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allinea Can we use Titan fully?

A revolution is in progress in computing and at ORNL

- Multi-core, many-core, GPUs
- Hybrid code is here! MPI + OpenMP + CUDA

o “Software has become the #1 roadblock ... Many applications
will need a major redesign”

IDC HPC Update, June 2010
- Most ISV codes do not scale
- High programming costs are delaying GPU usage
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a“lnea Allinea Software

e Software tools company since 2001
- Allinea DDT - the scalable parallel debugger
- Allinea OPT - the optimization tool for MPlI and non-MPI

- Users at all scales - at 1 to 100,000 cores and above
- World's only Petascale debugger!

Simplifying the challenge of multi- and many-core development

- Bugs at scale need a debugger at scale
e ... until recently debuggers limited to ~4,000-8,000 cores

- Bugs on GPUs need a debugger for GPUs
e ... until recently GPU software couldn't be debugged
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allinea Some clients and partners
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a“lnea Collaborations

E?I;\GF Partnership to develop Petascale debugger with NVIDIA support

University of California

ug Lawrence Livermore Partnership to develop Petascale/ Exascale tools and standards
National Laboratory

Partnership on Full Scale debugging on IBM Blue Gene /P & /Q

Allinea DDT is “Debugger of Choice” on NERSC 5 and NERSC 6

‘ and first implementation on CRAY XEG6
Partnership with CEA French Atomic Energy Authority on scalable
=0 programming and CUDA

Partnership on Keeneland project to help solving software
challenges introduced by mixed architectures




allinea Introducing DDT for CUDA

e As easy as debugging
ordinary code

— Compile your application

nVCC _g _G prog ° Cu _O prOg Session Control | Search Wiew Help

Allinea Distributed Debugging Tool v2.6.1

: a-o
h O O S e Ot h e r S ett i n S Focus on current: ¢ Process ¢ Thread ||_ Step Threads Together
C g
] L] Project Fles Application: Ifhnmefdavwdfddtz‘G—Ubuntu—ﬁ‘Odrxﬂﬁ_ﬁdfexamp\esfpreﬁxa1 j EI Is |
« Memory deb th
e O ry e u I n W I Argurments: Iftmp]mputﬁ\e.txt [1200 j _

CUDA memcheck e e
e Debugs CPU and GPU ] —=
simultaneously

- View source, examine
variables, control
processes and threads
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allinea Debugging kernels

e Set breakpoints
— Automatically stop on kernel

launch Step CUDA threads by: | Block ]
- Stop at a line of CUDA code

- Hover the mouse for more
information

¢ Step a warp, block or jock [ o [=f[ o [¢]meeaa [ 25 [5f[ 1= [5][ o [5][_ S0 | enasize:3:

7edge.=7:L71W§m”7 ,,,,,, B ) RS
kernel T

2o {-1,-2,-1}

. . . s 21 F;
22
- FOIlOW the IOgIC Of IndIVIdual 23 f4/f 20 convolution filter using global memory
24 _ global__ woid conv2d_global{uchard+* in, uchard* out, dint
25
threads through the kernel =T imt x = threadidrox + blockidx.x * BLOCK_sIZE:
27 int v = threadIdx.y + blockIdx.v * BLOCK_SIZE;
28 int index = (v * width + =);
u 29
Y r J t r n th r g h t 30 floatsd output = make floatafe.of,o.of , 0.0f ,inlindex] .w
LI I | 21
or justru ou O a  —
=3 for{int cy=-1; cy==1; ++cy)
crash .
35 #pragma unroll
35 foriint cx=-1; cx==1; ++cx)
=7
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allines Simplifying kernel scale

« View all 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 [SL:;:::!E::Ithut ] Ereakpoints Watchpoints Tracepoints Stacks (All) |

@
[ &

the CUDA threads at that location e crummeass funcoun
) Sclo
. 8 | Zistart_thread
P M e m O ry d e b u g g I n g : tL.': ?t?j:ll:l_cilpenib_async_thread (btl_openib_async.c:343)
8 0 | [iservice_thread_start (btl_openib_fd.c:423)
g 0 i - select_nocancel
— CU DA MemCheCk deteCtS 8 0 Zmain (simpILeMPI.‘c_pp:LQEJ
. 8 0 i b.computeGPU (simpleMPl.cu:72)
read/W r|te errors L 21504 2 simpleMPIKernel (simpleMPl. cu:40)
1 32 LsimpleMPIKernel (simpleMPlLou:42) z

« Full MPI support

- See GPU and CPU threads from
multiple nodes
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allinea Handling regular bugs

* Immediate stop on crash

I— - Segmentation fault, or
other memory problems

- -
e - Abort, exit, error handlers

~|' Current Line(s)

;11 meew= . — CUDA errors

do k=1, 3

dol1=1,3 > .
N AT R e (o | e Scalable handling of
endegg do @ Distributed Debugging Tool

[l

Process stopped in convolute (array.f90:147) with
signal Segmentation fault.
s * Leaps to the problem
S — E— Your_prugram will probably be terminated if you . .
1200 I =main S(E:T::ﬁse the stack controls to see what the - S O u rC e C O d e h I g h | I g h te d
[ Continue Pause
" - Process stacks displayed

[ Input/Output* ] Breakpoints =~ Watchpoin Reason/Origin: invalid permissions for mapped
12001 Smainf (arrayfa0:77) process was doing at the time.

}do & Processes 0-1199: errOr messageS
Stacks (Al Ehise
1200 I Ry convo ¥| Always show this window for signals _ Affe Cte d p rocesses s h own




allinea Finding the cause

* Full data browsing

- Local and current line(s) Locals | Current Line(s) | Current Stack
variables Locals o
. Variable Name Value =
 Show variables relevant
iy ~argc 1
to current pOSItIOn = :
) - angv Ox7E3b6c32e8
* Drag in the source code b +(argy) |
for more -beingWatched 0
+ C, C++, F90 oAy
' ' - dest 32767
¢ ShOWS memory type for = dynamicArray Ox2182890
C U DA *{dynamicArray) 0
- register, shared, ... +-efgron Ox713b603520
. . . ~i_|Value changed =
 Smart Highlighting e — [T

- Scalable and fast
automatic comparison and
change detection
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allinea A typical CUDA error

* Grid/block size problems

- Incorrect dimensions lead
to incomplete results C— S

Ee)ed

e Easy to see with DDT

- Use the multi-dimensional
array viewer to look at
data and find the rough
edges

- 3D display and filtering
support

- New: displays data from
multiple processes
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A more serious error

a“lnea

* Grid/block size problems
- Sometimes lead to worse

Allinea Distributed Debugging Tool v2.6.1

consequences: over-
writing good values, or
crashing

Session Control Search Wiew Help

| ofwEa kel Elf-®-

|lcurrent Group:IAH

~|Focus on current: & Process ¢ Thread |I” Step Threads Together

CUDA Threads (Process 0)

Block | 0 3: 0 3: Thread | a2 3: 0 Hi 0 Hi Go Grid size: 1x1 Block size: 64x1x1

Project Files 8 X [ o preficeu 2] | Locals | cur
= Va (flL BN = EUS LUTULK LU, A) =
b 75 out(x] = in(x] + end; Locals
78} -
& Project Files 77 “ariable Narme
: 78
. . #- 2 Source Tree 79 _ global__ void gathersumends(int *in. int *out) =
an v
Header Files a1 int x = threadlds.x + blockldx.x * BLOCK_SIZE; out
- 4 Source Files 52 if e p+in
B3 UE[x] = Tn[x * BLOCK SIZE - 11
1) else
85 outlxl = O:

“CUDA memcheck” errors

89 {
ag Process 0:
A
. S Process stopped in gathersurmends <=<=(1,1),
- I I I O e O e X e C u I 0 n | ) K (64,1,1]= == (prefix,cu:83) with signal f

www.allinea.com

similar to DDT's beyond
bound checks for CPU
programming

Inputioutput | Breakpoints (Process 0) | watches  Sta
Stacks
|Thread5

|CUDA Threads |Fun:t|on
32 T Egathersurnends (prefix.cu:80)

1]

en

0 JFmain (prefi<.cu:193)

CLIDA_EXCEPTION_1.

Your program will probably be terminated if you
continue.

Wou can use the stack controls to see what the
process was doing at the time.

¥ always show this window for signals

: B Conti
1] 01 Heudasummer (prefi<.cu:143) ontinue
1] o1 prefixsum (prefix.cu:118) 1
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allinea Debugging MPI and CUDA

« DDT handles mixed
s s hommaren < oun - s - e e MIPI/CUDA code easily
Lo J[2][2] [51[s]

« Available on ORNL's
CUDA Threads (Process 0, simpleMPIKernel) sock [ 0 (S 0 [ 0 Bfmread| o [0 B[00 & Yona testbed System

Project Files E® | = simpleMPl.cpp 3 " simpleMPl.cu 3 ‘
LY my_avert (erzt)s + o
- & signal.c E i

- simpleMPl.cpp 38 nple GPFU Kernel that computes square roots of input numberd
ﬂsimpleMPI.cu 39 quohali void =impleMPIKernel (fleat * input, flecat * output) . . .
. 40
= « Some early limitations
£ snapc_base_clog 42 output [£id] = sqrt (input[tid]);

£ snapc_base_fns ]

Euluayepin [ due to be fixed by

- £ snapc_base_sel 16 mitialize an array with random data (between 0 and

17 woid initData(fleat * data, int dataSize)

e NVIDIA
49 r (in i = PR | Aatasd PR | il —
[« D{E S — e E— D) soon

Input/Outp... ] Breakpoints ] Watchpoi... 1 Tracepoints 1 Tracepoint Out... Stacks (All) Kernel Progress Vi..
.
* eg. multiple processes
.

Processes  Threads GPU Thread Function

; .
] 8 0 +main (simpleMPl.cpp:92) d h th
] 8 172032 =isimpleMPIKernel (simpleMPl.cu:40) p e r n O e e a C W I
8 8 169984 i-simpleMPIKernel (simpleMPl.cu:39)
8 8 1792 impleMPIKernel (simpleMPl cu:-41) G P U

naa

£ I 5 256 I simpleMPIKernel (simpleMPl.cu:42)

Jautofs/nal_home/lecomber /NVIDTA/C/src/simpleMPT/simpleMPT. cu1:42

8 Processes: ranks 0-7
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a“lnea DDT 3.0 - Debug at scale

e Petascale CPU DDT 3.0 Performance Figures
debugglng Jaguar Cray XT5

- Tree architecture - 012
logarithmic performance 0.1
- 0.08

» Ongoing collaboration g i
— 0.04

- With ORNL currently E o //

extending DDT to

0
P?tasca|e GPU system - 0 50000 100,000 150,000 200,000
Titan
e New Ianguages MPI Processes
° NeW features :2:: Sizkpoint
e Scalability
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allines DDT on XT/XE and XK

Proven debugging all the way to Petascale
XT/XE/XK fit Allinea DDT's scalable architecture, perfectly
220,000 cores at ORNL

Many thousand cores elsewhere on Cray systems - NERSC, HLRS,
NOAA, ...

Scalable software needs scalable debugging

Debugging support for Cray compiler environment

- Fast track debugging

— Runtime switch to debug non-optimized code with Cray
compiler

« PGAS languages joint project completed and in the field
— Co-Array Fortran and UPC

« Cray GPU compiler - support in progress 2011
Integrates with Cray ATP (Abnormal Termination Process)
-« Attach to failing XT/XE applications before they are terminated
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a“lnea What's Next?

GPU systems are delivering beyond Petascale
Cray XK6 - at Petascale for ORNL - and other machines

In progress at Allinea

Petascale debugqging to support GPU hybrid systems

* Process control and GUI already in place

« New features to make finding kernel progress easier
More optimization

« Support for “Ugly Sets” - optimizing some of the
pathological cases that can degrade performance at
scale

Scaling tracepoints to Petascale and off-line debugging
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allinea Compiler Support

GPU development requires different compilers!
A number of options - but all have a way of debugqging

NVIDIA CUDA C/C++

 Low level - but very well supported for debugging

... and other options we explore now
« CAPS HMPP - C/C++/Fortran directives
 Cray OpenMP Accelerator Directives
« Portland Group - accelerators and CUDA Fortran
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allines DDT for CAPS HMPP

Debuggable inside C kernels
(codelets) on the GPU D II IS vt n i A1 ot e Bl

o
2 #¢pragma hmppcg gridify(i)

.c
11 for (int i = 0 ; i < n ; ++i)

L2

FO90 multi-dimensional arrays =5 ke
support in progress for the |
GPU

Kernel 1: 32 GPU threads

; /* end of tracted source cod
Snd of sxtracted souree So89 2(0,0),(0,0,0)>>> ... <<<(0,0),(31,0,0)>>> (32 threads)

¥
CAPS

Innovative software for manycore paradigms

Auto-reporting of CAPS
runtime errors to the DDT GUI

Also able to debug codelets
running on the CPU
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allnea

DDT For

Directives - Cray

CRAY

THE SUPERCOMFUTER COMPANY

L pruyram masn
2 integer, parameter :
3 real, dimension(n) ::
4 real, dimension(n) ::
S integer :: 1
Gdoi=1,n
7 1nput(1i) = 1*4.0
5 enddo
9 l%omp acc_reglon

10 'Somp acc loop

n = 1000
input
result

11 do i,=1.n

12 resulg(i) = inputi{i) * 4.0
12 endddqOn this line:
14 1%om 1 Process srank 0

15 '$Somp Kerrel 1: 32 GPU threads
15 prin <2 0,00, 0,0,002> ... <<«.00,31,0,0)x= 32 threads)

17 end program

e OpenMP accelerator directives
e Debuggable - run accelerated code on the CPU by

setting “-00”

« Debugging of the GPU itself: work in progress
— Some F90 examples debuggable

— Use “-g -Gomp” compiler flags to debug on the GPU
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allnea DDT for Portland compilers

PGl Accelerator Model

~ Debug on CPU only — use “-
PGI ta=host” to set this

Runs as a single thread on the

CPU
, V] . .
#pragna acc region L Debuggin ossible — but race
i er 0x0
for{ 1 =0, i <n; ++1 ) riil = a[J"}]*LOF; | Vg Oxdi Conditions Wouldn't be seen
I cgmputg on the host tolcgmp?tjn]e * [On this line:
g2 shek e Pttt/ ST Process: rank PGl CUDA Fortran
=001 ¢ N
mj ?%?e'.”.:f.(. :jl[ﬂnff eEw‘] 35 |1Thread (Process 0): #1

Debug on CPU only - use “-
Mcuda=emu” flag

Runs multithreaded on the
CPU if GPU disabled

Works well with DDT

Easy to see missing
syncthreads, for example
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allines Latest DDT CUDA news

ea Distributed Debugg

§e:w05"igsiirchiiew?ﬂﬂa T (ﬂﬂv@v ® TOOIkit 3-1 and 3-2

Current Group Focus on current: @ Process Thread Step Threads Together

@) - Available now in DDT

CUDA Threads (Process 0) Block Grid size: 32x32 Block size: 1

. .
s e Multi-d t

Project Files ® | [ edge.cu 3¢ u I eVI C e S u O r
5!-\ output.y += (float)element.y ¥ conv|cy+l][cx+1];
® output.z += (float)element.z * conv[cy+1][cx+1];

frecne ) * Fermi and Tesla support

+ = Header Files 7 out[index] = make_uchar4(output.x, output.y, output.z, output.w);

# [ Source Files 7

50 111 2D convolution filter using global memory L C U DA M e m C h eC k S u p po rt

global__ void conv2d_global(uchar4* in, uchar4* out, int width)

ox 3 2 toeeaitons I Bheakiany - HoacomrE for memory errors

int index = (y * width + x);

floatd output = make floatd(0.0f.0.0%,0.0f,in[index].w); ° MPI and CU DA Support for

#pragma unroll
for(int cy=-1; cy<=1; ++cy)

_ ! #pragma unroll G PU C I U Ste rS

for(int cx=-1;, cx<=1; ++cx)
)4 { .
) uchar4 element = in[x+cx + (y+cy)*width]; B k t th d
5 output.x += (float)element.x * conv[cy+1][cx+1] L re a p O I n S ’ re a
7 output.y += (float)element.y * conv[cy+1][cx+1]
)8 output.z += (float)element.z * conv[cy+1][cx+1]

) control, and data

out[index] = make_uchar4(cutput.x, output.y, output.z, output.w); "
(I I M) (4] * /home/nforrington/cuda/edge/edge. cu:85 v ev a | u a tl O n
1 Thread: #2
Breakpoints (Process 0) ] Watches  Stacks
Stacks 1152 GPU threads
<=<=(25,2).,(0,10.0)=>> . <<<(25,2),(15,15,0)>>> (96 threads) [1048576 1
Threads CUDA Threads  Function <=<(28,0),(0,0,0)>>> .. ==<(28,0),(15,1,0)>>> (32 threads) plocks, 1t [} O p O n e rn e a u n C
<=<<(28,0),(0,8,0)>>> __ <=<<(28,0),(15,11,0)>>> (64 threads)
1] 37376 [C=conv2d_global (edge.cu:82) |- 2i5g'0)(0.12.0)>>> .. <<<(28.0).115.13.0)>=> (32 threads)

1 1312 [ | conv2d global (edge.cu83) | <<<(28,0),(0,14,0)>>> .. <<<(28,0),(15,15,0)>>> (32 threads)
1] 736 ]| rconv2d_global (edge.cu:84)

] []
1 1152 ] rconv2d_global (edge.cu SS) .
BEorze iobe cagecue) o . 9]0 | . 18 ela
10 &

0 [ *main (edge.cu:155)
Type here ('Enter' to send):

e C++ kernel debugging
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a“lnea Using DDT on Jaguar/Titan

Titan will be identical to Jaguar s s i & ~ o

) Allinea Distributed Debugging Tool v3.0.16706 [=J=]x]

Session Control Search View Help

« module load ddt TTINTT e

Current Group: ~|Focus on cument & Group ¢ Process ¢ Thread ™ Step Threads Together

« ddt program-name I

Create Group

Project Files ax| & DDT - Run (queue submission mode) it Line(s) I Cument Stack }

Configured ready to launch a - 3 s &

= ProjectFies Application: ‘/ccsfhumeﬂecumberlbusy

I 1 1@ Source Tree Arguments ‘ j
O I n t e u e u e il Header Files
= Source Files I™ Run Without MPI Support ¥ Run Without CUDA Support

. Options: generic MPI, use queue  Change.
b I '\e I I Iel I l be r to CO I I I p I | e Queue Submission Parameters: Wall Clock Limit=00:20:00, Account=VEN013, Queue=debug Change.

L | Number of processes |120 3: Number of OpenMP threads; |1 3:

W i t h “ _g "’ O pti O n S nputOutput | Breakpoin|  Advanced >> 2

« Choose number of e —

processes in DDT and
click submit!

DDT 3.0.16706)

B

[i jaguarpf-login2 ][ Q Allinea Distributed Debugging Tool v3.0. 16706
=

(8]
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allnea Questions?

* Resources
- NVIDIA CUDA Zone
e http://www.nvidia.com/object/cuda_home_new.html
- Evaluation copies of DDT for CUDA and demo video
e http://www.allinea.com/cuda

- Debugging for CUDA white paper - includes a worked
example

e http://www.allinea.com
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