy'tlc solutions for _.

H-RPS (see page 96).
Shifting. attention to the seek operation, some statistics

are obtained to elarify thls aspect of the total system .. The

averages for drive utilization (Figure 4.10) indicate the extent

to which seeks are a bottleneck. ‘It is clear that seeking is

riot a major problem with FCFS, since the drive utilization is

only .80 near s aturation, while the chamnel utilizati on is .97.
The introdiction of scheduling permits increased use of the arms

and a balance is achieved where the system becomes saturated

only when both stages are saturated. At lower access rates, it

 is seen that the drives are not heavily used.
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. TABLE k.10

DRIVE UTTLIZATION

. | ,. | Rate/Second H-RPS S-RPS  FCFS
95 955 |
90 - .872 .908
80 733 .TW8

65 ﬁ t'
60 . .503 5
| %0 . J31h .306

i

NS by

| .  Rate/Second All Rules
~ 95 3.8
90 3.6
80 3.2
i 65 2.6
- | 60 2.4
; - 4o 1.6
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! z

| msrvin
:




I
\
r
\
i
i

A related statistic which is of some interest is the 'aV'erfage.::

leng't.h of the seek queue for each drive. This is the Varl able -

(ramT iy

which relates most directly to the possible effects .of seek sched-

.

uling. It is found, however, that with uniform load distributions,

this mean exceeds one only when loads are very heavy:. Results for

this statistic are not presented here, but the 1nter ested reader
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can easily estimate these values from results which are given.
The mean number in the queue is just the mean number waiting in

the system divided 'by" the number of drives. .The number waiting

is just the number in the system minus the number in procéss, and

this latter is just the drive utilization times the number of _

e e e i ¢ 4 e - g 3

N

! N R L A G R R T A
v e S T A A Y DT T AR R S SRR S R

drives. Looking at the curves for mean number in the system, it
- is evident that queues are generally quite short.
Statistics on the average number of concurrent seek opera-

tions (Figure L.11) are given to round cut this view of disk

operation. = These figures are independent of the transfer sequence

and are actually trivial to compute, being just the average seek

K
§
]
»

time multipliéd by the access rate. So the number of concurrent

seeks increases linearly with the access rate. It is worth noting

that for eight drives, this average never exceeds four. I
Considered as a whole, these figures give a fairly compre-
hensive 1ook at the behavior of a particular disk system with

respect to latency reduction techniques. Thé following sections

S R D N R O L s A e e S T

will consider what happens when these techniques are combined

i

with seek scheduling, and then: explore the effectsof block size
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dand variations of the safety f"a;ct*or

4.3 Effect of Seek Scheduling
‘The effect of combining a seek strategy with each Of the

rotational alternatives is shown in Figure .12, As mentioned

above, these figures are not triue peak values, but it is reason—

L R R VTR i S s

able to use them as such. SSTF is used because it is the best

seek rule in terms of throughput — thisg gives a ceiling on the

o 8a1ns obtainable with the other rules (which may be more practical).
Tt is found that for small configurations, SSTF gives good L.
é | results, but for '?la;rgjerjj facilities, the gains are QUE’S@iOfléb’l’éi-~r .
“The most striking Sbaervation is that for eight drives, SSTR has '
no eff ect at all on f‘.eak' 'c‘..apa;;c:i?ty when transfers are FCFS. This §

could ea'si-"lffy- have been predicted s smce it .‘Wais‘- shown that the chan-

. | nel 1s already saturé;’;ed in that case. Galnswhlch are llmlted to f

the seek operation have no effect on total performance. This does

not mear that limited gains in response time cannot be obtained

for heavy loads within these limits of capacity. In order to

check this possibility, a special run was .made[,;fdf SSTF with &

Poisson load of 60 requests/second. The effect on response time

1S gquite small - 163.1 .I.ﬂS’ compared with 172.1 ms for FCFS - and

in oOne :—of_‘f the sub-runs SSTF a'ct‘ually: did slightly worse than --~

 FCFS. This poor showing is not surprising, since gueue lengths

rarely exceed one for such aw.léa_d ';ﬁ;ld as & Tesult » the reduction

in seek time is found. to be less. than ten percent .
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~ FIGURE 4,12
EFFECT OF SSTF SCHEDULING
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EFFECT OF SSTF SCHEDULING

Blocks/Second
Drives H-RPS S-RPS FCFS

jf | 8 107.43 104 .50 66.7h4
§ ) 75.21 L3 66.0T
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