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Why this Tutorial? General Tool Observations

« Tool developers get access to new machines / architectures
at same time as application developers

= Tools not available when most needed

- Shrinking development + install cycles of machines/architectures
= Faster than applications / users / tool developers can cope with

- Developing working and robust scalable tools needs
= Access to large machines

= Large enough allocation to make large test runs

« Users still think tools need to be

= Always simple (even on large and extremely complex systems)
= Always fast (even on large and extremely complex systems)
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Goals of the Tutorial

Overview of code development tools
Scaling techniques for current machines

= Profiling/Sampling

= Tracing

= Examples of existing tool kits
Challenges going forward towards Exascale

= What will have to change?

= Where are the bottlenecks?
Impact on tools and on tool users

= Changes that can be expected moving forward
Let’s keep this interactive
= Ask questions as we go along
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Outline

* Analysis techniques on current generation machines
= Profiling/Sampling techniques
= Tracing and trace analysis techniques
* New techniques/concepts introduced for Petascale
= Hierarchical aggregation
= Component frameworks
* The road to Exascale
= Current developments
= |[mpact on code development environments
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Reference and Extra Material

 The handout slides contain additional slides with
= Reference material
= More detailed and advanced material

* This slides are marked with the symbol

* Topics which are described in more detail in the reference
material are marked with
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Parallel Architectures: State of the Art
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Increasing Importance of Scaling 500

SUPERCOMPUTER SITES

Number of Cores share for TOP 500 June 2012

* Average system size: 26,904 cores
* Median system size: 13,104.cores o



Increasing Importance of Scaling Il
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Personal Motivation JSC

Supercomputers at Julich Supercomputing Centre

Year

1998
2003
2006
2007

2009
2009

2012

SC 2012

Machine
Cray T3E
IBM p690 cluster
IBM BlueGene/L
IBM BlueGene/P

Bull/'SUN/Intel
IBM BlueGene/P

IBM BlueGene/Q

© LLNL/JSC
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Personal Motivation JSC Ii

Julich Supercomputing Centre Machine Hall Early 2012

72-rack BlueGene/P 3288-node Bull/SUN
(292,912 cores) (26,304 cores)
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Personal Motivation JSC lll

Julich Supercomputing Centre: 294,912 core BlueGene/P

Most parallel machine of the world for 2009 — 06/2011!
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JSC IBM BlueGene/P

»  32-bit PowerPC 450

850 MHz, 4-way SMP é\- - E

» 1,00 Petaflop/s peak —% :ﬁl% | i
0,82 Petaflop/s Linpack sl 2 o
Ao’ Jun09: #3 é-;’v‘ i 7™ I%?%Ifgi: -
Jun11: #12 3 8 ofols otsts || 2

|
d

- 144 TByte memory

*  Numerous Hardware
= 72 racks, 73,728 nodes, 294,912 cores,
= 648 power modules, 576 link cards, 144 service cards,
= 4,352 data cables, 288 service cables, ...

* |nterconnects
= 3D-Torus, collective (tree), and barrier network
= 10 GigaBit (I/0), 1 GigaBit (control)
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JSC: Supercomputer Networks

Length of the communication cables:

* BG/P: 23 km (copper)
21 km (fiber)

+ JUROPA: 20 km (mixed)

* HPC-FF: 16 km (mixed)
80 km
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First 8 IBM BG/Q Racks at JSC

«  Will be extended to 28 racks (458,752 cores) end of 2012
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Personal Motivation, LLNL: BG/Q or Sequoia
) R~ Al =i
\ 27 4

= Blue Gene/Q:
= 20PF/s peak
= 96 racks, 98,304 nodes
= 1.5M cores/6M threads
= 1.5 PB memory
= Liquid cooled
= 5D torus interconnect
= New technologies like HW-TM
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Comparison BG/P_&~ BG/Q é%

________BGP BG/Q

Rack 1024 nodes 1024 nodes
Processor PPC 450, 850 MHz PPC A2, 1.6 GHz
4 cores per node 16 cores per node

HW Support for Thread Level Speculation
and Transactional Memory

Core Double vector unit Quad vector unit
4-way SMT
Memory 2 or 4 GByte per node 16 GByte per node
Network « 3D Torus « 5D Torus
» Collective network * Collective network (part of the 5D Torus)
* Barrier/Interrupt * Barrier/Interrupt (part of 5D Torus)
* |/O network * /O network
 Control Network  Control Network
Cooling Air Liquid

SC 2012 © LLNL/JSC 18



Livermore Computing

* Long supercomputing tradition
= Four machine rooms on site
= Simulation in support of LLNL missions
= Capacity and capability computing
= Tradition of Co-Design with vendors

*  BlueGene/L (~600TF) — 212,992 cores
= #1 machine from 2005-2007
= #8 on the Top500 in June 2011
= Last part decommissioned this year

«  Some other current machines

= Zin Sandy Bridge/IB ~1 PF
= Dawn BlueGene/P ~500 TF
= Cab Sandy Bridge/IB ~425 TF
= Sierra Nehalem / IB ~261 TF
= Juno Opteron / IB ~160 TF
= Hera Opteron / IB ~120 TF
' = Graph Opteron /IB/ GPU ~110 TF
BlueGene/L = Hyperion Nehalem /B ~90 TF

SC 2012 © LLNL/JSC 19



Personal Motivation, LLNL: Capacity Systems @

= Series of clusters
= Commodity components
= QDR Infiniband
= Standardized Tri-lab software env.
= As of last year:
= Up to 1944 nodes / 23328 cores

= Up to 261 Tflop/s peak

= Bought as sets of scalable units (SU)
= 144/162 nodes each
= |ntegrated IB
* Procurement across the Tri-Labs
Tri-Lab Capacity Systems (TLCC)
= Combine several SUs into a system

=  Applications
= Small-medium jobs
= Strictly batch scheduled
MOAB/SLURM
= Grand challenge & dedicated runs

= No longer just capacity systems (!)
SC 2012 © LLNL/JSC 20



Next Generation Clusters / TLCC-2

&

Rank Site Computer/Year Vendor Cores Rmax Rpeak Power

- : Xtreme-X GreenBlade GB512X, Xeon
Lawrence Livermore National E5 (Sandy Bridge - EP) 8C 2.60GHz, 46208 77370 96443 9242

15 Laboratory .
- Infiniband QDR /2011
United States Appro

« TLCC-2 Compute Clusters
= Again bought in Scalable Units
= Zin/Merl/Cab
= |Largest system is almost 1 Pflop/s
« Built around Intel’s Sandy Bridge
= Dual socket / 8 cores each
= New measurement options
= Opportunistic Turbo Mode
= New impacts on performance
= Power limitations
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APPLICATION SCALABILITY




Example: QBox

Material Simulation

First Principles Method
= No empirical parameters
= Chemically dynamic
> lterative process

» Computationally intensive

Gordon Bell Winner in 2006

time t

SC 2012

Electron density surrounding
water molecules, calculated
from first-principles

move atoms

©LLNL/JSC

time t + dt
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QBox Performance

l' ] ) | T T T ] T T T [ T T T T | -
- : 4 8 k-points
200 1000 Mo atoms: 207.3 TFlop/s |_—"" - _
- 112 Ry cutoff (56% of peak) | . s A 2 4 k-points
: 12 electrons/atom (2006 Gordon e ‘
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ok Bell Award) £~ -
i - Comm. Optimizations Pt Communication
A [ Complex Arithmetic e related
o [ Optimal Node Mapping 7.~ i
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Biggest Improvements: Node Mappings

* Node mappings are essential for good performance

= Base data structure: dense 2D matrix

= Need to map rows/columns onto 3D torus of BG/L
«  Unexpected node mapping onto 64x32x32 torus

L e
%
TR

,,,,,
)
s,
s

7 4 | L )
,ﬂ 64% speedup! S

| xyz (default) :2;.‘::* quadpartite
V' 395 TF » 164.7 TF

= Large optimization potential/need
e Most effects appeared/understood only at scale
e But: concrete communication patterns are unknown
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QBox Code Structure

= |Implicit generation of communicators
= Frequent creation and destruction

SC 2012

© LLNL/JSC
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Distinquishing Communicators in QBox

Dense matrix

= Row and column
communicators

= Global operations
Row vs. column behavior
= Need to optimize for both
= Tradeoffs not straightforward
Need to profile separately | : =
= Different operations Colu m;S
= Separate optimization
Challenges
= |dentify application behavior in black box libraries
= Customize profiler to separate row and column behavior

SC 2012 © LLNL/JSC 27



Communicator Profiling Results for QBox

Operation Sum Global Row Column
Send 317245 31014 202972 83259
Allreduce 319028 269876 49152 0
Alltoallv 471488 471488 0 0
Recv 379265 93034 202972 83259
Bcast 401042 11168 331698 58176

AMD Opteron/Infiniband Cluster
 Lessons learned from QBox

= Node mappings are critical ey
[ Performance effeCtS Often r Comm. Optimizations /// v ]

[ Complex Arithmetic ///,’/

show only at scale . F

. I
= Need to understand behavior & 1oof
and customize tool behavior

= Need for tools to break black -

box abstractions 0 16383 e B '6:3:'336-

number of nodes
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2009 Julich BlueGene/P

Extreme Scaling Workshop

October 26 - 28, 2009

10 participating teams from
Harvard University, MIT, ANL,
Rensselaer Polytechnic Institute,
University of Edinburgh,

Swiss Institute of Technology,
Instituto Superior Técnico (Lisbon)
RZG MPG, DESY Zeuthen

and JSC.

398 jobs with 135.6 rack days (out of 169.3 rack days provided):
80% utilization during workshop!

All but 1 team succeeded in executing their code on full machine
(294,912 cores)

Report available at
http://www.fz-juelich.de/jsc/files/docs/ib/ib-10/ib-2010-02.pdf
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2009 Scaling Workshop Applications é%

 QCD, EPCC, UK
« Gyrokinetic Turbulence Simulation, RZG/IPP, DE
* Neutron Transport Simulations, ANL, US
= Gordon Bell Finalist
« Astro-physics (particle-in-cell), UTL, PT
- Simulation of coronary arteries, EPFL, CH
- Parallel Evolutionary Biology Suite, Harvard, US
- Adaptive computational fluid dynamics, RPI, US
= Gordon Bell Finalist
« Mesoscopic Particle Dynamics, JSC, DE
* QCD, Hungary/France/German HMC Collaboration
« QCD, DESY/Bonn Univ., DE

SC 2012 © LLNL/JSC 30



2010 Julich BlueGene/P

Extreme Scaling Workshop

March 22 - 24, 2010

10 participating teams from
Harvard University, ANL,
CORIA (France), ETH Zurich,
KIT, LRZ, ZIB, JSC,

and the Universities of
Marburg, Chemnitz,

and Erlangen.

392 jobs with 138.7 rack days
(out of 164 rack days provided): 84% utilization

6 teams succeeded in executing their code on full machine
(including team that failed 2009)

3 teams could “only” scale to 64 racks (262,144 cores) due to the need
to run on a power-of-two number of cores

1 team got stuck at 32 racks (131,072 cores) due to program bug
Report available at http://www.fz-juelich.de/jsc/files/docs/ib/ib-10/ib-2010-03.pdf
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2010 Scaling Workshop Applications .\@/

 Particle Flow Simulation, Erlangen Univ., DE
«  Simulation of Fluid Flow and Mass Transport, Marburg Univ., DE
* Turbulent Flows in Complex Geometries, CORIA, FR
« Spectral Element Code, ETH, CH / ANL, US
« Simulation of Coronary Arteries, Harvard/EPFL
= Gordon Bell Finalist
» George Michael Memorial PhD Fellowship (A. Peters)
« Parallel Fast Fourier Transform, Chemnitz Unv., DE
 QCD, ZIB/LRZ, DE
« Mesoscopic Particle Dynamics, JSC, DE
« Hydrodynamic Turbulence, KIT, DE
- Large-Scale Density-Functional Calculations, JSC, DE
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2011 Julich BlueGene/P

Extreme Scaling Workshop

February 14 - 16, 2011

8 participating teams from

KTH (SE), KAUST (SA),
Princeton PPL, RZG MPG,
Mickiewicz University (PL),
University College London (UK), ¥ °
Euskal Herriko Unibertsitatea (ES), [ =*
University of Heidelberg e

Selected from 15 proposals

308 jobs with 122 rack days
(out of 157 rack days provided): 77% utilization

Teams succeeded in executing 11(!) codes on full machine

Report available at
http://www2.fz-juelich.de/jsc/files/docs/ib/ib-11/ib-2011-02.pdf
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2011 Scaling Workshop Applications é,/

« 2 x Neuronal Network Simulations, KTH, SE
* Molecular Dynamics (BBMD), KAUST, SA
« Gyrokinetic PIC Simulations (GTC-P), Princeton PPL, US

- Eigenvalue Solver (ELPA) +
Ab-initio Molecular Simulation, RZG MPG, DE

* Molecular Nanomagnets (QTM), Mickiewicz University, PL
- Lattice Boltzmann (LB3D), University College London, UK

- Time-dependent density functional theory (Octopus),
Euskal Herriko Unibertsitatea, ES

« Algebraic Multigrid Solver (Muphi/DUNE-ISTL),
University of Heidelberg, DE

SC 2012 © LLNL/JSC 34



Lessons from Scaling Workshops é,/

- Applications from a wide range of subject areas scale to very large
numbers of processes (O(300k))

= Weak scaling is easiest, but good strong scaling is also possible

= Most employ MPI, increasingly combined with OpenMP threading
(and other hybrid parallelizations)

= QCD “bare-metal” parallelizations are the exception

= Message-passing needs to be local (close neighbours) and
appropriate placement (rank-reordering) may be necessary

= Asynchronous communication is generally beneficial
= Even with limited overlap of computation

= [mplicit collective communication synchronizations and inherent
computation/communication imbalances grow to dominate at scale

= Effective parallel file 1/O is critical
= (see other SC tutorials for specifics)
- Each doubling of scale exposes a new performance bottleneck or bug!
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PRESENT:
SCALABLE PROFILING




Scalable Profiling Approaches

* MPI wrapper profiling with summarization at end of run
= mpiP [LLNL et al.: http://mpip.sourceforge.net]
= single text output file
= data for all ranks

= FPMPI-2 [ANL: http://www.mcs.anl.gov/fpmpi/]
= special: Optionally identifies synchronization time

» single text output file @

= count, sum, avg, min, max over ranks

= |BM HPCT [IBM ACTC]
= four text output files
= rank 0 + ranks with min/median/max MPI time
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Scalable Profiling Approaches lI

- Sampling-based call stack profiling
= hpctoolkit [Rice Univ.: http://hpctoolkit.org]
= one output file per process

= Scalable post-processing with separate MPI program
"hpcprof _mpi"
= Comprehensive loop and basic block analysis

= CrayPat [Cray]
= single binary output file
= data for all ranks
= Post-processing with "pat_report" into text report
= Also: Apprentice2 GUI
= Special load imbalance metrics
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Scalable Profiling Approaches lli

- Sampling-based user code + MPI wrapper profiling
= TAU [UO: http://tau.uoregon.edu/]

= One of many measurement options of TAU
(see also next slide)

» |nvoked via "tau_exec -ebs

= Open|SpeedShop [Krell: http://www.openspeedshop.org/]
= Sampling provides online and postmortem results
= Data stored in SQL database / GUI to display
= Time and HW counter metrics, with/without callpath
* Focus on ease of use through convenience scripts
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Scalable Profiling Approaches IV

* Instrumentation-based user code and MPI profiling

= TAU [UO: http://tau.uoregon.edu/]
= Parallel summarization at analysis time
= Scalable (3D) result displays
= Function, call path, or phase profiling
= Multiple metrics (time, HW counter, memory, ...)

= Scalasca [JSC: http://www.scalasca.org]
= summarization at end of run (using MPI)
= single (but 3dim) output file (metric/call path/thread)
= call path profiling + scalable 3D metrics browser
= multiple metrics (time, HW counter, msg count+bytes)
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mpiP: Efficient MPI Profiling

Open source MPI profiling library
= Developed at LLNL, maintained by LLNL & ORNL

= Available from sourceforge
= Works with any MPI library

Easy-to-use and portable design
= Relies on PMPI instrumentation
= No additional tool daemons or support infrastructure
= Single text file as output
= Optional: GUI viewer

SC 2012 © LLNL/JSC
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Running with mpiP 101 / Experimental Setup

«  mpiP works on binary files
= Uses standard development chain
= Use of “-g” recommended

* Run option 1: Relink
= Specify libmpi.a/.so on the link line
= Portable solution, but requires object files

* Run option 2: library preload

= Set preload variable (e.g., LD PRELOAD) to mpiP
= Transparent, but only on supported systems

SC 2012 © LLNL/JSC
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Running with mpiP 101 / Running

bash-3.2$ srun —n4 smg2000

mpiP:

mpiP:

mpiP: mpiP V3.1.2 (Build Dec 16 2008/17:31:26) Header
mpiP: Direct questions and errors to mpip-

help@lists.sourceforge.net Setup phase times:
mpiP:
Running with these driver parameters: SMG Setup:
(nx, ny, nz) = (60, 60, 60) wall clock time = 1.473074 seconds
(Px, Py, Pz) =(4,1,1) cpu clock time = 1.470000 seconds
(bx, by, bz) =(1,1,1)
(cx, cy, cz) =(1.000000, 1.000000, 1.000000)
(n_pre, n_post) = (1, 1)
dim SMG Solve:
solverID = wall clock time = 8.176930 seconds
cpu clock time = 8.180000 seconds

Iterations =7
Struct Interface: Final Relative Residual Norm = 1.459319e-07
wall clock time = 0.075800 seconds
cpu clock time = 0.080000 secanc mpiP:

- mpiP: Storing mpiP output in [./smg2000-p.4.11612.1.mpiP].
Output F|Ie mpiP:
bash-3.2$
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mpiP 101 / Output — Metadata

mpiP

version

MPIP Build date
Start time

Stop time

Timer Used

MPIP env var
Collector Rank
Collector PID

Final Output Dir
Report generation
MPI Task Assignment
MPI Task Assignment
MPI Task Assignment
MPI Task Assignment

SESEONOESEONSOEOEONSOEONONSONONSNY

: 0
- 11612

Command : ./smg2000-p -n 60 60 60
: 3.1.2
: Dec 16 2008, 17:31:26
: 2009 09 19 20:38:50
: 2009 09 19 20:39:00
: gettimeofday

[null]

: Collective
: 0 hera27
: 1 hera27
: 2 hera3l
: 3 hera3l

SC 2012
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mpiP 101 / Output — Overview

@--- MPI Time (seconds) --------—--——————————————————————————
Task AppTime MPITime MPI%
0 9.78 1.97 20.12
1 9.8 1.95 19.93
2 9.8 1.87 19.12
3 9.77 2.15 21.99
39.1 7.94 20.29
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mpiP 101 / Output — Callsites

@--- Callsites: 23 --—-——————— -

ID Lev File/Address Line Parent_Funct MPI_cCall

1 O communication.c 1405 hypre_CommPkgunCommit Type_free
2 0 timing.c 419 hypre_PrintTiming Allreduce
3 0 communication.c 492 hypre_InitializeCommunication Isend

4 0 struct_innerprod.c 107 hypre_StructInnerpProd Allreduce
5 0 timing.c 421 hypre_PrintTiming Allreduce
6 0 coarsen.c 542 hypre_StructCoarsen waitall

7 0 coarsen.c 534 hypre_StructCoarsen Isend

8 0 communication.c 1552 hypre_CommTypeEntryBuildMPI  Type_free
9 0 communication.c 1491 hypre_CommTypeBuildMPI Type_free
10 O communication.c 667 hypre_FinalizeCommunication Wwaitall

11 0 smg2000.c 231 main Barrier

12 0 coarsen.c 491 hypre_StructCoarsen waitall

13 0 coarsen.c 551 hypre_StructCoarsen waitall

14 0 coarsen.c 509 hypre_StructCoarsen Irecv

15 O communication.c 1561 hypre_CommTypeEntryBuildMPI  Type_free
16 0 struct_grid.c 366 hypre_GatherAllBoxes Allgather
17 0 communication.c 1487 hypre_CommTypeBuildMPI Type_commit
18 0 coarsen.c 497 hypre_StructCoarsen waitall

19 0 coarsen.c 469 hypre_StructCoarsen Irecv

20 0 communication.c 1413 hypre_CommPkguUnCommit Type_free
21 0 coarsen.c 483 hypre_StructCoarsen Isend

22 0 struct_grid.c 395 hypre_GatherAllBoxes Allgatherv
23 0 communication.c 485 hypre_InitializeCommunication Irecv

SC 2012
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mpiP 101 / Output — per Function Timing

call Site Time App% MPI% cov
waitall 10 4.4e+03 11.24 55.40 0.32
Isend 3 1.69e+03 4,31 21.24 0.34
Irecv 23 980 2.50 12.34 0.36
waitall 12 137 0.35 1.72 0.71
Type_commit 17 103 0.26 1.29 0.36
Type_free 9 99.4 0.25 1.25 0.36
waitall 6 81.7 0.21 1.03 0.70
Type_free 15 79.3 0.20 1.00 0.36
Type_free 1 67.9 0.17 0.85 0.35
Type_free 20 63.8 0.16 0.80 0.35
Isend 21 57 0.15 0.72 0.20
Isend 7 48.6 0.12 0.61 0.37
Type_free 8 29.3 0.07 0.37 0.37
Irecv 19 27.8 0.07 0.35 0.32
Irecv 14 25.8 0.07 0.32 0.34
SC 2012 © LLNL/JSC 47




mpiP 101 / Output — per Function Message Size

Call Site count Total Avrg Sent%
Isend 3 260044 2.3e+08 885 99.63
Isend 7 9120 8.22e+05 90.1 0.36
Isend 21 9120 3.65e+04 4 0.02
Allreduce 4 36 288 8 0.00
Allgatherv 22 4 112 28 0.00
Allreduce 2 12 96 8 0.00
Allreduce 5 12 96 8 0.00
Allgather 16 4 16 4 0.00
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mpiP 101 / Output — per Callsite Timing

@--- Callsite Time statistics (all, milliseconds): 92 ----————=——— - ———
Name Site Rank Count Max Mean Min App%  MPI%
Allgather 16 0 1 0.034 0.034 0.034 0.00 0.00
Allgather 16 1 1 0.049 0.049 0.049 0.00 0.00
Allgather 16 2 1 2.92 2.92 2.92 0.03 0.16
Allgather 16 3 1 3 3 3 0.03 0.14
Allgather 16 E 4 3 1.5 0.034 0.02 0.08
Allgatherv 22 0 1 0.03 0.03 0.03 0.00 0.00
Allgatherv 22 1 1 0.036 0.036 0.036 0.00 0.00
Allgatherv 22 2 1 0.022 0.022 0.022 0.00 0.00
Allgatherv 22 3 1 0.022 0.022 0.022 0.00 0.00
Allgatherv 22 & 4 0.036 0.0275 0.022 0.00 0.00
Allreduce 2 0 3 0.382 0.239 0.011 0.01 0.04
Allreduce 2 1 3 0.31 0.148 0.046 0.00 0.02
Allreduce 2 2 3 0.411 0.178 0.062 0.01 0.03
Allreduce 2 3 3 1.33 0.622 0.062 0.02 0.09
Allreduce 2 * 12 1.33 0.297 0.011 0.01 0.04
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mpiP 101 / Output — per Callsite Message Size

Name

Allgather
Allgather
Allgather
Allgather
Allgather

Allgatherv
Allgatherv
Allgatherv
Allgatherv
Allgatherv

Allreduce
Allreduce
Allreduce
Allreduce
Allreduce

16
16
16
16
16

22
22

=W N RO
AR RRPR

*WN RO
N WW W W

=
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GUI for mpiP based on Tool Gear

806

X! 1: MpiP View - /g/g23/schulz/prgs/benchmarks/smg2000-op/test/smg2000-p.4.11612.1.mpiP

Eile Edit

Font Help

»Waitall([10]

55.40% of MPI

11.24% of App

4/4 Tasks

hypre FinalizeCommunication:667

(communicati(#

¥ Isend[3] 21.24% of MPI 4.31% of App 4/4 Tasks hypre InitializeCommunication:492 (communici
Task Count Max (ms) Mean (ms) Min (ms) MPI% App%
ALL: 260044 1.1900 0.0065 0.0030 21.24 4.31
0: 46820 1.1200 0.0067 0.0030 16.00 3.22
1: 83202 1.1700 0.0064 0.0030 27.13 5.41
2: 88421 1.1900 0.0063 0.0030 29.98 5.73
3: 41601 1.1900 0.0067 0.0030 13.07 2.87
»#Irecv[23] 12.34% of MPI 2.50% of App 4/4 Tasks hypre InitializeCommunication:485 (communic
i % % : c) []
[« | [] |
Isend[3] Source | Raw MpiP Data
v
487: hypre CommPkgRecvProc (comm pkg, 1), =
488: 0, comm, &requests[j++]);
489: }
490: for(i = 0y i < num_sends; i++)
491 : { [:
492: MPI_Isend((void *)send data, 1,
493: hypre_CommPkgSendMPIType (comm_pkg, i),
494 ; hypre_CommPkgSendProc (comm_pkg, i),
495: 0, comm, &requests[j++]);
496 : }
497; Ez
SC 2012 © LLNL/JSC 51



Advanced Features

* Fine tuning the profiling
= User controlled stack trace depth
= Reduced output for large scale experiments
= Application control to limit scope
= Measurements for MPI I/O routines

« Controlled by MPIP environment variable
= Set by user before profile run
= Command line style argument list
= Example:
= setenv MPIP “-c —0 -k 4"

SC 2012 © LLNL/JSC

52



mpiP: 8192 Core Run Text Output Example

@ mpiP_
@ version: 3.1.1

/ 10 Tines of mpiP and experiment configuration options _
// 8192 lines of task assignment to BlueGene topology information

Ge== {2 e (SREUeS)) s-—rroesscm e oo s s s S S s e e

Task AppTime MPITime MPI%
/) 0 37.7 25.2 66.89
8191 37.6 26 69.21

3.09e+05  2.04e+05 65.88

== CRLISTEESE AR - e o s S s o
ID Lev File/Address Line Parent_Funct MPI_Call
1 0 coarsen.c 542 hypre_StructCoarsen waitall
// 25 similar Tines

@--- Aggregate Time (top twenty, descending, milliseconds) --------

Call Site Time AppP% MPI% cov
waitall 21 1.03e+08 33.27 50.49 0.11
waitall 1 2.88e+07 9.34 14.17 0.26

// 18 similar Tines Z;;;7
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mpiP: 8192 Core Run Text Output Example (cont.)

@--- Aggregate Sent Message Size (top twenty, descending, bytes) --

Call Site count Total Avrg Sent%
Isend 11 845594460 7.71e+1l 912 59.92
Allreduce 10 49152  3.93e+05 8 0.00

// 6 similar Tlines

@--- Callsite Time statistics (all, milliseconds): 212992 ---—----—-

Name Site Rank Count Max  Mean Min  App%  MPI%
y71ta11 21 0 111096 275 0.1 0.000707 29.61 44.27
waitall 21 8191 65799 882 0.24 0.000707 41.98 60.66
waitall 21 ¥ 577806664 882 0.178 0.000703 33.27 50.49

// 213,042 similar lines

@--- Callsite MessaEe Sent statistics (all, sent bytes) ------—-——-—--

Name Site Ran count MaXx Mean Min sum
}iend 11 0 72917 2.621e+05 851.1 8 6.206e+07
Isend 11 8191 46651 2.621e+05 1029 8 4.801e+07
Isend 11 * 845594460 2.621e+05 911.5 8 7.708e+11

// 65,550 similar Tlines

4
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Customizing Profiling with PNMPI

PMPI

- Need to separate context Application

= Qbox example MPI Library
= Changing profiler too complex
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Customizing Profiling with PNMPI

PMPI

Application

*  PMPI interception of MPI calls
= Easy to include in applications mpiP
= Limited to a single tool MPI Library
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Customizing Profiling with P"MPI P{}MPI

»  PMPI interception of MPI calls Application
= Easy to include in applications PMPI Tool 1
= Limited to a single tool PMPI Tool 2

- PNMPI virtualized PMPI MPI Library

= Multiple tools concurrently

= Dynamic loading of tools
= Configuration through text file

= Tools are independent
= Tools can collaborate

SC 2012 © LLNL/JSC 57



Customizing Profiling with P"MPI P{}MPI

*  PMPI interception of MPI calls Application
= Easy to include in applications PMPI Tool 1
= Limited to a single tool PMPI Tool 2
- PNMPI virtualized PMPI Switch
= Multiple tools concurrently Ej Ej

= Dynamic loading of tools

= Configuration through text file | PMPI Tool 3| | PMPI Tool 4

= Tools are independent mpiP mpiP
= Tools can collaborate Ej Ej
» Transparently adding context
= Select tool based on MPI Library
MPI context

= Transparently isolate tool instances
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Example: Defining Switch Modules in PNMPI

Configuration file:

Switch Module

\

/‘
module commsize-switch

Default argument sizes 8 4
Stack < argument stacks column row \
module mpiP

Arguments
controlling

stack row
Target _ _
switch module

Stack 1 module mpiPl

stack column
Target _

Stack 2 module mpiP2

Ve

Multiple profiling
Instances
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Flashback: Communicator Profiling Results for QBox

Operation Sum Global Row Column
Send 317245 31014 202972 83259
Allreduce 319028 269876 49152 0
Alltoallv 471488 471488 0 0
Recv 379265 93034 202972 83259
Bcast 401042 11168 331698 58176

Lessons learned from QBox

Node mappings are critical

Performance effects often
show only at scale

Need to understand behavior
and customize tool behavior

Need for tools to break black
box abstractions

SC 2012

© LLNL/JSC

AMD Opteron/Infiniband Cluster

S:
r Comm. Optimizations
[ Complex Arithmetic ///,’/

00 16384 32768 49152
number of nodes
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Scalable Profiling Approaches

* MPI wrapper profiling with summarization at end of run
= mpiP [LLNL et al.: http://mpip.sourceforge.net]
= single text output file
= data for all ranks

= FPMPI-2 [ANL: http://www.mcs.anl.gov/fpmpi/]
= special: Optionally identifies synchronization time

= single text output file
= count, sum, avg, min, max over ranks

= |IBM HPCT [IBM ACTC]
= four text output files
= rank 0 + ranks with min/median/max MPI time
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MPI Profiling: FPMPI-2 é y

- Scalable, light-weight MPI profiling library with special features

- 1st special: Distinguishes between messages of different sizes within
32 message bins (essentially powers of two)

- 2" gpecial: Optionally identifies synchronization time
= On synchronizing collective calls
= Separates waiting time from collective operation time
= On blocking sends
= Determines the time until the matching receive is posted
= On blocking receives
= Determines time the receive waits until the message arrives
= All implemented with MPI calls
= Pro: Completely portable
= Con: Adds overhead (e.g., MPl_Send = MPI_Issend/Test)
* http://www.mcs.anl.gov/fpmpi/
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FMPI2 Output Example @

MPI Routine Statistics (FPMPI2 Version 2.le)

Processes: 8192
Execute time: 52.77
Timing Stats: [seconds] [min/max] [min rank/max rank]
wall-clock: 52.77 sec 52.770000 / 52.770000 0/0
user: 52.79 sec 52.794567 / 54.434833 672 / 0
sys: 0 sec 0.000000 / 0.000000 0/0
Average of sums over all processes
Routine Calls Time Msg Length %Time by message length
O......... 1........ 1..
K M
MPI_ATllgather : 1 0.000242 4 0*%*00000000000000000000000
MPI_ATllgatherv: 1 0.00239 28 0000*00000000000000000000
MPI_Allreduce : 12 0.000252 96 00*0000000000000000000000
MPI_Reduce : 2 0.105 8 0*00000000000000000000000
MPI_Isend : 233568 1.84 2.45e+08 01..... 1112111...00000000
MPI_Irecv : 233568 0.313 2.45e+08 02...111112...... 000000
MPI_waitall : 89684 23.7
MPI_Barrier : 1 0.000252
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FMPI2 Output Example (cont.)

&

Details for each MPI routine

MPI_Isend:
calls
Time

Data Sent :

By bin
// ...

Partners

MPI_waitall:

Calls
Time
SyncTime

% by message length

// Similar details for other MPI routines

(max over O 1........ 1.....
processes [rank]) K M
233568 436014 [3600] 02...111122...... 0000000
1.84 2.65 [3600] O1..... 1112111...0000000
2.45e+08 411628760 [3600]
- 1-4 [13153,116118] [ 0.0295, 0.234]
: 5-8 [2590,28914] [ 0.00689, 0.0664]
: 131073-262144 [8,20] [ 0.0162, 0.0357]
: 245 max 599(Cat 2312) min 47(at 1023)
89684
23.7
6.07

4
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mp_profiler MPI Profiling Libraries é%

Part of IBM High Performance Computing Toolkit

PMPI wrapper library to collect runtime profiles

= #calls and total time spent per MPI routine

= Message size distributions for communication routines
Text and XML output
Very flexible configuration via

= environment variables

= C configuration function interface (for experts)

By default
= four output files
= rank O + ranks with min/median/max MPI time
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MP-Profiler: mpitrace output (rank 0) @

elapsed time from clock-cycles using freq = 700.0 MHz

MPI Routine #calls avg. bytes time(sec)
MPI_Comm_size 31696 0.0 0.009
MPI_Comm_rank 36391 0.0 0.006
MPI_Isend 125475 585.9 0.789
MPI_Irecv 125242 681.9 0.136
MPI_Wwaitall 121060 0.0 33.116
MPI_Barrier 1 0.0 0.000
MPI_Allgather 1 4.0 0.000
MPI_Allgatherv 1 28.0 0.002
MPI_Allreduce 12 8.0 2.591

total communication time = 36.650 seconds.

total elapsed time = 49.904 seconds. 7
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MP-Profiler: mpitrace output (rank 0, cont.)

Message size distributions:

MPI_Isend #calls avg. bytes time(sec)
26279 4.0 0.054
7582 8.0 0.018

// ...
5 262144 .0 0.004

// Similar details for other MPI routines

communication summary for all tasks:
minimum communication time 27.538 sec for task 3600
median communication time 32.563 sec for task 4027
maximum communication time 37.557 sec for task 63

MPI tasks sorted by communication time:

taskid xcoord ycoord =zcoord procid total_comm(se
3600 16 0 14 0 27.538
// ...
63 31 1 0 0 37.557

c)

4
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HPCToolkit / Rice University

] ] profile

compile & link T call path
| profile
[hpcrun]
source I optimized
code binary :
blnar¥ program
AL < structure
[hpcstruct]

« Performance Analysis through callpath sampling
= Designed for low overhead
= Hot path analysis
= Recovery of program structure from binary

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

Image by John Mellor-Crummey
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HPCToolkit: hpcviewer

associated
v source code gy —

NGNS hpcviewer: MOAB: mbperf_i

S mbperf_iMesh.cpp &3 |"™5 TypeSequenceManager.hpp &2 stl_tree.h = 8

22 * Define less-than comparison for EntitySequence

23 % of the entity handles in the pointed-to Entityy COStS for
24 */

25 class SequenceCompare { e inlined procedures

26 public: bool ntitySequence* 4 @ |OOpS

27 { return a-il source pane start_handle(); | . .
28 1 e function calls in full context

" Calling Context View/| ~», Callers View| 1, Flat View (—| view control =0

| & 2| 6] feo W] (——| metric display

Scope 'PAPI_LY_DCM () ¥ PAPI_TOT_CYC() | P

¥ main .63e+08 100 % | 1.13e+11 100 % g
¥ [BY testB(void*, int, double const*, int const*) .35e+08 96.7% | 1.10e+1l 97.6%m
VIinIined from mbperf_iMesh.cpp: 261| .8le+08 7 + .5%
[ loop at mbperf_iMesh.cpp: 280-313] navigation pane -43e+08 3 metrlc paney-°:

8
8
6
3
¥ [BP imesh_getvtxarrcoords_ 3.20e+08 : e+ .38
3
e
2.

¥ [ MBCore:get_coords(unsigned long const*, int, double*) c¢ 3.20e+08 37.1% 2.16e+10 19.1%
Vllooe at MBCore.cpp: 681-693| 20e+08 37.1% | 2.16e+10 19.1%
¥| inlined from stl_tree.h: 472 C4e+08 23.7% 9.38e+09 8.3%
¥|loop at stl_tree.h: 1388 2.04e+08 23.6% 9.37e+09 8.3%
Vlmlmed from TypeSequenceManager.hpp: 27 |1 . 78e+08 20.6% 8.56e+09 7.6% 3
Callpath to TypeSequenceManager.hpp: 27 1.78e+08 20.6% 8.56e+09 7.6%

4| P>

hotspot

Image by John Mellor-Crummey
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Open|SpeedShop

Open Source Performance Analysis Tool Framework
= Most common performance analysis steps all in one tool
= Combines sampling and tracing techniques
= Extensible by plugins for data collection and representation
= Gathers and displays several types of performance data
Flexible and Easy to use

= User access through GUI, Command Line, Python
Scripting, and convenience scripts.

Several Instrumentation Options

= All work on unmodified application binaries

= Offline and online data collection / attach to running codes
Supports a wide range of systems

= Extensively used and tested on a variety of Linux clusters

= New: Cray XT/XE and Blue Gene/P support
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Multiple Interfaces for Additional Flexibility

Open|SpeedShop
File Tools Help
» User Time [2] | L Null=] % » pc Sampling [1] | & OO x )
rrocess Control Process Control Expe rimen t Comands
»Run »Pause SUpdate = Terminate { =»Run <Pause 8Update = Terminate
expAttach
Status:IExperirnent has Terminated Status:|Experiment is Running.
» Source Panel [2] | w @ 0 | » Source Panel [1] | ® oo expc reate
/home/schulz/prgs/benchmarks/smg2000/test/smg2000.c /home/schulz/prgs/benchmarks/smg2000/test/smg2000.c
int 3 inc - expDetach
main(int argc, main(int argc,
char *argv(] ) char *argv(] )
{ ( expGo
int arg_index; int arg_index; .
4int nrint usase: | ;lﬂ int print_usage; exle ew
{|| int nx, ny, nz;

» Stats Panel [2] | L Wull=] int P,Q,R;

exclusive_time for pid:7850 /' |% of Time = int bx, by, bz;

~1.800000 54.782609 double CX, Cy, CZ;

-0.685714 20.869565 int solver_id; L i S t Commands
e 0.114286 3.478261 int A_num_ghost[6] = {0, 0, 0, 0, 0, 0}; -

0.057143 1.739130 l 1S t -V exp
N NR7142 y 1 720120 _>ll| - HVPRFE StriictMatriv A- ) ;lﬂ
Command Panel | ® DO x llSt -V hOStS
F T =1
To get help on an individual command type, such as "expCreate” .
openss>>help expCreate l 1 S t -V S rC

import openss

my filename=openss.FileList ("myprog.a.out")
my exptype=openss.ExpTypeList ("pcsamp")
my id=openss.expCreate (my filename,my exptype)

openss .expGo ()

My metric list = openss.MetricList("exclusive")
my viewtype = openss.ViewTypeList ("pcsamp”)
result = openss.expView(my id,my viewtype,my metric list)



Experiment Workflow

Open | SpeedShop”

.|

Consists of one
or more data

“«Collectors” Process
" Management

=

=) Run & Pause B} Update T

Status:|Experiment has Terminated I a l I e I

» Source Panel (1] | B Stats Panel[1]

CPU Time

10.0100
.2900 £
1.4800 8.1813

Function Name

__div linux: lib1funcs.asm,56)
0.4700 25981 hypre_Semilnterp(smg2000-linux: semi_interp
-0.4700 25981 hypre_SemiRestrict(smg2000-linux: semi_restr

1.4373

hypre_StructAxpy (smg2000-linux: struct_axpy

hypre_SMGAxpy (smg2000-linux: smg_axpy.c,-
hypre_SMG3BuildRAPSym (smg2000-linux: sm;
hypre_SMGSetStructVectorConstantValues(sm

Results can be SRS

displayed using [~ ; Stored in SQL
several “Views” , database
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Performance Experiments

« Concept of an Experiment
= What to measure and what to analyze?
= Experiment type (data type to gather) is chosen by user
= Any experiment can be applied to any application
» Variety of options
= Sampling experiments
= Time and HW counters, HW counter sampling
= Tracing experiments
= MPI, 1/O, FPE
« All experiments can be applied in parallel scenarios
= Support for MPI and threads
= By default: all data summarized across processes/threads
= Per process/thread display & comparisons
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Making it Easy to Run on O|SS Experiments

1. Picking the experiment
= What do | want to measure?
=  We will start with pcsamp to get a first overview
2. Launching the application
= How do | control my application under O|SS?
=  Enclose how you normally run your application in quotes
= osspcsamp ‘mpirun —np 256 smg2000 —n 65 65 65”
3. Storing the results
= O|SS will create a database
=  Name: smg2000-pcsamp.openss
4. Exploring the gathered data
= How do | interpret the data?
= O|SS will print a default report
= Open the GUI to analyze data in detail (run: “openss”’)
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Example Run with Output

osspcsamp "mpirun -np 2 ./smg2000 -n 65 65 65"

[openss]: pcsamp experiment using the pcsamp experiment default sampling rate: "100".
[openss]: Using OPENSS PREFIX installed in /opt/OSS-mrnet

[openss]: Setting up offline raw data directory in /tmp/jeg/offline-oss

[openss]: Running offline pcsamp experiment using the command:

"mpirun -np 2 /opt/OSS-mrnet/bin/ossrun "./smg2000 -n 65 65 65" pcsamp"

Running with these driver parameters:

(nx, ny, nz) = (65, 65, 65)

(Px, Py,Pz) =(2,1,1)

(bx, by, bz) =(1,1,1)

(cx, ey, cz) =(1.000000, 1.000000, 1.000000)
(n_pre, n_post) = (1, 1)

dim =3

solver ID =

Struct Interface:
wall clock time = 0.049847 seconds

cpu clock time = 0.050000 seconds
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Example Run with Output

SMG Setup:
wall clock time = 0.635208 seconds
cpu clock time = 0.630000 seconds

SMG Solve:

wall clock time = 3.987212 seconds

cpu clock time = 3.970000 seconds

lterations = 7

Final Relative Residual Norm = 1.774415e-07

[openss]: Converting raw data from /tmp/jeg/offline-oss into temp file X.0.openss

Processing raw data for smg2000
Processing processes and threads ...
Processing performance data ...
Processing functions and statements ...
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Example Run with Output

[openss]: Restoring and displaying default view for:
/home/jeg/DEMOS/demos/mpi/openmpi-1.4.2/smg2000/test/smg2000-

pcsamp-1.openss

[openss]: The restored experiment identifier is: -x 1

Exclusive CPU time % of CPU Time Function (defining location)
in seconds.
3.630000000 43.060498221 hypre_SMGResidual (smg2000: smg_residual.c,152)
2.860000000 33.926453144 hypre_CyclicReduction (smg2000: cyclic_reduction.c,

757)
0.280000000 3.321470937 hypre_SemiRestrict (smg2000: semi_restrict.c,125)
0.210000000 2.491103203 hypre_Semilnterp (smg2000: semi_interp.c,126)
0.150000000 1.779359431 opal_progress (libopen-pal.s0.0.0.0)
0.100000000 1.186239620 mca_btl_ sm_component_progress (libmpi.s0.0.0.2)
0.090000000 1.067615658 hypre SMGAXxpy (smg2000: smg_axpy.c,27)
0.080000000 0.948991696 ompi_generic_simple pack (liompi.s0.0.0.2)
0.070000000 0.830367734 _ Gl_memcpy (libc-2.10.2.s0)
0.070000000 0.830367734 hypre StructVectorSetConstantValues (smg2000:
struct_vector.c,537)
0.060000000 0.711743772 hypre_ SMG3BuildRAPSym (smg2000:

smg3_setup rap.c,233)
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Default Output Report View

Performance Data
| -
e Tools Default view: by Function

—— (Data 1s sum from all
processes and threads)
~— Select “Functions”, click D-icon

wresmngm | LOOIDAL tO sWitCh
‘>Pmcess Control —— Vl eWS

Q Run IQ Conrt =p| Fause = are

Status: IProcess Loaded: Click o "Run" button to begin the experiment.

[¥] Stats Panel [1] geProcessesPanel [1] g 0 O xR

o W L) 55 61 LB (R g Stowing Funce | uncions . Sutements . Linked Objct
Executables: smg2000 Host: localhost.localdomain Processes/Ranks/Threads:(2) O ...

—
% of CPU Time || Exclusive CPU time in se{ % of CPU Time | Function (defining location) F
: —3.630000000 43.060498221 hypre_SMGResidual (smg2000: smg_residual.c,152)
33.926453144 Rovli . . .
—'3.321470937 —2.860000000 33.926453144 hypreACyclicReduction (smg2000: cyclic_reduction.c,757)
2.491103203 280000000 3.321470937 hypre_SemiRestrict (smg2000: semi_restrict.c,125)
1.779359431 2.491103203 hypre_Semilnterp (smg2000: semi_interp.c,126)
1.186239620 1.779359431 opal_progress (libopen-pal.s0.0.0.0)
1.067615658 . 1.186239620 mca_btl_sm_component_progress (libmpi.s0.0.0.2) T
h < - - = ] w | =
Command Panel Graphlcal G 00O X
openss>> Representation
A
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Associate Source & Performance Data

= Open|SpeedShop -+ X

File Tools Help

Double click to open ~  Use window controls to a0
source window split/arrange windows o

Status: ,Proeess Loaded: Click of§jthe "Run" button to begin the experiment.

[¥] Stats Panel [1] | B [0 0 X | [ Source Panel [1] | B0 O X
1
S o Excluve{ /home/jeg/DEMOS/demos/mpi/o i-1.4.2/smg2000/struct 1s/smg residual.c
B 6L LD (S5 G L (6 N S Stement » = S A B
281 hypre_BoxLoop3Begin(loop_size,
Executables: smg2000 Host: localhost.fgcaldomain Processes/F 282 A data_box, start, base_stride, Ai,
283 x_data_box, start, base_stride, xi,
_Emclusive CPU time i % of CPU Time  tatement Location (I 284 r_data_box, start, base_stride, ri);
2.500000000  29.655990510  smg residual.c(289) 285 #define HYPRE_BOX_SMP_PRIVATE loopk,loopi,loopj,Ai,xi,ri
| 0.870000000  10.320284698  cyclic_reduction.c(11 286 #include "hypre_box_smp_forloop.h"
-0.640000000  7.591933571 cyclic_reduction.c(910| | 0-320000
—0.640000000 7.591933571 cyclic_reduction.c(998
L 0.600000000  7.117437722 smg_residual.c(238) e
—0.320000000 3.795966785 smg_residual.c(287) 0.010000
—0.270000000 3.202846975 semi_restrict.c(262)
—0.210000000 2.491103203 topo_unity_compone
Command Panel | [#¥] ManageProcessesPanel [1] I
Processes: \_I Rank I Process Sets PID
|:30947 0 Dynamlc Process Set
30948 1 / Al Selected performance
- m-Disconnected Disconnected _‘
data point
—A
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Digging Deeper with the
“Swiss Army Knife” of Performance Analysis : TAU

* Very portable tool set for instrumentation, measurement
and analysis of parallel multi-threaded applications

* Instrumentation API supports choice
= between profiling and tracing \ \
= of metrics (i.e., time, HW Counter (PAPI)) ‘\ TR

« Uses Program Database Toolkit (PDT) for
C, C++, Fortran source code instrumentation

*  Supports
= Languages: C, C++, Fortran 77/90, HPF, HPC++, Java Python
= Threads: pthreads, Tulip, SMARTS, Java, Win32, OpenMP
= Systems: UNIX/Linux + Windows + MacOS + ...

 http://tau.uoregon.edu/

Tuning and Analysis Utilities
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TAU Performance System Components

TAU Architecture

: Analysi Perfi Data Mini
Application rogram Anaivsis erformance Data 1ning
- - ~_ C/C++ . Fortran parser Program
H N icati
. . e Y YOIl Application
E——TETTTCTT— e A P oo e
Measurement m CiC++ Fortran

an analyzer

IL analyzer
Event creation and management

event entry/exit atomic event event Program
identifier events events in, control =

Database rj—r’r IDUCTAPE]
Profiling

5 C++/ F90/95
interoperability

5 Automatic source
instrumentation

Tracing Files
2ead atomic entry/exit trace record trace
I statistics I I profiles I I profiles I Ihuﬂcringl | creation 1/0
timestamp trace trace
neration filterin mergin

Parallel Profile Analysis

TAU Performance System

Performance Analysis Programs

A profile bility cluster l
N N metadata N analysis
) ) Q N [ ' [ 1
raw profiles

+ gprof
* mpiP

Performance data sources

hardware
counters
m

|
Statistical Analysis

0S and runtime system modules

(Data Mining)
 (Weka) |

(" Statistics )

Data Mining

H\l R/ Omega) ) \

PerfDMF

Inference Engine
* psrun
* HPMrwolkit

XML - - -
event document
information

| event -|lmm-| -

formatted | ],4
other

; : profile data |
. profilers ' re==
S M opa

.  profiles
Analysis | _

" profiles

Profile Data Management (PerfDMF)

Trace Data Management G
5| (=)
I profile ‘ profile trace S
translators (XML) database S| e nq TAU, mpi, ompP,
& HPMToolkit, Cube,
HPCToolkit, Gprof,
Profile Analysis (ParaProf) ‘5 Diraprot i
RIS =
L = - i Expert lection
o= el ntg T
; m ProfileGen Internal o
C D Representation
Profile Data Mining (PerfExplorer) Vampir w 4 Ropication
—— o
! ,‘E | Scripting Interface
e ra '
[ Jython




TAU Profiling, Large System

ParaProf: pprof.dat/ParaProf/Desktop/bertie/Users/
File Options Windows Help

n,ct, 0,0,0 - S12proc/samrai/taudata/neutronbackup/rs/sameer/Users/
File Options Windows Help

COUNTER NAME: P_WALL_CLOCK_TIME (seconds)

345.5474 [ VP)_Allreduce()

1164951 [ | algs::HyperbolicLevellntegrator3::advance_bdry_fill_create
103.2566 [N algs::HyperbolicLevellntegrator3::advanceLevel()
59.0096 [ algs::HyperbolicLevellntegrator3::fill_new_level_create
37.4482 [ mesh::GriddingAlgorithm3::load_balance_boxes
32.8548 [] algs::HyperbolicLevellntegrator3::advance_bdry_fill_comm
21.4095 [@ mesh::GriddingAlgorithm3::findRefinementBoxes()
13.4925 [ algs::HyperbolicLevellntegrator3::coarsen_fluxsum_create J
12.6572 algs::HyperbolicLevellntegrator3::coarsen_sync_create ¥
10.4408 [] mesh::GriddingAlgorithm3::find_boxes_containing_tags
8.9215 I MPI_Init()
8.6893 [] mesh::GriddingAlgorithm3::bdry_fill_tags_create
7.2717 I MPI_Bcast()
7.1321 [ MPI_Wait()
4.0833 | algs::HyperbolicLevellntegrator3::error_bdry_fill_comm
3.6778 | MPI_Finalize()
3.1405 | MPI_lsend()
3.0156 | MPI_Waitall()

2.3457 mesh::GriddingAlgorithm3::remove_intersections_regrid_all

A
v
1.7275 | MPI_Test()
1.6515 | algs::HyperbolicLevellntegrator3::fill_new_level_comm »{ pafior s
1.3919 | MPI_Comm_rank() =
[= D <>
SC 2012 © LLNL/JSC
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TAU Full Profile (Exclusive, 131K cores)

T

File Options

Windows Help

Metric: TIME
YWalue: Exclusive

Std. Dev.
Mean
node 0
node 1
node 2
node 2
node 4
node 5
node 6
node 7
node 8
node 9
node 10
node 11
nhode 12
node 13
node 14
node 15
node 16
nhode 17
node 18
node 19
node 20
node 21
hode 22
node 23
node 24
hode 25
node 26
hode 27
node 28
node 29
node 20
node 31
node 32

MPI_Waitany

= KSPSolve

oursnesjacobian

M

4]
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TAU ParaProf: 3D Profile, Miranda,16K PEs

X ParaProf Visualizer ’E}@E
File Options Windows Help

® Triangle Mesh
Bar Plot

Scatter Plot

Height Metric
Exclusive v | |Time v

Color Metric

Exclusive v | |Time A
MPI_Barrier(
Function )
4 | »
16:0:0
Thread
4 »

Height value 1.2229E8 microseconds

Color value 1.2229E8 microseconds

Mesh Plot | Axes ': ColorScale | Render |

Orientation

v| Show Axes NW NE

SE® SW




“A picture is worth 1000 words...”

VAMPR - Timeline B

19.0 ms 192 ms 194ms 196 ms

AMPI

Process 0 RApplication

Process 1
Process 2
Process 3
Process 4
Process 5
Process 6
Process 7
Process 8
Process 9
Process 10
Process 11
Process 12
Process 13
Process 14

Process 15

e ey
«  MPI ring program

Process 0
Process 1
Process 2
Process 3
Process 4
Process §
Process 6
Process 7
Process 8
Process 8
Process
Process 1!
Process
Process
Process
Process
Process
Process 1
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
Process

P iiiidiiiiaiGdaiiininininininainindaaaaananininiiiig

«  “Real world” example
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“What about 1000’s of pictures?”

(with 100’s of menu options)

Eile Configure

VAMPIR — Global Timel
Global Tineline (1,035 n
05

30..

File Value Mode =
Functions Collections
node 0 9.90% |
node 1 [ ] 10.63% node 0 [N TN MR
note 2 9.99% node 1 T I Wl
noe 3 9.43% node 2 U] NN NI
node 4 [ 10.50% noce 3 [N TN NI
node 5 [ ] 11.39% node 4 U] NN W
node 5 [ 1069% node 5 FTT I NI
node 7 [ ] 10.04% node & [T TN W
node 5 [ 10.04% node 7 [T] I NI
node 9 10.79% node 8
node 10 10.15% node 9 Eile Mode Help
node 11 [ 9.50% pde 10 L1 I m Gris_elem> xr
nodetz [ | 946% 16 elements of size 10480 [167.7 kBl
node 13 ] 10.00% node 1z PR ] N W
miots ez | weers I ] 2-dinersional shepe
mios [ Jagen | miers T o T 2
- o 15 [T T il
close 4 node 0 I % 182%
node 1 o 494%  1.10%
‘ node 2 - 494%  1.34%
node 3 - 494%  1.10%
Eflelyaluel gndenioce Help | node 4 | 494%  1.58%
mg3p [ 30.74% node § = 434%  1.10%
randc [ 20.51% node 6 T 494%  134%
) e
Processor_Main IR 17.15% -II 1.10%
pexx_Barrier 1.82%
Grz:spread_and_comm3 Eilel Ogd Help | 110%
vranlc . 1.34%
omza3 | 161% %time msec  total all usec/call 1.10%
Grizrand [ 117% 39.6 4 25. 12 2088779 148%
Grzinit_elem | 0.98% 26.4 b 16. 32768 510 110%
" 100.0 13, 3 1 63351668 1.34%
scoarser_elem | 0.26% 173 10.934 394 e
-others- 14.0 8.064 2177 o
31.8 3.459 0
close 2.7 1.308 1
34.1 954 21607;
1.3 798 266,
0.3 214 3
0.0 16 0
Se
> Whole Program Thread Tim s MES]
File Window Options e |
51.1s. 0 sequential time 47.0s.[0 barriers time.
000,51 seqentialovh. imbalance tine
Synchronized time 155, parallel ovh.
locks time 56.65. [0 parallel time -
et e i Kgts ot hole program speedups estimates
Totaitime - 178.0 5. Thread number 0. 5 jR——
[  lowerspeodup curve
o ruvs upper speeduy
n EEN s lwer spesiy
:
File  Winde Tl FO apsi_kpta.8stat — | H
1 H
HE 0 5
. - whole filram time distributions H
ceti H
. oo
K 18467
4
- foutine vD,
2 . Total time = 20.8 5. "
s st
o
08 Fl F2 Fo
n Thread order: O T1 T2 T3 T4 T5 16 17

| ||H o

ROBI RIGBI RISBI S5

-II | [
s s oan

Input il order: F1 F2 F0

5 : 2

T
i
T
o

Communleation(2.372%)
Verlfy(.123%)
Setup(6.066%)

Calculation(54.853%) MPIG2.15%)

Process 1

Process 10 Process 11
4420ms 4420 ms

VAMPIR
obal Activity Chart

Calculation
B Communication

Process6  Process7
420ms  4920ms

Process 4
442.0 ms

Process 5
442.0 ms

Process 12 Process13 Process 14  Process 15
420ms  4420ms  4420ms  4420ms

SC 2012
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VELD

e O X
WP

Late Sender

VAMPIR — Global Timeline :::iiiiiiiiiziiziiiziiziiziiziiziiiiiis

Process 0 YELO
oclkss 6 VELD

Process 1 YELO
Process 3 JELO

\ P!oe&s YELO

-«

Example Automatic Analysis

87
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Example Patterns

A A
, allL I= , . &
@ @
S S
o o
time= time'
(a) Late Sender (b) Late Receiver
A A
— g O L] ]
. mf w 4 ] O
O ! 2 ! !
§ | —] s M
= [] O
time' timer
(c) Late Sender / Wrong Order (d) Waitat N x N
[J ENTER [0 EXIT [ SEND [ORECV [HE COLLEXIT

SC 2012 © LLNL/JSC
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Basic Ildea Automatic Performance Analysis

m “Traditional” Tool m Automatic Tool

| S Guidance Simple
)| 1 screen +

=~ /| 2commands +
3 panes

Pattern
Analyzer

Relevant
problems
and data

Huge amount of
Measurement data

* For non-standard / * For standard cases (QOOA) ?')
tricky cases (10%) * For “normal” users

° For expert users Starting point for experts

= More productivity for performance analysis process!
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The KOJAK Project

Kit for Objective Judgement and Automatic
Knowledge-based detection of bottlenecks

Forschungszentrum Julich
Innovative Computing Laboratory, TN
Started 1998

Approach
= |Instrument C, C++, and Fortran parallel applications
= Based on MPI, OpenMP, SHMEM, or hybrid
= Collect event traces
= Search trace for event patterns representing inefficiencies
= Categorize and rank inefficiencies found
http://www2.fz-juelich.de/jsc/kojak/
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Sequential Analysis Process

Measurement
library
PAPI
S TAU
Instrumented » Local event = paraprof
process —> traces E_
o L ) S
' £
Inst ted M 5
nstrumente Unification+ 9
executable J Merge &, CUBE
9 Report
1 ] explorer
y
i Pattern
i Global trace »  Sequential > >
Multi-level pattern search report
instrumenter I 4 [ 4
A
v
Pattern /
Source trace
modules
7
{ | | \ 4
»  Conversion ,| FExported Vampir or
. g trace B Paraver

SC 2012 ©LLNL/JsC [ = Third-party component 91



The Scalasca Project

« Scalable Analysis of I ,
Large Scale Applications SCa asca

* Follow-up project to KOJAK

- Started in January 2006

* Objective 1: do not rely on tracing only
= Supports scalable call-path profiling

* QObjective 2: develop a scalable version of KOJAK
= Basic idea: parallelization of trace analysis

. Supports MPI 2.2 (P2P, collectives, RMA, 10) O JULICH

and basic OpenMP (no neSting) FORSCHUNGSZENTRUM
 http://www.scalasca.org/ @

SC 2012 © LLNL/JSC 92
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New Analysis Process |

f 1
i Optimized measurement configuration i
1 1

New enhanced 1 R Summary
measurement — report
ibrary | unified defs
PAPI — + mappings
c TAU
o
Instrumented » Local event = paraprof
process —> traces =
L e E
: ©
1] :
o
Instrumented " S CUBE
> erge )
executable g -
I 1 explorer
i Pattern
1 Global trace ——,  Sequential N P
inl\éltliglniee\r/\(tir pattern search report
I } )|
Pattern ,/* |
Source trace
modules l
> Exported Vampir or

Conversion —
trace Paraver
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CUBE Result Browser

« Representation of results (3D severity matrix)
along three hierarchical axes

= Metric o, Call
= Call tree path g Paith
= System location o

Loc;ﬁon

* Three coupled tree browsers
- [Each node displays severity

= As colour: for easy identification of bottlenecks
= As value: for precise comparison

SC 2012 © LLNL/JSC 94



CUBE Result Browser (lll)

CUBE: epik_a >

File View Help

Metrics | Call Tree | Flat Profile | System Tree I Topology Viewl
Ahsolute /| |Absolute /|l |Peer percent /
33936.86 Time 33938.86 driver 100.0 IBM BG/L

—{ll 19228930 Visits

9593856 Communications

768 Synchronizations

Il 73624295424 Bytes transferred

— | Value boxes colored
according to scale

[33,336.856 (100.0%]| 3.334e+04 | [33,336.856 (100.0%)| 3.334e+04 | [33,336.856 (100.0%)| 3.394e+04
FIIIII NERENRNRNRRRNN| .UIIIIIIIIIIIIIIIIFIIIIIIIIIIIIIIIIIIIIIII‘
256 % 1
SC 2012 ©LLNL/JSC
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Metric Dimension

CUBE: epik_a >

File View Help
hMetrics | Call Tree | Flat Profile I " CUBE metric description <@j36> <
Ahsolute /|l [2bsolute Late Sender Time
' i Description:
_B_D 0.00 Time 4343.76 driver esconlzg?ers to the time lost waiting caused by a blocking receive operation (e.g.,
28397.08 Execution MPI_Recw() or MPI_Wait()) that is posted earlier than the corresponding send
operation.
ﬂ[} 0.00 MPI .
—=—{] 0.00 Communication A
—{ll 505.26 Collective 5
= 155 76 Point-to-point 4
0.00 Synchronization r RIEW
1.21 Collective tirme
—{] 0.00 MPI IO \ < | oo | - |
[ 16.31 Init/Exit
—] 75.23 Overhead |
[l 19228930 Visits : : : :
9593856 Communications What kind of nght-CIle metric
768 Synchronizalions performance context menu for
73624295424 Bytes transferred . . .
problem? info or description

[4,943.?5? (14.6%) | 3.394e+04 [4,943.?5? (14.6%) | 3.394e+04 [4,943.?5? (100.0%) | 4.944e+03

FIIIII NINNRNNn| Iﬁ[IlIIIIIIIIIIIIIIFIIIIIIIIIIIIIIIIIIIIIII‘
256 x 1
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Call Tree Dimension

CUBE: epik_a™>

File View Help

Metrics I Call Tree | Flat Profile | System Tree I Topology View|

Absolute _/I Absolute _/I Peer percent _/I
~=—[] 0.00 Time ~=—{] 0.00 driver 100.0 IBM BG/L

2§397.08 Execution
= 0.00 MPI
—=—[] 0.00 Communication

—{ll 505.26 Collective
| 14943.76 Point-to-point

0.00 Synchronization
@D 1.21 Collective
—[] 0.00 MPI 1¥O
] 16.31 Init/Exit

—] 75.23 Overhead

[ 19228930 Visits
9593856 Communications

768 Synchronizations
73624295424 Bytes transferred

0.00 task_init
0.00 read_input
—{] 0.00 decomp

0.00 inner_auto
ﬁm 0.00 inner
0.00 initialize
0.00 barrier_sync
——{] 0.00 timers
——{] 0.00 source
=[] 0.00 sweep
—[] 0.00 octant

0.00 rcy_real
T
1832.28 snd_real
0.00 global_int_sum
0.00 flux_err
0.00 global_real_sum
0.00 task_end

Where is it in the
source code? In
/ what context?

Right-click function
context menu to go
to source location or
to manipulate tree

14,943.757 (14.6%) | 3.394e+04

13,111.475 (9.2%) | 3.394e+04

FIIIII UL

13,111.475 (100.0%) | 3.111e+03

_ulllllllm

296 X1

SC 2012
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System Tree Dimension

CUBE: epik_a >

File View Help

Metrics | Call Tree | Flat Profile I System Tree I Topology "Jiewl
Ahsolute /| |Absolute Peer percent /
~=—[] 0.00 Time =] 0.00 driver Sca M. 4. [BM BG/L j

28397.08 Execution
= 0.00 MPI

—=—[] 0.00 Communication
—{ll 505.26 Collective

0.00 Synchronization
AED 1.21 Collective
—[] 0.00 MPI I¥O
] 16.31 Init/Exit

—] 75.23 Overhead

[ 19228930 Visits
9593856 Communications

768 Synchronizations
73624295424 Bytes transferred

| 14943.76 Point-to-point

0.00 task_init
0.00 read_input
——{] 0.00 decomp

0.00 inner_auto
AED 0.00 inner
0.00 initialize
0.00 barrier_sync

How is it distributed

across the system

0.00 rcy_real

1832.28 snd_real

0.00 global_int_sum

0.00 flux_err

0.00 global_real_sum
0.00 task_end

3111.47 MPI_Recy

=] N.A. ROO-MO-N7
— @ 77.7 Process 0

—& 69.3 Process 1
— @ 70.6 Process 2
724 Process 3
/—{i 75.9 Process 8
/ — B 77.4 Process 9
— @ 79.1 Process 10
— B ©1.9 Process 11
— & 68.1 Process 16
— & 694 Process 17
— @ 71.9 Process 18
— B 73.8 Process 19
—ll 78.8 Process 24
—l 79.4 Process 25
— Bl 804 Process 26
— Bl 83.2 Process 27
—|&l 68.6 Process 32
— @ 72.7 Process 3

= - /
[4,343.757 (146%) | 3.334e+04| [3,111475 (92%) | 3.394e+04| [0.000 (0.0%) | 1409e+01
FIIIII L flI]lIIIIIIIIIIIIIIFIIIIIIIIIIIIIIIIIIIIIIIH
256 % 1
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Summary analysis sweep3D@294,912

94912 _sum.cube.gz

File Display Topology Help
[Absolute vJ [Absolute ‘v] [Peerdistribution |~
Metric tree [ Call tree \ Flatview System tree Topology 0 Topology 1
& [ 0.00 Time ) («]| | =C30.00driver . sl T A A AT AT A A I A A A A A (]
& @ 2.94e7 Execution £ [J 0.00 task_init
& [J0.00 MPI [J 0.00 MPI_Init
[ 0.00 Synchronization &+ [10.00 beast_int
L @ 573.72 Collective L [ 0.00 MPI_Bcast
[ 0.00 Communication = [J 0.00 barrier_sync
1.01e8 Point-to-point L [ 0.00 MPI_Barrier
1.89e7 Collective & [J0.00 read_input
[J0.00File IO [J0.00 beast_int
5.7726 Init/Exit L 0 0.00 MPI_Bcast
L [ 1.53e9 Overhead [J0.00 beast_real iy i 2
I @ 2.36e10 Visits L0 0.00 MPI_Bcast B B
= [ 0 Synchronizations I [ 0.00 decomp
& [J 0 Point-to-point £ [J0.00 inner_auto
I:DOSends £ [J0.00 inner
[J 0 Receives B [ 0.00 initialize
L @ 8.85e5 Collective &[] 0.00 barrier_sync
= O 0 Communications L [ 0.00 MPI_Barrier
[J 0 Point-to-point [J0.00 timers
|:|:| 5.8829 Sends [10.00 source
[d 5.88e9 Receives &+ [10.00 sweep
[J 0 Collective [J0.00 octant
9.4426 Exchange [J0.00 rev_real
[ 0As source L [@9.77e7 MPI_Recv
1.1826As destination [J0.00 snd_real
& [J 0 Bytes transferred L @ 3.3426 MPI_Send
[J 0 Point-to-point &+ (] 0.00 global_int_sum
[ 4.51e13 Sent L [0 0.00 MPI_Allreduce
[d 4.51e13 Received & (1 0.00 flux_err
[J 0 Collective £ [J 0.00 global_real_max
[= 1.81e13 Outgoing L [ 0.00 MPI_Allreduce
3.48211 Incoming & [10.00 global_real_sum
& [J] 0.00 Computational imbalance L [ 0.00 MPI_Allreduce
[ 1.83e5 Below average =+ [ 0.00 task_end
[d 1.83e5 Above average [J 0.00 MPI_Finalize
= [« [~
= ~ -
(<] [« | [ [«»] | [ [«I*]
0.00 1.01e8 (6.00%) 1.6829| [0.00 9.77e7 (96.70%) 1.01e8| [0.00 0.00 100.00
| . . I
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Time-series Call-path (Phase) Profiling

* Manual instrumentation
to distinguish iterations
of the main loop

« Complete
call-tree recorded
for each iteration

= With multiple metrics
collected for every
call-path

* Huge growth in the
amount of data collected

= Reduced scalability

SC 2012

File View Help

Metrics |

Call Tree | Flat Profile |

System Tree Topology View

Absolute /| [Selection percent /| [Peer percent /|
=] 0.00 Time 4%).0 zeusmp - A
41494.64 Execution = 0.0 EPIK_1.1_MAIN
% 154,07 MPI =[] 0.0 EPIK_2.1_INIT
417.43 Synchronization -=—{ ] 0.0 EPIK_3.1_CORE
0.00 Communication = ] 0.0 EPIK_5.1_TIME
3058.17 Point-to-point 0.1 srcstep B
I 48 Lat d ~=—{_] 0.0 transprt
—{"] 0.00 Late Receiver =[] 0.0ct
1216.27 Collective ] 0.2 lorentz_d
——{] 0.00 Early Reduce —=—{_| 0.0 bvalv1
——{] 0.00 Early Scan [] 0.0 bvalv2
] 29.46 Late Broadcast ] 0.0 bvalv3
——[] 2142.70 Wait at N x N ]
——{] 11.76 N x N Completic [] 0.0 hsmoc
—{] 0.00 /O =[] 0.0 bvalemf1
] 667.91 Init/Exit [] 0.0 MPI_lsen
] 1775.04 Overhead [] 0.0 MPI_lrec
| [l 57684069 Visits ] 0.3 MPI_Wail
+=—_] 0 Synchronizations (] 0.0 MPI_Waital
0 Point-to-point ] 0.3 bvalemf2
[l 1536 Collective ] 0.2 bvalemf3
=] 0 Communications 0.0 advx1
35492352 Point-to-point 0.0 advx2
La—{_] 227328 Collective Le—{] 0.0 advx3
Lz ] 0 Bytes transferred 0.0 intchk
713051766784 Point-to-poini 0.0 nudt
1692668944 Collective —{] 0.0 dataio

0.2 EPIK_5.2_TIME
0.2 EPIK_5.3_TIME
0.3 EPIK_5.4_TIME
0.3 EPIK_5.5_TIME
0.9 EPIK_5.6_TIME
0.4EPIK_5.7_TIME

/

/

N I

>
8.648e-02

[4,166.483 (7.6%) 5.513e+04

[8.843 (0.2%) [

s12x1 |

|
4.166e+03

]DllrlIIIIIIIIIIIIIIIIIIIIWIIIIIIIIIIIII‘l

[«0017 £ 1051%> |

© LLNL/JSC

100



Incremental On-line Clustering

- Exploit that many iterations
are very similar

= Summarizes several iterations
to their average

* On-line to save memory
* Process local to
= Avoid communication
= Adjust to local temporal patterns

* The number of clusters never
exceeds a predefined maximum

= Merging of the two closest ones

+ Allows to identify interesting candidate
iterations for in-depth analysis
using tracing

SC 2012 © LLNL/JSC

PEPC n-body tree code (JSC)

1024
896
768

640

512
384
256
128

0

0 200 400 600 800 1000 1200
Iteration #

Late Sender

1024

896 /
768
640 /
g 512 =
& _/
384 /
—

256

128

0

0 200 400 600 800 1000 1200
Iteration #

# particles owned by a process
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Iteration Graphs

Collective Comm Time

* For each iteration:
" red: max process
= blue: median process
= green: min process

0 200 400 600 800 1000 1200
Iteration #

o.; P2P Comm Time ] Late Sender Time
0.8
0.7

— 06

S 03
= 0.4
0.3
0.2
0.1

0

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Iteration # Iteration #
SC zZU1Z2 © LLNL/JSC 12



Heat Map of P2P Communication Count

1024 e

+ Linear scaling cou =
= Color darkness linearly 768 | — -
640 e
scaled between lowest 4 _‘ =
. 2 512
and highest value £ i
256 1 @ EoogA N W
128
0 0 200 400 \760-0 800 1000 _120(_)
Iteration #
= . . 1024
- Histogram equalization o
= Around equal number 768
of pixels at each g o
darkness level E :4
= Reveals the detalils 256
= But we lose the scale - s —
information 0 400 Ig(ggﬁon #800 1000 1200
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3D Visualization

Ed TAU: ParaProf: 3D Visualizer: merge4 _001-1300.cube |~
e Options Windows Help

® Triangle Mesh
Bar Plot

Scatter Plot

Height Metric
Inclusive v |P2p send commu...| »
Color Metric

Inclusive w |P2P send commu..| v

<none>
Function

Thread

Height value

Color value

Mesh Plot | Axes | ColorScale = Render

Plot Width &

Plot Depth .

Plot Height O
Transparency V.

* Visualizing our data using the TAU ParaProf 3D visualizer
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Profiling for Load Balance Analysis

* Load balance crucial for scaling
= Small imbalances will cause large slow down
= |mpact gets larger with scale
*  Requirements
= Scalability
= Need to understand load wrt. source code
= Minimal impact on codes
 Libra tool set
= Collect and visualize load data across ranks and time
= Adaptive data compression
= |nteractive GUI and data presentation
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Using Libra with the Progress/Effort Model

1. Manually instrument progress loop for (int i=0: i < max_timestep: is) {
. . . MPI_Barrier();
= Gives us time axis
// convergent solver
u Add MPI_PCO”trOI \!hlle (! converged) {
/... tati 1 effort ...
2. Collect stacktraces at MPI events WL AilcatherO;

}

MPI_Allreduce(...);

= Mark start/end of effort regions |

3. Every progress step:

= Record cumulative time spent in
effort regions

7/ .. further effort ...
MPI_Waitall(...);

MPI_Pcontrol(@); // progress marker
}

= Region per pair of dynamic callpaths
= One surface plot per region

= “Slice” code into
different load behaviors

= Selectable in GUI

© LLNL/JSC 106



Reconstructed Exact

Data Compression using Wavelets

= Wavelets offer efficient compression but maintain structure
= Multi-scale representation -> level-of-detail visualization
= Compression has to be parallel itself

Force Computation Checkpoint Collisions Remeshing

Example: Crystal Dislocation Dynamics Code
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Libra Uses Wavelets to Achieve Scalability

MPI Rank

A o[ LLT1) ¢

n.2 %’/
- Parallel Huffman

Rows Initially ' Consolidate Wavelet EZW Run-length Coding
Distributed Rows Transform Encoding Encoding Reduction (Optional)

\/

- Fast compression relies on inter-process analysis
= ~4-5s to write 4.7 GB compressed to ~10MB on 16K cores
= Wavelet transform uses nearest-neighbor communication
= |nterleave compression from multiple regions
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Example of Using Libra

» Case study on S3D on Intrepid (ANL)
= Symptoms: bad scaling behavior
= Mainly seen at large scale
= Libra directly pointed to I/O routines for checkpointing
= “Two walls” visible in the plot
= Each indicates one checkpoint operation
= Problem caused by varying I/O performance

Progress 2ss
100 __~

0 _—

1.651e+12 \

Effort

-7.506=+11 1024 2048
MPI Rank
Start TotalTime Deviation MeanSkew MeanKurtosis
» " write_savefile(io.f90:312) 1.28868e+16 (19.98%) 7.79937e+11 3.42771 14.5355
b [ write_savefile(io.f90:322) 8.83365e+15 (13.69%) 5.33235e+11 3.30364 13.637
> [ write_savefile(io.f90:312) 7.97592e+15 (12.36%) 7.96813e+11 5.00885 27.2989
b " write_savefile(io.f90:322) 5.35586e+15 (8.30%) 5.35976e+11 5.01255 27.3279
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Summary

Several profilers for MPI exist
= Good to gain initial overview of communication behavior
= Typically gather data into few output files
= Use tools like P"MPI to transparently add context

Sampling/Profiling tool kits
= Open|SpeedShop: focus on easy of use
= TAU: large variety of metrics and display options
= Kojak/Scalasca: profiling + automatic analysis

Specialized tool kits like Libra can help for targeted problems

Automatic analysis will become more and more dominant
= Data volumes are growing / manual analysis infeasible
= Generic profiles only provide so much information
= Look for particular bottlenecks like “late sender”
Clustering/outlier analysis
= Performance analysis will itself be a parallel application!
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PRESENT:
SCALABLE TRACING




Scalable Tracing Approaches

 HPCToolkit [Rice Univ., http://www.hpctoolkit.org]
= Tracing of call stack samples

« SLOG-2 / Jumpshot-4 [ANL]
= Frame-based trace data format / more scalable visualizations

- Paraver [BSC/UPC http://www.cepba.upc.es/paraver]
= Automatic detection + identification of program phase structure
= Powerful filter and summarization features
= Scalable visualization
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Scalable Tracing Approaches li

«  VampirServer [TU Dresden, ZIH, http://www.vampir.eu]
= Visualization client + parallel trace analysis server
= Standalone tracing library or integrated into Open|SpeedShop

- ScalaTrace [NCSU, LLNL http://moss.csc.ncsu.edu/~mueller/scala.html]
= [ntra and inter process lossless trace compression

- Scalasca [JSC: http://www.scalasca.org]

= Parallel automatic trace analysis
= Scalable metrics display
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Frame-based trace data format

* Argonne National Laboratory m

« SLOG-2 trace format

= Trace file consists of visualization-friendly interval records
(include duration)

= Separate frames for multiple size of intervals

= To display region around a single point of time,
use index to quickly locate and read the right frames

* Index based on binary tree of bounding boxes

- Example:

= Typically under 100ms to display a specific time interval
out of 19GB trace file
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Viewing Multiple Scales with Jumpshot
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ScalaTrace: Intra + Inter Node Compression

NC STATE UNIVERSITY

»  NC State University + LLNL/CASC Dopartment of Gomputer Science

« Goal: logical replay; less useful for performance analysis paN
* Intra-node compression framework AsC

= Event aggregation with special handling of MPIl_Waitsome
= Maintain structure of call sequences = stack walk signatures
= ABCDECDE®= (AB ((CDE), 1ter=2))
* Inter-node compression framework
= Make use of SPMD nature of MPI codes
= |dentify regular expressions in communication patterns
= Match operations across nodes by manipulating parameters
= Source / destination offsets (location independent encoding)
= Request offsets
« Actual algorithm more complicated, see IPDPS’07 paper
«  Option: compute time recording using histograms, see ICS'08 paper
* http://moss.csc.ncsu.edu/~mueller/scala.html
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Results: Trace File Sizes

Log size[Bytes], 32-512 cpus
none [ intra- / inter-node
* Near-constant

= NASEP, DT, LU,BT,FT

DOfxt Enode—only Oghobal

Tmce size [Bytes]

= |nstead of linear " E

*  Sub-linear B ke Cost
= NAS MG, CG
= Still good

Tmce size [Bytes]

* Non-scalable
=  NAS IS, UMT2k
= 2-4 orders of magn. smaller

Tmce size [Bytes]
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Paraver

Barcelona

- Performance analysis framework @ Supercomputing

Center
Centro Nacional de Supercomputacion

- P _

- Features
= Detailed quantitative performance analysis

= Concurrent comparative analysis of several traces
= Fast analysis of very large traces
= Support for hybrid MPI/OpenMP applications
= Just a few simple displays, however ,programmable”
= Complex analysis and filter functions
= Supports definition of derived metrics
= Metric independent visualization

* http://www.cepba.upc.es/paraver
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Paraver Data Reduction Features

- Accumulation of values using software counters

* Powerful filtering = expression over time, processors,
states, communications, events

« Automatic structure / phase detection
= Based on signal processing
= Using wavelets (Casas: ParCo 2007)
= Using autocorrelation functions (Casas: Euro-Par 2007)
= Also used for cleanup:
* Preemptions
= Clogged systems / instrumentation overhead

= Flushing
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Paraver: Iterative pattern detection (2001)

» Periodicity detection based on distance metric

N-1
d(m)=sign2|x(i)—x(i—m)|O<m<MAMsN

= Applied to stream of function identifiers

= Computes vector distance between x(i) and x(i-m)
.= distance between vector x(i)
and same vector shifted by m samples

If d(m) = 0 : periodic pattern with period length m

= Efficient detection algorithm
with complexity O(M) per event
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Example: lterative pattern detection

- Example: SPEC Hydro2D

1 1

" = Sealfed frace @ hvdro2d mp.ref.8procsis.prv a |:|

| TIIAN] i . .
| THREAD 1.1.1 i . . .
f ) Wil i Tracing disabled,; (I - Tracing disabled,

THREAD 1.1.2 iy ' TMterative application behavio T I'ﬁ, erative application behavi
| rireen 1.1,3 o S E E I I |
11T . . (I . .

: THRERD 1.1.4
| i

1
1 1 1
! THREAD 1,1.5 ! I i
3 || (1A : ! |

THREAD 1.1.6 Traceing restarted, prolgram , Tracing rest.‘;:lrted, program
' behavior has changed behavior |
' ' has changed

| THREAD 1,1.7

. THREAD 1.1,

» Overhead
= QOriginal tracing mechanism: 1-3%
= With periodicity detection: 3-6%
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Paraver: Scalability of Display

A

1700 seconds

* Linpack @ MareNostrum

n
»

- Dgemm duration
2
@)
79}
)}
]
O
O
o
o
o
o
o
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Paraver: Scalability of Display

* Linpack @ MareNostrum

Dgemm Dgemm Communication
IPC L1 miss ratio duration
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Paraver: Scalability of Display

* Non-linear render

CG.C
1024 CPUs
Useful duration

Average
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VampirServer Architecture

large parallel application file system Vampir analysis server
for worker 1]| = [aster
| M
—
trace 2 worker 2 g
race 3 | |—
trace N : =
i
worker m
C Yy
t streams parallel message
process 1/O passing

Vampir visualization client timeline Internet
®00  VAMPIR - Timeline window X
ctest-24x2x16,vpt (0,000s - 1:56,133 = 1:56,133)

_-_<<‘,:|

20,000 s 40,000 s 1:00,0 1:20,0 1:40,0
{ gidle 148 148 148idle 148159 148
d48idle 148| 1148 148lidle 148{159 148
:‘14 idle 148 ,143 148fidle 1480159 148

thread 256:8 idle
thread 25639 idle
thread 256310 idle

thread 256311 idle < :‘1_ idle | 1dle 53 59 I EIIEEE |

thread 256312 idle 4 1dle 148] 14 14 1dle 148159 148159148415 20202 W — - - - — - - - :

thread 256:13 idle é i idle (159 — 33 SEF FE & J current
thread 256314 idle 14 1dle 146159 148 — = - - = = = :: .

thread 256315 idle idle [ AT AT D [ I \ W|ndOW
process 272 CHEENC W0 ERROERHO (EEMO 11 EEMO (B0 (EISIC . U |

thread 272:1 idle
thread 272:2 idle
thread 272:3 idle
thread 272:4 idle
thread 272:5 idle
thread 272:6 idle
thread 272:7 idle

~d
“EFEEEEEEE full trace
miigidaain | outline

Displayed 16 from 768 bars

e |
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VampirServer:
PEPC, 16384 PEs, Global Timeline

Vampir=[irace View=uranus:30007://fasttsimlieb[i i enelfinalitrace-pepc-16K/bgpepc-mrg.ott] <@neptun=.

W File View Help (=]&(x]

View Chart Filter
ENLOTERS BEV ~ | I——- | ]
Timeline x|

Os 50s 100 s 150 s 200 s 250 s 300s 350 s 400 s 450 s 500 s 550 s 600 s

Process 181
Process 601
Process 1020
Process 1439
Process 1859
Process 2278
Process 2698
Process 3117
Process 3536
Process 3956
Process 4375
Process 4794
Process 5214
Process 5633
Process 6053
Process 6472
Process 6891
Process 7311
Process 7730
Process 8150
Process 8569
Process 8988
Process 9408
Process 9827 :
Process 10246 :
Process 10666 :
Process 11085
Process 11505
Process 11924
Process 12343
Process 12763 !
Process 13182 !
Process 13602 !
Process 14021
Process 14440
Process 14860 :
Process 15279 !
Process 15699 ! : : : : : +
Process 16118 : ; e

<] «»

513 s

N %




VampirServer:
PEPC, 16384 PEs, Global Timeline (zoomed)

Vampir=[irace View = uranus:30007:/ffastts/imlieb[:]enelfinalltrace-pepc-16K/Ibgpepc-mrg otf] <@neptun=

W File View Help (=]&](x]
View Chart Filter
Timeline
62835 s 62850 s 628.65 s 628.80 s 628.95 s 62910 s 62925 s 62940 s 62955 s ?
H H H H H H H H H [

Process 0 T\ T A S S PE %
Process 1 R S5 . T Y S (A S S i PEPC_FIELDS [
Process 2 : S [u— PEPC_FIELDS
Process 3 A S PEPC_FIELDS &
Process 4 [E—— PEPC_FIELDS 4
Process 5 AN A PEPC_FIELDS 4
Process 6 [—— PEPC_FIELDS Y
Process 7 A A PEPC_FIELDS a
Process & TREE_PROPERTIES =~ ¢7HTREE_WALK » 7 € TR X F U 1 7 7 7 facadewmycmo R
Process 9 : Ju—
Process 10 TR ROF S5 R W p @ PEPC_FIELDS [
Process 11 R PROP S I Ju— PEPC_FIELDS I
Process 12 TR PR > R WA I I I AN A C_FIELDS P
Process 13 TR ROF 1ES TR I I I J— C_FIELDS '
Process 14 : a
Process 15 R OF 5 WA J— PEPC_FIELDS 4
Process 16 TR PR S5 R WALK I | @ PEPC_FIELDS I
Process 17 TR ROF S : I Ju— PEPC_FIELDS !
Process 18 R ROF > R W I | & PE
Process 19 " E OF - R WA I I @ PEPC_FIELDS 4
Process 20 TREE_PR S 3 I s PEPC_FIELDS '
Process 21 TR ROF > R WA A S S P FIELDS 1
Process 22 R ROF S R W @ PEPC_FIELDS I
Process 23 " E . S R WA I I S S S PEPC_FIELDS 4
Process 24 : AN A &
Process 25 TR ROF S5 R £ PEPC_FIELDS I
Process 26 : ROF S 2 W I a PEPC_FIELDS 4
Process 27 " g 5 PEPC_FIELDS
Process 28 TREE_PROF S : K IEE IR B PEPC_FIELDS g E
629.0625 s




VampirServer:

PEPC, 16384 PEs, Message Statistics

Vampir= [Trace View=jupiter:30007:/fastisimlie[."]enefinaltrace-pepc-16K/Ibgpepc-mrg:otf] <@neptun=>

W File View Help

View Chart Filter

ENMLOTIERS

Number of Messages

Process 0
Process 554
Process 1073
Process 1627
Process 2146
Process 2700
Process 3220
Process 3773
Process 4293
Process 4846
Process 5366
Process 5919
Process 6440
Process 6992
Process 7513
Process 8065
Process 8586
Process 9138
Process 9660
Process 10211
Process 10733
Process 11284
Process 11806
Process 12357
Process 12880
Process 13430
Process 13953
Process 14503
Process 15026
Process 15576
Process 16100

35




VampirServer:
PEPC, 16384 PEs, Cluster Analysis

Vampir = [Trace View - uranus:30007 /1 astis/mlieb[..Jenerinalitrace-pepc-16KIbgpepc-mrg o] <@neptun=
W File View Help (=]&](x]

View Chart Filter
ENLOTERBBOV

0s
00s 15s 30s 45s 6.0s 75s 90s 105s 120s

Process Summary

(T TANVETTU AT TEEY NN THRITHTR
ses [N IMLINIVMIN] (WERICEDD DRNFEN

1057

250 ([T T MR TTN (e e REE FiLL | TREE_PROPERTIES |TRE ALK [JoNER TR (NS [T & O
vos [ILITTUIE ET T i) e s e it [fsee proeries free A GElEEie 1 T €[

353
NI [T [T

1103
383

c22 ([T T N TN BT
so6 [N 1 TNNH K IO ATV
[ TR TR T

|
463
267

L I T I
o4 | [[NNNCNTHYRINT (T N (0
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VampirServer BETA: Trace Visualization S3D@200,448

W Fle Ede Qhart Fiter Window help %
EXLEOTERLG B, i R Tt T T W 1
Timeine A% Functsn Summaey
196 5 197 s 198 5 199 5 200 201 s 2035 2045 2055 M Processes, Accumwiated Exclusive Time per Function Group
P 1,000,000 s 0s
o ﬁw‘
” 48] 49 445 Apphcabon
~ 7571225 |VI_AR

o55 37376

Functien Legend

Appicabon

]
I M

lll‘ N

\

" l\\vl“l"‘

LRI TR

2o el el 14

 OTF trace of 4.5 TB
«  VampirServer running with 20,000 analysis processes
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The Scalasca Project

« Scalable Analysis of I ,
Large Scale Applications SCa asca

* Follow-up project to KOJAK

- Started in January 2006

* QObjective 1: do not rely on tracing only
= Supports scalable call-path profiling

* Objective 2: develop a scalable version of KOJAK
= Basic idea: parallelization of trace analysis

. Supports MPI 2.2 (P2P, collectives, RMA, 10) O JULICH

and basic OpenMP (no neSting) FORSCHUNGSZENTRUM
 http://www.scalasca.org/ @
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New Analysis Process |l

Instrumented
process

Instrumented
executable

T

Multi-level
instrumenter

T

Source
modules

SC 2012

1
Optimized measurement configuration i
1

n
>

. Summary
g report "
unified defs
—_— + mappings

1 S TAU
—> Local event —> = paraprof

[ fraces n Parallel in Pattern %

—> ——» pattern search report — 23

C

©

1 :

T
S CUBE

-1 Merge S
KOJAK 3 cuBE
1 explorer

i Pattern
Global trace —,  Sequential
pattern search report "
Pattern )
trace

l 4
. ir or
Conversion —> > P
trace Paraver
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Scalable Automatic Trace Analysis

- Parallel pattern search to address wide traces
= As many processes / threads as used to run the application
= Can run in same batch job!!
= Each process / thread responsible for its “own” local trace data
- ldea: “parallel replay” of application
= Analysis uses communication mechanism that is being analyzed

= Use MPI P2P operation to analyze MPI P2P communication,
use MPI collective operation to analyze MPI collectives, ...

= Communication requirements not significantly higher and (often
lower) than requirements of target application

* In-memory trace analysis
= Available memory scales with number of processors used
= Local memory usually large enough to hold local trace
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Example: Late Sender

A

nll =

process

»
»

time
[IENTER [JEXIT BSEND EIRECV

Sender

» Triggered by send event

« Determine enter event

« Send both events to receiver

SC 2012 © LLNL/JSC

Receiver

Triggered by receive event
Determine enter event
Receive remote events
Detect Late Sender situation

Calculate & store
waiting time
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Trace analysis sweep3D@294,912

* 10 min
sweep3D
runtime

« 11 sec
replay

* 4 min
trace data

write/read
(576 files)

- 706TB
buffered
trace data

* 510 billion
events

SC 2012

zdv176/epik_swee

File Display Topology Help
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Summary

Trace information can provide detailed insight
= Several tool sets with their own pros and cons
= Conversion between data formats necessary
New techniques to reduce and display at scale
= Parallel server/viewer architectures (VampirServer)
= Trace folding: removing repetitive phases (Paraver)
= Pattern detection and compact storage (ScalaTrace)
Automatic trace analysis
= Phase detection (to drive folding)
= Pattern detection (e.g., “late sender” detection)
Tools will require significant processing capabilities
= Parallel applications themselves
= Tool usage is no longer “free”

SC 2012 © LLNL/JSC 136



SCALABILITY CASE STUDIES




Scalasca case study 1: Sweep3D

« ASCI benchmark code from Los Alamos National Laboratory
= 3-dimensional neutron transport simulation

= direct order solve uses diagonal wavefront sweeps over grid cells
combined with pipelining of blocks of k-planes and octants

= execution performance extensively modeled & analyzed
»  MPI parallel version using 2D domain decomposition
= ~2.,000 lines of code (12 source modules), mostly Fortran77
= very portable, and highly scalable
= tunable via input deck, e.g., number of k-planes in blocks (MK=1)
= benchmark configuration does 12 iterations
= flux correction 'fix-ups' applied after 7th iteration
* Run on jugene BG/P with up to 294,912 processes
= Summary and trace analysis using Scalasca
= Full automatic instrumentation, no runtime filtering
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Sweep3D scaling analysis (BG/P)

Time [s]

1000

I ' I ' | ' |

] I 1 ] 1 I 1

94— Total Execution

»——» Computation
Computational imbalance

o—ao MPI processing

=—=a MPI waiting

100

. 4

L

r

10

1,024

N | I l L I

1 | I | ! | ! |

SC 2012

2,048 4,096 8,192

16,384 32,768 65536 131,072 262,144

Processes

Good performance and scalability to largest scale
Computation time constant (due to weak scaling)
MPI time grows due to markedly increasing waiting times

© LLNL/JSC

139



sweep computation time

Cube 3.3 Qt: epik_sweep3d_vn294912_trace/t
File Display Topology Help
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] 558.83 Wait at Barrier
(L] 1.76 Barrier Completion
&+ [] 0.00 Communication
(L] 1.56e6 Point-to-point
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&t [ 29.31 global_real_ma;
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= [ 8.60 global_real_sum
L[] 0.00 MPI_Allreduce

-

i - Only 45% of total time is (local) computation
. 83% of which is exclusively in the sweep routine
. With no clearly discernible distribution pattern

femtree | Topology 0 | Topology 1 |

[«]
L € | ju: _H A o o T T T 7 o 77 7 7T |~
(<] | [«]»] ] | | («]»] (<] («]») |
0.00 2.41e7 (44.71%) 5.40e7| [0.00 2.00€e7 (82.99%) 2.41e7| [0.00 000 100.00
3 +/-1.42 (1.7/8
- T—
A
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. 55% of total time is MPI messaging overhead

Late Sender time
. 23% of total time is Point-to-point communication

. Cube 3.3 Qt: epik_sweep3d_vn294912_trace/tr
Eile Display Topology Help
Absolute - absol__» 20% of total time is due to Late Sender situations
Metric tree ] Calltree | Flat view ) stem tree | Topology0 | Topology 1 |
[ 0.00 Time «! |CJ 0.00 driver
& [ 2.41e7 Execution (] 0.00 tas s
= [] 0.00 MPI [Jo.00rp 4
&+ [] 0.00 Synchronization
£+ [ 8.23 Collective -]
(L] 558.83 Wait at Barrier
(1 1.76 Barrier Completion 0.00 initialize
= [] 0.00 Communication -1 [] 0.00 barrier_sync
(] 1.56e6 Point-to-point L[] 0.00 MPI_Barrier
[ 1.07e7 Late Sender ~ — ] 0.00 timers
(1 114302.98 Late Receive — (] 0.00 source
(1 1122.69 Collective £+ [ 0.00 sweep
(] 0.00 Early Reduce (] 0.00 octant
[]0.00 Early Scan []0.00 rcv_real
(L] 1332.69 Late Broadcast L [l 1.07e7 MPI_Recv
] 1.85e6 Wait at N x N (] 0.00 snd_real
[ 26.62 N x N Completion L[] 0.00 MPI_Send
& (] 0.00 File /0 + (] 0.00 global_int_sum
- ] 1.56e7 Init/Exit L[] 0.00 MPI_Allreduce
— [l 1.84e8 Overhead &+ [ 0.00 flux_err
— [l 2.32e11 Visits &t [] 0.00 global_real_max
= [l 884736 Synchronizations L[] 0.00 MPI_Allreduce
+ [l 1.16e11 Communications = (] 0.00 global_real_sum
1.25e14 Bytes transferred N L[] 0.00 MPI_Allreduce N
‘_ 437556.03 Computational imbalar‘lﬁgl_]lzl L‘} I:‘] 0.00 task_end ] b 2 , 7
[« «» 4 «»
0.00 1.07e7 (19.90%) 5.40e7| (0.00 1.07e7 (100.00%) 1.07e7 OPQ . . 9.00 - 10190?
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Scalasca

topology
view

Application’s
576x512 grid
of processes

Reveals clear
pattern in the
distribution of
L ate Sender

metric values

Arises from
superimposing
diagonal octant
sweeps with
imbalanced
computation
fix-ups’

SC 2012

Cube 3.3 Qt: epik_sweep3d_vn294912_trace/trace.cube.gz

[Peer distribution

)

System tree | Topology 0 ] Topology 1 I

&

D)

0.00 100.00
36.40 +/-3.03 45.31
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Scalasca trace analysis scaling (BG/P)

1000 | T I I | T I I 10
4 —® Uninstrumented execution
Trace analysis (including 1/0) ool
OO Parallel trace replay gt
100 a == —>— ,7—”""’_’4 10"
R E s e —O—— L
= L
10 ,," 10'°
[ | 1 1 1 1 1 1 | o
1,024 2,048 4,096 8,192 16,384 32,768 65,536 131,072 262,144
Processes

- 27MB of trace event records per process
« Total trace size (---) increases to 7.6 TB for 510G events
- Parallel analysis replay time scales with application execution time
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Scalasca scalability issues/optimizations (Part 1)

« Trace collection and analysis of Sweep3D successful at largest scale

= Only 3% measurement dilation versus uninstrumented execution
« Creating individual traces for each process is prohibitive

= 86 minutes to open/create files

= Reduced to 10 minutes using S/ONIib multi-files

= one shared file per BG/P IONode (576 on jugene)

- Time for unification of identifiers grew linearly with num. processes

= 40 minutes to generate unified definitions and mappings

= Reduced to 13 seconds employing hierarchical unification scheme
» Analysis reports grow linearly with number of processes

= Use binary format for metric values plus XML metadata

= Store inclusive values and load them incrementally on demand
« Full analysis presentation requires large, high-resolution displays
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Scalasca case study 2: PFLOTRAN

3D reservoir simulator developed by LANL/ORNL/PNNL
= ~80,000 lines of Fortran9X, combining solvers for
= PFLOW non-isothermal, multi-phase groundwater flow
= PTRAN reactive, multi-component contaminant transport
employs PETSc, LAPACK, BLAS & HDF5 I/O libraries
= internal use of MPI
“2B” input dataset run for 10 simulation time-steps
= uses 3-dimensional (non-MPI) PETSc Cartesian grid
= TRAN(sport) step scales much better than FLOW step
= FLOW step generally faster, but crossover at larger scales
Scalasca summary & trace measurements
= |[BM BG/P (jugene) and Cray XT5 (jaguar)

SC 2012 © LLNL/JSC 145



PFLOTRAN “2B” test case o o NNL)

Hanford 300 Area Geologic Units

Hanford sands and gravels

Ringold fine-grained silts

Ringold gravels

6-7% of grid cells inactive
since within river channel

110
105
100

95
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Slide courtesy of

PFLOTRAN simulation of U(VI) migration ¢ Hammond ;PnnL)

 Hanford 300 area
*  Problem domain:

900x1300x20m
grid Ax/Ay = 5m
1.87M grid cells

15 chemical
species
28M DofF total

« 1-year simulation:

At=1 hour

5-10 hr runtime
on Cray XT5
(using 4k cores)

SC 2012

B

Saturation [-]: 0.05 0.25 0.45 0.65 0.85

U(VI) Concentration [M]

1E-07
5E-08
1E-08
5E-09

- M.

Pressure [Pa]: 10000 50000 90000 130000 170000 210000
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PFLOTRAN “2B” strong scalability

Good scaling on BGP to 64k
but XT5 scales only to 32k

100

Time [s]

10

=—a jugene: flow+tran
=—a jugene: flow
=—a jugene: tran
o --o jaguar: flow+tran
o --o jaguar: flow
o --o jaguar: tran

4,096 16,384

Processes

2,048
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32,768

65,536 131,072
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Scalasca usage with PFLOTRAN

Automatic instrumentation
= User-level source routines instrumented by IBM XL compilers
= Both PFLOTRAN application (Fortran) & PETSc lib (C)
= (P)MPI routine interposition with instrumented library

 Initial summary measurements used to define filter file specifying all
purely local computation routines

- Summary and trace measurement collected using filter

= Parallel trace analysis initiated automatically on same partition
« Post-processing of analysis reports

= Cut to extract stepperrun time-step loop

= incorporation of application's 3D grid topology
« Analysis report examination in interactive GUI
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Scalasca usage with PFLOTRAN

COM
- Determined by scoring summary experiment /*\
using fully-instrumented application executable |USR COM USR
= 29 MP! library routines used USR/ Mt, |\3Mp D«SR
= 1100+ PFLOTRAN & PETSc routines

= most not on a callpath to MPI, purely local calculation (USR)

= ~250 on callpaths to MPI, mixed calculation & comm. (COM)
= Using measurement filter listing all USR routines

= maximum callpath depth 22 frames

= ~1750 unique callpaths (399 in FLOW, 375 in TRAN)

= 633 MPI callpaths (121 in FLOW, 114 in TRAN)

= FLOW callpaths very similar to TRAN callpaths
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PFLOTRAN stepperrun graph =

Nodes
coloured by
exclusive
execution
time

Many paths lead
to MPI_Allreduce
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X © Cube 3.3 Qt: epik_pflotran_vn65536_trace/stepperrun.cube.gz

File Display Topology Help

Absolute v
Metric tree
&+ (] 0.00 Time -
& @ 1.07e7 Execution
= [ 1.82e4 MPI

&+ [J 0.00 Synchronization
&+ [ 153.56 Collective
(] 1.58e4 Wait at Barrier
(1 45.93 Barrier Completion
0.00 Communication

=0
(1 2.10e5 Point-to-point
] 1.82e4 Late Sender
(] 0.00 Late Receiver
[C] 3.68e6 Collective
(] 0.00 Early Reduce
(] 0.00 Early Scan
[] 0.00 Late Broadcast
(] 1.69e6 Wait at N x N
(1 5814.39 N x N Completio
5} (] 0.00 File IO
L[] 0.00 Init/Exit
L[] 0.00 Overhead
— [l 6.96e10 Visits
& [ 6.05e7 Synchronizations
& [ 0 Communications
= [ 0 Point-to-point
(O] 6.94e9 Sends
=+ [ 6.93e9 Receives
B+ 1 6.78e6 Late Send

Absolute v

Call tree Flat view

=+ (] 0.00 stepperrun 2
&+ [ 0.00 stepperstepflowdt
[ 1.02e4 discretizationlocaltolocal
[ 752.90 globalupdateauxvars
=[] 0.00 snessolve
& [] 0.00 SNESSolve
(] 0.00 MPI_Comm_compare
[ 1772.42 SNESSetUp
(] 5.67e5 SNESSolve_LS
(] 0.00 VecDestroy
E} (1 556.65 vecnorm
+ (] 429.15 richardsmaxchange
= [ 0.00 steppersteptransportdt
(] 0.00 discretizationlocaltolocal
= [] 0.00 snessolve
& [] 0.00 SNESSolve
(] 0.00 MPI_Comm_compare
[ 3659.55 SNESSetUp -
1.14e6 SNESSolve_LS
[J 0.00 VecDestroy
[ 912.50 vecnorm
(1 449.77 tmaxchang

&+ [ 3.15e1
& ] 0MPI
++ [l 6.63e5

33% of waiting time found in 'flow' phase,
mostly along top-front edge complementary |
to application's computational imbalance |

Peer percent

System tree  Topology 0 Topology 1

<

1<>

0.00 1.72e6 (10.56%) 1.63e7

0.00 5.67e5 (32.91%) 1.72e6

0.00 100.00

100.00
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Exclusive execution time

e : . : . :
13% computational imbalance in various routines
where a relatively small number of processes

K © Cube 3.3 Qt: epik_pflotran_12p8192_trace_PAT _RT_HWPC
File Display Topology Help

Absolute v Absol .
. on edge of grid are much faster
Metric tree - — — -
=+ [ 0.00 Time 1 3.91e4 init A
&+ [ 1.68e6 Execution - [1 3.27e4 stepperrun
= [ 1.63e4 MPI &+ [ 1360.96 stepperstepflowdt

[] 0.00 Synchronization
[ 1124 .42 Collective
(] 0.00 Communication

[ 1.46e5 Point-to-point
(L] 5.18e5 Collective

(] 3.83e4 File I/0

L[] 1.80e5 Collective
(] 8385.88 Init/Exit

(1 45.11 discretizationlocaltolocal -
[ 1250.29 globalupdateauxvars
= [ 1.00 snessolve_
& [ 2.32 SNESSolve (5.41%)
(] 3.00 SNESSetUp
(1 1.98e5 SNESSolve_LS
(] 3.36 vecnorm_
[ 15.45 richardsmaxchange
3

— [ 4.02e4 Overhead & [ 3.74e4 steppersteptransportdt
— [l 5.15e9 Visits (] 19.08 discretizationlocaltolocal
E} 8.19e4 Synchronizations - [1 1.45 snessolve_
= [] 0 Communications (1 1.86 SNESSolve (7.56%)
1.56€9 Point-to-point (] 43.18 SNESSetUp
[ 3.77e8 Collective -+ [] 2588.28 SNESSolve_LS

& [] 0 Bytes transferred

[ 7.49e12 Point-to-point
2.18e15 Collective

- [l 1.67e6 MPI file operations

-+ [l 1.07e5 Computational imbalance
— [l 3.06e13 PAPI_L1_DCM [ 2.65e5 SNESLineSearchNo
— [l 2.98e15 PAPI_L1_DCA (1 310.43 VecNorm u
— [l 6.92e15 PAPI_TOT_INS &+ [ 61.26 vecnorm_

— [l 1.05e15 PAPI_FP_OPS G [ 214.11 rtmaxchange

M 1 AfPNA EA minarilatinmadantvans
<( ) <> <[ J<>

0.00 1.68e6 (63.99%) 2.63e6||0.00 1.56e6 (92.87%) 1.68e6 [0.00
1.

[ 2.94e4 SNESComputeFunction
[ 1.25 VecNormEnd

(] 869.32 oursnestest

(] 4.90e5 SNESComputeJacobian
(] 5.77e5 SNES_KSPSolve

[ |

<>
<>
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Floating-point operations

+ a7 —

Hardware counters included as additional metrics
show the same distribution of computation

(<
&)
%)

X © Cube 3.3 Qt: epik_pflotran_12p8192_trace_PAT
File Display Topology Help

Absolute v

Metric tree

&[] 0.00 Time
=+ [E 1.68e6 Execution
= [ 1.63e4 MPI
(] 0.00 Synchronization
(1 1124 42 Collective
] 0.00 Communication
[ 1.46e5 Point-to-point
L] 5.18e5 Collective
(1 3.83e4 File I/0
L [ 1.80e5 Collective
(L] 8385.88 Init/Exit
- [1 4.02e4 Overhead
— [l 5.15e9 Visits
G [ 8.19e4 Synchronizations
-} [] 0 Communications
1.56e9 Point-to-point
[ 3.77e8 Collective
- [] 0 Bytes transferred
[ 7.49e12 Point-to-point
2.18e15 Collective
- [l 1.67e6 MPI file operations
- [l 1.07e5 Computational imbalanc
— [l 3.06e13 PAPI_L1_DCM
— [l 2.98e15 PAPI_L1_DCA
— [l 6.92e15 PAPI_TOT_INS
L [ 1.05e15 PAPI_FP_OPS

171

iy!

151

] >

A
v

J<>

ml 1 £ ALAL Ainnmrilabinmdanivans

e6 SNESSolve (0.00%)
9.99e5 SNESSetUp
(] 4.45e13 SNESSolve_LS
3.24e6 vechorm_
6.83e8 richardsmaxchange
1.70e13 steppersteptransportdt
[ 1.98e7 discretizationlocaltolocal
-+ [] 1.64e5 snessolve_
& [ 2.61e6 SNESSolve (0.00%)
(] 9.99e5 SNESSetUp
=+ [18.17e10 SNESSolve_LS
[ 1.44e13 SNESComputeFunction
(] 2.95e6 VecNormEnd
(] 4.79e7 oursnestest
[ 2.27e14 SNESComputeJacobian
(1 6.00e14 SNES_KSPSolve
(] 1.33e14 SNESLineSearchNo J
(] 2.33e7 VecNorm
Ei [ 3.24e6 vecnorm_
&+ [ 1.02e10 tmaxchange

A
v

J<>

0 1.05e15 (100.00%)

1.05e15

1.02e15 (97.09%) 1.05e15

0.00
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Scalasca trace analysis metrics (waiting time)

K © Cube 3.3 Qt: epik_pflotran_12p8192_trace_PAT _RT_HWPC

File Display Topology Help
Absolute

Metric tree

= (] 0.00 Time

£+ [E 1.68e6 Execution

& [ 1.63e4 MPI

&+ L] 0.00 Synchronization
= [ 3.59 Collective

=)

|

L

\

\

p—

(1 1119.69 Wait at Barrier
(1 1.14 Barrier Completion
0.00 Communication
(1 1.38e5 Point-to-point
Er ] 4477.19 Late Sender
= [] 0.00 Messages in Wrong Order
(L] 3559.79 From different sources
D 0.00 From same source
_ ] 0.00 Late Receiver
(L] 2.90e4 Collective
- [] 0.00 Early Reduce
— 1 15.66 Early Scan
- [ 3516.18 Late Broadcast
— (1 4.69e5 Wait at N x N

- [] 1.61e4 N x N Completion

[ 3.83e4 File /0

[C] 1.80e5 Collective

- [1 8385.88 Init/Exit
- [ 4.02e4 Overhead

— [l 5.15e9 Visits

8.19e4 Synchronizations

[ 4 AOA~AO A avasniiminatinma

<>

<>

P

Augmented metrics from automatic trace analysis
calculated using non-local event information show
MPI waiting time is the complement of calculation

o-00 MPI_Comm_group
4567.26 petscinitialize_
2.09e4 init
0.00 stepperrun
(] 0.00 stepperstepflowdt
(] 1996.90 discretizationlocaltolocal
[ 248.41 globalupdateauxvars
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Computational imbalance: overload
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PFLOTRAN “2B” grid decomposition imbalance 4\@/

+ 850x1000x160 cells decomposed on 65536=64x64x16 process grid
= x-axis: 850/64=13 plus 18 extra cells
= y-axs: 1000/64=15 plus 40 extra cells
= z-axis: 160/16=10
« Perfect distribution would be 2075.2 cells per process
= but 20% of processes in each z-plane have 2240 cells

= 8% computation overload manifests as waiting times at the next
communication/synchronization on the other processes

* The problem-specific localized imbalance in the river channel is minor

= reversing the assignments in the x-dimension won't help much
since some of the z-planes have no inactive cells
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MPI File 1/O time
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MPI communicator duplication time

X © Cube 3.3 Qt: epik_pflotran_12p8192_trace_PAT_RT_H
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Complementary analyses & visualizations

- TAU/ParaProf can import Scalasca analysis reports
= part of portable open-source TAU performance system
= provides a callgraph display and various graphical profiles
= may need to extract part of report to fit available memory

«  Vampir 7 can visualize Scalasca distributed event traces
= part of commercially-licensed Vampir product suite VAMEIR

= provides interactive analysis & visualization of execution intervals
= powerful zoom and scroll to examine fine detalil

= avoids need for expensive trace merging and conversion
= required for visualization with Paraver & JumpShot
= but often prohibitive for large traces
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TAU/ParaProf graphical profiles

T @

File Options Help

TAU: ParaProf Manager

T @

|@ Applications
¢ [ standard Applications
¢ [ Default App
¢ [ Default Exp
¢ [ epik_pflotran_12p8192 _trace/
@ Time => Execution => MPI
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“lApplication ID |0

“|Experiment 1D |0

Trial ID 0

:|File Type Index |8

:|File Type Name  |Cube

:|TopoO Size (768,12,25)
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T

ParaProf callpath profile
and process breakdown

TAU: ParaProf: epik_pflotran_12p8192_trace/stepperrun.cube.gz

File Options Windows Help
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File Options Windows Help

Metric Name: Time
Walue: Exclusive

Metric: Time

Yalue: Exclusive

Units: seconds

54.382 | |
node 8154 ] .. & O] 54129 | |
node 8155 ] e = O] 53723 | |
node 8156 ] . (= O] 53722 | ]
node 8157 ] - e ] E ) 53719 |
node 8158 ] " [ | 53.718 | |
node 8159 " [ | 53.718 | |
node 8160 [ . . SO 53718 | l
node 8161 L [P _Allreduce | e R L S— - TAU: ParaProf: Function Legend... v X !
node 8162 [l | Exciusive Time: 212.646 seconcs M " ) EeE | 53717 E——— =T ™ I
node 8163 S| incjusive Time: 212.646 seconds - (EE | 53717 IZI: fle Fiiter Windows Help I
node 8164 ESd | calls: 34458.0 — - = 27 L |H DAGlohalToLocalBegin 5
node 8165 E==] |sunCalls: 0.0 B L EAE 071 ——— |0 oacioparolocakna B =
lgedia I - ) == 52715 [ | DAlocalTolocalBegin I
ode s1cs ] o e ] 1 53715 B | B DALocaToLocaeng |

52714 L |l DMGlobalTolocalBegin I
node 8169 [ 11— |mm==]n B DMCisbaiToLocalEnd
node 8170 B e e [ BRI 53714 C———— e UIE(E 0 l:ll:la n ]
node 8171 [ i — — [ | 53.713 [ u IscreateceneralNc 1
node 8172 [ e . S e mw wenur 1w 0 Iscreateceneral irt T
node 8173 [ e . S CE E0 B0l 0§ B o res:ﬂe) enent'a{ rivate
node 8174 [ . EECE E0 B0l 0§ 0 ISIgﬁnPEFmﬁtzt:g: —
node 8175 [ ] . S CE E0 fiail 1w B SLocaToGlobalMappingAppiyis
node 8176 [ [ o e N T B KSPDefaurCetWork
node 8177 [ g e = A N 0 KSPGet‘su Etor
node 8178 [ . B C0E E0 Biai 0 .KSPI.'EI‘I.ECS'OI | -
node 8179 [ . B CE S0 Bl 0N ] KSPSmt'Fa esc') :‘Aa
node 8180 . ESCE S0 Bl 0§ 0 KSPSetUmm ptions
node 8181 ] .. ESC0E E0 fil 0 W DKSPSetUpO Bibele
node 8182 [ e . B C]E S0 Bl 0§ I:IKSPSeUanCC?:'.CS
node 8183 [ . ESC]E E0 el 0§ IKSPSEI R-
node 8184 [ e e B E =0 #iel i W — KSPSOIVE HCCS
node 8185 [ . B C0E E0 Bl 0§ -Mplzre'th
node 8186 [ . B C0E E0 Bl 0§ O MPI_A"gader
node 8187 [ . ESC0E EE0 Bl 0 W R reduce
node 8188 [ . EC0] =@ il 0§ B MPI'IrEt‘é
node 8189 ] s e ECO1 EO0 #ii 0 MPI'SSter;
node 8190 " = I I 0 MPI_Stan I
node 8191 ] B = = 0 MPI-WZitgl

B mPI_waitany
SC 2012 © LLNL / JSC = MatAssemblyBegin
/.

MatAssemhblyBeqgin_MPIAl)
MatAccarmhluRanin MPIRAILI

MName: stepperrun = 3> steppersteptransportdt = > snessolve_ = > SNESSolve = 3> SNESSolve_LS
= SNESCompute)acobian = > oursnesjacobian => rtjacobian = > rtjacobianpatch2 = >
matassemblybegin_ = > MatAssemblyBegin = > MatAssemblyBegin_MPIBAI] = > MPI_Allreduce

node 8191
node 8180
node 6751
node 6463
node 5503
node 6655
node 6527
node 6079
node 6591
node 6015
node 6943
node 6783
node 6847
node 6623
node 7615
node 7135
node 7999
node 5631
node 7711

ME

4]




TAU: ParaProf: 3D Visualizer: epik_pflotran_12p8192_trace/stepperrun.cube.gz

T

File Options Windows Help ParaPrOf 3D tOpOIOgy VleW
and distribution histogram
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Vampir overview of execution (init + 10 steps)

Y o Vampir - [Trace View - ji22c02:30000: lustrejhome7 jzam11 jzam1101/work/pflotran/epik_pflotran_12p8192_trace/epik esd] <@ijji28905>
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PFLOTRAN execution timestep 7 (flow & transport)
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PFLOTRAN execution flow/transport transition
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PFLOTRAN execution at end of flow

phase
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PFLOTRAN execution at end of flow phase
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Scalasca scalability issues/optimizations (Part 2)

« PFLOTRAN (via PETSc & HDF5) uses lots of MPl communicators
= 19 (MPI_COMM_WORLD) + 5xNPROCS (MPI_COMM_SELF)
= time shows up in collective MPI_Comm_dup
Not needed for summarization, but essential for trace replay
= definition storage & unification time grow accordingly
= QOriginal version of Scalasca failed with 48k processes
= communicator definitions 1.42 GB, unification over 29 minutes
Revised version resolved scalability bottleneck
= custom management of MPI_COMM_SELF communicators
= hierarchical implementation of unification
...also eliminated growing tracing measurement dilation
= avoid rank globalization using MPI_Group_translate _ranks
= store local communicator ranks in trace event records
« Scalasca trace collection and analysis costs increase with scale
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Improved unification of PFLOTRAN identifiers @

10000 I | I 1 1
[ Original version scaled poorly]
Pu
1000 -7
B jugene original
[} —[] jaguar original
®—@ jugene revised
. 100 O = jaguar revised
0
2 0~ ) )
ig -7 [ Revised version takes seconds]
10 T~ =
——
1 0O =
. - ’O - -
—--=0""
0.1 | | . O | 1 1 1
2,048 4,096 8,192 16,384 32,768 65,536 131,072
Processes
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PFLOTRAN measurement dilation (BG/P original)@

Dilation of trace expt is flow-tran
=——= yninst: flow

significant at 16k and —a minst tran
grows to 7x with 128k! | |o------o sum: flow
O-eevee © sum: tran

e - --o trace: flow
e ---o trace: tran

100

Time [s]

.. —— —
------

10

| | | | | I |
2,048 4,096 8,192 16,384 32,768 65,536 131,072
Processes
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Trace measurement dilation (BG/P)

&

Dilation of 'flow' phase in
trace recording local ranks
reduced to acceptable level

— flow+tran
=——=a yninst: flow
=——= uninst: tran
o - - - (GG-trace: flow
e ---o (G-trace: tran
Oxxvees o L-trace: flow

100
------ o |-trace: tran
— /)
2 -
® s
k= g
|_
0 .v.-v-.q-.,.,,_._._o
‘.
10 e ©
| | | | | | |
2,048 4,096 8,192 16,384 32,768 65,536 131,072
Processes
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Scalasca case study 3: BT-MZ

« NPB benchmark code from NASA NAS

= block triangular solver for unsteady, compressible Navier-Stokes
equations discretized in three spatial dimensions

= performs ADI for several hundred time-steps on a regular 3D grid
and verifies solution error within acceptable limit

*  Hybrid MPI+OpenMP parallel version (NPB3.3-MZ-MPl)

= ~7,000 lines of code (20 source modules), mostly Fortran77

= intra-zone computation with OpenMP, inter-zone with MPI

= only master threads perform MPI (outside parallel regions)

= very portable, and highly scalable

= configurable for a range of benchmark classes and sizes

= dynamic thread load balancing disabled to avoid oversubscription
*  Run on jugueen BG/Q with up to 524,288 threads (8 racks)

= Summary and trace analysis using Scalasca

= Selective instrumentation by compiler & OPARI source processor
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BT-MZ.E scaling analysis (BG/Q)

NPB class E problem:
64 x 64 zones
4224 x 3456 x 92 grid

1400

4096x4

1200

1000

800

Time [s]

600

400

200

B 256 processors
B 512 processors
B 1024 processors
M 2048 processors
Il 4096 processors

1024x16
4096x16

SC 2012

4

8

16

32

OMP_NUM_THREADS
« Best performance with 64 OpenMP threads per MPI process

«  55% performance bonus from exploiting all 4 hardware threads

© LLNL/JSC

Best pure MPI
execution time
over 2000s

3.8x speed-up
22| from 256 to 1024

compute nodes

1024x64
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- - NPB class F problem:
BT-MZ.F scaling analysis (BG/Q) 128 x 128 Zoﬁes
12032 x 8960 x 250 grid

! I I ! *~—e referenlce
[3.6x speed-up from}

- summary (collation)
| === trace (extra)
- trace (collation)

- == summary (extra)
1024 to 4096 nodes

1000

Scaling tails off with
8192x64 threads

Time [s]
\
\
\

———————————

Additional inefficiency metrics
100 determined by replay analysis
of 312GB of event trace data
] | | ] |

1,024 2,048 4,096 8,192 16,384  Processors
16,384 32,768 65,636 131,072 262,144  Cores
65,536 131,072 262,144 524,288 1,048,576  Threads

* Negligible dilation of Scalasca measurements, however, extra costs for
analysis report collation proportional to total number of threads
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Idle threads time

w & Cube 3.4 QT: epik_bt-mz_F_1p8192x64_sumisummary.cube gz <@judge> 9 @ &
File Display Topology Help
'Absolute 'v| |Absolute '~| |Peer percent v
| Metric tree | Calltree | Flatview | - Systemtree | BoxPlot | <ABCDEO> | <PxT> |
= []-0.00 Time '« | & [11887.59 bt &+ (B 98.70 R13-M0-N00-J14 <5,5,5,1,1> -

(X 1.28e8 Execution
[ 2.24e6 MPI
[d1.77e7 oMP
[d1.44e4 Overhead

[J1.28e6 mpi_setup
[J 5718.66 MPI_Bcast
[13949.97 env_setup
- -

(1 1.49e8 Idle threads
L 1 0.00 Limited parallelism
- [ 1.39e10 Visits
&+ [l 1.64e4 Synchronizations
&+ [ 3.20e7 Communications
&+ [l 2.60e13 Bytes transferred
& [ 2.10e7 Computational imbalan

[13.15e6 map_zones

[ 2.14e6 zone_starts

[ 2.65 set_constants

[ 781.03 initialize

(d391.11 exact_rhs

-+ [17.93e4 exch_gbc

[ 3.83e5 copy_x face

[J3.81e5 copy_y face
(18511.81 MPI_Isend
(1 6959.90 MPI_Irecv
1.38e8 MPI_Waitall

&+ (1 4.98e5 adi

- [ 2.61e6 MPI_Barrier

&+ [ 9.14e4 verify

- [115.79 MPI_Reduce

- [ 0.36 print_results

& [ 36.59 MPI_Finalize

G+ (M 98.27 R13-M0-N02-J13 <5,5,5,2,0>
G+ (B 97.57 R13-M0-N02-J14 <5,5,5,2,1>

Half of CPU time attributed to idle threads

(unused cores) outside of parallel regions

7+ [l 98.90 R13-M1-N00-J13 <5,5,5,5,0>
+ [l 99.23 R13-M1-N00-J14 <5,5,55 1>
+ [l 97.74 R13-M1-N02-J13 <5,5,5,6,0>
+ [l 98.15 R13-M1-N02-J14 <5,5,5,6,1>
7 [l 97.55 R13-M1-N02-J1f <5,5,5,7,0>
7+ [l 97.26 R13-M1-N02-J18 <5,5,5,7,1>
7 [l 97.44 R13-M0-N01-J1f <5,5,6,0,0>
+ [l 97.42 R13-M0-N01-J18 <5,5,6,0,1>
+ [l 96.17 R13-M0-N01-J13 <5,5,6,1,0>
+ [l 98.27 R13-M0-N01-J14 <5,5,6,1,1>
+ [l 97.19 R13-M0-N03-J13 <5,5,6,2,0>
7 [l 97.64 R13-M0-N03-J14 <5.5.6,2,1>
+ [l 96.97 R13-M0-N03-J1f <5,5,6,3,0>
+ [l 97.39 R13-M0-N03-J18 <5,5,6,3,1>
+ [l 97.18 R13-M1-N01-J1f <5,5,6,4,0>
7+ [l 97.42 R13-M1-N01-J18 <5,5,6,4,1>

B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
G+ (M 97.29 R13-M1-N01-J13 <5,5,6,5,0>
B

= =] 1 [ 97.31 R13-M1-N01-J14 <5,5,6,5,1> ‘;
(«] | ([ad») | (] [« | (<] [«]»]
0.00 1.49¢8 (50.18%) 2.96e8| [0.00  1.38e8 (92.84%)  1.49e8| [0.00 100.00
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Idle threads time

3 e
File Display Topology Help

Cube 3.4 QT: epik_bt-mz_F_1p8

. particularly during MPI communication
performed only by master threads &

'Absolute 'v| | Absolute l+] | nt v
Metric tree | Calltree | Flatview | _emtree | BoxPlot | <ABCDEO> | <PxT> |
&+ [1-0.00 Time ~| | 2 [11887.59 bt (]

(X 1.28e8 Execution
[ 2.24e6 MPI
[d11.77e7 oMP
[d1.44e4 Overhead
(d1.49¢8 Idle threads
L 1 0.00 Limited parallelism
- [ 1.39e10 Visits
+ [l 1.64e4 Synchronizations
+ [l 3.20e7 Communications
+ [l 2.60e13 Bytes transferred

¢ [l 2.10e7 Computational imbalan

K10

[ 1.28e6 mpi_setup

[J 5718.66 MPI_Bcast

(1 3949.97 env_setup

(1 251.29 zone_setup

[13.15e6 map_zones

[ 2.14e6 zone_starts

[ 2.65 set_constants

[ 781.03 initialize

(d391.11 exact_rhs

-+ [17.93e4 exch_gbc

[ 3.83e5 copy_x face

[J3.81e5 copy_y face
(18511.81 MPI_Isend
(1 6959.90 MPI_Irecv
1.38e8 MPI_Waitall

&+ (1 4.98e5 adi

- [ 2.61e6 MPI_Barrier

&+ [ 9.14e4 verify

- [115.79 MPI_Reduce

- [ 0.36 print_results

& [ 36.59 MPI_Finalize

] | &) |Gl DN o <]
0.00 1.49e8 (50.18%) 2.96e8| (0.00 1.38e8 (92.84%) 1.49e8| (0.00 o _‘IOO.OOr . 1?0.?9
0.00 262.99 +/- 54 .92 318.15
|
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MPI point-to-point communication time

a IO Cube 3.4 QT: epik_bt-mz_F ; ;
: westEh P 0Only master threads perform communication
Sl B but require widely varying time for receives
{Absolute ]v] [Absolute q y ry g v]
Metric tree | Calltree | Flatview _.rtree | BoxPlot | <ABCDEO> | <PXT> |
& [1-0.00 Time +| | @0o0.00 bt (4] (+]
&+ [0 1.28e8 Execution & (] 0.00 mpi_setup
& [1118.28 MPI L []0.00 MPI_Bcast
[ 4.15e4 Synchronizatio & []0.00 env_setup
= [J]0.00 Communication — [ 0.00 zone_setup
(1 2.19e6 Point-to-poi ~ (] 0.00 map_zones
(1 1584.63 Collective —[]0.00 zone_starts
[ 5812.87 Init/Exit — [ 0.00 set_constants
& [d1.77e7 OMP & [J 0.00 initialize
- [11.44e4 Overhead & []0.00 exact_rhs
& [ 1.49e8 Idle threads & [J]0.00 exch_gbc
L 3 0.00 Limited parallelism (] 0.00 copy_x_face
- [ 1.39e10 Visits [(J0.00 copy_y face
&+ M 1.64e4 Synchronizations (d135.11 MPI_Isend
&+ [l 3.20e7 Communications (1 110.47 MPI_Irecv
&+ [l 2.60e13 Bytes transferred 2.19e6 MPI_Waitall
& [l 2.10e7 Computational imbalan &+ (] 0.00 adi
— []0.00 MPI_Barrier
& (] 0.00 verify
—[]0.00 MPI_Reduce
. . . — [ 0.00 print_results
Explicit MPI time g [10.00 MPI_Finalize
is less than 1% | | | u
] \ | G & CIDN§ CI ()
0.00 2.19e6 (0.74%) 2.96e8| |0.00 2.19e6 (99.99%) 2.19e6| |0.00 100.00 100.00
0.00 4.17 +I- 33.59 318.15
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MPI point-to-point communication time

« J®
File Display Topology Help

... with correspondence to MPI rank evident

Cube 3.4 QT: epik_bt-mz_F ‘(

|Absolute

| }:Absolute \

from folded BG/Q torus network topology

LI LA A

" Metric tree |

Call tree Flat view

& [ 1.28e8 Execution
& [d118.28 MPI
[J 4.15e4 Synchronizatic
= []0.00 Communication
(1 2.19e6 Point-to-po
[11584.63 Collective
] 5812.87 InitExit
& [11.77e7 OMP
— [11.44e4 Overhead
= [ 1.49€8 Idle threads
L [10.00 Limited parallelism
- [ 1.39e10 Visits

& [1-0.00 Time (4]

| Systemtree | BoxPlot | <ABCDEO> | <PxT>
= []0.00 bt ; ; f ‘ ‘
[(J 0.00 mpi_setup
(J 0.00 MPI_Bcast
[(J0.00 env_setup
[(J 0.00 zone_setup
[(J 0.00 map_zones
[(J 0.00 zone_starts
[(J 0.00 set_constants
[ 0.00 initialize
[(J 0.00 exact_rhs
=+ [ 0.00 exch_gbc
[J 0.00 copy x face
[(J 0.00 copy y face

=

&+ M 1.64e4 Synchronizations (d135.11 MPI_Isend
&+ [l 3.20e7 Communications 11047 MPI_lrecy TR S S St St S ST
&+ [l 2.60e13 Bytes transferred 2.19e6 MPI_Waitall
&+ [l 2.10e7 Computational imbalan & [ 0.00 adi
— []0.00 MPI_Barrier
& []0.00 verify FHHE S T it St St
—[]10.00 MPI_Reduce i S i St 1 1 —
- [ 0.00 print_results / : ; ‘ ' -~
& [J0.00 MPI_Finalize a '| Tl |
] A | —— X y z
= v select
gl | G (@ D) - setee. | o o [ 8X8X8X8XZJ ]
0.00 2.19¢e6 (0.74%) 2.96e8 _0.72

(0.00%) 31 15

000  219e6 (99.99%)  2.19e6| [0.00 o
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MPI point-to-point receive communications

| & Cube 3.4 QT. epik_bt-mz_F

. though primarily explained by the number
of messages sent/received by each process

'Absolute v |Absolute St Rt St v

Metric tree \ Calltree | Flat view | System tree | Box Plot ] <ABCDEO> | <PxT>

&+ [1-0.00 Time ~ |20obt - ; ; T

& [ 1.28e8 Execution

& [d118.28 MPI

[J 4.15e4 Synchronizatic

= []0.00 Communication
[ 2.19e6 Point-to-po
[11584.63 Collective

] 5812.87 InitExit
& [11.77e7 OMP
- [11.44e4 Overhead

File Display Topology Help

D

[J 0 mpi_setup

[J o MPI_Bcast

J o env_setup

(J 0 zone_setup
(J 0o map_zones
[J 0 zone_starts
[J o set_constants
[J o initialize

[J 0 exact_rhs

= [0 1.49€8 Idle threads =+ [0 exch_gbc
L 3 0.00 Limited parallelism [J o copy_x_face
- [ 1.39e10 Visits [(Jo copy_y face
&+ [l 1.64e4 Synchronizations [0 o MPI_Isend
& [J 0 Communications [J o MPL_Irecv
& [J 0 Point-to-point 1.59e7 MPI_Waitall
[ 1.59e7 Sends &[]0 adi
(1 1.59e7 Receives — ] 0 MPI_Barrier
& [ 9.83e4 Collective & [J 0 verify
& [J 0 Bytes transferred —[]0 MPI_Reduce
& [J 0 Point-to-point — ] 0 print_results
(4 1.30e13 Sent & [J 0 MPI_Finalize
(1 1.30e13 Received
& [J1.08e9 Collective =)

X y z

]

. select |

[ | G | [ ) | | || R [T

e+ [ 2.10e7 Computational imbalar|~|

0 1.59e7 (49.85%) 3.20e7| [0 1.59e7 (100.00%) 159¢7) [0.00 B3 100.00
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MPI point-to-point bytes received

s B8
File Display Topology Help

Cube 3.4 QT epik_bt-mz_&(-“ and Varlatlons |n the amount Of message

{Absolute lv] [Absolute A\ dlajtﬁ .S..err_].t!.r.gcelved by eaCh prOCGSS
Metric tree | Calltree | Flatview | Systemtree | BoxPlot | <ABCDEO> | <PxT> |
&+ [1-0.00 Time ~l |=0obt (] (2]
&+ [ 1.28e8 Execution [0 0 mpi_setup
& [1118.28 MPI [0 MPI_Bcast

[J 4.15e4 Synchronizatic
= []0.00 Communication
[ 2.19e6 Point-to-po
[11584.63 Collective
[ 5812.87 Init/Exit
& [11.77e7 OMP
— [11.44e4 Overhead
= [ 1.49€8 Idle threads
L [10.00 Limited parallelism
- [ 1.39e10 Visits
&+ [l 1.64e4 Synchronizations
& [] 0 Communications
& [J 0 Point-to-point
£ 1.59e7 Sends
£ 1.59e7 Receives
& [ 9.83e4 Collective
& [J 0 Bytes transferred
& [J 0 Point-to-point
[ 1.30e13 Sent

J o env_setup

(J 0 zone_setup

(J 0o map_zones

[J 0 zone_starts

[J 0 set_constants

[J o initialize

[J 0 exact_rhs

=+ [0 exch_gbe

[J o copy_x_face

[(Jo copy_y face
[J o MPI_Isend
[J o MPI_Irecv
1.30e13 MPI_Waitall

& [0 adi

— ] 0 MPI_Barrier

& [J 0 verify

— [0 MPI_Reduce

—[] 0 print_results

& [J 0 MPI_Finalize

| |

K10

<«
[11.30e13 Received D)
& [11.08e9 Collective =] )
X . el X y z
e+ [ 2.10e7 Computational imbalar|~| = select
ﬁ — —— LA LB (L€ [D]|CE] [T
a Waomja D) | (A e o )
0 1.30e13 (50.00%) 2.60e13| |0 1.30e13 (100.00%) 1.30e13| (0.00 61.49 100.00
1.04e9 1.56e9 (34.88%) 2.53e9
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Computation time (x)

Comparable computation times for three

Cube 3.4 QT: epik_bt-mz_F . . . . & & X
S — " solve directions, with higher numbered ™ =
File Display Topology Help . .
(Absolute [ (Abaoiute . threads slightly faster (load imbalance)
Metric tree Calltree | Flat view / /| BoxPlot | <ABCDE0> | <PxT> |
& [1-0.00 Time 4| | &[J29.96 bt -~
& [J1.28e8 Execution &+ [10.16 mpi_setup
[1118.28 MPI L [10.00 MPI_Bcast
[ 4.15e4 Synchronizatic &+ [10.36 env_setup
-+ []0.00 Communication — [13.99 zone_setup
[ 2.19e6 Point-to-po — [14.99e4 map_zones
(1 1584.63 Collective — [13.39e4 zone_starts
L [ 5812.87 Init/Exit - [10.04 set_constants
[Jo.00 oMP &+ [ 1.48e5 initialize
[ 0.00 Flush &+ [ 7.40e4 exact_rhs
&+ [11.78e6 Management &+ [11.02e5 exch_gbc
E

7 [190.53 adi

[d2.02e7 compute_rhs
(1 3.34e7 x_solve |
[d3.57e7y_solve
[13.63e7 z_solve

& [J 0.00 Synchronization
(] 0.00 Barrier

(] 0.00 Explicit

[ 1.59e7 Implicit
(1 28.85 Critical

(] 0.00 Lock API [d1.45e6 add
(] 0.00 Ordered —[]0.00 MPI_Barrier
— [11.44e4 Overhead &+ [ 9.59e4 verify
& I 1.49€8 Idle threads —[]0.00 MPI_Reduce
L (1 0.00 Limited parallelism — [10.01 print_results
— [l 1.39€10 Visits & [J0.00 MPI_Finalize
G+ [l 1.64e4 Synchronizations L
&+ [l 3.20e7 Communications a) [a) ~
t- [ 2.60e13 Bytes transferred |+ ~ ~
(] |G G <) | [ (eI>)
0.00 1.28e8 (43.08%) 2.96e8| (0.00 3.34e7 (26.16%) 1.28e8| (0.00 100.00 100.00
39.55 63.61 +/-12.78 136.57

4
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Computation time (2)

For z_solve imbalance is rather larger

; Cube 3.4 QT: epik_bt-mz_F . .
2. " and shows more variation by process
File Display Topology Help . .
e ] (Absoiute . particularly in OpenMP parallel do loop
Metric tree | Calltree | Flatview | / | BoxPlot | <ABCDEO> | <PxT> |
&+ [1-0.00 Time ] | & [129.96 bt |' ; : — (]
&+ (1 1.28e8 Execution & [ 0.16 mpi_setup —
(d118.28 MPI —[]0.00 MPI_Bcast
(1 4.15e4 Synchronizatic & [10.36 env_setup
-+ []0.00 Communication — [13.99 zone_setup
(1 2.19e6 Point-to-po —[14.99e4 map_zones
(1 1584.63 Collective — [13.39e4 zone_starts
- [1 5812.87 Init/Exit — (1 0.04 set_constants
[Jo.00 omP &+ [ 1.48e5 initialize
[ 0.00 Flush &+ [ 7.40e4 exact_rhs
& [11.78e6 Management &+ [11.02e5 exch_gbc
& [J 0.00 Synchronization & [190.53 adi
(J 0.00 Barrier [d2.02e7 compute_r

(J 0.00 Explicit
1 1.59e7 Implicit
(] 28.85 Critical
[]0.00 Lock API
[]0.00 Ordered
- [11.44e4 Overhead
= [ 1.49¢8 Idle threads

[ 3.34e7 x_solve
[d3.57e7 y_solve
= [11550.98 z_solve
= [ 4299.33 '$omp para
(1 3.63e7 '$omp do
[(J 0.00 '$omp ibarr
[11.45e6 add

L [J0.00 Limited parallelism —[]0.00 MPI_Barrier
— [l 1.39e10 Visits &+ (1 9.59e4 verify
G+ [l 1.64e4 Synchronizations — —[]0.00 MPI_Reduce
G+ (M 3.20e7 Communications (a] — 1 0.01 print_results (a] N
G+ [l 2.60e13 Bytes transferred |+ & []0.00 MPI_Finalize v v
(4] | () | | (] | |l L_Jel*]
0.00 1.28e8 (43.08%) 2.96e8| (0.00 3.63e7 (28.48%) 1.28e8| (0.00 -100.00 100.00

||||||

Selected "!'$omp do @z_solve.f:52"
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OpenMP implicit barrier synchronization time (z)

w J®
File Display Topology Help

Cube 3.4 QT: epik_ht-mz_F ‘(

[Absolute

Iv] [Absolute

L wai

resulting in faster threads needing to

t in barrier at end of parallel region

Metric tree

Call tree Flat view

/

/ BoxPlot | <ABCDEO> | <PxT> |

=3

[]-0.00 Time
& [ 1.28e8 Execution
[d118.28 MPI
[ 4.15e4 Synchronizatic
-+ []0.00 Communication
[ 2.19e6 Point-to-po
[11584.63 Collective
L[] 5812.87 Init/Exit
(] 0.00 oMP
~[10.00 Flush
&+ [11.78e6 Management
& [J 0.00 Synchronization
(] 0.00 Barrier
[(J 0.00 Explicit
(1 1.59e7 Implicit
(] 28.85 Critical
[]0.00 Lock API
[]0.00 Ordered
— [11.44e4 Overhead
& [0 1.49¢e8 Idle threads
L 7 0.00 Limited parallelism

[+]

=3

[(10.00 bt

[J 0.00 mpi_setup

(J 0.00 MPI_Bcast

[(J 0.00 env_setup

[(J 0.00 zone_setup

[(J 0.00 map_zones

[(J 0.00 zone_starts

(7 0.00 set_constants
(1 7163.19 initialize
[J1.39e4 exact_rhs
[d2.67e5 exch_gbc

1+ []0.00 adi

[J9.74e5 compute_r
[J1.84e6 x_solve
[J2.08e6y solve
=[] 0.00 z_solve

= [J0.00 '$omp parallel

[J1.56e5 add
—[]0.00 MPI_Barrier

[(J 0.00 '$omp do @
1.06e7 '$omp ib:

BRonRnnReansiiiie

- [ 1.39e10 Visits g+ (1 5022.74 verify = EZEE
&+ [l 1.64e4 Synchronizations e —[]0.00 MPI_Reduce = - -
&+ [l 3.20e7 Communications =) - []0.00 print_results = [E==== S-IInzE Py
t- [ 2.60e13 Bytes transferred [+ - []0.00 MPI_Finalize Tl ——— ——— e | 7|
[« | ) [ I («*] | ]l IZ]
0.00 1.59e7 (5.38%) 2.96e8| (0.00 1.06e7 (66.46%) 1.59e7| (0.00 100.00 100.00
0.00 20.20 +- 20.96 97.34

Selected "!I$omp ibarrier @z_solve.f:428"
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OpenMP implicit barrier synchronization time (z)

' : ube 3. - epik_bt-mz 0 . \
i cressaretinitys . but with 8192 processes to examine
File Display Topology Help ling disol howing onl cal
o - scrolling displays showing only severa

systemtree | BoxPiot | <ABCDEO> | <px7> | — . hundred at a time is inconvenient |

&
0
x

J L

: e EIEEEDIL
= — — ————d
[« | [<]»

. 48.12
0.00 20.20 +/- 20.96 97.34
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OpenMP implicit barrier synchronization time (z)

| & Cube 3.4 QT. epik_bt-mz_F ‘(

... however, a boxplot scalably presents
e o] [Abasiute value range and variation statistics

Metric tree \ Calltree | Flat view System tree | Box Plot | <ABCDEO> | <PxT> |

&+ [1-0.00 Time ~| | &J0.00 bt -
&+ [0 1.28e8 Execution (] 0.00 mpi_setup 100 ' 97.34
[d118.28 MPI []0.00 MPI_Bcast
[ 4.15e4 Synchronizatic [(J 0.00 env_setup
=[] 0.00 Communication [(J 0.00 zone_setup
(1 2.19e6 Point-to-po [J 0.00 map_zones
[11584.63 Collective [10.00 zone_starts 80
- [1 5812.87 Init/Exit [J0.00 set_constants
(] 0.00 OMP

[ 7163.19 initialize
- []0.00 Flush

[J1.39e4 exact_rhs

& [ 1.78e6 Management [d2.67e5 exch_gbc 60 -
& [J 0.00 Synchronization (J 0.00 adi
(J 0.00 Barrier [(d9.74e5 compute_rhs

[J 0.00 Explicit [J1.84e6 x_solve

(1 1.59e7 Implicit [d2.08e6 y _solve
[ 28.85 Critical =[] 0.00 z_solve 40 -
[]0.00 LockAPI = [J 0.00 '$omp paralliel
[J 0.00 Ordered

(] 0.00 '$omp do -30.16

File Display Topology Help

- [ 1.44e4 Overhead 1.06e7 '$omp ib
£+ [0 1.49e8 Idle threads [d1.56e5 add
L [J0.00 Limited parallelism - (] 0.00 MPI_Barrier 207 T [ 20.20
- [ 1.39e10 Visits g [ 5022.74 verify L
& [l 1.64e4 Synchronizations - —[]0.00 MPI_Reduce ’
&+ [l 3.20e7 Communications @) — []0.00 print_results [~
g [ 2.60e13 Bytes transferred [+ & (] 0.00 MPI_Finalize ~ 0 : pebik
(«J | (0] [l | (eI*) _
0.00 1.59e7 (5.38%) 2.96e8| |0.00 1.06e7 (66.46%) 1.59e7| |0.00 100.00

Selected "!I$omp ibarrier @z_solve.f:428"
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OpenMP implicit barrier synchronization time (x)

w &
File Display Topology Help

Sesatar e"‘“—""“‘z-T ... for rapid comparison and quantification

'Absolute

Metric tree |

v \jAbsqute

Call tree Flat view

/

& [1-0.00 Time

-~

& []0.00 bt

I'

of metric variations due to imbalances
%ﬁ

/| BoxPlot | <ABCDED> | <pPxT> |

& [ 1.28e8 Execution (] 0.00 mpi_setup : 37.72
d118.28 MPI [10.00 MPI_Bcast i
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=+ []0.00 Communication (] 0.00 zone_setup i
(d 2.19e6 Point-to-po [J 0.00 map_zones !
[11584.63 Collective []0.00 zone_starts 80 i
- [1 5812.87 Init/Exit [J0.00 set_constants i
[Jo0.00 oMP [ 7163.19 initialize E
L [10.00 Flush [d1.39e4 exact_rhs !
& [ 1.78e6 Management [d2.67e5 exch_gbc 60 - i
& [J 0.00 Synchronization (J 0.00 adi :
(J 0.00 Barrier [d9.74e5 computerhs i
[10.00 Explicit [d1.84e6 x_solve i
(1 1.59e7 Implicit [d2.08e6y solve i
[ 28.85 Critical =+ []0.00 z_solve 40 1 i
[10.00 Lock API & [10.00 '$Somp parallel i
[]0.00 Ordered []0.00 '$omp do @ i
- [d1.44e4 Overhead 1.06e7 I$omp ibz i
= [0 1.49¢8 Idle threads [d1.56e5 add i
L 7 0.00 Limited parallelism - []0.00 MPI_Barrier 20 1 i
- [ 1.39e10 Visits g [J 5022.74 verify i
&+ M 1.64e4 Synchronizations e ~[]0.00 MPI_Reduce | | | | . .
&+ [ 3.20e7 Communications =) — (] 0.00 print_results ) - : - L 1.88
& [ 2.60e13 Bytes transferred |~ | & []0.00 MPI_Finalize = | | | 001
a | G [ | ) '
0.00 1.59e7 (5.38%) 2.96e8| |0.00 1.84e6 (11.53%) 1.59e7| |0.00 100.00
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Scalasca scalability issues/optimizations (Part 3)

Runtime summary analysis of BT-MZ successful at largest scale
= 8192 MPI processes each with 64 OpenMP threads = %2 million
= Only 3% measurement dilation versus uninstrumented execution
= Latest XL compiler and OPARI instrumentation more efficient
= Compilers can selectively instrument routines to avoid filtering
 Integrated analysis of MPI & OpenMP parallelization overheads
= performance of both need to be understood in hybrid codes
= MPI message statistics can explain variations in comm. times
« Time for measurement finalization grew linearly with num. processes
= only 39 seconds for process and thread identifier unification
= but 745/920 seconds to collate and write data for analysis report

« Analysis reports contain data for many more processes and threads
than can be visualized (even on large-screen monitors)

= fold & slice high dimensionality process topology
= compact boxplot presents range and variation of values
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Summary / Case Studies

- Complex applications executing at very large scale provide significant
challenges for performance analysis tools

- Scalability requires a range of complementary instrumentation,
measurement & analysis capabilities, including:

= Selective instrumentation & measurement filtering

= Run-time summarization & event trace analysis

= Parallel trace analysis without re-writing or merging of trace files
= Shared multi-files for storing trace data

= Use of local communicator rank identifiers in event records

= Efficient communicator management

= Hierarchical unification of definition identifiers

= Compact configurable presentations of analyses and statistics
for interactive exploration

- Portability and inter-operability important too
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MASTERING FUTURE
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Scalasca & <~ VAMPIR & Paraver
Status End 2011
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Score-P Objectives

« Make common part of Periscope, Scalasca, TAU, and Vampir
a community effort

= Score-P measurement system
- Save manpower by sharing resources
 Invest this manpower in analysis functionality

= Allow tools to differentiate faster
according to their specific strengths

* |ncreased benefit for users

* Avoid the pitfalls of earlier community efforts
= Start with small group of partners
= Build on extensive history of collaboration
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Score-P Design Goals

* Functional requirements

= Performance data: profiles, traces

= |nitially direct instrumentation, later also sampling

= Offline and online access

= Metrics: time, communication metrics and hardware counters

= |nitially MPI 2 and OpenMP 3, later also CUDA and OpenCL
* Non-functional requirements

= Portability: all major HPC platforms

= Scalability: petascale

= Low measurement overhead

= Easy installation through UNITE framework

= Robustness

= Open source: New BSD license
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Score-P Architecture

i i1 1

Event traces (OTF2)  F&=lE ek ial aigeljlicis (@0)1=0)
Hardware counter (PAPI)

TAU Score-P measurement infrastructure

-

adaptor

Application (MPI, OpenMP, hybrid)

Instrumentation MPI wrapper
Instrumentor
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Score-P Partners

* Forschungszentrum Julich, Germany

 German Research School for Simulation Sciences,
Aachen, Germany

« Gesellschaft fur numerische Simulation mbH
Braunschweig, Germany

- RWTH Aachen, Germany
* Technische Universitat Dresden, Germany
* Technische Universitat Minchen, Germany
+ University of Oregon, Eugene, USA
0 JU LICH @ gans; TI'ITI

Technische Universitat Minchen

me TECHNISCHE
UNIVERSITAT UNIVERSITY OF OREGON
DRESDEN
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OTF-2 Tracing Format

« Successor to OTF and EPILOG
« Same basic structure as OTF, EPILOG, or other formats
- Design goals
= High scalability
= Low overhead (storage space and processing time)
= Good read/write performance
= Reduced number of files acensvenanes
during initial writing via SIONIib l
= Compatibility reader for OTF
and Epilog formats
Extensibility

(3) Local bs
Definition Files > de
<ArchiveName>/<#>.def )

(4) Event Files

<ArchiveName>/<#>.evt
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CUBE-4 Profiling Format é >

 Latest version of a family of profiling formats
= Still under development, to be released soon
* Representation of three-dimensional performance space
= Metric, call path, process or thread
* File organization
= Metadata stored as XML file
= Metric values stored in binary format

= Two files per metric:
data + index for storage-efficient
sparse representation

*  Optimized for
= High write bandwidth
= Fast interactive analysis through incremental loading
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Summary: The Need for Integration

« Successful performance analysis requires to use
the right tool for the right purpose

= We need well-defined performance analysis workflows
= We need tightly integrated tool sets

» Score-P Status and Future Plans
= Bug fix release for ISC12 (V1.0.2)
= http://www.score-p.org/
= Future extensions
* Heterogeneous computing (EU ITEA2 H4H project)
= Time-series profiling (EU HOPSA + BMBF LMAC projects)
= Sampling (BMBF LMAC project)
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Petascale Tools Required New Developments

+ Scalability requires online aggregation
= Expected data volumes growing Q0 O O
= We can no longer store all performance data
= Current profilers are too generic
= Need application/question specific operators

* Implementation is simple in principle,
but poses difficult engineering questions

= Scalability

= Node location of intermediate nodes

» Data storage o he—
- Need to avoid re-implementations = —

= Most tools face the same issue —

= Need for shared component infrastructures
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STAT: Aggregating Stack Traces for Debugging

= Existing debuggers don'’t scale

- Inherent limits in the approaches Anaiyers M O
« Need for new, scalable methodologies Tool qu

= Need to pre-analyze and reduce data
- Fast tools to gather state
« Help select nodes to run
conventional debuggers on

2 Scalable tool: STAT

Stack Trace Analysis Tool

- Goal: Identify equivalence classes

« Hierarchical and distributed aggregation
of stack traces from all tasks

- Stack trace merge <1s from 200K+ cores

(Project by LLNL, UW, UNM)

SC 2012 © LLNL/JSC 201



Distinguishing Behavior with Stack Traces
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3D-Trace Space/Time Analysis

2:[0,31]

2:[0,31]

1:831]

elan_hgs sl MNet

2:[0,3] 1:031]

[UNKNOWNM]

S

[ pthread_mutex_locll§

1:]0] 2:[9,3]

PE - DEE

| elan_progressRxFraglist
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Scalable Representation

.

[0-287] ..

main

[0,3-287] [1] [2]

P}zm] 2]

* [ MPID_ELAN Barier | [ MPID_RecvComplete |

PMPI_Barrier PMPI_Waitall -

. elan_hgsync

«® 0,3-287]

clan_gsyncShm

[0.3,5.7.9.11}7[4.6,8.10,12,14] [[21,29.59.73,77] \[101.195,201,241]

elan_gsyncShm [l [UNKNOWN]

[0,3,5,7.9,1)1[0.15,33,95,155] [13,29,39.47] 161] [4,6,8,10,12] [21,29.59,73]
elan_pollWord elan_deviceCheck pthread_mutex_unlock [UNKNOWN]
[0,3,5.7.9.11] 37,43.97.107,119] 13.29.30.47] [4.6.8.10,12]

[iheead_mutex_uniock T |

[0.3,15,19.2 [3.9.33.45.57} [5,21,57,63.73\[5.7.11.17.21] [0.3,13,17,27,3] [3.5.7.9.111 [5.23,39.75,131][21.33.47,53.71] \[53.65.83.91,107] [67.93.101,105,129] 5.11,41,45,53] 9,25.45.85] [4.6.8.10,12]

elan_progressFragLists

[UNKNOWN] [UNKNOWN]

elan_progressChannels [ pthread_mutex_unlock | [[elan_progressTxFragList | [Eln_progressiaimgiint | RS MRS N 00 Ty elan_progressChannels | [ elan3_ pollevent word | [ elan_progressFragLists |
[0.3.15.19.21] [523.39,75.131] 53,65.83.91,107] 67,93,101,105,129] 14.68.10,12]
__i686.get_pe_thunk.bx [UNKNOWN] [UNKNOWN] [UNKNOWN]

[10,1822.24] [4,6.8.10.18] 66.82.132,146,150] 30,198.200]
. elan_polIWord elan3_main2elan
28,56.94,106,108) [50,60,104,122.,1301 [26,38,164,2041 [36,52.56,174,248] 838,58.66] " 10,84,184] [18.74,76,118] 190,116,161 30] 66.82,132,146,150] 30,198,200]
pthread_mutex uniock [l pthread_mutex_iock [l [UNKNOWN] [l elan_progressChannels R e r b il [UNKNOWN] [l elan_progressTxFragList do_tookup_x [l [UNKNOWN] [UNKNOWN]
136.52,56,174,248] [24.90.116,166] 1301
__i686.get_pc_thunk bx [UNKNOWN]
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Shared Tool Frameworks

« Component Based Tool Framework (CBTF)
* |ndependent components connected by typed pipes

= Transforming data coming from the application on the way to
the user

External specification of which components to connect
= Each combination of components is/can be “a tool”
= Shared services [

« Partners

Tool Component Framework I 1

= Krell Institute g— l l l

* LANL, LLNL, SNLs | G || fene D] rtne (%7 rive |
= ORNL §

= UW, UMD |

= CMU Services

Services i
Services
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CBTF Modules

Data-Flow Model

« Accepts Inputs

« Performs Processing
« Emits Outputs

C++ Based

Provide Metadata

« Type & Version

« Input Names & Types

« Output Names & Types

Input Output

Input Output Versioned

« Concurrent Versions

Packaging

« Executable-Embedded
« Shared Library

« Runtime Plugin
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CBTF Component Networks

Components
- Specific Versions

Connections
« Matching Types

Input; . . ‘rOutput Arbitra ry Component
Input; TOpOIOgy

« Pipelines
« Graphs with cycles

Recursive
- Network itself is a component

XML-Specified
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Specifying Component Networks to Create New
Tools

= Users can create new tools
é'-l;ype>ExampIeNetwork</Type> by SpeCIfyIng new networks
<Version>1.2.3</Version> ) .. ) .
« Combine existing functionality

« Reuse general model

<Component> o - _
<Name>A1</Name> « Add application specific details
<Type>TestComponentA</Type> _
</Component> — Phase/context filters
"<Network> — Data mappings
~ <Connection> = Connection information
<From> . ' ?
<Name>A1</Name> Which components”
<QOutput>out</Output> «  Which ports connected?
:/Tlf)r;)m> « Grouping into networks
<Name>A2</Name>

<Input>in</Input> = |mplemented as XML
</To> - User writable

</CGonnection> « Could be generated by a GUI
</Network>
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CBTF Structure and Dependencies

= Minimal Dependencies
- Easier Builds

= Tool-Type Independent
« Performance Tools
« Debugging Tools
- efc...

= Completed Components
- Base Library (libcbtf)

« XML-Based Component
Networks (libcbtf-xml)

« MRNet Distributed Components
(libcbtf-mrnet)
= Planned Components

« TCP/IP Distributed Component
Networks

« GUI Definition of Component
Networks

i - ‘ libcbtf-mrnet i

libcbtf-xml

libcbtf
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Tools on Top of CBTF

Open|SpeedShop v2.0

= CBTF created by componentizing

the existing Open|SpeedShop

= Motivation:

scalability & maintainability

= Components for
= Data collection
= Data aggregation

= Connection to existing GUI & DB

Further tools in progress

fool Help
¥ pe Sampling 1] | DO x
Process Control

= Rus | cont B Pause 3 Update

Status:| Process Loaded: Click on the "Run” button to begin the experiment.

(¥ Stats Panel [1] | (¥ ManageProcessespanel (1] | BDO x
& el (i [l (8 [8h (60 igig showing Punctions Repors:

% of CPU Time Exclusive CPU time in seconds. | % of CPU Time | Function (defining location) -

-2.680000 53.174603 hypre_S| dual (smg2000: smg_residual.c,

2.182540

= 0.050000 0. 063
1984127 5 99

1587302

-0.030000
other

Command Panel BOO x

openss>>

= Tools for observing memory consumption
= GPU performance analysis

= Tools for system administration and health monitoring
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Summary: The Need for Components

«  We need frameworks that enable ...

* |ndependently created and maintained components

= Flexible connection of components

= Assembly of new tools from these components by the user
- CBTF is designed as a generic tool framework

= Components are connected by typed pipes

= |nfrastructure for hierarchical aggregation with user defined
functions

= Component specification is external through XML files

- TaiIIor tools by combining generic and application specific
tools

 CBTF is available as a pre-release version
= First prototype of Open|SpeedShop v2.0 working
= Several new tools built on top of CBTF
= Wiki at http://ft.ornl.gov/doku/cbtfw/start
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FUTURE:

PETASCALE = EXASCALE = ?




Observations

SOFTWARE DEVELOPMENT TOOLS E@R

PETASCALE COMPUTING WORKSHOR
WASHINGTON, DC

From workshop report
SDTPC Aug 2007
http://www.csm.ornl.gov/workshops/PetascaleQ7/

Petascale is not terascale scaled up!

= More than linear increase of scale

= Multi-core processors
= Multi-mode parallelism
= Reduced memory per core

= Heterogeneity via HW acceleration (Cell, FPGA, GPU, ...)
= New programming models (needed)
= Higher system diversity

More emphasis on

= Fault-tolerance and performability
= Automated diagnosis and remediation

SC 2012
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Projection for a Exascale System*

System

attributes

“2015”

“2018”

Difference
2010 &
2018

System peak 2 Pflop/s 200 Pflop/s 1 Eflop/sec 0(1000)
Power 6 MW 15 MW ~20 MW

System memory | 0.3PB 5 PB 32-64 PB 0O(100)
Node 125 GF 0.5TF 7TF 1TF 10 TF O(10) —
performance 0O(100)
Node memory 25GB/s | 0.1 TB/ 1TB/sec | 0.4 TB/sec | 4 TB/sec 0(100)
BW sec

Node 12 0O(100) O(1,000) 0O(1,000) 0(10,000) O(100) —
concurrency 0O(1000)
Total 225,000 O(108) 0(109) 0(10,000)
Concurrency

Total Node 1.5 GB/s 20 GB/sec 200 GB/sec 0(100)
Interconnect

BW

MTTI days O(1day) O(1 day) - O(10)
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Planning for Exa/Extreme-Scale

 International Exascale Software Project (IESP)

* European efforts
= European Exascale Software Initiative (EESI, EESI2)
= Exascale Innovation Center (EIC), JSC + IBM
= Intel Exascale Labs (JSC, Paris, Leuven, BSC)
= EU FP7 Exascale projects (DEEP, MontBlanc, CRESTA)

* Projects and Planning by the US Department of Energy
= Office of Science projects
= Exascale Co-Design Centers
= ASC Planning and Co-Design efforts

 DOD/NSA'’s Advanced Computing Initiative
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IESP

- International Exascale Software Project
 International collaboration
= Started Apr 2009

http://www.exascale.org/

Objectives
= Develop international exascale (system) software roadmap

& |IJHPCA, Feb 2011, http://hpc.sagepub.com/content/25/1/3

= |nvestigate opportunities for international collaborations and
funding

= Explore governance structure and models for IESP
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IESP Roadmap Components @

4.1 Systems Software
4.1.1 Operating systems
4.1.2 Runtime Systems
4.1.3 1/0 systems
4.1.4 Systems Management
4.1.5 External Environments

4.2 Development Environments
4.2.1 Programming Models
4.2.2 Frameworks
4.2.3 Compilers
4.2.4 Numerical Libraries
4.2.5 Debugging tools

4.3 Applications

4.3.1 Application Element:
Algorithms

4.3.2 Application Support:
Data Analysis and
Visualization

4.3.3 Application Support:
Scientific Data
Management

4.4 Crosscutting Dimensions
4.4.1 Resilience
4.4.2 Power Management
4.4.3 Performance Optimization
4.4.4 Programmability

D see IJHPCA, Feb 2011, http://hpc.sagepub.com/content/25/1/3

SC 2012

© LLNL/JSC 217



EESI

 European Exascale Software Initiative
- EU FP7

= Funded Jun 2010 to Nov 2011

= Funded Sep 2012 to Mar 2015 = l=’!5|

 http://www.eesi-project.eu/

« Objectives

= Develop European exascale system and application software
vision and roadmap

= |nvestigate Europe's strengths and weaknesses
= |dentify sources of competitiveness for Europe

= |nvestigate and propose programs in education and training
for the next generation of computational scientists

= EU Roadmap and other reports available at website
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A— A #
=u.—,,;§| General Structure @

Scientific needs

WP3 — WP4 — Enabling
Applications Technologies
Grand for EFlops
Challenge Computing

N
7

Hardware & software roadmaps
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Reports @

http://www.eesi-project.eu/pages/menu/publications/final-report-
recommendations-roadmap.php

= Final report Roadmap and Recommendations
= Summary report Application Grand Challenges work groups
= Summary report Enabling Technologies working groups

http://www.eesi-project.eu/pages/menu/publications/working-group-
reports.php

= 8 detailed reports from the Application Grand Challenges and
Enabling Technologies working groups

http://www.eesi-project.eu/pages/menu/publications/investigation-of-

hpc-initiatives.php
= Survey international Exascale activities
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El

« Exascale Innovation Center
» Collaboration with IBM (Germany)
= Started Apr 2010

« Objectives
= Energy-efficient architectures
= Scalable storage and I/O
= Exascale characteristics (Hardware and Software)
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ECL é,/

ExaCluster Laboratory
Collaboration with Intel (Germany) and ParTec
= Started June 2010

Objectives

= Research current challenges in systems management
software for large heterogeneous supercomputer systems

= Research on open exascale runtime system software and
software tools.
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European FP7 Exascale Research Projects 4\@/

- DEEP - Dynamical Exascale Entry Platform
= http://www.deep-project.eu
= Regular cluster combined with booster (cluster of Intel MIC)
= Dynamic assignments of booster nodes to cluster nodes

* MontBlanc
= http://www.montblanc-project.eu
= Cluster build out of low-power ARM CPUs and mobile GPUs

- CRESTA
= http://www.cresta-project.eu
= Enabling a key set of co-design applications for Exascale
= Building and exploring systemware for Exascale platforms
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Exascale Efforts at DOE /| ASCR

Range of projects funded through several FOAs
= Architecture
= X-Stack and X-Stack 2 — software infrastructure
= Data Analysis
= Resilient Solvers
Exascale Co-Design centers focus on particular applications
= Joint efforts on architecture, software, physics
= Broad teams across multiple labs
Three Co-Design centers funded at $4M/year for 5 years
= Material design at Extreme Scale (lead by LANL)
= Next generation reactor design (lead by ANL)
= Combustion (lead by SNLs)
Regular Pl meetings, some joint with DOE/NNSA
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Planning Efforts at ASC/NNSA

« Series of workshops

= Held internally at first, later with external participation
= Activities joint with Office of Science

*  ASC has established eight working groups

= Applications (Bert Still, LLNL)

= Libraries and Solvers (Dana Knoll, LANL)
Programming Models (Pat McCormick, LANL)
Systems Software (Ron Minich, SNLs)
Hardware/Architectures (Paul Henning, LANL)
I/O (Lee Ward, SNLs)
Visualization and Data Analysis (Jim Ahrens, LANL)
Tools (Martin Schulz, LLNL)

- FastForward program targeted at industry participants
= Managed by LLNL, run by the “E7" Laboratories
- Separate Co-Design activities targeted at ASC codes
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ASC Report: Exascale Needs for Tools é'/

1. We need to broaden Petascale tools (Development)
= Petascale will be capacity computing
= Broader user base, essential for many UQ problems
Need to harden tools for use by end users
= |ntegration across tools (and other infrastructures)
= Maintenance support to ensure sustainability

2. We need scale tools to Exascale (Research)
= Focus on expert users / code teams
= Specialized tools that analyze particular problems
= Tools themselves need to be parallel and scalable
= Tools need to tolerate faults
= Will require machine resources / no longer free
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ASC Report: Exascale Needs for Tools (cont.) é’/

« Challenges in providing new capabilities
= Scalability of measurement, analysis, and presentation
* Incl. new metrics: memory, power, ...
= Turning information into insight
= Despite flood and complexity of data from billions of threads
= Dealing with new programming methodologies
= Heterogeneous systems/architectures (HW and SW)
= Coupled systems and applications
= “What if” tools for Co-Design
» Challenges for tool implementations
= Quick design of prototype tools for new scenarios
= Getting right interfaces with the right abstractions
= To SSW, HWA, Apps, Libraries, Runtimes, Compilers, ...
= Resiliency for tools and tool infrastructures
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ASC Report: Crosscutting Issues for Tool Design @

*  Programming Models
= |nterfaces into the programming models and their runtimes
= Code refactoring to transition to new programming models
= Development tool chain, incl. compilers and libraries (like MPI)

» Architectures and Networks
= Additional sensors, counters, hardware structure, ...
= Computational & network resources (shared with 1/O, Visualization)
= Use application characterization for co-design
= Virtual prototyping

- System Software
= Dynamic resource (co-)allocation
= |nformation and configuration flow tool <-> runtime
= |ntegrated runtime and resource management systems

- 1/O, Storage, Visualization
= Shared resources & infrastructure
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Acknowledgements: Dagstuhl Seminar 10181 @

* Program Development for Extreme-Scale Computing
- 21 to 7t May, 2010

* http://www.dagstuhl.de/10181/

* 45 participants

* Qrganizers:

= B.Miller
(U. Wisc)

= J.Labarta
(BSC)

= M.Schulz
(LLNL)

= B.Mohr
(JSC)
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Tool Scaling Challenge (2010!) é’/

* 3 months ahead
= Provide two "scalable" applications
= Pflotran (US), PEPC (EU)
* Provide compute time on Jaguar (ORNL) and Jugene (JSC)
= Request to apply tools on runs on at least 10,000 cores

 Results

= Many succeeded: DDT (Allinea), OSS (Krell/Tri-Lab),
Libra (LLNL), Cray Tools (Cray), Paraver (BSC),
Vampir (TUD), TAU (UQO), Scalasca (JSC)

= Periscope (TUM) "only" ran at 8000

= Most tools presented demos for 2000-4000 cores
showing slides for the large case

= TAU showed on-ling(!) demo on 12,000 cores
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Tools for HPC

*  We can do performance analysis on the terascale however..

= Parallel Computing (PC?)
might have reached the masses ...

= but remember, we do
High Performance Computing (HPC!) [eSsea

= We need integrated teams / simulation labs / end stations / ..
= To get integrated, customized tool support
= Tools will no longer be “free” / analysis does cost resources

= Tool community needs to build up interoperable, reusable tool
components implementing the various basic technologies
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BACKUP

Very Quick Introduction to
Parallel Programming and
Performance Measurements

SC 2012 | Martin Schulz — Lawrence Livermore National Laboratory
Bernd Mohr — Julich Supercomputing Centre
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High-performance computing @

« Computer simulation augments theory and experiments

= Needed whenever real experiments would be too large/small,
complex, expensive, dangerous, or simply impossible

= Became third pillar of science
« Computational science

= Multidisciplinary field that uses advanced computing capabilities to
understand and solve complex problems

« Challenging applications

= Protein folding
Climate / weather modeling
Astrophysics modeling
Nano-scale materials

= Realistic simulations need
enormous computer resources (time, memory) !
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Programming Models: MPI

- MPI. Message Passing Interface
- De-facto standard message passing interface
= MPI 1.0 in 1994
= MPI 1.2 in 1997
= MPI 2.0 in 1997
= MPI 2.1 in 2008
= MPI 2.2 in 2009
= MPI 3.0 in 2012

« Library interface

- Language bindings for Fortran, C, C++, [Java]

« Typically used in conjunction with SPMD programming style
* http://www.mpi-forum.org
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MPI Functionality

Point-to-point communication

(between 2 processes)

Collective communication

(between a group of processes)

Barrier synchronization

Management of communicators, data types, topologies

. . . N
One-sided communication

Parallel I/O

FO90 and C++ support
Process creation

SC 2012

> MPI 2.0
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Programming Models: OpenMP @

« OpenMP: Open specification for Multi Processing

* De-facto standard programming interface
for portable shared memory programming

= Does NOT work on distributed memory systems!

- Based on Directives for Fortran 77/90 and pragmas
for C/C++, library routines and environment variables

+ Explicit (not automatic) programming model

= Does NOT check correctness of directives!

= OpenMP 1.0in 1997 (Fortran) and 1998 (C/C++)
OpenMP 2.0 in 2000 (Fortran) and 2002 (C/C++)
OpenMP 2.5 in 2005 (C/C++/Fortran)
OpenMP 3.0 in 2008
OpenMP 3.1 in 2011
* http://www.openmp.org
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OpenMP Functionality @

* Directives/pragmas
= Parallel regions (execute the same code in parallel)

» Parallel loops (execute loop iterations in parallel)

» Parallel sections (execute different sections in parallel)

= Execution by exactly one single or master thread

= Shared and private data

= Reductions

= Synchronization primitives (Barrier, Critical region, Atomic)

* New in OpenMP 3.0
= Asynchronous task creation and execution
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Performance Measurement Cycle

©

Instrumentation - m |nsertion of extra code (probes, hooks)
into application
v
Measurement m Collection of data relevant to
l performance analysis
Analysis m Calculation of metrics, identification of

performance problems

m Transformation of the results into a
representation that can be easily
understood by a human user

m Elimination of performance problems
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Performance Measurement .\@/

 Two dimensions
= When performance measurement is triggered
= Externally (asynchronous) = indirect measurement
— Sampling
» Timer interrupt
» Hardware counters overflow
= Internally (synchronous) = direct measurement
— Code instrumentation
» Automatic or manual instrumentation
= How performance data is recorded
* Profile ::= Summation of events over time
— run time summarization (functions, call sites, loops, ...)
* Trace file ::= Sequence of events over time
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Measurement Methods: Profiling |

©

* Recording of aggregated information
= Time
= Counts
= Calls
= Hardware counters
- about program and system entities
= Functions, call sites, loops, basic blocks, ...
= Processes, threads
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Measurement Methods: Tracing é'//

+ Recording information about significant points (events) during
execution of the program

= Enter/leave a code region (function, loop, ...)
= Send/receive a message ...
- Save information in event record
= Timestamp, location ID, event type
= plus event specific information
- Event trace := stream of event records sorted by time

« Can be used to reconstruct the dynamic behavior
= Abstract execution model on level of defined events
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Event tracing Local trace A é'/

Process A Global trace
VeIl — |monToR | — [
trc_enter("foo");
T ( ) S2SEND = 58| A | ENTER | 1
trc_send(B); 1 s |t 60| B |ENTER | 2
send(B, tag, buf);
62| A | SEND B
trc_exit("foo"); 1 | foo eal A | EXIT 1
}
A 68| B|RECV | A
©
] 69| B | EXIT 2
instrument £ Local trace B
c
5 i}
Process B N\ 60 | ENTER | 1 merge
void bar() { .
trc_enter("bar”); 68| RECV | A l unify
69 | EXIT 1
recv(A, tag, buf); 1 | foo
trc_recv(A); L 2 | bar
tre exit("bar"); 1 | bar
— 2 = | MONITOR | =
} ©f uue 243




Event Tracing: “Timeline” Visualization

pu

1 | foo main
2 | bar B foo
3 ... M bar
98| A | ENTER | 1
60| B |ENTER | 2
62| A | SEND B A —
64| A | EXIT 1 >
68| B | RECV A B —
69| B | EXIT 2
N

58 60 62 64 66 68 70
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