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METHOD AND APPARATUS FOR EXTRACTI NG PROCESS PERFORMANCE | NFORMATI ON FROM

A COWUTER ,OVER A NETWORK BACKGROUND OF THE I NVENTION 1 . FIELD OF THE
I NVENTI ON. The mﬁd nw&ag ACTTRE w@& mﬁhﬁ‘eﬁfﬁ the
measur ement of corrputAe@ per-tor :." s‘ re partircularry, the

met hod and apparatus o e presen TIVentT
conput er performance on a per - BACKGROUN , Y ENTION "
Frequently=lt is desirable to nmeasure certain characterl stics of a conputer
during nordll operations in or der to evaluate the performance of the
conmputer or to grovig et hod of charging conputer tine.
Typical ly, the afount ¢ Pothe pa&rcent of tinme the CPU is used during
a sanpl e period, the nunber of Input/out put functions executed .or the
nunber di sk accesses Whi GfheOn *"'E’a%?"%ﬁﬁ%!% %d?@gght Hen Rétath® ‘pﬁe

ers

I ndi cative of system perfornmance he perfornmance o

particul ar appl invsssurgment oh coroputer performpndecharactensiics."ivioes partieulary] the method
information is required, such as the distribution of CPU tine spent over

the program s 'adif@ppamaieel the preseptipyention zelaiep &9 thei raeasusRMeN 2) SeMPUIST ¢ he
entire run of t BsleON about whi ch pages of the
application's at}gpgé"ggg%a@gea Pe @é?gesrenced or nodified to performa
particul ar operation. In one nethod to neasure system perfornance, a
process is initiated on the corrputer to be nonitored awd certain
characteristics %f t ABILEAQKGBOUNB: neasured. However, the rnonitoring
process itself contrlbutes to "the overhead of the conputer and t he process
resource usage. Therefore any -measyrepents recorded are distorted by the '
execution of the nonitoripF@q@éry s desirabimedsureédriah citdractéridticd oP RLBMPURET?
conpl ated execution, a subsequent- process can be initiated to read certain
i nf or mat i on f r orduring nofrealaperaiions insgrderdmavalustacthe Pﬂﬁomlﬁ ther gampiitercer to -

However the c harl'g'vcl sa 'qasatar'mctgtwreer%estﬂog gf él'nealrgaihge computer time. Typically, the amount of time

- orthe percent-of time the CPU is used dunng a sampte penod the number ot

'- . inputloutput funcnons executed or the number dtsk aeoesses - which occurred are

n | measured and evaluated to be indicative of- system pertormanee To understend the

| ~ performance of a particular application running on & computer system, more detailed

| information is required, such as the distribution of CPU time spent over the program’s
address space for a pasticular operation (as opposed to the-entire run of the program),
or information about which pages of the application’s address space are referenced or
modified to perform a particular operation.

In one method to measure system peﬁermehée; a process Is initiated on
the computer to be monitored and certain characteristics of the computer are
measured. However, the monitoring process itselt contributes to the overhead of the
computer and the process resource usage. Therefore any measurements recorded
are distorted by the execution of the monitoring process.

In another method, after a process has completed execﬁt’ion-. a
subsequent process can be initiated to read certain information from the oparating
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‘to"the performance of the conputer as a whole for the entire tine period of
execution. The tharacteristics are not broken down and allocated to the
processes- bei ng executed by the conputer during the nmeasurenent trne
~period. Thus; such+«neasurements cannot be anal yzed according to each -
process. Furthernore, the effect of a certain process on the performance of
ot her system relavanttosystem perfprmance sHowewar tha chatasteristiosr meastaed fElate above

e T el

itsel f g ities 8 %ﬁﬁﬁar\ﬂ"&lfbﬁaﬁ% iar ed process
execut eﬁ,ﬁaﬁus a n'g%?r eﬁtﬁoﬂr ocess as we qug@p%ggisggg‘bg@ecuti ng on- a
r enot e exevited bydine computerduringithe meastementtimeipetiod.nThus)suctone i nport ant
system characteristic relevant to system perfornance in a virtual nmenory

syst em MaaRMARIS G3AARL b analvagd BCrYRa 42 eactarrssuSubermgrentioiefient i f | ed by
1t e e U oS SR B >

duri ng rot bedidterinimed. The termresident set is used to describe the set of

al | pages belonging to the process that it resident in nenory during a tinei
I nterval or operation. The resident set represents the operating systems

response to the L cation i | . that is not :
in the process' f’gﬂ#&%ﬁtA‘gﬁfoﬁf‘wé@f‘&ggﬁ?&dﬁﬁgﬁéﬁﬁegr&ﬁﬁd’%%ggﬁ reads it .
I n fronhaddanticeliss thelifforrhationl PerrsRRardeiRfofRATOH ik @Rly A0BEssile @ | S NO |
| onger being referenced, it may be dropped fromthe resident set. If the

page hzproeass itselé heingananitored ona progess whink created theimanitorad,priocessccupi es i s
rel eased .for ,u t o hol d _anpt her page for_ the sane or,_another process. If
e pacierilecais &0 aliibArmoiss el €12 prcase puasuling 61 protals oo

rel ease‘%m-' I SRR IRd BErSTRRNES irfdH , further information on paging,
see Bach, c?k%ﬂDﬁebglagn o[iﬁq_ﬁg UNI x%m'gé}gﬁﬁ% System (‘Prentice-Hall 1986). -2- |

Opti mal program behavior inplies mninmal resource utilization: For the

L

Oné important system characteristlc relevant to system performance in a !

virtual memory system is'memory us;g_e.- A single pro_cefss'membry usage may be

~ identified by Its working__set and iasident set. Tﬁe term working _sét is used to describe o
the set of all pages referenced by a process 'during_a time interval, or during an o 1
operation. The term resident set is usé_d to describe the set of all pages' belonging to E
the proeess that is _fééid_erif in memory during a time interval or operation.

The resident set represents the operaﬁng system's res‘pbnse to the
application's working-sét ‘behavior. When a page that is not in the'proeess" resident \J _
set is referenced, the operating system reads it in from th_é‘ disk, a relatively expensive | o ‘
operationf.. When a page is no longer being referenced, it may be dropped from the ;
residedt set. If the page has not been modified {written), the physical memory it |
occupises is released _for use to hold énother page for the same or another process. If
the page was modified, it must be written to disk before it can be released, also an
expensive operation. For further information on paging, see Bach, The Design Of The
UNIX Operating System (Prentice-Hall 1986)." " *



mehory resource, this neans that the programhas as snall a resident set as
possi bl e, and that each page.in the process' address space has few
tr,an5|t|ons in or out of the resident set. Furthernore, optinmal behavior

i hi ni zes the- number of pages- that are nodified; data-and variables that
are likely to be changed during the running of the program shoul d be
grouped together so that the systemneed not wite out several pages, each
of which_only has one nodified piece of data. Wien tuning an application
programip\r opti mal’ r ur@Ptmalprogragvbghavier implies minimal seacurcenutiizationd Fardoe

betveen the e esiitte b mel SR tog hrooferh Nés BE Bifh g theiifHt 3t &8 bORMIE
pagi ng str at egind thitcedehQaga tie procssshadtrestsHiate ha® e trafERioNs if bP ButssTthe and

shoul d tune the application to minimze the working set in the expectation
t hat doi ng so repigentet oFutharees; optimal behavios minimizes thaieumberaf pages thatawx or e

free up nore f ti Ter for n der tp b

optim ze a pr gﬁ@@& ﬁfﬂﬂ'&rﬁ#ﬂ?@%%sthﬁ‘?ﬂra?ﬁ% %ﬂﬁeﬁw er'é\?f'@ﬂ/ 033'5 em
per formance i rdregraRt stduld'bé Prdu?é@ﬂfdetﬁd?sa'ihét'iﬁgsvsigﬁhem AGEte cub sevifalt | on,
the progranmmer shoul d be ab o review the performance information during
speci fi ed sanpaEges, éachefwhich ahly hagonemodified pidceof détat he noni t ored process

as well as the performance characteristics at the conpletion of execution
of the process. -3- -4- SUWARY OF THE INVENTION It is therefore an

obj ect of the presenwhbﬁ\(,m;, an #gﬁhd&w?{ gﬂ%r&?}g r'@-tét?ﬂﬁ\aﬁ%nﬁi&%iw 85@&

t he measurenent of conputer per ce ch I CS on a per-process
basis. It is ahé membhnhodfrectthentwlmnhelrememlsenbecaqsedtvism -suhbhod

and appar at us iLt%rractugre\s stwoen the ra%pl%ation 's workmg set behavior and the operating -
N
system S pagmg strategy The programmer does have contml over the working sei
and should tune the application to minimize the working set-in the expectaﬂon that
- doing so will also decrease_ or minimizg the resident set and therefore free up more

memory for other applications.

| Therefore in order to best eptimize' a process, a programmer should have
 the.ability to review system performance information with reseect to an individual

' process. In addition, the programmaer should be able to review the performance
information during specified sampling intervals during the execution of the monitored
process as well as the performance characteristics at the completion of exacution of
TN the process.
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conput er performance characterlstlcs across a netmork mhereby t he
performance characteristics of a first conputer connected to the
network are nmeasured by a second conputer connected to the network.
Utilising the nmethod and apparatus of the present invention a process
can nmonitor the performance char&cteristics of individual or nultiple
non-rel ated processes on a per-process basis. In one enbodinent, the

moni toring process and thegiAke'S : BRTE

t hrough a networKk. Thus, a conpu er connected to a netmorKJ

t hrough a general network interface can nonitor the perfornmance
characteristics oftita sksonghépaporer & anemijﬁbﬁo bbe mhewgresdnt | arly
connected,t hro a general t wor k er o] SS Ksess '
basi o | ThARYEREdBmE8 cREPELfR, &, mebnid { aBa, ApPaPRBSE Srl¥ NEECT o)
such as pmefsurementciof acomputer cperfornancet characterdgtias @rs,a
|nput/out§F% %Q%E@Qé) sf¥ the occurrence of certain events, for exanple
context s can € easily deternined by the nonitoring conputer
connected to the nonitored conputer through the network A library of

optergltl ”ﬂ 3yste[nh&%tﬂwea \rtsteheierdu G ﬁeé@tenar‘gee@&& CﬂNéntfon

estapbl 1 she on e ar CO ese ro In nco ass sic

funct i onstQuPFoydd qfieﬁgl' ‘F%gpﬁ? cAPpaKatus- %@Fu(rii‘ Glﬁag’sr%tﬁge %t a,
"Start Vi gompl tBagep&bﬁbtﬁanog, dmneted istints Pagadsaf cacnuettwérk fy Bits”

K]

oper ot | ng“BREERY e, rHERAtRGs | EnbPabEPEIafiPe " BES 4 T Ak e by s

nmoni t or i ngopputess. wonpected bto| dthe chehivark caaee meﬁpured cbyinext ed
t hrough a sBebyy l&o gﬁ&igfbéﬁﬂ’ecrt@@tt"o mﬂ?%&lﬁ@' the nonitoring

process can retrievé raw performance data fro moni t or ed process to(u)
subsequently analyze and.organi ze the information to generate )
Utilising the method and apparatus of the present

_invention a ©process: can monitor the performance
characteristics of indiv:.dual or multiple non-related
processes on a per-process basis. "

In one embodiment-, the monitoring process and the
monitored reside ‘on separate computers ‘connected through
a network. Thus, a first computer = connected to a
network through a general network interface can monitor
the performance

BeRar at e conputers copnected.
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thé perfornmance characteristics of the nonitored process. BRI EF
DESCRI PTI ON OF THE DRAW NGS The objects, features and advantages of the
method and® apparatus of the present .invention will be apparent fromthe :

o 2 bl ook i el Bfialdr s sbnf cdribuBt farPbee 13 etk slrefl chesemed: |
accordance Wi t {hrsugh' £ gerndrabnetwbkdhisRBEe, oh d PRCHSEBPPNocesE/Balid, OThe Fbformants

a listingsof exenplary code for the retrieval and’interpretation of raw
data. FILG~ 3. eharaclerslicsiehthe mpnitored ot larget comppleaiesch @& penfocnancent of t he

process enpl oy L 1O d, and apparatus of the present. invention. FIG
4 illustrates @‘%’%ﬁ?ﬁﬁgﬁﬁg@%‘ﬁ‘&]‘°@g’@PWe‘iﬂﬁm Qﬁpﬂu'{q’fg"ﬂr"g?@t“f’@ﬁ A WBBdi nent
of the presentoddirentd eneerﬁlr&v&té.|féu%$ahﬁiié%%oﬁteﬁpémﬁ%b.%mﬁéény détdififived
enpl oyed in the preferred enbodi nent of the present invention. FIG 6

i | | ustrates t hby thesppaitoriggreomputat cooraciedhiorthe manitpredocamputer theoughtbe network.
I nformation according to the preferred enbodi nent of the present invention.
FIG 7 illustrates the properties wi ndow of the display utilized in the

preferred enbodi ment of A liraryo? dpbiatihg $palemnQButingd which sévitalrbioldsrobadint ON
OF THE | NVENTI ON The net hod and apparatus of the present inventionis a

perf or mance bagdlly Ie gsiabiighedantbp jarget eampulem Jlhesp rejtings gnsermpass baplc functions
performance togl.y g ‘if‘qibr%rﬁé’sob&e%déagt‘é" 3nafid XBhfess BPELS Bala" s1iit YinvaPPage
understand the usage of nenory an Her _ .
= Monitoring”, "Clear Virtual Page Reference/Modify Bits™ and "Stop Virtual Page
Monitoring®. The routines can access data within the operating sy_stem and are

invoked by remote procedure calls transmitted by a monitoring process which may be

AN - - |
focated on a remote computer connected through:a network.- Through the remote
procedure calls, the monitoring process can retrieve raw perforinance data from the
monitored process to subsequently analyze and organize the information to generate

| the performance characteristics of thé monitored process. -

e

' __
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resources by an application. it is.specifically designed to nonitor process
information relative to individual processes, rather than system w de,
multiple process information. In one enbodi ment, the nmethod and apparatus
of- the present invention provides the neans for visualizing the progranis
wor ki ng set as a-function of tinme or on a per- operation basis. The
information collected. BREF DESCRIPTRNCOE M HAWIRGSIr ce consunption and -
reference/ nodification information for each page in the process' address
space of the virtual nenory system A system nodul e of procedures i&y

created and adde at | ' th i i ni.ng the
process to be rmﬂT'%§Pé§&'%’%@%ﬁ@%%EM§Pﬁ§8gﬂg%§§wéggM| ch
execut epabeManventien WANBS GpglireAtirb thedolibwing HafilBa @escHptieR obfel Or m si npl e
operations of reading specified tables or registers relevant to the

noni t or préfesredoerabodimentrigtwhighi:ng t he i nformation read. These procedures are
called or initiated by the nonitoring process through a network interface
on the conputer and the information retrieved is returned to nonitoring .

conputer for sub %tagaaaaiagaﬁmnﬂgp%;%ge Lifer®boddiidithbughQ Speci al

network or network interface tS require eral purpose network and
net wor knetwoek ihaceondandeowithtl aiprefarred pmbatimeotpithepresent invantion. whi ch support
renote procedure calls may be used. A typical .conputer network is '
illustrated in the block diagramof Fig. 1. Fig. 1 shows a plurality of

conputers 10, 20FiG02 BN ‘iﬁ'ai(érﬁpW%é&hé%tﬁE@ﬂ'&h@%ﬁkﬁr&éﬁ&?&f ains a
m xture of hardware and software whi ch functions as the network interface
50, 60, ramodatei ch formats data/information for transm ssion on the network
as well as receives such formatted information from another conputer
connected to the -7-  network and renoves the network specific A\
I nformati on | eavj ] dirth inel b idhel nput er .
In the present efﬁpﬁ ‘eg,ea%ﬁlﬁ"uﬁgﬁ%t@r&}écom%é%?ﬁ?&%o&?gf#ng t he
pr oces semployet incthe asethod and apparatus of the(regant énveaifion.s t he  conput er :
contai ning the process which nonitors process specific performance

| nformation on conputer 10. - ' o

FIG. 4 illustrates a initialization panel employed in the preferred

B

- embodiment of the present invention.
FIG. 5 illustrates a collection control window employed in the preferred
embodiment of the present invention.

© 7T G, illustrates the display generated containing the process )
pérformance_informaﬁon according to the preferred embodiment of the present | . U
invention. '

-FIG. 7 illustrates the properties window of the display utilized in the
preferred embodiment of the present invention.



Operating on conputer 30 is the nonitoring process 80 which sends out
renote procedure calls to-the conmputer 10 requesting specific perforpmance
data regarding the process, and receiving the data transmtted back from

t ke cqnputer 10 containing the nonitored process. The raw data received Is
t hen anal yzed and organi zed for presentation to the user. Preferably the
Informatiaon is preésented tdREDMLERCD ESCRIBYION) OF ATHES INVE aN di splay 85 for
easy visyal conprehension by the user. The user controls, through the

noni toring process, the process performance data to be collected and the
time pefTods during whirh chéifod!ahd abarbfls!dt 8ié fresdi Wiveniish E berfdihanes o5
performance data reflecting tinme periods duri.ng the execution of:the

noni t ored pr obasex eotfonobsgrving theubahaviar of a peodess.nthe pedarmanege taol is désignad y
after the nonitored process, has cq&pieted executi&;. i n a?dition, { he user

can specify hifuploNea gaftwaredevelopar ofiusen 1o uarersiang thedisage 9t memony,ardiother ¢ he
mon tori ng. pr [45puRes b8 olidalont S61s spBEHEA d¥8Hnod RFmbAIE pirddesk tbrifition

syst em over he palativetoiindividoal processes, rathef thansystem-witle, makiplarprbcesstisformation.
nonitored process is elimnated. Thus the perforpance anal ysis Is

accurate |n adn epgamhadimest. the methodand apparatus akihe presestis m(qmnmvigg{ the

tor _ . SN . e
The. enbod menHeRiE s AERTAA flo Arioiafs HBAiAY idf s SHAGPA e\ o dbdh S0
operating in apbhiieh basis.. Theirmbrnzgion collevtec>torisistofshapiiidlé &f lesoarcecgi st ered

trademark of AT&T). However, it is well understood by those skilled in the
art that the geesumptionandtefessncesmedticationiinfadnation for-gachipage ip e BrOCesS

system-and ca Le onput er systens. The nonitori hg
progess contr%f’ar%tsgg%éti%&'ﬁpéﬁr[}?@ﬁ%%% conput er system containing the
noni tored process through conmands or procedure calls to execute certain - -
procedures located in a .systemnodule in the operating system of the

conputer. These com‘ranﬁwsle_m@lodbllﬁ oipraceduresiisiceeatedhandiaddeddaithe operatiag| e
the Imoni Lor | ng, B 0eee o RachlePLobtto 55 botlds WUl BHBAEE ek HBaENS! o

contains the procedures which execute or setvice Remote Procedure Calls. The
procedures perfbrm simple operations of reading specified tables or registers relevant
to the monitored prooéés and retuming the information read. These procedures are
called or initiated by the monitoring process through a netwbrk interface on the
computer and the infomiation retrieved is returned to monitoring computer for
subsequent organization and analysis of the data. No special neiwork_or network
interface is required; a general purpose network and network interface employed in a
L -~ typical computer environment which suppott remote procedure calls may be used.

A typical computer network is illustrated in the block diag'ram of Fig. 1.
Fig. 1 shows a plurality of computers 10, 20, 30 connected via a network 40. Each
‘computer contains a mixture of hardware and software which functions as the network
interface 50, 60, 70 which formats data/information for transmission on the network as

well as receives such formatted information from another computer connected to the



"Typically, renmote procedure calls are used to enable a process executing on
a first conputer systemto i nvoke procedures or process in a second renote,
but connected conputer system The procedures to service the renote:

pr ocedur andirefoved , [ ,fgs'ﬁ remote .
procedurge%'*s?&a{?eor%ciaﬁtge'%i\?‘?\&}%gé'g?ﬁn%aﬁgré&\/\\%| C 8:&2‘821‘ ged to the
oper at i ndatafintoematien for use by tieempitet.ne UNI X operating system to the
kernel. The renote procedure call systemis enabled by a system background
process (referred to as a "daenon process in UN X); once enabled, tRg -9-
requests are procasifélpiisbMdrangh, co 1045 i ity sldin bbRaiing M
nodul e. For informatio‘r: on remtﬂyprgﬁigﬁre calls, see'eqqyliermte Control .
BYTE, p. tizGprogdss ogprogessas %9 b&monitorado Yarvputer 30 isdhe computee comainingur e Cal |

(i ScussoleoBiogsss whiehTonilard eiokass Hhece pastamgncs iporbetar of cappvisr 1o ot op

virtual ety Bmidledo e SRR BRRAsPE0 AR 1BhAELEERRTNGN Lhe same

conput er e operating system S a system nod whi ch
r esponds pracedorh calis\io thkes corhputsy $0 eequasting spetilicperiohmancd datasegardingdthees t o,

" emot o pPiReERy el apeiig the deladarsriied o i popude 1 Somiloie e

par amet ern%odwéwgu%céé@ BRSNS réciiodls tﬁaﬁa@]&{iﬁgmgﬁnﬂea e

identification of the renbte conputer on whic procedure | s.' to be
execut ed prégdentationio the issare Freleablytherinfotnationi is gresenteddo dhepusardaiur e cal |

froma process, Ml fo t. call jn a predeternine ssage format and
transmt W?ﬁ%é%’é‘bgvﬁt iiﬁ@ é%fﬂglﬁa&' v@%‘?‘é"[grﬂpég‘ﬁ%&“eweﬂBqF’ﬁg net wor k whi ch
Is specified in the renote procedure call. Upon receipt of the renote '

- procedure call, the procedure servicing the renote procedure call begins;)
execution and tranthe bserreatialsethroughthe mpniledrg PrRsess, the,pi9sess he cali. The

nessages iak! | SUike 1k fd z€d by Sun
W or ooy PRHBriaiEe dde 1 be Boflectéll ERY ittt e Wikt ditale - |
collected. Thus the user can access periormance data teflecting time periods during
the execution of the monitored process &nd not just cumulative pericimance data
accessible only after the monitored process has completed execution. In addition, the

v

user can specify how the data Is to be organized, analyzed and presented to the user
for review. By providing these features and functionality in {he monitoring process
instead in the monitored process, & majoﬂly of the system overhead required to
monitor performahce information In the monitored process is eliminated. Thus the
' psridrménce analysis is more accurate in as mﬁch as systefi overhead not normally _
present (when not monitoring system performance) in the operating sivironment is \.J

minimized. .



“Call Programm ng Cuide", pp. 97-142, Revision A My, 1988.). At |east one
‘message -10- is transmitted signaling that execution of the procedure is
conpl ete. Additional nessages may be transnitted providing perfornmance data
.0 the fonitoring process. In the preferred enbodi ment, procedures are
provi ded to start and stop sanpling periods during the execution of the
moni tored process in order to retrieve non-cunul ative process performance
data during different portions of the process. The procedures |ocated in
‘the system nodul e preferably include "Return Resource Usa‘ge". Start \ﬁtrrt ual
Page Mpaitoring", ReturfhAQHsstimenadeecibddis desScebed vith refgrensgja computeé

Ref erence/ Modify Bits" and Stop Virtual Page Monitoring" it Tg@éggggageged
"Retur n Resourggidgigpérating i aUNIX® apsraling sstam ppuRTert JUNDX s 1 rom
the portion of "the operating systenm s, nepgory ¢ [ M ' b @ tharthbe
prosess. Pref etr@ddmarkmf&'l'@m?-x Gfsétﬁi”@ﬂ]?’“ﬁﬁré?q%ﬁyggp ge F‘g{lﬁ ﬂigg i S Iﬁ&dr t
superset of the informatjon majptaj ngd . dtemtandecambe Bpp Rel
‘with a time stpiegentipvenrion§ "Phgmﬁ?ﬂgb ?%éetgg& gaémgg@r ?’g rieved (i.e.; when
the renote procedurge ¢ _ d). The resource data returned is
that data storEBV_Pﬁ‘“M%‘iEX\?E“‘PE%%@?ati ng system s menory which contain
~accunmul ated accounting Information for the operating system The data

‘mai ntained is dependent upon the operating tem # ;28R h n the cofiputddl X
'o&rr %b ISR%E systgm ht hfe is?/IhgimmﬂP?‘Q:BWcﬁ%s g%@ﬁ%ﬁ@a"%%jfgmtgﬁg s;‘;;ﬂ em ?glllsl o

" and the following infag L bh @uAERaridsadr grocedure ©
(Accunul at ed r sustem ﬁ%‘aw&t%?im&"'%g%ach%u%g%ég@lbne of user process

| tionin CP t ' b term mddulg i e qpesrlingssystem of the
execution in Cﬁ%cﬁéﬁ% %P}%gdérég%&!&d%@sism g ape

execution in _ ge Faults Nunber of Swa

Fead T10m 110 ey onmitste sminhmissstarred 188 TRempts HOFPERS ABc TSP e
'aC C‘LLW! aed s gt:ilﬁforing process to sirﬁply and' easily inVoke'procedees_ln the system module.
Typically, remote procedure calls are used 'to_ qnabl_e_ a process gxecuting on a first
.comput_er system to invoke procedures or process in a second remote, but connected
computer system. The procédures to service the remote proqedure calls (i.e., the
processes executed in response t0 remote procedure calls) arp located in a syste.m
module which is' added fo the operating system, or in the case of the UNIX operating
system, to the kernel. The remote procedure call system is enabled by a system

background process (referred o as a daemon process” in UNIX); once enabled, the
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- 11 - Nunmber of voluntary context sw tches Nunmber of involuntary

context swi tches Nunber of nessages sent Nunber of nessages received This
procedure |Is preferably invoked at both the beginning and end of a sanple
period. The difference between the values at the start of the sanple period
and at the end of the sanple period are the resources used during the

sanpl e period. Exenplary code for the retrieval and interpretation of the
resource usage data is set forth in Figure 2. The procedure Start Virtual
Page Mnitoring", creates a duplicate or back copy of a portion of thgpage

tabl e of the nitored proges in,UN X the table is |ocated in.the °
kernel ). rﬁgeﬁ&%aﬁj P{%‘Eﬁsge‘gﬁif?é')f%ﬁf‘a:ﬂ?@?'%Oﬁﬁgg%&ﬁhﬁﬁﬁég@s’“g?wf-hE%age, |
protecti j b el be rG6 : ; [ [ te

P om t he epirafiohigr| ieBiold pro e Gap ¢asC P bié Canlrar B YTE S 2R MIEN P .
copy on wWag%e SuniMicrgsystens)dnd)PReflotdBroveduURNCAIl Rrdghiiimidd Gulder Révisibar ns
on the valid bit to indicate that the contents of a page are fegal. The
ref er enceAMay| 188&at es whet her a process recently referenced a page, and
the nodify bit indicates whether a process recently nodified the contents.
of a page. The copy on wite bit, used in the fork systemcall, indicates

t hat the kernel nus : r&m ' w}f i es
its contents. The a%ueé;{;??;seﬁi' %8. ca g%ﬁ%‘?@”gﬁ%&*ﬁ%@%@%ﬁ?ﬁ? er” of
the wor ki a@procissab stdrtand slpisrualpage nidnitbfisy brthersanweprotesssh dnothért s in
the page table are changed according to menory read, wite and pagi ng
oper at i onprocehe opithe gameomptarsygiesnt The ppesalieg: systemtineludes& sy$Ipf.  The
back copy is, accessible d contrallaple by the nonjtprin L OCess :
t hr oughoufMa94 }3’?‘ aapggcasq?ﬁg SEYIEeHREISYE c%'!fr#’ﬁ‘e“’&"b#@??’%d read when
required : C& (e f - Lol 1he. . Furthernore, \/
the initi Eralétzegts{%]ﬁor tEgsﬁ%gﬁé?}a?%‘%@?r}g%Jggs?gﬁﬁgrﬂeﬁéﬁe system does not
af fect the back copy thereby allow ng the independent collection of
cumul ati ve data. o o _ o o

. Preferably, the remote procedure call is in the form:

CALLRPC (parameters), where the pararheters’ include the procedure name or - -
identification and the identification of the remoté'computer'on which the procedure is
_ | tb be executed. .The network interface, upon receiving a remote procedure call from a
process, wiil format the call in a predetermined m_essage format and fransmit the |
' hessage to the computer system connected to the network which is specified in the

remote procedure call.

Upon receipt. of the rem'ot_e procedure call, the procedure servicing the “
remote prbcedure call begins execution and transmifs messages to the process which
issued the call. The messages are preferably in a format such as the XDR format
utilized by Sun Microsystems, Inc. (See Sun Microsystems, Inc., "Remote Procedure

Call Programming Guide”, pp. 87-142, Revision A, May, 1988.). At least one message



- 120- The procedure "Return Address Space Data" returns the data _
contained in the back copy of the paging tables as well as information from
the original page table regarding the resident status of the page. For each
page in the process' :addresssspacg;..bits are. returned.indicating whether or
not the page is resident i'n menory .at the.tine of the request, and whether

t he page has bisdransaittadsignrating thateapeution of thecprocedure is camepletee Addiienat t he

Dok COPY O ¢ B PSS S b RIS oAb

retrieved fromthe original page table indicating whether. the page is
resident In menory. The procedure "Cl ear Virtual Page Reference/ Nodify
Bits" i's used to clear tmtherpreteredembodimeént, procedires anaprovided toogign and stop

S, 0 Bl i i

i nvoked at then&l‘l‘-@uﬂﬁlaiibﬁ ng&B&é g%&%ﬁ&@@ﬁﬁsd&iﬁ\gﬁﬁb?eﬁ{gfomﬁb P ¥¥process;

nonitoring and release t operating systemmendbry used to create the back
copy of the page table As discussed earlier, the procedure calls related to
virtual page nonitoring_that is, "Start Virtual Pa Monitoring", ."Return
Addr ess Space Date", "CI®RPr logatgd inhesysism Pﬂafﬁﬁapb' 'gg!Hﬁe %‘Bﬁ?

Virtual Page Mmis@ b ks Yot iuel o)) t I'ls
The operating sys %%&ﬂﬁ(%@h(ﬁﬁ@ﬁ#ﬁg%@g{'@?ca S ﬁl\dsé,’r%;spai emaeﬁngttg"cill1 to
i'ncl ude procedaCrar VinuvahPageRefesgrivoAodify (Bitstiand $Stop Mirtual Rage Munitoning?l) | S

related to virtual page nonitoring. These systemcalls. and correspondi ng
procedures may be invoked by the nonitored process or -a nonitoring process

executing on the sane c & 1ok - _
monil{ ori ng process W | I%%ﬁ%cﬁ%@?%@ﬁ%eg%%%gﬁiﬁéu@&% bl ock
150 t-he noni t oréstasrdy G2y Tead fromi the poitiondf Avglopdistingsystent's Memtry sontaining ar e
set. Preferably an initialization panel, such as the one illustrated in
Fig. 4 is used infgueation der the presess. .referably.--..in a UNIX based system, the raw data returned
5 ' is a superset of the information maintained as a "rusage” structure in the kernel with a
_  time stamp indicating the time the data,_was retrieved-(i.e., when the remote procedure
' ' call was prbcessed). The resource data retumned is that data stored in tables in the
| operating system’s memory which contain accumulated accounting information for the
operating system. The data maintained is dependent upon the operating system. For
example, in the UNIX operating system, the system data can be retrieved using the

system call "GETRUSAGE" and the following information is retrieved:

e .h_eal time (Accumulated real time)

‘ | . User Time (Accumulated time of user process ex_ééuﬁon in CPU)

i . System time (Accumulated time of system process execution in CPU)
Number of Page Faults

_ Number of Swaps _
Number of blocks read from /O device
Number of blocks written to /O device
Number of .accumulated signals

-11-
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initiating the nonitoring process inputs the paraneters for the nonitoring ~*
‘process. Preferably the initialization paranmeters include, -but are not

limted to: Trace file a string giving the nane of the file for the data .
collected Host - a string giving the nane of the host conputer on whi ch. t he®
process to be nonitored resides. Process - a cycle itemused to specify the

process to be,manitored. |t cycles. between "create process (if the :
noni t or ed p"ri‘ﬁ‘g&eriag"?fgmﬁgﬁ?’é%éwcw "attach to pid [process id]" (if the
process has Ndnﬁ}xbm%ﬁmg@%ﬂgh“ﬁgﬁg@nd - A string giving the nangjof

S

t he command executed by the” process beling nonitored. Sanpling node - a

cycl e item f dcNumbdref meassagds sam oper ati ng node for sanpling. It cycles

t hrough "manual " (faor user-directed sanpling), "interval" (for taking :

peri odic Sanﬁ%béﬁ?&lﬁséfgﬁ’wﬁ‘m‘}back" (for displaying a previous sanple).

‘Maxi mum nunber ‘of sanples - the maxi mum nunber of sanples to be read.

Proceed - a button used to indicate that the user has conpleted entry of -

- the paraneters, alHistpratediureisgraterabioineskedstdoth th@bishinningsend éng ebd t t he
program After the input paraneters have been entered, at bl ock 160, a file

s opon ®mpleeerod Theditsiance bemsenhe vaues st ihe siakotthe smpleiReripdand, at

bl ock 17 %@8 o, hat I t he
noni tori%bd'%ﬂgggg‘gwgﬁ es F%h@g&ﬁh&?ﬁ%&u&%&éﬁ?Hgﬁ%g\lenenéi,ége aenon (a
daenon i Exemplsyt cotelfacthe retrdeval and irtepyetation éfahe resaurpaisage data islset conput er
system contai ning the process to be nonitored, "which attaches to or creates
t he proctegh in KigyE® &onit or ed and-enabl es access to the descriptive header

and synbolic reference information of the process (the |oadmap) which is-
subsequently used in organizing the process specific data. in the-UNNX _.
. operating system Fhyipreoedtre  Stérb VirtuayBhgerMoaitdring® Orétes acplidatson first \jJ -

process to attach to a second process whereby the first process attains -

access t baakopy &f adortionelheprge ablenf MP&GQP'QORES e tha gbleds- - "The

Process {b2iaa'ifib kdthd).' @& BHbe table entry contains the physical address of the
page, protection bits indicating whether processes can read, write or éxec_ute from the
page, and the following bit fields: *valid®, “reference®, "modify", "cdby on write® and |

~"age". The operating system (in-UNix. the kernel) turns on the valid bit to indicate that

| the contents of a bégé are leg_al'.. The réfe‘rence bit indicates whether a process
recently referenced a page, and the modify bit-indicates whether a process recently
modified the contents of a page. The copy on write bit, used in the fork system call,
indicates that the kernel must create a new copy of the page when a process modifies o
its contents. The age bits indicate how long a page has béen a member of the working
set of the process. - Whenever the 'r'efe_ra'nce_ or modify blt,sf'i’n the bagé table are \J -
changed according to memory read, write and paging operations, the changes are
subsequently recorded in the back copy. The back copy is accessible and controllable
by the monitbrin-g process iﬁfoﬁﬁhout the procedure. Thus, the back copy can be
cleared and read when required by the ptoceduié without aﬂécting the page tabie.

" Furthermore, the initialization or the cléaring of the page table by thé_ system does not
affect the Sack copy thersby éllé’wiving the independent collet:tibn of cx;iri:ulative data.

-12-



i‘nformation back to the nonitoring process which wites it back into the
trace file and -14- mai ntains a copy to correlate the synbolic
references with address space data subsequently received. At block 180, a
connection to the nonitoring daenon on conputer 10 .l's.made and renote :
procedure calls are issued to begin collection of data. First a call of the
type "Start Virtual Patke ptm'adurei"ﬁgtuhsAMes SpawDaiakétumstthedatﬁmmméﬂren

t he m)nr,i ori n'gg{)roce‘ss c%?tr nues Wa@@ ets. r tions that can
prlolceet\I d jin pd thespaging tables &s 'Qﬁ"‘ E 1om the,erigiogf Rage )
col.l ectin s , | e
second se'? consi 29%% t?@%{d&ﬁf%}(ﬂ%&?éﬂf@aﬁa@&% gabéﬁ‘e ?rﬂjfxger gnr‘aagnc'c?:j('ees-g

data. At bl ocpadé bitsare aetpinediindicdting whathey ornotibe tphge ts/nsrdémmmm@w e
calls "Clear Virtual Page Reference/Mddify Bits and "Return Resource

Usage". At bitiseacohithe request,andewheshardhepage bas baen referencedormasifiad since

procedure cal ], Al t

Bl ock 200, et 18 selion 13 SackBBRE Ty blesilp ol el beSHRL iy 55 RHRoM,

it into a forgRéarVinal Pagh FHiétehcl/MEtIRIBIR dbcriddtEbaIoW]. ChadBNidA Sinformation
information is scanned to cal cul ate .cunul ati ve counts of pages addr essabl e,
resi dent, refigratrievad tom theariginalpage treble indicating wheiher thepageds esident Imddress
space have. been creat ed by the program -if any are found, their

par anet ers (§T‘§'8 type) are added to the Nanelist digplay-: descrr bed bel ow-
(wi ndow 420, Fig.6). Each of the usage paraneters returned by the renote
procedure call "Return Resource Usage"' |s exam ned to determ ne a nmaxi num -
val ue for that paranet the pmeedurb"Clean¥irusi Page RelerenceModiy Bite" is usedio

st anp-indi cat i he .tinme a h was collecte att ached to .each

sl o ot A0 1A Betbe e Foglt b o 1RS Beri g S P hile” ThA GRmch® B8age

paraneters: ‘g@ut / E.gqa spl ays, .

iI'lustrat ed in kg diéﬁaa (ajégvs Egggémgi%epgvrvﬁaggg g g'fsee wi ndow 480

Fig. 6). -15-

| _The procedure "Stop Vutual Page Monitoring" is invoked at the end of the
monitoring process to stop virtual paga monitoring and release the operatmg system
memory used to create the back copy of the page table.

As drscussed ‘earlier, the prooedure calls related to vmuai page
monitonng. that is, "Start Virtual Page Monitoring", "Return Addrass Space Date",
“Clear Virtual Page Reference/Modify Bits” and "Stop. Virtual Page Monitoring® may
altérnatively be implemented as Syéfem calls. Thé'opefating system module(s)
W) containing system calls is supplemented to include procedures which are responsive
' to and service the ‘system calls reiated to virtual page monitoring.- These system calls’
~ -and édrr"e'sponding précediites may be invokad by the monitored process or a

monitoring process executing on the sarh‘e_ computer system as the monitored process.

The monit'oriri precéés will now be described with reference to Fig. 3. At

block 150 the 'rﬁéﬁ'i'tdriﬁg' process Is initialized and the monitoring parameters are set.
Preferably an initialization panel, such as the one-illustrated in Fig. 4 is used. The user

-13-



In a preferred enbodi ment, process performance data can be collected during’
predeterm ned portions, of the execution of the nonitored process For
exanpl e, performance data can be collected during the execution of certain
routines or certain input/output processes. The sanples to be collected-are
.specified by the nonitoring process. For exanple, a sanpling rate may be -

preprogrg; 1hetrRordi LdeQ& irdtite Sndtér t. ' , or
det er mi ne ithﬁe'ﬁ%ﬂs'{gfﬁn%gdrge tgflledarq}otsﬁlhteg’rsl ng %’rsg?;'etg_ g%%ﬁf‘q?lﬁd&g% -
Al t er nat Pretdrgbly thecinitializzdtion paramdtersintiodd, ddt drer motgimited teexecut i on .of the
- nonitoring process. Preferahly the sanpling js.controlled by neans of a
col | ector coh??‘iﬂ’ﬁ?\n'ﬁ@gﬂ,g _lméth&s"%gfghﬁﬁ%‘Pﬁ@P%@P"Pﬁmﬂifg. 5, which _
cont ains vari 5. QR : . | . Li a. This
wndow 1o | ot REE ARHBEMUTHS defio G1IRS ol coliputef br Gt bbby RO T °
moni t ori ng pr oanenitdred resides. access by the user. The w ndow nay contain such

itens as: Sanple - This -Is a button used to manually start and stop-a -
sanpl e i nter FApcessh& gygletitem ysad to specifydhe processighe monitosed. " it gyclénpl e End”

m ddle of & sariueo e prEthl A mBARTES BreSen B W BRDASHEMSTS or  [he
next sanple w tYanash m'gjgmmsmbmwhgs.agﬁdw&bg@w@j_ to add a flag

to the current sanple label to mark a point of interest to the user.
Aut oscrol | - Gomynanc- Astring:giviag thechame; o the cammangiexecuted by theprocess hHe

di spl ay of cal qul.at ed ta. Sanpling Mdes - Acycle itemused to switch
bet ween a mnu;qe"gg)ﬁﬁ"ﬂsﬁ%Mi ch the user indicates manually using the.

RS o SR St R ot e OtnG ool R 1

by the "inter vl tydlesthrough "mangal® (for user-directed sampling), “interval® (for taking \

' . periodic samﬁles of data) or "playback" (for displaying a previous sample).

Maximum number of sa_mp_l'es - the maximum number of samples to be read.

Proceed - a button used to Indige‘ta that the user has 'complefed- entry of the

parameters, and that the sampling can start. ~ -
Quit - used to. exit the program. -
Adter the input parameters hav#-b‘eeﬁ entered, at block 160, a file is open

o receive the monitoring information: ("the trace file") and, at block 170, the network
connection between the moﬁiioréd'process and the -monitoring'prbcess’ is established.
In the present embodimant; a dasmon (adaemonis a systém backgroﬁnd prbces_s)
initiates a process on the compuiter system containing the process to be monitored,

 which attaches to or creates the process to be monitored and enables access to the
descriptive hadder and symbolic reference information of the process (the loadmap)
which is subsequently used in organizing the process speciﬁé data. In the UNIX -
operating system environment, the-system call "PTRACE" enables a first process to
attach 10 a second process whereby the first process ét’tains access 10 the header and
symbolic information of the second-process.' The pr@cesS'trans?ers this loadmap
information back to the monitoring process which writes it back into the trace file and

<14
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Interval - A slider function used t0 set the size of a sanpling interval in
seconds. its current value is used at the start of each interval when in
the interval sanpling node. Sanple Label - A text string used for |abeling
the current sanpl e when i'n the manual sanpling node. At the end of each
sanple, the current contents of..the sanple |abel string are used as the
label for themANBING &pAPYR Soveiatatie symbelicietespnres with-addirss: space deta t o

enter a.abel e .sanmpl-e. The program sanpling node, as determ ned
at initg{ali zats{dg%e%'?ﬁvﬂ%g%at he control W ndow, can bé ei.ther nanual or
interval. In nanual node, sanples are taken in response to user selection
or "clicks on.the "sanple" button in the collector control w ndofv. A sanple
i s defined by two cli clé blogkel 80, aspnagction to:thelmonitedng dagmon pnicomputardis|

e B ot o et i APl nfof S e atl}Eslef s gt co RN £F o8R0 5754 8 alfBY
stored in the :ﬁ&@ﬁaI-stahanﬁbalféaab%daloﬁh@gs Rlad8 16 Mitiah S8 ihe Wy sitint) TPNén the'

subsequent referénce. In the interval nbde, the nmonitoring process records
dat a at  fi xed monitering pracess eontinues with dwasets ofioperationsf that earncproceedbincparallel.

preferably indjcative of the ]Jqcati of, ¢ sanpl e in the sanmpli '

sequence. The dﬂé’&% iSqyconmsts 9L$i°g‘§n1%%é'gs1'ggﬁ8$ @rﬁggﬁ'@rf@"?g% gﬁt&?Bn% B%SE 2Mng.
as 180 second SatiBifa sy f 3 teldl dfara trace
file. The tr aggr'-df'}‘lﬁlaﬁelaggnsi strgﬁ(e)? h?’%%gbgés%tldggﬁgﬁsgﬁgﬁﬁﬂ%@fﬁrf or mat ,
whi ch stores tdisplayingthppesfotmanaedaia. t he kernel and the nonitoring process.

The first block In a trace file is the |oadmap fromthe nonitored process.
Subsequent bl ocks contain sanple information, with each. sanple represented

by five bl ocks, a sanpl gi&g(d@ I ol fdmat

corng ai ning the data ret@r ne frsbrgns;a lq‘%e!urnbgé)s?g@?‘gee%age @.ggﬁkt%ﬁg{ett:ﬂlg
start of the <ChaarVirtual Page Reforerica/Modily BitlsbanthtReturatResoarteliysagh®t ARsibek n
Resource Usage" call at the end of the sanple, and a bl ock co(r}}‘ ai ning the

dat a returned 90, @ sample js terminated Ry upjpg th mota progedurg salisy ety Addiress
;sanmple. -17- gpace Data" and Return Resource Usage”. At block 200, data from any newly-
collected samples is processed to co?\vert it into a format more suitable for disptaying; -

“The addrass spacé information is scanned to calculate cumulative counts
of pages-addressable, resident, referenced and mod'iﬁed... and to see if any new
regions of address space have been created by the program. -Iif any are found, their
barameters' (size, type) are added to the Namelist display described below (window
420, Fig. 8). Each of the usage parameters returned by the remote procedure call

o "Return Resource Usage” is examined to determine a maximum value for that
| paramate_r_o’(rer all samples. Furthermore, since a time sia"mpdndicating the time at -
'which daia_ was collected is_attached to each sample, a rate of usage can be
calculated for each of the cumulative usage parameters . 'From this data, any ot the
resource usage displays, illustrated in Fig. 6 and discussed below, can be shown (see
_ .window_ 480, Fig. 6). '
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Preferably the process performance data |Is "nmassaged” or converted into
data easily reviewable by the programrer/reviewer. It is also preferred
that the data is converted Into graphi-cal data for output on a display
devi ce such as a high resolution graphics device. An illustrative exanple
of a generated display for a single process is shown in Fig. 6. Referri ng .
to Fig.6, the naneinsi piefsrretilémbatiment] precessiperformeante datarcan e eolibbted

nonitorin Broc%ia% and contai ns Jﬁvﬂormatlon about the process being s
noni t or e §rAun ions-ofthe,Axeqution of themenitored progesss Fars r unnig

host d
- { host namhanilé: gaHBARARe ki bart B BRI HGHACNES BRAIER Cf berif rdlifhef O
execut ed dvy:atthla imuﬂoummﬂrmassass Thesamplesib.be ldollectod afetpelifiddtyahe's panel

~ 410 presents three Ilneﬁpof status infornmation, The first line gives the

current @%W“@P’Qﬁ?@? -aFpeexample. asampling rateamay he srapsograsmacdinte heunt  of

t he nunb ges and

synbol s &FO@I zegwg n‘Dnl %%r%ﬁgr%?§§%$ tﬁg%ggm ee"@ ecifies the
name of trhmitumgeprddebets iitietstio iteimaitivaly, merstamplvs hayibe Bbletreadurihip te ar e
used to specify operations: The "Quit" button causes t‘he term nation of the
moni t or i rRxegwtisAaidhe manitoring PROCeSSt t on causes the generation of a hard copy
i mage of the current display. The Show Sel n" button forces a sel ected page,
synmbol , and sanple to be visible in all of the wi ndows so that all

performance dat a rpteeefamym@sanﬁlﬁigasbeﬁtrané )| métinsof dofieéteEcaay during a N

particul ar sanple taken can.be reviewed on the display which assists the
pr ogr ammewingewcslich@sahe gpe ilivstrated i'bFlﬂaﬁc‘éhiﬂbPama@s Ivadeus-options mised $asur ce

B L T R

the line tﬁa%@ﬂ.ohmtmaemw‘nngmﬁe%torlaasy E@oe%%ytﬁ&uwa%e%ﬁm@hasfw ndows
440, 450 and 460). The "Props button causes the posting of a property sheet

or wi ndoveamtain sych tem$ e t he' appear ance of the address space di spI ay as is
descri bed bel Qw w,th fer eto For e e, the verti si ze of
the tiles use Eﬁig g@& on, %R{mg?w%s@&ﬁ"a%ﬂﬁﬂ ple.iat to fit
nmore of the addrnﬁ%mwlenomah&l%h% st%l’tt"o?"'gé‘rhpla%{?h%péﬁwn&ﬁﬁén can
see differences between tiles nore easily. Simlarl
, whether the monitoring process is between samples or in the middle of a
sample.- '

Snap-A button used to end one sample and start the next sample with no gap

' between samples. '

Mark - A button used to add aﬂagtothe current sample label to mark a point ot

interest to the user. .

- Autoscroll - A cycle to enable and disable automatic scrollmg of the display of NS

: calculatad data. o
. Sampling Modes - A cycl_e. item used to switch between a manual mode, in
‘ ‘which the uset indicates manually using the "sample" button'the start and
end ofa sampte. and an interval mode in which samples are taken
sequentially for an interval of duratlon specmed by the "Interval“ function.
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color or texture used to represent the state of a page could be changed so
as to not di stingui sh between referenced and nodi fied pages, for those
cases where the distinction'is not of interest to the user. The nane |i st
wi ndow 420 is a scrollable text sub-w ndow which contains a table of the
form Virtual Address 2 Size In Bytes The

Nane List W ndow ilntegyaneAaiider functionuset @ s6t the &izé ona eamphriginterhl Y sédoRds.
| oadmap_at the start of the measurenent process and from the address .

segnmenty i nf or mat i on {teeyrent ¥alup js usesat thestart of saeh istesvabphen irohedntenval nade

during %Errpl I ng whi c%@ﬂ‘i C"ﬁéﬁ? whet her any new synbolic refeérences had
been created. There e * for each synbol. In the programe address

space including a!.Sa:ﬁﬁléthé!'-'_Nté&f‘dﬁﬁ?’ﬂ%H?@ﬂ {abeling 3RE-Eurfont 8&MhpleWAten in the
preferably excl udi ng de-bugger synbols generated by a debugi hg program

typical'ly enpl oyed biapualgempling mode. Atthegendrotieack sampleathe current contents of

software. The synbolg are identified from.the |pad copied in the trace
file. Special entrie eé@@p}%@gﬂs‘g gaﬁmé(?gﬁfsﬁ%%%ﬁ{%ggg mp?eo 'EFL r?msth
identify the segment a@sidted to &lRWAhe BSST to \enftE1aBé! 161AMb PBxt its. At the
top of the nane |ist are several |lines each beginning wwth a # sign giving

i nformati on about the process being nonitored including its process ID, the

command nane used to igjtiate process, the host n of, the conputer

cont ai ni ng t he nonit or 64 HFA8 ,aﬂlnﬁeilm?@-Pﬁé%ﬂﬁﬁ?ﬁéﬁ'“ﬁﬁb%@&"m"gh
initiated, an rfb?n b Z i ' '%g‘lu_' j © g I 3k -

i nf ormati on -rg’laet r@wﬁgwhgaé‘déérjglmﬁl{ormﬂ %Hr}ﬁ%f\é'g'hgﬁgxecb?%gﬁe% g%a{)ef t he
moni t or ed pr otakea in fsponse toaisky seléction onOtlieks"dnctha Esample buttoprim theagollaater been

statically linked, if it has been stripped of .s ols or if there was, an’
error gen)ér at CORral Mindow, A mﬂg-'ﬁimm% ‘Y‘_Pﬂ'c"ﬁnyﬁgﬁ\ﬂ{s'f’ Wﬁ‘smﬁ%ﬂ'ﬁﬂf then

may e Highl i ghted én%'tﬁée E¥€or§1;hvlvi€k R@P&Stgy'gg{sog@%g{w éﬁbﬁﬂlpf 28h BY of Any| | CK

anywhere on a row Int W n W resulting In the row

cor r espondi ngtime durationy ahdtheseiscariabel dssotiatediwithreach interval (as storeltin the t he
name |ist w ndow and the gg e containing the synbol to be highlighted in

‘the address spEpi®label sl MS"'DFQSPQ roj wind yv)'forsubs_eqyem réference.

In the interval mode, the monitoring proéess records data at fixed time
intervals, and generates a label for'eabh sample, preferably indicative of the location
of the sample in the sampling sequence. The sampling interval can be as short as one
second, or.as long as 180 seconds: . |

_ As the samples are collected, the data is stored in.a trace file. The trace
- file consists of a serles of blocks, ehcoded- in XDR format, which stores the data
o passed between the kernel and the monitoring process. The first block in a trace file is

the loadmap from the monitored process. Subsequent blocks contain sample

. informaﬁon, with each.sample represented by five blocks, a sample header block, a
sample label block, a block containing the data returned from the "Return Resource
Usage“.call at the start of the sample. a block cohtaining the data returned by the
"Retur’ri Resource Usage" call at the end of the sample, and a block containing the
data returned by a "Return Address Space Data" call at the end of the sample.
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.-19-  The sanple | abel wi ndow 430, is another text sub-w ndow that shows '

the | abels of various sanples. Each | abel |Is obtained fromthe sanple data,
whi-ch in turn has been entered by the user at the tinme the sanple is |
term nated. The label is inserted without change, and is used to identify
the particular sanple to the user. Aclick on the rowin the sanple |abel '
w ndow wi || select that sanple and it will. cause.the address space and
resource usage displays to scroll horizontally so that information rehlative

‘to the sel ected sappfBrably the Prodess pEribMfanbe BRRAS "iasshgeE! GYEonvaNed IniPs -

containing the selected sanple is then underlined in the sanple |abel

)

wi ndow. Tdate eagily W@gwaamthemmmmey/rewﬁ s 9&%’@93%1&%&%(!&1@@5 of the

Gur i ng. t naaeang i Bannial aRATR: Saih4 dipla oate sttt e TR ARERHER
W ndows, gl%ﬁﬁicéqﬂ(liéﬁs AN iskerative Exaifisle BRE eﬁérﬁfﬂd%lsﬁﬁ%?ﬂ’sﬂ% ploRess isOW of

t he page dress w ndow 450 corresponds to .a single ‘nenory "page and
di spl ays showrinfig.6. Relarringto Figi6 the admeistripie 400fidentifiep thpewiadowiaise page

ffset | at to the lo I t t th whi ch .

et 11 evednPNBIA Mardoran BreEss a8 domaing MHerabon AROuLIAP SEess pelaDat 2 A

Ui ek MBI k plobin RSt BE e hAhRG of WHGH 08 mdrdiBrocfirbBsua g firiding O Of Uil es i
Isplay W n

t he page ow 4 or easy Ccr oSS rof eriance. 'EI nes correspondl ng

t 0 segnenthostnanid)/ the provess idief themmabaulpmcess (pid) arid thecommaneiinetfoe t ype
(Text, Data, BSS, V-node or gew ce) .and the -nunber of &a:ge in the segnent.
The page HW@dPeRipred RERSASSWhich indicat -the; computas pEegram hei G R BPs the

ot ons SPOPHSRE sk RenhaAa: AU bolrbrih s HERY 16 g EIANRY

Ss“space. 'The page ]
posi ti onegf status hﬁonﬁahh Thefirs line.gives thbrasmrenystaide of dpérationy MHiessetond an

array of ties, scrollable in horizontal and vertical directions.. The raw _

dat a usedlinecniains Aisvaman: counkof the numbar.of samples tﬂ@getharloaic%l AdGress; s

._(r)gﬁrg“t gegroc%ﬁuré aﬂ#%@@”ﬁé pr cessg‘ﬁt {iﬁﬁfﬁ ve a S aﬁ co gef oDEralt 2;ch

page, whi gpedifiesithe name s tib radeclila. Thé fourthliné contains fourtbutoms whichiare til e
correspo nﬂlsen tots%ez:irf]yatt:peraﬁons The "Quit" button causes the termination of the monitoring
process.  The *Print” button causes the generatlon of.a hard copy image of the current
display. The "Show Seln" button forces a selected page, symbol, and sample to be
visible in all of the windows so that all performancs data relevant to a selected symbol
-.or a selected page during a parlicdlar sample taken can be reviewed on the display
which assists the programmer i correlatmg the perforinarice ‘data collected to the
source code of the monitored | process Selectlons are made by movmg the cursor to
the line containing the symbol of interest in the Namelist window 420, or the line |
showing the page'of interest in the address space display '(viiriaows 440, 450 and
460). The "Props” bution causes the posting of a property shest or window used 10
‘change the abpearance of the address space display as is described below with
reference to Fig. 6. For example. the vertical size of the tiles used | in the address’
space display could be made smaller to fit more of the address space on the dusplay.
o or larger so that the user can see dufferenc_es between tiles more easily. Similarly, the
celer or texture used to represent the state of a page could be changed so as to not
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page. Each tile is preferably grey textured for a nonochronme display or
‘colored for a -20- color display-giving the state of one page in the
pyfocess' address space during one sanple interval. The correspondence
between the texture or color of the rectangle and the state of the
particul ar page is given by a |l egend on the page di splay wi ndow property
sheet. Each distinghish betweedireferencediand madifieskpagbs,dopthose cases whergahaur i ng

t he varigeus s | es .taken.in.the tenmporal order of the sanples wherein one
tile reié;,eserqfa%'tﬁ?'fﬁ’é'@f‘&{@'%'eétf?a'bgﬁgﬂr ing one sanple. The length of time
represented by each sanple is identified-on the CPU usage graph descri bed
bel ow. The page display wi-ndow.is horizontally scrolled accordifig to the
time period sel ected iThe feame listewindave 420 is anserollableateint sub-windowfwliich eontains
provi des the state of various pages in the process address space during
one particul &taBigghthe fome vertical axis for the page display w ndow 460 is
tied to the page a L.adow 4 nd it I rto | asy. -
mani pul ati on and i fO€ —dat ac as n'mg'd&ggis are™ i nto
segnent's, the tiles are grouped into -blocks according to the corresponding

| ogi cal segnents in the process address space. A line of text is placed
above each block of pathesNametist Windew isgengeated emisymbpli¢. eefergpeassanguitedy t o

ont {7 cat  SE RsePeB by e sbblapfhtf BRiche B ol T BorSEE feiment
i nformation nebthidtRm ivieléE by SEBH “RALMRIAESS Spick Ddre chllMmAiaging safphifg

Data”. dicking or selecting on any line in the page address or page -
di spl ay wi ndowhigh indicgtesshetheraay aewrsymbslic teferraces:had besncreated.: dheteds one

| d be -hi ghl.i d i he pa ddr i nd 0. the display
o o 466 g arsach Mol Gf pribmiS AakEs 3tdd Pandindial bakany p8T o oo
420 will be syhamicafly icaddd spmblis B ?I‘Hférﬁﬁ teluting Jelm_fgtgesﬁmls peRerafd | N-

the page. As described above, the state of each page iI's shown during the
sanpl es by t by adelsgging prograa typishlly erpployed by progrimmensitb alebug ot teceliminate

1 splay il oS0 cohlol > Dhbds Y GARLS P i akbtal ka7 otk "

- file. Special entries are inserted at every logical segment boundary which identity the -
. segment as text, data, BSS, V-node or device segments. At the top of the name list are
| several lines _e'ach.bé'ginnin'g with a # sign giving information about the process being
monitored includih§ its process ID, the command name used to initiate process, the
‘ host name of the computer containing the monitored process, the time the monitored
process was ihitiated. and the page size. Additional lines are added'to provide
_ information read from the header information of the executable image of the monitored
— | process. Speciﬁbaﬂy it is noted whether if the program has been staﬁeall‘y finked, if it
has been sgﬁ;;\ped of symbols or if there was an error geno;r'ating the map. Using the
name list window, further information may be highlighted relative to a particutar symbol
on the display. A click anywhere on a row iﬁ the window will select a symbol, resulting |
in the row corresponding to the symbol selected to be shown in reverse video in the
hame list window and the page containing the symboi to be highlighted in the address
- . space portion of the display 440. '
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"Return Address Space Data "renote procedure call which indicates whether a
page -.21- has been referenced or witten. (nodified), resident in menory
or addressable. A page nay be in one of .the follow ng states: 3
Non- addr essabl e the page cannot be referenced by the program Normally, "
non- addr essabl e pages are omtted fromthe display but are shown if a page

i's not addressabIme@anmlasemmwnbesislanbthadwwﬁwmmmmamhﬁéS This
may occur, for exanple, when a[ggrocess heap i ncreases in size duringzone

par ti culabelssefvgrigus samplﬂ%mﬁyclh glds phtained fram the-sample datas which-in furar dedabl e

e oo BREBRE b st i 1 58Pl e T B8 e page
was I esirfi@Rbd withdi BhaNge) End e UsetRto idértity 1B pariclRr sampielto the Derl & |
application during the sanple. Referenced t he page was referenced but not

nodi f i edligiyon the rowipthecsample label wingow wili- wmm samn!a and it will causethge was

nodified . by the a er e was in an-
unknown g? §¥§ smﬁ?eg’g %gg”‘JFg}‘P%Q @'gﬁ'ﬁyggﬁ %"?@Pﬁ%"&"@}' Sp i“f'%égff’ﬁ"%f?@ page

di spl W #m:ﬁéeenwd Eﬂm?%tnsb wmaetré@eemeai&u By, avndw.ﬁaﬂéwmahmgerty

sheet ustrated in Fig he page di splay w ndow property shee

O nvokedmg/seied:!edsampw dmnumdadhedimtuapaaow labet wiodown Thie theont r ol and
status w ndow 410. The pro ¥ sheet str t ed

B Fi

ol | owi REPAEEREr F2n pasiy e 18 3t ne sigtecsr 188 PloceSy pades Ao el oot or o
as showgafid, B Rieiok¥ rﬁb%%es%n&ﬁkﬁe&*ﬁ?ﬁhﬂhﬁpgéﬁl eReset - a button to
cause the reset of

property sheet values to the values currently used .
in the main display. Default - a button.to reset’the property sheet val ues
e e Ut ok Space Hepldy'£4b 68 Sice S St phgs P"OPe
' 'addre_s,s. window 450 and page display window 460. Each row of the page address S

~window 450 corresponds to a single memory page and displays thé virtual address, in
hexadecimal, of the page and the page ofiset relative 1o the logical segment |
containing the page which was retnevad through the remote procedure call *“Retumn
Address Space Data”". A tick mark Is pl_ace_d next to the center o_f the corresponding
row of iles in the page display v)vindow 480 for easy cross-reference. Lines
correspondmg to segment boundaries provnds the relative index of the segment tha
type (Text, Data, BSS V-node or dewce) and the number of pages. in the segment.
The page address window 450 has a vertical scroll bar which controls the scrolling of

the display windp\ir and allows the user to.view different regions of the address space.

| The page display window 450, which Is positioned to the right of the
page address window 450, consists of an array of tiles, scrollable in horizontal and
vertical directions. The raw data used to determine the state of a particular page in a
sample is obtained as part of the data returned by the "Return Address Space Data”
remote brocedu;a call. The data is processed to give a_'stéie codé‘_ _fdr each page,
which is then mapped into a color or texture pattern for the tile cdr'responding to that
page. Each tile is preferably gray texturad for a monochrome dnsplay or cotored fora

»
it <,
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Tile borders - A toggle switch which turns on/off the display of borders
raround each tile. The tiles. may be shown in varying color or texture
optionally with a solid |ine border -drawn around each tile. -22- Size
choice - a sanple tile that is nodified in size, using the height and
width sliders, showing a tile of the size on the display. Height - a slider
type control eoerddispiaygivingithe istataybt onel page inlthe pibicedss! addmss ispae duringeone

control 4sed to set the width of . a tile. Butfons are.also provided to :
Solect ihe. coIAmPIAIMIPAL | R ChriespRndagich beMRRR 18 16urs o Solor &F the8Ea00s o
The tinme axi S | o frd ' ; | r i

hori zont al ax?ﬁg{g‘ t g%%ﬂ%‘%ﬁ?}g\%ﬁg%ﬂk%egﬂ?dt ﬁgmrgg%ég&rdéé sgg‘gow'
w ndow 480. | propertylsiveelc &atinraw oftiled displags thecdtates of a pantiesiappajeguring the

i ndi vi dual sanpl es taken, which may or may not represent -equal . size tine
i nterval s ~ Eava{ious samples; takensigdhe teroparal erdarphshe samples whessin ang tile

sequentially | | ' +d N ' | ] as

a scroll bar %ﬁ%ﬁ%‘&g‘% ?&%%?’a?b%ﬁ%%ﬁbgé{?% 'ﬁ%{'p'g’c rq’(r)'# P%Ff@éﬁ%@ gé/\%lnfb@s\b t he
page display gadhisamplé . dentifiedon'the CRLS 6gsge/gragh dedétbed defow. CRkhedpage Wi ndow
I ndi-cative of a sanple within the time. access. wi ndow 470 sel ects that

sanpl e. The sdispry window is horgentallysscroliad aceprding,to the tige pasiodiselestaddadhey so

o et g v nale oafBRaRabd. as Blinh b isS hei<Gop 3 atVAIBR padéin oo
access W ndovprhébss* abldrebs spadecduring one pRitidult Saimipld. MPhesvdhiié akis ¥6Y the/pagew

430. The resource usage dIQSJJI ay consists of three sub w.ndows below and to
the left of tdisplaywindow 46Qusitied\io ivppagenadsress window#50 and|itsiscralitbarte ti ne

T
pel ow the DUl ing\segménts,2Ro led!dhé!gHiupAA I bicbks GBEAHIG 16 b dirleBoridify lagiiand

for the chosen graph. to the right of the |egend and scal e, I's

‘usage wi ndow s@nmimihaip@aﬁ'MSW s of _

A line of text is placed a;ove' each block of pages identifying the name of |
. the file corresponding to-the logicél segment and a set of 4 32-bit numbers which is the .
kernel identification humbers for the. |ogicai- segment which is part of the information
returned by the remote procedure call "Return Address. Space Data". Clicking or
selecting on any fine in the page address or bage display window will select a page
and cause the data relevant to the selected page to be highlighted in the page
‘ - address window 450, the display window 460 and the name list window 420. In
N addition, the name list window 420 will be scrolled to display, highlighted, the first
_symbol Iocatéd in tha'-pag-e; T T '

A_é described above, the state of each pagé is shown during the samples
by the color or texture of the oorrespondi'n§ tile in the page display window 460. The
page state information is deterrrined by exarnining the information retieved by the
"Return Address Space Data* remote procedure call which indicatés whether a page

.21-



resource usage (either per second averages or totals for each sanple). Each
graph contains several plots shown as lines of different textures or colors
sharing the sane vertical scale. -23- The nine resource usage graphs i
that can be displayed are: the paging graph, the paging rate graph, the:
page reésidency graph, the CPU usage graph, the CPU rate graph, the |I/0O .
usage gr das bepheeferaboed e wiittap imeditied)hresidestio memeryas agdemssable.nd page

m scel | aneo rate The r data used to.generate the graphs

stored IH"? e&ftﬁggug 'rre the data Is retrieved. Exenpl a?f-;jcode

. for the generrgbhw I e graph
shows the nunber o ot a fau?agévmt f%eaéfglg#pg?&b?mﬁ?égﬁamtg?gﬁélﬂgrd
faults and tot alnonedddréssablespagelsare mmbusroname displeycbuttare Bhaven)ifia pagehysi cal

|/Oto get the page In, soft faults do not gwre ph sical 1/0O but onty a
remappi ng of thésg *?W'WB@@WSIWRS?SP sﬂ@ﬂﬁﬁ@ leuripg Sthatss 1 n the

MWL The pagi ng y @g%eeuw R QUEmER: And P orieeREed AR dadlsRfe dlfigg 2L ©

Interval, soft fa per sec otaI er- secon he v Iues

(counts) are Obt@bmldikrWaCTﬁﬂﬁthQdd@@pQﬁs will bolEhdwatdsvilonal ues from .
the data returned by the Return Resource Usage" renote procedure call at

the start and emdassawg @anmsemp'ﬂséammrmwedma%mtbqheamsaang t he

Subt ract ng | Nebaeabedi® s vy WsckredeaBiad N BecialOatin el 2 O i

page resi dencm&ptthdpagé WeB résMidnt Ve mefy butnaitidr redéndedirdr nitdiegs sabl e
pages, total In-core pagleqz total referenced pages and total nodified -

pages. In the pdyeheappliratiop dyriagthesampie- core count i ncl udes referenced

g o <pl oy BB e e TR Eehch Bl A A e PR
referenced excl Ludﬁ;ﬁ iR¢lsamp) - The data. is obtained by scanning the data

returned by the ' Return Addr ess” Space Dat a" renote procedure call at the-
end of each sMqgified -the page wasimodifed hythe application kudngthe. sample. :

Other - the page was in an unknown state. , . :
, The size, toxtures or oolors used for tiles in the page- display window 460
~ may be set by using the page display window property shest illustrated in Fig. 7. The .
‘page display window property sheet is invoked by a. button selection on the "props"
button in the control and status window 410. The property shee, illustrated in Fig. 7,
* has the following ems In it B |
Apply - a bution to -cause the transfer of parameters as shown on the property
~ sheet to the main display:’ - B
| Reset - a button 1o cause the reset of the propeny shaet values to the values \J

_ currently used in the mam display
Default -a button to resef the property shest values to the default values.
Done -a button to cause the closing of the property ‘sheet window. _
~ Tile borders - A toggle ‘switch which turns on/off the display of borders around
sach ttle-._ The tiles may be shown in varying color or texture optionally with a
* solid fine border drawn around each tile.
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The CPU usage graph shows four rows of information: total CPU time, user,
CPU time, systemCPU tine and real tine. Simlarly, the CPU rate graph
sphows -24- . total CPUtime as a percentage of real tinme, user CPU tine as
a pereentage of real tinme, and system CPU tinme as a percentage of real
time. The values (counts) are obtained by subtracting the respective

cumul ative val uegizbichdich 1@ shple flféttﬁétr@ﬁ\o@ﬁe? P siz&iUsiiy hgﬁfyﬁi aRd Widiee"

renote procedure call at the start and end t he sanp e rates are .
conput egd by di vi di sligarsicshowing & tileyof thecsize emthetdisplaydur at i on of the sanple

whi ch i f th R
Relsgurlzz (L:Jggggt e€39¥'5 #d?a e Q{B'e t%’gﬁétégﬁ)naégﬁcﬂﬁatﬁ%\t/\smof ie;?(r)pmat I on:
the 1/0 bl ocks r@gdn -4 dy@pﬂémﬁggdtsmewﬁﬁ%gﬁﬁ ead and nessages

0

witten. The 110 rate graph”shows t nunber bl"ocks read per second,
t he nunber of /0 bl ocks written per second, the nunber of nessages read
per second and the nupber of nessages witten per second.. The val ues

(counts) 'are obt ai necPultPns am F'ﬁEPFQYQ’SF’H@s?'@?dBEPP%a@!Wé\“ﬁ/@ ceareseend r om
_the dat a re?}ggg«?ﬂcp hgfas%f'at urn Resource Usage" renote procedure call
ar 0

| ssued at t f the sanple. Sinilarly, the rates are
conputed by dividing the counts by the real time duration of the sanple,
WhICh |'s conputed. by subtracting the tinme stanps associated with the two

"Return Resource Usaddwe tifae puis window4Z:-identifies and pmvidas ailegpnd for thmr ee

Cont oxt swi PORGaLARE 8 prtE iaB Wil a6 o tie aSiig Uheni Mholp €6 .

recei ved pein ;swuyainfdwa;uauaheseafons@bﬂaépvnmngqmm%méﬁbﬁ& mn waand

and the nunber of involuntary context sw tches per second. The val ues
(coynts) ar @WTMMWPTQMMWGI sizp ime intemgac Each:sectionlisilabsledwithues from

the data re ur.c re.call, at.
the srart aAAmBRpHRodr et Fis 4edustainl abdianaifi the AEAT bndIBlegr Vitla e prie
counts by t iMndoRP470 hia éamtbhpm tAé hbhfontdl UtbGionthat'scrdlis O HE Wil A% the
subtractl ng the tinme stanps
page display window 480 and resource ) usage window 480 A clickona wlndow
indicative of a sample within the time access window 470 selects that sample. The
“sample label window 430 will also be scrolled, if necessary, so that the selected .
sample is visible in the sarnpl'e label window. The selected window (sample) is
h:ghhghted by a bolder border in the time access window 470 and its label is

underlined in the sample label window 430.

. The resource usage display consists of three sub-windows below and 10
— ‘the left of the time-axis window 470. -.lmmediately to the left of the time access window |
470 is a panel 480 containing a button dsed to specify whicﬁ of the nine available |
resource usage gra’bhs will be displayed. Immediately below the button is a scale
window 500 which contains the s¢ale and legend for the'chosen graph. To the right of
the legénd and scale is the tescuifce usage window 480 containing graphical plots of
resource usage (either per second averages or totals for each sample). Each graph
contains several plots shown as lines ot different textures or colors sharing the same

vertical scale.
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of the two "Return Resource Usage" calls. -25- The displays will be
updated in response to a specific user action or as new sanples arrive.

When a new sanple arrives, if there is roomon the time axis, it is added %
to the display. If the new sanple would be off the screen and §
auto-scrolling is turned on, the tinme axis is scrolled to the left and the
new sanpl e added. The page di splay and resource usage w ndows naturally
scroll together with the time axis. If-auto-scrolling is disabled, the

di spl ay remains uThéaleadsourtd Usagphgrapes tavcatobe displaybe are:aneipaging t%e
pre-existing sanple data.. I.f the new sanple has a Io'jli cal sanple of address
space whg'aRn;the pagipgratergrapty the page; residepriegraph, the GRU ysage:o/epnBBt t hat was

w11 "be EH b BN vEBRE Brech, fheriR2 Foek olibh Bhe B mjetfin Al et o
usage dagha rhibEsNlafet\sy/talegrapR. ﬂsmaafahgeaa@gemamaé réphs €76 staved One of
the resource usage graphs, - a new scale will be set and the graph redrawn.

When t hethadeace filesatithe timg the\datalinretigvedo Exagplanteods fot thegeneration of the cont r ol |
and st at pel. agr. Injitialization panel Is selected. Upon selection of the
qui t but#%ﬁ?sa?ﬁéoﬁbir?irﬁé}%%g process issues the "Stop Virtual Page. :
Moni toring" renote procedure call to stop the virtual page nonitoring
process and release the operating systemnenory used to create the back

copy of the page {rhepagingigephghowsithe numiberefiotal faulisi withip a samplennecti on to
th ati f th whjch th I tored [

(1 P B G A Bl U SRTVHR gL AL 5.0 MBEETl"o" '
conj UnCtblSJkidH! Vbélﬁp;ﬁﬂ%%ﬁé irf dof® fEAE B0t reqlire pRysical %%Bhg.ta numer ous

al ternatives, no i cations, variations and uses w ||l be apparent to those -
ski | | ed remappingofithe page tor this fred)listioo restaringghel ewppings irothe MMUpaTha cul-ar  INed

e 0BG e o ok RS P 45ased ol B el st ©
PR A G e BRRSED iR G e PRI |
pr ocess esubtacting thevespectivelcuimelptive/valuesfrom ther deta retomied by theRetummeasi |y
under st Ol%gsg}/rcet Elgegues'efgmote procedure call at the start and end 61 the sample. The rates

aré computed by dividing the counts by the real tlme_'duratlon of the sample which is

computed by sdbtrac;ting'. the fime stamps of the two "Return Resource Usage" calls.

The page residency graph displays four rows of information: total
addressable pagas} total in-core pages,' total refprenced pages 'and total'modiﬁed

pages.” in the page résidericy graph the in-coré cotint fncludés refersriced and

modified pages whereir r'ef_e}éh_céd includes moditied (by conirast in the page display
window in-core excludes: fe‘férenc’ed. or modified pages and refaranced exciludes
modiﬁéd)--. The d_aia_is obtained by scanning the data returned by the "Return Address
Space Data" rémote procedute call at the end of each sample, and counting the pages
in each state. | '

The CPU usage graph shows four rows of information: total CPU time, -
user CPU time, system CPU time and real time. Similarly, the CPU rate graph shows
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-26- - 27 - ©111112121121121212211212121112121 1. A method for
extracting process performance information froma first conputer system
i,ncluding a central processing unit (CPU), menory and input/output mneans,
the first conputer systemfurther conprising an operating -system which
manages the resources and interfaces the resources to at |east one
process executatalCRM time-ag a perceniagp of tal time: user CRLLtime @s at parceriags ofreal

(o™ g Bl Ml R R G . T o RO ERC
resour ces,  sapshafdidWisubiraBlingsthe Jesdgttivd &itfuiafive \ﬁem‘;e%rfmmmaﬁa mﬂmr%he

process from anong the processes executing on th I rst conputer syst

est abl i shi ng "RetermpResourcabsage” cemoterprocdducecall at thestat@ndrendof theesample, -
executing on g,second conputer systemto the erati syste f the first
comput er sy st dHPSHER SreCampyiad by LiYidiRg e ronisdly th £ed Bmeidursiipn.of the, gample
conput er syst Gifch ig 88Mpaietty suBRadting 16 GmB Rdniid GRS d AR -
sanpl i ng  over the Inet V\KE)’?{?H?%e |anor ﬁon cogrn?‘;espondﬂlg to the rrgﬁ;l%t%sragg
process from chls.t abl es and-registers of the first conputer system- 2.

The nethod of claim 1 wherein the step of generating the process
performance informati on conprises the steps of: determ ning a sanple period

for the monitoring The I/O usage graph shows four rows of information: the /O blocks read,
-the /O blocks written, messaga_s'read and messages written. The l/O rate graph |
shows ihe number of I/O blocks read per séodnd. the number of /O blocks written per
| second, the. number of messages read per second and the number of messages '
written per s_eodnd. The values (counts) are obtained by subtracting the respective
cumuiativa values from the data returned by the "Return Resource Lisage” remote
procedure qall issued at the start and end of the sample. Similarly, the rates are
computed by dividing the counts by the real time duration of the sample, which is
computed by subtracting the time stamps associated with the two "Return Resource
| Usage" calls. | '

_ The miscellaneous graph displays three elements: signals received,
voluntary context switches and involuntary context switches. The miscellaneous rate
graph shows the number ot signals received per second, the numbar of voluntary

\_/ ~ context switches per second and the number of involuntary context switches per
second. The values (cdu_ms) are obtained by s'ubtracting-t'ha respective cumulative
._ values from the data returned by the 'Retur_n_ Resource Usage" remote procedure call
| at the start and énd_ of the sample. The rates are-computed by dividing the counts by
the real tifne duration of the sample which is computed by subtracting the time stamps
of the two "Return Resource Usage” calls. |
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proocess; upon a start of the sanple period, sanpling over the network the
I nformation corresponding to the npnitored process contained in the ,

tabl es and registers; upon an end of the sanple period, sanpling over the 3
network the information corresponding to the nonitored process contained in
the tables and registers; *CLMS* - 28 - conputing a difference in

the information syngldpidyswil bbpaatesin Rispbmd PAEHRIMIUsELACtdAGr@doN t he
end of the sanple period to derive the process perfornmance infornmatien. 3.
~ The net hoew samplesiamive. Whan amewsampie arrives, if there is soarm iondhe time axisolt is“wd

FoTet " coRp S BisbRie o 1E nohSlBefie 0 ) diiod soRRHER i BERARE S ot 0
pr ocedur ﬁxﬂfeﬂ ork; tﬁ@ﬁﬁ?.\&% i5 SerBlbd b thE WM GhathE e Haniplé ?Gtg@d?\’ﬁ{e pdyge net work.

The nethod o laim 3, wherein the step o enerating the
process ¢display and nesource gsagatwindows natprally scroll kagetherwdthcthe tiohetaxiszi i ng a

or | od, " swparealiie s fseRledh e oplak pivaics aclippd Ateugh Reuia o5@Nes 1 rom
[ 7 ox Ol PRI tns KL GIMED ld e, ARV IS AT i bR,
syst em t addressisgdve whith isdarger than previous samples or if it has a segment that was
o not present in earlier samples, the page display and page_' address window will be

redrawn to fit the new segments in the display. i thé' reso:jrde'usage. data from a new

sample exceeds the range of vertical scale for one of the resource usage graphs,a

new scal-é will be set and the graph redrawn. When the user_'desir'es to end the . ' o/
monitoring, the quit button on the control and status panel or initiatization panel is | |
selected. Upon selection of the quit button, the monitoring process issues the *Stop
'Virtual 'Pége. Monitoring” remote procagure call to stop the virtual page monitoring N
process and release the operating 'systérh mémbry used to create the back copy of the
page table. The data file Is then closed and the connection to the operating system of
the_.computer on which the ‘monitored pr_ooeséls executing is terminated.

While the invention has been described in cdhjunction with the preferred

embodiment, it is. evident that nur'n‘érous_ alternatives, modifications, variations and
_uses 'ﬁll be apparent to those skilléd in the art in light of the foregoing description. In
parliéu_!ar the method and aﬁpamtus of the present invention in not li_miied to use in the R 1
UNIX operating system environmant and is not limited 0 a particular network. \J_ :
Furthermore, lt is apparent 16 one skilled in the art that method and apparatus o
presented can be 'expébdéd t.q"iﬁdividﬁany monitor multiple processeé concurrently !
and display such information in a format easily understood by the user.
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and registers and transfer the information corresponding to the nonitored
process contained in the tables and registers to the-second canputer system
ov‘er the retwork; receiving the information corresponding to the nonitored

process fromthe first computer system over 2zhe net\/\olmﬂ Hﬂ’r uuﬂmmw t he
sanpl e period, transmtting the return resource usage'l? i cal |
fromthe second conputer systemto the first_conputer system over % ha

net wor k;-~recei vi ng the information corresm-%g to;the nonitored process
fromtheykirst conputer systemover the network; conputing a difference in

the information 29 - TP S received over. the

netwlork corrlasp%hdi ng t% themgm?;? o?ofhee’l%ﬁﬁ'\éen}%rip&?c[ﬁvﬁftP\éréfﬁmct%e '

sanpl e period tinflermatiohe fromess [Fdrisdr neowputerorsysten. includingha
hod of claim h s . ;

performance | nf Secy b, BrCRRELRy \ApiET (CRPP, pensly hd it L

performance information_into a Vi n L Pr
perf or mance i nfBeaBG: orfhe® BinsEr qomikeT t f¥sterofprdheyut epmpyising an

A nethod for exgpaghtifigh’ apsten| I WhdchPadhditaddsd OF Hhlel ONrésOdtdes i I ¥ind
conmput er system I pcl udi ng a, central gl;oces&ﬁg uni.t (CPU), nenory and
i nput/ out put neiREETEREEP;  fhe o LRSS oFPf uRtherd ri SPfg” Brocess

executing on the first computer system, the operating
system comprising tables and registers containing
information corresponding to edch process, the
information indicative of the status of the resources,
said method comprising the steps of:
/ ' o determining a monitored process from among the
processes executing on the first computer system;
| establishing remote communication from a
monitoring process executing on a second computer system
to the operating system of the first computer system over-
a network coupled between the first and second computer
systems; | _
generating the process performance information by
sampling over the network the information corresponding
to the monitored process from the tables and registers of
the first computer system.

2. The method of claim 1 wherein the step of
generating ‘the process performance . in_fbrmation comprises
the steps of: | - o

determining a sample pefiod for the monitoring
process; _ o ﬂ . _
upon a start of the sample period, sanipling over
the network the information corresponding to the
monitored process contained in the tables and registers;
' upon an end of the sample period, sampling over
the network the information corresponding to the
monitored process contained in the tables and registers;



A EETT o e L ot
: . :. [y . « . .

operating system—which manages the resources and |nterfaces t he
resources to at | east one process executing on the first conputer system
the operating sys ‘M‘Uﬂﬂmw,ﬂmﬂl tables and registers containing

i nformation cor I each process, the information

i ndi cative of the status of r&sotirces, 4he tables incl udi ng at | east one
page table conprising read, and wri te/ nodify bits for each process, said

met hod conpri sing U&ﬂlpiﬂ'ﬁﬂfg @ diFHerdride %&H@Qﬂﬁﬁﬂaﬁ&?% Iéur}e@mng
the processes eﬁ}egt on #hg first rrpute yst$ est n,‘[,fﬁarmte
communi cat PBAN Frazt ghi the &3 nﬁ ct“orrputer
systemto the opampﬂ.engpeyibdm tb tﬂerivesttherrmtmeas/stmmmame]etvvork
coupl ed be P-m rst ahd second conputer systens; . generating the
process Vi r ual "pagi ng i nformation by sanpli-ng . over t he net wor k

t he I nformati on corresponding to the nonitored process fromthe page

Labl es of ge i1 SO0y YEMo1a il 1 411 Wikl Lichid Ligedp C be M S -

- 30 - 7. claim wherein the ste of genergtlng

t he proce§§ta'hlr ing pERpote FRPB‘P#&P?&R%O&RW&'&SQ#]e gcslep .o

transmtti &&ecﬁti@igeaa uaékgﬁbunaaqsroda@t earprenedeerﬁal | comipitébe

second conput %r sys %mt% tice fi rs& corgouter stem ove{ i he netwot['k t e

cl ear virt ackground process or servicing remo
procedure calls received from the second computer system

over the network.

4. ' The method of claim 3, wherein the step of
generating the process performance information comprises
the steps of: ' ' ' _
' determlning a sample period for the monitoring

process; '

upon a start of the sample period, transmitting
a return resource usage remote procedure call from the
second computer system to the first computer systenm over
the network, the return resource usage remote procedufe
call causing the first computer system to read the tables
and registers and transfer the information corresponding
to the monitored process contained in the tables and
registers to the second computer system over the network; _

receiving the information corresponding to the u
monitored process from the first conipute;' systém over the
network; | -
o upbn an end of the sample period, transmitting
the return resource usage remote procedure call from the
second computer system to the first computer system over
the network; '
' receiving the information corresponding to the
monitoréd process from the first computer system over
the network; a '

compﬁting a difference in the information



pdge remote procedure call causing the first corrputer systé‘t‘b‘rm—t-l—at—l-ze

backup copies of the page tables; transmtting-a star
mgnitoring renote procedure call fromthe second Coﬁpﬂlmnyug'"m; Eﬂ
first conputer systemover the network, thegpgtart virtual cpage

renmote procedure call causing the operating systemof the first corrputer
systemto update the backup copies of the page tables when the operatin

system of.t he freceivedpover. siha aetwerk cgorrespandinghtes the ostartt plg a

return agdress @paceapie rﬁé@i@dpaaaeck-ﬂ@ éaldl df Oﬁhéh%a sPA héritat o
systemto the fir ut er stem over the ngpgg he return address

space data remﬂ%r{)Y%c rErBE £SREEFoEmRRce: BPer systemto read

t he backup copies of the page tables and transfer the |nforrrat|on

correspondi ng t the no ore I ngd Iﬁnﬁr %%5#1%
the page tables 'to t he @é‘% d% ?T% ?ﬁ %;;gfblgm gvefr"ﬂt het re e| VI ng
t he i nfornmati orstepseefonding to the nonitored process fromthe first .

conput er system over thgln &%ﬁih te | PridBEd OperForamiyeli aafbemhhson

nmoni t ored process provi rocess VI rtual paging informtion. 8.
The nmethod of cimkeh & Y&Ft‘ﬁlrfemﬁﬁs?ﬁg the steps.of: converting the

process virtual paging apgpiragingnthat ﬁrﬁc&BBU&brtamhceaddfdmat&pmg:ot he

rocess virtual pa |n for
Eystent p g gaghgnsggonduggﬁpg E%”%stem. eecond conput er

6. A method for extracting process virtual paging
information from a first computer system including a
-/ _ central processing unit (CPU), memory and input/output
means, the first computer system further compfi_sing an -
operating system which manages the resources and
interfaces the resources to at 1least one process
executing on the. first computer system, the operating’
system comprising tables and registers containing
information = corresponding to each process, the
information indicative of the status of resources, the
tables including at least one page table comprising read,
and write/modify bits for each process, said method
conmprising the steps of:
determining a monitored process from among the
U : ~ processes exect;ting on the first computer system; _.

. establishing remote communication from a
monitdring process executing on a second computer systém
to the operating system of the first computer system over
.a network coupled between the first and second computer
systens; _

generating the process virtual paging information
by sampling over the network the information
corresponding to -the monitored process from the page
tables of the first computer system.
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-31- 9. An apparatus for extracti ng process performance |nformat|on ¢

froma first conputer systemincluding a central processing unit (CPU),

menory and i nput/oﬂmm"mmFIWBMfl rst conmputer system further comprising g
an operating syst resources and interfaces the
resources to at [eaSt “ofle ® process aﬁecuti ng on the first conputer
system the operating system conprising tables and registers

containing 7pfornatrRe meenbasperdi Blaimt O6 ﬁﬁ@beinpr%ﬁéss step! h% =
i nfornmation |nd|c %lve of. the status of he resource sai,d gﬁ ratu

conpri si ng:ITREFRELBE ot i RERFeSSonYiEFRal pr ig | ong
processes ecemptisgsothéhstépssbfeonput er system means for establ i shi ng

renote conmuni.cati o itorin ecuting _on a $8c0 d
computer system to PRePERLPETRRG °8y CreRISE T NI | bt or EPRREN over
a networ k peptedubet wadil t fromi rthe asecgndornbmesysy:_emnbo rhhans for
generating gf Sohphtar BgktehBUEE tﬁeohgﬁvbﬁ% b¥heaEllela?d va¥euae

network the 1 nfornmatTton corfespondin e m)nltore rocess romthe

tabl es and Pageskanots PRoceduze t Sausingnth rst TROMpYEeTat us of
claim9 weystéemtto fnitialdzegbackapi eopies -btoenes pagef tabless

moni tor hS”pFSZELLS%a%ﬂ%F” STpPEAEY oYAPTRRTC Baghl, ponitfiring”
i nf or mat i orrenotecpposednye callt rﬁe:'onmirhe csecbngrcosputer system to
the first computer system over the network, the start
virtual page monitoring remote procedure call causing the '
operating system of the first computer system to update
the backup copies of the page tables when the opereting
system of the first computer system updates the page )
tables; :
transmitting a return address space data remote
procedure call from the second computer system to the
first computer system over the network, the return .
address space data remote procedure call causing the
first computer system to read the backup 'copie's of the
page tables and transfer the information corresponding to
the monitored process contained in the backup copies of
the page tables to the second computer system over the
network; _
receiving the information corresponding to the u
monitored process from the first computer system over the
network, the information corresponding 'to the monitored
process providing the process virtual paging information.

8. | The method of claim 7 further comprising the
' steps of: S
converting the process virtual paging information
into a visual format; and .
dlsplaying the process virtual paging information'
to a user through the second computer system.
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cdnt ained in the tables and registers upon a start of—the-sanple periad;
nmeans for sanpling over the network the informatjon corresponding to
t e nonitored process contained in the tables and reg”’ﬁ !u‘ ﬁﬁt,”md of
t he sahpl e period; . *¢ L Ms * - 32_ngans for'% ! il
difference in the information sanpled upon'the start of the sanple period
and upon the end of the sanple period to derive the process perfornance
informatiaen. 11_ - The apparat us of claim9 erein.the nmeans for

est abl i shirng refdt e conﬁ&ni A FPES "% PEQRERHES Rpxformance
background proctnformatienf i febmcoapfivstsy computere Epskamouivcpi@ings & or
servi ci ng renot d ecei.yed t he _sebond conputer, system -
over the net wor FeREoT bfaddsing "SRIEC(CERL) ARRREY CFuf BRI,
generating the Pednsss the f firakc computent systennfurkher - conprisiog an
determning a sggRLatAfl Odyoben e AR O'h8agel Che TRES0LEE  and
transmitting a return résource usage- renote procedure cal romthe second
conput er syst emiBEerkaces sttheprespusgesentoverdt hel@asthior PNEoPRPCRSS t

of the sanple pekeedtinge 61t Whe I 8$PEEC Catipdcer CEYstel,0CEHE! Spdtdting
causing the first conputer systemto ,ead the tables apd registers and
transfer the i nPEPHER onCXWPTLEHBHd rﬁf%alc?ﬁ he @R8ni t’c’ﬁ%ﬂsﬁ?'ﬁges§%ﬂ’d}%
in the information corresponding to each  process, the
information indicative of the statue of the resources ’
said apparatus comprising: | | |
means for determining a monitored process from
U among the processes executing on the first computer
system;
means for establishing remote communication from .
a mbnitoring -process executing on a second computer
system to the operating system of the first computer.
system over a network coupled between the first and
second computer systems; _
. means for generating the process' perfoi'mance
"information by sampling over the network the information
corresponding to the monitored process from the tables
and reg'iste:é- of the first computer s’ystém. |

. 10. The apparatus of claim 9, wherein the means for
\-/ | generating the process performance information comprises:
' means for determining a san'xple‘ period for the

monitoring process; | _ ' '

. means for sampling over the network the
information ' corresponding to the monitored process
contained in the tables and registers upon a start of the
sample period; _

" means for sampling over the network the
information corresponding to the monitored process
contained in the tables and reQisters' upon an end of the
sample period;
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tabl es and regi sters-to the-second-conputer system over the network; means
for receiving the information corresponding to the nonitored process from
the first Comuﬂmgmwwﬁuwlmte network; means for transmtting the
return resource U Medure call fromthe second conputer system
to the first conputer system over the~n®2work upon an end of the sanple
period; nmeans for receiving the information corresponding to the nonitored
 process fromthe first conputer systemover the network; means for .
conputing -a differemensn tfor cofiputiingor nmt i @iffewnge oder tthedgl work
corr espondi t t a Lod_angd.the f anpl e
peri odpt o] 3%#3“%‘%%%%82;&9?8?’@%% ipﬁ%gng?l %rl]'.e Isf%kﬁg ?hgiggparat us

of claim12ndyrupen ceheriefihgofncthe Eanplenvperind tte dexdisss the

per f or manc ¢ rigteNs e Fbrtince Meorhat P6ARt; and nmeans for displaying the
process performance information to a user through the second conputer

system 14. A nethod for extracting process per f or mance .
i nformati onif.r om a THEPEppararaseaf sobainns alHerdin hehel iy egggscri bed

ext racti ng RSy o FRRRE | FRaRiRE on ofemersAsa cheaps, oot

subst ant i aledecutsing a background process on the first computer
systeni , the Dbackground process for servicing remote
procedure calls received from the setond computer system
over the network. '

12. The apparatus of claim 11, wherein the means for  \
generating the process performance information comprises: -
' means for determining. a sample period for the

monitoring process; a _

means for transmitting a return resource usage-
remote procedure:call from the second computer system to
the first cpmputer system over the network upon a start
of the sample period, the return resource usage remote
procedure call causing the first computer system to read
the tables and registers and transfer the information
corresponding to the monitored process contained in the
tables and registers to the second computer system over
the network;

. means for receiving the information corresponding
to the monitored process from the first computer system
over the network; '

means for transmitting the return resource usage
remote procedure call from the second computer system to
the first computer system over the network upon an end of
" the sample period; o
means for receiving the information corresponding
to the monitored process from- the first computer system
over the network; | '
means for computing a difference in the



herelnbefore described with referente to the acconp dramn
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information received over the network corresponding to
the start of the sample period and the end of the sample
period to derive the process performance information.

13. The apparatus of claim 12 further comprising:
means for convertihq the process performance
information into a visual format; and
means for displaying the process performance
information to a user through the second computer systen.

14. A method for extracting process performance
information from a computer system, substantially as
hereinbefore described with reference to the accompanying
draughts.

15. An apparatus~for extracting process perfbrmande
information from a computer system, substantially as
hereinbefore described with reference to the accompanying -
drawings. '




