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Abstract 

A ~er of adaptive processor scheduling algorithms (i.e, those that 
will adjust to varying workload conditions so as to maximize performance) for 
interactive computing systems are examined and new ones proposed. The performance 
indices chosen are the mean response time and the mean of those response times 
less than the x percentile for some x. The robustness of the algorithms are 
studied and a brief discussion on the overheads involved is included. 

Simulation is used throughout the study and because of this, the simulator 
and the workload used are described in some detail. The target machine is a 
somewhat simplied version of the UBC system which operates an IBM 370/168 
running under MTS (Michigan Terminal System). The UBC system is principally used 
interactively. 

This work was supported by the National Research Council of Canada through 
operating grant A3554. 
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INTI? 0 DUCT ION 

R~cently, scrne work has b8en donA in the area of 

dynamically adaptive scheduling in operatinq systems (i.e., 

policies that will adiust to varying workload 1 conditions so as 

to maximize performance) [11,[21,r-·q,r41. 

deal with hatch-oriented systems only. 

However, most studies 

The University of 

British Columbia opera~es an IBM ]70/16~ running under MTS 

{Michiqan Terminal System) which is principally 11sed 

interactivelv. It has been known for some time that the system 

is Input/Output bound. The main qoal of this work is to 

determine ~o what extent adaptive control, particularly as 

related to processor schedulinq, can improve performance in a 

svstem similar to n. R.C. 1 s. simulation is used throuqhout. the 

study and because of this, the simulator and the workload are 

descrihed in som~ dH~~il. The tarqet m~chinc is a somewhat 

simplified version of the U.B.C. System. 

since the performance of a computer system depends not only 

on the system but also on the workload that drives it, pa rt of 

the research is in the development of a suitable workload moael. 

The tasic requirements of the model are: 1 ) it should bP. 

realistic (ie. closely represent the actual workload not only in 

{1) Workload is defined as the collection of pr:oqr:1ms, data 
and commands users input into the syst~m to satisfy their 
information processing nEeds. 
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total system resource demand but also in the 2£1~£ of thesp 

demands), 2) it should be convenient to use (ie., the real 

workload can he eAsily expressed in terms of the model and the 

mo a e 1 is read i 1 y modi f Lib 1 e) , 3) it should be compact anrl 

concise (i~., the execution of the workload does not require 

excessive CPTT time). The real workload itself is not a suitable 

model because it is not concise, nor is it easily modified for 

expP.rimentation. The 

where the workload is 

traditional 

expressed in 

resource demand model f51, 

terms of qross resource 

demands often drawn from distribution curves, is not acceptable 

because it is not realistic. In an intGractive multiproqramminq 

environment, where many processes are competinq for limited 

r~sources, the order in which the demands arrive siqnificantlv 

influences the performance of the system and most rescucce 

demand models do not model this well. The problem is in the 

assumption of the independence of the statistical distributions 

What is ne2ded aro joint distributions relating the 

different variahlAs, but these arc not practically constructable 

because of the complexities of intgractions amongst these 

variables. 

Our workload is Axpressed in a lanquaqe in between a hiqh 

level language and tho conventiondl resource demand rnodPl and is 

based primarily on r 61- r+ allows the specification of CPD anr'l 

I/0 device usag~ throuqh assembl~r style commands. Each T/0 

comman~ specifies a device class, type of operation, information 

blocks to be transferred ana ~he associated CPU usaqe. Other 



instructions allow r-e peti ti V·3 constructs, user terrnindl 

interaction and strict CPU usaqe to be specified. A qi ve n r:ea 1 

workload can be translated into this workload specification in a 

straiqhtforward manner (see f6l). The model preserves as much 

information as possible about th~ complex interrelations bet~een 

various demand parameters, while allowinq the workload to he 

expressed in a more concise form than the real workload itself. 

To reduce the overhead associated with the use of a paqe 

reference strinq to determine page faults, page fault bRhaviour 

is simulated by a oistribntion which the user can specify (see 

helow). 

To construct the workload, the MTS users at u.e.c. were 

monitoced and classified into 6 categories according to their 

resource demand characteristics: 

{1) system programmers (fairly heavy CPU and T/0 users) 

{2) application programmers with h~avy CPU demands 

{3) beqinninq stu<'lents ("'jobs are small and usually 

little or no file activitj is involved) 

(4} users whose main activity is creatinq and editing 

files 

(5) the typical moderate users who will edit a file, 

compile it, and executp it. 

(6) users characterized by large think times ana 

CPO and T/0 demands 

small 



A n11mher of iobs for Rach class of user are constructAd 

based on their monitored request patterns. The aqqreqate of 

these johs forms the 

experiments. 

Ill] SIMULATOR 

workload for subsequent 

The simulator [7] is written in GPSSV interfacinq with the 

user through a high levAl proqramminq lanquaqe. rt consists of 

three main modules: 

{1) the system specifier, which accepts a description of 

the hardware configuration and characteristics of 

the svstgm in English-style statements. Thus, one 

can specify the amount of main memory, the number of 

processors, the number and hardware characteristics 

of each type of disk and drum, the number of device 

controllers and channels and their interconnections, 

the chosen algorithms under test, etc •• 

(2) the workload d0finition assembler, which accepts a 

description of the workload as outlined in the 

previous section, 

(3) The main simulator, which simulates the execution of 

the workload on the hardware sp0cified and produces 

various statistics 

indices. 

aLout selected performance 
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'T'he major globa 1 perfoC"mance ind8X chosen is the 

distribution of respons~ times 2 as this is the factor which is 

of prime importance to the interactive user. Other statistics 

include the utilization factors of the various system resources 

such as processor{s), channel(s), device controller(s), I/0 

device(s) ancl main memory as well as queue statistics of the 

tasks awaiting these resources. Because our system is known to 

be I/0 bound, the entire I/0 system is simulated in detail. The 

locations of files on disk as well as the positions of the 

read/write heads are maintained so that se~k and latency times 

can bg accurately determined. The sequence of requests for 

channels, controllers and devices are properly simulated and 

conflicts are resolved in the manner described in f81. 

maior simplifications are made: 

(1) the privileged taskJ is not simulated 

ThreP. 

(2) the only I/0 devices simulated are disks, drums, and 

terminals 

(1) page faults ar,'.? qenerated from a user specified 

<listribution rather than by paqe reference strinq 

simulation because of the · costs involved. 

{2) Response time is defined as the interval between the 
completion of a command input to the computer system and 
the outpnt of the first meaninqful response as a 
cons~guence of that command. 

(3) In MTS if the n11 m ber. of paqes requ est2 d by a task exceeds 
a certain limit, and if the number of privileqed tasks has 
not exceeded a maximum, then the task becomes privileqed 
an<l can have unlimited paqes in ma.in memory. rt also qcts 
a much larger time quantum based on the number of 
privileged tasks in the system at the time. 
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A cons8quence of th~ last point is that the paqe fault behaviour 

of all processes is statistically identical and is independent 

of oth8r system resource demands. This can have an adverse 

effect on the validity of simulated results in certain areas of 

study (see Conclusion). Further work is beinq done on the 

e~ficient and accurate simulation of paging. 

For further detdils on the structure of the simulatar see 

[ 7]. 

VALIDATION OF THE SIMULATOR 

~his is an extremely difficult problem. We have not been 

able to prove that the simulator functions correctly under all 

conditions, but ve feel that it models actual events reasonably 

closely. 

Each section of the simulator has been individually tested 

with input workloads whose characteristics produce predictable 

results so that simulated results can be compared with predicted 

performance. The results of 4ueueinq theory were compared 

against simulated results of some queueinq systems in the model 

and this led to the discovery of several errors. After the 

initial debugginq stage, a workload was constructed consistinq 

of 45 jobs (equivalent to a medium workload on the D.E.c. 

system) using the m9thod outlined earlier. This workload was 

then used to drive a simulated U.B.C. MTS svstem. The 
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simulated results were then compared to the known system 

behaviour under similar workload conditions. The differences in 

performance characteristics wer~ acceptibly low {averaqe less 

than 15%). The known syst~m char.acteristics include various 

resource utilization factors, mean queue lengths for resources, 

and the rates of disk and drum usage; however. the response time 

distribution is not kept by the computing centre and is not 

available for comparison. We feel though that the simulated 

reponse time distribution is quite reasonable. 

~his process was then repeated with a workload composed of 

63 icbs {representing a heavy workload) and the results obtained 

were equally encouraging. Then experiments were performed ~ith 

different scheduling policies usinq the heavv workload since it 

is under this condition that performance is particularly 

important. 

TH] INTRRACTIVR ENVIRONMENT 

We observe that in an interactive envir~nment, since a 1ob~ 

is troken into a sequence of s•all tasks (requests) , the 

requests fcom compute and I/0 bound iobs at any instant may be 

very similar in characteristics. Furthermore, these 

characteristics may change abruptly from request to request even 

for the same iob. Paqe faults often reduce a sinqle larqe CPU 

( 4) a job in an interactive environment is defined in 
paper as the set of interactions from a terminal 
sign-on till sign-off. 

this 
from 
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request into several smaller ones interleaved with paqinq drum 

I/0. It is therefore much more difficult to predict the 

characteristics of individual requests whereas it is relatively 

easy to predict the behaviour of entire iobs in batch-oriented 

syste.ms. Since almost all adaptive alqorithms are based on the 

assumption that the request pattern of the immediate future is 

similar to that of the recent past, the performance improvement 

attained by chanqing the software alone (e.q., usinq a different 

resource management alqorithm) as opposPd to that qained hy 

hardware changes (e.q., the addition of more memory) is 

relatively small (up to about 15%). The exception to this is 

when one uses an extrRmely inefficient alqorithm such as round 

robin with an infinite time quantum as the basis for comparison. 

Table 5 exemplifies this. In an interactive system, minimizinq 

the !~An response time should not be the only ccncern. As thP. 

maiority of requests are small and users with larqe requP.sts are 

more willinq to wait, there should be some guarantee that short 

~equests will be satisfied within a reasonably short time (0.5 

sec., for e~ample). Hence an important index should be the mean 

of those response times less than the X percentile for some Y. 

The average of th~ response times less than the fiftieth 

percentile f denoted by RF.S {50%) l is 

performance index in this paper. A qood 

chos?.n as another qloLal 

alqorithm should not 

reduce the mean response time at the expense of FBS(50%). 
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MTS uses basically a round robin (RR) scheduling alqorithm 

[91 with a fixed quantum (set to 10 ms. at U.B.C.). Tasks 

blocked for I/0 (including paqe faults) will reioin the head of 

the ready queue so as to favour I/0 bound interactive iobs and 

ensure that tasks requiring less than one time quantum will pass 

through the queue only once. 

It seems logical that when the number of tasks in the RP 

queue is small, a larger quantum should be assiqned. This would 

reduce the number of process switches and improve throuqhput, 

yet maintain the reponse time of small tasks at an acceptablP 

level. On the other hand, if the number of ready tasks is 

large, the quantum should be reduced to keep the response time 

of short tasks low. Of course upper and lower limits on the 

quantum must be established. Some work has beP.n done in this 

arP.a for batch-orien+.ca systems [21 and a considerable 

improvement in throuqhput un~er certain conditions is reported. 

The most obvious implementation of this concept in an RR 

scF<lulinq algorithm is to recompute the quantum after every 

interval T according to the expression: 

ma xf Qmin, Qm a x/L l ( A) 

where L = number of tasks in the ready ~ueue 



Qmin - a constant= time quantum lower bound 

Omax = a constant= tim~ quantum upper bound 
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This method is unable to ad4ust to the instantaneous workload 

change. For example, if at time T1 there are only 3 tasks in 

the ready queue, the time quantum will be set to Omax/3. If 20 

short tasks then ioin the ready queue immediately, each will 

still receive a qtiantu111 of Qrnax/3 instead of t.he more 

appropriate Qmax/23 or Qmin (whichever is larger) until T runs 

out. Even so, all tasks execut~d before T runs out will qet an 

inappropriately larqe quantum even thouqh thA queue lenqth has 

increased at the time the tasks are scheduled. The scheme 

described below will overcome this deficiency and is easier to 

implement because in the previous scheme the expiration of T 

need not coincide with the termination of a task. 

The basic RB scheduling algorithm is modified so that whPn 

a task is to b9 removed from the ready queue and assiqned the 

processor, it is given a time quantum accordinq to expr~ssion 

(A) wherP L, Qmin and Qmax are as before. Thus the time quantum 

is ccmput9d for each task base~ oh the instantaneous workload at 

the time the task is assigned to the processor. It can he shown 

that. this scheme pe:rf orms at least as well as the previous one. 

Despite this, however., the alqorithm is unable to dE:~al "lit.h 

unusual circumstances such as when a larqe number of short 

requests joins the ready queue riqht after the single task in 

the queue is assigned Qmax. In this case, the short tasks are 
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delayed by Qmax insteai of Qrnin as they woula have been if they 

had arrived slightly earlier. Another example is when there are 

only relatively large jobs in the system and a larqe quantum 

should be used for all of them [2]. This scheme, however, is 

unable to predict the size of iobs. These are inherent 

weaknesses in alqorithms that do not discriminate between 

different job types. To overcome this a radically different 

approach must be used. The performance improvement over the 

basic MTS RR scheduling algocithm is small (Table 1). Notice 

that if the values of Qmin and Qmax are not set properly, the 

m~an response time will actually qo up. However, this sequence 

of simulation results docs show that varying the quantum lenqth 

with respect to the number of tasks avaitinq the procP.ssor can 

rerluce the qlobal mean response time as well as the response 

time for small tasks. 

QMIN QMAX RF.S RES (50%) #PROCESS 

POLTCY {MS) (MS) {SEC) (SEC) SWITCHES 

rm 1. fl 1 • 31 2 2 7 /S RC 

R RV() 10 60 1.83 .36 1 %/SEC 

RRVQ 10 50 1.77 • 32 209/SEC 

RRVQ 10 40 1. 7 5 .. 3 0 211 /SEC 

I<RVQ 10 30 1. 8 5 • 3 3 2 19/S RC 

RRVQ 8 40 1. 7 8 .30 229/SEC 

T~]1.] J. PER.FORM~ NCE OF R RYQ J!JJ'..tl DIFFERENT YAb_ll]J QE 

.QMIN AND QM.AX. 

.. 
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RES= MEAN GLOBAL R~SPONSE TIME 

RES(50%) = MEAN OF RESPONSE TIMES LESS THAN TCTE MEDIAN 

B. nY1TIR1t !l~Qrr!£~ D!SCIPLINE l~fl (also known as the 

shortest-attained-CPU-time-first alqorithm) 

In this alqorithm, the·re is an ordered set of q11e118s usPd 

for CPO scheduling. When the CPU becomes frae, the task at the 

head of the lowest numb~red non-empty queue is scheduled. If it 

does not complete in one tim~ quantnm, it is placed at the en1 

of the next higher numbered queue unless the pres~nt queue is 

the highest numbered one, in which case the t~sk is returned to 

the end of the same queue. After an I/0 operation, a task is 

pl~ced at the head of the queue it was last in, unless the I/0 

operation is a terminal interaction, in which case the beqinninq 

of a new request is signified an1 the task is placed at the end 

of the first queue. 

This scheme also favours interactive Hnd I/0 bound tasks. 

In addition it has thR effPct of dynamically classityinq tasks 

according to thA amount of CPU time they have received and 

assigns lower priority to those that have received a larqe 

amount of CPU time. This is based on the observation th~t tasks 

receiving a large amount of CPU time have hiqher probability of 
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requesting even more CPO time. In order that tasks in the upper 

queues will not take too lcng to complete, a larqer quantum is 

usually assigned to them. A common method is to assiqn a 

quantum of length Q(1)*n**i to tasks in queue i where Q(1) is 

the quantum associate~ with the lowest numbered queue a~d is 

known as the basic time quantum, and n is a constant qreater 

than or equal to 1 known as the multiplicative factor. Thus 

when a task in an upper queue gets to run (i.e., when there are 

no tasks in the lower queues), it is qiven a larger quantum. A 

multiplicative factor of 2 is common in MF type alqorithms. We 

have found that the value of this factor will affect performance 

and that the optimal value differs from workload to worklcad. 

The optimum differs also if we refer to RES or to RES(50%). 

In qen~ral, increasinq this factor will increase the 

response times of short tasks because they may be delayed by 

tasks iust qiven a large quantum. The response time of lonq 

tasks will drop so the variance of the response tim8s of the iob 

mix will decrease. When n is small, more medium-size tasks 

miqrate to the top queue and are thus classified with the larqe 

tasks. Their respon~~ time will go · up whereas that of lonq and 

short tasks will decrease. A detailed stuay to relate the 

optimal multiplicative factor to the workload is underway. 

We believe that the multiple feedback discipline is 

basically a better scheduling policy than RR, and in no case is 

performance worse than the M~S scheduling policy {Table 2). 



POLICY N 

RR 

MF • R 

MF 1. 0 

lll!F 1. 5 

MF 2.0 

MF 2.5 

MF 3 .. 0 

RES 

(SEC) 

1. 91 

1. 76 

1.72 

1 .. 75 

1. 76 

1.71 

1. 7 3 

RES (50-%) 

(SEC) 

.31 

.28 

.27 

• 28 

• /. 9 

• 29 

• 30 

#PROCESS 

'SWITCH .ES 

227/SEC 

378/SF.C 

231/SEC 

149/SF:C 

136/SEC 

1:30/SF:C 

127/SEC 

!A.fib] 2• P"F.RFORMr.NCE OF THE 5-.QUEUE 11.E RI.'.!'..!! DIFFEREN'r' 

MULTIPLICATIVE FACTOR. 

N = MULTIPLICATIVE FACTOR 

BES AND RES(50%) HAVl SAME ~EANING AS TN TABLE 1 

In an interactive environm~nt, a qood rule of thumb is that 

at least 90% of all requests should be comnlet6d within d sinqle 

time quantum f10l. This ensures that the number of process 

switches will not be unreasonably large. Tn requlatinq so that 

qo% of the tasks do not recycl~into the second queue, queue 

waits will he decrease<l for small requests. This also ensures 
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that large non-trivial tasks will get a reasonably-sized quantum 

and hence a tolerable rGsponse time. A new adaptive schedulinq 

alqorithm has been aerived for use in coniunction with the MF 

discipline based on thA above observation. The basic time 

quantum O (1) is increased by a fixeri amount delta Q if in the 

previous T units of tima the proportion of tasks to leave the 

first queue without ioininq th~ seconJ queue is less than L, a 

fixed lower hound. This proportion includes those loavinq queue 

1 for I/0 as well as those that have finished their first 

quantum. If that proportion exceeds a,a fixed upper bound, then 

Q{1) is decreased by de.lta Q. If no task leavE:s the first queue 

or if the proportion lies bet ween L and U then Q ( 1) is 

unchanged. O (1) is not allowed to fall below Qmin or rise above 

Qmax. A sequence of simulations was performed with difterent 

values of Land □ and the results are shown in Table 3. Notice 

that both global mean response time and the mean response time 

of small tasks decrease. 



L u Mf>Q R.RS RES(50%) # PROCESS 

POLICY ( "{) (%) ( %) {SEC) (SEC) SWITCHF.S 

RR 1. 8 1 • 31 227/SEC 

NPR 87 93 90 1. 70 .27 130/SEC 

NPR 88 96 91.3 1.67 .28 12 f3/SEC 

NPR 92 95 91.4 1.68 .28 129/SEC 

NPB 95 95 91. 5 1.76 .29 129/SEC 

NPP 92 98 g4. 1 1.65 .29 128/SEC 

TA]1] J. PERFORMANCE OF 90% RULEJNPRl WITH DIFFERENT !l1~]~ 

FOR THE UPPERjDl ANO LOWERJLl BOUNDS. 

No. of Queues=5 

Mul t. Factor= 2 

MPQ=percentage of tasks that completed in 1 quantum 

delta Q=2 ms 

Cmin-=4 ms 

Qmax=25 ms 

PE5,RES{50%) have same meaninq as in Table 1. 
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This adaptive scbedulinq alqorithm has several d~si~able 

characteristics. Firstly, since the proportion of tasks in the 

higher numbered queues is more or less constant, the value of 

the multiplicative factor N has much less effect on mean 

reEponse time. That is, it is harder to choose a bad value of 

N. The 90% rule is mar~ robust (i.P., less likely to brea~ 
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down) than the RRVQ because it is more conservative for one 

thing. At each decision point, a small but fixea q,1antity is 

added or subtracted from the quantum size. Therefore a sinqlP 

wrong 1ecision cannot have a qredt impact on system performance. 

Its effect can be corrected at the next decision point. More 

consideration is paid to the global workload condition because 

the schedulinq decision is based on the activities within an 

interv~l of time and on qlobal CPU ~emand rather than on the 

number of tasks in the ready queue at any instant. Thus it is 

able to handle the situation when a large number of short tasks 

follows a large task. The sinqle larqe task will not be qiven a 

large time quantum as it would be under RRVQ and it will quickly 

leave the first queue, out of competition with the small tasks. 

The situation of large jobs only in the system can be handled as 

the quantum will increase in this case. workloads for the two 

situations discussed above were constructed and run under the 

NPR and the RRVQ. Simulation results showed that the mean 

response time under such situations could improve drastically 

{up to several hundred percents in some cases} with the NPR. 

The initial value of Q{1) is not important and need not be s~t 

acc11rately b~cause it will be dynamically adiusted to suit the 

workload. In RRVQ however, sin~e Qmax is a constant, it is 

important that it be set correctly. The choice of T thouqh, 

rPquires some thouqht: too large a value will render the scheme 

insPnsitive to workload variation, too small a value will make 

the scheme unstable and increase the numb~r of process switches~ 

We have chosen T to be 0.5 second. An 9Xponentially-weiqhted 
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average of several time periods in th~ past mdy make the scheme 

even more robust. If Land n are chosen too hiqh, the scheme 

becomes insensitivP to variation in request pattern; if chosen 

too low, short tasks will suffer. For most workloads, the crn 

demand can be approximat~d by an exponential distribution r121. 

In this case, L should he about 90%, hence the name for this 

schedulinq policy. 

DYNAMIC CPU VS. TLO BAL~NCING JDCIOBL 

It is obs~rved that whenever there is a corqcstion in some 

quoues in the system, there is a correspondinq slack in other 

quellES. The explanation nf this phenomenon is simply that the 

number of processes competinq for resources in a short period of 

time is more or less constant. Thus we observe that when an 

alqorithm reduces the mean CPU queueinq time, the mean I/0 

queueing time is usually increased, and vic9 versa. More work 

will be accomplished if the utilization of the CPU and I/0 

systems are balanced r 111. Thus if requests for 1/0 beqin to 

build up, T/0 bound tasks should not be sche~uled for the CPU. 

InstAa1, tasks with larq~ cpu· demand should be scheduled 

reducing the probability of sending more requests for I/0 to the 

already conqested I/0 system (i.e., if we cannot help the 

response time of 1/0 bound tasks, maybe we can improve it for 

CPU bound ones). 

To test out this id~a, we have to answer two questions: (1) 
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when is the I/0 syst0m congested? and (2) which are the tasks 

with large CPU d~mand? We assume that the T/0 svstem is 

conrresli'~n if thP. nllmb,;,r of I/0 J:'1~qnests at any instant exceeds a 

certain fixed lipper boun~. We also assume that tasks at the 

higher level queues in a multiple feedback schedulinq ~clicy 

have higheJ:' probability of being CPU bound. Thus the multiple 

f~Gdback discipline is modifiP.d to schednle thP- fir:st t.11sk in 

th~ highest. numbered non-empty queue if the number- of I/0 

requests exceeds an upper bound(U). The standard MF schedulinq 

po l i c y is n s e d i_ f this numb 8 [' f a 11 s be 1 ow ri. 1 ow er b o u n d ( L) • The 

results are shown in Table 4. 

RES ffr~S ('10%) #PROCESS 

POLICY u L (SEC) {S.EC) SWITCHES 

RR 1. 81 • 3 1 2 27 /SEC 

OCIOB 15 13 1. 76 • 28 1Jq/SEC 

DCIOB 16 15 1. 7S .27 1 41 /SEC 

ncroe 17 16 1. 7 0 • 2-'3 140/S EC 

DCIOB 18 17 1. 72 .29 11A /SEC 

DCIOB 19 18 1. 77 • 29 1 ]7 /SEC 

TAH11 ! ■ PERFOP~ANCE OF DYNAMIC CPU VS. ILO BALANCING 

WITll DIFFE~ENT VALUES OF UPPEHllll.. Ali] 1S2lig!U1l.. 

BOUNDS ON NUMBER OF TASKS WAITING £QR JLQ. 

(S lev~l Mr' with multiplicative factor= ✓.) 

, n , . 
'JI. 
• I 
' 
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RES,RES(50o/,) have same meaninqs as i.n "'abl~ 1. 

It is founn that the optimal upper ,and lower oounns ace very 

dependent on the characteristics of the vorkload anfr ~ce perhaps 

not a qooa indication of I/0 conqestiorr. The U.R.C. system has 

12 user accessible nisks attached ta 2 bloc~-multiplexor 

channels; hence the I/0 wait time 1epends- less on the total 

number of I/O requP-sts than on the n11mher of requests for the 

same cHsk (MTS uses a FCFS disk schedulinq policy). The I/0 

wait time has dropped using DCIOR as expected, but CPU ~ait time 

is increase~ as the larqe tasks, when sch~duled, may hold up thA 

execution of short tasks. This scheme will probably work better 

for systems with a small number of disk driv~s. Nevertbe l ,ess, 

the simulation has shown that ~his attempt to balance system 

utilization can reduce the mean response time. These results 

are at least as qood as those in Table 2. 

CONCLUSION 

several adaptive processor-scheduling policies have been 

presented. The multiple feedb~ck discipline is sho~n to be 

inherently superior to the round-robin alqorithm and with the 

addition of quantum variation using the 90% rule shows a 12% 

impcovemBnt over the existinq MTS schedulinq alqocithm which 

felt to be reasonably efficient already. This scheme is shown 

to be more robust than RRVQ and the overhead induced is 

comparable to that of existinq non-trivial schemes. In some 
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cases the overheads are more than compensatei for by the reduced 

overheads of process switching. ~he data presented in this 

p~per io not includ~ overhead times. Ov8rall CPU overhead 

induced by the different algorithms was estimated frcm the 

number of instructions necessary to collect and analyse the ~ata 

to simulate the algorithms and from the actual CPU time spent in 

doinq so. They are fonnd to differ only slightly (the maximum 

difference was under 2% of the mean response time) for all 

schemes described in this paper. Furthermore, since for most 

schemes, data are collected and analysed each time a process 

switch occurs, the number of process switches per unit time is 

related to the amount of overhead induc2d. Since a process 

switch in a time-shared environm~nt is always associated with 

paging activities, it is our opinion that a scheme which 

minimizes process switches is likely to induce low CPU and 1/0 

overheads. 

Incorporating information about I/0 utilization into the 

processor scheduling policy appears to be a sound concept except 

that a concise and workload invariant formula for computinq the 

exp~cted J/0 wait should be used. Table 5 compares the 

performance of the various alqorithms Jiscu3sed in the previous 

se~tions. The data represent the best simulation results of 

each scheme ana some data have not been listed in previous 

tables. since the rate of paq~ faults is kept unchanged for 

different scheduling policies because the same distribution 

curve is userl, it is felt that the actual imp rove men t of thP 
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ad~ptive policies would be hiqher than reported here.this is 

because the page fault rate should decrease when the rate of 

process switches drops, thereby reducing response times. This 

study shows that adaptive scheduling algorithms need not involve 

excessive overhead and can improve performance in interactive as 

well as hatch-oriented systems. 

RES RES(50~ 

POLTCY (SEC) (SEC) 

RR,Q=INFINITY 3.80 .~O 

MTS RR, Q=10MS 1.81 .31 

TIRVQ, QMIN=10MS 1.75 .30 

QMA1=40MS 

MP, MOLT.FACTOR=2.5 1.71 .2g 

DCTOB, U=17 1=16 1.65 .28 

MULT.FlCTOR=2.5 

NPR,MULT.FlCTOF=2.S 1.59 .29 

#PROCESS 

SWITCHFS 

101/SEC 

227/SEC 

211/SEC 

130/SEC 

140/SF.C 

125/SEC 

TABLE 5. COMPARISON OF DIFFERENT SCHEDULING ALGORITHMS. 

RES,RES(501) HhVE THE SAME MEANING AS IN ThBLE 1. 

No. of Queues=5 for MP, DCJOB, ~nd NPR. 
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