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Highlights

Massively parallel computing is here
Traditional techniques for performance analysis of hardware counter
activity do not scale very well

— Many levels of concurrency
IMicroprocessor performance counters provide rich information
about application performance

— Howdowe interpret all that performance counter data”?
e propose a new solution

— Apply multivanate statistical methods
Qur experiments reveal evidence that these techniques allow

— Easier understanding of counter metrics
— Reduce data management problems




Ultrascale Platforms will Rely on Extreme Concurrency

Over the past 15 years,
supercomputing has moved toward
massively parallel systems

— Scalar processors

Leadership class

— Vector processors computer for science

— SoC
This trend will continue

— Red Storm 8th in the world
— BlueGenelL

L '.".'-' - S
— Cray X2 IBM Power3:

— Commodity clusters DOE-SC’s first
terascale system

Intel Paragon: ml
Jsv World’s fastest computer



With this Extreme Concurrency Comes the Challenge of Efficient

Application Execution

Performance analysis will become increasingly important as

Processor Counts grow

— Even small inefficiencies can be amplified
Understanding performance at this level of concurrency can be

iImpractical and burdensome

Several areas of performance analysis technology don't scale well

Concurrency 0(100) 0(1,000) 0(10,000) 0(100,000)
Instrumentation OK OK OK OK
Instrumentation management OK Barrier Barrier
Data management OK Barrier Barrier
Data interpretation Barrier Barrier

Barrier l

Jo



Assortment of Tools to Address Different
Topics at Varying Levels of Detall

‘{ § tatistical

@@@a

Partial list of

tools available

from ORNL, vendors,
academic researchers.




Scalability Remains a Major Challenge on Today’s Platforms:
sPPMat 1024 tasks

How do we instrument, collect, and gain

insighit from 64x or 132 this scale?




MPIP Provides Scalable MPI Performance Data

MPIP provides lightweight, scalable

2500

timing performance data e Runtime
— Does NOT collect atrace t glsgﬁlsne
2000 -
Tested up to 4096 processors O |
about 2
Gives statistical timing and payload e
Information MPI callsites
500 - /‘
o o
0 ‘ ‘ ‘ ‘ ‘ ‘ T

0 50 100 150 200 250 300 350

Number of Processors

MPIP release 2.5 planned for March. See www.ccs.orml gov/~vetter

98. Vetter and M.O. McCracken, ‘Statistical Scalability Analysis of Communication Operations in Distributed Applications,” Proc. ACM SIGPLAN
Symp. on Principles and Practice of Parallel Programming (PPOPP), 2001.
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Hardware Performance Counters are Invaluable for Understanding
Computation Performance

Hardware counters measure enpirical data that can help a user
optimze and understand their code

— Low perturbation

— Real values (cf. static analysis, analytical modeling)
Despite some of their shortcomings, these counters are one of the
few practical tools available

— lll-defined

— Inconsistencies across platforns
Some systems have many counters and events

— POWER4 —over 200 events

— 1A-64 —over 900 events

High dimensionality is compounded by extreme concurrency



Traditional Techniques (Sweep3d 256 mpi tasks)
Yield Huge Number of Data Points

G:

) P: MPI S:
Instrumentation
D Task Instance

1 1 1 83057605 77956513 22653498 1468948 7299392 37442673 21232357 1253921
1 1 2 82331194 75877195 22574435 8987589 7281691 3612039% 21007538 1260183
1 2 1 81973%b3 77017507 2233003 1469595 7342539 37369559 20757928 12375831
1 2 2 81351386 75087500 220%4563 9173755 7369905 35004746 20668110 1230483
2 1 1 83263983 75591885 24013855 1458386 7238397 37178268 20786530 1233864
2 1 2 82017811 74215484 23346289 8500892 7207401 35405746 20606934 1230893
2 2 1 84051057 76450556 2415359 1465589 7278821 37087882 21047308 1248848
2 2 2 83810819 75237897 23772760 8606655 7260852 35532887 20844858 1256898
56 02 28 9 76 57 516

<num events> X <num sections> X <num instances> X <num
tasks>

= 23 events X 5 sections X (1~12 instances) X 256

= 353,280 values !!



Try Mapping One or Two Dimensions to Timeline? Scalable?
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Scalable?

=13l =1

|.
3
=
-
-
L
-
-
|
-

. WATIN. PAPMT_AH

L . T T SR I TR SR
oo - 0I5 "~ LU T m ok
noors - n 1 [T L
L PR PO PR L L L
nor. o n 1 - LT [T
L, L. L b b ¥ T T T TP

(T TTEHEHTAL |

1 1

..._____________ u__._m____ il

— AnnrnrmiinEinEn | |
HITHTILH .uI-.—II_i i L
l ._________ I __ i age
i HAEE TEE HL T T
i | _ “ i _ nm
____n___“_ ____ .____. il _ i {[HHH

_l_u | 1 ||

™

—._I-.-

| .__.. H

_____________m
1 =

52?;

_._-__.__._:-

TP

11 _n_- Ris .n-l.._ll._._I._u.u_q...:H i Hifjgmeim

= manrminisnieEimnn

HrHHH

e T LS

.”. .______ z__-__....._-_"._._____.a_.____ﬁ___“mmu._

2 _.:._:._.___-___..n__-_..s“s.aa.s.._...s__.-f._u._.__._3._:_5

e T T T ettt L ket L LR 1]

LR Y - - T T T S I R S TR SR U SR TR R )
= = I L LT = & IF T IF A n noo= =
-~ ni 1 m L] 1 Ll n " 1 n n L] Il - 11 " 1
T R B el T L
L) 1.l n m Fu " n n Fu L] n 1 m Fa. ol m

F. mpor. W™V LTI B I . . 1

..I-_i-. ] TR LEEE il LRttt LI AL

..u.__m_.._._u___w__ slitylieny

.__m________ il __,_m“___“_m__;___“__ n__“.n__u__“___n___ it

e I EHTIE
_“ R Rr
uﬁ.éiaé
i
_-_.i______. —:-
mm_u __-.1_&_-_— _H_u_'_ |;1_-u

Lﬂ“u.mrm ﬂ

l __m_______
___.

fidfn e
[l

_nﬂ__

“__...___.—

_ | ___.n_“__E..__ _

k

-m__.I: | LT _m_-_._ ..l
_ [T i
tiRLA 1A
Fpiim HL1I _.u-__-u__-___-w m ___-__-
.—_m.u.ﬂ“-r_. =T et J_-.- uuuunnl
A HE B i B S IR -_._._._.___.-.__-
UCHERE T TR T

CRLL T LLEHTT]

i e

B R e

JSV

other tasks?
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New Solution: Use Multivariate
Statistics to Augment Analysis

Application
Performance
Data

Task Local
Data

Joint work with D.H. Ahn.

JSV

Feature
Extraction

Clustering

PCA

Rule-Based
Recommender
System

{ Expert System }

{ Decision Trees }

Visualization




Sweep3D Scatterplot Matrix lllustrates

Correlations between Counter Values
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Many Facets of Multivariate Statistical Analysis are Useful

14

IMSA provides a means to find relationships among vanables (hardware metrics
dimension) and individuals (i.e. mpi tasks or omp threads dimension)

Cluster Analysis groups together the processing elements (i.e.npi tasks) that
behave statistically similarly in hardware counter data space

Factor Analysis allows us to group together those metrics that explains the same
underlying factor

Combining CA/FA and using thelir parameters (F-ratio, factor loadings) provides a
variety of viewpoints on hardware counter dataset in more meaning ways



One Example of MSA: Cluster Analysis

15

Techniques

— Hierarchical

— K-means
Hierarchical method provides a general idea about cluster structure
on dataset by building a hierarchical tree

Both methods work well to group together similar processing
elements, based on dissimilarity matrix

Once datapoints are clustered, F-ratio (between-cluster
variabilitywthin-cluster variability) can identify important events that
yield the particular cluster structure

ornl

JSV
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Sweep3D Performance Experiment

Description
— A solver for the 3-D, time-independent, particle transport equation on an

orthogonal mesh. Sweep3D uses wavefront algorithm for discrete ordinates
deterministic particle transport simulation.

—  Sweep3D exchanges messages between processors as wavefronts propagate
diagonally across the 3-D space. Sweep section is the core of this algorithm
About 63% of its aggregate time spent in this section.

Experiment
— Problemsize :512 X512 X150
— Numoaf tasks : 256 MPI tasks (16 X 16)

Capturing 8 counter events for one code section for each MPI task



Curse of Dimensionality: Each Counter Generates a Separate Dimension
of Values over Time
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Hegh

Dendrogram lllustrates the Clusters for the Counter Values across All 256
MPI tasks
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Mapping the Clusters to the Application Topology Reveals Interesting

Results
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ate Statistical Analysis

Multivari
of Hardware Counter Data

Summary

Rule-Based

Recommender

System

Expert System

Decision Trees

>

Feature

Extraction/

Data

Reduction

Clustering

F-ratio

Hardware counters produce huge

?

Factor Analysis
%

amounts of data on large systems

Multivariate statistical techniques help
distill important features

Visualization

h__..;.._.
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PCA

Clustering, Factor analysis
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DAH. Ahn and J.5. Vetter, ‘Scalable Analysis Techniques for Microprocessor Performance Counter Metrics,” Proc. SC 2002, 2002.
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Cther Performance Analysis Techniques to
Address Scalability



Automatic Classification for
MPI Trace Analysis

Use decision tree classification (a supervised learning technique) to classify application’s
messages automeatically

Compare an application’s message operations to ‘normal’ communication for a particular MPI
configuration

Modeling Phase

—
: Performan o
Modeling Phase (once) _’-_> Trace Datj Verification
—Use benchmarks to generate decision tree \»,_L,/‘

—Both efficient and inefficient DTC
Training

r—L~

Classification Phase (many) DTC
_ P Rules
Execute application \—a\

—Analyze application trace with classifier
based on decision tree

Classification Phase

— Performan DTC
Trace Dat Classmcatlo

Performance

J.S. Vetter (2000). Performance Analysis of Distributed Applications using Automatic Classification of Communicad
22 Inefficiencies. Proc. ACM Int'l Conf. Supercomputing (ICS).asv



Use Message Sampling and Runtime Analysis to Reduce
Data and Perturbation

Task 0 Task 1

User Application | User Application |
MPI_Send MPI_Recv I

Profiling Layer Profiling Layer L_Iy
PMPI_Send PMPI_Recv I

Photon MPI Photon MPI
Runtime Runtime

Modified MPI runtime \/ Alllcommunicating pairs
carries tiny amount of data in the system sample and

Photon

Tagged
Message

J.S. Vetter (2002), Dynamic Statistical Profiling of Communication Activity in Distributed Applications. Proc. SIGMW
23 International Conf. Measurement and Modeling of ComputenSystems

with each message. analyze independently.
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Conclusions

Massively parallel computing is here
IMicroprocessor performance counters provide rich information

about application performance
Traditional techniques for performance analysis of hardware counter

activity do not scale very well
— How do we interpret all the counter data?

We propose a new solution
_  Apply multivariate statistical methods
Experiments reveal evidence that these techniques allow

— Easier understanding of counter metrics
— Reduce data management problems
— Improved productivity

More information at Www . CCS . ornl .gov/~vetter : . l
Jsv
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