Leaders in parallel software development tools

Debugging Petascale HPC
Applications

Blue Waters User Workshop 2013

www.allinea.com



e Raise awareness

 Debugging in general
« Allinea DDT In particular
 Enhance dexterity

« Allinea DDT In particular
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Print statement debugging?

e The first debugger: print
statements

e Each process prints a
message or value at defined
locations

e Diagnose the problem from
evidence and intuition

* Along slow process

e Analogous to bisection root
finding
* Broken at modest scale

e Too much output — too many
log files
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Challenges for Developers

Yeon® P Coprotrssot
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"Debugging Is twice as hard as writing the code In
the first place. Therefore, if you write the code as
cleverly as possible, you are, by definition, not
smart enough to debug it."

Brian Kernighan

allinea

www.allinea.com



Bugs In Practice

Q‘LQA\*‘?D ?cm e.‘ F

@c'ﬁ).l n F?.\qu\ ,

Country: * United Kingdom A |

Office Phone: 1 42E+11
TO-GROUND RCTIONS

THEATERWIDE TACTICAL HORFARE Industry:
THEATERWIDE BIOTOXIC AMD CHEMICAL MARFARE

GLOBAL THERMOMUCLEAR WAR
i

124395.444928040 1.058752839654279E-002 1.681755157646460E-011
124395.444323148 1.119242021240481E-002 1.681205346551746E-011
124395.443701451 1.181411574161518E-002 1.680444969505865E-011
124395.443062951 1.245261508079283E-002 1.679731384893576E-011
124395.442407647 1.310791832922166E-002 1.679052894606482E-011
124395.441735539 1.378002558885051E-002 1.678304215668999E-011

M\ forrtl: error (79): process quit (SIGQUIT)

Image PC Routine Line Source

omp-break 0000000000405400 Unknown Unknown Unknown

omp-break 0000000000404B23 Unknown Unknown Unknown

libiomps.so ©0007F6E3ATC6B93  Unknown Unknown Unknown

[ |
Aborted (core dumped) a I n E a
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Some Types of Bugs

Bohr bug

« Steady, dependable bug
Helsenbug

« Vanishes when you try to debug (observe)
Mandelbug

« Complexity and obscurity of the cause is so great that it appears
chaotic

Schroedinbug

* First occurs after someone reads the source file and deduces
that it never worked, after which the program ceases to work

allinea

www.allinea.com



A New' Vernacular for Bugs

» Defect
* An incorrect program code
- A bug in the code
* |Infection
* An incorrect program state
- Abug in the state
» Failure

* An observable incorrect program behaviour
- A bug in the behaviour

allinea
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TRAFFIC

* Debugging

* Transforming a broken program into a working one
e How?

e Track the problem
Reproduce

Automate - (and simplify) the test case
Find origins — where could the “infection” be from?
Focus — examine the origins

Isolate — narrow down the origins
Correct — fix and verify the testcase Is successful

allinea
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How to Focus and Isolate

A scientific process?
» Hypothesis, trial and observation, ...
* Requires the ability to understand what a program is doing
* Printf
« Command-line debuggers
« Graphical debuggers
« Other options
 Static analysis
* Race detection
 Valgrind
« Manual source code review

allinea
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"' Is for Isolate

« Can the issue be isolated?

* Reduce the process count, data size or some other factor (eg.
Time)

o Simplify the problem?
o Simplifying Is not always an option
e Often requires reduced data set — the large one may not fit

« Smaller data set may not trigger the problem

* Does the bug even exist on smaller problems — or is it too
unlikely to occur?

* Are there quick ways to just “debug”?

allinea
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What are Debuggers?

 Tools to inspect the insides of an application whilst it is running

 Ability to inspect process state
- Inspect process registers, and memory
- Inspect variables and stacktraces (nesting of function calls)
- Step line by line, function by function through an execution
— Stop at a line or function (breakpoint)
- Stop if a memory location changes

 |deal to watch how a program is executed

- Less intrusive on the code than printf
- See exact line of crash — unlike printf
- Test more hypotheses at a time

allinea
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How Debuggers Work

* Multiple methods of operation/implementation

 Interpreted interactive environments — Ruby, Perl, etc.

- Everything is under control of the implementation — easy access to the
state of the system

- Relatively easy extension to any interpreter
 Virtual/managed environments — eg. Java

— Public protocols hook into the virtual machine (ie. JDWP API)
* Insert breakpoint, inspect classes and data

 Native executables

- A harder challenge — binaries run wild under operating system control
« Examples: Eclipse, DDT, GDB, Allinea DDT

allinea
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Development Process ... Simplified
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Development Process + Debugging
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Dev Process + Allinea DDT
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Debugging Parallel Applications

e The same need: observation, control, ...

* A complex environment — with complex problems

- More processes, more data

- More Heisenbugs — MPI communication library introduces
potential non-determinism

* Few options ...
— Cannot use printf or command line debuggers
e Some bugs only occur at scale

- Need to handle thousands of threads/processes
- Needs to be fast to use and easy to understand

allinea
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Debugging Parallel GPU Applications

* The same need: observation, Main
control, ... Memory | (1)

Copy processing data

« A complex environment —

with complex problems 7@—]
Y Copy the result
emo

- Explicit data transfer between 44

[Instruct the processing)

host and GPU for o™ GPU [ Execute parallel ]
- Hierarchy of memory levels ‘ (GeForce 8800) " gach core
- Grid/block layout and thread =

scheduling ]

L ]

- Synchronization [ ]
- Massively fine-grained parallel

model Processing flow D

on CUDA

* Debugging options ...
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The Allinea Environment

b

allinea|

environment
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The Allinea Environment: Benefits

« At last: a modern integrated environment
for the HPC developer

« Supporting the lifecycle of application
development and improvement

« Productively debug code ' ‘

 Enhance application performance S — L
e : allinea

environment

« Designed for productivity
» Consistent integrated easy to use tools
* Enables effective HPC development

* Improve system usage

» Fewer failed jobs
« Higher application performance

allinea
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Fixing the everyday crash

» The typical application crash or early  stacks @

ex|t Processes  Function
150120 3 start
* Run your program in the debugger 150120 =l__libc_start_main
150120 —jmain
ddt {application} {parameters} 150120 X pop (POP.f90:81)
) _ ] 150120 Zinitialize_pop (initial 80:119)
i ApplICatlon crashes or starts to exit 150120 2init_communicate (communicate f0:87)
180119 ] E--create_ncn_mmmunicatur (communicate f290.300)
* Where did it happen? E——
- Allinea DDT merges stacks from SR R S
. ‘am n.o_mm
processes and threads into a tree N e, =
* Leaps to source automatically ETLEE A

Process stopped in convolute (aray30:147) with

— S ——
® _inpufOupus | Brestpoies | Wachpansy  ReasonvOngn invakd pemissons for masped
st obgect

Your program will probably be terminated f you
continue.

 Why did it happen?
« Some faults evident instantly
» For others look deeper — at variables

allinea
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Simplifying the data deluge

* Allinea DDT compares data
automatically

« Too many variables to trawl
manually!

« Smart highlighting

» Subtle hints for differences and
changes

* With sparklines!

* More detailed analysis

» Full cross process comparison
» Historical values via tracepoints

Locals | Current Line(s) ] Current Stack

Locals ®
Variable Name Value 4|
rarge L

+argv 0x7fffffffd1a8

- beingWatched —0

+bigAmay

- dest — 32767

fpdynamichrray Ox7ffff081558

#-environ 0x71ffffffd1b8

- — 32767

E---message "

my_rank =0

P -

Type: int

-source ~"41/8 processes equal

+-status

v, ox7ffff7fcefco

Hiahlae
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Allinea DDT: Proved to the extreme

« Scalability by design
» User interface that scales

* High performance tree
architecture

* Proven performance at
Petascale

» Measured in milliseconds
 Routine use at 100,000+ cores
e 300,000+ cores

 Easy to use
e Scalable GUI

Stacks (All)
Processes | Funclion
150120 I _start
150120 3__libc_start_main
150120 Zmain
150120 2 pop (POP.f20:81)
150120 Zinitialize_pop (initial £90:119)
150120 Jinit_communicate (communicate f90:87)
180119 ] E--create_ncn_mmmunicatur (communicate f290.300)
B create_ocn_communicator icommunicate. f90:303)
SABEHEEEA-D
EFjwsn ment » Group | Process  Thvead L - g N
1200 procs 5 (0-1199) Paused 1200 Play het
Currently selected
2% "7 anayfa0 X _Locals | Cune
= e
: if .]1: i e
p 1l =1 3
cfi, N =cld, 1) + &
i+k-2,3+1-
end do
end do
end do
d do
E Do — e P_tn:!ssmpp!dncm!-rmo:mw
% inpuiOuapu’ | Breskpoinss | Waichposy  ReasonyOngin ivald permissons for magped
::‘t:’s:’ e %lmmllgmwumdlm
1200 [ =main You can use the stack controls 10 see what the
1200 B ~mainf (anayf90 77) process was daing at the time.
200w v mmmmmwgmjmds
» o | ]
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Allinea DDT: More than debugger

* |ntegrated automated
detection of bugs

 Static analysis

« Memory leaks and errors
* Open plugin architecture

 MPI checking tools

» Offline mode - debug In
batch mode

threads = calloc(sizeof(pthread t), nthreads);
ids = calloc(sizeof(int), nthreads);

init mutex();

pthread mutex lock(mutley);
for (i = 0; i < nthreads; ++i) {
ids[i] = i;
pthread create (threads + i, NULL, &thread,
pthread mutex unlock(mutley);
for (i = 0; i < nthreads; ++i)
pthread join (threads[i], NULL);

return 0;

i |
rror Memory leak: threads

rroxr Memory leak: ids

oid *q)

L

volatile int busy = 0;
volatile int locker = 8;
int 1, j;

double k = 1;

int tid = *(int*) q;

/* to be amended by

usleep(rand() % 31);

[l

allinea
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Demos

* Crashes * Breakpoints and

 Memory errors and watchpoints

leaks » Offline debugging
 Deadlocks e |ncorrect results

« Threads  GPU support

« MPI

http://www.allinea.com/downloads/ddt_training.tar.gz

allinea
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OpenMP Debugging Considerations

* Threads only created when parallel region reached
* Applies to some OpenMP libraries
« Can't step into a parallel region

« Synchronize threads in parallel region then

- Step threads together
- Run to a specific line

« Can't step out of a parallel region

- Step threads together inside parallel regions
- Run to specific line to exit parallel region

allinea
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OpenMP Debugging Considerations

* QOutside parallel regions
* Disable “Step Threads Together”
» Control threads individually
* Use “Focus on current: Thread” feature

 Shared OpenMP variables may appear twice In
Locals window

« Side effect of introducing parallelism

allinea
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OpenMP Debugging Considerations

» Parallel regions displayed as new functions in
stack views?

* Implemented as automatically-generated “outline”
functions

e Stepping often behaves unexpectedly inside
parallel regions

e Some compilers optimize parallel loops
 |gnore options specified on the command line

allinea
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Session Control Search View Help

”E} T = F [

N o RAVY

”Current Group;l IFocus on current: ¢ Group ! Process " Thread ||_ Step Threads Together |

Create Group

Jroject Files 8 X

& Project Files

+ 4 Source Tree
¥ = Header Files
4 [ Source Files

1] [

InputfOutput | Breakpoints | Watchpoints
Stacks

Stacks

Processes | Function |

@ DDT-Run (on . . EDU)

Application: jusrflib64/R/binfexec/R -f fhomefian.lumb/test/R/csub/csub R

Details...

Application: |jusrj|ib6=1jijinfexech

Argquments: |—f fhomefian.lumb/test/iR/csubjcsub R

3 o

Input File: |

[
7

Working Directory. |

7 af

[~ MPI Details...
[T openMP Details...
[ cuba Details...
[T Memory Debugging Details...
Environment Variables: R_HOME=/usr/lib64/R, DOT_ENTRY_POINT=_start = Details...
R_HOME=/usr/lib64/R
DDT_ENTRY_POINT=_start ddt
Plugins: none Details...
Run Cancel

Locals  Current Line(s) | Current Stack |
Current Line(s) & X
Evaluate g X

Expression |‘u’a|ue |

DOT v3-2-1-BERANCH



Session Control Search View Help

[wfu B8 REelEgE] | B-D-

|Focus on current: & Process ¢ Thread |- Step Threads Together |

% finding-files txt | £ csubc £ csub.c £ | Locals | Current Line(s) | Current Stack
SeE Cirl4-K "a_ 52 ' : o d Locals o
= - - 53 if (*ncols !'= *nrows2) { -
-:-Prc:]ect Files 54 printf("The two matrices are the wrong shape to be multiplied.\n"); ‘l:!arlable Name |Va|ue - .
+ 9 Source Tree 55 return; +-alpha {r=1,i=0]
+ 9 Header Files 5 } -m 4
=% Source Files 27 Hard-coded just for quick testing +ncols 0x35057529
; - RCOF”PLE"‘ Qprod(4] !?!{__ +ncols2 0x35055199
; complex Qprod[1][2] +nn 0x7ffflbe0sct
| esub.so 61 Rcomplex alpha = {1.0, 0.0}, +-nrows oxo
52 Rcomplex beta = {0.0, == + nrows2 0x9cleb70
53 MKL_INT m = *nrows; % Allinea DDT (on .EDU) 4Q 0x2b98d8cd
54 MKL_INT n = *ncols2; Q2 0x9ab0348
5 = % . - -
. MKL?INT k a;:r?C_EJ‘ES, ) i Process 0: +Qprod
MKL_INT lda = k; Thread 1 stopped at breakpoint in csub (csub.c:77). +rcf . 0x0
MKL_INT ldb = n; o , . +Rf_beta r=0,i=0
: MKL_INT ldc = n; ¥ Always show this window for user-defined breakpoints - {
70 cblas _zgemm({CblasRowl :
71 &alpha, 0, 1d B Continue
73 printf("Qprod 1s a %dx%d matrix:\n", m, n}j;
74 for (r=0; r=m; r++) {
75 printf("Qprod[%d] =", r);
76 for (c=0; c=<n; c++) {
o7 printf("%.1f,%.1Tf ", r, Qprod[r][c].r, Qprod[r][c].i]);
= T
7 printf("\n");
30 }
81 printf("\n"]};
32 } L |
=l B | N
K1 I KT | *|  Iype: none selected
Input/Output | Breakpoints | Watchpoints | Stacks | Tracepoints | Tracepoint Output Evaluate g X
nput/Output & X | Expression |V:a|ue |
Process @ Q 1s a 4x5 matrix: |
Process ©: g[®] =1.1,-20.1 2.1,-19.1 3.1,-18.1 4.1,-17.1 5.1,-16.1
Process @: Q1] = 6.1,-15.1 7.1,-14.1 8.1,-13.1 9.1,-12.1 18.1,-11.1
Process @: @g[2] =11.1,-1©.1 12.1,-9.1 13.1,-8.1 14.1,-7.1 15.1,-6.1
Process ©: Q[3] = 16.1,-5.1 17.1,-4.1 18.1,-3.1 19.1,-2.1 20.1,-1.1
Process ©:
Process @: 02 is a 5x5 matrix:
Process @: @Q2[0] =1.1,-25.1 2.1,-24.1 3.1,-23.1 4.1,-22.1 5.1,-21.1
Process @: Q2[1] = 6.1,-20.1 7.1,-19.1 8.1,-18.1 9.1,-17.1 10.1,-16.1
Process ©: Qz2[2] = 11.1,-15.1 12.1,-14.1 13.1,-13.1 14.1,-12.1 15.1,-11.1
Process ©: Q2[3] = 16.1,-10.1 17.1,-9.1 18.1,-8.1 19.1,-7.1 208.1,-6.1
Process @: Q2[4] =21.1,-5.1 22.1,-4.1 23.1,-3.1 24.1,-2.1 25.1,-1.1
Process ©:
Process ©: Qprod is a 4x5 matrix: j
Type here ('Enter' to send): | More '|

Ready



The old quick way to debug...

* Logging — printf and write
* |f you have good intuition into the problem

— Edit code, insert print, recompile and re-run
- Slow and iterative

* Logs grow too quickly
- Hard establish real order of output of multiple processes
- Unscalable

No longer a very effective way to solve bugs
So, can we use a real debugger?

allinea
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Why debug at scale?

* Increasing job sizes leads to unanticipated errors

e Regular bugs

- Logic issues and control flow
- Data issues from larger data sets — eg. garbage in..., overflow

 |Increasing probability of independent random error

- Memory errors/exhaustion — “random” bugs!
- System problems — MPI and operating system

 Coded boundaries
- Algorithmic (performance) or hard-wired limits (“magic numbers”)
e Unknown unknowns

e Machine time Is too expensive to ignore failures!

allinea
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How to Make a Petascale Debugger

A control tree gives scalability

Ability to send bulk commands and
merge responses

* 100,000 processes in a depth 3 tree

Compact data type to represent sets of
processes

» eg. For message envelopes
« An ordered tree of intervals, or a bitmap?

Develop aggregations

« Merge operations are key: not everything
can/should merge losslessly

* Maintain the essence of the information:
eg. min, max, distribution

B4 05 06 17 D8 19 2020 2223 24 25 2627 28 29 30 31 32 33 34 35 36 37
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Real Petascale Debugging

m DDT 3.0 Performance Figures  Logarithmic performance with a tree
£ 015 network
Q
»w 01 et . : .
2 i S_t||| fast at 220_,000 cores: step all and
E 005 ~— display stacks in 0.1 seconds
0 . .
0 50,000 100,000 150,000 200,000 PartnerShlp Wlth USErs
— All Step MPI Processes » DoE Oak Ridge National Laboratories

—— All Breakpoint « LLNL, ANL, CEA and others

» Usability is a “Big Thing”: scalable

locals  Current Linafs) | Currant Stack | interface and features

ﬂ Current Line(s) 5 X
WVariable Mame Value .
E---_.'.:-;u m 5
~-mype [ 2724
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Scale Is already here ...

Growth in HPC core counts o MaChine S|ZeS a.re eXpIOdIng
2000000 « Skewed by largest machines
. 1500000
S 1000000 M Average Cores ... but a common trend
F_L; 500000 M Largest
8 0 - Smalest  Largest (Jun 2012) 1.5M cores
2002 2004 2006 2008 2010 2012
2001 2003 2005 2007 2009 2011
Year
» Petaflop owners club is growing
« 23 members!
HPC core counts
30000
25000 * Petaflop users club?
~ 20000
g 15000 « How will you get your application
S 10000
5 5000 there?
0 e

2002 2004 2006 2008 2010 2012
2001 2003 2005 2007 2009 2011

W Average Cores  Smallest
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Extreme-Scale Endorsements

“My group routinely debugs parallel code at over 100,000 processes
using Allinea DDT. No other debugger can even come close to its
performance, so obviously it's a hit with users.”

- Dr Richard Graham, Oak Ridge National Laboratory

“Allinea’'s experience and tools will make a big impact in the speed at
which scientists can complete their research. We are looking to Allinea
to help teams become more productive by more quickly moving codes
to the new technologies, and improve the performance of their codes
at the full scale of the entire system.”

- Dr Bill Kramer, Deputy Project Director of Blue Waters

allinea
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Extreme-Scale Endorsements (2)

“This tool has already proven its value in the migration of
our early science applications onto Mira,” said Kalyan
Kumaran, who manages ALCF’s applications
performance engineering team. “These projects cover
the range of scientific fields, numerical methods,
programming models and computational approaches
expected to run on Mira, so accurate debugging is
critical.”

'ﬂ_'-_-_-_.—._-_-—___-_—_-hh_“'“--.___h
ﬁ / -._____________-___ —
g7

Leap to Petascale

o
Making the Move Towards Mira a I I I nea

May 22-25 -Argonne National Laboratory WWW E.l | | nea.com




Allinea Strengths

* Focus

e Tools for HPC developers
* Design

« User experience

e Architecture

- Integrated
- Interoperable
- Scalable

allinea
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About Allinea

« HPC development tools company

* Flagship product Allinea DDT

- Now the leading debugger in parallel computing

- The scalable debugger

» Record holder for debugging software on largest machines
* Production use at extreme scale ... and desktop

- Wide customer base

 Blue-chip engineering, government and academic research
« Strong collaborative relationships with customers and partners

* Announced product Allinea MAP
- The profiler you'll actually want to use!

allinea
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A Unified Environment for HPC

Sesson tonre

> | a-S
s Ao e e e -
- 4 pracesses (0-3) Faused 4 Flaying O fed
[ Shomprocesses ]  Currently selected: ] lon dopey, pid Ta161

value

oo none &

actad

e

Fro

se:  Function

Fortran Modukes |

¥ trisal fa0

IF (me. LE.0) THEN
ut_data = (4095, L)

i (input_data,
uE data(l

sizé = in

M4_WORLD, e rr)

Currens etz

nl = MUMROC [n,block_size,me,8,n_proc
ALLOCATE (ain.nl),bin]]
a = ZERD

wcumar | Breskpoints | watchpeints | Stacks | Tracepeints | Tacepoint Oupst | visasization Foints
e

31 Type intagarikind=4:
Evauate
B Expression Valie
n — aess

Current Stack

Faady

872671
<not allocated
— 4 7430302000 +.

Stared: 10:39:03 Funtime: 03 Time in MPI: 19%

r0amy
[e——
e
POy
[P -
0
100% e
CRU flpating point ol 5
s 0% sk VYRR WY

cPu v

tor

100 %/ ﬁ\f"’b\"’“"q—/"‘\
ow T VA,

Yy N

System_Clock (Count.

Hide Matrics

o
F, -
T
1 e

P

System_Clock (Count:

InputOnTput
Pacaliel Stack View

Project Files. | Parallel Stack view

el Time 4 MP_ Function(s) on line

= benchmarks
jather field
- —&'m
M A sk d300% = mplwatal
%_gh do

+ automatic_vs_allacsted [infined)
# benchmarks (enchmarks F90:112)

Source

Position
benchmarks.F90:1
benchmarks.F90:117

c 798
benchmarks.F30:801
benchmarks. F30:775
benchmarks.Fo0:785

benchmarks. Fa0:110
benchmarks. Fo01112
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Allinea DDT - Debugging++

Productively debug your parallel code

* Completely understand your parallel code

* |nteract with data, algorithms, codes, programs and
applications in real time

* Develop parallel your code from scratch

* Port parallel algorithms, codes, programs and
applications to X

Scale your algorithms, codes, programs and
applications

allinea

www.allinea.com



The First CUDA Bug

e 2007 — introduction of the CUDA programming model

« Powerful, efficient and C-based
« Understood and adopted by new groups of experts

» EXxisting codes modified to extract SIMD parallelism and
iIntroduce CUDA kernels

« Performance of codes is optimized

- Overlapping device (GPU) and host (CPU), or
- Rearranging memory usage inside device (GPU)

* The first CUDA bug Is created ...

allinea
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Embracing GPUs

GPUs — a rival to traditional processors

» Great price/performance ratios
» Offerings from AMD and NVIDIA

New languages, compilers, standards
« CUDA, OpenACC, OpenCL, ...

HPC developers need to consider
Data transfer

Multiple memory levels
Grid/block layout and thread scheduling
Synchronization

Bugs are inevitable

Main

Memory _@

Copy processing data

[Instruct the processing)

i Copy the result I
Memory

for GPU

-
Execute parallel
in each core

©,

GPU
(GeForce 8800)

s Canen)

Processing flow

allinea
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Debugging Parallel CUDA Applications

 Current status

x david@cuda:~/v3-0-17976/code/ddt fexamples

- Software complexity
reflects hardware

i File Edit Vi search Terminal Tabs Help

(cuda-gdb) info cuda threads

CompIeXIty | BlockIdx ThreadIdx To BlockIdx ThreadIdx Count Virtual PC Filename
° Cuda_gdb (0,0,8) (135,0,0) (63,8,0) 832 0x000000000b4dag4s prefix.cu
: (140,0,0) (0,0,0) (143,0,0) (63,0,0) 256 8x000000000b4dagds prefix.cu

— 4]
DIreCt use (147,0,8) (9,8,0) (151,0,8) (63,0,0) 320 8x000000080b4da848 prefix.cu

. 90
Cha”englng (156,0,0) (0,8,0) (158,0,0) (63,0,0) 192 ©x600006000b4da848 prefix.cu

a8
. . (167,0,0) (0,0,0) (168,0,0) (63,0,0) 128 9x000000000b4dagas prefix.cu

- Indirect use via a o6
(170,0,0) (0,0,8) (172,0,8) (63,0,0) 192 0x000000000b4da848 prefix.cu

90
debugger (174,0,0) (32,0,0) (188,0,0) (63,0,0) 928 0x000000000b4dag4s prefix.cu

90

(191,6.8) (32,0,0) (212,0,0) (63,0,0) 1376 0x000000000b4da848 prefix.cu

(6,0,0) (237,0,0) (63,0,0) 1472 0x000000000b4da848 prefix.cu

(239,0,0) (0,0,0) (248,0,0) (63,0,0) 128 0x000000000b4dag48 prefix.cu
---Type <return> to continue, or q <return> to quit---Jj

allinea
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Cluster Management

CUDA DE

Drivers
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Allinea DDT and CUDA

* Supports
« CUDAtoolkits 3.1--3.2-4.0-4.1-4.2 - - : e
5 0 Current Group: INI - IFucuson current: @ Group Process Thread Step Threads Together Step CU
' Al CIEEEEEEE
Create Group
CUDA Threads (Process 0, simpleMPiKemnel) slock [ 0 [2][ o [2][ o [2]mwead [ 0 B[ 0 [0 [
* Makes use Of Project Files @& | w simpleMPl, CPR 3 | simpleMPl.cu X 7 7
_ | Search (Ctrl+K) "'Q} 34 Jl;.' abmtlerr] ] R
- NVIDIA C/C++ compiler - nvce e O
;;Nsirne- ¢ AL Demica l: Bl Rainal " it —
- NVlDIA debugger - CUda_gdb ﬁsime,c _ulnhsl_l void uhwleﬂ?ﬂerml[!lntt B input tio-t " ou.!:wt) o
‘ € slist.c ;1 : int tid = blockIdx.x * blockDim.x + threadIdx.x |
+ 't snapc_base_clos Wl—
) ) +  snapc_base_fns i }
* Execution model is unusual e TR T ———
. i I c stacplmjace_{ 1 %7 \[lo:Ld mltﬂatn(:loat W dntd int data.ﬂzel
- GUI work required to support 32-thread units B 7 A tantine = 0 i< anrasieisn 5
(WarpS) in blocks and gl‘ldS | mpuwOup... | Breakpoints | Watchpoi... | Tracepoints | WacepointOut... | Stacks (Al | Kernel Progress Vi.,
Stacks (All)
Processes Threads GPU Thread Function
) . . g 8 0 émam (simpleMPl.cpp:92)
* Mixed GPU/CPU in one interface vl S
- Interaction with CPUs
s Easy to SWltCh between contexts (Stacksl J/auturs,‘nal _home/ lecomber /NVIDIA/C/src/sinpleMPI/sinpleMP . cusd2
8 Processes: ranks 0-7

threads, data...)
- Support multiple nodes

allinea
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Allinea DDT and CUDA

Core Debugging Capabillities

* The first graphical debugger for NVIDIA CUDA
— Simple and easy to use
— As easy as debugging ordinary (i.e., non-GPU) code

* Core debugging capability
— Breakpoints
— Stepping warps
— Viewing data and thread stacks within the GPU

e Supports advanced features
— CUDA memcheck — memory debugging for CUDA

allinea

www.allinea.com



Allinea DDT and CUDA

Seamless Integration within the GUI

« View all existing threads in parallel stack view
— At one glance, see all GPU and CPU threads together
— Links with thread selection
— Pick a tree node to select one of the CUDA threads at that location

* Full MPI support
- See GPU and CPU threads from multiple nodes

Stacs (Al

Processes Threads  GRU Thread Funchon

B8 0 smpdPl cpp 9

B : 102032 =impleNPikemel (splebPcu 40)
B 3 J60GB4 " smplebPiemel smplaHRLcu 3)
B § 179 %usimpIeMHKeme\(ss‘mp\MPl.cu:m

oo

B"- I 56 I QRimplPemel (spliPl cu42)

J,’autnts/ml_hane! ecombet IVIDIA/C/ see/sinplelipr /s implellel cu:d

8 Processes. ranks 0-1

allinea
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Allinea DDT and CUDA

Kernel Progress

 Has my thread calculated the output yet ? Is it to be scheduled ?
— Contrast with scalar programming

e Keep an eye on your kernel progress across processes

Kernel Progress View ®
Kernel Progress

smoieh... [

Kernels: 7
CUDA thread: <<<(1080,0,0),(0,0,0)>>>
Dimensions: <<<(10000,1,1),(256,1,1)>>>

allinea
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Array Visualization Support

#® DDT - Multi-Dimensional Array Viewer

 Browse arrays

Array Expression: | out[$i]

Distributed Array Dimensions: How do | view distributed arrays?

Range of $i +| Align Stack Frames ® 1 2 3 d - e - O
From: Auto-update ] ) y = I m n SI n S

To: 100 = Evaluate

Display: [Rows 2| — ® Ta.ble VIeW

»

Only shoy™ ™~

[ 1~ - - - -
® DDT - Visualization ® F I Ite rl n g
Data Table . .
File View Viewpoint
= Goto
i 59
60
61
62
63
64
65
66
67
68
69

 Look for an outlier
e EXxport

O Foces0 e Saveto a
spreadsheet

allinea
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Step CUDA threads by
Drop-down Passive-focus Active-focus GPU device, kernel
evice, Kkernel, warp or
HIENLS CPU threads kernel block
0C
'@ - o Allinea DDT v3.2rcz
29 Session Control Search View |Help Local/current
rEEAD MR ELEtEl ! A-O~ variables
“Focus on current: @ Process ! [ 1 Step Threads Together Step CUDA threads by: A
Iconified CUDA Threads (zaro) Bock | 7 [ o [ 0 Zfrthread | a3 | 0 [ 0 2| Go | Grid size: 8x1x1 Jlock size: 64x1x1 GPU
controls Project files T prefixcu X | ErrR e e devices
Search (Ctri+K) ]% BVSE T L R e Far el SR [+] GPU Devices &
) out[x] = 8; -
B Project Files } ittr:;ute :ame Value
qu. # Source Tree 1 1 id int *d int 1 - H-ngf?llgl
?-nHeader Files globa vold zarro(int *data, t length) || . IDs 0
|- 1 Source Files LT "B -~ Compute Capability sm_21
91 i~ Number of SMs 1
92 if (x < length) [ Waips per SMW 48
93 data[threadIdx.x] = ©; %gg:rp";a'l?ane g: "\N.
94 }
Source—gode =
centric 96
97 void prefixsum(int* in, int *out, int length) =]
[4] | I [ (31 ] [*]
3| Input/Output | Breakpoints | Watchpoints | Stacks | Kernel Progress View | Tracepoints | Tacepoint Qutput |  Evaluate @ & Change variables
Kernel Progress View e — when you debug
el Progress i'-ll'l <No symbol *in® in curr
Various views plus Lx il
breakpoint, \ CUDA-aware
tracepoint and parallel stacks
watchpoints _ view :
panels Stacks o ® |
Threads GPU Threads Function
[ not scheduled [l scheduled [l selected 1] 0l 'i'r_nain (prefix.cu:193)
1 0l ] udasummer (prefix.cu:143)
\' 1 0 -prefixsum (prefix.cu:105)
{1 ] =izarro (prefix.cu:89)
GPU kem,el J Detach and re- 1 0 £ _ device stub_ ZSzarroPii (tmpxft_00002b2d_0000t
progress view DOSitiOl"\ any view 11 0f | wcudaLaunch<char> (cuda_runtime.h:958)
1 [ =zarro (prefix.cu:89)

Rzarro (prefix.cu:90)

D




Introducing OpenACC

« SC11 (Seattle, November 2011)

« CAPS, Cray, NVIDIA and PGI
announce new standard for

accelerator programming ==AY
- Easily r_ealize the power of GPU
computing
- A common standard
« Allinea supports debugging Cray OpenACC.
OpenACC compiler DIRECTIVES FOR ACCELERATORS

— Others to follow

caPs PGl

Inmovative software for manycore paradigms

allinea
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How do we fix OpenACC bugs?

e Use print statements?

° TOO |ntrUS|Ve o david@cuda:~/v3-0-17976/code fddt fexamples

File Edit View Search Terminal Tabs Help

« May alter runtime behaviour e

BlockIdx ThreadIldx To BlockIdx ThreadIdx Count Virtual PC Filename

" Com mand Iine debugger? (e,e,0) (135,0,0) (63,0,0) 832 0x000000000b4dag48 prefix.cu

(140,0,0) (0,0,0) (143,0,0) (63,0,0) 256 ©x000000000b4da848 prefix.cu

. %8
- A gOOd Start- (147,0,0) (@,0,0) (151,0,8) (63,0,0) 320 0x000000000b4da848 prefix.cu

a0
V = bl d (156,0,0) (0,0,0) (158,0,0) (63,0,0) 192 0x000000000b4das848 prefix.cu
T a0
arla es’ Source CO e (167,0,0) (0,0,0) (168,0,0) (63,0,0) 128 9x000000000b4dasg4s prefix.cu
90
—_ (170,0,0) (6,0,0) (172,08,8) (63,8,8) 192 0x000000000b4da848 prefix.cu
Large thread counts i
= (174,0,0) (32,0,0) (188,0,0) (63,0,0) 928 0x000000000b4dag4s prefix.cu
overwhelming o6

(191,6.8) (32,0,0) (212,0,0) (63,0,0) 1376 0x000000000b4da848 prefix.cu
90

® TOO Complex (215,0,8) (@,0,8) (237,0,8) (63,0,8) 1472 0x000000000b4dagss prefix.cu

98
(239,0,0) (6,0,0) (240,0,0) (63,0,0) 123 0x800000000b4da84s8 prefix.cu
---Type <return> to continue, or q <return> to quit---Jj

« A graphical debugger is
needed ...

allinea
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OpenACC Debugging on Cray

Platforms

s [ HFIl==@F=ErE_  « Debug on GPUs with Allinea DDT

Praj... I Fortran ... I L r!ductiun.cm |

5,;: . rlot helgnt - 2 « Variables — arrays, pointers, full F9O

| Search (Ctrl+k)

43 plot.yoffset = @;
¥ Project Files 42 . . and C S u p po rt
- [ Source Tree i'_ }T:a_{‘ dist:

5 9 Mol Fie 47 float total. » Set breakpoints and step warps and

[=1-4%1 Source Files 43 coords_2d temp:
ié ﬁprag{maﬁumg :cc_rgg);ign_lnnp reduction(+:tota bIOCkS
Sl or _(1=0; 1<N: ++] : . . .
" T — » Consistent user experience with full
A Coords 3" ptr = Enodes (1 warp/block/kernel controls
I=-I" total = dist; . . .
o8 ) * Requires Cray compiler with
E-@ printf("total = %f\n", total);
T OpenACC support

——— - | :  Other compilers to follow ...

Inpurtd Output * | Breakpaims | ‘Watchpoirts Stacks | Kernel Progress View I Tiacepoints Tracepaint O
Stachs

Threads I GPU Threa:l Function I
1 1128 e Simaindick_LS1_1 ireduction.c 58)
1 96 ] fmainfick_L51_1 feduction.c:51)
] ] ainfck_LS1 1 feduction.c:52)
T 1 221 “mainfick_L51_1 ieduction.c:58)
11 o C_J[+Imain (reduction.c:58)

allinea
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Overviews of GPUs

| Locals Current Line(s) | Current Stack GPU Devices ° GPU deVICe OverVIeW ShOWS

.| GPU Devices £

i o system properties

-~ Ranks 0,21,35,98

. e * Helps optimize grid sizes
L Compute Capability sm_20 o
Warps per St it « Handy for bug fixing — and
= Lanes perWarp 32 - .
Registers per Lane 64 detecting hardware failure!

Ranks 1-20,22-34,36-55,57-97,99-119 No Device

« Kernel progress view

« Shows progress through kernels
running on GPUs

Kernel Progress View &
—— roares  Click to select a thread
smpien.. [
Kernels: 7

CUDA thread: <<<(1080,0,0),(0,0,0)>>>
Dimensions: <<<(10000,1,1),(256,1,1)=>>

allinea
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Examining GPU data

 Debugger reads host
and device memory e g

ArayExpression: | input{$i] .

Distrioutsd Array i 1 H‘ How de view disribJted amays?

« Shows all memory A ==
n 7 B = w2
J |

classes: shared, constant, == " “

[ onlyshow if: |

ngngngng

DDT - Visualization

local, global, register.. =—— o

4 £ RS N
0394382924

 Able to examine variables Z R . LR

0.404153334| 0403803051 .
0.113737001( 0.293828964| 0.

0.366504916) 0760505427 3

... Or plot larger arrays e
directly from device ——r
memory

E][i Terminal ][Q Alinea Distributed Debug... ][Q DOT - Muli-Dimensional ... ]i Q DDT - Visualizaticn ]E.--i

allinea
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Debugging OpenACC at Scale!

» Large Cray XK6 systems in (or
almost in) place

« ORNL Titan

- MPI debugging proven at 220,000
CPU cores
» Targeting 300,000 CPU cores
- MPI-OpenACC hybrid codes
expected to scale similarly

« NCSA Blue Waters
- Targeting 380,000 CPU cores

e Allinea DDT chosen for both
systems — at scale

allinea

www.allinea.com



What to expect from performance tools

= Performance tools collect information during the execution of
a program to enable the performance of an application to be
understood, documented, and improved

= A wide variety of performance tools exist which collect
different information in different ways

= |tis up to the user to determine:
— what tool to use
— what information to collect
— how to interpret the collected information
— how to change code to improve the performance

Angonne Leadership Computing Facility

-

https://www.alcf.anl.gov/sites/www.alcf.anl.gov/files/L2P_Scott_0.pdf



BG/Q Tools Development Status

Tooiname | sowce | provdes ———Jastts
bgpm IEs A HPC

Available

gprof GNUJIBM Timing (sample) Available
TAU Unw. Oregon Timing (inst, sample), MPI, HPC  Available
Rice HPCToolkit Rice W Timing (sample), HPC [sample) Available
|BM HPCT IE 1A MPI, HPC In development. Beta available
mipi P LLNL MPI Available B
PAF UTK HFC AFI Available
Darshan AL [} Available
Open|Speedshop  Krall Timing (sample), HCP, MPI, 1O In development. Beta available
Scalasca Juelich Timing (inst), MPI Available -
Dwyn I nst UMD/ Wisc/IBM  Binary rewriter In development i
ValGrind ValGrind/1BM Memory & Thread Error Check Development pending j
Jumpshot ANL MPI Available -
Asganne Leadershin Camputing Faclity
a 3

https://www.alcf.anl.gov/sites/www.alcf.anl.gov/files/L2P_Scott_0.pdf
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allinea

Leaders in parallel software development tools

Market analysis - customer quotes

Chris and | went back and forth over a number of
Richard Gerber months, trying to install and use various tools. All failed.
My result: no success identifying and installing new

NERSC, 2011 tools for our entire user base.
I've tried all the tools; none of them were any use for real
Sergey Mashchenko codes. Some made programs run 3 times slower -
SHARCNET 2012 completely useless!
At least 50% of all the problems we see are simple,
Ramses / Scott common mistakes made again and again, but we don't
SciNet 2012 have a tool easy enough for users to run on their own.

www.allinea.com
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allinea

Missing pieces
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allinea

Leaders in parallel software development tools

Who needs performance tools?

Domain experts first, programmers
Scientists and researchers second. Bottlenecks are easy to add,
difficult to find. Frustrating, inefficient.

Tool experts, support above full-time.
HPC analysts No tools to recommend to 'normal’
users. Time wasted on trivial errors.

Must show return on investment - that

‘ uster ‘owners cluster utilization is high. Best served
_ by lots of well-scaling codes.

www.allinea.com



Get results faster. More efficient use
of their time and cluster allocation.
Alternative: email analyst and wait.

Increases their job performance and
HPC analysts satisfaction. Alternative: continue
supporting every user "by hand".

Scalable programs justify cluster
purchase. Alternative: training
courses, upgrade hardware.

‘ uster owners

www.allinea.com




W00 A

[ ]
allinea

Built on DDT's infrastructure

Proven at over
A 200k cores

| Visually
A scalable Ul

A cluster

www.allinea.com



Dev. Process + Allinea Env.

& Link
w/ Debugging Support

allinea
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Manifesto for Agile Software Development

We are uncovering better ways of developing
software by doing it and helping others do it.
Through this work we have come to value:

Individuals and interactions over processes and tools
WO[‘kng software over comprehensive documentation
Customer collaboration over contract negotiation
RESpOHdng to ChEl[lgE over following a plan

That is, while there is value in the items on
the right, we value the items on the left more.

http://agilemanifesto.org/



AGILE DEVELOPMENT

adaptability
— transparency
Agility is... u simplicity
Y charter funding
~ STRATEGY
estimation unity
osls RELEASE
N rG!DéSG ITERATION retrospective
vision plan
acceptance
backlog

DAILY

standup

iteration
plan

CONTINUOUS
TDD build

refactoring integration

burndown P
collaboration ] | T~
‘ Working
_ Software -
—— o
velocity — y
vV

burnup
tests

ACCELERATE DELIVERY



Agile Manifesto: 12 Principles

» Customer satisfaction by rapid delivery of useful software

* Welcome changing requirements, even late in development

» Working software is delivered frequently (weeks rather than months)

« Working software is the principal measure of progress

« Sustainable development, able to maintain a constant pace

» Close, daily co-operation between business people and developers

» Face-to-face conversation is the best form of communication (co-location)
* Projects are built around motivated individuals, who should be trusted

« Continuous attention to technical excellence and good design

« Simplicity- The art of maximizing the amount of work not done - is essential
« Self-organizing teams

* Regular adaptation to changing circumstances

allinea
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Leaders In parallel software development tools

Feedback-driven development
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Allinea MAP: The profiler you'll want to use

Allinea MAP map-dev [Trial Version]

* Works first time,

Memory usage (M)
B4 . 513 186 avg )

™MPI call duration (ms)
0 - 159 (0.7ava)

 From one process s e T

15:35:44 (+0.254s, 65.3%): Memory usage ranged from 17.7 M (rank 3) to 51.3 M (rank 0) with mean 26.1 M and s.d. 1.5 M | Resel

F benchmarks.F90 X
165 Call affinity_report B
166
167 Call decomp
EQ.S%ﬁ 168 call array notation —
11.1% 189 call allocates =
71.5% & 118 Call automatic vs allocated
111 Call namelist read
112 Call daxpy
113 | call dgemm
* 5% slowdown
115 !Call read_dump
116 !Call spread_field
23.4% il 117 call gather field
118 | call arg testing
9.7% a 119 Call bcast
4.1% 1 120 Call cwapbounds
= = 3.8% 111 Call swapboundsl
 No Instrumentation i
Inpul/Output | Project Files | Parallel Stack View |
Parallel Stack View [EE)
- Total Time A MPI Function(s) on line Source Position
= benchmarks benchmarks.F90:1
39.5% H | @ array_notation [inli... Call array_notation benchmarks.F90:108
23.4% Al ce% w gather_ficld Call gather field benchmarks. F90:117
11.1% .. \ allocates [inlined] Call allocates benchmarks.F90:109
9.7% | 9.7% beast Call bcast benchmarks. F90:119
7.5% l \ automatic_vs_alloc... Call automatic vs allocated benchmarks.F90:110
4.1% swapbounds all swapbounds benchmarks.F90:120

3.8% IE‘E% # swapbounds1 [inli... Call swapboundsl benchmarks. F20:121

 No need to recompile = =

allinea
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Allinea MAP: Refreshing simple

nreq=0
It (mype } Then
— n b(1:x :levs)=a(l:xm levs)
Do i=1,nproc-1
Else
nreg=nreq
Call (a{l:xm,l:ym,1l:levs),xm*ym*levs, mpl 1
BEN o | HE N R 1,Co g(1), )
End IT
48.4% il i A Call (nreg,ireg ) E
nd Do | ol
Call System Clock(Count=C2)
885
g06 = If (mype == @) Then [_...T |
809 E

« See where time Is spent In your source code.
 Visualize the entire run
e Zoom In to explore iterations, functions and loops.

allinea
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Allinea MAP: Surprisingly deep

Started: 15:35:44 Runtime: 0s Time in MPIl: 22% Hide Metrics...

Memory usage (M)
- 51.3

[ 18.6 avg ) _— _ﬁ\-@;ﬁé—
. - ) {23.2avg)  al .

MPI call duration (ms)
0 - 159 {0.7avg) e
o - 159 {4.0avg) =gl ol yllpi-—pll-pl- - i
CPU floating-point (%) iR _—_—_ —_—:—___-_-_-_ N j_ i

(11.9 avg ) I R - -

{ ©Oavg) P . B

15:35:44 (+0.251s, 64.5%): MPI call duration ranged from 0 ms (rank 0) to 15.9 ms (rank 2) with mean 9.1 ms and s.d. 6.7 ms | Reset

* See where time IS spent in your source code
 Visualize the entire run
» Zoom In to explore iterations, functions and loops

allinea
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Allinea MAP: Built on strength

‘ Input/Output | Project Files | Parallel Stack View |
Parallel Stack View ®

Total Time A MPI Function(s) on line sSource Position

= benchmarks benchmarks.F90:1
= allocates [inlined] Call allocates benchmarks.F20:109

38.8% o alibid mleiilas malloc Allocate(a(xm,ym,levs)) benchmarks.F90:596
27.1% , 2d badalaiadls . i ~#_|0_str_pbackfail... Deallocate(a) benchmarks.F90:597
18.0% ® automatic_vs_alloc... Call automatic vs allocated benchmarks.F90:110
15.3% Miam. I # array_notation [inli... Call array notation benchmarks.F30:108
0.8% \

Allinea MAP map-dev

» World-class scalability

 Shares Allinea DDT tree architecture — proven
beyond Petascale

e Data is merged on the cluster: no huge files.

allinea
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