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Ãåòåðîãåííûå ñèñòåìû

Íàðàùèâàíèå âû÷èñëèòåëüíîé ìîùíîñòè
ñóïåðêîìïüþòåðîâ: óâåëè÷åíèå êîëè÷åñòâà
óçëîâ/ïðîöåññîðîâ

Ïîâûøåíèå ïðîèçâîäèòåëüíîñòè ïðîöåññîðîâ çàòðóäíåíî:

Îãðàíè÷åíèÿ ïî òåïëîâûäåëåíèþ
Ïðèîðèòåò íà ïðîèçâîäèòåëüíîñòè îäíîïîòî÷íîãî êîäà

Âîçìîæíîå ðåøåíèå: ãèáðèäíàÿ àðõèòåêòóðà

Äîïîëíèòü öåíòðàëüíûé ïðîöåññîð àêñåëåðàòîðîì

Àðõèòåêòóðà àêñåëåðàòîðà îïòèìèçèðóåòñÿ ïîä
ìàññèâíî-ïàðàëëåëüíûå çàäà÷è

GPU: NVIDIA Tesla, AMD FirePro

Intel MIC

2 / 13



GPU

Ñïåöèàëèçèðîâàííàÿ ìàññèâíî-ïàðàëëåëüíàÿ àðõèòåêòóðà

1-4 TFLOPS, 100-300 GB/s íà îäíîì óñòðîéñòâå

Òðåáóþò çàäà÷ ñ âûñîêèì ïàðàëëåëèçìîì

Ïðåèìóùåñòâà

1 Ïðîèçâîäèòåëüíîñòü

2 Ýíåðãîýôôåêòèâíîñòü (10x ïðîèçâîäèòåëüíîñòü ïðè 2x
ýíåðãîïîòðåáëåíèè)

3 Äîñòóïíîñòü

Â Top500: 62 ñèñòåìû ñ àêñåëåðàòîðàìè, 44 NVIDIA
Â ïåðñîíàëüíûõ êîìïüþòåðàõ
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Èñïîëüçîâàíèå â OpenFOAM

50-80% âðåìåíè ñ÷åòà: ðåøåíèå ÑËÀÓ

PCG: Ìåòîä ñîïðÿæåííûõ ãðàäèåíòîâ

AMG: Ìíîãîñåòî÷íûé ìåòîä

Ðàññìàòðèâàåì PCG

Ïðîèçâîäèòåëüíîñòü îãðàíè÷åíà:

Ïðîïóñêíîé ñïîñîáíîñòüþ ïàìÿòè
Ñêîðîñòüþ ñåòè

Ñëîæíîñòè ïðè ïåðåíîñå íà GPU

Ïðåäîáóñëàâëèâàíèå
Ïîääåðæêà MPI
Ìèíèìèçàöèÿ íàêëàäíûõ ðàñõîäîâ
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Ïðåäîáóñëàâëèâàíèå íà GPU

OpenFOAM: îáû÷íî èñïîëüçóåòñÿ DILU

Ïîäãîòîâêà/ïðèìåíåíèå: ðåøåíèå òðåóãîëüíûõ ñèñòåì

Ýôôåêòèâíûé, íî íå îáëàäàåò âûñîêèì ïàðàëëåëèçìîì

Ïåðåóïîðÿäî÷èâàíèå ìîæåò ïîâûñèò ïàðàëåëèçì çà ñ÷åò
ñíèæåíèÿ ýôôåêòèâíîñòè

Äèàãîíàëüíîå ïðåîáóñëàâëèâàíèå:

Ïîäãîòîâêà/ïðèìåíåíèå: äåëåíèå íà äèàãîíàëüíûå
êîýôôèöèåíòû

Âûñîêèé ïàðàëëåëèçì, íèçêàÿ ýôôåêòèâíîñòü
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Ïðåäîáóñëàâëèâàíèå íà GPU

Íàø âûáîð äëÿ GPU: AINV

W TAZ = D + e

Ïîäãîòîâêà: âû÷èñëåíèå ÿâíîãî ðàçëîæåíèÿ ïðèáëèæåííîé
îáðàòíîé ìàòðèöû

Ïðèìåíåíèå: äîìíîæåíèå íà äâå ðàçðåæåííûå ìàòðèöû

Õîðîøî ïîäõîäèò äëÿ GPU

Çàòðàòû íà ïîäãîòîâêó ñîèçìåðèìû ñ ðåøåíèåì ÑËÀÓ
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Àñèíõðîííîå âû÷èñëåíèå AINV

Ïðåäïîëîæèì:

1 ×òî ñâÿçíîñòü ñåòêè íå ìåíÿåòñÿ
⇒ Ïîðòðåò ðàçðåæåííîé ìàòðèöû ÑËÀÓ ôèêñèðîâàí

2 ÑËÀÓ äëÿ ïîñëåäíèõ øàãîâ ïî âðåìåíè èìåþò áëèçêèå
êîýôôèöèåíòû
⇒ Ìîæíî ïåðåèñïîëüçîâàòü ïðåäîáóñëàâëèâàòåëè

Òîãäà:

1 Ïðåäîáóñëàâëèâàòåëè âû÷èñëÿþòñÿ àñèíõðîííî â
îòäåëüíîì ïîòîêå

2 Íà GPU èñïîëüçóåòñÿ ïîñëåäíèé ïîñ÷èòàííûé
ïðåäîáóñëàâëèâàòåëü
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Ïîääåðæêà MPI

Ñõåìà ïàðàëëåëüíîãî ñ÷åòà â OpenFOAM:

Ðàçäåëåíèå ñåòêè (áåç ïåðåêðûòèÿ èëè �ãàëî�)

Ìåæïðîöåññîðíûå ãðàíèöû � ÷àñòíûé ñëó÷àé ãðàíè÷íûõ
óñëîâèé íà ñåòêå

Ïðîöåññîðû îáìåíèâàþòñÿ êîýôôèöèåíòàìè ïðè
äîìîæíîæåíèè íà ìàòðèöó ñèñòåìû

Ïðåäîáóñëàâëèâàíèå âûïîëíÿåòñÿ áåç MPI-êîììóíèêàöèé

Ïîääåðæêà íà GPU:

Ñâîäèòñÿ ê ïîääåðæêå ïðîèçâîëüíûõ ãðàíè÷íûõ óñëîâèé

Ïàðàëëåëüíî ñ äîìíîæåíèåì íà ìàòðèöó íà GPU:
1 Ñêîïèðîâàòü ãðàíè÷íûå êîýô-òû â ïàìÿòü CPU
2 Âûçâàòü ìåòîäû îáíîâëåíèÿ ãðàíè÷íûõ óñëîâèé
3 Ïðîñóììèðîâàòü îáíîâëåííûå êîýô-òû íà GPU
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Ñíèæåíèå íàêëàäíûõ ðàñõîäîâ

1 Ïðåîáðàçîâàíèå ìàòðèöû â GPU-ôîðìàò òîëüêî íà ïåðâîì
øàãå
Íà ïîñëåäóþùèõ øàãàõ � îáíîâëÿòü íåíóëåâûå
êîýôôèöèåíòû

2 Àâòîìàòè÷åñêàÿ íàñòðîéêà

Îïòèìèçàöèÿ óìíîæåíèÿ ðàçðåæåííûõ ìàòðèö íà GPU
Ðàçðåæåííîñòü ïðåäîáóñëàâëèâàòåëÿ AINV

3 Ìèíèìèçàöèÿ CPU-GPU êîììóíèêàöèé

Èñêëþ÷åíèå ëèøíèõ êîïèðîâàíèé
CUDA-aware MPI
Êîíâåéåðèçîâàííûå âàðèàíòû ìåòîäà ñîïðÿæåííûõ
ãðàäèåíòîâ
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Êîíâåéåðèçîâàííûå ìåòîäû ñîïðÿæåííûõ ãðàäèåíòîâ

s = M−1r
δ = (s, r)

β = δi/δi−1

p = s + βp
s = Ap
γ = (s, p)

α = δi/γ
x = x + αp
r = r − αs

m = M−1w
n = Am
β = γi/γi−1

α = γi/(δ − βγi/α)
z = n + βz
q = m + βq
s = w + βs
p = u + βp
x = x + αp
r = r − αs
u = u − αq
w = w − αz
γi = (r , u)
δ = (w , u)
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Çàâèñèìîñòü ïðîèçâîäèòåëüíîñòè îò ðàçìåðà ñåòêè

Ìîäåëüíàÿ çàäà÷à: icoFoam, cavity3d; 12 ÿäåð, 2 GTX Titan

373K: 16 ñ íà CPU, 18 c íà GPU

1M: 91 c íà CPU, 60 c íà GPU (îáùåå âðåìÿ)
73 c íà CPU, 43 c íà GPU (óñêîðåííàÿ ÷àñòü)

2M: 239 c íà CPU, 113 c íà GPU (îáùåå âðåìÿ)
199 c íà CPU, 71 c íà GPU (óñêîðåííàÿ ÷àñòü)

8M: 2160 c íà CPU, 563 c íà GPU (îáùåå âðåìÿ)
1824 c íà CPU, 300 c íà GPU (óñêîðåííàÿ ÷àñòü)
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Òåêóùèå ðàáîòû

Âêëþ÷åíèå â ðåëèç-âåðñèè FOAM-Extend
òåêóùàÿ âåðñèÿ äîñòóïíà íà Github:

https://github.com/amonakov/ispm-sparse-lib

https://github.com/amonakov/openfoam-extend-foam-extend-3.1

Èòåðàöèîííûå ìåòîäû äëÿ àñèììåòðè÷íûõ ñèñòåì

Ðåøåíèå áëî÷íûõ ñèñòåì

Äàëüíåéøèå îïòèìèçàöèè
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Âîïðîñû?

Ñïàñèáî!
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