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Abstract: Recent experiments have shown that patterns of memory
reference by programs operating in a virtual storage environment
can be approximated by a remarkably simple model. The extents and
limitations of this model are not known. An experiment is proposed
to observe this behavior over previously unexplored domains. New

models of reference behavior can then be derived.
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Introduction

During th2 past ten years, tne complexity of digitel
computer systems has increaseg beyond the point where their
behavior may be 2asily predicted from careful study of their
design. At this pointy probapilistic 373 heuristic wmodels of
computer behavior must bDe devised, i1n order that hardwar2 and

software systems may naturally adapt to the services required of

thame In fthis thesis, we shali concern oursetlves witn the

formulation of a particular class of sucn models for the demanus
made by proygrams on computer memory systams.

In the class of computer systems possessing what are
Known as "multilevel memory systems', all information Known to
the system is stored in hierarchically ordered levels, ordered by
the time required to retrieve information stored in that level.
IT is incumbent upon the operating system to effect the transfer
of infqrmation betwean these levels. The operating system must
anticipate the system®s need for each data itemy in order to
manage tTne various Jevels of store. A popular heuristic,
“least-recentiy~used”y or "LRU", maintains that the more recently
a data item has bean acceésed, the higner the likelihood of iftfs
re-use in the near future. Hence, maltilevel memory systems
managed voy this fe:nniqué strive to kKeep the most recentily used
data in the most readily accessible level of store. In most
current such systems, the retrieval of data from successively
loder levels (i.eey tThose having greate~ retrieval times) of the

higrarcny is associated Wwith an undesirabie overnead,.
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Furthermore, data retrieval operations from these
slower-reéponding levels wusually implies the suspension of the
requesfing programe. This.causes slower response and dJdecreased
throughputy althougn multiprogramming atfempts to minimize the
latter. Hence, it is desirable to minimize the mean depth into
the storage hierarchy of data retrieval raquesfts. However, for
the foreseeable future, the higher levels of multilevel storage
systems seem considerably more expensive on a cost per pit pasis
than the lower Jevels, and an optimal cost/performance balance
can be arrived at onily with knowledge of the relative frequencies
of access to each levels A simple model of this behavior, Known
as the "linear paging model", has been proposed by Saltzer (1)
based upon measuremeats made on the Multics system at MIT, It
states that the proportion of memory refe~ences which access dafa
stored deeper than a given level in the hierarchy, taken in
comparisoh.fo all memory references, is in inverse proportion to
fha tdtat. size of that portion of the memory system within that
levels This is to say that doubling the main store of an
LRU-ianaged system will halve the number of references extending
out of this store. This model, which makes much intuitive sense,
is essentially an empirical modely known to oe true only within
the limits of the experiments (which will be descrihed) on which
it wWwas based. It would be of great use and interest to2 determine
the nature of program memory refaerence pattern behavidr peyond
the measured scope of this modelt to determine the range of
applicapbpility of +tne linear model, and what models hold beyond

these limitses It is the intent of this thesis to do precisely
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that,. By means ot an experiment involving Multics, a
large-scale analysis of program reference paftern behavior witl
be artempted, During: the course of this experiment, a
data=-gathering operation will produce an extensive collection of
data of types not gathered before, wniéh may well suggest new
and intaresting observationsy as well as hetp formulate a
theoretical basis for the Jjinear 'paging model, and proviade

grounds for future research.
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Motivation

Sekino (2) has shown The_impo"fance of the mean headway
(dafined as the average ndmber of total memory references Doy &
program) between references to secondary storage. as a paramefer
in system throughput and response time <calculations. For the
class of computer systems under cons;derafion, he expresses this
headway as a function of primary memory sizey and assumes the
l|inear model as a basis for many of his further results. The
nature of this function beyond a primary memory size of' two
millionl wo~ds nas neither been observed nor analytically
determined. The range of applicabitity of Sekino's results is
thus |limited to the two million word range over which this
function is knowne Over this range, jirect measurements have
shown remarkable adherence to the linear model. These
measurements were made by J. He Saltza~ (1) on the Multics
systemy which has a three-level storage hierarchy, consisting of
core, drum, and diske This nierarchy is used by the soffware in
such a way that it gives the appearance of a singley
hardwar a-addressable entity, usually known &s The "yirtusl
memory” (3). Saltzer®s measurements attempted to ascerftain the
mean headway between refarences extending petween each of the
levels of the hie~archyes These headways were approximated by
noting the mean useful time between disk and drum references
combined, and the mean useful time beTween disk reterences, for
two different sizes of core and two different sizes of drum. By

this method, four measurements wWere sotaineds which seemed 1O
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fall well within tae region predicted by the wmodel. The
approximation of the mean headway Dbetween exceptions (i.2.,
references past a given level) by the mean time petwaen
exceptions is an interesting one, which will be considerad in
this thasis.

The Multics memory hierarchy is managed by & practicsal
approximation to the LRU algorithm. The deviation from the ideal
is due to the exigencies of the minimization of overhead in a
complex operating systemy as weil as the limitations of practical
hardware to determine recency of use of a data item. Both <core
and drum are managéd by these near-LRJ algorithms, this
managemant having the ultimate effect of determining what data is
fo be driven off eachy, down the hierarcnay, (nopefully the |east
recently used on @&ach)y, as processors making virtual memory
references cause data to move up in the hierarchy. The disk
requires no such management, as there is no lower level of store
to which data must b2 moveds The impienentation of both the core
and drum management schemes takes the form of a |list structure,
wherein *pages"™, tThe 1024-word indivisible reference unit of
Multics, are moved to the head of the list as they are used or
found to be in use, or to have been in recent use. The result of
this discipline is that the last item on the list for each level
of store is the first candidate for replacement, when the storags
managemant afgorithm decides that pages must move down the
hiararcny.

The LRU algoritnm is one of a class of slgorithms Known

as “stack algorithms'" which impose an ordering wupon the pages
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managed by it Far the LRU algorithm,

form of an ordering oy recency of use.

orderings huas been thoroughly explored oy

Page 7

this ordering takes the

The analysis of such
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computer systems, in that all references to online data are mage
through if. That is +to say, there are npever any explicit
rejuests made for data from any online stforage device by a user
program. Extensive files, source and object programs, scratch
and Temporary storage areasy and the subervisor itself are all
referenced via hardware-generated addresses in an identical
manner., Programs are wbitten with this knowledge in mind, and
reference themselves and the Multics environment as a single
large <collection of directly addressadle data. Experience with
Muitics, as well as current ftrends in the computer indusfry,
Suggest  the wviability and increasing future use of this
technique.

Due to the uniqueness of the Multics virtual memory
system, other reported research with the reference patterns of
multilevel memory systems has concentrated on those based upon
another detinition of virtual memory, whicn we will distinguish
as "virtual core". With this technique, one or two processors
operating with a tixed amount of core memory are made to appear
to their programs as‘separafe processors with a separate core
memory for each. Programs are written with the limitations of
this *"virtual" machine in mind, and ask for data to be
transferred in and out of fhe virtual machine explicitliy.
Another significant difference between Muttics~like and virtua!
core systems is that the Jatter usually do not aliow sharing of
parts of address spacesy whereas in Multics sharing is a
significant effect.

The analysis of the Muitics virtual memory reference
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patterns that this tnesis proposes will attempt to ascertain 3l
relevant headways (ie.esy relative refererce frequencies for a
multilevel storage system) for any nypothetical boundaries
between levels witain the entire size of the Multics storage
system, providing a direct measurement of virtual memory
reference patterns out +to the limit of current-day on-iine
storage size. For the reasons Just discussed, it is clear fThnat
thaese measurements, and the models wWhicnhn can be derived from
themy are immediately wuseful onily for Mulfics-like memory
systems. Systems of the “virtual core" type may tend to
préduce different reference patterns, due to the fact that in
such an environment, the TofalAamounT of information required
by programs is limited to the size of tae "virtual core". Hence,
when real core is extended to the size of virtual core, programs
cease to make secondary storage references. In fact,
measuraments by Fine (5), Beiady (b)s and otners made on "virtual
core" fype systgms SNoW great variance wWwith the linear model.
Thus,y, the work proposed in this thesis is to a 1iarge
extent bpased upon a degree of confidence in the increasing future

use of Multics~like virtual memory systems.
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Approach

The method by which I intend to experimentally extend
the basis of observation ~of virtual memory reference pattern
benavior is to construct the entire ordering imposed by the LRU
algoritnm on the pages of the Multics system. The essence of
this method is to dynamically construct and maintain a list of
all pages in the system, ordered by recency >f use, constructed
from an exhaustive trace of selected data movement within the
storage hierarchy. 3y the maintenance of such a listy, processor
references may pe ajralyzed with respect to what position in the
list is occupied by tne page in question, Each reference to a
page moves it to the head of the list,y, as it is now the most
recently used. For a muifilevel memory system, each region of
the list represents 3 given level in the storage hierarchy. What
is more important, tne arbitrary partitioning of this list allows
the simulation of +the effect of the given reference pattern on
any nypothetical LRU-managed multilevel sysfem. For instanca, had
we such a listy, we could predict the relative access frequencies
to each level of system consisting of a 300-page core, a
1000-page drum, and arbitrarily much diske The first 300 enftries
on the list represent the pages in core, the next thousand the
pages on drum (assuming that pages in core are not duplicated on
drum)y and the remaining pages those on disk. The assumprions
about tne non-duplication of pages and the strict adherence to to
the LRU &lgorithm are not critical, and can pe easily accounted

for.



Greenberg ‘ Proposal Page 11

Thusy it is easy to simulate any multilevel storage
system by observing the reorderings of & least-recent-use
ordering of all pages in the system p~oduced by an exfensive
refefeﬁce frace. The Iingar paging model may be expressed very
easily in terms of these list inferac?ions; It states tnat the
ratio of references to position n in the list or veyond 1o all
references is inversaly proportional to n.

The crux of this analysis is the production of this
listy and observation of how the reference trace which produces
it interacts with it. This'analysis consists specifically of the
keeping of a total for each list position of references to this
position,‘and reordering the list as each reference 1S processed,
In the Multics systemy constraints of time and space forbid the
construction of +this {ist in real time,. This approach would
involve the maintenance of this list as the system runs, with
references causing list searches and resorderings as they happen.
There are three reasons why this is not a feasible technique.

Firsty, processor references cannot poe traced in any meaningful

wayy other than simulated running of tne entire systam. The
Multics hardware is capable of determining only if a given page

has bean used in & given interval. Only those references wWwhich
cause missing page excebfions can be easily ‘traced by TtThe
softwara. Second, the searching of this list reguires axfansive
time. Experimentation suggests that every way of organizing this
data‘ sfructure to determine the position on this list of a given
page requires either a linear search or a large @amount of data

movement. Several techniques have been suggested to ra2duce 10



Greenberg Proposal Page 12

amount of work required for most searches, but they either
degenerate wWith time or require . peasriodic updates, consuming
excessive time. For a system which generates 100 page faults a
secondy it appears Tthat thera is no feasible way to searcnh tnis
list in real time. Thirdy, the specific implementation of fhe
Multics virtual memory control software is such that it reauires
that all relevant dJdata and procedures pe in core when they are
needed. That is to sSayy the page-fault routines are
non=-recursive. The storage of this list in core at once would
require approximately one-fifth of Multics core, which in
addition +to being an wunacceptable degrading of a functional
computer utility, would have a noticeable effect on the Dbehavior
of the data peing measured.

These proolems are all capaoile of solutions. As the
experiments of Saltzer produced data describing memory sSystems
up to the size of the Multics drum, (th2 second level in the
Multics storage hierarchy) only +the portion of the list
describing the disk (the third level) is of interest. References
to any data not in core are frapped by the hardware, and easily
traced oy the softwa~e. The probilems of time and space are
solvabla oy simply accumulating enougn data to be able to
reconstruct the portion of the list corresponding to the diske.
This data must include not only refe~ences, but enough data to
reconstruct motion down the hierarchy, i.e.y, pages moving from
higher levels to tne diske. The creation ard maintenance of the
list representing the total ordering by recency of use oy a

program operating on this previously collected data allows the
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entire power of virtual memory to be used as a focl rather ftnan a
consfrainf, and presents no space problems. The problem of tnhe
time reguired to process this data becomes surmountable when it
is not required to be contemporaneous Wwith real time, in which
case it is s;mply an example of a fime-conéuning list-processing

programa



Greenberg Proposal Page 14

Apticipations

It is anticipated that +the principal result of this
fhesis‘will be the deTerminafion of the range of applicapility of
Saitzer®s linear paging model for LRU-managed Multics~Ilike
multijevel storage hierarchies. IT is noped that a more general
model can be formulated, of which the linear model can oe found
to be part. The accumulated data amassed as both by-product and
result of This experimenf represents a history of data movement
of a type and extent not preVlously documented on any system.
The wuse of this data to model other than LRU algorithms and/or
disk storage allocation and accessing aljorithms can be foreseen.
Another critical aspect of the problem at hand is to relate
relativa reference frequencies to mean time between references,
and mean usefui work betwéen' references (to a given level),
measures of great practical importance. A rejated set of
measurements being carried out as part of this work concerns
inteb-arrival time between page faults, which may well help to

clarify some issues in this regard.
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Status and Resources Ragquired

As of this writing, (2/20/73) ail of tne software for
obtTaining the necessary. trace of Multics disk traffic nas been
yriffen, debuggedy and installed in fthe Multics system. The
programs for producing relative reference freguencies have also
been developed and debugged. The entire experimernt has oeen run
on a ftrial basis on a smaill test configuration of Multics,
wherein the tfotal number of pages at issue was fewer tThan those
considered by the drum experiment of Adebber and Saltzer. The
results have been quite encouraginygy producing the previously
observed ."linear" reference pattern. This trial experiment
served only to verify the validity of tnhne technique, and not to
derive any result.

At this point, the majority of work remaining to be
done is the actual running of the experiment, which is awaiting a
Multics administrative decision to begin, and the reductfion and
analysis of the derived data. This reduction, as stated before,
Wwill most likely require a large amount of computer time to carry

outy which constitutes the oniy resource Which has noet vyet Dbaen

aljocated for this thesis. The most feasible approach toward
obtaining this resource éppears to be the use of the Muitics
development machines {current and follow-on), small systems

regulariy deconfigured from Multics for system fest purposes.
The comoufér time required to perform statistical analyses on the
reduced and raw data does not seem to be excessive, and is

probably weil within the budgetary limitations of +the Computer
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Systems Res@arch group, which has provided the funds for most of
the effort related to this project until now.

A reasonable prediction of +the completion of this
thesis would be completion by June, 1973y but certainly by
September, 1973, The majority of fhe preparatory and
developmental work for this thesis is already complete. The
first run of this exoeriment will like!y be within a weex of
this writingy and it ‘is only The detailed analysis of this

experiment and its result which remain to be donee.
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