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Method For Monitoring A Digital ~ultiproceaor 

.. 
·• 

Government Contract 
1bis invention was made with Government support under Subcontract 

646581 of Prime Contract N000383-91-0-M601. The government has certain rights 
S in this iiivendon. 

Field of the Invention 
This invention :n:lates to softwme tools that help computer programmers 

optimize their programs by keeping track of certain aspects of the execution. of 
computer programs. More panicularly, the invention relates to software tools that 

10 monitor calls made to the Operating system during the execution of code by 
multiprocessing systems. 

Art Background 

Multiprocessor an:~tectmes are attracting lrowing attention as a design 
approach for making computer syste~ faster. However, it is difficult for human 

lS programmers of multiprocessor systems to keep traclc of the execution of their 
programs. Moreover. it is generally desirable to practice multitb:n:ading of the 
computer programs, in ordei' to tab maximuin ad~ge of the parallel architecture. . . 

However, the gain in speed potentially achievable through multitbreading is at least 
pani8lly set off by the inc:n:ased Operadng System (OS) overllead incuned by the 

20 mullitlnading setup. Thus, ajudgment needs to be made as to when, and at what 
granularity, mullitbreading will be worthwhile. 1bere is a need for a software 
development tool that will help the programmer mate such a judgment, by, e.g., 
keepin1 track of calls to the OS made by the program, and by gathering statistics that 
describe the execution of the program on the multipmcessor system. (A program 

. 25 intended to perform an external task will hereafter be :n:f~ to as an ;'application".) 
In fact, certain software development tools, known as "pro~g tools," 

are commercially available. These tools add some form of insaumentation, such as 
CO\Dlters, to the executable code for measuring or estimating the number of times 
each ·basic block of code is executed. Under the assumption that cpu time is 

30 allocatCd with perfect efficiency, these measumnents or csthnates can be used to 

infer the amounts of time spent cxecu~g various pans of the code. However, the 
assumptions that underlie the use of these tools are seldom fully justified. Moreover, 
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these tools achieve a resolution of several milliscco* which is not fine enough for 
many code optimization problems. Still further. these tools provide no rmss­
procusor coverage. and they provide only limited rmss-procus coverage. 

Also available commercially are analy~s tools that can show the user 
S the percentages of. time speilt in user mode, system mode, and idle time. However, .. 

tools of this kind do not mvea1 how or w~ (i.e .. in which calls to .the OS) the 

appllcadon is spcndin1 its time when it is in system mode. These IDOis also fail to 

provide a comprehensive view of what is occuning, within a given time window, in 

all of the various processors at once. 

10 Sumar1 of tbe Invention 
' We have invemed an operating system monitorina tool, wliich we mer 

to as "Osmon," that can provide the user with timelinc displays of process execution 
and ~ of the OS, and statistical analyses (summariml, e.g., in histogram displays) 

of calls to.the OS. 1bis information enables tho user to concentrate bis efforts to 

15 optimize the execution dmc on that component represented by OS time. Our 

monitoring tool CID also offer sub-micmaecond resolution for displayed data. 
including the execution time between user-selected points embedded in, and 
compiled into. the application code. 

The inventive tool hu two comjlonents: (a) a hypm:kemel that 

20 augments the operating systCm of the taqet multipmcessin1 system; and (b) a 
graphical fJont end fot implementing die user intmface. 

Tho float end initiates the coUec:tion of data flOm the target 

muldpnlc:essor sys1m1, receives the rcsullina files of raw daca. and performs 
whatever~ of data is ,~ssary to peratc user-rcquesled displays. The time 

2S windows within which data are collectm can be clefined in two ways, ieferred to 

herein u the "immediare mode" and the "software-triggered mode." 
In the immediate mode, the data are collected immediately upon requesL 

1bis permits general analysis at randomly se*1ed points in the program execution. 
For disp~ys that are based on statistical summaries (i.e .. the percentageS of time 

30 spent in various services provided by the ~S), the•• may select the number of 
"data snapshots" that me to be automati~y collected and incorporated in the 
display. (A dita $lapshot is a sample flm:n a specified time window.) 

To use the so(twarc-triggerccl mode, the programmer embeds specific 

library calls at· selected points in the code. 1be pmcess of data collection stans and 
35 stops, as indicated, at these. points. Multiple stans and stops are permitted. The 
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software-mggeied niode·mabs ·it pc>ssibks for the· user tC) examifte· the intemal details 
of program execution It spcicmc pOintl Of intmlt iii the projram. This mode also 
pcrmitl piccision timillg ~eDts te>·bc made between specified points in the 

· · coc1c •. 1bis is ,.rttcular1y u5erut for multidriadinl tlldeotf anatysis. . . 
s The h~ coinponmt is annexed to the OS by: (a) interceptin1 

· an interruPts ·1n4 ~ting thCtt1 frolll tile os to• iiyPerkomel; anc1 Cb> 
substitutm1 ajulllp to thC hyperkemefror each poilit·iD the OS thauetums back to 
the application cocle. The first Of thc:sc makes it'possible to control entry into the 
OS, and the second makes it possibte r0·COft1rol epss from the OS. 

10. Upon a signal flom the front end, the hyperkemel is activated, and all 
entrance and exit limes are nmrded. together with tile rcalOn for the intenupt. This 
is done oli all processors.· with a synchtonizcd dlDe. 

Descrletl• or• ornma····· . 
PIO~ l is a Sclaernatic ropl'esentatiOn of;the EhirCcturc of the inventive 

15 . Opcraling-lystem-mOnitCJring tool iii ail illiiS.atiVc;; embodiment. 
FIOa ~s are·m1*radve fames C>f data displays pneiated by a cunmt 

implementation of the iilveDtive momtoring.tooJ.· 

Detailed Delcrlptloll 
'lbe·~·Of acurrentiy piefmied·embociiment of the invention is 

20 DOW described Widi rebnce to FIG. 1. Althoulti the invention is useful in 
connecdon with~ it will be ~ally UScfu1 in connection with 
multipmcessiiig .,-.. ~)'t die exemplary embodiinent described here 
involves a target mullqXoc:essillg syltem 10. ·The taljet multipi'occssing system 10 
is eumplaiily of an R3000-baSecl. SGIPOWer Series System~ The operating 1ystem 

2S 20 is excmplarilY JRlX 4.0.5. As shoWDi there ii one instance of the OS for each of 
the plm:aI pzoceSIOn. Component 30~ li.belOcl "HARD\V ARB" in. the filure, includes 
J/O alicl commuilication ·c1ev1ces. HYPerbinel 40 cOnimuDicaies With each of the n 
applicadon processes SO.I, ••• , SO.n mDniDj on the iarpt s)'slem. Represented by 
double-beilded arroW 60 is bictirectiC>nal communication between the hyperkemel 

30 and front end 70. 
Raw d&ta me Passed &o1n the hyPerkernel buffers located on respective 

piOccsscn (not shown) IO frmlt-end data files 80. These files ·typically reside on a 
disk drive which is part of the normal Uier file SyStem on the talpt muldpmcessor. 
This ftow of dlra may be mediated by user interface 90, which. among other things, 

.; 
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issues mqucsts for .immediate-mode data. The raw data consist of: timing 

infmmation (01D' cmrent system bas 62.S-ns time resolution); the reason for each 

system call; the idendty. of the process active at the P!Jint when the OS gained 
control; and the identificadon number of the processor that executed the OS code. 

S Within the front end, the raw data me filtered and analyzed (at block 100 
in the fipie) in peparadon for graphical presentation (it block 110) in accordance 

with .miuests made via me user interface. The araphical informadon that is 
presented includes, by way of lmlllple: timeline plots of active processes and 
execuled system calls; ~s identifying_ those system calls in which the OS 

· 10 spends the most time; stalisdcal summaries~ any number of dita sets (each such 
set is sampled during a disCrete ame window and delivered to the front end either 

dynamically or from a saved file); and detailed stadstical data on system calls, 
including the number of occmrences and die average execution time per occurrence. 

The process of display pneradon is triggered by a request flOm the user 
15 by way, for example, of a mmau seJection. This causes a control message to be sent 

to the ~-muldpocessin1 syscem, instructing it to start the hyperkernel. When 
. the hyperkemers datacolil:ction buffers fill, or when (in software-trigeled mode) 

an embedded "END• mger is encoun1eled, tbe raw data file is sent to the requesting 
hem machine. 

20 '!be data are. nausd on a processor-by-processor basis. That is, the 

infannadon pertaining" processor 0 is die first to be exmcced, filtered, analyzed.. 
and displayed. Then, this 11911De1lt is applied IO pmcelsor 1, and in mm, to each of 
the snrceec;Hng processors~ 1be raw data file includes information reguding how 

many pmcesson are associa1edwkh the given data. In our current embodiment, the 
2S display object pmvktes a C-1:+ interface mound the raw data file. This enables all of 

the desired informadon to be ex~ via member fanction calls, and it eliminates 
the need to Jmow detailed information on the formatting of the data in this file. (A 
"display object'' is an abslnct dalll type flmiliar to c++ programmers. c++ . ;. : . . .· 

"objects" are discussed, generally, in S. Lippman, C++ Primer, 2d &I., Addison-

30 Wesley. ~ading, Ma~ 1991.) 
To genera1e timeJines of the active processes, the filtering component of 

. . . . . 
the front encl excludes all OS event1 obtained by the hypmkrmel, except those 

indicadng that a change of~ has taken place in the processor of cmrent 
interest. A context change is .indicated whenever the Process ID associated with rhc . 

35 next event in the data .(for tbe current processor) is different from the Process m 
associated with the event that precedes it. When such a new Process ID is received, 
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the Start lime of the ne\lll proc:ess is saved, Ind the end~ of the previous process is 
saved. From the saved timestampl duat mark the beginning and eDd of a given 
proc:Css.' it 1s possible to create a box.··p8pbicany cllsPla~ u pan of the timeline of 
the lelevant p:oCessor, tb8t beginS mxl e*adS at die ~ved start mxl stop times. By 

S way of mmpte, We are cmTe.ttJ.Y~~ . ., ftUnt elicl using the 01 (Cius 
' ' library) toolkit. and each Plotted bcD: in dos ~Jemenrmori is lctuany an 01 box . . : . .·' . . . . 

object. · 

This method for n:cosDizhig context changes and genemting timelines 
·will wodc well only if some pocelS b·~\Vays occUpyb.g tllepmcelsor, since the 

10 mediod usumesdlatthe bejilUUDg of~ ~w.~~ al~~ to the 
ending ot a·pmviaus·pmceu. ID .mter U, sadsfy ti'.cfO.tdidOD, ~ hyperkanel 

initiates dwmiiy, lOwest priority, null tasks 'when it starlS 1Jp. These ~wlhasks imam 
dlllt some process is alwajs availablcs ~.take the~ .. The Process IDs of these 
null tasks ale also inCluded in the ~-~:me. 'However, the front encl does not 

15 display.boxes &JsOciatm widl. mkl. since the)' 8ctuan:Y .. t idle time. 
The medlod for_pneradng tUneHnei 9f the executed sYsrrm calls is 

similar to the methOd, described aboVe~ for pnerldng tilnelhles Of the active 
pmcesses. HC>We\'el', fOr syst&ml-c:all ~ 1he only~ that pass through the 
filtaina stage are the system-call entry events and exit mm11. When a system-call 

20 · entry is eDCouatmm. it is added to a lisL Th. events nec:d to be queued in a list 
because it_ is posdble for multiple, nelted. .111fmD calls to~ in 1he counc of 
handling the arigbial, ~inidatecl OS servicC call. When an exit event is 
received, ·the mostmmt system-call event ha'Ving.thC ilamC Process. D> is popped off 
the list and matdwxl to iL A box can dien be dispkyed 0n dte appropriate timelinc, 

2S spanning lb times 'eo11esponding to the emry and mt events that have been pailed 

in dds llUIDDa'. 
The pmcedme for gendadng summary m.tDsram ploti of the system 

cans is stmnar to the pmcedum, described.a~· for~ timelincs of the 
execuaed ·sys1m11 calls. However, the beginning and enCt. of a liven ·system call are 

~ 30 no1 displayed on a dmcline. Instead, mice these ~ti llaivt bCon encounlelal, 
relevant details such u exeeation mm;··and pend ·time are added to a stored record of 
that system call. 'After all the data iD the data file (Or files) haves been processed, the 
data in these srorechecmds are sum1nmized, aVeralm c>VCr the number of 
occurrences of each sys1eln call, and plCmecl in an~ display. To create the 

35 graphically displayed histogram, one box is dra\vn for each type of iystem can 
encouniered in the data file (or files). The length· of each of. these boxes is drawn 
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proportional to the amount of processor time taken up by the conesponding sysrem 
call, expiased u a pen:entap of.the total processor thne cumulatively taken up by 
all the system calls. • 

Example 
S . Om cmrent :implementation is hosted on a ~UN4 workstation running X 

W'mdows. The target multipmccssor is an SOI R3000 Power Series system nmning 
IRIX 4.0.S. Before running the inventi-ve tool. ~ host Cllvimnment is set up such 
that SBWP.ETOOLS is pointing to the EWPI'OOLS ins1aUation directory. The 
SUN4 ex"'1tlblea am placed in the user's path by adding the following to the dot 

10 profile on the SUN4 workstation (usuming the installation directory is 
/t/cwpc1ools): 

EWPETOOLS =~s 
. expon EWPBTOOLS 
PAm = SPATH:SEWPETOOLS/san4/bin 

IS exponPAm 
The monitmiq tool is invobd by name at the UNIX prompt. 

For acquirina a snapshot of rea1time operadn1 system data, the identity 
of the target processor. the buffer size for the data collected from that processor, and 
the type of 1riger mode desired am specified by the user. The collected data set. 

20 automadc:ally becomes .the cmrcnt data set upon which all analyses will be 
performed. 

For software-trigmcl data collection. 1tart. nop, and end triggers are 
embedded in the application code. Start beJim data collccdon, nop stops data 
collecdOn, and ad closes the data-collection process and forces the contents of the 

25 . data buffers to be sent to the host machine, irrespective Of whether these buffers have 
filled. (Data collection will also automatically. encl when the data buffers fill.) 

·To embed. triaer poini. in a C application~ the user must: 
1) include SEWPBTOOLS/sail'includeJOSMonitorT.hh~ 
2) link with ~/sgi/libllibObjects.a; and 

30 · 3) insert the following function calls at the selected trigger points in the code: 
OSMonitorT _c StartTrigger( ); 
OSMonitorT_c StopTrigpr( ); 
OSMonitorT_c BndTriger( ). ·' 
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To eni~ trigger poilits in C++ - the.~~ must perform (1) and (2), 
above,- and then: 4) '*'1te an object of. clus OSMOJ:litmT_c; Ind S) invoke the 
followin1 member functions at selected points in the code: 

. Start(); 

Stop(); 

Encl(). 

A timeline trace of system· calls is. shown in PIO. 2. A zoomed-in view 
of the timeline for a particulai" pr~ b shown in Flc;i. 3 .. ·.A Process ID map, 

which is a driieline ~ at ali Jm,cesles elXXJUntisred, on a per-processor buis, is 

10 shown in FIG. 8. A bist0gram suminary ot ~--cali ·oo usage is shown in FIG. 
s. 

The data that can be iequesm for each system .call include the total time 
for that system call, the total time lot all system' calls, the average dme per 

oc:cumnce, and the pen:ent of total time. .. "wall time" and •cpu lime" can be 
15 req~ Wall time is the total time beiWCen entry and exit of dm sysaem call, and 

incl~ any pend time in which the pmceslDI' can be given up to do other work. 
Cpu time is the total time dmin1 which the syslelll call is using the cpu. 

Osmon Installation Procedure. 

We~ deSCrlbe 0ur proceclines for installing the h~ 
20 component of Osmon. Pint, we modify the nUX: 0pmatinl sYstem fer supponin1 

the hJ}Jelbrnel ccnn,m.. ~we install a software tool daied to u the 
"Bypedmmel.Tool9 • · TheHypedmmel Tool pn>Wfes symmetric multiprocessing 

c:Omml. and controls the ins1alladon of auxiliiry softWare tools. 

u~ tho cOntrol of the H~ Tool, we then inS1111 a softwm: 
2S tool refemd to u the "OSMonitor TCIOI". The OSMOnitorTaol runs on all 

pmcesson of the muldpmcessinj sysun. AS .Doted, we are Cmmldy using eight 

pmcessan (nmnbeml 0- 7~ bUt our~ toolS.ue designed far use with any 
number of pmcesson. TheOSMonit0r Too1.·~.for each pmc:essor, the time at 
which each intemJpt OCcurs, the 'eanse of the interrupt, and the pmcess-Dntifier of 

30 the intmup1ed process. TbC OSMonirar T~ also ra:ords the .time and cummt 
Process-ID whenever lhe operatina system ala. (By "exiting" is meant that 
processor control is leaving the operating sjstan to.~ tO an application.) All of 

these time notatic>ns are mferred ~a cOmmon hard~ ~nmning at a 62.5· 

ns msolution. Fmally, the OSMoaitor Tool passes the collecred data to the front end 
35 ofOsmon. 

' 
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This installation pmcedun: involves addiq code to, and removing code 
from, individual pmcessors of a multipmcessor system. As a consequence, there is a 
danger that each processor might execute old or stale instructions. As discussed in 
detail Wow, the bipanite division of Osmon into the Hyperkemel Tool and the 

S ~-Tool is helpful for avoiding this danger. That is,-the HyperKemel Tool • 
is desi..- to install and mnove code from each processor without interfering with 
the operadon or the other processors umi1 it is time for them 1D execute the new 
code. Moreover, when the OSMonitar Tool is finished with ill task (for the time 
being), it reports to the application that invobd it, and then it removes itself from 

10 the ins1l'ucdon cache of the processor. 'Ibis pmveml the System ftom leaving behind 
potentially troublesome mnnams of old code. 

To modify lhe operadng sys1mll, we fint creare a buffer, within the 
operating synem image, to be uilecl by the Hyperkemel Tool We name this buffer 

. ·a~~. and - its"size II the label 'RTEIRIXBufferSbe'. '11lis 
15 modification is ·achkmsd with the following script, folloWed by rc-boodng of the 

. operating sys1m11: 

su root Need 10 have mot acceas to sysgen 
cd/usr/syspu/master.d Oet to proper directory 
cp kernel bmel.old Save old kernel version 

20· cat>> kernel Copy the next 3 lines to~ encl of 'kernel' 
long RTBJIUXButTer [Ox4000]; 
enum-( R.TBllUXBufferSize • size of (l.TEIRIXBuffer) ); 
"']) 

The Hypelbmel Tool is installed in the nmning IRIX operating system 
2S by a pmgmn that includes-the following modules: 

Install.cc 

HyperlCemelI.hh 

HyperKemelI.c:c 

HyperlCemelLs 

30 FlushICache.hb 

('lbe main mutine; i.e., the command interface.) 

(The header file for the instal1ation procedure.) 

(The installadon procedure.) 

(The code that runs along with IRIX.) 

(Provides linkage infonnation for flushing 
the instrucdon caches.) 
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PlushlCacho.s (Provides iDlplemcn- of flushing of the 
instructiOn caches.) 

S ICMem.cc 

(Provides linkage ~on for kernel-memory 
accosses.) 

(Provides iDlplementation of bmel•memary 
a=sses.) 

Table 1 is proVided u .. an aid to Ullderslallding the rolo of these modules 
within the installadon program. 

To inslall·the H~ Tool. the {unctions m file HyperKrmell.cc 
10 first look up 'R'IEIRIXBuffer' ~ '.RmnuXe~· in the symbol table fer.the 

running operating system. mu. table is in an operating sySllDq file named '/unix.' .) 
The fUnctions in file HyperICernd.cc-.i .~the bypmkmnel code that subsists in 
file HyperICemeU.s inlD bmel memory at the addles1 'R'IEIRIXBuffer'. All 
posidon-independent nmmces in this code am ~ged appmpriately. 

IS The fmlcdoas in file HyperlCemell.cc then ftush the ins1ruction-caches to 
remove any stale code, install the jlJIQP insll'Uetioli that wi1I cause the IRIX operating 
system to call thC Hypcmmmel Tool, and flush the insuucdon caches using the 
functions conrained .in • file HyperKernells to make all the processors load the · 
jump instruction. 

20 As a n:sult of this installation procedure. the functions m the file . . . . . - . . . . 

HyperlCanell.s will be caDed when the next intmrupt occurs on each processor. 
Thus, this code will be executed on each Of eight separate occasions, one for each 
pmcessor. When this code is~ it will set aside memory for each processor, 
and will also set aside a common meJRory area for sharing of information· between 

2S pmcessors. 

As noted, there is a danger that each processor might execute old or stale 
insttuctiom. To prevent this, we have included barrier points at which the operation 
of each pmcessor is suspended after.it bu completed i1S tespective hypcmmmel 
initialfaadon procedure. Processing resumes when each pmcessqr receives a "go 

30 ahead" signal from processor 0 (the muter processor). This signal is p8ssed to each 
processor by way of a prosramming device known u a "spin lock." 

" 
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After each processor compleu:s me H~ initialiution. processor 
0 (the maiter processor) scaas through the nuX opmdng system and finds 
sequences of instructions indicadng that the operadn1 system is exitina. Each of 
these code sequences is zephad with a jump to the Hyperkand Tool. This makes it 

S possible to invoke our new code both when the operatin1 system exits. and when it is 
entcmd. 

. After the muter processor bu completed this task. it passes the "go 
ahead" signal to tho other seven processors. This assures that no individual 

. ' 

proceuor will enter the operatina. system prematurely. 

10 After all of th.esc inidatization pmceclmcs have been compleu:d. the 
muter processor sets each of the ~son to await.an intmupt that will instruct it 
to install the code for~ OSMmaitcr Tool. (The code to_ be installed is read from a 
file denoted HyperKmnelC.s). This particular interrupt is perated by way of a 
"break". instruction to the multiprocessing system. (Any intmupt other than the 

15 reception of this special "lnak:" instraction is bandied _by the IRJX opcnting 
system.) This compleles the installation of the Hyperkrmel Tool. 

The Hypedmmcl Tool needs to be n:-installed each time the system is 

Our progran1 fOr installing and ftmnin1 the OSMonitar Tool is rcfern:d 
20 to u "osm." As illuslrlted schematically in Table 2. this program comprises seven 

modules: 

osm.cc 

OSMonitor.bh 

OSMoaitor.cc 

OSMaaitor.s 

HyperKemclCbh 

30 HyperKcmclC.cc 

HyperKemelC.s 

("lbe main routine.) 

(The. header file fer the monitorin& facility.) 

("lbe code for the monitoring facility, nferrcd 
to u the "client".) 

(The code that carries out the actual monitoring 
tasks. Fonnally, this module is a client of the 

·· hyperkernel, and a server 10 0sm.cc.) 

(The header file for the client tnstalladon procedure.) 

·(The client installation procedme.) . 

.. .(The code that runs 8long with the IRIX operating 
System tO insrall the client.) 

• 
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To install the OSMonitor Taol the mstructions in the. file osm.cc :first 
create a nullpmcess to.run· on each otdiCprocelsori .. Thc·priority of these null . 
processes is set :10 the lelst polsible value, so th8t these processes will run only when 
thtJ ~ssots haw no other 1Ub. As ·nOtai, above, these null processes am used to 

S indfuate when a gi~' ~ isiclle. 

The instructions in the file osm.cc then allocate buffers for the logging 
.·of data,. and laCk'thcscbutfers illto memOry to prcveilt the 1RJX operating system 

from s\vappmg tllCm out to.disk WitllOut Ille mer's Jmowh:dp. ne instructions in 
the file osm.cc·will appmpdatCly cmge· atty position-~I Idercnces in the 

10 code contained in the mes OSMonitOr.s llnd llyped(cme1c..s. Upon triggering by 
means of die "bleak" instruction~ the!. H~ Too1.\Vili1nsta11 the OSMonitor 

Tool (u reJ,resm.m by the code ~tiined iD the files oslbitor.s and 
Hypeil(emelC.s) imo bmel memory. 

1n opcnticnl. t11e 0s~toi 'fool wm m>W convert the address o1 each 
1S da1a-k>giiag bUffer fmm user nioc&, to kernel mocle, and it trill divide the allocamd 

buffer memory spa cVenly among the eight proc:essatS. The OSMonitor Tool will 
then be able.to• simulfineously.and ~ynduuaousiy, on.all eight processors. 

At tbis point. them am Dine separate contml paths. As~ the 
· OSMoaitor Tool is rmmini on eight proces-.. In "addition, the osm program 

' 20 checks pedodical1y (once each ~in our cunmt implemcntm>n) to dctennine 
whether the OSMonitor·drivers (~p1esen1ed by the code in files·OSMonitor.s and. 
HyperKemelC.s) am finished. .. If they n not finished. the osm program relinquishes 
contml of the processor far one second, and then mes again.. 

1be event that de1amincs when the OSMonitar drivers am finished is 
2' the filling of the :6nt buffer. nm is, the first of the eight piocessors to fill its buffer 

will then s10p monitoring, and will also signal each of the the other processors to 
stop monitoring. 

Upon mceiving this signal, each processor individualy disables the 
monitor. 

- 30. 1be osm program (i.e., the code in file osm.cc) then unlocks the memory 
and compresses the data that have~~ saves the pmccss identifiers of the 
null tasks, and puses the data to the front end or, optionally, to a binary disk file. 

With referenC:e to Table. 3, OS Display is a utility packap which 
provides the interface to the disk filcs &nd displays information generated by 

3' OSMonitot. In our current implementation, it is a UNIX~ application code. (It 
does not run under the hyperkemel.) 
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The lnventlm dabned Is: 
1. Am=acl for m:ording data that n:hue to the behavior of a digiral 

computer when it executes at least one application program, whemin: (i) the digital 
multiprocessor supports ID operating system; (Ii) the digital multiprocessor 

S comprises at least one pmcessor unit including a buffer, and a system clock; and (iii) 

the app~ program includes jumps that are nomipally made to the operating 
system, said jumps to be Jdarcd to u "OS calls, 11 and the operating system includes 
mtmns that are, nominally made back to the applicadon program, the method 
comprising: 

10 a) within the processor Ullit, whenever the application program executes 
an OS call, jumping to a program. to be refmed to as the "h:yperkemel," which is 
distinct timn the operating system; 

b) under the contml of the hyperbmel, recording said jump to the 
. hyperlce\'Del as ID OS call, sbl11iJig a counter that counts cycles of the iysrem clock, 

15 and then jmnping to the operating system; 
c) within each processor unit, whenever the operating system executes a 

retum, jumping to the hypmbanel; 

d) under the control of the hyperbrnel, stopping and n:setting the 
counter, recording in the buffer data that ~sent ID accumulated number of OS 

20 calls and a final reading of the counter, and 1hen ramning to the application 
program; and 

e) sending the recoided data to a user interface device. 

2. A method far recording data that relate to the behavior of a digital 
multipmcelSOI' wheia it executes at least one applicadon program. wherein: (i) the 

25 digital multiprocessor supports an operating system; (ii) the digital multiprocessor 
comprises plunl pmcesscr units, a iespective buffer included in each piocessor, and 

a s~ clock; and (ih") the application .program includes jumps that are nominally 
made to die opera1ing system, jumps to be refeliecl to as "OS calls," and the 
operating sys1e1n includes returns that are nominally made back to the application 

30 program, the method comprisins: 
a) within '*h processor unit, whenever the application program 

executes an OS call, jumping to a program, to be referred to as the "bypcdccn1el," 
which is distinct from die opeiating system; 

• 
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b) wKfcr the contml of the hyperkemel, ~g said jump to the 
hypabmel as-an OS call, stBrdng a eountet that counts cycles of the system clock, 
and then jumping to the operating sys1em; 

c) within each· processor unit, whenever the ·operatiiJg system executes a 

S mtum, jumping ID the hyperbmel; 
d) under the contd of the hyperbmel, stopping and resetting the 

COUDW, ~I in the iespective buffer f:,f eaeh pMCel~ miit data that represent 
an acc:Umulated number of OS calls and a final readiilg of the counter, and then 

returning to the application program; and 

10 e) sending the m:ontecl data to a: user interface devicC. 


