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TAU Performance System

 TAU Performance System® is a portable profiling and tracing toolkit for
performance analysis of parallel programs written in Fortran, C, C++, Java, and
Python.
> Profiling shows how much time was spent in a routine / loop / phase
~ Tracing shows when the events take place in each process along a timeline

 TAU runs on various HPC platforms and it is free (BSD style license)
> Linux Cluster / Cray / Blue-Gene
> Wide variety of applications
> Very wide jobs

 TAU has instrumentation, measurement and analysis tools

« Tau project is more than 15 years and is quite active

 http://tau.uoregon.edu
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Understanding Application Performance using TAU

 How much time is spent in subroutines / loops?
 How many instructions are executed in these code regions? Floating point rate?

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

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

« What is the contribution of different phases of the program? What is the time
wasted/spent waiting for collectives, and I/O operations in Initialization, Computation,
I/O phases?

 How much time is spent in different MPI routines? What is the communication pattern?

* Which rank is slow and why?
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How Does TAU Work?

* Instrumentation: Probes to perform measurements

- Automatic source code instrumentation
- Pre-loading external libraries (MPI, I/O, CUDA, OpenCL)

- Rewriting the binary executable

* Measurement:

- Direct instrumentation / sampling

Throttling

Per-thread storage of performance data

Interface with external packages (PAPI, Scalasca, Score-P, VampirTrace)

* Analysis:
- Visualization of profiles and traces with paraprof, jumpshot etc

- Trace conversion tools
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TAU Instrumentation

Compiler  yes yes yes yes yes

 External libraries added at link time are not instrumented

* It is possible to wrap pre-built libraries by tau
> tau_gen_wrapper hdf5.h /usr/lib/libhdf5.a
> Link the tau wrapped libraries instead of original libraries
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Runtime instrumentation
Library Preloading

* Runtime instrumentation is achieved through library pre-loading.

- MPI, i0, memory, cuda, opencl

- MPI instrumentation is included by default the others are enabled by command-
line options

- Substitutes 1/0, MPI and memory allocation/ deallocation routines with
instrumented calls

« Works on dynamic executables
« The command is tau_exec

- place this command before the application executable when running the
application.

 Usage example
- tau_exec ./a.out; mpirun -np 4 tau_exec -io ./a.out

- export TAU_TRACK _MEMORY_LEAKS=1; mpirun -np 4 tau_exec -memory
Ja.out
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Runtime instrumentation
Binary Rewriting

e Dynamic Instrumentation using DyninstAPI
~ U. Wisconsin, Madison, and U. Maryland

e Binary re-writing
~ Support for both static and dynamic executables

« Specify the list of routines to instrument/exclude from
instrumentation

« Specify the TAU measurement library to be injected
e To instrument:
tau_run a.out -0 a.inst

mpirun -np 4 ./a.inst
paraprof
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Automatic Source code Instrumentation

TAU provides compiler wrappers
- tau_f90.sh, tau_cc.sh, and tau_cxx.sh
- Know the native compiler
- Know the MPI library
mpif90 foo.f90 - tau f90.sh f00.f90

- The compiler wrapper does the automatic instrumentation

- Compiler based instrumentation
- PDT based instrumentation
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Automatic Source code Instrumentation
Compiler based

« TAU Compiler wrapper can use compilers native instrumentation:
export TAU_OPTIONS="-optComplInst”
tau_f90.sh f00.f90

 Easy & safe

* Our tests showed that there is large performance penalty
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Automatic Source code Instrumentation
PDT based

PDT: Program Database Toolkit

- Documentation of program components

- Creation of graphic program browsers that show class hierarchies, function call
graphs, and template instantiations

- Insertion of instrumentation calls
TAU compiler wrapper calls PDT to instrument source code
A typical compilation of f00.f90 with tau_f90.sh looks like:
- Preprocessing : f00.f90 - foo.pp.f90
- Parsing with PDT Parser: (foo.pp.f90) — foo.pp.pdb
- Instrumenting with TAU: (foo.pp.f90, foo.pp.pdb) — foo.pp.inst.fO0
- Compiling with Instrumented Code: (ifort, foo.pp.inst.f90) — foo.o

Intermediate files are removed by default

- Can be preserved for viewing
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Automatic Source code Instrumentation
PDT based

e The Source code instrumentation works !

- Tried different large applications, e.g., NWChem, EC-EARTH, VASP etc.
- For profiling very little performance impact

> TAU keeps data in memory and writes at the end of the program
> This works well for profiling but not for tracing

« Failures occur when instrumentation calls are placed in wrong place. The failure rates
are small

- In VASP only in one subroutine
- In EC-EARTH in 2 files
- NWChem none

» Failures are not catastrophic, there are fall-back options

- Exclude the files / routines
- Use compiler based instrumentation for those files

« User support is active in debugging
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Using TAU

« Declare the appropriate environment variables for compilation:

export TAU_MAKEFILE=/nobackup/global/cbasu/tau/x86_64/lib/Makefile.tau-
callpath-icpc-mpi-pdt-profile-trace

export TAU_OPTIONS="-optTracklO -optTauSelectFile=select.tau” etc.
* Declare the compiler for makefile, e.g.:

export MPIF90=tau_f90.sh; make
* EXxecute, set different runtime options, e.g.:

export TAU_TRACE=0 ; export TAU _PROFILE=1

export TAU_COMM_MATRIX=1; export TAU_SAMPLING=0

mpirun -np 4 ./a.out
* Analyze profile data using paraprof

paraprof --pack app.ppk ## packing of data

paraprof app.ppk ## visualization
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Visualization with Paraprof

+ TAU: ParaProf Manager
File Options Help
@ Applications :|__TrialField Val
¢ [CJ Standard Applications |Name lu a 4
¢ =] Default App gppluc_atlon... g
¢ [ Default Exp T:gllelrément... 0
¢ Jlu_a 4 intel magao.ppk CPUCores 16
:E'L”'pf TOT_INS |cPUMHz___[3066.2
e — T T . — e, s :ICPU Tvpe Intel(R)
X = + TAU: ParaProf: lu_a_4_intel_maqao.ppk
File Options Windows Help
Metric: TIME

Value: Exclusive

Std. Dev.
Mean
node 0
node 1
node 2
node 3
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TAU Loop level profile

export TAU_OPTIONS="-optTauSelectFile=

cat select.tau

BEGIN_INSTRUMENT_SECTION

select.tau'

File Options Windows Help

Metric: TIME
Value: Exclusive
Units: seconds

loops routine="#"

END_INSTRUMENT_SECTIC

4,753
4.423
3.

897
3

408

2,788

2.5

Loop: BUTS [{buts.f} {72,7}-{250,12}]
Loop: JACLD [{jacld.f} {39,10}-{381,15}]
Loop: JACU [{jacu.f} {39,10}-{381,15}]
Loop: BLTS [{blts.f} {74,7}-{250,11}]
Loop: RHS [{rhs.f} {220,7}-{357,12}]
Loop: RHS [{rhs.f} {73.7}-{194,12}]
2,182 | ] MPI_Init()
1.844 ] Loop: SSOR [{ssor.f} {78,7}-{199,12}]
1.526 Loop: RHS [{rhs.f} {422,7}-{451,12}]
1.24 [ ] MPI_Recv()
1.216 [ ] Loop: RHS [{rhs.f} {472,7}-{485,12}]
1.208 Loop: RHS [{rhs.f} {362,7}-{379.12}]
1.204 Loop: RHS [{rhs.f} {392,7}-{420,12}]
1.045 [ ] Loop: RHS [{rhs.f} {381,7}-{390,12}]
0.943 Loop: BUTS [{buts.f} {58,7}-{69,12}]
0.838 Loop: BLTS [{blts.f} {58,7}-{71,12}]
0.666 Loop: RHS [{rhs.f} {38,7}-{46,12}]
0.572 MPI_Send()
0.389 MPI_Wait()
0.358 EXCHANGE 1 [{exchange 1.f} {5,7}-{177.9}]
0.263 @ APPLU [{lu.f} {46,71-{166,9}]

nuﬂﬂn" Hﬂ

0.138 [J BUTS [{buts.f} {4,7}-{259,9}]

0.134 [0 BLTS [{blts.f} {4,7}-{259,9}]

0.118 [ Loop: EXCHANGE 3 [{exchange 3.f} {56,11}-{71,16}]
0.095 [] Loop: EXCHANGE 3 [{exchange_3.f} {154,11}-{169,16}]

0.058 [ JACLD ({jacld.f} {5,7}-{384,9}]

0.057 [ JACU [{jacu.f} {5.7}-{384,8}]

0.052 | Loop: RHS [{rhs.f} {456,7}-{470,12}]

0.049 | Loop: EXCHANGE 1 [{exchange 1.f} {76,15}-{82,18}]
0.045 | Loop: EXCHANGE 3 [{exchange 3.f} {192,11}-{207.16}]
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TAU with PAPI

. export TAU_METRICS=TIME:PAPI_FP_OPS:PAPI_TOT_INS

* run
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File Options Windows Help

Metric: { PAPI_TOT_INS / TIME )
“alue: Exclusive
Units: Derived metric shown in seconds format

2 Bl T1ES e Loop: BUTS [{buts.f} {58.7}-{69,12}]
2.7848E9 | Loop: JACU [{jacu.f} {39,10}-{381,15}]
2.6899E% MPI_Allreduce()
2.6055E9 Loop: JACLD [{jacld.f} {39.10}-{381.15}]
2. A008E0 | G G TS APPLU [{lu.f} {46.7}-{166,9}]
2486560 [l MPI_Rec()
2.2982E8 Loop: RHS [{rhs.f} {73.7}-{194,12}]
2,2865E9 Loop: RHS [{rhs.f} {487.7}-{501.12}]
2,2B37E9 MPI_Finalize()
2196960 b0 ] Loop: L2NORM [{I2norm.f} {42.7}-{50,12}]
2.1893E9 I  Loop: BLTS [{blts.f} {74.7}-{250.11}]
2. 1728E9 | | MPI_waitl)
2121569 | Loop: RHS [{rhs.f} {220.7}-{357.12}]
2.1207E9 Loop: BLTS [{blts.f} {58.7}-{71.12}]
1.9568E%S MPI_Barrier()
1.892560 ] Loop: BUTS [{buts.f} {72,7}-{250,12}]
1.6828E9 | | MPI_Send()
1.4316E9 | | Loop: RHS [{rhs.f} {472,7}-{485.12}]
1.3099E9 ] Loop: RHS [{rhs.f} {38,7}-{46,12}]
1.21E9 ] Loop: RHS [{rhs.f} {381,7}-{390.12})
8.6122E0 (] Loop: SSOR [{ssor.f} {78,7}-{199,12}]
7.1602E8 [ Loop: RHS [{rhs.f} {392,7}-{420.12}]

6.5896E0 (] Loop: EXCHANGE_1 [{exchange 1.f} {12315}
6.5487E0 [l Loop: RHS [{rhs.f} {422,7}-{451,12})
5.9114E8 sl szom ({12norm.f} {4,7}-{68,9}]
56006E0 [ Loop: EXCHANGE 1 [{exchange 1.f} {106,15}
5538760 [ Loop: RHS [{rhs.f} {456,7}-{470,12})

<] M Dl
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Callpath Profile

 export TAU_CALLPATH=1

e export TAU_CALLPATH_DEPTH=10

* frun

File Options

Matric: TIME
Wilue: Exclushe
Units: seconds

8,374
5,376
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Windows Help

APPLU [{luf} {46,71-{197.8}] == SSOR [{ssarf} {4.7}-{246,8}] == RHS [{rha.f} {5 7}-{511.9}]
RHS [{rha.f} {5,7}-{511,8})

APPLL [{lu.f} {46,7}-{197.8}] == SSOR |{ssarf} {4.7}-{246,0}] == BUTS [ [buts.f} {4,7}-{267.8}] ==
MPI_Rec)

APPLU [{luf} {46,7}-{197.8}| == S50R |{ssorf} {4.7}-{246,8}] == BUTS [ {buts.f} {4.7}-{267.9}]
BUTS [{buts.f} {4.7}-{267.9}]

BPPLU [{lu.f} [6,7}-{197.8}] == SSOR [{ssor.f} {d.7}-{246,0}] == BLTS [{blts.f} {4,7}-{267.08}]
BLTS [{bits.f} {4.7}-{267.8}]

APPLU [{luf} {46,71-{197.9}] == SSOR |{ssor.f} {4.7}-{246,0}] == JACLD |{jscidf} {5.7}-{387.9}]
1.979 ] JACLD [[jackd.f} [5.73-[387,81]

1,892 [ APPLU [{lu.f} {46,7}-{197,9}] == SSOR [{ssor.f} {4.7}-{246,9}] => JACU [{j2cu.f} {5.7}-{287.9}]
1892 ] U [{jacwf} {5,7}-{387.9}]
1.301

APPLU [{lui.f} {48,71-{197.8}] == INIT_COMM [[init_comm.f} {5.73-{54.9}] == MPI_ni{)
MPL_Initi)

[

1.301

0,694 @ EXCHANGE 1 [{esmchange_ 1.1} {5.7}-[177.91]

0,601 (5] APPLU [{luf} [46,71-{197.9}] == S5SOR [{ssorf} [4.7}-{246.9}]

0.881 ] SS0R [{ssor.f} {4,7}-[246,9}]

0.687 [ MPL_Send()
0.3088 ] APPLU [{luf} {48,7}-{197.9}| == SSOR [{zsorf} {4.7}-{246,0}] == RHS [{rh=.f} {5.7}-{511.0}] == B2
0.359 [ APPLU [{luf} [45,7}-{197.8}] == SSOR [{ssor.f} [4.7}-[245,9]] == BUTS [{buts.f} {4.7}-{267.9}] ==
0,334 @ APPLU [{lu.f} {46,71-{197.9}| == SSOR [{ssor.f} {4.7}-{246,9}] == BLTS [{blts.f} {4.7}-{267.9}) == E
0,205 W APPLU [{luf} [46,7}-[197.0}] == SSOR |{ssorf} [4.7}-[246,9}] == BLTS [{bits.f} {4,7}-{267.09}] ==
0.275 @ wP_wait(d
0.271

APFLU [{luf} [d6,7}-{197.9}| == 5S0R |{ssor.f} {4,7}-{246,0}] == RHS [{ths.f} {5.7}-{511.0}] == B}
0.219 [] EXCHANGE_3 [{ewchange_3.1} [5.7}-[312,8}]

0.217 @ APPLU [{luf} {d6,7}-[187.8}] == 580R [{ssorf} [4.7}-{248,03] == RHS [{ths.f} {5.7}-{511.0}] == B}
0.076 | APPLU [{luf} [46,7}-{197.9}| == SETN [{setmf} [4.7}-067.9}

AOTA EETHLL Combka £1_FA T _[RT ML
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Communication Matrix Display

. export TAU_COMM_MATRIX=1

* run
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Detect 1/0O, Memory Usage

o export TAU_ OPTIONS="-optDetectMemoryLeaks -optTracklO”

« Compile, run
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Name A

v .TAU application

¥ MPI_Finalize()
free size
malloc size
MEMORY LEAK!
¥ read()
Bytes Read
READ Bandwidth (MB/s) <file="pipe">
Bytes Read <file="pipe">
READ Bandwidth (MB/s)
¥ write()
WRITE Bandwidth (MB/s)
Bytes Written <file="/dev/infiniband/rdma_cm">
Bytes Written
WRITE Bandwidth (MB/s) <file="/dev/infiniband /uverbs0">
Bytes Written <file="pipe">
WRITE Bandwidth (MB/s) <file="/dev/infiniband /rdma_cm">
Bytes Written <file="/dev/infiniband/uverbs0">
WRITE Bandwidth (MB/s) <file="pipe">
¥ writev()
WRITE Bandwidth (MB/s)
Bytes Written
WRITE Bandwidth (MB/s) <file="socket">
Bytes Written <file="socket">
v readv()
Bytes Read
READ Bandwidth (MB/s) <file="socket">
Bytes Read <file="socket">
READ Bandwidth (MB/s)
¥ MPI_Comm_free()
free size
read()
MPI_Type_free()
MPI_Init()
fopen64()
free size
MEMORY LEAK!
malloc size

4 rvrwvyewy

0
fclose()

v

23,901,253
5,013,902

5,000,264
Y

4

4

24
1,456

64

1,368

112

112

10,952

231,314

1,105,956
1,358,286

MeanValue

22,719.822
65,972.395
500,026.4

4
0.308

4
0.308

0.635
24
14.275
0.528
16
1.714
14.103
2.967

4.108
148.5
4.108
148.5

28
25.5
28
255

195.571

263.456
1,868.169
901.318

NumSamples

NN

LN

878
592
1,507

MaxValue

2,099,200
5,000,000
5,000,000

1,024

568
7,200
7,200

MinValue

0.308

0.308

24

0.089

1.714

12

0.549

0.549
67

20
10
20

48

35

32
32

Std. Dev.

186,920.948
569,732.815
1,499,991.2

[=N-N-N~)

1.472

5.149
1.32
12

4.562
2.644

3.559
81.5
3.559
81.5

8
11.079
8
11.079

255.353

221.272

3,078.574

2,087.737

19



Generating Event Traces

 What happens in a code at a given time?

export TAU TRACE=1
export TRACEDIR=/nobackup/global/cbasu/trace
Run

tau_treemerge.pl

e For Jumpshot:

tau2slog?2 tau.trc tau.edf -o app.slog2; jumpshot app.slog2

e For Vampir (OTF):

tau2otf tau.trc tau.edf app.otf; vampir app.otf

e [For ParaVer:

tau_convert -paraver tau.trc tau.edf app.prv; paraver app.prv
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TAU trace With Jumpshot

 The timeline canvas is a timeline vs time plot

« Each point on the canvas is identified by two numbers: a timestamp and a timeline ID
« State, arrow, and event : types of objects

* Objects are in preview state when zoomed out

- Each thick line represents a collection of arrows between its two ending timelines
- The rectangle that has horizontal strips of colors is the preview state

- The different colors inside a preview state represent the various categories of
real states that are amalgamated within the time range of the preview state
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TAU trace Jumpshot

Lowest / Max. Depth |'l Zoom Level Global Min TimeView Init TimeZoom Focus TimeView Final TimeGlobal Max TimeTime Per P‘
l 3713 " 8  |-0.0060565 |'15.63125230C 216.7577884778 217.765906515477.634607 | 0. 0035149
Cumulativelnclusion... ¥ | TimeLines - =
[15L0G-2
0yo
AE!
AE: :
= /T 1
2 |
| |=lVA Il
: AN [
D+ (S
W] —— - -
4| R E ;
2 4 1k
@ LinelD — | | 2 L 2
; I | I I | I I I | I 2
P 560 21580 21600 216.20 21640 21660 21680 217.00 21720 21740 217.60
« DNE Time tseconds) 2

09/19/12 14:00



TAU trace Jumpshot

“? Timeline : cellularzd_paramesh3.slogZ <ldentity Map> |7F_‘
Lowest { Max. Depth 4|Zoom Level Global Min TimeView Init TimeZoom Focus TimeView Final TimeGlobal Max TimeTime Per P4
| 0713 " 16 [-0.0060565 |6.8436089526 216.8474579533).6.851 3068661 |477.634607 -,0000155;’::
Cumulativelnclusion... v TimeLines -
[ 1SLOG-2

Bo
O
AF:
RE
04
<
@ LinelD -
E 216.844 216.845 216.846 216.847 216.848 216.849 216.85 216.i | ¢
4| | » ] Time (seconds) -

09/19/12 14:00



Lowest / Max. Depth €

TAU trace Jumpshot

TimelLine : nesting.slog2 <ldentity Map>

Zoom Lewvel Global Min TimeWiew Init TimeZoom Focus TimeView Final TimeGlobal Max TimeTime Per ¢

1

|-1.00 |-0.25 0.50 1.25 2.00

1.003092; "

0/2 |?

Cumulativeln...

1

4|
@ LinelD
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Q00 1125 1
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