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Debugging and Optimising Parallel Codes

Rudy Shand - Field Application Engineer




Agenda

* 10:00 - 11:00 Lecture on Debugging with DDT

+ 11:00 - 12:30 DDT Debugging Hands-on session
+ 12:30 - 13:00 Break

+ 13:00 - 14:00 Lecture on Profiling with MAP

* 14:00 - 15:30 MAP Profiling Hands-on session

« 15:30 - 16:00 Break

« 16:00 - 17:00 Try DDT / MAP with own codes
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A little about myself

e Graduated from University of Reading
e Cybernetics and Electronic Engineering
e ML, Maths, Biology, Physics - No HPC

e Most working career in debuggers and performance tools
e Arm DS-5 debugger and Streamline Performance Analyser
e Compilers, Models, Embedded devices, mobile
e In Embedded - both in a developer and quality role

e Joined the Arm Forge team (Now Linaro Forge)
e Quality Lead / Field Application Engineer
e 6 yearsin HPC, 11 years overall in debug and profiling tools
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HPC Development Solutions from Linaro

Best in class commercially supported tools for Linux and
high-performance computing (HPC)

Linaro Forge

X

Debug
Linaro DDT

Profile

Linaro MAP

[

Analyse

Linaro
Performance Reports

Performance Engineering for any architecture, at any scale
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Linaro Forge
An interoperable toolkit for debugging and profiling

K The de-facto standard for HPC development

e Most widely-used debugging and profiling suite in HPC
e Fully supported by Linaro on Intel, AMD, Arm, Nvidia, AMD GPUs, etc.

State-of-the art debugging and profiling capabilities

e Powerful and in-depth error detection mechanisms (including memory debugging)
e Sampling-based profiler to identify and understand bottlenecks
e Available at any scale (from serial to exascale applications)

Easy to use by everyone
I‘ e Unique capabilities to simplify remote interactive sessions

e Innovative approach to present quintessential information to users
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Supported Platforms

imel Compier | |Rocm | [ cce | [ act | | aec | [nvee] [ Buxe | o [T
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Bug classification

e Crashes —_ ;&-
e One or more processes in application terminates A
e Most common and generally easiest to solve /

e Hangs
e Deadlocks - Stuck waiting for something that never happens
e Livelocks - Making local progress, but no global progress

e Race conditions

e One or more threads accessing the same data at the same time in non deterministic way
e Shows up as incorrect answer or sometimes crashes
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The scalable print alternative

r 144
for ()20 ;) < SIEO; Jo4)

CLAIT = 0
for {i =8 ;i < SIZE N iee)
for (§=8; § « SIZE N joo)
Tor (k= 8 ; k < STZ 0; Kail
CILITT += ALK * BIKITTS
#:
wpr § @ Proccss stopped st watchpaint ‘rank* in man (watchmatrix.c:45).
old vakio: 0
} New valug: 1074700400
7! AWy show this window for watchpants
printf(*

w »gumme| WRuse || 1 Pause Al

© (arge
for (1 =8; 1 < SIZE M; 144)

printt (| “);

Stop on variable change

* helloc %

A Ths il is newerthan your rogram, Plaserecompi the retatyour debugging sesion.

B3 else
Aw test=-1;

5}

46

41 8 void func3()
8 {

49 void® i = (void¥) 1;
Ao while(is || )
51 free((void*)i):
A portasizity i of type oid *. When using vaid pintes n cakclations, the behaviour s undefined.|

Left click to add a breakpoint on fine 50
5 {

56 typeThree test;

51 typeThree* t2;

58 int i;

Static analysis warnings on
code errors

if (argy[i] & !stremp(argv[i], "crash”)) {

argvli] = 6;
printf("%s", *{char **)argv[i:

¥
1+ ve shall sg Program Stopped

} ' Processes 0:3:
funcl(); Memory error detected n main (helo.c18):
func2(); null pinter dereference or unaligned memory access

fprintf(stderr, '
Note: the latter may sometimes occur spuriously if quard pages are
enabled

belnghatched = 1; Tip: Use the stack list and the local variables to explore your program's

curent state and deniy the source fthe eror.

test.anotherList.s|
test.c

Detect read/write beyond array
bounds

@

st vt

e ]| we

bt e |

Detect stale mem

allocations
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Core files

You can open and debug one or more core files generated by your application. CosaiaGrala

x 5 ProjectFiles Locals ~ Current Line(s) ~ Current Stack
(6K) a 1 z Current Line(s)

Current Group: Group (& Process

B Application Code St denominator
Procedure !
v @ Sources
div-by-zerc
6 main(int
G print_fra printf("s enominator) ; kill (getpid(),
> @ External Code b

t £

1. On the Welcome page click | Open Core Files |. The | Open Core Files | window opens.

Open Core Files x

Executable: /home/user/examples/a.out

Core files:  /home/user/core.1234 Add...
/home/user/core.2345 -
/home/user/core.3456 4 LIM_INFINITY;
/home/user/core.4567 L

ion (numeratoz, 0);

Stacks (All) Evaluate
Bl
v main (div-by-zero.c:28)
print_fraction (div-by-zero.c:10)

Help | ok Cancel

2. Select an executable and a set of core files, then click | OK | to open the core files and start
debugging them.

e View core files for CPU’s
e View core files for GPU’s

While Linaro DDT is in this mode, you cannot play, pause, or step, because there is no process
active. You are, however, able to evaluate expressions and browse the variables and stack
frames saved in the core files.
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Memory debugging menu in Linaro DDT

OpenMP

Run
Run: mpirun -n 8 ./mmult2_c.exe Details
Command: [mpirun -n 8 ./mmult2_c.exe |
¥ CUDA: Track allocations: enabled, Detect invalid accesses: disabled Details
¥ Track GPU allocations (also enables CPU memory debugging)
Detect invalid accesses (memcheck)
¥ Memory Debugging: Fast, 1 guard page after, Backtraces, Preload Details...
Details

Plugins: none

i |

Cawn )l quit |

Program Stopped x

4

Processes 0-3:
Memory error detected in main (leaky.c:60):
over node memory threshold limit

Exemplar node: ul01462-vm1 (process 0)

L3

When manual linking is used,

untick “Preload” box

Memory Debugging Options

V| Preload the memory ing library [lL: Rec -

l0ading only works for programs linked against shared libraries. If your
program is statically linked, you must relink it against the dmalloc library
manually.

Heap Debugging

Fast Balanced Thorough Custom
:

Enabled Checks: basic More Information

Heap Overflow/Underflow Detection

Add guard pages to detect out of bounds heap access

Advanced
Set node memory threshold at percent
Check heap consistency every | heap operations

V| Store stack backtraces for memory allocations

Only enable for these processes:
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Multi-dimensional Array Viewer

What does your data look like at runtime?

View arrays

e On a single process
e Or distributed on many ranks
e Display the array values from tables[0:11][0:11]

Use metavariables to browse the array
Example: Siand Sj

Metavariables are unrelated to the variables in your program
The bounds to view can be specified
Visualise draws a 3D representation of the array

Data can also be filtered

e “Only show if”: Svalue>0 for example Svalue being a specific
element of the array

Array Expression: | tables[$il[s]

|v ] [ Evaluate

Distributed Array Di

i How do | view distributed arrays? [ Cancel

|| staggered Array What does this do?

¥ Align Stack Frames.

Range of si Range of §j || Auto-update
From: [ 0 — From: [ 0 }%]
o (1 ] [ S
Display: [Raws v Display: [Co!umns v ]

T e —
Data Table | Statistics

< Goto @ Visualize [ Export [ Full Window

1l

0

1 2 B 4 5 6 7 8 9 10 11

7| 8] 9] 10 11| 12

oleln

moouounalwn=o

o
clolelolvlolulewln

=

14( 16| 18 20[ 22| 24
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DDT: Production-scale debugging

Isolate and investigate faults at scale

Who misbehaved?

e Merge stacks from processes and threads
e Sparklines comparing data across processes
e Which MPI rank

Where is the problem?

e Integrated source code editor
e Dynamic data structure visualization

Locals Current Line(s) I Current Stack I
H . :l Current Line(s) 5 X

HOW dld It happen? Variable Name I\blue l K
: : seol B,

e Parse diagnostic messages L-mype o], 2722 3

e Trace variables through execution )
S0100 1 inwianee_pop GriaimoTie)
Why did it happen? e e

e Unique “Smart Highlighting”
e Experiment with variable values

Linaro Forge



x

Run

Application: /home/ricbun01/Git/forg Details
Application: [/home/ricbunOl/Git/forgl - ]‘ - |
Arguments: | - 10

stdin file: | \
Working Directory: | - |[m]

MPI

OpenMP

CUDA

ROCm

Memory Debugging

SalralY b Quis Starting a debug session
Environment Variables: none Details

Plugins: none

Details

Linaro Forge



»UEH P BEEEIEIEIEE ! OO
Current Group: All ~ Focus on current: ® Group  Process

) Thread

Al I RN [ EEY | Y S

Create Group

Project Files | Fortran Modules
Project Files

a®

Search (Ctrl+K

~ & Application Code
./

»

» W Headers

- % Sources
@ forge_constants
® FUNC1() : INTEGER
@ hellof77
® show_consts
® SUB1

» ® External Code

Input/Output  Breakpoints ~Watchpoints = Stacks (All)

Stacks (All)

Processes  Threads Function
20 I 20 BN hellof77 (hello.

»

F hello.f x

SUBRO E SUB1 ()
INTEGER test, FUNC1
test=FUNC1 ()

IF (test.eq.1l) THEN
test=0

hellof77
'mpif.h'

INTEGER i,my_rank,p, source,dest, tag, x,y,beingwatched, ierr,my_size
CHARACTER message*21

CHARACTER messagefirst

INTEGER status (MPI_STATUS_SIZE)

INTEGER, ALLOCATABLE :: domain(:)

INTEGER stat

CALL MPI_INIT (ierr)

cORLD, ier;)

L MPI_COMM_SIZE (MPI_COMM WORLD, my_size, ierr)

L MPI_COMM_RANK (MPI_COMM_WORLD, my_rank, ierr)

IF (my_size.eq.8) I\
IF (my_rank.eq.5) THEN
L MPI_SEND (message, 400, MPI_CHARACTER, dest,tag,MPI_COMM_W

2}

E (domain (my_rank*100000))
i 1, SIZE(domain)
domain(i) = 2*i + 1

END DO

message="Hello From Me re
PRINT *,"My rank is ",my_rank,"!" k
CALL SUB1()

beingwatched=1

cals | Current Line(s) Current Stack
* Locals
Name Value
» mpi_argv_null
» mpi_argvs_null

mpi_bottom 0
» mpi_errcodes i...
mpi_in_place 0

mpi_status_ign...
mpi_statuses i...
mpi_unweighted
mpi_weights_e...

beingwatched 0

dest 0

domain <not allocated>
i -933977151

ierr 0

message "\000\000\000\000"
my_rank

my_size

source

stat

tag

ompi_release_v...
ompi_minor_ve...
ompi_major_ve...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
ompi_comm_ty...
mpi_wtime_is_g...
mpi_win_unified
mpi_win_size

mni_win_canar

o

FROWOENBOHWAVONOWHAOOOOO

Tracepoints  Tracepoint Output  Logbook

Evaluate
Name Value

Linaro Forge



» [

EHZAEEEIEIEIEE ! O ©
Current Group: |All

~ Focus on current: ® Group ' Process

Thread | |

A LRGN0 e e o] a ][2][33][24] x5 ][16][37] 28 ][19]

Create Group

Project Files | Fortran Modules
Project Files
Search (Ctrl+K) “
~ & Application Code

r ./

» M Headers

~ [ Sources

G hello.f

W forge_constants
® FUNC1() : INTEGER
@ hellof77
® show_consts
® SUB1
» ® External Code

7 hello.f x|
1 c123456
2 - module forge_constants
3 real, parameter :: pi = 3.14
4 real, parameter :: e = 2.71
5
6
7~ ine show_consts()
8 *, "Pi-", pi, "e =", e
9 outine show_consts
10 end m forge_constants
11
12~ INTEGER FOUN )N FUNC1 ()
1.3 INTEGER my_int, your_int
14 my_int=2
15 your_int=3
16 FUNC1=my_int*your_int
& 57 END
18
19 = SUBROUTINE SUB1 ()
20 INTEGER test,FUNC1
21 test=FUNC1 ()
22 - IF (test.eq.l) THEN
23 test=0
24 ELSE
A test=-
26 END IF
2 END
28
29 ~
30
31
32 INTEGER i,my_rank,p, source,dest,tag, x,y,beingwatched, ierr,my_size
K CHARACTER message*21
34 CHARACTER messagefirst
35 INTEGER status (MPI_STATUS_SIZE)
36 INTEGER, ALLOCATABLE :: domain(:)
s INTEGER stat
38
39 MPI_INIT (ierr)
40 MPI_COMM_SIZE (MPI_COMM_WORLD, my_size, ierr)
41 LL MPI_COMM_RANK (MPI_COMM_WORLD, my_rank, ierr)
42
43 ~ IF (my_size.eq.8) THEN

| Locals ‘ Current Line(s)  Current St
* Locals
Name Value
» mpi_argv_null
» mpi_argvs_null

mpi_bottom =o
» mpi_errcodes i...
mpi_in_place N0

mpi_status_ign...
mpi_statuses i...
mpi_unweighted
mpi_weights_e...

Input/Output | Breakpoints | Watchpoints | Stacks (All) Tracepoints Tracepoint Output ~Logbook

Breakpoints

Processes Threads File Line Function C

Start After Trigger Ever Stop After Full path

beingwatched —0
dest =0
domain <not allocate
i 7 -933977151
ierr =0
message 10001000100
my_rank —0
my_size =0
source =0

~ stat o
tag —0
ompi_release_v... — 4
ompi_minor_ve... — 1
ompi_major_ve... — 3
ompi_comm_ty... — 6
ompi_comm_ty... — 7
ompi_comm_ty... — 0
ompi_comm_ty... — 5
ompi_comm_ty... — 4
ompi_comm_ty... — 3
ompi_comm_ty... — 1
ompi_comm_ty... — 9
ompi_comm_ty... — 10
ompi_comm_ty... — 2
ompi_comm_ty... — 11
ompi_comm_ty... — 8
mpi_wtime_is_g... — 3
mpi_win_unified — 0
mpi_win_size =8
mni win canar  — 1
Evaluate

Name Value
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Current Group: |All ~ Focus on current: ® Group . Process  Thread

A [ EAETE E---IEJ

Create Group

| Project Files | Fortran Modules | = hello.f % | Locals | Current Line(s) = Current Stack
Project Files (=] 46 cORLD, ierr) “ Locals
47 END IF Name Value
‘590«0\ (Ctrl+K) b 48 END IF » mpi_argv_null
- ® Application Code 49 » mpi_argvs_null
¥ 50 AL TE (domain (my_rank*100000)) mpi_bottom 0
» W Headers 51~ DO i 1, SIZE(domain) » mpi_errcodes_i...
- ¥ Sources a2 domain(i) = 2*i + 1 mpi_in_place 0
53 ND DO » mpi_status_ign...
# forge_constants 54 » mpi_statuses i...
® FUNCI1() : INTEGER 55 message="Hello From Me ik » mpi_unweighted
© hellof77 56 » mpi_weights_e...
® show_consts Bl PRINT *,"My rank is ",my_rank,"!" beingwatched p L
® SUB1 58 s dest 0
» ® External Code o 23 CALL SUB1() 4 'domaln 1
61 beingwatched=1 ierr
62 tag=0 message 'Hello From Me
2131 IF ( k 0) THE my_rank 0
- I my_rank.ne. THEN my size 20
© 65 PRINT *,"Greetings from process ",my_rank,"!" [ so)l/l_rce 0
66 PRINT *,"Sending message from ",my_rank,"!" stat 0
67 dest=0 tag 0
68 CALL MPI_Send(message,21,MPI_CHARACTER,dest,tag, MPI_COMM_WORLD ompi_release_v a
69 c,ierr) e b 1
70 beingwatched=beingwatched-1 omp_in nor_ve...
71 ELSE ompi_major_ve... 3
0172 message="Hello from my process"” omplicommity... 4
73 ~ DO source=1, (my_size-1) ompl_comm_ty... 7
74 PRINT * "walt ing for message from ", source ompi_comm_ty... 0
15 CALL MPI_RecV (message, 21, MPI_CHARACTER, source, tag, MPI_COMM_WORLD ompi_comm_ty... 5
76 c,stat, ierr) ompi_comm_ty... 4
7, PRINT *,"Message recieved: ",message ompi_comm_ty... 3
78 ! beingwatched=beingwatched+1 ompi_comm_ty... 1
79 END DO ompi_comm_ty... 9
80 END IF ompi_comm_ty... 10
81 ompi_comm_ty... 2
82 beingwatched=12 ompi_comm_ty... 11
83 CALL MPI_Finalize(ierr) ompi_comm_ty... 8
84 beingwatched=0 mpi_wtime_is_g... <]
85 PRINT *,"All done...",my_rank mpi_win_unified 0
86 END mpi_win_size 8
87 mni_win senar 1
| Input/Output  Breakpoints Watchpoints | Stacks (All) | Tracepoints Tracepoint Output Logbook | Evaluate
Stacks (All) NamejValug

Processes  Threads Functlpn S
19:19 hellof77 (hello. f'65)
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B3> BBEEEIEIEIEE ! OO

Current Group: All z Focus on current: ® Group (' Process  Thread

Al CIMEIEIEIEIE]EIE IR R2] ] e ] 5] e ] (7] xs]2¢]
(o]
EEIEIEE]E]E] e e o) (] 2] [x2] 18] [3s][36][37][18 ] [2s]

Le

Create Group

Project Files = Fortran Modules ¥ hello.f x Locals = Current Line(s) Current Stack Raw Command
Project Files 50 (domain (my_rank*100000)) * Locals
Search (Ctrl+K) € 51 ~ DO i 1, SIZE(domain) Name Value
— 52 domain(i) = 2*i + 1 » mpi_argv_null
~ ¥ Application Code 58 END DO » mpi_argvs_null
rm/ 54 mpi_bottom
» ¥ Headers 85 message="Hello From Me re » msi:errcodes_i...
~ ¥ Sources 56 mpi_in_place 0
ol PRINT *,"My rank is ",my_rank,"!" » mpi_status_ign...
@ forge_constants 58 » mpi_statuses_i
® FUNCI() : INTEGER ©59 SUB1 () » mpi_unweighted
© hellof77 60 » mpi_weights _e...
® show_consts 61 beingwatched=1 beingwatched 1
e gizi S ngrt\ain °
»
t{ W ExtemaliCode 64 ~ IF (my_rank.ne.0) THEN i 1
© 65 PRINT *,"Greetings from process ",my_rank,"!" ierr [
66 PRINT *,"Sending message from ",my_rank,"!" message 'Hello from my process’
67 dest=0 my_rank 0
68 CALL MPI_Send(message,21,MPI_CHARACTER, dest, tag, MPI_COMM_WORLD my_size 20
69 c,ierr) source 0
70 _beingwatched=beingwatched-1 stat 0
71 ELSE 5 tag 0
Q72 message="Hello from my process" onbliTelease . 4
73 ~ ] DO source=1, (my_size-1) omp‘_ N =
= i = pi_minor_ve... 2
74 PRINT *,"waiting for message from ", source P e 3
15 CALL MPI_Recv (message,21,MPI_CHARACTER, source,tag, MPI_COMM_WORLD Pmajor ve..
76 c,stat,ierr) ompi_comm_ty... s
T PRINT *,"Message recieved: ",message ompl_comm _ty... 7
78 ! beingwatched=beingwatched+1 o
79 END D 5
80 END 4
81 3
82 beingwatched=12 . 1
83 CALL MPI_Finalize(ierr) ompi_comm_ty... 9
84 beingwatched=0 ompi_comm_ty... 10
85 PRINT *,"All done...",my_rank ompi_comm_ty... 2
86 END ompi_comm_ty... 11
87 ompi_comm_ty... 8
Input/Output*  Breakpoints ~Watchpoints = Stacks (All) \ Tracepoints  Tracepoint Output  Logbook Evaluate
Stacks (All) - NameValue
Processes Threads  Function -~
19[ 119 |_hellof77 (hello.f:66)

1 hellof77 (hello.f:73)

3
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GPU Debugging

File Edit View Control Tools Window Help
>lHE,HSKREEEIEEI! OO

Focus on current: ‘® Process (' Thread

GPU Threads (MatrixMulHIP(float*... Block (3 [¢] (2 [3] [0 [ thread [ 5 [3|[18 ]3| [0 ] Grid size: 4x4x1 Block size: 32x32x1
Project Files ex® ‘ “ matrixMul.cpp X Lo.. Curre.. Curr.. GP..
Search (Ctrl+k S 19 int i = blockIdx.y * blockDim.y + thre2* GPU Devices CLE]
~ B Application Code ;2 int j = blockIdx.x * blockDim.x + threz Attribute Name Value
yom ~ Ranks 0
-em 22 ~ for( int k = 05 k < wA; k++) ~ vega20 2 Devices
i D e G
— ® Comet tl 24 temp += A[ i * wA + k] * B[k* wB + Threads 2400
onstantlr
L 25 } Cores 240
® main(intal @ 56 T_c[ i * wB + j] - temp;
® MatrixMul 27
® MatrixMul 28 __syncthreads() ;
® MatrixMul 29 }
» & External Code 30
31 v __global__ void MatrixMulHIPShared(float *C
32
33 // Block row and column
24 int hlackRow = hlackTdy e <
4 DKl »
Kernel Progress View ‘ Input/Output  Breakpoints ~ Watchpoints ~ Stacks Evaluate =1
Kernel Progress View @® Na.me Value
Kernel Progress ! A _ ?228
w,
MatrixMul... wB 128

temp 1.27999914

[] not scheduled [ scheduled [l selected How do | interpret GPU kernel progress?

Support both AMD and Nvidia GPUs
Debug simultaneously on GPU and CPU

Look and feel exactly the same
Main Features work in GPU

Key (additional) GPU features:
° Kernel Progress View
° GPU thread in parallel stack view
° GPU Thread Selector
. GPU Device Pane

For NVIDIA’s nvcc compiler, kernels must be
compiled with the -g -G flags

ROCm GPU Debugging requires rocgdb to be
available in your environment.

For the hipcc compiler, kernels must be compiled
with the -g flag

Linaro Forge



Python Debugging

Debug Features
+ Sparklines for Python variables
+ Tracepoints
+ MDA viewer
* Mixed language support

Improved Evaluations:
+ Matrix objects
* Array objects
+ Pandas DataFrame
+ Series objects

Python Specific:
+ Stop on uncaught Python exception
+  Show F-string variables in “Current Line” display
+  Mpidpy, NumPy, SciPy

ddt --connect mpirun -n 8 python3
%allinea_python_debug% ./mmult.py

Linaro DDT - Linaro Forge 23.1

E- B Ht B R

Thread

n B & O N

A

Current Group: | All <

[o[+][2][s][a][s][e]

2 mmult..

Focus on current: @ Group Process

Create Group
x 8 Project Files

mr ==

Ismr.py
Isqr.py

Ilzma.py
machinery.py
main.py
matfuncs.py
matfuncs.py
£("{}: Sending matrices".f
r i ir je (1, nproc) :
if fortran_. : a r:
mat_a_slice a :, i*msli
mat

ch
2
2
2
2
2
2
2
]
]
]
]
2

memmap.py

Stacks (All)  Tracepoints
Stacks (All)
Processes | Function ~ |
1 (M - <module> (allinea_ddt_trace.py:155)
1 - main (allinea_ddt_trace.py:140)
1M - <module> (mmult.py:215)
main (mmult.py:134)

Input/Output  Breakpoints ~Watchpoints Tracepoint Output  Logbook

@ -

Locals Current Line(s) Current Stack
Locals

Name | Value
comm
filename
fortran_style_array_... |mmm False
intercomm Interco...
kernel "c"
mat_a
mat_b

[0]

[1000]

[100]

[101]

[102]

[103]

"res_Py...

Evaluate
Name | value
mslice [ 512
nproc (o 8
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Run DDT in offline mode

Run the application under DDT and halt or report when a failure occurs

You can run the debugger in non-interactive mode

e For long-running jobs / debugging at very high scale
e For automated testing, continuous integration...

To do so, use following arguments:
e S ddt --offline --output=report.html mpirun ./jacobi_omp_mpi_gnu.exe

o --offline enable non-interactive debugging

o --output specifies the name and output of the non-interactive debugging session
e Himl
e Txt

o Add --mem-debug to enable memory debugging and memory leak detection

ddt --offline -o jacobi_omp_mpi_gnu_debug.txt \
--trace-at _jacobi.F90:83,residual \

srun ./jacobi_omp mpi gnu.exe

Linaro Forge



Report output

12 (») 0:08.188|0-3 Process stopped at breakpoint in update (wave.c:216).
13 Additional Information
¥ Stacks
Processes Threads Function Source Variables
9-3 4 main (wave.c:334) » iterations = update(left, right); » Rank @, thread 1
0-3 4 update (wave.c:216) » values|j] = newvalljl; v Rank @, thread 1
Name Value
i —a
iterations — 1
j — 101
left =~ =2 (from -2 to 2)
now <aggregate value>
right = -1 (from -2 to 3)
stop —
0-3 8 progress_engine
0-3 8 opal_libevent2022_event_base_loop (event.c:1630) » Rank @, thread 2
0-3 4 poll_dispatch (poll.c:165) » Rank @, thread 2
0-3 4 poll
0-3 4 epoll_dispatch (epoll.c:407) » Rank @, thread 3
0-3 4 epoll_wait
o Current Stack
¥ Evaluate
Name  Value
3xj*j — 30603
i —
14 > 0:11.009 |0-3 Play

Linaro Forge



The Forge GUI and where to run it

DDT provides a powerful GUIs that can be run in a variety of configurations.

mydesktop mycluster-login

IO §
X

Compute Nodes

Linaro Forge



Hands on Setup

Remote System
Host coolmuc2
Hostname Ixlogin1.Irz.de

user <username>

/Irz/sys/courses/hlin1w23/linaro/linaro-forge-training.tar.gz

module load ddi/23.1.1

Local Machine

Install Forge https.//www.linaroforge.com/dow;

Forge userguide


https://www.linaroforge.com/downloadForge
https://docs.linaroforge.com/23.1/html/forge/forge/index.html

Remote connection to CoolMUC-2

Linaro
Forge

/ Linaro
¢ DDT

Linaro
MAP

Get trial licence
Support
linaroforge.com

@ Remote Client ?

Run and debug a program.

Attach to an already running program.

Open a core file from a previous run.

Manually launch the backend yourself.

OPTIONS

Remote Launch:

Configure...

QuIt

Connection Name:

Host Name:

Remote Installation Directory:

Remote Script:

Private Key:

KeepAlive Packets:

Interval:

Remote Launch Settings

CoolMUC2

coolmuc2

[Irz/sys/tools/ddt/23.1.1]

Optional
ptional
Always look for source files locally
Enable
¥ Proxy through login node

Test Remote Launch

Cancel

Linaro Forge



Explore a core file

Executable: /dss/dsshome1/0D/hpckurs99/linaro-forge-training/correctness/core-files/div-by-zero

Core files: /dss/dsshome1/0D/hpckurs99/linaro-forge-training/correctness/core-files/div-by-zero-1.core
/dss/dsshome1/0D/hpckurs99/linaro-forge-training/correctness/core-files/div-by-zero-2.core

Linaro Forge




Hands on session

System Info

https.//doku.lrz.de/coolmuc-2-11484376.html
CoolMUC-2: 812 nodes:

e 28-core Intel Hazwell processor per node
 64GB DDR4 memory per node
e cm2_tiny partition

https.//doku.lrz.de/running-parallel-jobs-on-the-linux-cluster-11484078.html
Interactive Session:

* module load salloc_conf/cm2_tiny
* salloc -J linaro-hands-on --partition=cm2_tiny --time 00:

Scripting:
<linaro-forge-training>/slurm-coolmuc2.
<linaro-forge-training>/submit-job.



https://doku.lrz.de/coolmuc-2-11484376.html
https://doku.lrz.de/running-parallel-jobs-on-the-linux-cluster-11484078.html

Hands on session

Build and run debug examples

# Use default Intel modules

# build deadlock, simple and split programs
cd <linaro-forge-training>/correctness/debug

make -f Makefile

# run simple example with ddt
ddt --connect mpiexec -n 4 ./simple

# offline-debugging
sbatch submit-job.sh




Linaro Performance tools

Characterize and understand the performance of HPC application runs

l;l’\\ Gather a rich set of data

(/

_" e Analyses metric around CPU, memory, IO, hardware counters, etc.
Commet;;'ﬂlﬁ,’:;pported e Possibility for users to add their own metrics

@ Build a culture of application performance & efficiency awareness

e Analyses data and reports the information that matters to users
Accurate and

Astute insight e Provides simple guidance to help improve workloads’ efficiency
3 ? Adds value to typical users’ workflows
10X e Define application behaviour and performance expectations
Relevant advice e |Integrate outputs to various systems for validation (eg. continuous integration)

to avoid pitfalls ! .
e Can be automated completely (no user intervention)

Linaro Forge



Linaro Performance Reports

A high-level view of application performance with “plain English” insights

mpiexec.hydra -host node-1,node-2 -map-by I O
spcket -n 16 -ppn 8 ./Bin/low_freq/../../Src//hydro /

i .
./Bin/low_freq/../../../../Input/input_250x125_corner.nml | A breakdown of the 16.2% 1/0 time:
2 nodes (8 physical, 8 logical cores per node)

15 GiB per node Time in reads 0.0% |

16 processes, OMP_NUM_THREADS was 1 Time in writes 100.0% EE

node-1 )

Thu Jul 9 2015 10:32:13 Effective process read rate  0.00 bytes/s |

ées/ 57§°"d5 (about 3 minutes) Effective process write rate  1.38 MB/s [N
in/../src

Most of the time is spent in write operations with a very low
effective transfer rate. This may be caused by contention for the
filesystem or inefficient access patterns. Use an 1/O profiler to
Summary: hydro is MPI-bound in this configuration | investigate which write calls are affected.

20.6% - Time spent running application code. High values are usually good.
Com pUte . This is very low; focus on improving MPI or 1/O performance first
63.2% _ Time spent in MPI calls. High values are usually bad.
M PI . This is high; check the MPI breakdown for advice on reducing it
16.2% Time spent in filesystem 1/0. High values are usually bad.
I/O : . This is average; check the 1/0 breakdown section for optimization advice

Linaro Forge



Linaro Performance Reports Metrics

Lowers expertise requirements by explaining everything in detail right in the report

Multi-threaded c SIMD i~

A breakdown of the 91.2% CPU time: A breakdown of how the 53 9% total I/O time was spent:

i Single-core code 30.6% M — H me i
para”ellsm ) ) ) para”ellsm Time in reads
OpenMP regions 69.4% N Time in writes Memory
Scalar numeric ops  9.5% Estfmalsd re?d A€l per.process memory usage may also affect scaling:
Vector numeric ops  0.0% | &~ Estimated write rate| oo, process memory usage 160 Mb [N
Memory — Most'of the ﬁr_v;_z isg Peak process me L
transfer rate. This nj
The per-core perform| M PI inefficient access p4 Peak node memory ustre
identify time-consum| write calls are affect] Lustre file operations (per node)
performance. Of the 41.3% total time spentin MP| calls: ;';e“’;;ﬁmt?‘;" P P
No time s spent in V| Time in collective calls 100.0% [ processes and mord Mean write
:ompller's vectorizat] Peak write r. E
be vectorized. Time in point-to-point calls ~ 0.0% | Load nergy
imated collective rate  4.07 bytes/s N . bal Mean file 0 5 preakdown of how the 32.3 Wh was used:
Estimated point-to-point rate 0 bytes/s | Imbalance Mean metad) -, 61.9%
All of the time is spent i llective lls wif System 38.1% M
This suggests a signific]
A M s 941w N
synchronization overhe| o pen MPp ean node power
MPI profiler. . . Peak node power  98.0 W [N
P A breakdown of the 99.5% time in OpenMP regions: OM P P
Computation % W | Significant time is spent waiting for memory accesses. Reducing
28.9  — - .
P < efflClenC the CPU clock frequency could reduce overall energy usage.
Synchronization 41.0% W y
Physical core utilization 100.0% [l S
| sSystem
System load 99.7% HH usage
Significant time is spent synchronizing threads in parallel regions.
Check the affected regions with a profiler.
This may be a sign of overly fine-grained parallelism (OpenMP
regions in tight loops) or workload imbalance.

Linaro Forge
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Verification

@Validate corrections and
Vectorization optimal performance

Understand numerical intensity Y
and vectorization level.

The Performance Roadmap Cores

So - e Discover synchronization
Optimizing high performance applications overhead and core utilization

Hot loops, unvectorized code and
GPU performance reveleaed

@Synchronization-heavy code and
implicit barriers are revealed

Improving the efficiency of your parallel
software holds the key to solving more
complex research problems faster. ..~ o

Memory

eReveal lines of code bottlenecked by
memory access times.

This pragmatic, 9 Step best practice guide,
will help you identify and focus on N e o e orheaete
application readiness, bottlenecks and ~ ‘
optimizations one step at a time. = Communication

;Track communication performance.

Workloads Discover which communication calls
@are slow and why.
Detect issues with balance.

L. Vo @Slow communication calls and
Analyze before you optimize ® Discover lines of code processes.

Bugs Measure all performance aspects spending a long time in 1/0. Dive into partitioning code.
eCorrect application You can't fix what you can’t see. ® Trace and debug slow access
patterns.

Prefer real workloads over artificial tests.

Key :O Linaro Forge e

Linaro Performance Repor{s ‘ = " e 7 Linaro Forge
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Performance Improvement

I j, K
= In-memory layout [Excellent spatial Iocality]
c - T T T T
= [ Good spatial locality |
A T T T
X
= [ Poor spatial locality |
-
!B —m —m: —m T—m :— —m:
= 4096 elements apart
i, K, ]
In-memory layout
C
=
A -
X
B

© 2008-2018 by the MIT 6.172 Lecturers

.y code,
run, run, run... ’

...to test and measure many
different implementations

Loop order Running
(outer to inner) time (s)
i, j, k 1155.77
i, K, j 177.68
jy i, k 1080.61
j, k, i 3056.63
k, i, j 179.21
K, J, i 3032.82

i, ], K

HO RN (Ciinitais —NOJ I RN E-+ii8) ]
0 Rl (Tt = O i P <) B ) M
for (int k = @; k < n; ++k) {
: C[i][3] += A[i][k] * B[k][]];
}
5

i, K, ]

for (int i = 9@; i < n; ++i) {
for (int k = @; k < n; ++k) {
for (int j = @; j < n; ++j) {
C[i1[J] += A[i][k] * B[k]I[3];

Linaro Forge



[] [ ] [
a p a I I t I e S Profiled: clover leaf on 32 processes, 4 nodes, 32 cores (1 per process) Sampled from: Tue Nov 8 2016 07:59:11 (UTC) for 408.1s
o /ﬁ
100 T oo h = - = =
[
0

CPU floating-point
31.9%

MAP is a sampling based scalable profiler S
e Built on same framework as DDT e s R s
e Parallel support for MPI, OpenMP, CUDA kX ]
e Designed for C/C++/Fortran :

\LL timestep ()

CALL PdV(.TRUE.)

OpenMP Stacks

Designed for ‘hot-spot’ analysis st | s T e |

Total core time

e Stack traces
e Augmented with performance metrics -

@ visi
@ ndv mods

5.0% R ule::ndy_ . car. RS N e o
3.1% 2 & Cycles per instruction | e
H : M o1 ¢ oss
Ad a pt I Ve S al I I p I I n g rate Showing data from 32,000 samples taken over 32 processes (1 0 — — —
~ CPU Cycles 353 [

e Throws data away - 1,000 samples per process S ,

Instructions

e Low overhead, scalable and small file size o156 o T
L2 Cache Accesses b -
379M/s [
L2 Cache Misses 270 . )
125 M /s ‘_'.'.;_-','-.'-.~:~.:‘-.\',».'_-’_’--_';'.' _'_'_-.«_-_.'_—.' e

Linaro Forge



_inaro MAP Source Code Profiler Highlights
Bee @ + LSRR 30 1 late to the party
} ! 8% 31 do j=1,20"nprocs; a=st
= E end if InputiOutput | Project Files | Main Thread Stacks | Functions
./_\'"_H-'_ .
34 8 if (pe /= @) then fain Thread Stacks
6% . . . - ) "
- ;é ﬂ:gll HETRSER[BTNELTE) otal coretime ~ MPI  Function(s) on line Sour
o 373 do from=1,nprocs-1 = CallActionsSeparatedConcerns [inlined]... stef
,'—'J 15N 38 call MPI_RECV(b, 51{ =Call [inlined] Call
"_'-:. :rg‘ 33 “0_121;593 b=sqr:(b‘ =hemelb:net::IteratedAction::CallActi... rett
| 1% . - cng’;g‘ + Answer Tror =hemelb::extraction::PropertyActor:.... Endl
P 2 end if =hemelb::extraction::PropertyWri rof
43 end do hemelb::extraction::LocalPropert... locg
0, 0, 1.6 — 44 TU MPI_BARRIER(MPI COMM 80.3% I 80.3% PMPI_File_write_at MPT
ympute 76 %, MP| 24 %, File I/ || “* = f o ' st -
46 if (pe == @) print *,"fley <0.1% 1 other
47 = do iterations=1,2 —
48 a(:) = 1000.0"real(pe+2. ihowing data from 32,768 samples taken over 512 processes (64 per process)

Find the peak memory use Fix an MPI imbalance Remove 1?0 bottleneck

. - 1 {
. == || mmult(size, nproc, mat a, mat
: res += A[i*size+k]*B[k*size+]

I
i

. Slesping © % | CPU floating-point 0 %: Zoom 21 = © MPI Finalize();
murite(cize. mat . filename )

Make sure OpenMP regions
make sense

Restructure for vectorization

Improve memory access

Linaro Forge




ROCm AMD GPU Profiling

File Edit View Metrics Window Help

Profiled: mixed-cpu-gpu on 3 processes, 1 node, 3 cores (1 per process) Sampled from: Mon Feb 28 21:22:24 2022 for 6.1s  Hide Metrics...

Main thread activity

GPU utilization e - -
67.7 % - - - - - -
o —
GPU memory usage s
41%
0
GPU memory utilization '°°
6.7 %
oL . o . . x . X s,
21:22:24-21:22:30 (6.131s): Main thread compute 31.2 %, MPI 7.3 %, Accelerator 61.4 % Zoom %1 = ©
* mixed-cpu-gpu.cpp X
f#define BLOCK_SIZE 32
1 #define DURATION 5.0
15 v void MatrixMulHIP (flcat *C, float *A, float *B, int wA, int hA,
14
15 float temp = 0;
16
17 int i = bl «Idx.y * blockDim.y + thr iIdx.y; 3

4

Input/Output  Project Files ~ Main Thread Stacks ~ Functions = GPU Kernels
GPU Kemels ®
Breakdown “ GPU Kemels Source
~ & mixed-cpu-gpu [program] GPU: line-level information is not available for ROCm kernels
28.1% W MatrixMulHIP

Showing data from 900 samples taken over 3 processes (300 per process) & Main Thread View

Profile

e Ran for 6s, taking 300 samples per process

e Able to bring up metadata of the profile

e Mixed CPU [green] / GPU [purple] application
e CPU time waiting for GPU Kernels [purple]

e GPU Kernels graph indicating Kernel activity

GUI information
e GUI is consistent across platforms
e Zoom into main thread activity
e Ranked by highest contributors to app time

Linaro Forge



Python Profiling

19.0 adds support for Python
e Call stacks
e Time in interpreter

Works with MPI14PY

e Usual MAP metrics

Source code view
e Mixed language support

Note: Green as operation is on numpy
array, so backed by C routine, not

: Profiled: python3.5 on 2 processes, 1 node, 2 cores (1 per process) Sampled from: Wed Jan 30 2019 18:49:21 (UTC) for 45.1s Hide Metrics...

™ bbbt ol o oo o s o

CPU floating-point £y
33%

POSIX 1/O write rate
11.0 kB/s

Memory usage
78.1 MB

0
MPI point-to-point pre |
3.77 k calls/s

SV LA g e

L

Time spent on line 74 ®

{* | Breakdown of the 38.3% time
spent on this line:

)+ (dx/dy) Executing instructions  0.0%
12 1]) * (dx/dy) Calling other functions  91.8%
3 e S 4 -,: {dy/dx) | Executing Python code  2.2%]|

= dy/dx
ST I TR TR 75 L

n, Op=MPI.MIN)
ax, op=MPI.MAX)

(]

D]

Input/Output | Project Files | Main Thread Stacks | Functions |
Main Thread Stacks

Python (which would be pink)

v

®
Total core time A MPI Function(s) on line Source Position E
= & python3.5 [program]
= ¢ diffusion-fv-2d.py #!/usr/bin/env python diffusion-fv-2d.py:1
= main main(sys.argv[1:]) diffusion-fv-2d.py:169
38.3% sl el hd array _subtract, array_multiply, array... - ( u i-1]) *
28.5% ykiai ke o 27.2% @ halo halo(u, xlow, xhigh, nx, ny, comm, rank, size) diffusion-fv-2d.py:77 =
Showing data from 2,000 samples taken over 2 processes (1000 per process)

Arm Forge 19.0.2 2 Main Thread View

map --profile jsrun -n 2 python3 ./diffusion-fv-2d.py

Linaro Forge
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Toggle percentage-time and core-time in MAP

File Edit View Metrics Reports Window Help

Profiled: slow fon 16 processes, 2 nodes, 16 cores (1 per process) for 1.0m Sampled from: Tue Nov 7 17:10:01 2023

& Main Thread Only | Hide Metrics

o Use for direct comparisons between runs at

o _ the same scale (process/core counts).
CPU floating-point = - - - g = % LRy 2
SBULD m: \\\_\~\\_\: L -

Memory usage

, " e Easily determine if a change has made a

0

17:10:01-17:11:01 (60.855s): Main thread compute 53.1 %, MPI 46.9 %, Sleeping 0.0 % z00m &1 = © portion of Code faste r, S|owe r, or |arge|y

 slowfo0 X Time spenton line 114 B® unchanged
.85 ) 106 arr_in = 4.2 | dummy data Breakdown of thd 2.8mon this line:
167 Executing instructions | 2 8m
108 ! inefficient memory access pattern (incrementing j in the inner loop) R
"

109 ! note: some compilers are able to optimize this trivial example by reordering Calling functions . .
' - - - 5
ﬁg . (Io”l‘ii,l;;er loops in that case recompile with -00 instead of the default -03 Time in instructions executed: . Performance report automatlca”y Includes
112 » do i=1, 8000 Scalar floating-point . .
0.1s 13 do_j-1,2000 Vector floating-point both - d
2.8m - 114 alJ'r_cut(1,]) = sqrt(arr_in(d,j) - arr_in(i,j)) + sqrt(arr_in(i,j) + arr_ Scalanmegegrp Ot percentage tlme an Core tlme
35.6s 115 arr_out(1i,j) = arr_out(1i,j) * arr_out(1,])
116 end do Vector integer
117 end do Memory access
m e Core-time is an estimation, but should be
120 ! on a busy workstation some processes often finish faster and wait here . | Otherinstructions ’
- 0 = . . .
very close to the application run time
InputiOutput | Project Files | Main Thread Stacks | Functions | Libraries
Main Thread Stacks @®
Total core time ~ MPI Function(s) on line Source Position Library
~ & slow_f[program]
v 7 slow program slow slow190:1
~ slow:stride call stride slow.f90:11 slow_f
arr_out(i,j) = sqrt(arr_in(i,j) - arr.. slowf90:114 slow_f
™ arr_out(i,j) = sqrt(arr_in(i,j) - arr.. slowf90:127 slow_f
arr_out(i,j) = arr_out(1,j) * arr_out.. slowf90:115 slow_t
e arr_out(1i,j) = arr_out(i,j) * arr_out.. slowf90:128 slow_f
i 12.0s mpi_barrier_ call MPI_BARRIER(MPI_COMM_WORLD, ierr) slow.f90:121 slow_f
| | » 5others
26m » slow:imbalance call imbalance slow.f90:10 slow_f
[ KR » slow:overlap call overlap slow90:12 slow,_t




Libraries tab in MAP

e Listtime spent in shared libraries (left)
e List entry point functions into the selected library (right)

Input/Output Project Files Main Thread Stacks Functions GPU Kernels Libraries

Libraries
Self time ~ Total Child Library Total core time ~ MPI Overhead Function
et 477% R ioctl
26.5% s — a— 743% 478% libhsa-runtime64.s0.1.5.50100 <0.1% B munmap
15.5% e 15.5% [mpi] <0.1% _int_free
85% |} - = 100.0% 91.5% mixed-cpu-gpu <0.1% malloc
15% j 17% 02% libamd_comgrso.2.4.50100 <0.1% __memmove_avx_unaligned_erms
<0.1% <0.1% libpthread-2.31.s0 <0.1% __memcmp_avx2_movbe
<0.1% <0.1% <0.1% libstdc++.50.6.0.29

76.0% 76.0% libamdhip64.s0.5.1.50100

Use to identify the libraries that would benefit the most from optimisation or replacement
(e.g. alternative maths library or memory management implementation).

@®
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Custom metric example: MUSCLE2 & LU error terms

https://github.com/arm-hpc/custom-metrics

Profiled: chease kernelB on 1 process, 1 node Sampled from: Wed Feb 22 2017 15:26:15 (UTC+01) for 4,719.9s Hide Metrics...

System power usage

r—— ’_
376 A e L o e s P O S S e o

360 W/node ‘:
)

MUSCLE2 sent bytes .44
0.09 MB/s

MUSCLE2 receive rate Sl
0.10 MB/s

MUSCLE2 receive duration 2*° -
47.8s

/ AL I IS A SIS I SIS LS IS IS SIS
0/ S S LSS S S S A

14:26:15-15:44:54 (4,719.866s): Main thread compute 99.1 %, File I/0 0.9 % Zoom R{; EE ®

n—— _
250

LU Step Count
124

Array 1 Error 330 [T
0.65 k

Array 2 Error
45.4

Array 3 Error 821" T
157

Array 4 Error =D |
133

Array 5 Error L I
1.32k

Customized application
instrumentation, eg, NPB LU

Record error terms of solve

Plot over time and step count for
optimisation
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Matrix Multiplication example

Build and run matrix multiplication example

https://docs.linaroforge.com/23.1.1/html/forge/worked examples appendix/mmult/analyze.html

# Build C and Fortran Examples
export MPIF90=mpif90
make -f mmult.makefile

# Build Python Examples
module load python

python -m venv run-mmult

. run-mmult/bin/activate

pip3 install numpy=="1.23.5' scipy mpi4py
make -f mmult_py.makefile

# Debug using Ul
ddt --connect mpirun -n 8 ./mmult_c -s 3072
ddt --connect python3 %allinea_python_deb

# Offline profile
sbatch submit-job.sh

Linaro Forge


https://docs.linaroforge.com/23.1.1/html/forge/worked_examples_appendix/mmult/analyze.html

Thank you
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