- -

Geant4 Instrumentation-Based
Measurements with TAU

Boyana Norris
University of Oregon
(based on materials by Sameer Shende, ParaTools)

US ASCR/HEP G4 Reengineering Work Meeting, February 5, 2014, Fermilab —



TAU Performance System® T

o Tuning and Analysis Ultilities (18+ year project)

o Comprehensive performance profiling and tracing
o Integrated, scalable, flexible, portable
o Targets all parallel programming/execution paradigms

o Integrated performance toolkit
o Instrumentation, measurement, analysis, visualization
o Widely-ported performance profiling / tracing system
o Performance data management and data mining
o Open source (BSD-style license)

o Easy to integrate in application frameworks
http://tau.uoregon.edu




What is TAU?

TAU is a performance evaluation tool

It supports parallel profiling and tracing

Profiling: how much (total) time was spent in each routine
Tracing: when events take place in each process along a timeline

o 0O o0 O O

Profiling and tracing can measure time as well as hardware
performance counters (cache misses, instructions) from your CPU

0 TAU can automatically instrument your source code using a
package called PDT for routines, loops, I/O, memory, phases, etc.

o TAU runs on most HPC platforms and is free (BSD style license)

0 TAU has instrumentation, measurement and analysis tools
O paraprofis TAU’s 2D and 3D profile browser

0 TAU’s automatic instrumentation works with most build systems



Understanding Application Performance

0 How much time is spent in each application routine and outer
loops? Within loops, what is the contribution of each statement?

0 How many instructions are executed in these code regions?
Floating point, Level 1 and 2 data cache misses, hits, branches
taken?

0 What is the peak heap memory usage of the code? When and
where is memory allocated/de-allocated? Are there any memory
leaks?

o How much time does the application spend performing //O?
What is the peak read and write bandwidth of individual
calls, total volume?

o What is the contribution of different phases of the program??



TAU Instrumentation / Measurement

Instrumentation

event source object library binary virtual
selection code code wrapper code machine
event

information
MEASUREMENT API

Measurement

Event creation and management

event entry/exit atomic event event
identifier events events mapping control
Profiling Tracing
statistics atomic entry/exit trace record trace
profiles profiles buffering creation 1/0
phase /O profile timestamp trace trace
profiles profiles sampling generation filtering merging

Performance data sources OS and runtime system modules

—

S
system runtime
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What does TAU support?

OpenCL
Clort GPI
t::OI’tI':n OpenACC |,,5 MPI
PIreads  |htel MIC  OpenMP
IntEI PGI Cray Sun
MinGW

P T Linux WindOWS AIX
nsert | o eGene Fujitsu ARM
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Profiling and Tracing

u u
Value: Exclusive P ro I I I n
Units: seconds

9647.318

LEQ_IKSWEEPT
4357.213 [ LEQ_BICGSOT

2669.887 [ | LEQ_MATVECT
1777.752 [l SOLVE_SPECIES_EQ
1417.986 [ | SOLVE_LIN_EQ

1028.448 [l PHYSICAL_PROP
783.402 || RRATES
682.376 [L] LEQ_MSOLVET
530.858 [ INIT_AB_M
463.788 [| CALC_MASS_FLUX_SPHR
446.025 [] INIT_MU_S
421.747 [] CALC_RESID_S
381.363 [|] SOLVE_ENERGY_EQ
371.199 [| SOURCE_PHI

258.829 | DRAG_GS T S0 s 43 Sa a0 sas  ds0  sss Seo  ses a0 (--‘m_‘{'}‘
0 Profiling shows how much (total) time 0 Tracing shows when the events
was spent in each routine

take place on a timeline

0 Metrics can be time or hardware performance counters (cache
misses, instructions)

0 TAU can automatically instrument your source code using a
package called PDT for routines, loops, I/O, memory, phases, etc.
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Inclusive vs. Exclusive Measurements

o Performance with respect to code regions
o Exclusive measurements for region only
o Inclusive measurements includes child regions

int foo()

{ ™)
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Identifying Potential Bottlenecks

©®00 TAU: ParaProf: Mean Data - s3d.loops.12000.ppk

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}]
884.23 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.f90} {209,3}-{211,7}]

183.176 Loop: INTEGRATE [{integrate_erk.pp.f90} {73,3}—{93,13}]6
0 | MPI_Comm_split()
0 | MPI_Barrier()
148.608 [Emmm] RHSF
269.897 [l Loop: TRANSPORT_M::COMPUTEHEATFLUX [{mixavg_transport_m.pp.f90} {782,5}-{790,19}]
742.83 Loop: THERMCHEM_M::CALC_TEMP [{thermchem_m.pp.f90} {175,5}-{216,9}]
163.317 [l Loop: RHSF [{rhsf.pp.f90} {537,3}-{543,16}]
174.081 [___] Loop: RHSF [{rhsf.pp.f90} {545,3}-{551,16}]
124.129 [@mml Loop: RHSF [{rhsf.pp.f90} {515,3}-{535,16}]
1153.827 (ST Loop: DERIVATIVE_X_CALC [{derivative_x.pp.f90} {432,10}-{441,15}]
2.177 | DERIVATIVE_X_COMM
1422, 272 [ LooPp: DERIVATIVE_Y_CALC [{derivative_y.pp.f90} {431,10}-{440,15}]
1459.472 Loop: DERIVATIVE_Z_CALC [{derivative_z.pp.f90} {435,10}-{444,15}]
178.375 [L] 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
244.308 [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 [ Loop: DERIVATIVE_X_CALC [{derivative_x.pp.f90} {490,13}-{509,18}]
765.947 [ ] Loop: DERIVATIVE_X_CALC [{derivative_x.pp.f90} {461,13}-{480,18}]
950.372 Loop: DERIVATIVE_Y_CALC [{derivative_y.pp.f90} {488,13}-{507,18}]
973.95 Loop: DERIVATIVE_Y_CALC [{derivative_y.pp.f90} {459,13}-{478,18}]
249.638 [ Loop: TRANSPORT_M::COMPUTESTRESSTENSOR [{mixavg_transport_m.pp.f90} {711,5}-{737,10}]
1119.025 | Loop: DERIVATIVE_Z_CALC [{derivative_z.pp.f90} {464,13}-{483,18}]
0.328 | TRANSPORT_M::COMPUTESPECIESDIFFFLUX
1257.338 | FEFEPEPFEFEF}FPFPEFETETSTY Loop: DERIVATIVE_Z_CALC [{derivative_z.pp.f90} {493,13}-{512,18}]
84.649 [ ] RK_M:CONTROLLER
30.583 [ DERIVATIVE_X_CALC
33.374 [] DERIVATIVE_Y_CALC
33.405 [ DERIVATIVE_Z_CALC
61.032 [ THERMCHEM_M::CALC_INV_AVG_MOL_WT
95.032 [_] GET_VELOCITY_VEC
103.526 [ 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 Dl COMPUTESCALARGCRADIENT
0
|

Loop: INTEGRATE [{integrate_erk.pp.f90} {108,3}-{110,7}]

0.245 | VARIABLES_M::GET_MASS_FRAC
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ParaProf 3D Profile Browser

r: cmod.128x128.128DC.ppk/128x128/aorsa2d/taud

a/rs/sameer/Users/

File Options Windows Help

T T T
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*) Triangle Mesh

) Bar Plot

) Scatter Plot

Height Metric
Exclusive

Color Metric

¥ |GET_TIME_OF_DAY |+

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 >
Plot Width A —
Plot Depth L ® s
Plot Height A
] Transparency = { Jm—
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TAU’s ParaProf Comparison Window

‘@00 ParaProf: Comparison Window
Metric: TIME O mm_fx10.ppk - Mean
Value: Exclusive [l mm_fx10_03.ppk - Mean

Units: seconds

double do_work(void) C [{matmult.c} {80,1}-{106,1}]

3.609 [ ] . . e
1.665 (46.137%) (— void compute(double **, double **, double **, int, int, int) C [[matmult.c} {46,1}-{61,1}]
1.656 | ! void compute_interchange(double **, double **, double **, int, int, int) C [{matmult.c} {63,1}-{78,1}]
0.507 (30.629%) [ - . , , int, int, . , ,
0.051 [l .
0.057 (110.53%) [ MPLInit0
0.01 | S
0.01 (94.129%) | MPI_Finalize()
0.009 | void initialize(double **, int, int) C [{matmult_initialize.c} {3,1}-{16,1}]
0.003 (34.613%) | » 1T - . ’ ’
0.002 | double **allocateMatrix(int, int) C [{matmult.c} {36,1}-{43,1}]
0.003 (101.673%) | ’ . : ,
2.3E-4 | o ainGint, char +*) C [{matmult.c} {114,1}-{184,1}]
2.7E-4 (120.638%) | "M mainiint, char matmult.c} {114,1}-{184,
8.7E-5 |
I

8.3E-5 (95.677%)
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Event-Based Sampling in TAU
(not the focus of this talk)

| ® 0 O N\ TAU: ParaProf: Statistics for: no.d"eHO » /-t.ns|;};iotﬁi}t&ols/tau-/train-i;'lg"/_tz-l;.ln—-é..2.§-I-examples/mm
File Options Windows Help

ERRNNRRRRRRE ERNNNEERNNNEERNNNERNNEERNNENR
Name 2 [Exclusive TIME | Inclusive TIME Calls Child Calls

¢ Mint main(int, char **) C [{matmult.c} {159,1}-{229,1}] 0.033 2,837.969 1 3
o M MPI_Finalize() 16.403 16.444 1 5
o CMPI_Init() 1,140.687 1,141.011 1 45
¢ M double do_work(void) C [{matmult.c} {120,1}-{151,1}] 0.041 1,680.481 1 8
M double **allocateMatrix(int, int) C [{matmult.c} {36,1}-{43,1}] 2.959 2.959 3 0
¢ Ovoid compute(double **, double *¥, double **, int, int, int) C [{matmult.c} {78,1}-{97,1}] 956.539 956.539 1 0
¢ M [CONTEXT] void compute(double *¥, double ** double **, int, int, int) C [{matmult.c} {78,1}-{97,1}] 0 949.969 95 0
B [SAMPLE] compute [{/usr/global /tools/tau/training/tau-2.23/examples/mm /matmult.c} {87}] 59.993 59.993 6 0
C[SAMPLE] compute [{/usr/global /tools/tau/training/tau-2.23/examples/mm /matmult.c} {91}] 889.976 889.976 89 0
¢ Ovoid compute_interchange(double **, double **, double **, int, int, int) C [{matmult.c} {99,1}-{118,1}] 718.179 718.179 1 0
¢ M [CONTEXT] void compute_interchange(double **, double ** double **, int, int, int) C [{matmult.c} {99,1}-{118,1}] 0 720 72 0
B [SAMPLE] compute_interchange [{/usr/global /tools /tau/training /tau-2.23/examples/mm /matmult.c} {108}] 60 60 6 0
C[SAMPLE] compute_interchange [{/usr/global /tools /tau/training/tau-2.23/examples /mm /matmult.c} {112}] 660 660 66 0
B void initialize(double *¥, int, int) C [{matmult_initialize.c} {3,1}-{16,1}] Shiw Source Code 2.763 2.763 3 0

Show Function Bar Chart

Show Function Histogram

Assign Function Color
Reset to Default Color

% export TAU_MAKEFILE=3$TAU/Makefile.tau-icpc-papi-mpi-pdt
% make CC=tau_cc.sh CXX=tau_cxx.sh

% export TAU _SAMPLING=1

% mpirun —np 256 ./a.out

% paraprof
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TAU Instrumentation Approach

o Supports both direct and indirect performance observation
o Direct instrumentation of program (system) code (probes)
o Instrumentation invokes performance measurement
o Event measurement: performance data, meta-data, context
O

Indirect mode supports sampling based on periodic timer or hardware
performance counter overflow based interrupts

o Support for user-defined events
o Interval (Start/Stop) events to measure exclusive & inclusive duration

o Atomic events (Trigger at a single point with data, e.g., heap memory)
+ Measures total, samples, min/max/mean/std. deviation statistics
o Context events (are atomic events with executing context)

+ Measures above statistics for a given calling path3



Direct Instrumentation Options in TAU

o Source Code Instrumentation

o Automatic instrumentation using pre-processor based on static
analysis of source code (PDT), creating an instrumented copy

o Compiler generates instrumented object code
o Manual instrumentation
o Library-level instrumentation
o Statically or dynamically linked wrapper libraries: MPI, /O, memory, ...
o Wrapping external libraries where source is not available

0 Runtime pre-loading and interception of library calls

o Binary Code instrumentation
o Rewrite the binary, runtime instrumentation

o Virtual Machine, Interpreter, OS level instrumentation



Direct Observation: Events

o Event types
o Interval events (begin/end events)
+ Measures exclusive & inclusive durations between events
+ Metrics monotonically increase
o Atomic events (trigger with data value)
+ Used to capture performance data state
+ Shows extent of variation of triggered values (min/max/mean)

0 Code events

o Routines, classes, templates
o Statement-level blocks, loops



Initial Experiences with Geant4

0 Performed automated instrumentation of Geant4 v. 10.0
o Complete: all functions
o Selective: only explicitly specified functions

0 Collected two types of profiles
O Flat: per-function information without any context
O Callpath: per-function information for each calling context

0 Types of data collected

o Wall-clock time

o CPU and GPU hardware performance counters, e.g., instruction counts,
cache misses

O Performance database hosted at UO
o Host: taudb.nic.uoregon.edu, DB: geant4



Steps in Using TAU to Profile Geant4

0 Compile Geant4 with instrumentation:
o For full instrumentation, simply configure with:

cmake -DCMAKE_ CXX COMPILER=tau_cxx.sh \
-DCMAKE_CC_COMPILER=tau_cc.sh ..

O For selective instrumentation, create a select.tau file, then
define the TAU_OPTIONS environment variable accordingly,
for example:

export TAU OPTIONS='-optVerbose —optRevert \
-optTauSelectFile="$HOME/Geant4/select.tau"’



Work in Progress

0 Automate selective instrumentation and performance
experiments process

O Integration with Fast — use it as input to decide what to instrument,
generate select.tau

0 Integrate PerfExplorer analysis scripts for
O More detailed analysis of individual experiments
O Comparison across Geant4 source versions

o More efficient analysis of subsystems, e.g., EM physics or portions of the
class hierarchy (no performance tools support this well)



