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What is “a capable exascale computing system”?

A capable exascale computing system requires an
entire computational ecosystem that:

This ecosystem

+ Delivers 50x the performance of today’s 20 PF will be developed using
systems, supporting applications that deliver high- a co-design approach
fidelity solutions in less time and address problems of fp‘;‘ﬁt‘;‘;;ggwpls:m‘:;*v
greater complexity and comp’utational ‘

. f science capabilities at
Operates in a power envelope of 20-30 MW heretofore unseen scale

+ Is sufficiently resilient (average fault rate: <1/week)

* Includes a software stack that meets the needs of a
broad spectrum of applications and workloads

—_—
ELCP &=

4 Exascale Computing Project
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Exascale Challenges!

e Power consumption

B Power is probably the biggest constraint on an exascale system. How can we rein in the
power consumed by the individual components as well as the power required for cooling
the whole system?

e Resiliency
B Component failures will be frequent, so that the mean time between failures will be in
hours (or minutes!). Can software help applications tolerate these faults?
e Data movement

B Data movement will become the most expensive operation in coming years in terms of
execution time and power costs. How will exascale software hide or mitigate the impact of
communication?

e Heterogeneity

B and dynamic changes to the execution environment will become the norm on future
machines. How can software stacks maximize compute resource utilization in the face of
such diversity in component capabilities?

e Strong scaling

B Strong scaling will become the norm at exascale. Problems of interest in many domains
don't get larger, but need to be solved faster. In addition, the total memory in a system is
expected to grow much slower than compute power. How can we ease the way for
applications to transition into this regime?

Lhttp://charm.cs.uiuc.edu/why/
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Exascale Challenges?

e Parallelism

B Generating parallelism for strong scaling will be a challenge. Exascale compute resources
will offer billion-way parallelism. Plain data-decomposition techniques will fall short of
providing sufficient parallelism. What fundamental programming paradigm shift(s) are
needed to express adequate parallelism?

e Load balancing

B Load imbalances in applications running on extreme machines will have numerous origins.
There will be persistent as well as transient load imbalances. As an example, adaptive
refinements to increase simulation fidelity in regions of interest are already a necessity for
many applications. How will we maintain high compute throughput in the face of such
imbalances?

e Multi-disciplinary applications/seamless modularity

B Many applications will incorporate multiple modules due to the multi-physics nature of
simulations and the need to use existing libraries. Thus there will be a need to cast
expensive parallel software into modular, parallel libraries without the seams between the
modules translating into performance penalties.

2http://charm.cs.uiuc.edu/why/
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Why Charm++ for Exascale3

A simple idea: decompose work and data-units into a large number of

logical units and to transfer all work to the powerfull, adaptive runtime
system (RTS). This allows to:

e Express more parallelism

3http://charm.cs.uiuc.edu/why/
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A3bik napannenbHoro nporpammuposaHus Charm—++

e licTopus
m Parallel Programming Laboratory at the University of lllinois
m co3pgaHune — Hadano 90-x rogos, open-source
B Tekylas Bepcusi 6.8.2
m Charmworks Inc.
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Mporpammuas mogens Charm++ (1)

® Ba3zosbili 06bekT Charm++ — chare

H nNpunoXeHne COCTOUT U3 MHOXeCTBa

chare-obbekToB

B umeeT Habop entry MeTozoB, eR] s
chare A { #include "foo.decl.h"
onpeneneHHbix .ci chaline ERC) s

entry void hi(); foo.decl.h

void hi() {
B chare-06bekTbl 0bMeHMBatOTCs ¥
chare B { }

entry B(); foo.def.h
COO6LLI,eHI/IﬂMVI, BbI3blBas entry void hi(); R

W entry-mMeTofy JOCTYMHbI HAa 3anuch -
TONbKO AaHHble, NPUHAANexXalyue
cooTBeTCTBYyloOWEMY chare-o6bekTy

H BLINOJIHEHNE ENtry-METOLOB HE MOXKET
6bITb NPepBaHoO, YTO rapaHTupyeT
aTOMapHOCTb M3MEHEHNST AaHHbIX
BHYTpu chare-obbekTa

B MoryT 6bITb 0bbeuHEHb! B
"konnekuyun": 1D/2D/../7D-maccuBbl

ciware B{
entry-meTonbl Apyr apyra 3 entry B();
void hi() {

b
#include "foo.def.h"

class A : public CBase_A {
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Mporpammuas mogens Charm—++

Interacting chare objects

method invocation [Chare B
> | void entryMethod_2(MyMessage *msg) {

Chare C[0]

:;b
o [chare cia] 7 woperi
Application’ s view charect] foat myFioat= 3.4t

A.entryMethod_3(mylint, myFloat);
)

MyMessage msg = new MyMessage();
B.entryMethod_2(msg); //returns immediately
doMoreWork();

1
void entryMethod_3(int var1, float var2) [ ..}

Witﬂﬂd&ﬂm\,

System' S View Processor 0 Processor 1 Processor N-1
foreeco] - Chae G2
fenare e fevare cia]

Abstraction of machine layer Charm++ RTS/Converse Charm++ RTS/Converse Charm++ RTS/Converse

S e S
system specific code fl Machine Layer Machine Layer Machine Layer
Network hardware —
Tnterconnect
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Charm++ Example

Fibonacci (fib.ci)

1 readonly int grainSize;

2 mainmodule fib {

3 mainchare Main {

4 entry Main(CkArgMsg+ m);

5 };

6 chare Fib {

7 entry Fib(int n, bool isRoot, CProxy_Fib parent);
8 entry void respond(int value);

o };

10 };

ckNew(n)
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Charm++ Example
Fibonacci (fib.C)

1 int grainSize;

2 struct Main : public CBase_Main {

3 Main(CkArgMsg+ m) {

4 grainSize = 10;

5 CProxy_Fib::ckNew(atoi(m->argv[1]), true, CProxy_Fib());
6 F

7}

s struct Fib : public CBase_Fib {

9 CProxy_Fib parent; bool isRoot;
10 Fib(int n, bool isRoot_, CProxy_Fib parent_)

11 : parent(parent_), isRoot(isRoot_), result(0), count(2) {
12 if (n < grainSize) respond(FibSeq(n));

13 else {

14 CProxy_Fib::ckNew(n — 1, false, thisProxy);
15 CProxy_Fib::ckNew(n - 2, false, thisProxy);
16 }

17 ¥

18 void respond(int val) {

19 result += val;

20 if (--count == 0 || n < grainSize) {

21 if (!isRoot) {

22 parent.response(val) ;

23 delete this;

24 } else {

25 CkPrintf ("Fibonacci number is: %d\n", val);
26 CkExit();

27 ¥

28 }

29 }

30 };
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Charm++ Example

2D Jacobi (2D decomposition)

Use two interchangeable matrices

do{

computeKernel();

maxDiff = max(abs (A - B));
} while (maxDiff > DELTA);

computeKernel() {
foreach i,j {
BI[i.j1 = (AlL] +
Afi+1,j] +
Afi-1,j] +
Afij+1] +
Alfij-1]) /5;

swap (A, B);
}
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Charm++ Example

2D Jacobi (2D decomposition)

Figure 3: Communication Pattern (Single Chare, Single Step)
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Charm++ Example

2D Jacobi
Broadcast to Tile:startStep()
(if global-maximum-value-change > error-tolerance)
North Ghost
|
g
kY]
I~
S
0
=
2
|
™
S
o
ag)|
—p| Main Chare
start Main()

Main Chare
reductionCallback()

A

contribute to reduction

exit
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Charm++ Example
2D Jacobi

Jacobi3D running on JYC using 64 cores on 2 nodes

2048x2048x2048 (total problem size) ——— |

4 L
—_ 2 MB/chare,
2
2 256 objects per core t
5 1
o
g 21

1 L L L L 1 1

aK 16K 64K 512K 2M 8M 32M 128M

number of points per chare
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Dynamic Load Balancing

e LBDatabase — load balancer database (chare group) stores LB

instrumented data;
o LB strategies (inherits from BaselLB):
B centralized:

® RandCentLB, MetisLB, ScotchLB, GreedyLB, GreedyRefineLB, GreedyCommLB,
TopoCentLB, RefineLB, RefineSwapLB, RefineCommLB, RefineTopolLB, BlockLB,

RotateLB, ComboCentLB,...

W distributed:
® NeighborLB, WSLB, DistributedLB

W hierarchical:
® HybridLB

e MetalB

B Metabalancer (uses a linear prediction model to set the load balancing period) can choose
which strategy to use (GreedyLB, RefinelLB, HybridLB, DistributedLB, MetisLB and

ScotchLB).

e Invocation methods:
B Periodical mode: called by runtime periodically, controlled by LBPeriod
B As sync mode: when all chare array elements call AtSync() load balancing is triggered,
ResumeFromSync () is called in each element after balancing is completed.
B Manual mode: CkStartLB() starts load balancing immediately.
15/25



Charm++ in Production

Application m Previous parallellzatlon ‘

NAMD

ChaNGa
EpiSimdemics
OpenAtom
Spectre
FreeON/SpAMM
Enzo-P/Cello
ROSS

SDG

ADHydro

Disney ClothSim
Particle Tracking
JetAlloc

Classical MD

N-body gravity & SPH
Agent-based epidemiology
Electronic Structure
Relativistic MHD

Quantum Chemistry
Astrophysics/Cosmology
PDES

Elastodynamic fracture
Systems Hydrology

Textile & rigid body dynamics
Velocimetry reconstruction

Stochastic MIP optimization

MPI
MPI
MPI

OpenMP

MPI
MPI

TBB
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NAMD Scalability

Influenza, 210M atoms
Amaro Lab, UCSD

rd Y

1 ‘

Blue Waters XK7 (GTC15) —&— = Topology-
Titan XK7 (GTC15) —e— S s

Edison XC30 (SC14) —8— |
Blue Waters XE6 (SC14) —y— scheduler

Performance (ns per day)

0.25 L
256 512 1024 2048 4096 8192 16384
(2fs timestep) Number of Nodes
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Adaptive MPI*

e MPI implementation on top of Charm++
m AMPI virtualizes MPI ranks, allowing multiple ranks to execute per core
m AMPI virtualizes ranks as threads => Thread Safety: AMPI programs are
MPI programs without mutable global/static variables => refactoring of
legacy MPI codes needed
m Message-driven execution (MPI_Send)
m Dynamic load-balancing, checkpointing
e Applications: LLNL proxy apps, Harm3D (black hole simulations),
PlasmaComCM (plasma-coupled combustion simulation)

Rank 0 Rank 1 Rank 4 Rank 5
Rank 2 Rank 3 Rank 6
Processor 0 Processor 1
Node 0

4Source: S.White, Adaptive MPI Performance & Application Studies, Charm++ Workshop 2017 1825



Adaptive MPI

e Conformance:
m AMPI supports the MPI-2.2 standard
m MPI-3.1 nonblocking & nbor collectives
m User-defined, non-commutative reductions ops
m Improved derived datatype support
e Performance:
m More efficient (all)reduce & (all)gather(v)
m More communication overlap in MPI_{Wait,Test}{any,some,all}
routines
m Point-to-point messaging, via Charm++'s new zero-copy RDMA send API
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Bubnnoteka Topological Routing and Aggregation Module
(TRAM)

® TRAM - 6ubnunoteka gnsi Charm++ npunoxeruii (NDMeshStreamer)
® Paspabotana gns ynydwenus pesynstata HPC Challenge (2011)
® BosmoxHoctn TRAM:
B arperauusi KOPOTKUX COOBLLEHNI
B co3jaHue BUPTYasibHbIX Tononoruii (TopoBbix) Ha KoTopyto oTbpaxatoTcst chare-06bekTbl

| y3nbl BI/IpTyaJ'II:HOI7I Tononormnn OTO6pa)Ka}OTC$I Ha y3/bl KflaCcTepa, anjouynpoBaHHble ONA
NPpUNOXKEHNSA

B arpermpoBaHHble COODLLEHNSI NEpeaatoTcsl peer-to-peer

B Ans nepefadn faHHbIX ¢ ucnonbsosaHuem TRAM wncnonbsyerca cneumanshbiii APl (He

CTaHfapTHble BbI30OBbI €ntry-MeToA0B)
® [lopaep)kka BblAeNeHNs METOLOB K/IOYEBLIM CJIOBOM aggregate Ans ucnonbsosatus TRAM,
METOAbI AOJKHbI UMETb €MHCTBEHHbIV napameTp gukcuposaHHoro pasmepa (c 6.8.0)

Puc.: MapuwpyTusauns coobuiennii 8 TRAM (3D-Top)
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GPU Support in Charm—++ >

e GPU Manager

GPU task Management library

Register kernel for asynchronous invocation
Automates data movement

Overlap kernel execution and data transfer
Pre-allocated pool of pinned memory

m Runtime profiling integration (Projections)

o Accel framework

m Generate code from tagged entry methods (Host (CPU) and device
(CUDA), Extend with tuning keywords, Annotate object data access)

m Builds on GPU manager

m Batch fine grained kernel launches

5M.Rohson, Heterogeneous Computing in Charm++, Charm++ Workshop 2017
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Power-awareness of Charm-++ Runtime System ©

e Charm++ has three main components:
m Local manager: tracks local information such as object loads, CPU
temperatures
m Load-balancing module: makes load-balancing decisions and redistributes
load
m Power-resiliency module: ensures that the CPU temperatures remain
below the temperature threshold, change the power cap

or 1

=
T Shrink or expand

decision

oy

— Processor load information

————> Processor temperatures
“e=========-> Migration decisions

®B. Acun and A. Langer and E. Meneses and H. Menon and O. Sarood and E. Totoni and L. V. Kale Power, Reliability, and
Performance: One System to Rule them All. Computer. 2016, doi.ieeecomputersociety.org/10.1109/MC.2016.310
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Other Charm++ Initiatives

e Porting High-level Languages to Charm++ (Charj, Green-Marl (graph
DSL), ...)

e Porting Charm++ on Argobots (user-level thread library from ANL)
e OpenMP intergration into Charm++

e Multi-phase quiescence detection mechanism

e QOut-of-core application support

e Support for new levels of memory hierarchy (HBM)

e Applications, applications, and applications...
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DOE Exascale Computing Project (ECP) Software Stack

Resilience

Checkpoint/Restart (VeloC, UNIFYCR)

, FSEFI, Fault Modeling |

|

MP! (MPICH, Open MPI). OpenMP. OpenACC, PGAS
(UPC++, Global Arrays), Task-Based (PaRSEC, Legion,
DARMA), RAJA, Kokkos, OMPTD, Power steering

.

J

-

SuperLU, STRUMPACK, SUNDIALS, DTK,

TASMANIAN, AMP, FleCSI, KokkosKemels,

Agile Comp., DataProp, MFEM

_

Visualization Data Analysis
[ Correctness ] [ VTK-m, ALPINE, Cinema ] [ ALPNE, Corbons
[ Applications J [ Co-Design
s (i N
Programming Models, Development Math Libraries/Frameworks Tools
2 : Scal APACK, DPLASMA, MAGMA, PAPI, HFCToolkit, Darshan, Per.
Environment, and Runtimes PETSc/TAO, Trilinos, xSDK, PEEKS, ‘portability (ROSE, Autotuning,

PROTEAS), TAU, Compilers
(LLVM, Flang), Mitos, MemAxes,

Caliper, AID, Quo, Perf. Anal.
= J

System Software, Resource Management
Threading, Scheduling, Monitoring,

p
Data Management,

and Control Memory and 1/0 and File System
e e emnBurSt bb‘ﬁr YR, AP A0S, Chatostor (Vo
S BEFISpactlSorey c”ﬂf} forw(:?ags' o h‘?e;amhy unﬁpmmmgﬂefaac'
S (SICM) ZFP), /O services, HXHIM, SIO
Node OS, low-level runtimes Components, DataWarehouse
Argo OS enhancements, SNL OS project % \

Workflows
Contour, Siboka

A

Hardware interface

§

Exascale Computing Project

ECP &

ALE
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BbiBogb!

e Mopenb Charm++ obnagaer psfioMm o4eHb MHTEPECHBIX CBONCTB
(acMHXpOHHOCTB, ynpaBieHne NOTOKOM COODBLLEHNIA, N30bITOYHBIN
napaaiennsm, MUrpaymnsi ObbEKTOB), NEPCNEKTUBHBIX AJs
5K3aMacCLITabHbIX BbIYUCIEHNIA.

m B Charm++ 3a cyet noBbiweHns ypoBHs abcTpakuum nos3sonseT
NCcnonb30BaTb rUntIme—CVICTeMy ANa YMHOro njaaHMpoBaHUA NOTOKOB
Bbl‘-IVICJ'IeHVIﬁ, o6ecnequ|/|9| 6aJ'IaHCV|pOBKVI BbIYNCIEHUIA 1
OTKa30yCTOMNYNBOCTN.

m B Charm++ ocywecrtensiecs “nepegaqa blducnennii’ (a He faHHbIX), 4TO
NO3BOJISIET 3KOHOMUTbL PECYPC MPOMYCKHOW CMOCOBHOCTU UHTEPKOHHEKTA ”
O6eCI'Ie‘-II/ITb JNIOKannsauunro BbIYUCAEHWNIA.

e B teopun Charm++ oTseyaeT noyTn BCEM BbI30BaM '‘3K3ackeiina’, HO
ocTaercsi B DosibLuell CTeneHn akagaemMmnyeckoii paspaboTkoii (Bo3MOXHO,
3TO ecTb camasi npaswibHast Huwa Charm++).

e Charm++ 3HauuTenbHoO ycTynaeTt no pa3mepy coobliectsa, kogogoi base
NPUKAAAHOIO NMPOrpaMMHOro obecrneyeHuns, MHCTPYMEHTA/IbHBIM CPeaCcTBaM
bonee TpagULMOHHBIM (CTaHAAPTU30BAHHBLIM) NPOrPaMMHBLIM MOAENSAM

(MPI, OpenMP) un, Bpsignn, 310 n3MeHnTCS.
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