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Rice’'s HPCToolkit Philosophy

Work at binary level for language independence

— support multi-lingual codes with external binary-only libraries
Profile rather than adding code instrumentation

— minimize measurement overhead and distortion

— enable data collection for large-scale parallelism

Collect and correlate multiple performance measures

— can’t diagnose a problem with only one species of event
Compute derived metrics to aid analysis

Support top down performance analysis

— intuitive enough for scientists and engineers to use

— detailed enough to meet the needs of compiler writers
Aggregate events for loops and procedures

— accurate despite approximate event attribution from counters
— loop-level info is more important than line-level info

CScADS Petascale Performance Tools Workshop, July 2007



- - HPCToolkit Workflow

compilation

application
source

binary
object code

linking

A 4

source
correlation

binary analysis profile execution

program
structure

\. v

interpret profile

hyperlinked
database

performance
profile

hpcviewer

CScADS Petascale Performance Tools Workshop, July 2007



HPCToolkit Workflow

compilation

application
source

binary
object code

linking

v
pOSce binary analysis profile execution
correlation

program
structure

\. v

interpret profile

hyperlinked
database

performance
profile

hpcviewer

— launch optimized application binaries
— collect statistical profiles of events of interest
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— extract loop nesting & inlining from executables
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— synthesize new metrics as functions of existing metrics
— relate metrics and structure to program source
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Outline

Sampling based measurement
Binary analysis

User interface

Scalability analysis

Components
— Oours
— our desires

Related modeling activities
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Measurement Challenges

Performance often depends upon context

Layered design

— math libraries

— communication libraries in parallel programs
Generic programming, e.g. C++ templates
— both data structures and algorithms

Goals
— identify and quantify context-sensitive behavior

— differentiate between types of performance problems
» cheap procedure called many times
» expensive procedure called few times
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Understanding Costs In Context

Call Path Profiling

Measure time spent in each procedure

o Attribute time upward along call chain

Report average time per call per calling context

main main
b _ a b
Call Calling
Graph Context C C
5 Tree 4 1
d d d
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A Torture Test

#define HUGE (1<<28) an
| a b
void d() {}
C C
volid c(long n) {
for(int j=0; j<HUGE/n; j++) dQ);
1 d d

vold a(void (*f)(long)) { f(1); f(1); }
volid b(void (*f)(long)) { f(2); f(2); f(2); f(2); }
void main() { a(c); b(c); }
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Results with Existing Tools

(for the torture test)

Instrumentation-based profilers

— gprof: dilates execution by a factor of 3-14
- cannot distinguish different costs for calling contexts

— Vtune: dilates execution by a factor of 31 (Linux+P4)!
Call stack sampling profilers
— e.g., Apple’s Shark, HP’s scgprof

« can’t distinguish different costs for calling contexts

csprof: 1.5% overhead; accurate context-based attribution
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Call Path Profiling Overview

e At each sample event

— use call stack unwinding to identify full context
 [vector of return addresses; PC]

— record sample in a calling context tree (CCT)
« captures common context between samples

— “mark the current procedure frame”
» replace frame’s return address with address of a “trampoline”

— remember CCT path to marked frame
e When returning from a marked procedure frame
— increment edge count of the last call edge in the memoized path
— pop the last edge in the memoized path
— mark the caller’s frame with the trampoline
— return control to caller

e Low-overhead unwinding: need not unwind beyond marked frame
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SPECfp 2000 Benchmarks

SPECfp 2000 profiling overhead
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(Opteron, gcc 4.1)
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Ongoing Call Path Profiler Refactoring

Platform: OS, architecture

Profiling flavor

— flat vs. calling context (CC)
» CC: precise vs. summary
* CC: naive vs. smart unwinding (SU)
— SU: compiler information vs. binary analysis (BA) vs. emulation

 BA: eager vs. lazy
— SU: edge counting vs. pure call stack sampling

— threaded vs. non-threaded

Initiation: preloading vs. static vs. attaching
Synchronous vs. asynchronous events
Asynchronous sample sources

— timers, counters

— Instruction-based sampling

Online control API
CScADS Petascale Performance Tools Workshop, July 2007
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Why Binary Analysis?

e Understanding a program’s performance requires understanding
its structure
e Program structure after optimization may only vaguely resemble
the program source
— complex patterns of code composition
» e.g. C++ expression templates
— understanding loops is important to for understanding performance
 account for significant time in data-intensive scientific codes
 undergo significant compiler transformations

context of transformed routines

[ Goal: understand transformed loops in the ]
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~Program Structure Recovery with bloop

Analyze an application binary
Construct control flow graph from branches
|dentify natural loop nests using interval analysis

Map instructions to source lines, procedures
— leverage line map + DWARF debugging information

Recover procedure boundaries
|dentify inlined code & its nesting in procedures and loops
Normalize loop structure information to recover source-level view
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ample Flowgraph from an Executable

Loop nesting structure
— blue: outermost level
— red: loop level 1
— green loop level 2

Observation
optimization complicates
program structure!
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Data Correlation

e Problem

— any one performance measure provides a myopic view
* some measure potential causes (e.g. cache misses)
« some measure effects (e.g. cycles)
« cache misses not always a problem

— event counter attribution is often inaccurate
e Approaches
— multiple metrics for each program line

— computed metrics, e.g. peak FLOPs - actual FLOPS
 eliminates mental arithmetic
« serves as a key for sorting
— hierarchical structure
« errors with line level attribution still yield good loop-level information

CScADS Petascale Performance Tools Workshop, July 2007

25



application compilation

source

linking

A 4

object code

HPCToolkit System Overview

binary

source

binary analysis

profile execution

correlation

program
structure

hyperlinked
database

v

performance

profile

" interpret profile

CScADS Petascale Performance Tools Workshop, July 2007

26



hpcviewer User Interface

OO0 0 hmc

hmc.cc _ i 7 '
478 m
479  //! Hybrid Monte Carlo
480 /*! \defgroup hmcmain Hybrid Monte Carlo
481 * \ingroup main

482 *
483 * Main program for dynamical fermion generation
484  xml */
485
O 486 int main(int argc, char *argv[])
487 |
488 Chroma:initialize(&argc, &argv); O
489

pen DATA and XMLDAT

=" << linkageHack() << endl; s
| v
' Calling Context View  Callers View  Flat View H
\> (@ samples 0] |+ samples ©
B main 5.80e05 97.5% ~
¥ B void Chroma::doHMC<Chroma::HMCTrjParams>(QDP::multild <QDP::OLattice <QDP::PScalar<QDP::PColorMatrix<C 5.70e05 95.8% O
¥  loop at hmc.cc: 311-435 5.65e05 95.0%
¥ B> Chroma::AbsHMCTrj<QDP::multild <QDP :Olattice <QDP::PScalar<QDP::PColorMatrix<QDP::RComplex<float>, 2-65e05 95.0%
¥ B> Chroma::LatColMatST roma::AbsFieldState<QDP::multild <QDP::0L ~ 3-25e05 88.2%
¥ loop atlcm_sts_lea
¥ B» Chroma::LatColM FieldState<QDP::multild <QDP::OLattice<QD
¥ loop at lcm_ex
¥ B> Chroma::LCMMDIntegratorSteps::leapP(QDP::multild <Chroma::Handle <Chroma::Monomial<QDP::mu  4-25e05 71.4% re
¥ B Chroma::TwoFlavorExactWilsonTypeFermMonomial<QDP::multi1d < QDP::OLattice < QDP::PScalar < QI 3.30e05 55.5% 1Y
et dsie— )< »
Y
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hpcviewer Views

Calling context view

— top-down view shows dynamic calling contexts in which costs were
Incurred

Caller’s view

— bottom-up view apportions costs incurred in a routine to the routine’s
dynamic calling contexts

Flat view

— aggregates all costs incurred by a routine in any context and shows
the details of where they were incurred within the routine

CScADS Petascale Performance Tools Workshop, July 2007
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Calling Context View: Chroma Lattice QCD

066 hmc
qdp_parscalar_specific.h
77 { P
75| QuP-sum-float-amay(dest, len) static + dynamic structure 0
80
81 /1! Low level hook to QMP_global_sum ° I
82 inline void globalSumArray(double *dest, int len) COStS for IOOpS In CCT
83
8 MP_sum_double_ dest, len); H H
., » costs for inlined procedures
86
87 //! Global sum on a multild . . .
88 template<class T> | * inclusive and exclusive costs «
89 inline void globalSumArray(multild<T>& dest)
an { b4
I Calling Context View ‘i Callers View  Flat View '
scopes  [AMAHT (# samples () T # samples (E)

¥ B> Chroma::TwoFlavorExactWilsonTypeFermMonomial<QDP::multild < QDP::OLattice <QDP::PScalar<QDP::PColorMatri;  2-30e05 38.7% .
¥ B> Chroma::MdagMSysSolverCG<QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<QDP::RComplex<float>, 3> 2-20e05 37.0%
¥ loop at syssolver_mdagm_cg.h: 66-70 2.20e05 37.0%

¥ B> Chroma::SystemSolverResults_t Chroma::InvCG2 <QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<QDP ~ 2-20e05 37.0%

¥ B> Chroma::SystemSolverResults_t Chroma::InvCG2_a<QDP::OLattice <QDP::PSpinVector<QDP::PColorVector< 2-20e05 37.0% | 1.00e04 1.7%

¥ loop atinvcg2.cc: 147-182 : 1.85e05 31.1% | 5.00e03 0.8%

> B> Chroma::EvenOddPrecWilsonLinOp::operator()(QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<( 1-05e05 17.6% | 1.00e04 1.7%

> B> Chroma::EvenOddPrecWilsonLinOp::operator()(QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<( 7-00e04 11.8% | 1.50e04 2.5%

()

> [I] globalSumArray 5.00e03 0.8%
> [l] vaxpy3 5.00e03 0.8% |5.00e03 0.8%
> 1] local_sumsqg
> B> Chroma::EvenOddPrecWilsonLinOp::operator()(QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<QD  2-00e04  3.4% 1
> B> Chroma::EvenOddPrecWilsonLinOp::operator()(QDP::Olattice < QDP::PSpinVector<QDP::PColorVector<QD  3-00e03 0.8% v
[ < /M < >
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~Fusing Static + Dynamic Structure: Chroma

/ 12
@ B> main
@ » void Chromaz:doHMC<Chroma::HMCTrjParams>(QDP::multi1d<QDP::0Lattice<C ¢ Dynam|Ca”y neSted
@ [loop at hmc.cc: 311-435] IOOpS

@ B> Chroma:: AbsHMCTrj<QDP::multild<QDP::OLattice < QDP::PScalar<QDP::PCo

@ Chromaz:AbsMDlntegrator<QDP::multi1q<QDP::0Lattice<QDP::PScalar<Q[ P Rou‘nnes marked
@ B> Chroma::LatColMatSTSLeapfrogRecursivelntegrator:: operatord{Chroma; A

@ [loop at lcm_sts_leapfrog_recursive.cc: 129-131 | lnllne, nOt |n||ned
@ B> Chroma::LatColMatExpSdtintegrator:: operator({Chroma:: AbsFieldSta . .
| loop at lcm_exp_sdt.cc. 85-94 | * In“ned routlneS )
@ Chroma::LCMMDIntegratorsteps::leapP(QDP::multild < Chroma::Ha _A

.68e06 69. 2%
.15e06 55.3%
.06e06 54.5%
.06e06 54.5%
.06e06 54.5%
.06e06 54.5%
.25e06 47.3%
.94e06 22.9%
L27e06 11.4%
.60e05  1.4%
f0805  1.4% |

@ Chroma:: TwoFlavaorExactWilsonTypeFermMonomial<QDP::multild < QDP::OLattice < QDP::PS
@ Chroma::TwoFIavorExactWiIsonTvpeFermMonomial<QDP::multi1d<QDP::0Lattice<QDP::§§
@ Chroma::MdagMSvsSolverCG<QDP::OLattice<QDP::PSpinVectomQDP::PCoIoNectomC§§
| loop at syssolver_mdagm_ca.h: 66-70 | 2
@ B> Chroma::SystemSolverResults_t Chroma:: InvCG2 < QDP:: OLattice < QDP::PSpinvecto
@ B> Chroma::SystemSolverResults_t Chroma::InvCG2 _a<QDP::OLattice < QDP::PSpiny §§
@ | loop atinveg2.cc: 147-207 |
@ B Chroma::EvenOddPrecWilsonLinOp::operator({QDP::OLattice < QDP::PSpinve| -
@ Chroma::QDPWiIsonDsIashOpt::apva(QDP::0Lattice<QDP::PSpinVectomQ5
@ B> void QDP::OSubLattice <QDP::PSpinyector<QDP::PColorvector<QDP::RC §§
Mlmid QDP::0Sublattice < QDP::PSpinvector<QDP::PCol ctor< QDL
@ B> void QDP::evaluate<QDP::PSpinvector<QDP::PColory

| loop at gdp_generic_fused_spin_proj_evaluates.h: 6 IOOpS around

B> qdp_generic_fused_spin_proj_evaluates.h: 162 Operator
qdp_generic_fused_spin_proj_evaluates.h: 161

NN, \evaluations

= = = O -
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A

Caller’s View: Chroma Lattice QCD

hmc

sse_su3dslash_w.c

686 /* the basic operations in this routine include loading the halfspinor

687 * from memory, multiplying it by the appropriate gauge field, doing the
688 * spin reconstruction, and summing over directions, and saving the partial
689 * sum over directions */

690

691 void mvv_recons_plus(size_t lo,size_t hi, int id, const void *ptr)

692 {

693 DECL_COMMON_ALIASES_TEMPS;

694

695 const Arg_s *a =(Arg_s *)ptr;

696 int low = (int)lo;
697 int high = (int)hi;

698

699 MY_SPINOR~ spinor_field = a->spinfun;

700

701 MY_SSE_VECTOR* chia = a->chifun; /*a 1-d map of a 2-d array */

C

-~

{ Calling Context Viewi Callers View I Flat View '

show attribution of procedure
costs to calling contexts

U

Scopes @,‘4} fm # samples (E)

¥  mww_recons_plus 5.50e04 9.2% |5.50e04 9.2% q

V4 sse_su3dslash_wilson 5.50e04 9.2% |5.50e04 9.2% |-
V8 Chroma::SSEWilsonDslash::apply(QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<QDP::RComplex<float 3-30e04 9.2% | 5.50e04 9.2%
v Chroma::EvenOddPrecWilsonLinOp::operator()(QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<QDP::;f  3-50e04  5.9% | 3.50e04 5.9%
»¢8 Chroma::SystemSolverResults_t Chroma::InvCG2_a<QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<~ 3-00e04 5.0% | 3.00e04 5.0%
»¢8 Chroma::SystemSolverResults_t Chroma::InvCG2_a<QDP::OLattice<QDP::PSpinVector<QDP::PColorVector« 2-00e03 0.8% | 5.00e03 0.8%
v Chroma::EvenOddPrecWilsonLinOp::operator()(QDP::OLattice <QDP::PSpinVector<QDP::PColorVector<QDP::f  2-00e04  3.4% | 2.00e04 3.4%
>4 Chroma::SystemSolverResults_t Chroma::InvCG2 _a<QDP::OLattice <QDP::PSpinVector<QDP::PColorVector« 1-50e04 2.5% | 1.50e04 2.5%

»¢@ Chroma:: TwoFlavorExactWilsonTypeFermMonomial<QDP::multild <QDP::OLattice <QDP::PScalar<QDP::PCi  5:00e03 0.8% | 5.00e03 0.8% |.

> decomp hwv plus 5.00e04 8.4% | 5.00e04 8.4% |7
e | 4 — ) <>
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Flattening Static Hierarchies

Problem
— hierarchical view of a program is too rigid

— sometimes want to compare children of different parents
« e.g. compare all loops, regardless of the routine they are inside

Solution
— flattening elides a scope and shows its children instead

r—Cur‘r‘em‘ scope

/ \\ flaﬂen

;&@\.\j unflatten é T

\
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Flat View: S3D Combustion Code

OO0 s3d_f90.x
mixavg_transport_m.f90
(1 734 QITTFIuX(, ., ,A_Spec,.) = U.U ra
(7] 735 DIRECTION: do m=1,3
(] ) 736 SPECIES: do n=1,n_spec-1
737
738 if (baro_switch) then
739 ! driving force includes gradient in mole fraction and baro-diffusion:
O 740 diffFlux(:,:,;,n,m) = - Ds_mixavg(:,:,:,n) * (grad_Ys(;,:,;,n,m) &
741 + Ys(:,:,:,n) * (grad_mixMW(;,:;,;,;m) &
742 + (1 - molwt(n)*avmolwt) * grad_P(;,:,:,m)/Pre:
743 else I
744 ! driving force is just the gradient in mole fraction: attrl bUte COStS to IOOpS
O 745 diffFlux(:,:,:;,n,m) = - Ds_mixavg(;,:,:,n) * (grad_Ys(:,:,;,;n,m) HP- H
746 + Ys(:’:’:’n) * grad_mlxMW(,,,m)) Im pIICIt Wlth F90 VeCtor Syntax
747 endif
748
749 ! Add thermal diffusion:
750 if (thermDiff_switch) then . . . .
O 751 diffFlux(,:,;,n,m) = diffFlux(;,:,;,n,m) & flne'g raln attrIbUtIOn tO IOOpS
752 - Ds_mixavg(;,:,:,n) * Rs_therm_diff(:,:,:,n) * molwt(n) & . .
753 * avmolwt * grad_T(;,:;,:,m) / Temp Wlthln a IOOp neSt
754 endif
755 Y
( )4 »

-~ AV

" Calling Context View  Callers View [ Flat View }

Scopes J} # samples () m‘
¥  loop at mixavg_transport_m.f90: 735-760 2.17e07 11.3% | 2.17e07 11-3(]
¥  loop at mixavg_transport_m.f90: 736-758 2.17e07 11.3% |2.17e07 11.3"
> loop at mixavg_transport_m.f90: 745 ~ 1.54e07 8.0% | 1.54e07 8.0
> loop at mixavg_transport_m.f90: 758 6.32006 3.3% IEEEEEEEREEEE
loop at mixavg_transport_m.f90: 740 2
loop at mixava transoort m.f90: 751 X

( )< »
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Another Flat View of S3D

000 s3d_f90.x
rhsf.f90
199 ! grad_Y - Species mass fraction gradients may be required in transport ra
200 ! evaluation as well as for boundary conditions.
201 !
202 Inotes by ramanan - 01/05/05
203 IThe array dimensioning can be misleading
204 IFor grad_u, 4th dimension is the direction and 5th dimension is the velocity component
205 IFor grad_Ys, 4th dimension is the species and 5th dimension is the direction O
206

207 call computeVectorGradient( u, grad_u )
208 call computeScalarGradient( temp, grad_T )

g ggg docglfg:\;;zi:ScalarGradient( yspecies(:,:,;,n), grad_Ys(:,;,;,n,:) ) h|ghl|g htS COStS fOF an |mpI|C|t
211 enddo . .
212 loop that copies non-contiguous
213 !Added by Ramanan - 01/05/05 .
IStore the boundary grad values
e Sy 4D slice of 5D data to
O 17 grad a0 e gradu(ll) contiguous storage
O 218 grad_Ys_x0 = grad_Ys(1,:,:,;,1) -
219 h_spec_x0 = h_spec(1,:,:,:) :

220 end if
C

-~ AV

! Calling Context View  Callers View] Flat View ||

Scopes Q # samples (1) [#umpl—cs(i)f]
.91e08 100.0 | 1.91e08 100.0 q
.60e07 13.6% | 2.60e07 13.6% |-
.17e07 11.3% | 2.17e07 11.3%

.03e07 10.6%
.03e07 10.6%  1.04e07 5.4% >
.94e06 4.7% | 8. . v

( )< »

Experiment Aggregate Metrics
~~~53d_f90.x: <unknown-file>~~~: 0
> loop at mixavg_transport_m.f90: 735-760 -
¥ loop at rhsf.f90: 209-210
> loop at rhsf.f90: 210
> loop at mixavg_transport_m.f90: 1004-1011

NN N
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Computed Metrics for S3D

avYaya

/Users/johnmc/Documents/Admin/Grants/Active/DOE/PERI/Tiger Teams/S3D/s3d-opteron-1cpu-20iterations-hpctoolkit-db...

mixavg_transport_m.fQQ i

e sk = 0.0 Overall performance (15% of peak)

O 736 SPECIES:don=Ln.spec-l 2.05x 10" FLOPs / 6.73 x 10! cycles= .305 FLOPs/cycle
738 if (baro_switch) then

739 ! driving force includes gradient in mole fraction and baro-diffusion:
740 diffFlux(:,:,:;,n,m) = - Ds_mixavg(:,:;,;,n) * (grad_Ys(;,:,;,n,m) &
741 + Ys(,:,:,n) * (grad_mixMW(;,;,;,m) &
742 + (1 - molwt(n)*avmolwt) * grad_P(:,:,:,m)/Press))
O 743 else
744 I driving force is just the gradient in mole fraction:
(] 745 diffFlux(:,:,:,n,m) = - Ds_mixavg(;,:,;,n) * (grad_Ys(;,;,;,n,m) & ( ]
746 + Ys(:,:,:,n) * grad_mixMW(;,:,;,m) )
O 747 endif
748
749 ! Add thermal diffusion:
750 if (thermDiff_switch) then
751 diffFlux(,:,:;,n,m) = diffFlux(;,:;:;,n,m) &
752 - Ds_mixavg(;,:,;,n) * Rs_therm_diff(:,:,:,n) * molwt(n) &
753 * avmolwt * grad_T(:,:,:,m) / Temp
O 754 endif
755
756 ! compute contribution to nth species diffusive flux
757 ! this will ensure that the sum of the diffusive fluxes is zero.
(] 758 diffFlux(:,:,:,n_spec,m) = diffFlux(:,:,;,n_spec,m) - diffFlux(:,:,:,n
759
760 enddo SPECIES A
761 enddo DIRECTION B
( 4 | 2
Scopes 2@ s e PAPI_TOT_INS | PAPISTLICYl = WASTEY " °
Experiment Aggregate Metrics 4.56e11 100.0 | 1.59e10 100 | 1.14e12 10 = $ MPC
v loop at mixavg_transport_m.f90: 735-760 0. o0CIU TU.0Y Jucy T.2v 4.06el0 8.9% | 1.32e09 8. 1.30ell 11.4% - [ ) 2t e
> loop at mixavg_transport_m.f90: 736-7'  6-96el0 10.3% |9.00e09 4.4% | 4.06el0 8.9% |1.32e09 8.3 |1.30ell 11.4%
mixavg_transport_m.f90: 735 1.00e06 0.0% 2.00e06 0.0% E 0 0
~mns3d_f90.x: <UNKNOWN~file> ~~~: 0 7.58e10 11.3% | 4.23el0 20.6% | 8.29el0 18.2% |1.07e09 1.09ell 9.6%
> loop at rhsf.f90: 209-210 3.88el0 5.8% 1.79el0 3.9% | 4.24e08 7.75e10 6.8% UF
loop at mixavg_transport_m.f90: 908-914 3.19e10 4.7% |4.41e09 2.1% | 1.46el0 3.2% |4.80e08 3.(ll |5.95e10 5.2%
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Outline

e Sampling based measurement
e Binary analysis

e User interface

@ Scalability analysis

e Components
— Oours
— our desires

e Related modeling activities
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The Lump Under the Rug: Scaling Bottlenecks

1 _
0.9 ?
0.8 "
0.7
2 0.6
3
:§ 0-5
[
T 04
0.3 — ldeal efficiency
0.2
0.1 | — Actual efficiency
0 I I I I I I I I
N ™ © & © ™ © ™ ©
N Q" A9 \Q‘L @0.» &% é)‘b
N ©
CPUs
Note: higher is better Synthetic Example
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Impediments to Scalability

Communication overhead
— synchronization
— data movement
Computation overhead
— replicated initialization
— partially replicated computation
Parallelization deficiencies
— load imbalance
— serialization
Algorithmic scaling
— e.g. reductions: time increases as O(log P)

CScADS Petascale Performance Tools Workshop, July 2007
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Goal: Automatic Scaling Analysis

Pinpoint scalability bottlenecks

Guide user to problems

Quantify the magnitude of each problem
Diagnose the nature of the problem

CScADS Petascale Performance Tools Workshop, July 2007
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Challenges for Pinpointing Scalability Bottlenecks

e Parallel applications
— modern software uses layers of libraries
— performance is often context dependent
e Monitoring
— bottleneck nature: computation, data movement, synchronization?
— size of petascale platforms demands acceptable data volume
— low perturbation for use in production runs

Example climate code skeleton

CScADS Petascale Performance Tools Workshop, July 2007 40



Performance Analysis with Expectations

Users have performance expectations for parallel codes
— strong scaling: linear speedup
— weak scaling: constant execution time

Putting expectations to work
— define our expectations

— measure performance under different conditions
« e.qg. different levels of parallelism or different inputs

— compute the deviation from expectations for each calling context
 for both inclusive and exclusive costs

— correlate the metrics with the source code
— explore the annotated call tree interactively

CScADS Petascale Performance Tools Workshop, July 2007
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Weak Scaling Analysis for SPMD Codes

Performance expectation for weak scaling
— work increases linearly with # processors
— execution time is same as that on a single processor

e Execute code on p and g processors; without loss of generality, p < g
 Let T, = total execution time on i processors

* For corresponding nodes n, and n,
— let C(ny) and C(n,) be the costs of nodes n, and n,

* Expectation: C(n,)=C(n,)

C(n)-C(n) arallel overhead
« Fraction of excess work: X, (n,) ="—Fr=——" °

total time
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Strong Scaling Analysis for SPMD Codes

Performance expectation for strong scaling
— work is constant
— execution time decreases linearly with # processors

e Execute code on p and g processors; without loss of generality, p < g
 Let T, = total execution time on i processors

* For corresponding nodes n, and n,
— let C(ny) and C(n,) be the costs of nodes n, and n,

e Expectation: ¢C, (n,)=pC (n,)

qC,(n,)—- pC (n,)| parallel overhead
q1, total time

« Fraction of excess work: X (C,n )=

CScADS Petascale Performance Tools Workshop, July 2007 43



Scaling Analysis with Expectations

Excess work metrics are intuitive

= 0 ideal scaling

> (0 suboptimal scaling
Using excess work metrics

— X(I,n) = X(E,n): scaling loss due to computation in n
— X(I,n) >> X(E,n): scaling loss due n’s callees

— using multiple views

* losses associated with few calling contexts = CCT view suffices
 losses spread across many contexts = use callers view

CScADS Petascale Performance Tools Workshop, July 2007
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LBMHD size 10242

100%

80%
E other comm

g 50% = ARMCI_Barrier
o m ARMCI Get

>

= O armci_notify
—_ 40% .

2 0 ARMCI_Init

O computation
20%

0%
4 9 16 25 36 49 64

Number of processors
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Strong Scaling Analysis of LBMHD

£, . Rese ] ¥ i i b |
e 53% excess work
hid.cafctmp.w2tf c - . = =
153pl PROGRAM mhd inclusive exclusive = =47% eff|C|enCy
144 use w2f _ types =
155 veecamnn @€Xcess work  excess work =
146 use Caf_Reald
147 use Cafl_Reald
148 use Caf_Integerd \ =
R O O O OO |
Calling Context View | Callers View | Flat View | * 149 labilit
: - o Scailabllity
Scopes z
P : XS(Ln) # sam... © | XS(En)# sam - IOSS due tO
B main 0.53e00 - .
7 I b | 0, 53e00 0, 00e00 comPUtatlon
o= fdecamp 0.14e00 0.14e00
o= cafinit_ 0.10e00
o B sfrearm 0, 09=00 0,02e00 - 17% scalability
o= cal_allsum_dp 0. 0800 B
o By caf_allsurn_dp 0.06e00 -‘ — loss due to
o= [ caf allsum dp — 0.05=00 barrler_based
o= [&r cafglobalstartupinit_ 0.02e00 i
o= By caflinalize_ 0.01len0 1 redUCtlons
o[ cafgetscalar_ 0.00e00
o= By cafgetscalar_ 0.00e00
o[ cafgetscalar_ 0.00e00
o= B caftsynchall 0.00e00
b cafctmpwff 1594 | 0.00e00 0.00e00 -
q| DEDON IC
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LANL'’s Parallel Ocean Program (POP)

diagnostics.f90

2318 =

2318 do k=1km

2320

2321 I** zonal advection

2322

2323 imax = maxloc{cfl_advuk_block( k)

2324 cfl_temp = cfl_advuk_block{imax{1) k)

2325 cfl_advuk(k) = global_mawal(cﬂ_temp*

2326

2327 cfladd_temp=10

2328 if {cfl_temp == cfl_advukik)) then

2329 cfladd_temp{1:2) = cfladd_advuk_block(:,imax{1) k)

2330 endif ]

2331 cfladd_advuk(1,k) = global_maxval{cfladd_temp(1) —

2332 cfladd_advuk(2 k) = global_maxval{cfladd_temp(2)

2333 -

<] i [ [»]

T IR R T B P B A P A P P e e P PR A e B e e

( Calling Context View ﬂ Callers View | Flat View |

Scopes XS(n) ... © | XS(En)... %
o main | 0.71e00 ... -
o pop | 0.71e00 ... ]
¢  MPID_RecvComplete | 0.60e00 ... 0.00e00 ...|_
¢ @ PMPI_Waitall | 0.31e00 ...
¢ €@ PMPI_Sendrecy 0.31le00 ... =
¢ @ intra_Allreduce | 0.31e00 ...
¢ €@ MPI_Allreduce | 0.31e00 ...
¢ @ mpi_allreduce_ .
¢ @@ global_reductions_mp_global_maxval_si
o-& diaghostics_mp_cfl_check_ :
o-& diaghostics_mp_cfl_check_ :
TN YICN U UMMU LI D NIV RS _wedi ) e UL OO e e e ] |
<] I [ IDE N ] |
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UPC NAS CG class B (size 75000)
B CEX

File
g.c
1305 for{ i={12npcols-1); i==0; i-- ) -
O 1306 {
1307 k=reduce_threads_g[MYTHREADI]]I];
1308 | = reduce_recv_start_g[MYTHREAD][i]-1;
1309 m = reduce_send_start_g[K][i]-1;
1310
131 upc_memaget{ prefetch_buffer, &w1[k).arr[m],
1312 sizeof{ double ) * reduce_send_len_g[
1313
1314 upc_notify;
1315
1316 for{ j=0; j=reduce_send_len_g[K][i]; j++) o
o 1317 { = 63 /0 excess
1318 w_ptr(l+]] += prefetch_buffer(]; WOI'k —
1319 }
o - -
1920 | | 36% efficiency
4 Il
W W o e e e e e e e s e e s e e e e e e s ee e ee e s s e s s e e s e ee e s e e s e e s se s s e s s ee e s s s s ss e s e e se s se s seeteeseseseeeeeeeesees s
 Calling Context View | Callers View | Flat View |

Scopes @ @

XS(E,n) ...

B> user_main 0.00e00
[3 |oop afcg.c: 309-469 | reaee. . .| 0.00e00
¢  conj_grad :| 0.60e00 ...|0.08200 ...
; : L0.s7e00 0. 0se00 o Remote data
| 0.33e00 .../0.05e00 ..

B T — T O ITE00 <ee 0o 0000 prefetch
o~ B> _upcr_wait | 0.03e00 ... |
o~ B reduce_sum ‘| 0.02e00 ...|0.00e00
o loopatco.co 1224-1298 ‘| 0.02e00 ... 0.02e00
o loop atcg.c: 1400-1403 ‘| 0.00e00 ...|0.00e00
o loop atco.co 1438-1440 | 0.00e00 ... 0.00e00
o~ B _upcr_notify :| 0.00e00 ...|0.00e00




double reduce_sumi doublers_a)

1545 |
O 1546 intrs_;
1547  intrs_o;
1548
1549 #f (TIMERS_ENABLED == TRUE) |oss Of efficiency due
15850  timer_star{TIMER_ALLREDUCE): .
1551  #endif — to barrier-based
1652 . .
1553 upc_harrier, lmplementatlo_n
1554 of sum reduction

1555  rs_o={nr_row* NUM_PROC_QOLS),
15886  for{rs_i=rs_o; re_i=(rs_o+NUM_PROC_COLS); rs_i++)

O 1557 | =
1558 if{ rs_i== MYTHREAD I—]
1RA/0Q i 4]
| y A I [»]
Av! .................................................................................................... R
" Calling Context View | Callerg/iew | Flat View | I
Scopes 1 Xs@n)... T JXSEND)... %
B user_main 0.63e00 0.00e00 ...|=
¢ loop atcg.c: 409469 “|0.60e00 0.00e00 ...
¢ conj_grad 0.60e00 0.08e00 ...|=
¢ B loop ath.c: 1206-1440 ‘0. 57e00 .| 0.08e00 ...
o |oop atcg.co 1306-1334 033200 0.0c
o- B freduce_sum| Eo.neuo ... 0.00e00 I
o-B> _upcr_wait LR LR
o~ B reduce_sum “|0.02e00 0.00e00 ...
o loop atco.c: 1224-1298 ‘0. 02e00 0.02e00 ...
o loop atcg.c 1400-1403 “|0. 00200 0.00e00 ...
o loop atco.c: 1438-1440 ‘0. 00e00 0.00e00 ...
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| &) su3d_rmd @@@
File
om_mpi.c
1581  void
O 1582 wait_gather{imsg_tag *mtag)
1583 |
1584 MP1_Status status;
1585 inti;
4| Il

( Calling Context View | Callers View | Flat View |

Scopes XWi(n) #.. 5 | XW(En).. %
[ Bl main | 0.33e00 .|0.00e00 .;
o update 0.31le00 .|0.00e00 .=
o path_product | 0.24e00 ...|-0.01le00 ] |
| Rl Mwait_gather | 0.22e00 .. ||
o-&l path_product | 0.05e00
o-&8 path_product | 0.04e00
o-&8 u_shift_hw_fermion | 0.03e00
o8 path_product | 0.02e00
o-&8 path_product 0.02e00
o-¢d path_product | 0.02e00
o-¢8 path_product | 0.01e00
o-¢8 path_product | 0.01e00
o-¢8 dslash_fn_field_special | 0.01e00
o8 dslash_fn_field_special | 0.00e00
o-&8 dslash_fn_field_special 0.00e00
o8 dslash_fn_field_special | 0.00e00 -
< 2 K1

CScADS Petascale Performance Tools Workshop,

July 2007
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Scalability Analysis Using Expectations

Broadly applicable

— independent of programming model

— independent of bottleneck cause

— applicable to a wide range of applications and architectures
Easy to understand and use

— fraction of excess work is intuitive and relevant metric

— attribution to calling context enables precise diagnosis of bottlenecks
— provides quantitative feedback

Perfectly suited to petascale systems

— call stack sampling is efficient enough for production use

— uses only local performance information

— data volume is modest and scales linearly

Drawback

— pinpoints bottleneck, but provides no intuition into cause
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Outline

Sampling based measurement
Binary analysis

User interface

Scalability analysis

« Components
— Oours
— our desires

e Related modeling activities
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Components to Share

libmonitor - infrastructure for augmenting program with monitoring

— what
* monitors program launch thread creation/termination, fork/exec, exit

— how
» preloaded library for dynamically linked executables
« static library for statically-linked executables

hpcviewer user interface

— three views: calling context, caller’s view, flat view
— scalability analysis

bloop binary analyzer

— identify loops, inlined code

OpenAnalysis - representation-independent program analysis tools

— call graph and control-flow graph construction
— dataflow analysis

CScADS Petascale Performance Tools Workshop, July 2007
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Component Needs

Metadata collection
Standard OS interface for sampling-based measurement

Ubiquitous stack unwinder for fully-optimized code
— instruction cracker
— engine for recovering frame state info at any point in an execution

CScADS Petascale Performance Tools Workshop, July 2007
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Outline

e Sampling based measurement
e Binary analysis

e User interface

e Scalability analysis

e Components

— ours
— our desires

@ Related modeling activities
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% Analysis and Modeling of Node Performance

-----------------------------------------------------------------------------------

Object Binary Instrumented
Code :|Instrumenter Code
l : Execute
Binary
Analyzer l

l

*Loop nesting
:| *Instruction

(~Control flow graph

Dynamic

Analysis :

Modeling
Program

i 8

------------------------------------

Scalable Models

* BB & Edge Counts
* Memory Reuse Distance

« Communication Volume & Frequency

Architecture

neutral model

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Evaluate

0
---------------------------------

-----------------------------------------------------------------------------------------------------------

)| dependences Cross Architecture Models |
:\ °BB instruction mix IR code
AN N
Static Analysis ; Performance
....................................... Prediction
Modulo H.
- for Target
Architecture Scheduler Archi tecgt’u re
Description G J
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Capabilities of Modeling Toolkit

Loop level attribution of metrics
e Attribute execution costs to underlying causes
— data dependencies that serialize operations
— insufficient CPU resources
— memory delays (latency and bandwidth)

e EXxplain patterns of data reuse
— pinpoint opportunities for enhancing temporal reuse
— pinpoint low spatial reuse

e Automatic “what if” scenarios
— infinite number of CPU resources
— no register or memory dependencies
— no memory delays

CScADS Petascale Performance Tools Workshop, July 2007
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