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Exploiting Parallelism for Efficient Computing

[Right] Intel Xeon Phi (Knights Landing) 72 cores, 288 HWTs
(https://software.intel.com/en-us/articles/what-disclosures-has-intel-made-about-knights-landing)
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= Complex workloads across several software stacks S S
'*;—) E 1968 1982 1995 2009 2023

= How about OpenMP? Year 4 of CPU cores

CPU DB: (http://cpudb.stanford.edu/)
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Efficient Thread/Task Management for OpenMP + X?

User Applications

l OpenMP-parallelized code
" Open M P + Open M P Scientific Library
. 1 OpenMP-parallelized code |
— Nested parallel regions l =
. Math Library A Math Library B

— Creation of OpenMP threads at each level | perrermer—

of parallel regions can exponentially High_tevel —

increase the total number of threads. Syetem

OpenMP Runtime System

= OpenMP + MPI

| Applications |
— Poor performance of multithreaded MPI

OpenMP MPI

because of heavy lock contention.

— MPI + OpenMP tasks?

= OpenMP + other parallel runtime systems ...
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BOLT: OpenMP over Argobots [*]

= Use lightweight Argobots threads for OpenMP threads and tasks

[l S Iwabaki et al. “BOLT: Optimizing OpenMP Parallel Regions with User-Level Threads", PACT ‘19, 2019

OpenMP-Parallelized Program OpenMP-Parallelized Program

Intel OpenMP OpenMP OpenMP OpenMP BOLT OpenMP OpenMP OpenMP OpenMP
OpenMP Thread Thread Thread Thread Thread Thread Thread Thread
: ULT |1 ULT ULT | ULT :

Pthreads Pthreads Pthreads Pthreads i Argobots e B . H

H Execution Stream Exec .

———— | H H

o oe 5 :

Traditional OpenMP (Intel OpenMP) BOLT: LLVM OpenMP over Argobots

/ECP Opentib) SOLLVE: OpenMP Programming Environment for ECP
Womff;g" g:‘:"'lps O (e ———— "~ ‘ ECP Proposed
e WS it ny Application Using ECP SLATE \,@/‘
\ »;m::’x:.ﬂ':ﬁ"/ Clang C/C++ FE “ Flang (PGI Fortran FE) | \r i j . I
N = piler § & o — e .
— 2'""1‘ 'A{ LLVM Compiler I 1= ttcstonroouck | AT Y [*] ECP SLATE: https://icl.utk.edu/slate/
OpenMP Runiime  * . amm ibrar
Extensions, efc. i g5 ’ Runtime Layer | 1| . Compiers munimo v 3000
Openmtp | ' (OpenMP RTL, BOLT, Argobots) o (Rl
[Extensions I L /IP task-bara
il ECP Operating Systems (72]
g m_";"”m"’ I | Continuous o 2000
3 ;:{'Mm-n« Portability I Testing and O
O Beropencons dvkcs I | NUMA Mem. Interconnect Integration oL i
L Q MPI interoperability 1000 hd
U]
1 : : BLAS —e— BOLT
OpenMP. t . ‘ i Intel OpenMP (IOMP)
e - Multpltform Testin IO enMP parallelized codel ntel Upen
ARB Standards | | : o P 4 0 IOMP (nesting disabled)
' * T Yr—— 1 10 100
OpenMP Runtime System
| Exascale Node(s) on Multiple Architectures p V # Of Inner Th I’ea dS
\ Exascale, . .
X = ey ECP SLATE: Cholesky factorization (dpotrf)

BOLT is part of the ECP SOLLVE project. BOLT can exploit nested parallel regions.
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Design of BOLT
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Argobots: A Low-Level Lightweight Threading Library

= Argobots is an open-source project

A Lightweight Low-level Threading Framework

1 Download [ el

— URL: https://argobots.org/
— Maintained by Argonne National Laboratory Argonneo faroshos A vt Tssdng rnsvon

bets, den lued af the ihtweight rur stem that supports integrated putation
NATIONAL LABORATORY e A e o

Gata movement with massive concurency. It wil directly \evemge ol T e e o] lighn g
notification mechanisms, dat rnovemelcﬂg 3. memory mapping, and data placement stral lcqe!

e Collaborators: UIUC, Univ. of Tennessee, PNNL, Intel, UTokyo, Riken, ... :
e UNIVERSITY OF ___ ght.weighlﬂfreads and Tasklets
ETENNESSEE . MO*IS /tQj p. (¥ THE UNIVERSITY OF TOKYO el = :

KNOXVILLE RIKEN

Paci f ic No thwest

scheduled based on power,

* Supported by DOE  @ENERGY EC'F rrressinrresaanrrrnnarrrrnnnany,

= Unleashes user-level threads (ULTs)

= Provides for the future scalable systems.

— Extremely lightweight “thread” implementation scheduler [ll Scheduler [l Scheduler
Execution Execution Execution
Stream Stream Stream

0S-level thread 0OS-level thread OS-level thread

Core X Core X Core
CPU

Argobots

— Rich and powerful threading capabilities

— Low-level customizability
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https://argobots.org/

What is a User-Level Thread (ULT)?

= A user-level thread (ULT) implements all threading operations in user space.

r : .

Thread scheduling (= context switching)
allollaollollallallallal | . SHNENSENENSHENENE
sHENENEUEIEN RIS involve heavy system calls. SHEHE P P I e ]
=, b =, =, =, b st s y mall overneads.
sllslslelslslslls] =
o a. (a8 o (a8 (s (a8 o

z Execution Stream Execution Stream
(
User-level threads (ULTs) are Pthreads Pthreads

running on Pthreads; scheduling is done
Kernel (OS) . . : Kernel (OS)
by user-level context switching in user
space. y e

Naive Pthreads Argobots

Fork-Join Performance on KNL

= Advantages of ULTs: L 1E+6
1. Lightweight thread with low context-switching overhead & 1644 I > 350x
2. Multiple ULTs can be mapped to a single OS-level thread :i 1E+2 .
o
“ 1E+0

3. Users can control scheduling
Pthread Argobots ULT

OpenMP Argonne
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Use Case of Argobots (1) Intel DAOS 1/0 Stack

= |ntel Distributed Application Object Storage

SOLUTION BRIEF il'l tel'

Distributed Asynchronous Object Storage (DAOS)
Intel* Optane™ Technology

DAOS: Revolutionizing High-Performance
Storage with Intel® Optane™ Technology

= Exascale I/0O stack

https://github.com/daos-stack/daos

= Argobots is used in server’s
|/O handling

— Each I/Ois handled by one ULT
— Waiting for I/0 => yield CPU and

switch to another ULT

OpenMP Argonne

== ABT_thread_create()-> rpc_handler
~
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I/O progress

SPDK/NVMe

ABT XStream



https://github.com/daos-stack/daos

Use Case of Argobots (2) Margo: Mercury over Argobots

|

= Margo is a lightweight communication library supporting RPC and RDMA.

https://mochi.readthedocs.io/en/latest/margo.html

Metadata (unexpected +
expected messaging)

RPC proc RPC proc

Bulk data
(RMA transfer)
Network abstraction layer

= Margo utilizes Argobots to : RPC 1 rRpC 1
: | RPC | | RPC |
progress communications | RP%PC | | RP%PC |
instead of user’s ugly progress ULT ULT
loop and callbacks. Execution Stream Execution Stream
Pthreads Pthreads

Core Core

QpenMP Argonne .~


https://mochi.readthedocs.io/en/latest/margo.html

BOLT: BOLT is OpenMP over Lightweight Threads

= BOLT: an OpenMP library over Argobots
— Based on LLVM OpenMP 10.0

— Provides most of the latest OpenMP features. OpenMI

— Maps both OpenMP threads and tasks to Argobots ULTs.

e Tiny threading overheads.

— High ABI compatibility with LLVM/Intel/GNU OpenMP

OpenMP-Parallelized Program OpenMP-Parallelized Program
lllllllllllll AgiEEEEEEEEEEEN S ESEEEEEEEEENEN) SENEEEEEEEEEN : AEEEEEEEEEEEEDR EEEEEEEEEEEE, AN NN EEEEEEEEER EEEEEEEEEEESN
Intel OpenMP OpenMP OpenMP OpenMP BOLT OpenMP OpenMP OpenMP OpenMP
OpenMP Thread Thread Thread Thread : Thread Thread Thread Thread
Pthreads Pthreads Pthreads Pthreads Argobots
= Executlon Stream Executlon Stream
................................................... : __Pthreads_______ __Pthreads_______ :
s
Traditional OpenMP (Intel OpenMP) BOLT

OpenMP Argonne .



How does BOLT Work?

= Parallel region (e.g., #omp parallel for)

#pragma omp parallel for num_threads(4)
creates OpenMP threads over ULTs. for (i = ©; i < 4; i++)

kernel(data[i], 1i);

= Work stealing can distribute work.

OpenMP-Parallelized Program

OpenMP

Thread
ULT

Pool Pool
allth ds! OpenMP
— Finish all threads! Thread
— OpenMP task works similarly, but p—
this talk omits the details. Execution Stream Execution Stream
| Pthreads I | Pthreads ]

OpenMP Argonne .
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Lightweight Threads for OpenMP + OpenMP

= Case of oversubscriptions: [ipragna omp parallel for

for (i =0; i < n; i++)

nested parallel regions dgemv(matrix[n], ...);

Scientific Library

l OeenMP-EaraIIeIized code l

// BLAS library | e v v

. " " Mathibracy . Math Library
void dgemv(...) { ey | | | .
#pragma omp parallel 0O

for (i =0; i < n; i++) Hi’gh_mr neste
= OpenMP parallelizes } dgemv_seq(data[n], i); oot orer 1

.
e

multiple software stacks. Code Example OpenMP Runtime System

= Nested parallel regions create OpenMP threads exponentially.

#pragma omp parallel for | Thread |
for (i = 0; i < n; i++) :
dgemm(matrix[n], ...);

Parallel Region

|__Thread |[  Thread ][ Thread ][ Thread |

void dgemm( e ) : Parallel Region i Parallel Region . Parallel Region ]
#p r‘agma omp pa r‘allel 'For‘ |ThreadIThreadIThread |ThreadIThread |Thread||ThreadIThread |ThreadIThreadIThread
for (i = 03 1 < n; ire);

OpenMP Argonne



Can We Just Disable Nested Parallelism?

= How to utilize nested parallel regions?

1

— Enable nested parallelism: creation of exponential the number of threads

— Disable nested parallelism: adversely decrease parallelism

= Example: strong scaling on massively parallel machines

Is the outer parallelism enough to feed work to all the cores???

#tpragma omp parallel for
for (i = 0; i < n; i++)
comp(cells[i], ...);

void comp(...):
[...15
#pragma omp parallel for
for (i =0; 1 < n; i++);

OpenMP Argonne .
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Node Node
Manycore + Many nodes




Two Directions to Address Nested Parallelism

= Nested parallel regions have been known as a problem
since OpenMP 1.0 (1997).

— By default, OpenMP disables nested parallelism!™}

= |nvestigated two directions to address it:

1. Use several workarounds implied in the OpenMP specification.

=> |nefficient/unfeasible if users do not know parallelism

in other software stacks.

. Disable nested parallel regions

(omp_nESTED=False, OMP_ACTIVE_LEVELS=...)

* Parallelismis lost.

. Finely tune numbers of threads

(0oP MM THREADS ntha b2, nkh, .}

= Parallelismis lost. Difficultto tune
parameters.

. Limitthe total number of threads

(ome_HResn_L1wrTenthe] )

+ Can adversely serialize parallel regions;

doesn’t work well in practice.

. Dynamically adjust # of threads

(omp_presmicetrus)

| LT |[__hread [ ]
[ = e e e |
2. OMP_NUM_THREADS=3,.

+ Can adversely serialize parallel regions; :

doesn’t work well in practice.

. Use OpenMP task

(#pragma omp task/taskloop)

* Most codes use parallel regions.
Semantically, threads != tasks.

2. Instead of OS-level threads, use lightweight threads as OpenMP threads

=> |t does not perform well if parallel regions are not nested (i.e., flat).

e |t does not perform well even when parallel regions are nested.

=> Need a solution to efficiently utilize nested parallelism.

OpenMP Argonne

ATIONAL
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Using ULTs in LLVM OpenMP is Easy

OpenMP-Parallelized Program OpenMP-Parallelized Program
i i LLVM T [
LLVM OpenMP OpenMP OpenMP OpenMP OpenMP OpenMP OpenMP OpenMP OpenMP
OpenMP Thread Thread Thread Thread e Ul Thread Thread Thread Thread
ULT layer ULT ULT ULT ULT
Pthl"eads Pthreads Pthreads PthreadS lllllllllll W EEEEEEEEEEES EEEEEEEEEEER G EEEEEEEEEEED
ATl Scheduler Scheduler
llllllllllll LA R RN RN RN RN RN ERNRRRRRRRLA RNRRRRNRRNRN Pthreads I Pthreads
LLVM OpenMP 10.0 LLVM OpenMP 10.0 over ULT (= BOLT baseline)

= Replacing a Pthreads layer with that of Argobots is easy

= Does the “baseline BOLT” perform well?

OpenMP Argonne



ULT-based OpenMP is not New.

= Use ULTs to avoid oversubscriptions of OS-level threads.

= Several ULT-based OpenMP systems have been proposed.

— NanosCompiler [1], Omni/ST [2], OMPi [3], MPC [4], ForestGOMP [5], OmpSs (OpenMP
compatible mode) [6], LIbKOMP [7] ...

[1] Marc et al., NanosCompiler: Supporting Flexible Multilevel Parallelism Exploitation in OpenMP. 2000

[2] Tanaka et al., Performance Evaluation of OpenMP Applications with Nested Parallelism. 2000

[3] Hadjidoukas et al., Support and Efficiency of Nested Parallelism in OpenMP Implementations. 2008

[4] Pérache et al., MPC: A Unified Parallel Runtime for Clusters of NUMA Machines. 2008

[5] Broquedis et al., ForestGOMP: An Efficient OpenMP Environment for NUMA Architectures. 2010

[6] Duran et al., A Proposal for Programming Heterogeneous Multi-Core Architectures. 2011

[7] Broquedis et al., libKOMP, an Efficient OpenMP Runtime System for Both Fork-Join and Data Flow Paradigms. 2012

= However, these runtimes do not perform well for several reasons.

— Lack of OpenMP specification-aware optimizations

T For apples-to-apples comparison, we will ]

— Lack of general optimizations focus on the ULT-based LLVM OpenMP.

OpenMP Argonne .



Simple Replacement Performs Poorly

1E+0
// Run on a 56-core Skylake server Lower is
#pragma omp parallel for num_threads(N) 1E-1 better
for (int 1 = @; i < N; i++) —
#tpragma omp parallel for num_threads(28) I’
for (int j = 0; j < 28; j++) £ 1E-2
comp_20000_cycles(i, j); pt
o
Nested Parallel Region (balanced) £ 1E-3
(&)
]
— Faster than GNU OpenMP. b e
e GCC
1E-5
— So-so among ULT-based OpenMPs 1 10 100
e MPC, OMPi, Mercurium # of outer threads (N)
—e— BOLT (baseline) —e— GCC
— Slower than Intel/LLVM OpenMPs. —e— MPC —e— OMPi
—e— Mercurium Intel
o |nt€|, LLVM —e—[LVM e Ideal

GCC: GNU OpenMP with GCC 8.1
Intel: Intel OpenMP with ICC 17.2.174

LLVM: LLVM OpenMP with LLVM/Clang 7.0

MPC: MPC 3.3.0

OMPi: OMPi 1.2.3 and psthreads 1.0.4

Mercurium: OmpSs (OpenMP 3.1 compat) 2.1.0 + Nanos++ 0.14.1

Popular Pthreads-based OpenMP

State-of-the-art ULT-based OpenMP

OpenMP Argonne



Solve Scalability Bottlenecks (1/2)

1

= Resource management optimizations

1. Divides a large critical section | Thread |

Parallel Region

protecting all threading resources.

[ Teamcache J||[ Teamcache )

Thread

[ Teamcache |

Threag

e This cost is negligible with Pthreads. (_Team cache ]
Thread

Parallel Region Paralic! Region Parallel Rezion
Threar{l‘fhrean{ o0 I o Y4 d

2. Enable multi-level caching of parallel

i

“arallel Region

'Ileac{l'fhread Threa({

regions

ThreadThread

e Called “nested hot teams” in

LLVM OpenMP. Thread desc. pool @Thread desc. pool
E:§ Team desc. pool ‘ QTeam desc. pool
: | Thread ID counter | : @hread ID counter

QpenMP Argonne .~



Solve Scalability Bottlenecks (2/2)

= Thread creation optimizations

3. Binary creation of OpenMP threads.

Primary Primary
ead A (Thread m l

Y

5 ===
v V \ 4 v The critical path gets shorter. ]

Serial Thread Creation (default LLVM OpenMP)

1E-2 Binary Thread Creation
—@—BOLT (baseline)

—0— + Efficient resource management
++ Scalable thread startup

// Run on a 56-core Skylake server
#pragma omp parallel for num_threads(L)
for (int 1 = 0; i < L; i++)
#pragma omp parallel for num_threads(56)
for (int j = ©; j < 56; j++)
no_comp();

1E-3

1E-4

Execution time [s]

Nested Parallel Regions (no computation) s

No computation to measure the pure overheads. 1 10 100
# of outer threads (L)

OpenMP Argonne




Affinity: How to Implement Affinity for ULTs

| With proc_bind, threads are bound to places.

OpenMP Thread 0 OpenMP Thread 1 OpenMP Thread 2 OpenMP Thread 3

Place O Place 1 Place 2 Place 3

Core 0 Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 Core 7

fEFFEEEE

= OpenMP 4.0 introduced place and prod_bind for affinity.

— OS-level thread-based libraries use CPU masks. x gm:ikggfzégig;zf},{4,5},{6,7}
= BOLT (baseline) ignored affinity (still standard compliant). ﬁg:a%r:{'a:g? Ea:ai}ei:()w num_threads (4)
= However, affinity should be useful to conp3):

1. improve locality and 2. reduce pool contentions.

— Note: ULT runtimes use shared pools + random work stealing.
o

How to implement place over ULTs?

OpenMP Argonne .



Implementation: Place Pool

. . . // OMP_PLACES={®0,1},{2,3},{4,5},{6,7}
= Place pools can implement OpenMP affinity | // owp_proc_BiND=spread
. #pragma omp parallel for num_threads(4)
in BOLT. for (i = @; i < 4; i++) comp(i);

[ L [ "

Place O . Place 1 = Place 2 - Place 3

Core 0 Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 Core 7

lace pool Place pool Place pool

fIIIIIIllllllllllllllllllll:.lIIIIIIIIIIIIIIIIIIIIIIIIlll'lIIIIIIllllllllllllllllllll:.lIIIIIIIIIIIIIIIIIIIIIIIIII
.
L]

OpenMP Thread OpenMP Thread

ULT uLT
Flace pool

OpenMP Thread

ULT
Shared pooI Shared pool Shared pool Shared pool Shared pool Shared pool Shared pool
Scheduler 0 Scheduler 1 Scheduler 2 Scheduler 3 Scheduler 4 Scheduler 5 Scheduler 6 Scheduler 7

| Pthreads I Pthreads " Pthreads Il Pthreads I Pthreads Pthreads Pthreads | Pthreads |
Core 0 Corel Core 2 Core 3 Core 4 Core 5 Core 6 Core 7

= Problem: OpenMP affinity setting is too deterministic.

OpenMP Argonne
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OpenMP Affinity is Too Deterministic

= Affinity (orbindvar) is oNnce set, all the OpenMP threads | /) ow o sruerzy > 421167

#tpragma omp parallel for num_threads(8)

created in the descendant parallel regions are for (int i = 0; i < 8; i++)

#tpragma omp parallel for num_threads(8)
for (int j = 0; j < 8; j++)

bound to places. ﬁ The OpenMP specification writes so. comp(i, J);

Limited load balancing. ]EE
Place pool ] Place pool F Place pool

I Shared pool IEEI Shared pool I I Shared pool IEEI Shared pool I I Shared pool IE

= Scheduler (bln A §cheduler5 EE Scheduler Q-’Ia - §chedu|er 7 E
llllll (NN} am (NN ] lliﬂthfeadyll

Core 2 Core 3 Core 4 Core 5 Core 6 Core 7

= Promising direction: scheduling innermost threads with random work stealing.

OpenMP Argonne .



Proposed New PROC_BIND: “unset”

OMP_WAIT_POLICY=unset: reset the affinity setting of the specified parallel region.

(Detailed: The unset thread affinity policy resets the bind-var ICV and the place-partition-var ICV to their implementation defined values and instructs the execution environment to follow these values.)

// OMP_PLACES={0,1},{2,3},{4,5},{6,7}
// OMP_PROC_BIND=spread
#pragma omp parallel for num_threads(8)
for (int i = 0; i < 8; i++)
#pragma omp parallel for num_threads(8)

// OMP_PLACES={0,1},{2,3},{4,5},{6,7}
// OMP_PROC_BIND=spread,unset
#tpragma omp parallel for num_threads(8)
for (int i = 0; i < 8; i++)
#tpragma omp parallel for num_threads(8)

for (int j = 0; j < 8; j++)
comp(i, Jj);

for (int j = ©; j < 8; j++)
comp(i, Jj);

= = BHIE s | ][ = 1= :
: Piseew! i Prseer! = PlRf€er20! : PRseP ! :
n = = ..I _I ‘I [.I r‘-l l..l [‘.I r..l r
i They can be scheduled on any co 1E-3 —&—BOLT (baseline)
=i i —0— + Efficient resource management
e Random work steali @ ++ Scalable thread startup
Fo innermost threads £ +++ Bind=spread
shared pool e—— - = —&— ++++ Bind=spread,unset
Scheduler 0 Scheduler 1 Scheduler 2 Scheduler 5 1E-4
Pthreads Pthreads Pthreads Pthreads g
Core 0 Core 1 Core 2 Core 3 §
. . . e . . [N N)
= This scheduling flexibility gives higher
1E-5
performance. 1 10 100

# of outer threads (N)

OpenMP Argonne
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alpha makes the computation size random,

Microbenchmarks: Doubly Nested Loops while keeping the
total problem size. m—— @l

Large alpha

-

// Run on a 56-core Skylake server
#tpragma omp parallel for num_threads(56)
for (int i = 0; 1 < 56; i++) {
int work_cycles = get_work(i, alpha);
#tpragma omp parallel for num_threads(56)
for (int j = @; j < 56; j++)

// Run on a 56-core Skylake server
#tpragma omp parallel for num_threads(L)
for (int i =0; i < L; i++) {
#tpragma omp parallel for num_thLreads(28)
for (int j = 0; j < 28; j++)
comp_20000_cycles(i, j);

} comp_cycles(i, j, work_cycles);}

1E+0 1E+0 o o < O o O *—0—o—0 ®
o, o,
)
£ 1E-2 é
S §
S OIE4 | e o —— S F N =
g = e :
W e X

1E-6 ‘ Lower is better 1E-4

1 10 100 0.1 1 10
# of outer threads (L) Alpha (A)

—&— BOLT (baseline) —— BOLT (opt) —e—GCC —e—BOLT (baseline) —e— BOLT (opt) —e— GCC

Intel —e— LLVM —eo— MPC
—eo— OMPI

Intel —e—LLVM —e— MPC

—o— Mercurium =~ ceeeeeeee Ideal —e— OMPiI —o— Mercurium  eeeeees Ideal

QpenMP Argonne (Ideal): lower bound under perfect scalability.




OpenMP Threads vs. OpenMP Tasks

1E-2

1E-3

1E-4

Execution time [s]

1E-5

// Run on a 56-core Skylake server
#pragma omp parallel for num_threads(56)
for (int 1 = 0; 1 < L; i++) {
#pragma omp taskloop grainsize(1)
for (int j = 0; j < 28; j++)
comp_20000_cycles(i, j);

3
1 10 Lower is 100
better

Outer loop count (L)

—&— BOLT (baseline) —e— BOLT (opt)
—o— GCC (taskloop) Intel (taskloop)

—&— LLVM (taskloop) -+++++==- Ideal

// Run on a 56-core Skylake server
#tpragma omp parallel for num_threads(56)
for (int i = 0; i < 56; i++) {
int work_cycles = get_work(i, alpha);
#tpragma omp taskloop grainsize(1)
for (int j = 0; j < 56; j++)
comp_cycles(i, j, work _cycles);}

Execution time [s]

1E-1
1E-2

@ @ . 2 @ @ @ @ @ @
1E-3

or— r— \ RIS O
1E-4

0.1 1 ‘Lower is 10

bett
Alpha (A) e

—&— BOLT (baseline) —e— BOLT (opt)
—o— GCC (taskloop) Intel (taskloop)

—&— LLVM (taskloop) -+++++=+- Ideal

= Parallel regions of BOLT are as fast as taskloop!

OpenMP Argonne




Evaluation of BOLT with Two Applications

= # of threads for outer loops is usually set to # of cores.

— i.e., if not nested, oversubscription does not happen.

= |f many layers are OpenMP parallelized, nesting can unintentionally happen.

= Two showcases:

1. KIFM

M

2. Qbox

KIFMM

OpenMP parallelized code
=

Qbox

BLAS

FFTW3

B—
OpenMP parallelized
code

OpenMP parallelized
code

OpenMP Runtime System

OpenMP Argonne .

l OpenMP parallelized code I

FFTW3

OpenMP parallelized
code

OpenMP Runtime System

MPI




Evaluation: KIFMM

= KIFMMUI: highly optimized N-body solver

— N-body solver is one of the heaviest kernels in
astronomy simulations.

= Multiple layers are parallelized by OpenMP.
— BLAS and FFT.

= We focus on the upward phase in KIFMM.

KIFMM

for (int i = @; i < max_levels; i++) .
#pragma omp parallel for OpenMP parallelized code
for (int j = @; j < nodecounts[i]; j++) {

[...];

dgemv(...); // dgemv() creates a parallel region.

}

BLAS

B—
OpenMP parallelized
code

FFTW3

OpenMP parallelized
code

OpenMP Runtime System
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Performance: KIFMM

void kifmm_upward():
for (int 1 = ©; i < max_levels; i++)
#pragma omp parallel for num_threads(56) §:
for (int j = 0; j < nodecounts[i]; j++) { g
[ 15 55
dgemv(...); // creates a parallel region. g <
; Y =
void dgemv(...): // in MKL =0
#pragma omp parallel for num_threads(N) 2 =
for (int 1 =0; i < [...]; i++)
dgemv_sequential(...);
8 —>¢4 ( ) 1 10 100
= Experiments on Skylake 56 cores. # of inner threads (N)
NP=12, # pts = 100,000
— # of threads for the outer parallel region = 56 —e—BOLT (opt) —e—Intel (nobind)
—o—Intel (true) Intel (close)
— # of threads for the inner parallel region = N (changed) —e—Intel (spread) —— Intel (dyn)
u TWO importa nt rESUItS: Different Intel OpenMP configurations:
nobind: OMP_PROC_BIND=false,
_ N=1 (flat) performance iS almOSt the same true, close, spread : OMP_PROC_BIND= {true, close, spread}

dyn: MKL_DYNAMIC=true
Note that other parameters are hand tuned (see the paper).

— N>1 (nested): BOLT further boosts performance.
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Evaluation: FFT in Qbox

= Qbox[: first-principles molecular dynamics code.

= We focus on the FFT computation part.

RCLUILRTTTTTTTEE 30010 SELEETTTTIT RN
OpenMP paraﬂellzed code // FFT backward
PP IO % #pragma omp parallel for
LAPACK ScaLAP‘A@K.‘ FFTW3 : for (int i = ©; i < num / nprocs; i++)
BLAS . :: fftw_execute(plan_2d, ...);
L__opente paralielized code | paralielized code | 7
e void fftw_execute(...): // in FFTW3
OpenMP Runtime System [...1;
#pragma omp parallel for num_threads(N)
MPI for (int i =0; i < [...]; i++)

fftw_sequential(...);

= We extracted this FFT kernel and change
the parameters based on the gold benchmark.

[*] F. Gygi, “Architecture of Qbox: A scalable first-principles molecular dynamics code,” IBM Journal of Research and Development, vol. 52, no. 1.2, pp. 137-144, Jan. 2008.
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Performance: FFT in Qbox

// FFT backward

#pragma omp parallel for

for (int i = @; i < num / nprocs; i++)
fftw_execute(plan_2d, ...);

void fftw_execute(...): // in FFTW3
[...]5
#pragma omp parallel for num_threads(N)
for (int i =0; i < [...]; i++)
fftw_sequential(...);

—o—BOLT (opt) —e—Intel (nobind)
—eo—|ntel (true) Intel (close)
—e—Intel (spread) —e—Intel (dyn)

Intel OpenMP configurations: nobind(=false),true,close,spread: proc_bind, dyn: OMP_DYNAMIC=true

* nprocs=# of MPI nodes
* num (and fftw size) is proportional
to # of atoms.

Experiments on KNL 7230 64 cores.
# threads for the outer regions = 64
# threads for the inner regions = N (changed)

OoOFrRrNWH

D

1 10 100
64 atoms / 16 MPI processes

O, NWH

1 10 100
64 atoms / 32 MPI processes

O, NWD

1 10 100
64 atoms / 48 MPI processes

oOFrRrNWH

1 10 100
96 atoms / 16 MPI processes

=i inni

1 10 100
96 atoms / 32 MPI processes

OoOFrRrNWH

O, NWH

1 10 100
96 atoms / 48 MPI processes

1 10 100
128 atoms / 16 MPI processes

1 10 100
128 atoms / 32 MPI processes

S <o

1 10 100
128 atoms / 48 MPI processes

OFrLr NWD

= N=1 (flat): performance is almost the same.
X axis: # of inner threads (N)

= N>1 (nested): BOLT further increased performance. Y axis: relative performance (BOLT + N=1: 1.0) . Higher is better

QpenMP Argonne



Lightweight Threads for OpenMP+MPI

|. OpenMP
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High Interoperability with MPI [*]

= MPI+BOLT can improve performance via Argobots

— ULTs are flexibly scheduled without kernel intervention.
e Better communication and computation overlapping

e Latency hiding of blocking operations.

= Current work
— Open MPI + Argobots oLt C R ULt
uLT ULT UL i - s
— MPICH + Argobots
ULT ULT < o) m
Pthreads Pthreads Pthreads
Argobots =SO
— /
Schedule another ULT while waiting with very low overheads.
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BOLT/Argobots + MPI

= MPICH + BOLT/Argobots is officially T 2 | _e—U=1
=}
= —o—U=2
supported. 9 . Ued
3 - o 4 -
Stable! Passes all the major multithreaded E; U=8
tests; as good as Pthreads! 05 o—U=16
(We test it weekly) 1 64 4096 262144—e—U=32

Message Size (Bytes)

Increasing threads (U)can reduce latency. |

Point-to-point latency with 36 Haswell cores and
Mellanox FDR (U = # of ULTs per ES), MPICH

= |nitial support for Open MPI +
BOLT/Argobots has been merged to
the release branch.

Shared Memroy
Memory Pool
Threading

Byte Transfer Layer
Network Interface

— In collaboration with SNL and LANL
[_ — ] Qthreads/Open MPI teams.

It now covers about 80% of the MPICH multithreaded
tests. Itis under active development.
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Conclusions
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High ABI Compatibility

= BOLT keeps compatibility with the LLVM OpenMP interface.

— Several compilers (GCC, Intel Compilers, and Clang/LLVM)
can be used as a frontend.

GNU Intel
Compiler i

e i.e., BOLT does not require a special compiler.

# app is compiled for GCC or Intel OpenMP

# run app over a default OpenMP library OpenMP
./app argl arg2 ...

# run app over BOLT POSIX Threads (Pthreads)

LD_PRELOAD=$BOLT_LIB_PATH ./app argl arg2 ...

— No need to recompile existing applications and libraries for BOLT!

OpenMP Argonne



Support of the Latest Features

= BOLT supports OpenMP 5.0 with a few exceptions.
— As the original LLVM OpenMP supports.

= BOLT support includes ...
— Basic parallel regions (parallel for/section)
— Tasks: task, taskloop, task depend
— Target offloading: (e.g., offload computation to a GPU device)
e BOLT itself does not affect the GPU performance

— Synchronization: single/master/barrier/order, omp_lock

— SIMD directives: supported by compilers
= BOLT currently does not support OMPT & OMPD and task cancellation.

OpenMP Argonne .



How to Install BOLT?

1. Use Spack

$ spack install bolt # only BOLT
$ spack install sollve # all the SOLLVE components

2. Use the latest version (https://github.com/pmodels/bolt)

— Please follow the instruction.

$ git clone https://github.com/pmodels/bolt.git $BOLT_DIR

$ cd $BOLT_DIR

## to use the very latest version:

# git checkout latest

git submodule update --init

mkdir build && cd build

cmake ../ -DCMAKE_INSTALL_PREFIX=BOLT INSTALL DIR \
-DCMAKE_BUILD TYPE=Release -DLIBOMP_USE_ARGOBOTS=on

make -j install

had B A A
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https://github.com/pmodels/bolt

How to Use BOLT?

= No recompilation needed. Just change the OpenMP runtime library.

= [Recommended] Set LD _LIRBARY_PATH

$ LD_LIBRARY PATH=“$BOLT/install/lib:${LD_LIBRARY_ PATH}” ./prog

— Please check if BOLT is loaded by Idd: ( If you cannot find i,
LD _LIBRARY_PATH does not work. It

$ LD_LIBRARY_PATH=“$BOLT/install/lib:${LD_LIBRARY_PATH}” 1dd ./prog often happens if you use GCC as a
linux-vdso.so.1 => (0x00007fff3bbbe000) frontend.
libm.so.6 => /1ib64/1libm.so.6 (©x00007f6e9fc29000)

libiomp5.so => /home/user/bolt/install/lib/libiomp5.so0 (©x00007f6e91994000)

= [Fallback] Set LD_PRELOAD

GCC

LD_PRELOAD=“$BOLT/install/lib/libgomp.so:${LD_PRELOAD}” ./prog
Intel C/C++ Compilers

LD PRELOAD=“$BOLT/install/lib/libiomp5.so:${LD_PRELOAD}” ./prog
Clang/LLVM

LD _PRELOAD=“$BOLT/install/lib/libomp.so:${LD_PRELOAD}” ./prog

Y H B H SR

OpenMP Argonne



BOLT: Lightweight OpenMP Runtime

= BOLT: a lightweight OpenMP runtime system based on LLVM OpenMP for efficient
threading in OpenMP + X.

1. Extremely lightweight OpenMP threads (aka. omp parallel for) that can efficiently handle
nested parallelism.

HOME LEARN DOWN

2. High interoperability with MPI.

BOLT: A Lightning-Fast OpenMP Runtime
—  Please visit us! https://www.bolt-omp.org/ T ST

https://github.com/pmodels/bolt

I BOLT: BOLT is OpenMP over Lightweight Threads

or google “BOLT OpenMP”

OpenMP is a directive-based parallel pi ing model for shared memory computers. Thanks to its simple incremental
parallelization method, OpenMP has been widely used in many applications. While current OpenMP implementations based on OS-
level threads (e.g., pthreads) perform well on computation-bound codes that can be evenly divided among threads, they are
encountering some challenges observed in recent HPC trends. OpenMP applications are demanded to express more parallelism to
fully utilize increasing CPU cores. Irregular or non-traditional applications use OpenMP task constructs to express fine-grained
parallelism rather than traditional work sharing constructs.

BOLT targets a high-performing OpenMP i tation, jall ialized for fine-grain p i Unlike other OpenMP
implementations, BOLT utilizes a lightweight threading model for its underlying threading mechanism. It adopts Argobots, a new
holistic, low-level threading and tasking runtime, in order to overcome shortcomings of conventional OS-level threads. The BOLT
implementation is based on the LLVM OpenMP runtime, and thus it can be used with GNU C/C++ Compilers, Clang/LLVM, and Intel

C/C++ Compilers.
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Thank You for Listening!

. . $ spack install bolt # only BOLT
= BOLT-Related Publications: $ spack install sollve # all the SOLLVE components

«* H.Luetal. "MPI+ULT: Overlapping Communication and Computation with User-Level Threads", HPCC '15, 2015

% A Castell6 et al. A Review of Lightweight Thread Approaches for High Performance Computing, CLUSTER '16, 2016
% S.Seo et al. "Argobots: A Lightweight Low-Level Threading and Tasking Framework", TPDS, 2018
< S.Iwasaki et al., "Lessons Learned from Analyzing Dynamic Promotion for User-Level Threading", SC '18, 2018

< S.lwasaki et al., “BOLT: Optimizing OpenMP Parallel Regions with User-Level Threads", PACT ‘19, 2019
(Best Paper Award)

< S.Iwasaki et al., “Analyzing the Performance Trade-Off in Implementing User-Level Threads", TPDS, 2020
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