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Figure 1: Training step time breakdown of large models. The
models run on 128 - 2048 TPU chips depending on the model
size. Details on the large models can be found in Section 6.

[1] Bauer M, Treichler S, Slaughter E, et al. Legion: Expressing locality and independence with logical regions[C] //SC'12: Proceedings of
the International Conference on High Performance Computing, Networking, Storage and Analysis. IEEE, 2012: 1-11.
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[2] Legion Overview — Legion Programming System (stanford.edu)
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Commuication Layer4

MPI & GASNet-EX: Communication Layer
Core RuntimeZ

Realm: Explicit Task-Based Distributed Computation E{FEF o iTE

Legion: Implicit Task-Based Distributed Computation [a={{FEZ o HzLiTE
Libraries

Regent: ZRRVEHSRBIGIEIES

Pygion: PythonzlZS3EBHE S35

Flexflow: BaliREF=IESHITHHUIKRESITE

Legate: Numpy, Pandas, ScipyZEESHITMHHNIRESITE
Applications

cuNumeric: EFLegionfyNumpyscil 10
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Realm!'l; Explicit Task-Based Distributed Computation
EFSEHNNSHhNRLIETE: TaskEE, B, BE. 2HVEE
ETRFEERR. EERRUEIRIIS— SO

MAZEEERR . T—EERNRBRFTEECIE. 10, HERMERE
(Xl73. MIF)

Realm Runtime
EFE Y amitR STt
TaskRIEIRIER
BsiEth IETHIRSIRSER
K437 ot R Machine R FBEiEEIRER
. ) Processor IndexSpace
Taski S ETiER Memory Region Instances
Reservation Affinity Instances Accessor
Barrier Resource ID
Mutex
CompletionQueune
[1] Treichler, Sean, Michael Bauer, and Alex Aiken. "Realm: An event-based low-level runtime for distributed memory 13

architectures." Proceedings of the 23rd international conference on Parallel architectures and compilation. 2014.
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Processor

Memory
Affinity

Realmiz{7 & REEIELER - Machine model Resource ID

Realm{EFiMachine model S SREE— b2 S BIBFTA TaskiE TR EEHT
AE, SRR FHARS. Sa T ESNES:

s£fhl. memory3Lfil, affinity(SR

Processor: ZR~a]LAFF iz TtaskBITEIR, LLAICPUZL. GPURZL. OpenMPZAE D

3
=7

Memory: EA RN FIEUERI &

Resource ID: RealmZTRSLHIRIME—IRIRAT (641iid, FRSLHISREL. FRibTs RARIREA
HAYZRS])

Affinity: fiiAMemorysLHlZia], LK SProcessorsLfilZ [BIRIZEFOME (SR{LIK8S)

14
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Realmiz{TRIRE IR - Machine model -

Realm Memory SZSHIF EFERE

// Different Memory types

__op__(NO_MEMKIND, "") \
__op__(GLOBAL_MEM, "Guara
universally slow)") \

__op__(SYSTEM_MEM, "Visih
__op__(REGDMA_MEM, "Regis
of RDMA") \

__op__(SOCKET_MEM, "Memory
processors on same socket"

__op__(Z_COPY_MEM,
GPUs™) \

__op__(GPU_FB_MEM, "Frame
__op__(DISK_MEM, "Disk me
__op__(HDF_MEM, "HDF memon

"Zero-C

(__op__) \

eed visible to all processors on all nodes (e.g. GASNet memory,

to all processors on a node") \
red memory visible to all processors on a node, can be a target

visible to all processors within a node, better performance to

D\

ppy memory visible to all CPUs within a node and one or more

ffer memory for one GPU and all its SMs") \
ry visible to all processors on a node") \
v visible to all processors on a node") \

__op__(FILE_MEM, "file menfory visible to all processors on a node") \

__op__(LEVEL3_CACHE, "CPU
processors on same socket"
__op__(LEVEL2_CACHE, "CPU
one processor") \

__op__(LEVEL1_CACHE, "CPU

|.3 Visible to all processors on the node, better performance to

D\

|2 Visible to all processors on the node, better performance to

.1 Visible to all processors on the node, better performance to

ohe processor") \

Ba 21N
B> 2 -2

naged memory that can be cached by either host or GPU") \

__op__(GPU_MANAGED_MEM, "
__op__(GPU_DYNAMIC_MEM, “Dynamically-allocated framebuffer memory for one GPU and all its
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Processor

Realmiz{7 & REIEFEIR - Machine model Resource D
Realm Affinity: £{ProcessfIMemory. MemoryflMemoryBIZ=FIEER,

AIERT A

auto machine = Machine::get_machine();
auto p = Machine: :ProcessorQuery(machine)
.only_kind(Processor: :LOC_PROC)
First();
auto m =
Machine: :MemoryQuery(machine).only_kind(Memory: :SYSTEM_MEM) .first();

std: :vector<Machine: :ProcessorMemoryAffinity> pm affinity:
machine.get_proc_mem_affinity(pm_affinity, p, m, true /*local_only*/);
unsigned bandwidth = pm_aftinity[0].bandwidth,

unsigned latency = pm_affinity[0].latency;

log_app.print("bandwidth: %u MB/s, latency: %u ns", bandwidth, latency);

[0 - 7f4e47328440] 0.001258 {3}{app}: bandwidth: 100 MB/s, latency: 5 ns
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Realm EFHHINS X RIIEITHY ““’*H”m

— I "EERLH. ETEventiliziThY, ERealmiBiEREATZ L

FuturefI9miZtE8Y . FTERYRealmBAEEBEHRUNtime /[ & EIR S53F[HZE Y
=17, BFPFIARuntimelR[EIRYEVventsCASeH kTR E R BT/ 7

EEBFE LT Eventtﬁﬂﬁﬂﬂgﬁ, B & iz EventE A B tiR(FRYRIEEL
BIREFMRER, R ARERL R EZERIREIR R

Runtime rt;

rt.init(&argc, &argv); // lanuch{¥s’
auto p = Machine: :ProcessorQuery(Machine: :get_machine())
/] SERMES .only_kind(Processor: :LOC_PROC)
avto print_str = std::string("hello,realm!"); First();
auto register_event = Processor::register_task_by_kind( auto task_event = p.spawn(MY_TASK, nullptr, 0);

Processor::LOC_PROC, false /+*!global*/, MY_TASK,
CodeDescriptor(my_task), ProfilingRequestSet(), &print_str, |// FiFtask eventfiRBEltaskiniT=EER, BIELLruntinefiETT

sizeof(std::string %)): rt.shutdown(task event):
// BIERE EFBwait AP SR // EEHZEFZruntineffsE{S1L5EEE
register_event.wait(); rt.wait_for_shutdown();

17



IndexSpace

B LegionXHHRIFEHANLE - Realm [

Region Instances

Instances Accessor

LM

LR

Realm N FHEHERTE
%ISR : Task
—MAERERSEZSEEREANERL, FrAFPEEXHNRLEE
task{EIz{ 7RI EEFMEIRealmMAYIEITRT Y+
I T ESE, ALAEEERprocessor EHITES
tZiIHhSR: Regioninstance, BT —EEFENNARIEUE
tZIOHZR: Instances Accessor, AT =HIEHRANAIRINR

tZilMh5R: IndexSpace, FJLASLIIXSRegioninstance#{T#21. H7, MLIFH
R

SAMURIRETR, B RESRILE SRY)

[2] Realm Index Spaces — Legion Programming System, Realm Copies and Fills — Legion Programming System, Realm Reductions — Legion Programming System 18
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[1] Bauer, Michael, et al. "Legion: Expressing locality and independence with logical regions." SC'12: Proceedings of the International
Conference on High Performance Computing, Networking, Storage and Analysis. IEEE, 2012.
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Legion: Implicit Task-Based Distributed |

ETRealmRYRMHEZINEEAYRUNtime/ZE

RealmitsiR:

* events

¢ tasks/processors/scheduling
* index spaces/sparsity maps
* instance/accessors

* memories/allocation

* copies

* reservations

¢ dependent partitioning

¢ cuda

¢ networking

* logging/profiling

¢ start-up/tear-donw/modules

LegionfJt&EiR

Computation

operations and the pipeline
tasks/contexts/scheduling
mapping/mapper managers
memories/instances/layouts/accessors
index space and region trees
index space expressions and common sub-expression
elimination engine
logical dependence analysis
© tree traversal
o refinement analysis
physical dependence analysis
o equivalence sets
o physical analyses
o copy fill aggregators
© logical views
= individual views: materialized and reduction
= collective views: replicated and allreduce
= deferred views: fll and phi
o relaxed coherence
© predication
correctness debugging and legion spy
futures and future maps
profiling
distributed collectable objects and memory management
start-up and tear-down
tracing
o logical
o physical
control replication
o shards and shard managers
o replicated contexts
o shard collectives
o replicated operations
o sharding functions and modifications to logical

20

analysis



B LegioniX{$tR1F4HN 4R - Legion

LegionAYZ/LINRERRIR

Legion Runtime

Logical Region Task —_—_.
IndexSpace
Fif.‘ldSl:J ace {ES5R0iEM MPIT OpenMPI
o M i = ;
Partitioning apping FESHEE R — Debug5Pofiling
Accessor
Privileges FERMITIEE Python CUDA
Coherence

Internal Runtime

Region SRR
SOOP Runtime Region TreefRiR
Operation Pipeline TaskAENSiEE
LT continuation BRI SR BT
processing style
sy 3FR Logueat Depd cus A aby s FRLHIREES  HREH
Physical Dependence Analysis Region Tree Node Ref Count
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LegionZR7~m FIEURELZEIAYLogical Region

Logical Region
IndexSpace
FieldSpace
Partitioning

Accessor
Privileges

Coherence

Logical Region BT HMRITEIFERREE, BRU—IKKEAER, HERGIE

\B)(Field Space)Ffr¢Bm%

(7] s==1=mmen N
/] eI

const Domain domain(lo: DomainPoint(index: 8), hi: DomainPoint(index: 1823));
IndexSpace untyped_is = runtime->create_index_space(ctx, bounds: domain); \

/] EBnEsSIZE
const Rect<l> rect(lo: @, hi: 1023);
@dexSpacekb typed_is = runtime->create_index_space(ctx, bounds: Pect];j

Index Space

FICRMZES|=[F(Index Space) LANRFREBFRICRITAEHNFRERIIFRE

< Field Space

temp pres
cell 0 temp, pres,
cell 1 temp, pres,
cell 2 temp, pres,
cell 3 temp, pres,;

(N FERTMEAIENEE
/] EhSiheEFERN, HARREASFBFRIFMHIEENF T, LR EIENFRID

FieldSpace fs = runtime->create_field_space(ctx);

FieldID fida
FieldID fidb

g

FieldAllocator allocator = runtime->create_field_allocator(ctx, handle: fs);
allocator.allocate_field(field_size: sizeof(double), desired_fieldid: FID_FIELD_A):

allocator.allocate_field(field_size: sizeof(int), desihed_Fieldid:FID_FIELD_BJ:4}

~N

22
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= AL

=

4 - Legion

LegiondrZR~N FEUELZEIRILogical Region

Logical Regionfi/Ef% Privileges: ¥giAtaskiE(FEHregionBtHINIR, BIF
read-write, read-onlyZE

Logical Regionfi[EE Coherence: ffiiRregionfE#Z MtaskH{T{EFIRT,
RuntimeZ4[{alit{Ti=Hl, BikatomicSexclusive®, MNMAFTERFBCE
F— LR SIRRIEESTER— 20T

PrivilegesflCoherence/gtaskAEEIKii DT SR ERHFVMIUEE

Logical Region
IndexSpace
FieldSpace
Partitioning
Accessor
Privileges

Coherence

Exclusive  Atomic  Simultaneous  Relaxed
Exclusive Dep Dep Dep Dep
Atomic Dep Same Cont Cont
Simultaneous Dep Cont Same None
Relaxed Dep Cont None None

Fig. 2. Dependence table.
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Logical Region
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Partitioning

Accessor

Legion R~ R FEEIREE AR Logical Region .
Legion/gLogical RegioniZfft 7 EiEER(FRYZEO, KO EEAATIHEFEN

ROEEER(E, 811D, #ILAKIaunch/APhysical RegionZ&

< Field Space >

tem res
cell0 tem res
g o PIe% Subregion/Partition ->Task
2 cell 1 temp! pres,
é cell 2 temp, pres, - 3
£ cell 3 temp, pres, Subregion/Partition ->Task

Logical Region TG BEEIAE)
REZE TRIEURFME, PTLAKERRBERNGE, REMEZEISERIERNE.

=% M Logical RegionZl Physical Region: &idInline mappingi#{Tlaunch, 1RiE
Logical RegionfPrivilege, Coherencel A Mapping#iMlBREIZIRS N AIYIIRNTZ
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Logical Region

Partitioning

Legionfa M Logical RegionZl|Physical Region Coherence

Step1:
Step2:
Step3:
Step4:
Step5:
Stepb6:
Step7:
Step8:
Step9:

Accessor

Privileges

iiARegionfyFEK (B1Findex, field, Privilege, Coherence)
a1 Logical RegionflInline Mapping
REEBHIE—Physical RegionsLfiF 2 EFE LA
IRTEPhysical RegionSLf| R E21FEHRL S EZField
RERBZ/VHNEF=IBIFTFPhysical RegionZf|
RTEPhysical RegionSLHIEANEfa/E (HIZIAOSESOA)
IRTEPREET ask IS EUREHITIRE

REMPLETEFTENRFEN (flalEmBl Rt ERIRFT)

F1F, BEMESEE S 5Tk

Application Runtime Mapper 25
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LegionshR/~itE L{FnkITask
LegionFETaskFARITENTIER, ELegioniEERNERETT,
B M askiz{ 7RI S45ERIPhysical RegionsLfIfEXER, HENa{ThiR (I TaskE
n{a{ERARegionIBX(ER, EEMHAMappingZRkiZiEZIAbIESS FH1T
LR RERIBRY, TaskZ2iHBISEERSIRMIERNRE, BEiTHHUUSLA
I TE N Task

PR AEA TaskiE LERAREITE iR EHI Task3ZE R

' ]

' |

' !

(" Select 0 Select '
elec elec |

1 = | =

| Task Pre-Map |1 \Map Task Task Post-Map |

. : Task I . Task

_ Options % Variant :
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FEEnEE

FERIITIRE

LegiondrFR~ITE LIERAITask
BlF: AHESRVIREFNZRENIT <Futurefmigizsl>

int fibonacci_task(const Task *task,
const std::vector<PhysicalRegion> &regions,
Context ctx, Runtime *runtime) {
assert(task-=arglen == sizeof(int)):
int fib_num = *(const int *) task-=args;
if (fib_num == 0)
return 0;
if (fib_num == 1)
return 1;

( // Launch fib-1 )
const int fibl = fib_num - 1:
TaskLauncher t1(tid: FIBONACCI_TASK_ID, arg: TaskArgument(arg: &fibl, argsize: sizeof(fib1))):

 Future f1 = runtime->execute_task(ctx, Llauncher: t1); )

// Launch fih-2

const int fib2 = fib_num - 2;

TaskLauncher t2(tid: FIBONACCI_TASK_ID, arg: TaskArgument(arg: &fFib2, argsize: sizeof(fib2))):
L Future f2 = runtime->execute_task(ctx, launcher: t2): ,
TaskLauncher sum(tid: SUM_TASK_ID, arg: TaskArgument(arg: NULL, argsize: 08));
sum.add_future(f: f1);

sum.add_future(f: £2);

Future result = runtime->execute_task(ctx, launcher: sum):

return result.get_result<int>();
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LegionshR/~itE L{FmHITask
BIF: TaskZH{ARYEM

int main(int argc, char x*argv) {
// Before starting the Legion runtime, you first have to tell it
[/ 18 ST — I TREMMESHIRRE, EEREMEESAY1d
Runtime: :set_top_level_task_id(top_id: HELLO_WORLD_ID);

e ~N
/] TS TR

/] ESBSRTFEARENER, REESHFARERZEETHESRNEE—ERY.

[/ (BEFHEESHERITEMAR, LLIERNITEEZ. BiEGESE

TaskVariantRegistrar registrar(task_id: HELLO_WORLD_ID, variant_name: "hello_world"):
registrar.add_constraint(constraint: ProcessorConstraint(kind: Processor: :LOC_PROC));
\Eyntime::pPeregisteP_task_vaPiant<hellu_world_task>(Pegistrar, task_name:"hello_wurld")L/

}

// Now we're ready to start the runtime, so tell it to begin the
// execution. We'll only return from this call once the Legion
// program is done executing.

return Runtime::start(argc, argv);

28
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LegionshR/~itE L{FnkITask
5% TaskAIMapping [ExETaskAJOwner Processor]

@ Locally: current proc == orig proc
@ Remotely: current proc == target proc (!=orig proc)

/ Orig Proc \ Move Task / Target Proc \

Meta-Data
Task » Task
Handle Handle
Mapping Move Launch Mapping
Queries Meta-Data Queries
K \—> Launch!

Task Meta-Data >> Launch Meta-Data Remote Mapping -> More Parallelism
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LegiondrAYMapping
LegionFEERTE: RegionEMENE,; TaskiEMiNProcessoritifT

S Mapping: After tasks are mapped, they are distributed to their target

Mapping

nodes.
re Execution Wavefront
Mapping Wavefront
| fw n S Executed
® Ready
rwt) frw2f I 'n2
Mapping
t t3 O : =
5 X80} J
t2 t4 .

GC Wavefront
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Mapping

Legion/®fyMapping
ToAMmia: LegionIRMEELVAKES, FAFBCiRITHIE{RMapping kg
XIEFTRIEREIYESRES: push Tasks / pull Tasks
XiF P RAREIYEREE: SFMapping{E55EIZ 1 4tiEes L
XAFR RGN IR Start

Profile
Application

Execution
Sibling Sibling
A B Determine
Performance
Copy Bottlenecks
Copy Copy
Copy

C >- D Continue
Customizing
Mapper
31
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Mapping

LegiondriMapping Tool: Automap!
LUEAZU R AR = TAE
MZFMappingzkligiEITEZProfile, HEEERRAIMappingski

AutoMap

th
reques't a apr:Iri]cat?tJn
mappin with mapping M
Algorithm mapping M i [ Application ]

W09
Q(O{\\“;ﬁoﬂ\
_ 0&0““
h\
Profiling
Database

invokes to map
each task run tasks
and data

Task-based
Runtime

[1] SFX Teixeira, Thiago, et al. "Automated Mapping of Task-Based Programs onto Distributed and Heterogeneous Machines." Proceedings
of the International Conference for High Performance Computing, Networking, Storage and Analysis. 2023.
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Regent!': ZRBMIEHSKENUHES

Regent&E{t T LegiondIJRIZIEEY, MET —EMHES
RegentfZFaUMEEERNSATEEEN LegiontE R E B ERAYI4ERE

runtime->unmap_region(ctx, physical_r);
TaskLauncher launcher_A(TASK_A, TaskArgument());
launcher_A_add_region_requirement(

RegionRequirement(r, READ_WRITE, EXCLUSIVE, r));

launcher_A_add_field(0, FIELD_X);
launcher_A_add_field(0, FIELD_Y);

runtime->execute_task(ctx, launcher_A);

Domain domain = Domain::from_rec
Rect<1>(Point<1>(0), Point<1>(2)));

IndexLauncher launcher_B(TASK_B, domain,

Le g | on TaskArgument(), ArgumentMap());

t<1>(

j—k% 1—%53 launcher_B.add_region_requirement(

RegionRequirement(p, 0 /* projection */,

\ READ_WRITE, EXCLUSIVE, r));
launcher_B.add_field(0, FIELD_X);

cenont A(r)
Wi fori=0,3do

< B(pli])

runtime->execute_index_space(ctx, launcher_B);

TaskLauncher launcher_C(TASK_A, TaskArgument()); e n d
launcher_C.add_region_requirement{

RegionRequirement(r, READ_ONLY, EXCLUSIVE, r)); C
launcher_C.add_field(0, FIELD_X); (r)

launcher_C.add_field(D, FIELD_Y);

[1] Slaughter, Elliott, et al. "Regent: a high-productivity programming language for HPC with logical regions." Proceedings of the
International Conference for High Performance Computing, Networking, Storage and Analysis. 2015.
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Pygionll: PythonzhaKENE=i%

enum PIELD IDS { FID X, FID Y };
enum TASK_IDS { TID_SAXPY, TID_MAIN };
void saxpy(const Task *task, const std::vector<PhysicalRegion> &regions,
Context ctx, Runtime *runtime) {
FieldAccessor<READ WRITE,float,1> acc_y(regions(0], FID_Y);
FieldAccessor<READ_WRITE,float,1> acc_x(regions(1], FID_X);
float a = *(const float*)(task->args);
Rect<l> rect = runtime->get_index_space_domain(
ctx, task->regions(0).region.get_index_space());
for (PointInRectIterator<l> i(rect); i(); i++)
acc_y([*i]) += + a * acc_x[*i];

}

Context ctx, Runtime *runtime) (

void main(const Task *task, const std::vector<PhysicalRegion> &regions, @taSk(priVilegeS=[m( 'Y' )+R( 'x' ) ] )

IndexSpace I = runtime->create_index_space(ctx, Rect<l>(0, 9)); @f Sa.pr(S, a) H

FieldSpace F = runtime->create_field space(ctx);
FieldAllocator allocator = runtime->create_field allocator(ctx, F);
allocator.allocate_field(sizeof(float), FID X);

Leg | O n allocator.allocate field(sizeof(float), FID Y); Pyg IO n

N LogicalRegion S8 = runtime->create_logical region(ctx, I, F);
ﬂ%{‘bﬁg IndexSpace colors = runtime->create_index_space(ctx, Rect<l>(0, 1)); ﬂ&{%ﬁg
IndexPartition IP = runtime->create_equal partition(ctx, I, colors); jj = s
LogicalPartition P = runtime->get_ logical partition(ctx, §, IP);

\ float a = 1.23; \
IndexLauncher launch(TID_SAXPY, colors, TaskArgument({void *)&a, sizeof(a)),

ArgumentMap());
launch.add region requirement(RegionRequirement( P
P, 0, READ_WRITE, EXCLUSIVE, §));

S.y +=a * S.x

= Region([10], {
'x': float, 'y': float})
Partition.equal(S, [2])

launch.add region_requirement(RegionRequirement( for i jn Indexla‘lmch( [2] ) :

P, 0, READ_ONLY, EXCLUSIVE, S));
launch.add_field(0, FID_Y);
launch.add_field(l, FID_X);

saxpy(P[1], 1.23)

[1] Slaughter, Elliott, and Alex Aiken. "Pygion: Flexible, scalable task-based parallelism with python." 2019 IEEE/ACM Parallel Applications

Workshop, Alternatives To MPI (PAW-ATM). IEEE, 2019.
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[1] Lu, Wenyan, et al. "Flexflow: A flexible dataflow accelerator architecture for convolutional neural networks." 2017 IEEE International

Symposium on High Performance Computer Architecture (HPCA). IEEE, 2017. 36
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= Sample: XIDIIEREAR (FHEFHT)
u Operator: ¥ISMLEF (HEEIFHIT)
= Attributes: FE—MFAFRIDEME (ELalPixels)
= Parameters: E— MLEFFXIoS#
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Example parallelization strategies for convolution

SOAPB&EFTRIHL K
HMRSEEK => BRAR: MCMGEREX
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Step.2 HiTeEIEIA(Full Simulation Algorithm), FJFDijkstra&Z3REA
17918 [Blc, HITIEHIEESTRK])
Step.3 FIAMCMCEZREZREGRRYAI TR [T EE5K]
Step.4 Fl|Fdeltat&\ &% (Delta Simulation Algorithm), FKEGTSRESAIHITES
8 [Eld, HPITIRI=ETEM] T o @
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[1] Bauer, Michael, and Michael Garland. "Legate NumPy: Accelerated and distributed array computing." Proceedings of the International
Conference for High Performance Computing, Networking, Storage and Analysis. 2019.
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BHE: NumpyEf=EEMF T ENRZIBAIPYythont
Legate + cuNumeric: REE—(TIBEENRBIRIFeaFH1 71D TUINE

import numpy as np import legate.numpy as np

A

def cg_solve(A, b, tol=le-10): ’/’ def cg solve(A, b, tol=le-10):
x = np.zeros (A.shape[l]) x = np.zeros (A.shape[1])
r = b - A.dot(x) r = b - A.dot(x)
p=r P=r

rsold = r.dot(r)
for i in xrange(b.shape[0]):
Ap = A.dot(p)
alpha = rsold / (p.dot(Ap))
X = x + alpha * p
r = r - alpha * Ap

rsold = r.dot(r)
for i in xrange (b.shape[0]) :

Ap = A.dot(p)

alpha = rsold / (p.dot(Ap))
X = X + alpha * p

r=r alpha * Ap
rsnew = r.dot(r) rsnew = r.dot(r)
if np.sqrt(rsnew) < tol: if np.sqrt(rsnew) < tol:
break break
beta = rsnew / rsold beta = rsnew / rsold

P=r1r + beta * p

P=1r + beta * p
rsold = rsnew

rsold = rsnew

recurn x return x
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MPI (Message Passing Interface)
1994 FHR%ER, ERAIFHTITERERE, —MrEIRENEEEO.
RIERE: EUNREREERERE, &£ MPI fh, HEZ EETERHTIE
5, BT HE4ER B CRIMEIEES(E,
BEEE: By EIUREMEEGHESSIRY, IHRRAETIHEIE =X =,
AFEE . HEAEECRAAEIUITE, FEEEREpREMHZERIIESE],
GASNet (Global Address Space Networking)
ERMUEEIZE, 20025 a4, LegionBIBHzliESRIARE
IRI=tRE . XANE<Eiti=8)(Global Address Space)fmit&EEy,

BSIEE . BITiniEEiEiAiR(Remote Memory Access, RMA)EEY, fifF—
MMEEEEREE 5 —MIEEEINE.

RFRE: RHT2BEI=E, e RERDHIIRNFELELIE.
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