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Abstract

Application performance analysis in modern microprocessors has become extremely
complex due to substantial instruction level parallelism, complex processor pipelines and deep
memory hierarchies. Performance analysts need to have a thorough understanding of the
dynamic behavior of programs in order to identify and fix performance bottlenecks. In order to
help in the performance analysis process, modern day processors provide hardware support in the
form of performance registers that capture micro-architectural events at program runtime.
However, the data provided by these hardware registers is at a very low level and an extensive
effort has to be made by performance analysts to make sense of the data. Therefore, it is
extremely beneficial to make use of performance analysis tools that can assemble various types of
performance related information available from the performance registers to provide a high level
summary of the data. In this paper, we discuss PerfView, which is (1) a source-code based
visualization tool (2) a tool that identifies and allows users to view performance-critical events

based on execution paths and (3) an interactive performance monitoring and debugging tool.

1. Introduction

Perfomane analysis of gplications is an ifportant part of softare development. It is
used byprogranmers aross all leved of softvare developmnt. The compiler designer, the
operating sgtem develogr and the applicatiopprogrammeruse it to testthe efficiency of
generated code. As mputers haveevolved, thg overcamemanyperfornance linitations found
in earlier sgtems. However, different perfoance bottlenecks are tdeted as different
architecturesare designed. The task séftware deelopers is thus copilicated bythe ned to
understand thesednitectual limitations. In additin to changingrchitectureshere has been a
trend to dewelop hardware that is fast ansimple leaving the coplicated task of ode
optimization to software. One can stas trand from the adoption oRISC architecturesover
CISC andmore reently to VLIW ty pe processs ova Out-of-Order processor$he centraldea

of these changes is lave a fast and sipte hardware that assmes a higher level of abstraction,



which does omplicated program anadis to figure out efficientinstruction sequences. Modern
architectures also provide some #&ures fo advanced opnizations that can improve
performancesignificantly. A good example is suppofor speculative operations. @pilers wse
these €aturesto, potentially, generatepmized cod. Dueto varous limitations, the copiler
cannot sorimes use these features omlip. PerfView tries to pointut perfamance problems
and hidnlight regions wiere the cmpiler failed togenerate efficient code. This can enable
programmers to understand the limitations @dmpilers and nake sinple changes or
transfomations to assist the oapiler to generate effient code.

To satisfy theneed for accuta performance anadig, varioustools have been developed
for different architectures. Differeninethodolgies can be ap@i to neasure perforrance of
applications, dependingn the nefrics to bemeasured. For exaple, peformance aalysis
generallybegns with finding out functins thatform a larg percentage of total execution time.
Instrumentation instructits can be atkd to tle aiginal progam, to measure this and other
metrics. Instumentation en change te perfomane chamactergtics of theapplication. It is a
software-baed approach to perforance analysis, but has the disadvantage ofilbg too intrusve.
The other end of performance arsdyrelies guarely on hardvare to provide performance
related information. Theverhead isignificantly less using thispproach. For older processors
even if sucthardware existed, there werany problens such as inaccuraaf information, and
the requirement of operag g/stem supportto acesscounters, to nama few. This forced
performanceanalysis toolsto rely on oftware-only approaches. The IltaniuRrocessor faily
(IPF) [3] provides cmprehensive suppt for performance monitoring, naking the connection
between the perfarane of micro-archiecture eatures and the executing binargore accurat.

Irrespective 6the methodolog followed by a tool,it is important for the toolo provide
a detailedanalysis of all espects of peldrmance.Software-onlytools are dcking in this respect
For exanple, one can iragine a function thashows up as thedt-function, and theprogranmer
knows that other functi@are more inportant orcalled more frequent. Clearly, sone micro-
architecturalbottleneck is causing a probledut what? The programmer doesn’t know ieth
bottleneck is due to data-cach@sses or instruction-cachmises or sme other reason. Such
details can nly be provided byhardware. Thus, tols utilizing hardware information armore
useful, as thy reduce the apunt of “guess-wik” the progammer hasa do to nail the
performance bottleneck.

In this report, we present a perfane anaysis tool called PerfView that atpts to
satisfythe reuirements of perforane analysis for modern architectures. Weave inplemented

PerfView for Itaniumprocessors as tharchitectire provides performangeonitoring hardware,



which can be used to present a detailed aizay programperfomance. The pwer of Per¥View
lies in its analgis and preentation of executiopath that leadsip to perfomance bottlenecks.

This provides the programmer a betmntext forperformance events.

2. PerfView Architecture
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Figure 1: The PerfView Architecture. It illustrates the various g/stems that are used by PefView to
provide a vsual analysis of performance bottlenecks.

PerfView is a user4vel application thatpreserd performance chaacterstics in a
graphical useinterface.lts architeture consists oftie GUI, called PerfView, n the user-adress
space that usesa@ammand line utilitycalled pfmon [2] as the backend. Pfin also runs in the
user addresspace,and @mmunicate to the peformancehardware usingystemcalls. These
system calls are definedin the Linux kernelfor Itanium systems. It is caled the Peimon
interface. Pdmon is the interface of the hardwadyeilt in Itaniumprocessors, wbh is called e
Performance MonitoringUnit (PMU) [4][5]. Figure 1, illustrates the architecture of PerfView.
This system has beerdeveloped for Itanim-2 processorsthat are basl on the IA-64

architectureThe subsequent discussiaiil explain each block igreater detail.



2.1. Itanium-2 Performance Monitoring Unit (PMU)

The IA-64 architecturespecification requires hardwaresupport for pdiormance
monitoring. kanium?2 supports andxtends thisspeification in its implemenation, whichis
called the Performance Monitoring itinThe interface to the PM consists of a set of dedicated
registers that can be progrmed to count occumees of certain micro-architecture events such
as number of cycles elaped or the nurber of cacle misses in lhe L1 cache. The registeitef is
composed of the Perfarance Monitor Data (PHM) registerswhich collect the data, and the
PerformanceMonitor Confguration (AMC) registerawvhich ae ugd to configure theventsto be
monitored.

The Itanium2 PMU povides four 8-bit performance counters #t help incounting up
to four micro-architecturakevents snultaneouly. It uses four pairs of regise(PMC4-PMC7
and PMD4-PMD7). The configuratioregisters PNC4-PMC7 are used to configure theeats
that are to be counted iratd registers"MD4-PMD7. The data registers, eaatontain a counter
that is increnented everytime an ewent specifiedby the configuration register occurd/hen a
counter eventually overflows and wraps around thi8,condition is detected and stored as some
bits in PMC registers, athe overflow stats. The PMU can be programmed generate an
interrupt whaever a PMD register overflows. Thisterrupt facility can be used lilge operaing
systemto maintain a 64-hisoftware canter fa everyhardware counteifhe PMD register that
overflowed can be deterned ky inspecting theverflow status in the PMC.

The PMU also provides filtersuch as OPCODmachers and Address-Rangeatches
that providea finer control overhe events beip monitored. Wit the help ofthese counters and
filters, the MU can be ged for cgle accounting.e. breaking down the nuwar of cycles that
are lost due to variodgnds of micro-achitectual events. Byclassifying these “stall” cgles it is
possible to igntify perfomance problems and possldolutions. For instancd,there is a large
number of stlls due to instruction cache @ses, prefetching the instructionsiay help in
improving performance.

Cycle accounting is verpelpful in charactezing the overall behavior of gpcations,
but does nothelp in idetifying the pecific locatons in the pogramthat are responsible for
performanceaelated everst In order to addres$is problem the ltanium-2 processor provides a
set of EventAddress Regiters (EAR) that canbe programmed to captureiano-architectual
event infornation alongwith the instuction pointe (IP) related to that ent. In the absence of
Event Address Registerthe IP address captured the occurrence of an event can be many

instructions begnd the instruction thadctuallytriggered the event. Whesuch a “skid” ocuars,



programmers and performance toalsist performadditional analgis to guess the IP location
associatd with the performancevent. The provision of EARs greatiinplifies the use othe
reported IP addresses.

The EARscan be used for data, insttiom and branch events, and can capture
information suich as the latencypf a achemiss or the level of the TLB in which aniss is
resolved, in addition to the instruction p@&nt The cachemiss eventscan be capturé at
programmable intervals. For expl®, we can pogramthe PMJ to generate an interrupt for
every500data cachenisses that have a latenayf greater than 8 CPU cles.

In addition to the EARs, the PMU providaa 8-entry Branch Trace BuffeBTB) that
can record a historgf thebranch instructionsehding up to @erformance ev#. It is possible to
configure theBTB to capture onlya specific subsetf branches such as taken branches, not taken
branches, correctlpredicted and incorrectlgredcted branches. The BTB can record up to four

branches in the buffer, afior each branch, source and target addremsesptured.

2.2. Kernel support for configuration of the PMU

The Linuxkernel on 1A64[1], includes a substem called perfman to provide accss to
the 1A-64 AMU. The pefmon interfae consists 6 a single sytan call, perfmonctl() which
supports a set of requests to config measue, and collect perforamcemonitoring nformation
by providingread and write a&ss to the PMD and PMC registers.

Setting up he PMU for monitoring involves prgramming the PMC registers with
information such as the ents to banonitored, tke privilege leveht whichmonitoring is to occur
and interrupts to be generdt®n counter overflow. For event-basednpling, at least one
counter has to be programmed to generatarimits at the end of each samplipgriod. The
sanpling period defines thdistance betaen two samles asan event count.

At the end of each saling period, the penfion overflow interrupt handler records the
contents of a set of spfied PMD registeran a sanpling buffer, the sizeof which can be
configured bythe nonitoring task. When the sgling buffer becomes full, thperfron overflow
handler sends a signal to themitoring task. TR monitoring task can now process thentamts
of the filled sampling buffer through its signahandler. In order to avoid copyg of large
amounts of data fnm thekernel area to thepplication, perfron autanatically maps the buffer
read-onlyinto the user addrespace of the ronitoring task.



2.3. Pfmon - A user level tool for performance data collection

To simplify the task oketing up the PMU fomonitoring applications, a user level tool
calledpfmoncan be used. The tasks performedofiyonfor monitoring a sigle applicationare
as follows:

1. Pfmontakes n paraneterssuch aghe events tobe monitored, the sapling periods and the
file in which the collecteddata is tobe stored and then usethe mrfmon kerné interfaceto
set up the RIU accordingly. This setsup a perfamance contextor the pfmonprocessvhich
is inherited byany child process, ah the performanceegisers ae swved on context
switches.

2. Pfmon registers asignal handler to process theontents of the sapling buffer when f
receives a ginal fromthe perimon subgstem. The contentsf the sampling buffer are
generallystored in a file onrsecondarstorage for further analgis.

3. Pfmon then forks the application to be omtored. The forked process inherits the
performance contextom pfmonand ismonitored ast runs.

4. The overhead of gatheririje performace sanples is not ver high. The tabléelow shows
the overhead of collecting sahlas wien usng the SPEC CPU200(nteger bencimarks as

the workloadand neasurirg at different sepling rates.

Monitored Sanpling Period
Events 1K 5K 50K 100K 500K
ICache ~ 4.6% ~0.7% <0.1% - -
ICache + BTB ~ 10% ~ 2% <0.1% - -
CPU Cyles - - - ~1.4% <0.1%

Table 1: The overhead of sampling, when smpling period is increased fom 1K to 500K erents.
Sampling is performed on two events, hstruction cache misses and CPUyxles. The ICatie + BTB is
the sameas ICache with the added overhead of saving the BTB. Entries with a “-” have sampling
intervals that are either too large or too small to be meaningful.

As can be seen fro the above table, & overhead when safing 1 in 3K I-Cache
mises B nedigible, and this sapling period semed as sucessiul in identifying the top risses

as a higher sapfing frequency

2.4. PerfView - Performance Data Processing and Visualization

The data collected bypfmon consists of all ie smples takenduring a nonitoring
session. In order to undgand the performance bef@a of the monitored application, iis

necesary to extract the revant information fronthe collected da, and summarize it to provide



a high levelview of thedata. PerfView hasdendesigned to sort out and group the samples
according to IP addressecollected fom the Ewent Address egisters, inorder to help in
identification of themost frequently occurring IPaddresses. Thienabls idettification of hot
spots in the program with respect to perforoehottlenecks. Fonstance, if tke monitoring was
based on Instiction cachemiss sampling, the IPaddresse®ccuring most often in the Eent
Address regiters corespnd to nstructions tht missed most frequently in the cache
Identification of hot smts in an aplication is animportant step when ying to tune for
performancesince 80 percent of the executiongifalls in 20percent of the code. PerfView also
associats the collected sagtes with correspondig entries fromthe Bianch Trace Bifer,
enabling the construction of an exeoutitrace éadng to the evet of interest.Finally, PerfView
maps the IP addressdack to the source codmsing thedebugging gmbol table infornaton
present in th@xecutable. This les inidentifying the code andata structures that are the causes

for various bottlenecks, and pdsisi reasons for the bottleneck.

3. Using PerfView

PerfView provides a copiete GUI environnen for perfomance nonitoring. Fromeven
configuration, to executing the anitored pocessand high level anafis of performance
bottlenecks are perfored in the GUI. The following paragraphsedcribe each of these steps in

greater detail.

3.1. Event Configuration

In order tohelp the user in setting wmonitoring session, PeYfiew provides a dialog
box as shown in Figure Drfsetting upvalues for each of the following paraters:

1. Sampling Event and Period: The sanpling event specifies thevent to besampled. The
sanpling period specifies the nurer of such evdn that are allowed to occur between two
sanples. Forexanple, if we are sampigon CPU_CYCLES (amrvent in thdtanium PMU
that countshte nunber of clock ticks)with a sanpling periad of 100, we wil sanple the
monitored events everdl000 CPU_CYCLES. In ber words, after every000clock ticks the
closest occuance of thanonitored eents will be recorded as a salm

2. Other event to be captured This is used to specifthe eent information that is to be
captured bythe PMU and storeth the sanpling buffer. By de#éult, the PMJ only stores
information about the eent specifiedas tle sampling eventTo make the PMU store

information aboutother eents, the user selacthe required evesfrom the list ofoptions



provided byPerfView. Each smple recorded inthe sanpling buffer consists of the guerts
of the performance dategisters thatontain iformation relevat to the evets selead by
the user. Fomstance, if thauser has opted to colleiciformation on Data Cachmisses and
Instruction cachenisses, each samg buffer entryon an Itaniunmachine will contain the

contents of perfananc registers PMD2 (datamemory addresshat missed in the D-@chsg,

PMD3 (latencyof the D-Cacheniss), MD17 (IPaddress of instruction causing the D-Cache

miss), PMDO(IP address of instruction causitite I-Cachemisg and PMD1(latencyof I-

Cache niss).
=k
Please select a configuration

1) Select a Sampling Event

- CPU Cycles 4 Data Cache Miss - Instr Cache Miss

2) Enter a Sampling Period

(1004

3) Select the events to be captured

_| Data Cache _| Instr Cache W Taken Branches

4) Select latency of the Miss events captured

wr »=d ® =B ., >=16 -, »=32 ., »=b4
oK | Cancel |

Figure 2: The evert configuration dialogbox in PerfView. This didog is used tocompletely configure
PerfView to collect data.

3. Latency of mises to becaptured: In the casef cgturing cachanisseventsit is possible
to filter out events which are responsible faelies that are Yeer than a selected value.
This enables a finer control ew the type of cache rss events that arecaptured. By
specifying thatall cacle misgs causig latencieggreater thar ¢ycles are to &captured, the
PMU can be programmed to captureldllcachemisses. An example of settinglues in the

event configuation b is shown in Take 2.

Option Value
Sanpling event Instruction Cache Miss
Sanpling Period 5000
Other events to be captured Taken Branbhes
Miss Latency >=4

Table 2: If the user wishes to capture branchraces for every 5000 instuction cache missesvith
latency greater than 4, thenthe event configuration is, as shown in this table.



3.2. Run Application

Once the cofiguration forthe PMU has beeperformed aspecified above, PerfView is
readyto monitor an application. The applicatiombich is to be angked, has to be aapiled with
debug nformation. The additionf debugging inbrmation to theexecutablesdsminimal impact
on conpiler optimizations at Ol and O2. Whave notobserved significant performance
difference inthe execution the of theexecutableFor applications requiring Higr optimzations
andmore complex loop transforrations, the neetbr debuggig information constrains thase &
PerfView. In the case of the GCC ceoiter, the —g flag is pecified to include debugging
information in theobject file. PerfViewmakes se of the debugging/mbols tomap IP addresse
obtained from the PMUo the sourcecode stateents. Thismakes it neessry that the source
files be preset in the sene location thathey were attte time of corpilation.

To start running an application with perfornseamonitoring turnedon, the useneeds to
specify the command used to start the laggiion along withany necessar command line
arguments irthe text box present e top right corner of the PerfView @jzation window.
This is similar to typing in the conmand to sirt the application at the shell prptn It is
necessarythat anyfilenames specified in theommand shodl have a pathname relative the
directory from which the PerfView tool is beingun, or the pathnaenshould be absolut®©nce

the canmand has been typed, thenrbuttan is clicked to start runningan instanceof the

application.
Perf¥iew - The Performance Analyzer 10 |
Settings View Test Program: [gcc -i 200 -0 2004 | Run |

| =

Figure 3: The command line to run the application is typed in this text box and after the ewents
corfiguration is donethe “Run” bu tton can be clicked

When the un butbn isclicked, an instance of th@monprocess is started which in turn
initiates the applicationot be anafzed with a perfornance context attached to it. As the
application uns, information aboutthe required eents is capturedybthe PMU. At the end of
each smpling period,the contents ofthe perfamance registersare copied into the saling
buffer. When the sapling buffer overflovs, the sjnal handler registered kpfmonis used to
copy the samles in the buffer to a file. Thiprocess continues till theonitored application

termnates.



Once allthe performance sagites about the behavior of the application arered ina
file, PerfView analyes the data. It presents a high level view of the cotlgmeformance data

by highlighting regions operformancéottlenecks in the source code.

3.3. Evaluating Performance Information

Evaluating pgormance information is not simple task. The information obtained fro
the monitoring nmust be evaluated objectivelyto correctly identify performance probhas.
PerfView is designed tmake this task sipter. It sunmarizes the performance information by
source code. Thisakes the job of therogrammeor performance anadtsimpler by abstractig
away lower level detailsof the achitedure and binaryThe idea that perfarance of the ame
code can bdlifferent based on the path takernréach that code, has been around fonestime,
and is used in PerfViewhe programmer is prested with sme of themost frequent execution
paths that led to the performaneeent. In the following paragphs we willsee how PerfView

can be used to view this information.

Perf¥iew - The Performance Analyzer -0l x|
Settings View Test Program: | /gcc -i 200 -0 200.4 | Run |
Instruction Cache misses ||\ fusricpu2000/benchspec/CINT2000/176.gce/run/ 00000001/ cse.c
. 7281 we are going to hash the SET DEST walues unconditionally. */
Filename
: 7282
_____ Lmp BB,  (Eows 7283 for (1 = 0; i < nosets; i+s)
cam 7284 if (sets[i].rtl &% GET CODE (SET DEST (sets[i].rtl}) != REG)
Toon 238 T28E mention regs (SET DEST (sets[i].rctl));
) 7286
% igi 7287 S* We may have just removed some of the src_elt’s from the hash table.
5886 431 7288 So replace each one with the current head of the same class. */
2543 428 L . : .
65905 3ag 7290 for (i=0;i<n sets;i++)
tlanal. c 7291 if (sets[i].rtl)
838 547 7292 i
1215 532 7293 if (sets[i].src_elt &% sets[i].src_elt-:»first_same_walue == 0)
827 464 7254 /* If elt was removed, find current head of same class,
recog. c 7285 or 0 if nothing remains of that class. +/
287 427 7296 { —
25 425 7297 register struct table_elt *elt = sets[i].src_elt;
7298
— 72099 while (elt &% elt-:prev same walue)
P
/7200 elt = alt—sorew same walue- |
-l [ |-
Sorted Branch traces for
Line 7290 in File /usr/cpu2000/benchspec/CINT2000/176. goc/run,/00000001 /cse. o
1 18 SourceView AssenblyView
2 6 SourceView AssemblyView
3 1 SourceView AssemblyVWiew
i

| =

Figure 4: PerfView Main Screen It displays highlighted sairce oode that corresponds to
performance events andptionally alist of mog frequent execution pathsleading up to that event. Its
also shows aibt of ource code lines thatform a majority of the performance problems sortel with
the onesthat contribute the most to lower performance.

The PerfView interface consists of a singlgplication window withmultiple frames.A

screeshot ofthe interfacalisplaying somedata fron the 176.gcc benechark from the SPEC2000

10



benchmark suite is shown Figure 4.The top rght frame of the applicatiorwindow displys a
single file at a time. The source lines that weesponsible fo a significant fraction fothe
monitored eents are highlighted. The sourceglinare augentedwith line nunbers, and acount
of the nuner of events that occurred aach highghted line is displagd in the top left frene.
The top left frare consists of links to sourddes for which there is performance infoation.
Clicking on afile name in the left frane causes the #to be displagd in the source file frae on
the right. Inaddition to flenanes, there is &o a Isting of line nunbers andthe event counts
associad with each of these line ndo@rs. Cliking on a line nurber displag the corresponding
line of the file to which the line nuber belbngs, in the sourcéle frame. The bottonframe
displays ary errors that mayave occurred durgnthe runnng of the application, andry output
that is generated bpfmon It is alsoused to show supplesrtal information about selected

performance events.

AT _ioix]

Btbwindow

TR83 for (1 = 0; 1 ¢ n_sets; i++)

LH\/

T283 for (1 = 0; i ¢ n_sets; i++)

|/

LH\/

TEO3 if (sets[i].src_elt &% sets[i].src_elt-:first same walue == 0)

|/

LH\/

TE31 prev_insn = insn;

|/

7310 for (i = 0; 1 £ n sets; i++)

Figure 5: PerfView: Branch Trace Buffer source codeview: It shows the pathof executionfollowed
up to the performance e/ent. By correlating this with the conplete urce code, it is easy to receate
the execuion path leading up to the performanceevent.

This output so far pointso source cde that incus the most significant performance
bottlenecks (in this casestiudion cachemisses).In sane cases, this infonation would have
been enough to reasamout the causes of thelettlenecks. Therare many times whenthis
information is path-basedi . dependent oroatext). PerfViev andyzes the Brach TraceBuffer

(BTB) to decode the pdormance ontext leading to the bottleneclRight-clicking on a

11



highlighted perfamane event changeghe bottomframe to displaythe branchtrace infomation
in assenbly and its mapping to source code fatmThis can be seen in Figure 4 for top
instruction cachamiss. Clcking on SourceVigv brings up aathe window stown in Fgure 5.
The performance event is at the bottomthe sceen and mving up we find each block of
straight line code, leadin@ this event, in aeparat scrollable frane. Dueto optimzations and
ambiguity in mapping bnary code to source lines, it can be difficult to enpret the flow of
control in source code. The asgdy code can benelpful to understand the flow of control.
Clicking onAssembly\éw in the bottom frame of themainwindow brings up the asséiy code
in blocks.

Btbwindow i ] 1

40000000001 ce0fc: 90 £f £f 48 br. few 40000000001ce0830 <cse_insn+0x5d4d

LH\/

Aust Sopul000/benchspec /CINTZ2000,/176. goc/run,/00000001 fcse. c: TEE3

40000000001 ce080: 11 00 00 00 01 00 [MIE] nop. m 00

40000000001 ce086 00 00 00 02 0O 00 nop. i Ox0

40000000001 ce08e a0 00 00 40 br. few 40000000001cel120 <cse insn+0xGde

Aust Sopul000/benchspec /CINTZ2000,/176. goc/run,/00000001 fcse. c: TE93

40000000001 cel20: 09 78 40 4= 00 21 M. adds rlb=16, £37
Ausc Sepul000/benchspec /ACINTE000 /176, goc /run /00000001 fese. c: 7310
A40000000001cel26 90 00 94 30 20 80 1d8 £9=[r37]
40000000001cel2c: 15 60 01 84 adds r44=1,rd4;; £

%

AuscAopuZ000/benchspec /ACINTE2000/176. gccfrunfDDDDDDDIICSE c: 7531

40000000001=£410: 11 00 00 00 01 [MIE] nop. m Ox=0

40000000001=£4d16: 0o o0 oo 02 00 DD nop. 1 Ox=0 _J
40000000001=fd1e: al =5 £f 48 br. few 40000000001ce2h0 <cse_insn+0xGET
40000000001c£d20: 11 00 0O 00 01 oo [MIE] nop. m 00

Ozx40000000001 ce2b0

Figure 6: PerfView: The Branch Trace Buffer Assenbly codeview: The same gecution trace that
leads tothe performance eent in assembly. It allows for better understanding of control flow when
the source code view doesiot present a clear pidure of execution path.

Figure 6 shws the blocks of straightrle code leading tthe perbrmance event. Irhis

figure, the third block (from top) of straight ércode shows in reithe source-code line numbers

that correspod to the listed asséity code. Wecan see that parts of source line 7293 and 7310

are placed gdcentlyin asserbly although thg areparts of different code blocks. Thisakes it
difficult, sometimes, tomap straight line code in binarp source code. So, thesasbly view
gives the programmer e¢hexact cod that was executed. The source @® view is an
approxination of actual code that wasexuted. Tk analsis of the branch trace infortion can

also be suppleented bythe assemly code tlat caused performance tbeneck. This can be
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obtained Wy left-clicking on the lighlighted source-code lin@ the main window. A new window
is opened with the disassbied instuction lig. The regionof performance bottleneck is

highlighted a shown in Fgure 7.

Assembly Code for file cse.c

4000 : oo oo Qo

g 10
20 00

=

1 01 ] oW

oo oo 4 0 oW

Figure 7: PerfView: Assenbly code view: The portion of code that orresponds to peformance
bottlenecks ishighlighted in red.

The main window showsmenu called “View”.Thismenu can be used to select between
different views in PerfView. Three views arer@ntly built into PerfView. These are (1) Data
cachemisses (2) Instruction caetmisses and (3) Hot code. Aew will show data onlyif
information reeded for that viewas been collected. For exalm toview information about aa
cachemisses, either the sapling event or thethe eventsmust have data-cée as one othe

seleced events. The hot code view requiremglng on CPU-cgles.

4. Comparison with VTune™

VTune[6] is a perfomance analysis tool developed bintel® for its range oprocessors.
VTune supports a host of features for perfange analsis including tine and event based
sanpling, call-graph pofiling and monitoring paformance counters to name a few. this
section,we hghlight the inportance of analing the taken-pathelading to a @formane event
in PerfView, and compare it to the capabilitiesy VTune. Themicro-benchmark reads values
from an array of integers. The indexdribe arrg is chosen eithrean elenentfrom a newcache

line or the & element. A percentage&an be given to this choicéf we choseto go down each
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path an equal nuber of times, it is obvious thataa cachemisses will occuronly in the frst

path, where we @es an eleent from a new cachime. The code structure $hown in Figure 8.

1 while(..... ) {

2 if(..... )

3 /'l select index such that a data-cache
4 [/ mss will occur

5 i ndex = ...

6 } else {

7 /1l select index such that no data-cache
8 // mss occurs

9 index = ...

10 }

11 val = array[i ndex];

12 }

Figure 8: A section of mde from a micro-benchmark that highlights path dependent data-cache
misses. Data cache misses occun line 11and only occur if the if condition is true.

Data accessed in line 14 decided on the inaetha is different on differenpaths. The
choice of path to follow can be set to variouscpatages. For our experénts,we set it to 5/50
so that eaclpath is equajl taken. We ran thenicro-benchmark to siofate a level 3 data cache

miss. The output of Perfdiv is shown in Figure .9

Perf¥iew - The Performance Analyzer o ]
Settings  View Test ngram:l.fpath—dep—dcache 3072 128 1000 50 | Run |
Data Cache misses A fhomefadas/ubenchmarks/path-dep-dcache/path-dep-dcache.c
PAerenG Sg for (j=0;j<array_mmeles; j+=({cache linesize/sizeof (int)}) {
_____ LTS 5 _“Cou.nt ag if (misspath_count ¢ mispredpath count) {
T 100 misspath_count++;
T 101 4% load the first element from a new line */
106 4018 4 -
102 index = j;
103 + oelse {
104 index=0;
105 }
106 val = array[index];
107 H
108
109 A* print progress *J
110 if ({(iter*100/param_rumiter) > perdone) {
111 printf(". ");
112 fflush{stdout) ;
113 perdone = iter*100/param mmiter;
114 H
~| 115
Al_die firrmas . £
) ] =
Sorted Branch traces for
Line 106 in File /home/adas/ubenchmarks/path-dep-dcache/path-dep-dcache. c
1 3274 SourceView AzssenblyView
2 542 Source¥iew AssemblyWiew
3 122 SourceW¥iew AssemblyView
4 1 SourceView BssemblyWiew v |
|-

Figure 9: Output of micro-benchmark using Pe&fView. PerfView, correctly, highlights the only
source @de line that corresponds todata cachemissesand presents dist of frequent execution paths
leadingto the data cate miss.
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We canseethat the arrayaccessmissesin the data ache. Fram this scieen, theonly thing
we can figure out is the fact that the aremcess auses dataarhe mises, ad nothing else
However, PdView analyzes theBranch Trace Buffer and cliking on the SourceViewor
AssanblyView gives us the path leading to thdadeachemiss. This is irportant information, as
we know that one path does not lead to data cawissesbut the othe does. TheBTB
information $1ows the path to be the one witihe data achemisses. Theother path doesot
show up, confiming the fat that data cachmisses @cur onlyalong the first path althougioth

the paths have thersa frequeny of occurrence.

oL ] =lolx|

“Ef; File Edit Miew Activity Configure Window Help ;Iilﬂ‘

laEB 8 ipe | wlE =e ||| b EnX[EY
=EZ-ERBEBR|J |47 65|0

Source | D'E.'n.'ii"'i[.ii"'k_'é'i':'ir'"E'%E'LI' |

while{iter < parsam numiter) {
long int 3:
long int index:

for (j=0:;j<array numeles;j+= (cache linesizefsizeofiinc))) {

if (mizspath count < mispredpath count) |
misspath count++;
/% load the first element from a new line */
index = 3:

1 else {
index=0;

}

wval = array[index]:;

- . , I B ————

Function Summary Sampling Results [mokinley-3.dto.umn.edu] - Thu Jul 01...
Size Funcrtion Class |DEALR LATENCY GE 64 (81) |CPU CYCLES (81)
————— —-—— Zelected Rahge —— |————-— 0.00% 0.00%

0xD40| main a9, 91%

B
For Help, press F1 l_ &

Figure 10 Output of the VTune Performance Aralysis Tool on the micro-benchmark. The @lumns
on the right hand side irdicate the percentage @ntribution of data cache missesn the columnnamed

“DEAR_LAT". It points to the ®urce line containing the“if” ¢ ondition, which has no data-ache
misses.

When the same data iolected fromVTune (viown in Figure 10) we first see a
percentage antribution of each sourckne towards the collected even The data cachmiss
events (first columto the right of thesource code)lsows that the line with thaf* condition has

the maximum contributon on data cachmisses. Thiss incorrect as data cachasses a& bound
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to occur in arrayaccesssand notin the variable for the if” condition. VTune ollect instruction
pointer information whenever arsple is collected This occursdy triggeringan interrupt eery
fixed nunber of performance events (this case da cachemisseswith latencygreater than 64).
The interruptservice routine reads thecktion ofreturn address to get an approaie locatio of
event triggeng instruction. his location is aproximate as interruptsare not serviced
immediately and sore ingtructions execute durinthis time. The return addse skids past the
instruction geerating the event causing incorreterpretation bywTune. PerfView avoidshis
by expbiting extra information provideby hadware. As discugsl earlier, Itaium stores he
exact addressf the instrution thatgenerates the perfmance even

Another feature that imisdng in VTune isthe analysis of Branch Trace Buff&ven if
VTune had pointed to the correct insttion that casesdatacache misses, we would not know
which path vas followed that led tthemiss.A programmemay spend tinme in optimzing a path
that does notause performance bottlenecks andgeitperfornance gains. Ithis sinple micro-
benchmark it is snple to seewhich path would cause datade mises, hut in real world
prograns there can benany paths leading t@ performance bottleneck with roplicated code
structure. Haing path information focuses thogrammer’s atention at thepath leading to the

performance bottleneck.

5. Related Work

There ae alarge nunber of perfomance amlysis tools and it ismpossible toelaborate
on each. Waill discuss some of the popular tedbr perfomarce analysis. The GNU profiler,
gprof [9], is perhaps the ost popular coomand-linetool used fo basic performanceanalysis. It
uses instrmentation to provide, hotuinctions,call-graph profilngand basic-block counting.

PAPI [10] is a franework for developing perfomance analsis applications. More
specifically, it provides an application programrgirinterface (API) for accessing hardare
counters available onany microprocessors. Thesupporta large nurber of processors such as,
Intel Pentium and Itanium fafies, some proessors frmm MIPS, AMD, Ultrasparcand others
too. A varietyof tools have been developeding this framework. PapiEx1[1], PerfSuite[12]
and HPCToolkit are soe of the tools inplemeried using PAPI. We will dis@s a little about one
of these, the HPCToolkit.

HPCToolkit [L3][14] consists of a grquof applications that can be owined to perform
detailed performancanalysis. It includes papirn, which is a tool for prbling binaries by

sanpling on hardware counters. HPCToolkit aleas otherapplications to anae program
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structure, mapping peidrmance information dck to source code and visualization of
performanceinformation. HPCViev is the visudization appliction. The principal sources of
input data for HPCVievare hardware gsformancecounter profils consisting of a histogram of
programcounter values. HPCView @vides stéstics such ashe nunber d memory accesses
and cachenisses atifferent hierarchies of theource program such asef#, procedures, loops
and individual source lines. HoweveHPCView das not provide for anadis at theasanbly
level and thismakes it difficult in casessuch as macro expansions to correcthattribute
performancemetrics. HPG/iew does not make use IA-64 specific features s as the Bnach
Trace Bufer, and hence does not provide foeextion traces Bding to eventdPCView usesa
web browserfor its ugr interface,and pre-cmputes sitic himl for the entie setof potetial
displays.

The HP Digital Continuous Profilingnfrastructure 15] is a lov overhead profiling
systemfor Alpha processors. The low overhedldwas continuous profiling othe ystem user
program shaed librariesand drivers.It cortinuoudy stores performance imfmation into a
database thatan be usd to perfom further analysis. It cones with a suiteof perfomance
analysis toolsthat range fronmproviding information on where time waspent to control-fles
graphs annotad with souce code.

VTune is a ommecial paformance aalysis tool that can provide source Ié@malysis.

It can run on Windows and Linux platfos. It can use hardwarmperformance counters to present
a detailed account gfrogram performance. It has many features, such as time and eveat ba
sanpling, counter mnitoring, call-graph prdéfng and manyothers. Howeer, as we lave
illustrated in section 4, it does not alvgagrovide accurate imirmation. Italso does not use

features likelie BTB in Itaniumto preseat a better anabys, where applicable.

6. Conclusion and Future Directions

Perfomane analyais is an integral pauf systemdeveloprent. This anahsis is difficult,
intrusive andmany times inaccuratein software Many architects ralize this necssity and
provide hartvare features that can gierformarme analysis. However, therare notmany tools
that use advanced featurefsthe performancenonitoring unit. In this paper, we have dissed
features of such a visualization tool thiges éature in the ItaniumPMU. PerlView has proved
to be a useful tool for ideifiying regions of poskle bottlenecks, which is the first step thatds
to be taken for the tung of applicatims. It can give detailed perfomnce infornation about

major perfomance bottleneck in applications.icachemisses. Tie executiortraces provided by
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PerfView further help in anabng the reasorfor these bottlenecks. laids in easily and
accuratelytargeting performance titenecks withminimal intrusion by presenting an easp use
GUI for performance anadis. The onl requirenent is that prgrams should be copiled with
debuggng information.

We are workng to enhaoe this tooland inthe future we wsh to incorpaate more
advanced features like struction and dataddress rangenatching to narrow performance
analysis to paticular application area®©ther katures like op-codmatching, counter mnitoring,
call-graph profiling and monitoring thentire sytemwill be incorporated intohis tool. Wealso
plan to extend usabilitof this tool byallowing multiplexing of munters toovercane hardvare

limitations.
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