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., Lecture Overview

Performance Counters
Profiling
PAPI
. TAU
HPCToolkit
PerfExpert




Special purpose registers built into the
processor microarchitecture

Monitor hardware-related activity within the
computer

. Useful for performance analysis and tuning

Provide low-level information that can not be
obtained with software profilers

source: http://pcsostres.ac.upc.edu/eitm/lib/exe/fetch.php/slides:pmc.pdf



You can get insight into...

. Whole program timing
. Cache behaviors

Branch behaviors

Memory and resource access patterns

source: http://tau.uoregon.edu/tau.ppt




You can get insight into...

. Pipeline stalls
. Floating point efficiency
Instructions per cycle ...

Identify Program Bottlenecks

source: http://tau.uoregon.edu/tau.ppt




. Performance Application Programming
Interface

To design, standardize and implement a
portable and efficient API

C and Fortran Interface

source: http://pcsostres.ac.upc.edu/eitm/lib/exe/fetch.php/slides:pmc.pdf




. papi_avall: Standard preset over 100 events

epark@ajii~% papi_awail
bvailable events and hardware information,

FAaFI Wersion

Yendor string and code v Genuinelntel (1)

Model string and code v Intel(R) Core(TH1Z2 Quad CFU 09a50 @ 3,00GHZ [23)
CFU Eewisiaon vOLE, DEREEE

CFUID InTo v Family: & Model: 23 Stepping: 10

CFU Megahertz y Z20E3, AOREEE

CFU Clock Megahertz v 20E3
Hdw Threads per core ;
Cores per Socket

HUMA MNodes

CFU's per HNode

Total CFU's

Humber Hardware LCounters
Max Mulftiplex Counters

The following correspond to fields in the PAFI ewent_info_t structure,

Name Code Lvzil Deriw Description [(Mote)
FAFI L1 DCM  Bx30EQEHED  Yes Mo Level 1 data cache misses
FAFI L1 ICH OxS0QAUOEOL Yes Mo Level instruction cache misses
FAFI L2 DCM  Bx30R0ANAZ  Yes fes Lewvel data cache misses
FAaFI L2 ICM Bx30E0EHES  Yes Mo Lewel instruction cache misses
FAFI L3 DCH  Oxdooooaod Mo Mo Level data cache misses



Presenter
Presentation Notes
A native event is an event specific to a specific hardware platform. On many platforms, a specific native event may have a number of optional settings. In such cases, the native event and the valid settings are presented, rather than every possible combination of those settings. For each native event, a name, a description, and specific bit patterns are provided.


. papi_native_avail: Any event countable on the specific

epark@aji:~% papi_native avail
bvailable native events and hardware information,

FaFI VWersian

Yendaor string and code
Model string and code
CFU Eewisian

CFUID Infao

CFU Megahertz

CFU Clock Megahertz

Genuinelntel (1)

Intel(R) Core(THM1Z Quad CFU
18, BEEEEE
Family: &
2002, HHDEDEE
2ER3

Q9658 @ 3.0EGHZ (23)

Model: 23 Stepping: 10O

Hdw Threads per cCore
Cores per Socket

HUMA Wodes

CFU's per Node

Total CFU's

Humber Hardware Counters
Max Mulftiplex Counters

The following correspond to fields in the FAFI _ewent_info_t structure,

Event Code symbol | Long Description |

g infoyojoiajoin UNHALTED CORE_CY¥CLE: | count core clock cycles whenever the cloc |
| k signal on the specific core is running (not halted)]. Alias to & |
| went CFU_CLK_UNHALTED:CORE_F



Presenter
Presentation Notes
A native event is an event specific to a specific hardware platform. On many platforms, a specific native event may have a number of optional settings. In such cases, the native event and the valid settings are presented, rather than every possible combination of those settings. For each native event, a name, a description, and specific bit patterns are provided.


. papi_event _chooser
Whether a given event is available NATIVE or PRESET

Whether given events can be used together
> papi_event chooser PRESET PAPI L2 TCH

MHame Code Deriwv Description [(Mote)
FAFI L2 TCM Bx30A0AUEY Mo Level 2 cache misses
FAFI _TOT_INZ 32 Mo Instructions completed
FAFI_TOT_CYC I EES Mo Total cycles

FAFI L2 TCA  Bx30EE Mo Level 2 total cache accesses



Presenter
Presentation Notes
A native event is an event specific to a specific hardware platform. On many platforms, a specific native event may have a number of optional settings. In such cases, the native event and the valid settings are presented, rather than every possible combination of those settings. For each native event, a name, a description, and specific bit patterns are provided.


PAP1_num_counters(void): Return the number of
h/c available on the system

PAP1_library init(int version): Initialize the
PAPI library

. version: Using PAPI1 _VER_CURRENT

PAPI1 1s_i1nitialized(): Return the initialized
state of the PAPI library

source: http://icl.cs.utk.edu/projects/papi/wiki/


Presenter
Presentation Notes
These are related to initialization


PAPI1 create eventset(int *EventSet):
Create a new empty PAPI event set

EventSet is itialized by PAP1 _NULL

PAP1 add event(int EventSet, Int
EventCode) : Add single event

PAP1 add events(int EventSet, Int
*EventCode) - Add multiple events

PAP1 remove_event(int EventSet, iInt
EventCode) or PAPI _add events(int
EventSet, Int *EventCode): Remove event(s)

source: http://icl.cs.utk.edu/projects/papi/wiki/


Presenter
Presentation Notes
Creating/Removing event set


PAPI1_ start(int EventSet): Start couting
hardware events in an EventSet

PAPl1 read (int EventSet, long long *
values) : Read hardware counters from an EventSet

PAP1 stop(int EventSet, long long *
values) : Stop counting harware events in an
EventSet

PAP1_shutdown(): finish using PAPI and free all
related resources

source: http://icl.cs.utk.edu/projects/papi/wiki/


Presenter
Presentation Notes
Start, read, and stop


Example of PAPI usage will show up here

. #include<papi .h> in matmul-seqg-papi.c

. Add initialization functions for PAPI library, and
Add PAP1_start before the code you want to
measure, after PAP1_read, then PAP1_stop.

. >gcc -02 -g -o matmul-seqg-papi
matmul-seqg-papi.c -lpapi

. > _/matmul-seqg-papi



. In matmul-seqg-papi.c

. Need to specify Int eventCode|[] =
{PAPI_TOT CYC, PAPI L1 DCM,
PAPI L1 ICM, PAPI L2 DCM, PAPI L2 ICM}

- Run ./matmul-seqg-papi

11739215199, 1081351098, 747,
384594, 29




. Demo




TAU (Tuning and Analysis Utilities)

http://tau.uoregon.edu

. Program and performance analysis tool framework
for (parallel) programs

. Automatic instrumentation for functions, loops, and
SO on

. Static and dynamic analysis of programs written in
C, C++, Fortran, Python, and Java.

source: http://tau.uoregon.edu/tau.ppt




Instrumentation
Measurement
Analysis

Visualization

—_———— ===

event ___ f tati event
selection [Ins tion ’ m information _ _______. )

. other |
: profilers \"",T"_'
N symbol
) | profiles table |
Analysis ' profiles traces '

Profile Data Management (PerfDMF) Trace Data Management

profile profile trace trace
translators (XML) database translators storage

Profile Analysis (ParaProf)

Trace Visualizers  Trace Analyzers

JumpShot ProfileGen
Prof ile Data Mmmg (PerfEprarer) Vampir
BRI S TSR Paraver s, P

source: http://tau.uoregon.edu/tau.ppt




TAU source
analyzer

l

Parsed

program —filename.pdb

T~

source: http://tau.uoregon.edu/tau.ppt

Application
source

v

filename.c

tau_instrumentor

Instrumented
copy of source

AN y,




Compile and run instrumented code

. Define metrics you want to measure
- TAU METRICS=TIME:PAPI _FP_INS:..

. You will see directories named with metric name

cd MULTI __GET TIME OF DAY
pprof

Feading Frofile files in profile.®

MODE ©; CONTEXT @;THREAD @

Incluzsive i = #oubrs Inclusiwe Name
total msec




g paraprof, identify bottleneck

Metric: PAPI_FP_INS / LINUX_TIMERS
Value: Exclusive
Units: Derived metric shown in microseconds format

1142.273

Loop: CHEMKIN_M::REACTION_RATE_VEC [{chemkin_m.pp.f90} {457,3}-{471,8}]
88423 ] Loop: TRANSPORT_M::COMPUTECOEFFICIENTS [{mixavg_transport_m.pp.f90}{492,5}-{520,9}]
0.014 | MPI_Wait()
121.843 [ Loop: TRANSPORT_M:COMPUTESPECIESDIFFFLUX [{mixavg_transport_m.pp.f90}{630,5}-{656,19}]
0.021 | MPI_Isend()
0.06 | Loop: RHSF [{rhsf.pp.fo0} {209,3}-{211,7}]
183.176 [ Loop: INTEGRATE [{integrate_erk.pp.fo0}{73,3}-{93,13}]
() | MPI_Comm_split()
0| MPI Barrler()
148.608 [ Rl
269.807 Lnop TRANSPORT_M::COMPUTEHEATFLUX [{mixavg_transport_m.pp.fo0} {782,5}-{790,19}]
Loop: THERMCHEM_M::CALC_TEMP [{thermchem_m.pp.f90} {175,5}-{216,9}]
163.317 [@mmml Loop: RHSF [{rhsf.pp.fo0} {537,3}-{543,16}]
174.081 ] Loop: RHSF [{rhsf.pp.f90} {545,3}-{551,16}]
124.129 B Loop: RHSF [{rhsf.pp.f90}{515,3}-{535,16}]
1153827 e loop: DERIVATIVE_X_CALC [{derivative_x.pp.f90} {432,10}-{441,15}]
2.177 | DERIVATIVE_X_COMM
1422.272 ﬁ Loop: DERIVATIVE_Y_CALC [{derivative_y.pp.f0} {431,10}-{440,15}]
1459472 ] Loop: DERIVATIVE_Z CALC [{derivative_z.pp.f90} {435,10}-{444,15}]
178.375 [E=] Loop: VARIABLES_M::GET_MASS_FRAC [{variables_m.pp.f90}{96,3}-{99,7}]
374.708 [l Loop: THERMCHEM_M::CALC_INV_AVG_MOL_WT [{thermchem_m.pp.f90}{127,5}-{129,9}]
0 | MPI_Irecv()
3.778 | DERIVATIVE_Y_COMM
244308 [l Loop: THERMCHEM_M::CALC_SPECENTH_ALLPTS [{thermchem_m.pp.f90} {506,3}-{512,8}]
1.294 | INTEGRATE
0.002 | S3D
7.111 | DERIVATIVE_Z_COMM
733.265 e Loop: DERIVATIVE_X_CALC [{derivative_x.pp.f90} {490,13}-{509,18}]
765947 [ ] Loop: DERIVATIVE_X_CALC [{derivative_x.pp.fo0} {461,13}-{480,18}]
950.372 ] Loop: DERIVATIVE_Y_CALC [{derivative_y.pp.f90} {488,13}-{507,18}]
97395 ] Loop: DERIVATIVE_Y_CALC [{derivative_y.pp.fo0} {459,13}-{478,18}]
249.638 [l Loop: TRANSPORT_M:COMPUTESTRESSTENSOR [{mixavg_transport_m.pp.f90}{711,5}-{737,10}]
Loop: DERIVATIVE_Z_CALC [{derivative_z.pp.fo0} {464,13}-{483,18}]
0.328 | TRANSPORT_M::COMPUTESPECIESDIFFFLUX
1257338 e loop: DERIVATIVE_Z_CALC [{derivative_z.pp.fo0} {493,13}-{512,18}]
84.649 [ ] RK_M:CONTROLLER
30.583 [ DERIVATIVE_X_CALC
33.374 [] DERIVATIVE_Y_CALC
33.405 [l DERIVATIVE_Z CALC
61.032 [ THERMCHEM CALC_INV_AVC_MOL_WT
95.032 [_] GET_VELOCITY_VEC
103.526 [l Loop: TRANSPORT_M:COMPUTECOEFFICIENTS [{mixavg_transport_m.pp.f90}{527,5}-{529,10}]
196.839 [ | Loop: FILTER_M:FILTER [{filter_m.pp.f90} {1232,5}-{1236,9}]
293.594 [ THERMCHEM_M:CALC_TEMP
141.127 [ TRANSPORT_M:COMPUTECOEFFICIENTS
24.465 [] COMPUTESCALARGRADIENT
0 | Loop: INTEGRATE [{integrate_erk.pp.f90} {108,3}-{110,7}]
0.245 | VARIABLES_M::GET_MASS_FRAC

742.83

1119.025 [

al»

source: http://tau.uoregon.edu/tau.ppt




File Options Windows Help

R LRI
Ik JﬁJ—HJrj—FI HHH
hl‘wluﬁljl,.lwlu. Pl

L‘.mﬁ'.w‘.

source: http://tau.uoregon.edu/tau.ppt

+) Triangle Mesh

~) Bar Plot

) Scatter Plot

Height Metric

Exclusive | |GET_TIME_OF_DAY =
Color Metric

Exclusive | |GET_TIME_OF_DAY

SIGMAD_CQL3D
Function

200:0:0
Thread

Height value 321.68 seconds

Color value  321.68 seconds

Mesh Plot = Axes = ColorScale | b
Plot Width 'S
Plot Depth =
Plot Height s
" Transparency =~ =——{ J—



. http://hpctoolkit.org

. Measurement and analysis of program
performance

. Using statistical sampling of timers and
hardware performance counters

. Platforms supported: Linux X86 64, Linux-
x86, Linux-Power, Cray XT/XE/XK, IBM Blue
Gene/Q, Blue Gene/P

source: http://hpctoolkit.org



profile

compile & link ST call path

profile

[hpcrun]
source
code

optimized
binary

e program
y structure
[hpestruct]

presentation

[hpcviewer/

interpret profile

correlate w/ source
[hpcprof/hpcprof-mpi]

hpctraceviewer]

source: http://hpctoolkit.org



optimized
binary

presentation

[hpcviewer/

hpctraceviewer]

profile
execution call path
profile
[hperun]

interpret profile
database correlate w/ source
[hpcprof/hpcprof-mpi]

hpcrun

all?llanla;yis program
y structure
[hpestruct]

collecting calling-context-sensitive performance

measurements

source: http://hpctoolkit.org



_ _ profile
compile & link execution

[hpcrun]

call path
profile
= =3
code bina
Y binary
analysis program
structure
[hpestruct]

presentation interpret profile
[hpcviewer/ database correlate w/ source
hpctraceviewer] [hpcprof/hpcprof-mpi]

hpcstruct
Analyzing application binaries and information between
binaries and source codes

source: http://hpctoolkit.org



_ _ profile
compile & link execution

call path
profile

[hpcrun]
optimized
binary

a:')'llanla;yis program
y structure
[hpestruct]

presentation interpret profile

[hpcviewer/ correlate w/ source
hpctraceviewer] [hpcprof/hpcprof-mpi]

hpcprof

correlating the result with source code

source: http://hpctoolkit.org



profile
execution
[hpcrun]

call path
profile

all?llanla;yis program
y structure
[hpestruct]

presentation interpret profile
[hpcviewer/ database correlate w/ source
hpctraceviewer] [hpcprof/hpcprof-mpi]

hpcviewer
graphical user interface that presents a hierarchical,
time-centric view of a program execution

source: http://hpctoolkit.org



. HPCToolkit example with Matmul
. > gcc -02 -g -0 gemm gemm.cC
. > hpcstruct ./gemm

. > hpcrun-flat -e PAPI_TOT _CYC:500
./gemm

. > hpcproftt --src=p -S
gemm.hpcstruct -1 . gemm*0xO0




Metric definitions. column: name (nice-name) [units] {details}:
1: PAPI _TOT _CYC [events] {Total cycles:500 ev/smpl}

-1.24e+09 [../gemm]<../Tlush _cache.c>main

5558500 [../gemm]<../flush_cache.c>flush_cache

3352000 [../gemm]<../flush_cache.c>i1nit _array
72500 [/lib/1d-2.7.so]<~unknown-file~> dl rtld di_serinfo
5500 [/1i1b/1d-2.7.s0o]<~unknown-fi1le~>realloc




hpcviewer: mpbs-mpi2, 960 cores, radix (hopper)

'a_ usort_x.c |'a psort_mpi2.c IE [Plot graph] usort: PAPL_TOT CYC () 23 l

5.0ELD “

:
;

[Plot graph] usort: PAPI_TOT_CYC (I)
[ B

E0.0ED B-5-8-8-8-8-5-8-8-%-8-0-80-0-8B-0-0-8-%-0-%-0-8-0-B-F -0 8- -5-0-8 8- -8-@
T T T T T T T T T

00.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00 800.00 500.00

Process.Thread

|_|_|_| [Histogram graph] usort: PAPI_TOT_CYC (I b3 }

[Histogram graph] usort: PAPI_TOT_CYC (I)

source: http

g
s
e
E
0 = T T T T T T T T T
DEQ SE9 IE10 1.5E10 ZELO 2.5E10 3E10 3.5E10 4E10 4.5E10
Metric Value
"I\T".Calling Context View &4 l {'l. Callers ‘urlew| fg, Flat \l’iw| =g
|4 0 [&6f|M|F A
Srope PAPI_TOT_CYC:Sum (I} = |PAPI_TOT_CYC:Mean (I} | PAPI_TOT _CYC:StdDew ()
Experiment Aggregate Metrics 5.18e+14 100 % 5.1l8e+11 1.54e+11
¥main 5.1%e+14 100 % 5.18e+11 1.54e+ll
¥ B» 604: rbyfls64 4.52e414 B7.3% 4.52@+11 1.45e411
¥loop at icops.c: 23114 4.5Je+14 BT.3% 4.52e+11 1.45e+11
¥ B 2495 MPI_Barrier J.1le+ld4 60.0% J.lle=ll l1.27e+l1l
F B MPIR_Barrier_impl l.1le414 6£0.0% 3.11le41l 1.27e+11
¥ B 2365: psortuied_mpi2 l1.21le+14 23.3% 1.21e+ll 2.46e+10
Floop at psort_mpi2.c: 801 5.04e+13 9.7% 5.04e+10 1.03e+10
b B 862 usort 2.56e+13 5.0% 2.56e+10 8.08e+09
://hpctoolkit.org




. http://www.tacc.utexas.edu/perfexpert

. Tool for performance optimization for
parallel architectures

. Automates most of intra-node
performance optimization

source: http://www.tacc.utexas.edu/perfexpert




. Automate detection and characterization of
performance bottlenecks

Suggest optimizations for each bottleneck

. Including code examples and compiler switches
Simplicity Is paramount

. Trivial user interface

. Easily understandable output

source: http://www.tacc.utexas.edu/perfexpert



Gather performance counter measurements

. Multiple runs with HPCToolkit
. Sampling-based results for procedures and loops

Combine results

. Check variability, runtime, consistency, and
integrity

Compute and output assessment

. Only for most important code sections
. Correlate results from different thread counts

source: http://www.tacc.utexas.edu/perfexpert



@, Output of PerfExpert

total runtime in dgelastic.xml is 75.70 seconds

Suggestions on how to alleviate performance bottlenecks are avallable at:
S R A ‘taco.utexas .edu/perfexperct/
o deniier

d-gau___ﬁﬂs (59.8% of the total runtime)

performance assessment
- averall

uppar bound by category
= data accesses e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o e e e e e e e e e e e e e e e e e
= instruction accesses e e e e e o

- fleating-point inatr b
- branch instructions >
- data TLB -
= instruction TLE >

source: http://www.tacc.utexas.edu/perfexpert
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. High Performance Parallel Libraries

. BLAS

. LAPACK

. ATLAS

. Intel MKL

. ACML (AMD core math library)




Basic Linear Algebra System

. Level 1 — vector-vector operations

. Level 2 — matrix-vector operations
. Level 3 — matrix-matrix operations

Fundamental level of linear algebra libraries
. Various highly optimized implementations by
vendors

Many other libraries built on top of BLAS



Using gsl _blas dgemm function (C<aAB + BC)

int gsl _blas _dgemm(
CBLAS TRANSPOSE t TransA,
CBLAS TRANSPOSE t TransB,
double alpha,
const gsl matrix * A,
const gsl matrix * B,
double beta,
gsl _matrix * C)

TransA: CblasNoTrans or CblasTrans for A
TransB: CblasNoTrans or CblasTrans for B




#include <stdio.h>

#include <gsl/gsl _blas.h>

int _

?aln (void)
double af[] = . // a = 2x3 matrix
double b = , // b = 3x2 matrix
double c = , // Cc = 2X2 matrix
gsl matrix view A = gsl matrix _view array(a, 2, 3);
sl matrix_view B = gsl matrix_view array(b, 3, 2);
gsl matrix_view C = gsl matrix_view array(c, 2, 2),;

/* Compute C = A B */

gsl blas dgemm (CblasNoTrans, CblasNoTrans,
1.0, &A_matrix, &B.matrix,
0.0, &C.matrix);




. Written on top of Basic Linear Algebra Subprograms
(BLAS)

Incorporates/retools EISPACK (eigenvalues) and
LINPACK (least squares)

Optimized for most modern shared memory
architectures

Eigenvector Eigenvalue

. Website: http://www.netlib.org/lapack/ l /
Ax = Ax

2= el




. Systems of linear equations
. Linear least squares problems
. Elgenvalue problems
. Singular value problems
. Associated computations
. Matrix factorizations (LU, Cholesky, QR,
SVD, Schur, generalized Schur)
. Reordering of the Schur factorizations
. Estimating condition numbers



Parallel version of LAPACK

Designed for distributed-memory message-
passing MIMD computers and networks of
workstations supporting PVM and MPI

. Designed for workstations, vector

supercomputers, and shared-memory-parallel
computers

source: http://acts.nersc.gov/scalapack/index.html



. Automatically Tuned Linear Algebra Software

. http://math-atlas.sourceforge.net

. Provides high performance dense linear

algebra routines:
. BLAS, some LAPACK

. Automatically adapts itself to differing
architectures using empirical techniques



. Performs a series of timed tests upon
installation.

. These tests are used to tune the libraries
for the individual system.

. Substantially faster on many systems.




. Well-tuned linear algebra routine runs

orders of magnitude faster than generic
Implementation

. Hand-tuning is architecture specific

. No such thing as enough compute speed
for many scientific codes



. Written in ANSI C, output ANSI C

. Unrolling all loops
. outer loops are jammed

. Different prefetch strategies

. Loop peeling

. Software pipelining

. Other backend optimizations
. Register blocking, Inst scheduling, etc.



B Vendor BLAS

800.0 W ATLAS BLAS
®m F77 BLAS

600.0
£  500.0 -
=
£ 400.0
300.0
200.0
100.0
0.0 -
S LSS S S S S S
& FE @IS E S E S
o¥ & & & T W2 ,g-“‘:'& & & & &F &
& & & & & & T T & &
ﬂ:ﬂ} ﬂ:ﬂ} S
Arehitectures =

ATLAS is faster than generic BLAS and as
good as machine-specific libraries provided
by vendor.



. Intel Math Kernel Library

. http://software.intel.com/en-us/intel-mkl/

. Highly optimized and extensively threaded
math library especially suitable for
computational intensive applications.

. Addresses numeric intensive codes in a
broad range of disciplines in engineering,
science and finance



. BLAS (Basic Linear Algebra Subroutines)

. Extended BLAS- Level 1 BLAS for sparse vectors

. LAPACK (Linear Algebra Package)

. Hundreds of routines for solvers and eigensolvers

. Fortran



Presenter
Presentation Notes
So the BLAS and LAPACK both support various solvers, and LAPACK itself has its own solver technology. The same two classes of functions also support the eigensolvers, and again, LAPACK includes eigensolvers.
Matrix multiplication is widely used in such quantum chemistry codes as Gaussian, GAMESS, and DGauss. 


Matrix-Vector Multiplication (Y<—aAB + 3C)

for(C1 =0; 1 <nj; 1++ )
cblas dgemv( CBLAS RowMajor, CBLAS NoTrans, \
m, n, alpha, a, lda, &bJ[O][1], ldb, beta, \
&[O][1], Idc );

. Matrix-Matrix Multiplication (C<—aAB + 3C)

Cblas _dgemm( CblasColMajor, CblasNoTrans,
CblasNoTrans, m, n, kk, alpha, b, Idb, a, lda,
beta, c, Idc );




. AMD Core Math Library
. Very similar to Intel MKL!

. Provides developers of scientific and
engineering software with

. A set of linear algebra

. Fast Fourier transforms

. Vector math functions

. LAPACK, BLAS, and the extended BLAS

Installed on Mills cluster
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