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» Trend 1: Disproportionate increase in number of cores per processor.

42 Years of Microprocessor Trend Data
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MPI everywhere

Node Core ‘ Process
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MP| everywhere » Model artifact: high memory requirements
that worsen with increase domain-
dimensionality and number of ranks.

» Hardware usage: resource wastage with
~ static split of limited resources on processor
. . * T
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MPI+threads » Model artifact: reduces duplicated data
by a factor of number of threads.

» Hardware usage: able to use the many
cores while sharing all of processor’s
resources.
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Node

Quaint view: Network is a single device
Trend 3 ! —{———» Modern reality: Network features parallelism

Network Interface Card Network Interface Card

Network hardware context
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MPI everywhere
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MPI everywhere MPIl+threads
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Application % % g §
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MPIlibrary | 0 (00| | F0 ] |00
1

Network Interface Card Network Interface Card

Global critical section +
1 communication channel per process

. Software communication channel Network hardware context
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No logical
parallelism expressed

MPI everywhere MPIl+threads
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Network Interface Card Network Interface Card

Global critical section +
1 communication channel per process

. Software communication channel Network hardware context
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Application

MPI library

MPI everywhere
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Network Interface Card

Fine-grained critical sections +
Multiple communication channel per process

Network hardware context
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MPIl+threads

%
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Application

5

MPI library

UCX

OFI

Verbs

PSM2

Network Interface Card

Network hardware context

Application-level
outlook

A fast
MPIl+threads library

Modern hardware
capabilities

Ongoing research

ACM ICS’20

ACM ICPP’19,
IEEE ICPADS’18
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LIMIT STUDY FOR MULTITHREADED COMMUNICATION

» Multithreaded environments feature larger design space
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LIMIT STUDY FOR MULTITHREADED COMMUNICATION
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LIMIT STUDY FOR MULTITHREADED COMMUNICATION

» Multithreaded environments feature larger design space
» State of the art configurations at extreme ends of sharing levels
» What level of sharing is ideal for multithreaded environments?
» It depends on performance requirements and availability of resources

» Key lessons from resource-sharing analysis on Mellanox IB using Verbs

» NIC has a parallel TLB —» Threads must use cache-aligned buffers

» The Verbs Context most impactful on hardware resource usage

20
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LIMIT STUDY FOR MULTITHREADED COMMUNICATION

Global arrays matrix multiplication kernel
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LIMIT STUDY FOR MULTITHREADED COMMUNICATION

Global arrays matrix multiplication kernel
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HOW DOES COMMUNICATION PERFORMANCE OF NON-TRADITIONAL PLAYERS FARE?

Traditional players New players

arm
AMD ¢\
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VALIDATING MODELS WITH PCIE ANALYZERS

. State of the art
PCle trace viewer == F=—1 . | .
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SYSTEM MEASUREMENTS USING PCIE TRACES

4143180 | 011:00000 000:00:0 0 ||[oooooo40:000268A00|[ 1111 | 1111 ||16 dwords!|| 0 [[Packet#8282156 ||k 2 264.000 n5[0001. 429 405 8542 5

4143184 s 011:00000 000:00:0 0 ||00000040:00026B00]|] 1111 | 1111 ||16 dwords|| 0 |[Packet#8268151 || tkukiee 2 260.000 n=§|0001 . 429 406 118 2 5
T Link Tra 1st BE | Last BE }M > # Packets | Time Delta Time Stamp

4143186 011:00000 000:00:0 0 |[00000040:00028400]|[ 1111 | 1111 ||16 dwords|| 0 |[Packet#2262166 ||iilabe 2 317.000 n=h|0001 . 429 408 378 2 =

Y Link Tra
4143187

011:00000 16 000:00:0 0

1st BE | Last BE ’M s # Packets Time Stamp
00000040:00026B00|| 1111 | 1111 || 16 dwords|| 0 ||Packet#82565169 ||tk 2 258.000 ns,[0001. 429 406 6952 =

1st BE | Last BE ’M % # Packets | Time Delta Time Stamp
00000040:00026A00|] 1111 | 1111 || 16 dwords|| 0 ||Packet#8268172 || iilabe 2 264.000 n=§|0001 . 429 406 953 2 5

T Link Tra
4143188

|1
I

011:00000 16 000:00:0 0

Time of event = Timestamp of packet after event -
Timestamp of packet before event



THE COMING OF AGE OF MULTITHREADED HIGH-PERFORMANCE COMMUNICATION 26

Progress is 12
semantic bottleneck | e 0 4 . 100
Percent
Postis » Breakdown helps researchers
performance . . . .
bottleneck guide their optimization efforts
On-node time o . 28.21% » Detailed measurement
dominates § methodology
latency S = Coto-MEN 71.79%

Network
27.60%

46.70%

» First work of this kind on an

CPU 1/0 Network

Arm-based server

Initiator
33.80%

PCle
36.33%

Target
dominates

. RC-to-MEM
on-node time

63.67%

On-node Initiator Target Target 1/0



THE COMING OF AGE OF MULTITHREADED HIGH-PERFORMANCE COMMUNICATION

MPIl+threads

S

Application

MPI library A fast

MPIl+threads library

ACM ICS’20

UCX OFI

Verbs PSM2

Network Interface Card

Network hardware context
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DESERIALIZING ACCESS TO THE MPI LIBRARY

» State of the art: global critical section

» Adopt fine-grained critical sections (Balaji et al., Amer et al.)

» Higher parallelism 8B MPI_Isend: MPICH/OFI/OPA 8B MP!_Isend: MPICH/OFI/OPA
s A :
. e e < ' Critical section
3 . '
» More lock acquisitions .. - 23 '~ ciop
@2
» Atomics for counters '§,1 """""""""
((v]
FG :
= 0
0 1 2 3 1 2 4 8 16
Messages/s (x1076) Number of threads
Overheads of FG in FG outperforms Global

the single thread case at higher thread count
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PARALLEL COMMUNICATION STREAMS

» Virtual Communication Interfaces (VCls)

» Independent set of communication resources MPI process
with FIFO order § §
» Each VCI protected by its own lock
» Maps to a network hardware context ? MP! library
» VCI pool ? ?

» Eg: Allocate a VCl to a communicator/window

Network Interface Card

» Fallback mechanisms

. VCI Network hardware context
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8B MPI_lsend; MPICH/OFI/OPA

z 50 MPIl+threads
= 410 © Original (Global + 1 VCI)
X FG
g 30 <+ FG + multi VCls
o 20
©
§ 10
1 2 4 8 16

Number of threads

—— e —— = — — — — — e —_—y

Fine-grained critical sections + multiple VCls alone give practically no benefi

30
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Per-VCI
progress

» Global progress: progress all VCls
» High contention on VCls’ locks

» Pure per-VCIl progress: progress
only VCI of operation
» Deadlock in codes that require thread A needs to

shared progress ———— progress operations of
thread B issued on VCI B

» Hybrid per-VCl progress

8B MPI_lsend; MPICH/OFI/OPA

Optimizations

Oﬁiginal (Global + 1 VCI)
A
-+ All w/o per-VCI progress

Ul
o O

Messages/s (x1026)
- N W &
o O

o O

an

1 2 4 8 16
Number of cores
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Per-VCI Per-VCI
progress Request management

» Global progress: progress all VCls : » Request class lock: high
» High contention on VCls’ locks contention

» Pure per-VCl| progress: progress » Per-VCI request cache
only VCI of operation
» Deadlock in codes that require
shared progress

» Global lightweight request:
contended atomics for refcounting

) Hybrld per.VCI progress » Per-VCI Ilghtwelght request
8B MPI_lsend; MPICH/OFI/OPA 8B MPI_lsend; MPICH/OFI/OPA

? 50 Optimizations ? 50 Optimizations
Original (Global + 1 VCI) Original (Global + 1 VCI)

%40 LAl %40 4 al°

¥ 30 -+ All w/o per-VCI progress & 30 -+ All w/o per-VCI reg-mgmt

A A

2 20 S 90

(4] ©

g 10 . w 10

() ) |

= 0 : = 0 | ? $ &
1 2 4 8 16 1 2 4 8 16

Number of cores Number of cores
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Per-VCI Per-VCI Per-VCI
progress Request management cache-line awareness
» Global progress: progress all VCls : » Request class lock: high » False-sharing: locks of consecutive
» High contention on VClIs’ locks contention VCls
» Pure per-VCl progress: progress » Per-VCI request cache » Per-VCI cache alignment

only VCI of operation
» Deadlock in codes that require
shared progress

» Hybrid per-VCl progress » Per-VCl lightweight request

» Global lightweight request:
contended atomics for refcounting

8B MPI_lsend; MPICH/OFI/OPA 8B MPI_lsend; MPICH/OFI/OPA 8B MPI_lsend; MPICH/OFI/OPA

Optimizations
Original (Global + 1 VCI)

Optimizations
Original (Global + 1 VCI)

o
O

Optimizations
Original (Global + 1 VCI)

Ul
O
on
O

) ) )
S S S
% 40 % 40 % 40
X All X All X All
g 30 All w/o per-VCI progress g 30 All w/o per-VCl reg-mgmt g 30 All w/o cache-aware VCI
% 20 % 20 :‘é, 20
o 10 w10 w 10
Q Q Q
= O = O = O
1 2 4 3 16 1 2 4 3 16 1 2 4 3 16

Number of cores Number of cores Number of cores
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Per-VCI Per-VCI Per-VCI
progress Request management cache-line awareness
» Global progress: progress all VCls : » Request class lock: high » False-sharing: locks of consecutive
» High contention on VClIs’ locks contention VCls
» Pure per-VCl progress: progress » Per-VCI request cache » Per-VCI cache alignment

only VCI of operation
» Deadlock in codes that require
shared progress

» Hybrid per-VCl progress » Per-VCl lightweight request

» Global lightweight request:
contended atomics for refcounting

8B MPI_lsend; MPICH/OFI/OPA 8B MPI_lsend; MPICH/OFI/OPA 8B MPI_lsend; MPICH/OFI/OPA

Optimizations

Oﬁiginal (Global + 1 VCI)
A
All w/o per-VCI progress
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MPIl+threads

PO

S

Application

Application-level
outlook

Ongoing research

ACM ICS’20

Network Interface Card

Network hardware context
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Explicit mapping through

user-visible endpoints Implicit mapping through VCls

(using MPI-3.1, or MPI-3.1 with hints)

MPI process MPI process
Intrusive : Using é % % g
extension to . existing MPI
standard objects
Flexibility of Abstraction MP! library
control over : costs by
VCls ?

hiding VCls ? ?

Network Interface Card Network Interface Card

?

D MPI Communicator ‘ MPI Endpoint .Virtual Communication Interface Network hardware context
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APPLICATION CATEGORIES FOR PERFORMANCE

» Category 1
» Direct use of parallel communication streams

» VCls as good as user-visible endpoints and MPI everywhere

» Category 2
» Require shared progress

» Both VCls and user-visible endpoints perform poorly

» Category 3
» Abstraction through MPI-3.1 prevents user from expressing parallelism

» User-visible endpoints perform better than VCls



THE COMING OF AGE OF MULTITHREADED HIGH-PERFORMANCE COMMUNICATION 38

CATEGORY 1: STENCIL APPLICATIONS

MPIl+threads with network parallelism utilized is 16%
faster than MPI everywhere and 38% faster than
MPIl+threads without network parallelism

Halo communication time per iteration; 9 nodes; 16 cores per node; MPICH/OFI/OPA
Hypre (4 nodes; 16 cores per node)

......................... 0.45
]

—
W

. MPI : 04
o~ : : 0.35
€ 0o  © Everywhere : — 0.3
Y /6 ' £ +Threads (Original) : %025
£ v+ +TEreags (VCCIjs) : S 0.2 m Total
= 0.1 A A A A Bt + %¢ +Threa s(En oints) = 0.15
L M : +Threads (FUNNELED) 0.1 u Comm
0.0  G—d—d—d——p—ep——F— " | eceeecomocccncccenieoos o
T RSB I IR T IR SS S MPIl+threads MPI+threads MPIl+threads MPI everywhere
— ™M ™~ LO @) — Q\ LN — ™ O
- ® 0 o ¥ & O 9 (Original) (VCls) (Endpoints)

Mesh dimension

Takeaway: For basic communication, VCls
and endpoints perform similarly and as
well as MPI everywhere
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APPLICATION CATEGORIES FOR PERFORMANCE

» Category 1
» Direct use of parallel communication streams

» VCls as good as user-visible endpoints and MPI everywhere

» Category 2
» Require shared progress

» Both VCls and user-visible endpoints perform poorly

» Category 3
» Abstraction through MPI-3.1 prevents user from expressing parallelism

» User-visible endpoints perform better than VCls
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CATEGORY 2: OPENMC

» OpenMC: distributed Monte-Carlo neutron-transport code
» Band data equally distributed between nodes
» Particles distributed between nodes for simulation

» Each node fetches (MPI_Get) a band of data, processes its particles, and iterates

Implicit approach —p

Explicit approach =

Band

40
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CATEGORY 2: OPENMC

MPICH/UCX/IB

0.15

0.10

ime (ms)

0.05

T

0.00

1048576

Band size (bytes)

< Everywhere + shared memory -+ +Threads (VCls)
#= +Threads (Original) »¢ +Threads (Endpoints) E

+ MPI

MPI everywhere when shared
progress not required
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Shared progress: thread A progresses VCI |

CATEGORY 2: OPENMC \ of thread B.Required fo correctness

MPICH/UCX/IB | MPICH/OFI/OPA Time per Get; MPICH/OFI/OPA Time per Flush; MPICH/OFI/OPA
__ 0.5 | 20 \ | 2.0
m m | ) m
0.04
£ 010 ETS /\ £ E 15
o o o )
E o g0 £ 0.02 g u
- / = 05 | - = 05
> ‘ 44— -4 = = \ i Jr . < 3
0.00 g g g < 0.0 6G——t—"8———6—656—0"1 0.00 ~— G ————rd- 0.0 é' 5' G
<t O <t O < O <t O <t O < O < O <t O <t O <t O <t O <t O < O O
o0 o™ < N~ O LN AN (o) 0 o™ <t N~ AN (0 0 o™ <t N~ O LN AN (o) (0@) o N~
(@) (@) o™ LN — LN (Q\ (@) o (99)] LN — LN (@) (@) o™ LN — LN (Q\ (@) (@) o™ Ln LN
— <t O LN (Q\| (00 — <t O LN (Q\| (00 — <t O LN AN o0 — <t O LN o0
— O 0 < — O 0 < — O 0 < — 0 <
o2 N2 o2 =
Band size (bytes) Band size (bytes) Band size Band size

mp; & Everywhere + shared memory -+ +Threads (VCls)
+Threads (Original) +Threads (Endpoints)

Shared
progress hurts
completion of

operations

MpPl Everywhere + shared memory -+ +Threads (VCls) .

Issue of +Threads (Original) +Threads (Endpoints)

VCls as ood as endpoints and operations is fast
MPI everywhere when shared
progress not required
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Shared progress: thread A progresses VCI |

CATEGORY 2: OPENMC - ~\ thread B. Required for correctness.

MPICH/UCX/IB ~ MPICH/OFI/OPA Time per Get; MPICH/OFI/OPA Time per Flush; MPICH/OFI/OPA
"; 0.06
015 20 _ 20
7] 7] 7] (2}
0.04
£ 010 El> £ Els
v v v o
E 005 £'Y £ 0.02 g0
= Y = 05 - = 0.5
0.00 0.0 0.00 0.0
< O <t O < O < O < O < ~O < O < O < ~O < O < O < O <t O
S & & b = b © X 38 8 & BB T B S & & b S b Tl 8 3 3 5
- ¥ 2 8 ¢ 2 - Y 2 8 9 2 - ¥ 2 8 ¢ 2 - Y2 =
N2 ~2 N2 =
Band size (bytes) Band size (bytes) Band size Band size
' MPI Everywhere + shared memory +Threads (VCls) . / : Everywhere + shared memory +Threads (VCls) .
: +Threads (Original) +Threads (Endpoints) E Issue of . +Threads (Original) +Threads (Endpoints) E Shared
VCls as good as endpoints and operations is fast progress hurts

MPI everywhere when shared completion of

progress not required

operations

[

Takeaway: Both VCls and Endpoints
perform equally and as well as MPI
| everywhere in issuing non-atomic RMA
operations

Warning: Independent communication
with VCls and user-visible endpoints
fundamentally opposes shared progress
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APPLICATION CATEGORIES FOR PERFORMANCE

» Category 1
» Direct use of parallel communication streams

» VCls as good as user-visible endpoints and MPI everywhere

» Category 2
» Require shared progress

» Both VCls and user-visible endpoints perform poorly

» Category 3
» Abstraction through MPI-3.1 prevents user from expressing parallelism

» User-visible endpoints could perform better than VCls
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CATEGORY 3: LEGION RUNTIME Rank0

» Example: communication pattern in Legion’s Ser:::? a
runtime. s @ 1,13\
» MPI-3.1: Contention between receiver thread and Receiver ° " /
sender threads with communicators. 0O
° Colmmunicator

» MPI-3.1 with hints: No contention between sender

and receiver threads with tags.
Circuit; 8 nodes

. . . 2.33 2.33
» No contention with endpoints. 20 X X

»n 15

(ol

O 10 1.2x

L

o . .
0

Original VCls (MPI- VCls (MPI-3.1 Endpoints
3.1) + hints)
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SUMMARY OF PERFORMANCE DIFFERENCES

Implicit Explicit

MPI-3.1 MPI-3.1 with hints Endpoints

(OF 1 (=To[o oA BB L-Yo [T 1 =To Mool 1A Maximum network  Maximum network Maximum network

to-point communication parallelism possible parallelism possible parallelism possible

Category 2: Requiring shared
progress

Detrimental Detrimental Detrimental

Yo [T AT [T R\ I Ml Fraction of possible Nearly as good as Maximum network
semantics network parallelism Endpoints parallelism possible
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PRODUCTIVITY OF THE APPROACHES

"People ignore design that ignores people." — Frank Chimero
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PRODUCTIVITY OF THE APPROACHES: LISTENING TO DOMAIN SCIENTISTS

» “It's a nightmare to express parallelism with communicators” - developers from
Hypre-Uintah (ICCS'20), Smilei (CPC'18), and Pencil (SC'20)

MPI-3.1 MPI-3.1 Endpoints
\—L'E—Jr—— (T ! —! 7 + hints Similar effort
v RA R~ BN P
— §3 %4 §5 53 %4 %5 T
§6§7§8}d’§6§7§8_’_ Encode sender and Using directly
o H: 5 L OR receiver thread ID OR addressable
i<_ §Iol ;X}?C;X:;Xt!?i into Tag endpoints

CT All 3 applications
N\ already doing this
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PRODUCTIVITY OF THE APPROACHES: LISTENING TO DOMAIN SCIENTISTS

» “It's a nightmare to express parallelism with communicators” - developers from
Hypre-Uintah (ICCS'20), Smilei (CPC'18), and Pencil (SC'20)

MPI-3.1 MPI-3.1 Y& Endpoints

\—L—m [ x! —! 7 + hints Similar effort

I e i
—t bk B[R B BT

§6§7§8}d’§6§7§8_’_ Encode sender and Using directly
Nl H: P R OR receiver thread ID OR addressable
i<_ §Io gW;X:!?i into Tag endpoints
S e

w 5 L : P All 3 applications

S RTRT TR . doing

N\ already doing this
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PRODUCTIVITY OF THE APPROACHES: LISTENING TO DOMAIN SCIENTISTS

» “It's a nightmare to express parallelism with communicators” - developers from
Hypre-Uintah (ICCS'20), Smilei (CPC'18), and Pencil (SC'20)

MPI-3.1 MPI-3.1 Endpoints*

\—L—m [ x! —! 7 + hints Similar effort

I e i
—t bk B[R B BT

§6§7§8}d’§6§7§8_’_ Encode sender and Using directly
Nl H: P R OR receiver thread ID OR addressable
i<_ §Io gW;X:!?i into Tag endpoints
S e

w 5 L : P All 3 applications

S RTRT TR . doing

N\ already doing this
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PRODUCTIVITY OF THE APPROACHES: LISTENING TO DOMAIN SCIENTISTS

» “MPI Endpoints is MPI library’s way of getting its job done by the MPI user. |
don’t know how many endpoints to create for a given interconnect.” -
developer from WOMBAT (ApJS'17)

MPI process

§ §

¢—— Expressing logical parallelism

MPI library
- Mapping logical parallelism to network parallelism

oy >4
G 9/ s,

Network Interface Card

D MPI Communicator ‘ MPI Endpoint .Virtual Communication Interface Network hardware context
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COMPARISON OF THE APPROACHES: COLLECTIVES

Implicit Explicit

PO P1 P2

§ ¢

+ T

+
intra-node intra-node intra-node
collective collective collective

D Communicator . Endpoint
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SCHOOLS OF THOUGHT IN THE MPI COMMUNITY: DESIGN PERSPECTIVE

Implicit Explicit

MPI-3.1 MPI-3.1 with hints Endpoints

Point-to-point Communicators Communicators, Tags Endpoints

Windows Window(s) Endpoints

: Communicators + user-driven intra-node ,
Collectives , Endpoints
collective

Many options One option
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Scott Belsky
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CONCLUDING REMARKS

» MPl+threads is critical for modern processors
» Network parallelism is largely underutilized

» Users must proactively express logical parallelism

» User-visible endpoints not critical to express logical parallelism

» Objects in the existing MPI standard allow for parallelism
» Explicit approach is a better means to express logical parallelism

» This work serves as a stepping stone into communication in heterogenous
environments.
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THANK YOU!

Email questions to rzambre@uci.edu
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