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Outline	

•  Introduction to TAU Commander 
•  Instrumentation: PDT, MPI, OpenMP OMPT 
•  Event-based sampling 
•  PDT based source instrumentation 
•  Selective instrumentation 
•  Compiler-based Instrumentation 
•  Event-tracing with Jumpshot and Vampir 
•  Conclusions 
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Tutorial Goals 
This tutorial is an introduction to portable performance evaluation tools. 
You should leave here with a better understanding of… 

•  Concepts and steps involved in performance evaluation 
•  Understanding key concepts in understanding code performance 
•  How to collect and analyze data from hardware performance counters (PAPI) 
•  How to instrument your programs with TAU 
•  Measurement options provided by TAU 
•  Environment variables used for choosing metrics, generating performance data 
•  How to use ParaProf, TAU’s profile browser 
•  General familiarity with TAU use for Fortran, C++, C, and mixed language 
•  How to generate trace data in different formats 

h2p://tau.uoregon.edu/tau.pdf	
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TAU Performance System® 

http://tau.uoregon.edu 

•  Tuning and Analysis Utilities (20+ year project) 
•  Comprehensive performance profiling and tracing 

•  Integrated, scalable, flexible, portable 
•  Targets all parallel programming/execution paradigms 

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

•  Integrates with application frameworks 
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Understanding Application 
Performance using TAU 

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

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

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

•  What are the I/O characteristics of the code?  What is the peak read 
and write bandwidth of individual calls, total volume?  

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

•  How does the application scale? What is the efficiency, runtime 
breakdown of performance across different core counts?  

7 
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Universal	tool	or	integrated	toolkit	
Unbiased,	accurate	measurements	

•  File	I/O:	serial	and	parallel	
•  Communica5on:	inter-	and	intra-node	
•  Memory:	alloca5on	and	access	
•  CPU:	vectoriza5on,	cache	u5liza5on,	etc.	

Minimal	overhead	
•  Provide	mul5ple	measurement	methods	
•  Focus	on	one	performance	aspect	at	a	5me	

Easy	to	use	
•  Intui5ve,	systema5c,	and	well	documented	
•  Easy	to	understand	and	configure	
•  BSD	style	license,	Github	open	source	
•  h?p://www.taucommander.com	

TAU	Commander	
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Say	where	you’re	going,	not	how	to	get	there	
Experiments	give	context	to	the	user’s	acPons	

•  Defines	desired	metrics	and	measurement	approach	
•  Defines	opera5ng	environment	
•  Establishes	a	baseline	for	error	checking	

TAU	Commander’s	Approach	

vs. 

h2p://tau.uoregon.edu/tau.pdf	
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Target	
•  Installed	soLware	
•  Available	compilers	
•  Host	architecture/
OS	

ApplicaPon	
•  MPI,	OpenMP,	
CUDA,	OpenACC,	
etc.	

Measurement	
•  Profile,	trace,	or	
both	

•  Sample,	source	
inst…	

T-A-M	Model	for	Performance	Engineering	

Target	

Measurement	

Applica5on	

Experiment =  
(Target, Application, 

Measurement) 
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Target	0	 … Target	N	

Which	plaWorm	is	best	for	my	applicaPon?	

Measurement	

Applica5on	

•  Many targets: 
•  Different MPI 

implementations 
•  Different CPU 

architectures 
•  GPU vs MIC 
•  Cray vs SGI 

•  One measurement 
•  One application 
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What	are	the	performance	characterisPcs	of	my	
applicaPon?	

•  One target 
•  Many measurements: 

•  File I/O 
•  Communication 
•  Memory allocation 
•  Performance counters 
•  Vectorization 

•  One application 

Target	0	

Measurement	
0	

Measurement	
N	

Applica5on	
… 
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How	well	does	my	target	perform	various	
tasks?	

•  One target 
•  One measurement 
•  Many applications: 

•  Compute bound 
•  Dense LA 

•  Memory bound 
•  Sparse LA 
•  Graph 

•  Scaling 
•  Thread-level 
•  Process-level 

Target	0	

Measurement	

Applica5on	0	 … Applica5on	N	
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Ge[ng	Started	with	TAU	Commander	
1.   tau	iniPalize	
2.   tau	oshf90	*.f90	-o	foo	
3.   tau	oshrun	-np	64	./foo	
4.   tau	show	

This	works	on	any	
supported	system,	even	
if	TAU	is	not	installed	or	
has	not	been	configured	
appropriately.	

TAU	and	all	its	
dependencies	will	be	
downloaded	and	
installed	if	required.	

	
	

Just	put	`tau`	in	
front	of	
everything	and	
see	what	
happens.	
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TAU	Commander	Online	Help	
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!
$ tau initialize --mpi --compilers Intel !

     --mpi-compilers   Intel !
$ tau init --shmem !

Step	1:	IniPalize	TAU	Project	

•  Creates a new project configuration using 
defaults 

•  Project files exist in a directory named 
“.tau” 

•  Like git, all directories below the directory 
containing the “.tau” directory can access 
the project 

•  E.g. `tau dashboard` works in 
miniapp1/baseline 

h2p://tau.uoregon.edu/tau.pdf	
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Project	IniPalizaPon	

Compiler	detec5on	

Project	ini5aliza5on	

Download	and	install	PDT	

TAU	installa5on	progress	

h2p://tau.uoregon.edu/tau.pdf	
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Project	Dashboard	(`tau dashboard`)	
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Step	2:	Use	`tau`	to	compile	

Prepend	`tau`	
command	to	

compiler	command	

Compile	as	
normal	

•  TAU Commander constructs a new compilation 
command line. 

•  May replace compiler commands with TAU’s 
compiler wrapper scripts. 

•  May set environment variables, parse configuration 
files, etc. 

•  If no changes are required then nothing is changed. 
h2p://tau.uoregon.edu/tau.pdf	
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Step	3:	Use	`tau`	to	run	

TAU	Commander	sets	environment	variables	

Applica5on	executes,	possibly	with	tau_exec	

Prepend	`tau`	
command	to	
command	line	

New	data	is	added	to	
the	performance	

database	

h2p://tau.uoregon.edu/tau.pdf	
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Step	4:	Use	`tau`	to	view	data		
(`tau show`)	

h2p://tau.uoregon.edu/tau.pdf	
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Create	a	New	Experiment		
Select	a	new	

measurement	to	create	a	
new	experiment	

TAU	Performance	System®	
automa5cally	reconfigured	and	
recompiled.	

User	advised	that	an	applica5on	
rebuild	is	required	to	use	source-

based	instrumenta5on.	

h2p://tau.uoregon.edu/tau.pdf	
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TAU Architecture and Workflow 

23 
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ParaProf 3D Profile Browser 
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TAU Architecture and Workflow 
Instrumentation: Add probes to perform measurements 

•  Source code instrumentation using pre-processors and compiler scripts 
•  Wrapping external libraries (I/O, MPI, Memory, CUDA, OpenCL, pthread) 
•  Rewriting the binary executable 

 

Measurement: Profiling or tracing using various metrics 
•  Direct instrumentation (Interval events measure exclusive or inclusive duration) 
•  Indirect instrumentation (Sampling measures statement level contribution) 
•  Throttling and runtime control of low-level events that execute frequently 
•  Per-thread storage of performance data 
•  Interface with external packages (e.g. PAPI hw performance counter library) 

 

Analysis: Visualization of profiles and traces 
•  3D visualization of profile data in paraprof or perfexplorer tools 
•  Trace conversion & display in external visualizers (Vampir, Jumpshot, ParaVer) 

 

25 
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Profiling and Tracing 

•  Tracing shows you when the events 
take place on a timeline 

26 

Profiling Tracing 

•  Profiling shows you how much 
(total) time was spent in each routine 

•  Profiling and tracing 
Profiling shows you how much (total) time was spent in each routine 
Tracing shows you when the events take place on a timeline 
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inclusive 
duration 

exclusive 
duration 

int foo()  
{ 
       int a; 
       a =a + 1; 
 
     bar(); 
 
       a =a + 1; 
       return a; 
} 

Inclusive vs. Exclusive Measurements 

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

27 
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Instrumentation 
Direct and indirect performance observation 
•  Instrumentation invokes performance measurement 
•  Direct measurement with probes 
•  Indirect measurement with periodic sampling or hardware performance 

counter overflow interrupts 
•  Events measure performance data, metadata, context, etc. 

User-defined events 
•  Interval (start/stop) events to measure exclusive & inclusive duration 
•  Atomic events take measurements at a single point 

–  Measures total, samples, min/max/mean/std. deviation statistics 

•  Context events are atomic events with executing context 
–  Measures above statistics for a given calling path 

28 
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Inclusive Measurements 

29 
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Exclusive	Time	

30	
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Sampling	

Running	program	is	periodically	interrupted	to	take	
measurement	

•  Timer	interrupt,	OS	signal,	or	HWC	overflow	
•  Service	rou5ne	examines	return-address	stack	
•  Addresses	are	mapped	to	rou5nes	using	symbol	

table	informa5on	
StaPsPcal	inference	of	program	behavior	

•  Not	very	detailed	informa5on	on	highly	vola5le	
metrics	

•  Requires	long-running	applica5ons	
Works	with	unmodified	executables	
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Time 

main foo(0) foo(1) foo(2) int main() 
{ 
  int i; 
 
  for (i=0; i < 3; i++) 
    foo(i); 
 
  return 0; 
} 
 
void foo(int i) 
{ 
 
  if (i > 0) 
    foo(i – 1); 
 
} 

Measurement 

t9 t7 t6 t5 t4 t1 t2 t3 t8 
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InstrumentaPon	

Measurement	code	is	inserted	such	that	every	event	of	
interest	is	captured	directly	

•  Can	be	done	in	various	ways	
Advantage:	

•  Much	more	detailed	informa5on	
Disadvantage:	

•  Processing	of	source-code	/	executable	
necessary	

•  Large	rela5ve	overheads	for	small	func5ons	
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Time 

Measurement int main() 
{ 
  int i; 
 
  for (i=0; i < 3; i++) 
    foo(i); 
 
  return 0; 
} 
 
void foo(int i) 
{ 
 
  if (i > 0) 
    foo(i – 1); 
 
 
} 

Time 

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 t14 

main foo(0) foo(1) foo(2) 

Start(“main”); 

Stop(“main”); 

Start(“foo”); 

Stop(“foo”); 
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Examples	

33	
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Setting up Accounts, Examples at TACC 
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On Stampede2.tacc.utexas.edu 
% tar zxf ~tg457572/workshop.tgz 
% idev –m 50  
% source ~tg457572/tau.impi.bashrc 
% which tau 
% cd workshop/mm 
% tau init --mpi --compilers Intel --mpi-compilers Intel  
% make clean;  
% make 
% tau mpirun –np 64 ./matmult 
% tau show  
And try the examples. Try: 
% tau --help 
% tau meas edit --help  
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Simplifying the use of TAU! 
Uninstrumented code: 

•  % make 

•  % mpirun –np 256 ./a.out 

 
With TAU using event based sampling (EBS): 

•  % tau init --mpi  --mpi-compilers Intel --compilers Intel 

•  % tau mpirun –np 256 ./a.out 

•  % tau show 

35 
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AutomaPc	Source	
InstrumentaPon	

36	
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TAU’s Static Analysis System:  
Program Database Toolkit (PDT) 
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Application
/ Library

C / C++
parser

Fortran parser
F77/90/95

C / C++
IL analyzer

Fortran
IL analyzer

Program
Database

Files

IL IL

DUCTAPE
TAU �

instrumentor
Automatic source
instrumentation

. 

. 
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Automatic Source Instrumentation  
using PDT 
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tau_instrumentor 

Parsed 
program 

Instrumentation 
specification file 

Instrumented  
copy of source 

TAU source 
analyzer 

Application  
source 
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Automatic Source Instrumentation 
•  Use TAU’s compiler wrappers 
•  % tau select profile 

•  Simply replace CXX with tau <compiler> 

•  Automatically instruments source code, links with TAU libraries. 

Before 
CXX = mpiicpc 
F90 = mpiifort 
CXXFLAGS = 
LIBS = -lm 
OBJS = f1.o f2.o f3.o … fn.o 
 
app: $(OBJS) 
  $(CXX) $(LDFLAGS) $(OBJS) -o $@  
  $(LIBS) 

.cpp.o: 
  $(CXX) $(CXXFLAGS) -c $< 

After 
CXX = tau mpiicpc 
F90 = tau mpiifort 
CXXFLAGS = 
LIBS = -lm 
OBJS = f1.o f2.o f3.o … fn.o 
 
app: $(OBJS) 
  $(CXX) $(LDFLAGS) $(OBJS) -o $@  
  $(LIBS) 

.cpp.o: 
  $(CXX) $(CXXFLAGS) -c $< 

39 
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TAU and PDT for Source Instrumentation 
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On Stampede2.tacc.utexas.edu 
% tar zxf ~tg457572/workshop.tgz 
% idev –m 50  
% source ~tg457572/tau.impi.bashrc 
% which tau 
% cd workshop/mm 
% tau init --mpi --compilers Intel --mpi-compilers Intel  
% tau dash 
% tau select profile 
% make clean 
% make CC=‘tau mpiicc’ 
% tau mpirun –np 64 ./matmult 
% tau show  
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Selective Instrumentation File 

41 

% tau dash 
% tau application edit <app_name> --select-file select.tau 
% cat select.tau 
BEGIN_INCLUDE_LIST 
int main# 
int dgemm# 
END_INCLUDE_LIST 
BEGIN_FILE_INCLUDE_LIST 
Main.c 
Blas/*.f77 
END_FILE_INCLUDE_LIST 
# replace include with exclude list (BEGIN_EXCLUDE_LIST/END…) 
 
BEGIN_INSTRUMENT_SECTION 
loops routine=“foo” 
loops routine=“int main#”   
END_INSTRUMENT_SECTION 

% export TAU_SELECT_FILE=select.tau    (to use at runtime) 
h2p://tau.uoregon.edu/tau.pdf	



TAU and PDT for Source Instrumentation 
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On Stampede2.tacc.utexas.edu 
% tar zxf ~tg457572/workshop.tgz 
% idev –m 50  
% source ~tg457572/tau.impi.bashrc 
% which tau 
% cd workshop/mm 
% tau init --mpi --compilers Intel --mpi-compilers Intel  
% tau select profile 
% cat select.tau 
% tau application edit mm --select-file select.tau 
% make CC=‘tau mpiicc’ 
% tau mpirun –np 64 ./matmult 
% tau show  
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Routine Level Profile 

How much time is spent in each application routine? 

43 
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ParaProf 3D Profile Browser 

44 
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ParaProf	

45	
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ParaProf 3D Topology Display 
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ParaProf	Comparison	Window	

47 

Comparing Rank 0 with 5.  
Right click on “node 5” -> Add node to comparison window 
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Event	Based	Sampling	in	TAU	
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Mixed	MPI	and	OpenMP	InstrumentaPon	

Options -> Uncheck “Stack Bars Together”  
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TAU’s	support	for	Intel	and	GNU	OMPT	

% tau meas edit profile –openmp ompt 
% tau select profile 
% make clean 
% make CC=‘tau mpiicc’ 
% tau mpirun –np 16 ./matmult 
% tau show 

h2p://tau.uoregon.edu/tau.pdf	
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Loop Level Instrumentation 
Goal: What loops account for the most time? How much? 
Flat profile with wallclock time with loop instrumentation: 
 

51 
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Computing FLOPS per loop 
Goal: What is the execution rate of my loops in MFLOPS?  
 
Flat profile with PAPI_FP_INS and time with loop instrumentation: 

52 
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Callpath	Profiling:	FUN3D	

53 
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ParaProf	FuncPon	Window	

54 
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ParaProf	Callpath	Thread	RelaPons	Window	
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Shows the contribution of parents and children for each routine (marked by an arrow) 
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ParaProf	Callpath	Thread	RelaPons	Window	

56 
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ParaProf	FuncPon	Window	
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Generating Communication Matrix 

% tau init --mpi --mpi-compilers Intel --compilers Intel 
% tau meas edit sample --comm-matrix 
% tau mpirun –np 16 ./a.out 
% tau show 
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Communication Matrix Display 

Goal: What is the volume of inter-process communication? Along 
which calling path? 

59 
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SHMEM Communication Matrix 
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Use Compiler-Based Instrumentation 

 
% tau init --mpi --mpi-compilers Intel --compilers Intel 
% tau meas edit profile --compiler-inst always 
% tau select profile 
% make CC=‘tau mpiicc’ 
% tau mpirun –np 16 ./a.out 
% tau show 
   

61 
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Compiler-based instrumentation 
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Jumpshot Trace Visualizer in TAU 
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Tracing Communication in Jumpshot 
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% tau init  
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Performance Analysis 

65 
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 Generating Event Traces 
% cd workshop/mstmult 
% tau init --mpi --mpi-compilers Intel --compilers Intel 
% tau meas edit profile --trace slog2  

(if it is profiling is being used in another experiment, you may 
have to delete it: 
tau experiment delete <exp_name>  
and retry 
 

% make CC=‘tau mpiicc’ 
% tau mpirun –np 16 ./matmult 
% tau show 
 
NOTE: For OTF2 traces replace slog2 with otf2. 
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Visualizing Event Traces with Vampir 
Goal: Identify the temporal aspect of performance. What happens in my code at a given 

time? When? 
Event trace visualized in Vampir [www.vampir.eu] 
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Vampir	[T.U.	Dresden]	Timeline	Display	
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Rank 0 performs I/O while all other ranks wait in MPI_Bcast() 
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Vampir	Timeline	Display		

69 
h2p://tau.uoregon.edu/tau.pdf	



Vampir	CommunicaPon	Matrix	Display	
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Visualizing MPI_alltoallv() performance on 786k cores (48 racks) 
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PRL, University of Oregon, Eugene 
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www.uoregon.edu 
 
 
 

h2p://tau.uoregon.edu/tau.pdf	



72 

Support Acknowledgments 
US Department of Energy (DOE) 

•  Office of Science contracts 
•  SciDAC, LBL contracts 
•  LLNL-LANL-SNL ASC/NNSA contract 
•  Battelle, PNNL contract 
•  ANL, ORNL contract 

Department of Defense (DoD) 
•  PETTT, HPCMP 

National Science Foundation (NSF) 
•  Glassbox, SI-2 

NASA 
Partners: 
University of Oregon 
ParaTools, Inc. 
University of Tennessee, Knoxville 
T.U. Dresden, GWT 
Juelich Supercomputing Center 

h2p://tau.uoregon.edu/tau.pdf	



73 

Download	TAU	from	U.	Oregon	

	
	

h2p://www.hpclinux.com	[LiveDVD]	
	

Free	download,	open	source,	BSD	license	
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