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The memory problem
Exiting tools

MALT

NUMA : Non Uniform Memory Access

Shortly NUMAPROF
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https://www.vi-hps.org/

Origin of the tools

> PhD. On memory management for HPC (at CEA / UVSQ)
> MALT : post-doc at Versailles :

Exascale oo

> NUMAPROF : side project post-doc work at :

> URL : Get both on::
https://memtt.qithub.io/



https://memtt.github.io/

Motivations

> Lot of issues foday :
= Huge memory space to manage (~TB of memory)
= Lot more distinct allocations (e.g. 75M in 5 minutes)
= Multi-threaded : 256 threads
= Hidden into large (huge) C/C++/Foriran codes (~1M lines)

> ACCess: SuperMicro, 2024, 5019P-MT

- NUMA (Non Uniform Memory Access) 178 ~ 10 000€
= Memory wall !

,,,,,,,,,,,,,




Key today

You need to
well understand
the memory behavior
of your

application !
/

N




Eg: >1M lines C++ simulation.
On 128 cores / 16 NUMA CPUs
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Sébastien Jean Valat. Contribution & I'amélioration des méthodes d'optimisation de la gestion de la mémoire dans le cadre du Calcul Haute Performance. (tel-01253537)


https://hal.science/tel-01253537

Same about memory consumption
on 12 cores

glibc jemalloc tcmalloc

Sébastien Jean Valat. Contribution & I'amélioration des méthodes d'optimisation de la gestion de la mémoire dans le cadre du Calcul Haute Performance. (tel-01253537)


https://hal.science/tel-01253537
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MALT

Malloc Tracker

MALT

A Malloc Tracker
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> We have profiling tool for timing (eg. Valgrind or viune)

»But for memory usage ¢

»Memory can be an issue :
= Failed to run (or swap) due to lack of memory resource.
= Performance impact of memory management functions.
= Impact due to memory layout.




Some issue examples

We want to help searching :

» Where memory is allocated.

> Properties of allocated chunks.
» Bad allocation patterns for performance.
> Leaks

» Global variables (TLS)



Some issue examples

Global variables or TLS
/ Indirect allocations

Int gblVar[SIZE]; _
int * func(int size)
{
child_func_with_allocs(): - Leak
void * ptr = new charlsize];
double* ret = new double[size*size*size]; ~_
for (.....) Might lead to swap for large size
{
double* buffer = new double[size]; AN .
//short and quick do stuff Short life allocations
delete [] buffer;
}
return reft;




Existing tools

> Valgrind - memcheck

> Valgrind - massif

toogle tota graph toggle detailed
sumpticn Detailed Snapshot Analysis

memory consumption of ‘duchainify projects/mediawiki-1.15.1"

peak of 161.4 MiB at snapshot 46
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Existing tools

> Google heap profiler (tfcmalloc):

GFS_MasterChunkTable
UpdateState
176.2 (17%)
of 729.9 (

GFS MasterChunkTable G FS_MasterChunk

Create AR AddServer
184.6 (18%) _ s
255.6 (25%)

> |BM Purify++ / Parasoft Insure++ of 2988 (27%)
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Visual Studio Ultimate
memory profiler

Report2024020...51.diagsession* + » Program.cs

- {if
[= Output | & Foom In €, Reset Zoom %, Clear Selection
Diagnostics session: 13.291 seconds
I 25z 5= T.5s 10s 125 I
4 Process Memaory (MB) ¥ GC WV Snapshot @ Private Bytes
14 14

0 I

View Heap

I Time Objects (Diff) Heap Size (Diff) Label

1 524s 3239 (nfa} 30047KB (nfa)

2 7525 3576 (+3374P) 35481 KB (+45.34 KB 4)
3 876s 3576  (+0) 35481KE  (+0.00 KB)



What | want to provide

»Same approach than valgrind / kcachegrind
» Mapped allocations on sources lines

> For memory resource usage .
= Memory leaks (malloc without free)
= Peak and total allocated memory

» For performance
= Allocafion count
= Allocation sizes (min/mean/max)
= Chunk lifetime (min/mean/max|



Profile based

» Project on two axis:
= Over code / stacks
= Overtime

code / stacks

Time
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Usage

Viewing
Profiling via light web server
JSON
malt ./mon_prog malt-webview ..

........................................................................................................................................

........................................................................................................................................

.......................................................................................................................................

.......................................................................................................................................



http://localhost:8080/

Profiling on a cluster

......................................................................................................................................................................................................................
. . S o,
.

Your laptop Remote cluster / server

malt ./mon_prog

ssh -L8080:1ocalhost:8080 ...
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Global summary

EXECUTION TIME PHYSICAL MEMORY PEAK ALLOCATION COUNT

00:00:00.25 2.3 MB 379

Run description

Executahle . simple-case-finstr-linked

Commande : ./simple-case-finstr-linked

Tool: matt-0.0.0

Host: localhost

Date : 2014-11-26 22:40
Execution time : 00:o0:00.25

Ticks frequency : 1.8 GHz

Global statistics

Show all details | | Show help

Physical memory peak 2aME

Yirtual memory peak 103.7 ME




Global summary

Global statistics

Show all details | | Show help

Physical memaory peak 2.d B
Yirtual memaory peak. 1037 MEBE
Fequested memory peak A KB
Cumulated memory allocations 2h.d KB
Allocation count 373
Fecycling ratio B.7
Leaked memory 21 KB
Largest stack B.0KE
Global variables 41.2 KB
TLS variables 4.0 KE

Feak allocation rate 29,2 MEfs
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Can give some hints (warnings

Ticks frequency : 2.9GHz

Allocator used : /usr/lib/x86 64-linux-gnu/libc.so.6

Global statistics

| Show all details || Show help |

Physical memory peak 13.8 MB
Virtual memory peak 189.4 MB
Requested memory peak 12.1 MB
Cumulated memory allocations 144.0 GB Z‘JB
Allocation count 49.2 K
Recycling ratio 12204.8 Z‘JB
Leaked memory 6.1 MB
Largest stack 96 B

Global variables 43.8 KB

TLS variables 40B

Global variable count 789 .f/"\

Peak allocation rate 309.4 GB/s




Per thread statistics

Call per thread

O Grouped @ Stacked @ malloc free calloc realloc @ posix_memalign © aligned_alloc
@ memalign Cwvalloc @ pvalloc

Thread 1 I

0 200 700 734

Time per thread

O Grouped @ Stacked @ malloc free calloc realloc @ posik_memalign © aligned_alloc
@ memalign valloc @ pvalloc

0 400 K G600 K 800K 100.0K 1400 K




Source annotation

Inclusive/Exclusive

Metric selector

Thome/svalat/Projects/malt/src/lib/tests/simple-case.cpp |
*(char*)ptr="c';
aED» free(ptr);

funcC();

Allocated count ~

void funcA()

{
void * ptr = malloc(16);
*(char*)ptr="c';
free(ptr);
funcB();

Per line annotation

void recurseA(int depth)

{
e Calll stacks reaching

void * ptr = malloc(64);
*(char*)ptr="c'; The SG'GCTed
recurseA(depth-1);

free(ptr); SITe’

Function / ‘ Metric

Inclusive = — =
libe_start_mai ] 99

Allocated memory v _libc_start main_impl
v __libc_start_call main 99
Freed memory v  main 99

v recurseA(int) 99

Local peak v recurseA(int) 99

Leaks 0 malloc 1
v recurseA(int) 88

99 alloc [64B,64B,64B] malloc 11
Sym bo |S L4 recurseA(int) 77

99 free [64B.64B,64B]

malloc 11

Details of symbol or line

Lifetime [185K, 1.0 M, 12.3 M] (cycles)




Metrics

I¥ % 1 Allocated count ~

Bloc SizeS Allocated mem.
\ Allocated count

Min. alloc size
Mean alloc size

Max. alloc size

Free count

Memory ops.

“ -
——
Global peak

Leaks

Short life allocations ————— Max lifetime

Min lifetime
Recycling Recycling ratio
Realloc count

/ Realloc sum |
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Call stack tree

€ Go Back GelEarvardly .../simple-case.cpp | main Showing 18 out of 55 nodes.

Allocated count ~

_ libc start main impl

i in_i __libo_start_call main
libc_start_main_impl

libc_start_call _main

main

recurseA(int)

omp_fulfill_event

start_thread 0 B (= ]
s e THEE S ..
MALT: :pthreadwrapperStartRou / s

testRecuselIntervedB(int)

testparallelwithrecurse() [clone ._omp_fn.e] | 22 testhreads() [clone ._omp_fn.e]

testParallelWithRecurse() [c

Filter Graph Nodes Inclusive
Allocated memory 1.0 MB
Height Unlimited Freed memory 1.0 MB

Local peak 1.0 MB
Depth

NY3D / PZOY IPYSW P3AS ‘Ausjjor

Leaks 14568
Node Cost e 417 alloc [16B,25KB,1.0MB]
373 free [16B.2.8KB, 1.0 MB]
Lifetime [145K,4174K 125 M ] (cycles)




Time charts

Allocation rate (operations)

@sStacked OStream (O Expanded

Malloc @ Free

Allocation rate op

0.018

Time (secondes)

System memory

System free memory @ Swap memory

System free mem (B)

0.018 0.035 0.036

Time {secondes)




Chunk size distribution
Example from YALES2 with gfortran issue

Many really small allocations

2000000 -

2500000 —

2000000 —

1500000 -

1000000 -

500000 —

l.-_-l--l--l——l——l— S S ey e Sy Y S A B

504 260 268 976 S84 952 944 936 1 328 136 672 4 992 1lo0s 912 220




Global variables

Distribution over binaries

O Grouped @ Stacked @ Globalvariables @ TLS variables

simple-case-nst-inkes [

libc-2.17 50
libstdc++.50.6.0.17
libmatt.so
Id-2.17.50
libdl-2.17 so
libm-2.17 .50
libunwind-x86_64.50.8.0.1
libunwind.so0.8.0.1
liblzma.s0.5.0.5
libpthread-2.17 so
libr-2.17 so0
libgce_s.sol
libgomp.so.1.0.0
libelf-0.158.50

0B 30KB 59KB TBKB 9.8 KB 11.7KB 137 KB 15.6 KB 17.6 KB

Distribution over variables

O Grouped @ Stacked @ Global variables @ TLS variables

std:trl: detail: prime_list _
std:__detail:__prime_list —
—

sys_errlist




Memory used by stacks

Need to recompile
the app with

LARGEST STACK HREADS —'FinStPument-'FunCtiOﬂS
3.1 MB 1

Stack peaks

' _

0B 3.1MB

Stack of thread 0

3.1MB
29MB

24MB

19MB

3
8 14MB
7]

976.6 KB
4B8.3 KB

32B
0.7 ms

Stack memory used by functions for thread 0

@ Frame size

.y |
depth_2(int) -

depth_1() |

daing_things_with_memory()
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Cerfacs - AVBP- CFD simulator

CERFLO)

- Coolant L

Temperature (K)
B T |
. 412 473 535
Time = 0.91 ms




Example on AVBP Init phase

> Issue with reallocation on init

IF Engpd

Allocation rate 1 (3

temp (1)
END DO

DEALLOCATE { array)
ALLOCATE ( array(new cap))

DO i=1,capacity

array(i)=temp (i)
END DO

Bis

capacity=new cap

=

o
=
c
=]

w

M

Total : Function
Allocated memony ; S6.8 €
¢ alive memory
. alloc:[ 16
Lifetime : [ 1071
Cwn ;

Alle

9537 M

1] (cycles)




Coria — YALES2 - Combustion




Allocatable arrays on YALES2

Issue only occur with gfortran, ifort uses stack arrays.

MATT WebView
Search intensive alloc functions

I 4= = Allocation count -

data_comm_m:copy_i..

data_cormim_m:copy_. Huge number of allocation for a line
programmer think it doesn’'t do any |

do i=1,nit
el_qgrp

t_comm_ind = el_grp C_comm_ . o
el grp_rZ%val(l:diml, ' d) L (l:diml,int comm_ind)
end do
Total :
Allocated memory : 3.0 MEB
Freed memaory : 3

,16B,16B]
PP SRR And mostly really small

Lifetime : [ 24.5 K, 33.9 K, 37.8 M ] (cycles)
Owen :
Allocated memory : 3.0 MEB

allocations !




We can found allocs of 1B

MATT WebView . .
Search for the minimal chunk

size.
| 4 = insize~

1.0E /fusrlib¥geo=BE_Bd-p...

10E _ strdup

10B data defs_miresize . Many codes produce allocations of 1B.

OK with moderation.

case (DATATYPE REAL NODE VECTOR,DATATYPE REAL ELEM VECTOR, &

Dﬂ-Tﬂ-T‘fF’E REAL _FACE VECTOR,DATATYPE REAL_PAIR VECTC R)

if (associated(data pt FlT['-aII then
deallocate(data ptr%r2 ptrs)

end if

allocate(data ptr%r2 ptrs(nel _grps))

do n=1,nel grps
NULLIFYTdata _ptre%rZ ptrs(n)sptr)

end do
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M valgrind-memcheck
m valgrind-massif
gperf
migprof
B malt
malt-finstr
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Reminder on NUMA

Non Uniform Memory Access



What is NUMA ¢

»Each CPU has its own memory

> Access to remote memory we need to go through the

owner CPU
. RAM
—_—
I




S 3
e Architecture 5111
' =l (
> A bit more complex W= - ,
A . } _4"“ H 5

I/O
Controller

/O
Cum{ruller Large nodes : 16 proc - 128 cores

Bull BCS ~ 2010

a0 =




Today topology

> Intel Knight Landing,
mode SNC2 or SNC4

> Also add fast memory
MCDRAM (HBM) presented
as NUMA or LLC cache

C—

Knights Landing

L5
© MCDRAM |




Today topology

Safe usage :

Each process bound over

a single NUMA node

Knights Landing




Implicit binding : first fouch

» New allocated segments are physically empty
> They are filled on first touch

> Page selection depend of the thread position

T1 12 13

N
> \

Virtual memory

A

NUMA 1 NUMA 2




Typical OpenMP mistake

> Make first init outside of OpenMP (in thread 1)
> SO each pages will be first fouched on NUMA 1

memeset(array, 0, SIZE)

> Then access

#pragma omp parallel for
for (inti=0;i<SIZE ; i++)
array[i]++;

> Bad performance due to remote accesses |




Performance impact

> On areal machine (2 NUMA) :

Memset

OMP Loop

20

25

30

35

40



Wish list for a profiling tool...

> We want to know if we make remote accesses
> |deally, we need to know where...

> We can dream, we want to know
which allocation contain issues

> We want 1o know where the first touch
has been done

» On KNL we want to check MCRAM accesses

~ o =



https://www.freepng.fr/png-nmoqvw/
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NUMAPROF
A NUMA profiler

NumaProf

How to know if we are right In a real application ¢

With the help of Othman Bouvizi



NUMAPROFR

> Take back the idea from MALT

= Web interface
= Source annotation
= Global metrics

» Use intel Pin

Permit to instrument all memory accesses
Parallel opposite to valgrind

Difficulty: we cannot easily use libs inside the tool
| would have used hwloc and libnuma.....




On access we need...

> On each access we want to know if it is

= Remote access

= Local access

= MCDRAM access
= Page is pinned

= Thread is pinned

> S0, we need to know

= Where is the page
= Where is the current thread

> We can skip accesses 1o local stack (overhead 80x -> 40x)




Overhead and scalabillity

300

» Of course overhead is large: ~30x e

N
o
(@]

> But is scale

TIME MULTIPLIER
o
S

(@]
(@]

> Example code hydro on KNL:

(6]
(@)

o

Overhead
60x
1 2 4 8 16 32 64 128 256

THREADS

=—=Numaprof ==Valgrind
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GUI and example



Global summary

First touch Memory access

@ Pinned Unpinned ®local @ Remote Unpinned page Unpinned thread @ Unpinned both MCDRAM

Access matrix Peak allocated numa pages

@ Numa pages

51,305.0
40,000.0
20,000.0
’ o 1 2 3




Staftistics per thread

Memory access

unpinnedPageAccess unpinnedThreadAccess  @unpinnedBothAccess @ localdccess @ remotelccess mcdramAccess

Thread 0
Thread 1
Thread 2
Thread 3
Thread 4
Thread 5
Thread 6
Thread 7
Thread &
Thread 9
Thread 10
Thread 11
Thread 12
Thread 13
Thread 14
Thread 15
Thread 16

Thread 17

>

Thread 18




OMP and huge pages

> Huge pages & thread splitfing

» Most of the fime do not match exactly

> Not a big issue if limited




Details per thread

Thread 4

Lifetime

CPU thread binding
Numa thread binding
Numa mem. policy

First touch

Accesses

Accsses

Pinning log

Numaprof Home  Threads  Details

MPOL_DEFAULT on -1 considered as NO_BIND

B Pinned 1,024.00

Unpinned

, pin thread on node 0

Help

o memory binding MPOL_DEFAULT on -1 considered as NO_BIND

Thread 5

Lifetime

CPU thread binding
Numa thread binding 1
Numa mem. policy

MPOL_DEFAULT on -1 considered as NO_BIND

First touch

Accesses

Accsses

Unpinned

Pinning log %, pin thread on node 1

do memory binding MPOL_DEFAULT on -1 co

sidered as NO_BIND
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Source & asm annotations

Numaprof

% | All access ~

buffer[i]++;

[] buffer;

Line 41

Pinned first touch 50 290
Unpinned first touch 810
Local 49 259 280
Remote 1 858 588
Unpinned page 0
Access
Unpinned thread 377 860
Unpinned both 932 461
MCDRAM 0

Non allocated 0

£ main()




Code Hydro

> KNL Without HBM WITH HBM

Memory access

@ Local @ Remote Unpinned page Unpinned thread @ Local @ Remote Unpinned page Unpinned thread
@ Unpinned both MCDORAM @ Unpinned both MCDRAM




Original Hydro access matrix

Access matrix Access matrix

Unpinned Unpinned
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Ordering issue

% | Alloc remote access ~ /data/svalat/Projects/Hydro/HydroC/HydroCplusMPIl/Domain.cpp | Domain::setTiles() [clone ._

AlignedAllocReal (m nibtiles);

ton-=listMortonIdx () ;

#pragma omp parallel for private(i) if (m_numa) SCHEDULE
for (int32_ti=0; i <m_nbtiles; i++) {
int t = m_mortonldx[i];
m_tiles[t] = new Tile;




Non parallel allocations

9%  Alloc remote access fdatafsvaIaUProjects:f!—lyd;onydronHydroCpIusMPIIT hreadBuffers.cpp | ThreadBuffers::ThreadBuffers(int, in

Uie JPues LUy

ThreadBuffers: :ThreadBuffers(int32 t xmin, int32 t xmax, int32 t
{

SR int32 t lgx, lgy, lgmax;
lgx = (xmax - xmin);

lgy = (ymax - ymin);
lgmax = lgx;
Soa::Soa(int, int, int) if (lgmax < lgy)

lgmax = Llgy;

Domain::setTiles() [clone ._omp_.

ThreadBuffers: :ThreadBuffers({int..

m g = new Soa(NB VAR, lgx, lgy);
Domain::setTiles() m gxm = new Soa(NB VAR, lgx, lgy);
' m gxp new Soa(NB VAR, lgx, lgy);
m dq = new Soa(NB VAR, lgx, lgy);
m gleft = new Soa(NB VAR, lgx, lgy);
m qright = new Soa(NB VAR, lgx, lgy);
m ggdnv = new Soa(NB VAR, lgx, lgy);

Tile::initTile(Soca*)
main

Domain: :createTestCase()

new Matrix2 < real t > (lgx, lgy);
new Matrix2 < real t > (lgx, lgy);

MatrixZ<int=::listMortonIdx()




Parallel allocations

> QOriginal

for (int32_ti=0; i <m_numThreads; i++) {
m_buffers[i] = new ThreadBuffers(...);
assert(m_buffers[i] != 0);

> Modified

#pragma omp parallel
{
inti=omp_get thread_num();
#pragma omp critical
m__buffers[i] = new ThreadBuffers(..);
assert(m_buffers[i] != 0);
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Speed up obtained on Hydro

Access matrix 45

© 25 l -18%

WITHOUT HBM Before After




Conclusion

> Memory is not trivial o handle in large programs

> Need 1o be taken in account

»Some tiny mistakes sometimes cost a lot
= Possibly everywhere in the program (global impact)

»Be able to get a view is a first help
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