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“‘ Program Page Reference Patterns
‘&l Robert B.
:.:: Robert m
A Berkeley, CA 94720
o and that redical changes in program locality
] tend to be quite infrequent.
= This paper describes a set of measurements ~ - -
- dthomw{.?hnmp-tumdm The motivation for this work was the desire
N grams. The techni used to _
e measurements is un

bl
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i
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ad is sented in hical form
T m%?rto'm' M‘:.&. ' Uses N4
" Constant use of a page and sequential access

L , '“‘.‘,&!’."‘ m invalidates
B ment policies. f\_____, wc "ﬁ,. s of a user process
. opers syste
1. Introduction : information fault which occurs
22 Performance and Wm pat- in an internal or. o:c:nd user pol:ecu
terns of programs is an issue that has been stu-  copies data from the buffer to ueandnrs
, died for many years. time, however, the wmum.wmnuamom
. basic essumptions for the memory manege- then be validated or in s te.
ment algori and the chersctsrisation of  Provided that the between invalidations
. e p run under these thme can  is chosen tely, majority of
1 . can be dus to instructions do not { and the meas-
; es or to changes in the workload on the  ured process is executsd at nearly full speed
computers. shows the petterns of A slow down factor in the s execution
< reference of muuma-m of about two to four is typic ‘I'N:,lpudll
- mammhrgoh they consume much better than is achieved by conven-
v Mm oy are i m.“ all wuehodb?thopmm:
,,.} the environment bou‘ "{m %Mﬂh invalidations. This
&) study it is hoped thet the reader can get & ' umzmumwpu
EX] better insight into how programs may embum.dcwu& the
& ' Mm&mmcdﬁuﬂu’: m':mth mmumuﬁ":!
m%dcmmutwm-mm unuhmmh. interest happens. :
N This ressersh was supperted in part by the De-
fonieos Advanced Rescarch Prejects (DD,
:] ARPA Order no. 4031 monitered tlnmnz
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clock are uluully eﬂ'ecuve Finally, an access is
rendom if memory reference nauence is
nearly memoryleu (in the statisti sense).
Alth h some -{2 thetic programs were meas-
t exhibited a nndom lccul ttern,
thon results are not ropom here because
this study focused on real programs.

To be classified as belmgm one o! the.e

belu’vior over a n od dpt?nr}ion o
or a -ignmean peri e

uc e cance here js that which would
help opera m in sc

example of a characteristic well below the level
of significance.

To get a grasp on what are times that are
d.niﬂegnt to a typical time-shared o raunc

system, the d ental research machlne
> ‘was examined. is viewed as a lower bound
on the minimal resources given to a user. lﬂl

typical to get 3% of the processor
mal king hours. Each active user's fﬂr
ory il nnrly 200 kilobytes.
page of memory

normd{‘ d t
thnnao-emdlotnd . “

fat'retrsnce, Honce, about s ﬁ':?.?"".r.'.’.’m"’“
processor time is a ar-
fty for the operating systemn when handling &
non-interactive process. This corresponds to ¢
set T of about a mlllion references.
S are very nservative: the
community in ;mnl and the depu-t
ullr have or expect to have

"ﬂm avallable to the indivi-

resources is for use
. A dcdle.ml machine
lHeations

g
T
,3

most
meg ytet of data and could rnn
or & mo ona dedicaud machine. One
e

y
parser-code
ra ang { oader lor a compiler.

prognm. were not selected to be typical of
mix on a normal ume-ahmdy? com-

'l'hil per has three more sections. The
next section describes briefly the hardware, the
opera system, and the technique used to
cl ture data. It may be skip by readers

lntmlt 4 in these details. on 3 ro-

s the results and an analysis of what
mun The last section is for concluliom

2. Technical Details of the Data Collection
mcworkbpcrtof. rojccttou ndea

oD S WUNI* is an utem(r

NDOJbea t runs on the Digital

l:qui ment Corporation VAX-u series comput-
measurements presented in this

pnper were done on a dedicated VAX-11/750.
'l'he measurement project included three
: kernel modifications, the development of
a user process to move data from buffers in the
kernel to secondary storage, and the

A
gs
s% a§

*‘%

odifications to the to b .
ach of these will ducrnnd in general
terms below. The description is intended to

lott‘la Mce s aleo
bility of bit
evices, sometimes

ttool

was the
tion wes to yt.lu mmnt
o n {.
tt write it upo

.............
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No processing of the data was performed.

The final component of the tracing package
was the program to be monitored. ‘Hn traced
program was usually a single process. The pro-
gram source was modified, by the insertion of &
one-line call, to execute a routine to setup the
measurement tool. At a roughly periodic rate
in real time, the monitored process would be
interrupted. Software was added, by inclusion
of some object code at load time, to die this
interrupt. s software issued the system call
that caused all peges of the process to be
invalidated. The first reference to each pro-
,run or data page after this would cause a
ault. The fault would be traced, and the e
would either be paged in or the p”e ble
entry would simply be validated. Normally,
only a single fault for a page would occur
bot..\lvnn th’eﬂ“‘:d biatemp& Mt'e: oom:
an s, the peri ween interrupts was se
at 100 milliseconds.

In summary, the es touched the
monitored pr‘ocryeu in pc.c.ch 100 millhzondc
period of real time would be recorded.

ating system cific
ful for a reader alread
. First, the system ¢
that invalidated the pages was an extension of
the ‘“vadvise” system call. Second, the
minimum period of software generated inter-
ts was one second. This was modified to
ow interrupts to occur with thmmulmty f
line frequency (60 Hz on uuchines.
Third, a process was allowed to "time stamp”
the trace buffer. This was used to record
time in the buffer so as to be able to con-
vert the trace data to virtual time. Finally, 'ﬁ
tem calls were added to allow the tracing to
turned on and off.

.hln any n}cunr‘tgm:dl:.ud s mr‘lud t‘:
ays a problem. 8
-llow”mhcunu:f .d. uo:?c ot 1

£

Other tr.cco collection efforts in this aru‘
have used simulators (machine interpreters

)
e
factor of between 5D and 100, The

raw data they produce has a much smaller
y and » ater volume. The fine

fs not for studies that focus on
the system.

LTI by Riserene Newrsd
e M P T RIS I

the
o
of 4ots Fodvetion prograns ves wiise Thies

.....

included simulators of FIFO, LRU, Belady's MIN
:}.orlt.hm [Bel88], clustered puic-ln sxtensions

the above and sequential detection prepeg-
ing policies. All of the above were found to be

&dﬁtm nn:l." mur';.f: % .dm:he
number e nec u-
lation. A '2?33? of numbers was generated.
They provided very little insight into a pro-
gram used memory.

The method of analysis selected is to
present the page reference pattern in the
visual form a strip chart. h scan line
represents 100 milliseconds of time.
Time runs down the page. The other axis is the
E:ge number. Pages are 1024 bytes in size.

ch dot represents one or more references for
a page during & 100 millise fer-

cond period.
ences to the stack are not shown. In some

cases, only a ment of the cheart is
presented. The ¢ are not all at the same
magnification.

In the analysis of th:'r rams, all conclu-
sions are made from knowing the general appli-
cation of the ‘&mnm and from examination of
the chart. 3 have not been verified by
examination of the grams. This is an advan-
tage of this technique: the analysis does not
require detailed knowledge of the programs.

l“l%:n 1re ents IMAGE (called exyiq by
its author). is a program that demon-
strates certain features of image processing. It

. converts a rod~1:ccn-blue style image to a y-i-q

style image. 1t is written in
:hf.pro;nm(uindltho a nine
rogram es precede es r-
tualgnemory)mnpof all, Meeph.o‘w little of
the address space is used for the code (less
than one percent). Second, the data seems
gl‘te well organized for this type of processing.
wo! set is small compared (o the total
amount of data. What is apparently shown here
is a technique commeonly used when processing
) _dimensional, non-sparse
matrices [McK69]. The matrix is uubdmﬂed in
nbmtﬂeu“t'? cut! the matrix vertically
and horisontally. By the size of the
submatrices, a row or a column of the original
matrix can be completely resident in memory
by only loading the submatrices needed. Thus
a matrix can be processed in either or
row order on & machine with a physical
% much smaller than the entire matrix.
e au

or clearly had memory performance in
w%:x.:m:ht am was coded. Onth‘:
chart, observe tha re are sharp changes
the locality of the data, but not in that of the
code. There are six segments of data that exhi-
bit sequential behavior, while the procedure

segment is total.
a trece of a Fast

Figures 2 and 3 sh

Fourier Transform m The
eighty seconds are used to the matrix.
During the actual transf. the initial

and has 15 es
rams exnufi:x'ed.

some of this

exploit. At about
tion, the werking
pages. However, there is &
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data pages previously required are no longer
needed and all the unneeded pages m“gow
needed (eg. all the even e are no longer
needed the odd numbered es are all
now needed). The only reasonable way to run
this is to give § the mem it

’reg‘m t all
wants, Erqnm is (probably) total ait
the initialisation phase. ) o

Figure 4 is for VAXIMA. This is a VAX exten-

of IACSYEA running a do:nom:-tgln
This program does symbolic computa-
tion (eg. rati tion ) s

ftives. use of the list structure storage of
LISP, there is no distinction between and
data. It is easy to cbeerve that there ia some

addresses.

y constant use.
However, om.lylnt.:oinu here should dom-
inate aghmuncc. h of them represents a
otential fsult for a memory mmaement,rol-
’:yr.m‘r.hl: figure muﬂr::u a potential pﬂ:}’m
visual analysis technique: small outlying

dots tend to be ignored. VAXIMA o

o8 .
nnuommd-. 'i'ﬁ‘ pattern established in the
continues the four-
teenth minute shown in L program
runs for about six hours | anuuumg
pattern shown in minutes thnns.p
seventeen. It is d software pt ofa
m&bm disk file that. n Y
u‘muml:ndm:;upuvmb?m
Figure 6, virtuall o8 every few
seconds. The llm?lmt"ﬂlnn untlyroyccur
when some feature is de the picture
and must be wdmu&‘ K ’{: mtherbgr&-
gram that re es :
lorm It could also b ued

This paper
~ study the mem

—— ,3 P py—r— v -

e e S L Y - -

benefit even less ?mnuuumbmdmtms
z&ulnnucmy.. CCOM should be considered
The cod timizer is C2. Its plot is shown
‘ﬂ Figure a“'&&- 23 m:’ol“.:runm
uall.g‘le riod of use is nd
This compilation was 'ormed on the
Mmmd!orcco . CR must be viewed as
. but the size of the segment changes.
The VMUNIX loader is LD. Its plet is shown

in 9. Note that there are two .
This plot hs’f:{un

mp' am sesms mostly .
ensely the parts of a "C Com-
m(ccon.czmxz)muuum- space.
they are total, for these processes swap-
ping would be more eflective than paging.

4. Conclusions

has presented s techni to
reference behavior o! pro-

que is fairly simple to imple-
used to gather memory reference
data. data is only suited to studies of pag-
m or r level] mem
suited for studies of cache behavior.
Deta references ng?enr to
the havior of

ment and is vastly more effic methods
management, and

dﬂn%ﬂcmtly

paging e pro-

. By comparison, the code references

the address space) would
le to pr:?leuon. GE could be
es e multi-segment sequential pro-
ressive is the data restruc-

e tat.r.
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Based on the data presented here, the fol-

lowm.m:untobe:goodchoicﬂumunl.

: may be regular (have some locality),

no loedi{{:)i' sequential (ascending or

e o Soces san b sery Teddsn, The
can e .

vboi.:. e or only .o?qmcnt of '.b':

d D X
systems should be equipped to han-
emory referenci u::h.:vlwﬁft s cted
n or. e
flaf et hinte wiuid be' promded wtly for
' .
mell M&’;&e problems.
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