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Iiumher of MPI Processes ::meer of MPI Prcu':ess:s’:I

X 5 MPIFGATFVDAEIHEELR—TVT—T NI AXOEINE

AN
\
NN\

7

N

S Q\
EF N

ZDIHZ, PVAS WD E, A=—aT7 7 —% 77 F & VDU AT A ETEENDOAEY
HEBEDDRN ) —FNBEEZERTHIZENTED. Am—aT 7 —F T I/ F XL R —
VDY AT LTOERNE RSN TEY, PVAS BN AT LY 7727 ORI, =7 A
TNV DYAT LDOFEBUCTFHTHIENTELEE X D.

@ BEALYR

A=—a7 BRI T TV r—a 39473550, a7 ROu—RN\FU 2&HEIZT5
ZEBRRDOOLND. AT TLIEE T AR BN R DE, EFEEDO S aT ORI TR AT
LT, BIEOFEITHRNRKEL2>TLE). B—RNRTUREITIHIELL T, =T 27
Trarbkw A7V —ar B A E DL TIENRE TS, /— R ET, arEr RE#Exs
BN F| 7 o A lESH, AR BOREZMN T (H— YT 27V T vay). 2L
T, BT T e ROBEN 1T (v A7 L —al) e T, WEICAME T 5.

- 10 -



= XY T AP T a w41HT2DI2E, a7 ETCEZAIYINEEZ (TR ANAAL YT ) 2115
VENRHD. HEkD OS TIiX, 7oA DI TFARAL v FIXT RLAZER O 2 2 1£D
728, OS B—FRINBEE T DMLERHY, A — "~y RNKELpD. £2, 7oA L 0S h—
FIVINTDIRBEAG AT 2=V TR ARETHDHTD, ~A7 L —area—H LU Tl
TET, AMOBONEIME T THEVFRENRHD.

FITATOY 27 TlE, 2—WL UL Tar THANAA T, ZAT Ay 2—) 7 )3l e
727 AL T, User-Level Process (ULP) %4245, BH¥EL7=. ULP I PVAS 25T 52 &
THRESNTWA. ULP O A 6 1277, ISR T I, PVAS ZAZ D PVAS /%
—T 43 arZENYLThH. & PVAS /XS —F 43902 ULP SLCEITT 57 ar 0% 0—KRL,
PVAS Z A7 R FEATT 5 ULP ZHICUINEZ AL T, A— YT 2RIV T a2 EB 45, [F
— PVAS #AZN® ULP BEIXRIC T RLAZERCTEMET 5D T, 2—HF L~ L Tar 7 AhA
AT RA[RELTRD, (KA — NNy R TH— YT RIV T gl B RZBLTX5.

~__ULP
PVAs | TEXT
Partition 0 BSS&DATA
PVAS
PYAS Taski0 Partition 1 . HEAP
e [ sTack
Partition 2
PVAS
Partition 3
PVAS Task 1
PVAS
Partition 4
PVAS
PVAS Task N-1 [ Partition M-1
KERNEL

6 ULP OfE

77, [Fl—/—RF_E® PVAS XA IT7 RV AZEMEHAGTHDOT, K 7TIoRT IO, 22—
Lr-YL a7 i iz \WEZRAI A a—)  TINA[ e s, 22— L~ UL TULP D~ A1 —
arEHIEIL, JORhERANC AL Al T A,

PVAS Task O PVAS Task PVAS Task 2 PVAS Task 3

work load

‘ Core 0 ‘ ‘ Core 1 ‘ ’ Core 2 ‘ ‘ Core 3 ‘

7 ULP D /—FHA~AFL—Tar

FlEEHtE U<, ULP ®a T F ARAA v F OMREZ ML 72, 1,000 fHOIF 47 vt 2% 1
a7 ECEMESH, W87 mE A28 1,000 [Bla 7% ANAA »F 2T 95 FE TOMRER 2
EL-. WA T 2% h—x L~ L7 at A, H—R YL AL YR 22— L ~YL ALy
R, ULP LG A B W THIEZEITL. JIEIZIT~ /LT a7 7 ety ¥ Ths Intel Xeon
ZHWE. K 8 T 7RG IY, ULP X, 2—H L)L Tar T X ANAA, v T AffE7a 1 —
PV ALy RE IR RSEOMEREE BT HZENTET.
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1.4

i+ kernel-level process
< kernel-level thread '
< user-level thread /
<> user-level process -

=
=}
a

Elapsed Time (sec)
o
~N

e
W
«a

100 200 300 400 500 600 700 800 900 1000
Number of Parallel Processes

X 8 L TEFANAAYFRERIDEE

BIZE, ULP OB AFI I LT= MPL 547 5 DBRFs 2K 7 L= XENTHFZERT (ANL) &4 [H
TEIRS5TWD. MPI 7 BERZ ULP LU CTREN 528 T, MPL Y 7 U —a DT,
BhERPIR AT S A TR T 522 BIELL T4, ANL TIXULP DX R A7y a—F D324k
MRS TLTERY, 20 HliA245% T EL T\, ULP OBFEEITIL, K70/ MET %
b, DOE-MEXT HRIBFFEIZ R HILFMFEDO B EL THEGIL TOKFETHS.

@ AT =Rk DHE ) —R O

IRARARI A — BT/ — R0y O(0)LL B K322 2 5 THRY, ZhUfEd/
— NSO R ARAN 2 BEIZ 72 A L T RIS TS, PR AT E L TEBEIZ <D AT
WFRNHY, £, KT 0y =7 o HEFFEE (Dongarra 7 /V—7) 1%, User-Level Fault
Mitigation EFEIEND MPI CHEIREN /-2 —HF L~V DOfEL Y = 2O 72 18 278
STWA. 7 V—7TiX, ULFM OJex gz, 77U/ —arh ULEM 4 W, i
Mt 2 2B 3B B2, ULFM 2452 T D e A7 Y =/ ME I LD BRAA L 7-.

J—=REERFEAELTZGE, B AR A B I o TWRWEI R T 7V r—a Tl
Wb ) — R Ml 2 2 o T E D SHL N EE LY, 1] 2 1E, < ORMEEINHE TEDbIL TS
ATV T, FRRART T ECCH D0, /—REFE~DOXLA R EETHD. D LD
T TVr—ar T, #fE ) —REAT )R TRETHI DB FEEEZOND. Ll
ZOEAETYH, B 9 I\TRT IS, TV —arD@ENRnY —&2 Ry ) — DRy —
IIHEIC YL T L ThoT2E L Th, AT ) —RICEARBRIC LY, ZoiEtknkbh,
BT EL DAY B2 LB EHEREDNME T2 Al REtEN 5.

I I I
Spare Nodes S 4
| 1) i ) ! i YT | )
1 1 1 1 1 1 )
1 1 1 1 ) 1 )
1 1 1 1 1 1 1 1
i i 1) i i ! 1 !
Normal After substitution

X 9 ¥/ — RORBEICE VAL DEEREE
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WEMREDIR T I, #kE ) —REM ST AANT ) —ROM BRURIKGETALE IO, A
ART ) —=ROEY CTREIZIENELLEEZDLND. I T, X 1ZATAT 47 S
(K 10) EFRIENDANRT ) —RORET VIV RLEFHFEL, FRHZZNODATAT 47 F
Ea ATV RGO R RERE L.

Node 21 fails
o|l1|2]3|4a]s
6|7|8|9|10[11
12[13 1 | J6]17 %
18|19 |25 21 20| 23 g
24|25 |26 8l29| &
30(31(32(33|34[35

Spare Nodes
1 oD S]im 2D Sliding
o|l1]|2]3|4]s o|l1]2]34]s o|l1|2]3|4a]s
6|7|8]910]1 6|7|8]9|10[1 6|7|8|9|10[11
12|13 14[ 15| 16]17 12[13[14] 15| 16|17 12|13 14| 15[ 16] 17
1819 20.22 23321 1819 20"22 23
24|25 2627|2829 24|25|26[21] 28|20 1819 |20 21|22(23
30|31|32|33|34|35 30|31|32|27|34|35 24|25 |26 (27|28|29
a3 30|31|32(33(34[35

X 10 RIAT 4 v T FikE

BRINTINANATVIRRATAT 47 L, TNENRIRD R T —I MRu Y — &5
a ¥ a—#, BG/Q (Jilich Supercomputing Center), 33X O TSUBAME2.5 (R T.K) _ECaEA{fh
SNz X 11IZZFORERERT. 5L 12° BG/Q 1E 16%8%8 D/ —K L Ray —a T,
TP ATV (X 11 /), Barrier & Allreduce OFEME(E (X 11 4) 2B 5 @EHEFEDIR
T OFERME (Hedh) =3, ZNbD7 77 TR TE / — R Ths. BG/Q Tix, AT/
—REHELR U2 R0C, SERTEEMEREDME N 927280, HIFNZ " DO TODIEIE, AT
) —R7eLO%EER—ALLT-REOETHD. HBLUBG/Q EbIZHNV T T MRy —%
FFORy NI —0ThHD. WVT T U NRaY —FAT Uy Vilg /2 — EOMMEN BL, 1
ZENET72NTH7 ) —REN Y TR A[EETHSH. —JF, Fat—tree MRy —I1ZBITAZDIH7%
EI Y TIIFLELR. 20720, Bk, Fat—tree MRy —%$5> TSUBAME2.5 T [Al4f
DOFHZFZ72->7275, TSUBAME2.5 T3S BG/Q THROLNZXIZREEMEREK FIZAS
IR,

—— K-Barrier BGQ-Allreduce
—<— K-Allreduce =—te=  BGQ-Barrier*
—& 7P-Stencil K —e— 7P-Stencil BG/Q —— BGQ-Barrier BGQ-Allreduce*
14 14
12 = d 12
10 /‘ 10
s g :
E 8
S 6 b 6
%] ]
4 4
2 2! ,__4‘/’4\\ —+
|
v N
0 50 100 150 200 250 300 0 50 100 150 200 250 300
# Failures # Failures

11 A7 — FREIC L 2 8EHRET

- 13 -



FERDA—=/N—=a2 B a—RE0 D) —FEFHLEZ DL, B/ —ROIFENHTE
ftL, T —I ey —0@&iE, LHIEE DRELRE DRFHFND, BET & THD
EERDHTENTED. 128, KR, 70y 7 MEMID DI EST T2, RICEERRETF
BIZOWTIMZED R MRS TNDEE Z DN, I E RN =— I R Th D&
BERD.

@ MPI-IO DA

A7 7O B HNE, MPI-I0 O~ L F AL R{kic L A@EE ke, POSIX APLICLA7 74
V1O OEGEIEDWFTEZHED TNTEDS, 72 BIE MPIFIO \ZHE T 52857, Lol
235, POSIX APl TOFAEILIZIBNT, 77 AL /O T RAA~D /0 BR A Z TRA, An
VN7 WS EIEIC RO MERE A BT D RSV To w0, MPI-IO IZX L Th Zo#ik%
W2l L.

A MPI-10 TiX, TOFEETITMAN 1/0 BRNZEFITSNDIZNT TR, T7 A~
D 1/0 DNEFI/RTRZIZ20, PEEEN 72N SV IBENH A ZEN BN TS, ZOR
RITKHLTB7201Z, Two—phase 1/O EWHYHEIENH R THHZENHHIL TS, Two—phase
[/O T, 7707 —=ZEMEEN AT o AR, % MPL 7B 253785 1/0 BWiRkE7 7
ANVDA NTIEF ST, ZRINDFEBDT7 AL 1/0 ZBIR5. LnLRND, 77U —4%
HE —ROLZICERETIUER VDD, EW-oT-[HERHS.

Fox ik, Ay N7 E7 77 —2OEEEEO 2 K& B L, MPI-IO & k35 Fik
TS, 2N A “EARTH” EFESZEICLT-. EARTH TIE, AT 3 MICERL, BEfFD
MPI-10 122k B & fE L7-.

NR—=RERDT7AN /O TRAADELE, ANTAE L T RE— B ORyN—7 R na
U—EEREL, 77V /O FRIRAET DA REMEOH L IE(E E S Z RS 5157705
— XA E T .

FEEZ, 774V 1/0 ~DOHERIZAay N T %L, 774V 1/0 ~OAREKE T 5.
ERAny N T E s T DD THIUE, 77 V7 —=F~DERL, Any N7 a&hHE
TEEPEIATHIZE T, 77U —Z ~DEREOBE ALK ATREE /25,

Stripe Size = 16 MiB

4.5E+04
- 4.0E+04 7
£ 3.5E+04
2 30e+04 /o
2 seeoa /4
= 2 /4
= 1.5E+04 -
> /
<} 1.0E+04 /
£ 5.0E+03
- i\'/
Q 0.0E+00 = ,
- 100 1000 10000
Number of Processes
== orig ——agg_aw —+—EARTH(wr,ex:1)
—&— EARTH(wr,ex:4) EARTH(wr,ex:8)

12 HPIO Xy F~—7 % F\ /= EARTH #:6EM] £

12 |2 HPIO R_RoF~—27%& =D EARTH OPERE %, X ECEHAIL- A AR,
ZDTITNIRNT, ZAavh T OREEex:n” LU TRUTHD. ZOT T, BEfFEFELE
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(D orig”) LT 7 V7 — 2 HiE D Fdiiifb UT= 524 (X D “agg aw™) 12k~ EARTH @
NRNTHFIZ MPL U VBB R EWEXIZBRE THHEB X DI LM TED.

FIER ORI 2 LX< R DT —% T 7 F v &£ TSUBAME2.5 TH Lz 35 278> T,
EARTH FEOPLAMEIZ DWW THEEZ D TWD i Th .

B, EARTH O—ORREZ MPI-1I0 OF 7 77 MEHETH D ROMIO |2 & S8 5L, B
1%F Lk B> TD. F72, EARTH 2RIZOWThH, #2328 X REEIC ROMIO F2%E
\ZHHAIAT> _BE )T H T ETHD.

® ULFM ORIt a—H~DBHE

T I —RKENHBL TWAEREL U ABEREZ i 2. 7~ User—-Level Fault Mitigation
(ULFM) MPI ZEF BT A 72 a3 B a—X ~OB izt T 5. ULFM &=\ Tr’'as
FTLEFIRTHET, Fa 2O PR IES ) — R fEN AL Tha—F 7 a7 40
B EIXATREIC/RD. ABAEIZEEL T, AR R OYay ~ 32—V Yy DOEENLETHD. 2
TBEfFOY a7~ 3 =% Tk, 7B AORFEIICEL, Z0Ova7 2R {EIEIEHZE
IMEREL RS COBILTHD. FTo, Vard ~3—TUv A LI B S ULFM T T
DN GHD. ZHHDOWEIFT Y a7 v 32— VYO ITL THAHE TiBIC H25 TR FELTZ.
DO EEZZ T, ULFM D FX10 ~DOB M E B 27072, BRI IARSREDO B EIIMERR 7 2+ T
5. KTV METETICR ETOFMEA R I/ TETHH-T22, & LiBRICKEL-Va
TR =V Y DEFENRDOT a7 v F2—T YIRS TN EVEIBAL, FUZ X DR
D TERTroT.

3.2 A=—a 7 OS h—x/V (AL g7 L—7)
(DAFZE FhiE N ZS K OVl SR

O A=—z7 0S
(1-1) PVAS D& FF5E

JAREY N — VT H2T AR EEN S AR T a2 7 NIBNL, BFOHR 7 )L — 7 58| S -5
T PVAS Ol FHAFZEIZEWRLA TUWA. PVAS O IFFEE L T, Open MPI @/ —RKWNi@{E D
B A YEIEL, Open MPL @/ —RWNIBE 2BV T, RNl T — X DEZA(E & mRIC I, T
THIEEAREICLTZ. 7ed, AMFFREICR VT, A7 ay =7 oL FRIFIEE THLHY, Open MPI
DFEBFHE THHS G. Bosilca KK (Dongarra 7 /V—7") DT RK/S3A A% 51T CUNA.

MPI Cli, IRET —2HE WD ZET, AT ECRERIRT — X & — EDil{E T2 d
HIEMNTESD. Open MPI O/ —FWNEBEIZRBWTL, IRET —#8 & H WD AR ie T —X
DOEZFIHAGAEVEZFAL TS, K 13 1R T I, BETeBRAOEE 77D,
R T —H eI AT EOF RNy T 7 8y 7T DA T, A AEY Eo H RN
V77D, ZIET B ADZAG Ny T 7 ICRE T — 2 LTy s TR A I T 7).
HHAERYERH L TTF — 252515720, ARV —D RN LR, @EERAE) BN
T5.

MPI Process O MPI Process 1
1 memory copy @ memory copy
~— by sender by receiver
.... P
------------- I
Shared Memory L
Send Buffer Receive Buffer

X 13 EEATVEZRHWEARESERT —2DEZ(E
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PVAS (& o> TR b Lo N2 7 — X DR A5 T, MPI 7 rER% PVAS # A7 &L Cid
BL, Ry T 7 hbRE Ny T 7 LT — SR EaE — 15, A ATVERAETICT —4
BEZAETHIET, ARV —DREIEMEZIET 5. £z, K 14 1T 590, EZET
DT — AL, BET R EALZET m R ARSI —FHI LT, iR EEE
(2S5 90 AN

MPI Process O MPI Process 1
(PVAS Task 0) @ memory copy by sender (PVAS Task 1)

@' memory copy by receiver

>
>

Send Buffer Receive Buffer

X 14 PVASIZEoTHEBILL=ARES/2T — X DEZE

fft2d_datatype Z W CTEE{K L7 Open MPI @/ —RKWNil{E 2L 7=. fit2d_datatype I 2
WL 7 —V T EBOFHEI—RTHY, FHIOERE 2 MPI OYRAE T — 2% - AE 2T
—HDEZEEFHL TS, X 15 DLEO7F713, ft2d datatype % Intel Xeon Phi | CIHAT
L7Z L&D FEFTIE A RL TS (240 7t R) . AElIIECAI T A X THD. K 156 DEDTF7
IFTIHAEVE WD S RE EREL LT HERE DU E R AR TS, VI 71T LY, PVAS
ERHWCEH{EL —FNBEEZH WD E, N7 — & D ESZA(E OmEBIEA KL,
FATVERE A B K TR 21% G+ AT E N TXT-.

14 25 -
121m g
SM S 20 -
g 1 -+ @PVAS g
g 08 §1s
E E
§0.6 §10
S 04 g
5
0.2 E
0 - 0 -
4800 x 4800 9600 x 9600 4800 x 4800 9600 x 9600
Matrix Size Matrix Size

15 fft2d_datatype D EfTH5E

(1-2) PVAS ® McKernel ~D Al

HE V—7"ClL, PVAS OISHRFFEDO M, PVAS O McKernel ~D# A% 72> T 5.
McKernel 1%, BRI FRE 2> THFEL CWDRANTI U Ea—Z T D~ A0l —F /LT
&%. PVAS % McKernel IZBHET 5L T, A7 BV =/ OMIER R ZRBRICEA S DT A
T INZT =R 37T 2R HD. BFD McKernel BAiZ 7 /V—7 LI A 2> T PVAS
DOBFEEHEEL, BB ETNE T L TCWD. LTI, iUz et ONEEZIR RS,

McKenrel |Z—ED AT Aa— )LD FELT% Linux EO7 v A7 a—R4 A/ 7
STWA, 16 | RT3, /—R oW ERZ/5EIL, Linux & McKernel &2 1 >0 /—K
ECEifESES. McKernel EO7 RN FEATTH DT AT Az — L Linux ETEI{EL
TV VA meexec 7B AIZA 7 —REIL5D. McKernel EDO7'at A1 DI2-2%, 1 20 mcexec
7't A% Linux EIZEEITHM4ENHS.
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Linux McKernel

----------------------------

----------------------------

----------------------------

LN
N
\'
b
u
1
N
S
b
o]
t
\5‘.
J
o
Ik

CTiPRLR %R

X 16 McKernel @ﬁ%ﬂ%ﬁ

PVAS % McKernel bFIZ32EE9 2554, McKernel F PVAS #2712 % 595 mcexec 7'tz
A% Linux BIZEENTAMENHD. ZDEX, PVAS ZAZIZ3 7% mcexec 7 BB AREX
KIS D PVAS ZAZRELIAIRRIS, 7RV AZERZ AT 00 ENHL (K 17). TR A2 F’%’:
HHLRTL, (KT RV RSB LDV AT Aa— LV E EFIZFTTHIENTE/eL7
5.

Linux McKernel

l\., N
N
J
L\
u
F
S
bl
b=
A
35
J
ju]
-

{ TR RZZR

X 17 PVAS ’ZchKernel R L?L%A

— Iz, T REARL T DO fork VAT A= LBRHEINTWS. LML, fork TE
L7 ot R TR DT R AZE /I CEMET 5729, fork TlE, McKenrel £ PVAS ¥ A%
(ZxIE 35 meexee 7R AR ARl — 7 R AZEMI/ERR D2 LN TE20.

FI T, fork TIF7e<, clone VAT LA — L& FHWT, 7R AZERITILE 503, ZOfo~
OB AEIR (T 7 ANT AARI )T HZT—T ISRV T F IR T (3 LW Rk 7 ok
AEARRL, EiE meexee 7 BALTHHF A EMmEILZ. 2o FA T, K 181RT 91T,
PVAS ZAZ1Z5% 545 meexec 7 v AZ BT 572D mcexec (manger) 7t A% HE 7
BBt AN PVAS XA %4 LT-5, mcexec (manager) 7' RAIZ, ZAUIK T 5
mcexec 7 BB AD LR EARTET 5. KFEZ % 1F7- mcexec (manager) 712‘122621 clone A7
La— )L D757 CLONE VM DA% kL, meexec (manager) 7't AL T R AZE[W LISk
OF v AERELF LR, Fik7e mcexee Vv ARZ LT H. 299528 T, meexec
(manager) [ZAERRKESHVTZ meexec 7' BAREIS, %I d 5 PVAS X AZEEL[RIARIZ, [Rl—T7 RL-A
ZEMTCENET 52812725, TRV AZER A LA T 57280, (RAET R 2% 5142 k%)“/%?‘b:r
—NEIEFICAT7a—RT5IENTED. Fo, TRVRZER DA O T o A& FIT A L
DT, Z77ANT 4RIV T ZT—T )V TFrav ARMERNCE > TS EIRICT 7B AT 5T A
T LT LG IEF T AT LN TED.
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Linux McKernel

E E@ mcexec (manger) l:mcexeci E
: | TOEROERERE G0,
H H H A

----------------------------------------------------

: i i Vo
1 /“mcexec H 1 -
i \(manager) / i : N
! \ H i i

" \ 1 ' ' 1
H N H : i
: . : : E | (D PVASBR O£
: . : ' Vo
! ® clone (CLONE.VM) ", : ' ol
: RN Vo
' N i ¢
] 2 iy

: r 3

18 PVAS (2% ind 5 mcexec 12 A DARR
PVAS @ McKernel DFEAEIL, REEENTOTE TH BIEELL, FELED TND.

3.3 WA —I7NIREEL /O OFEBRERET RS AT IL—T)
(DA FE S N 7 Mo OVl
AWFFETIE, A=—=7 CPU L&, ARAR CPU RICENFIIMNILT- OS H—RLi3dh 5
DEL, ZNZEIND CPU DFHEEIEL, MIKREL CEMERE(LE R 2597 77 =7 77—
X7 UF ¥h BEEEL TS, ZO X578 OSHERKTIE, 2 @ OS Mz U35 5 =
DB R ETRD.
BARINIE, IROMIEEIT T
(1] #EEk OS ZWUNTEHEL, [H 4 OEIREIILL, S TNV AT DA A=V EMT D
o7 e R ER, ARVEHRE OGP EHORGEED
[2] ~nAFa7, A=—ar77aty P IcH LT, ISH T es S A E LT ERE Y Co s
KOWFZE. Iz, AW TELIN- IR 7 T =7 % HV T MapReduce ZLERZFEAML ,
PR RIS D R R AR ARG
AR, BB A S CPU ISl L= A L& G IRE B A B BT
THZETHD. Intel Xeon DLH7LBIRIERI T REA T D=7 L, Intel Xeon Phi D L5727
2y Y OEEIL O DME 2 O 7 ey OMERRITRW LD 7N — R = 7 RERIZ IV T, 4
ENOEFEENL, R F XN L5, ATHFE T, A7 e—Rzo Yoo
FRRELTWDHN, B7es CPU MToAEVILA, RG2S MR L2 W< 2o
AR o TE.
BARBI AR A IE IR O B R 7es 8 2 A ZE LT
[1] ~nFay-A=—a7 [ ToOETHIE
EE R T R 7 &l ey Y[R 0> OS 8RO i 7 H AR D FE
[2] A=—aTIZBITFDHAH N 7eE DRATREL )
A=—a7 Th5 Intel Xeon Phi (FEMEFH LT —F 77 F v/ TEY, AT
IXTERVER LR > TNDI LD, A=—a 7 il TR [ REZ R VIR 2~ LT a 7l T
T TAMEENRGBD. ZOT=HI2, OS OB EENLERAFFZELT-.
[3] a7CTERRLTRLAZEM O L
Intel Xeon & Intel Xeon Phi CiZ, MFRANITE 2D ATYTHHN, FHHIZS M A[FE/ A
FUEME/2STND, TV BAIANDZEITH LN, AEV Xl 7 vt e
725 TN, ZBDAEY 2T EDOEITERTHL T o A0 DR — IS a0

I Chris J. Newburn., et, al.: Offload Compiler Runtime for the Intel Xeon Phi Coprocessor (ISC2013) }JL®
James Reinders., et, al.: An Overview of Programming for Intel Xeon processors and Intel Xeon Phi coprocessors,
Intel (2012)
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ZELT=.

[4] MapReduce KLEED 5 Akt
IEOE Y77 =28 TIE, KET —ZOUEN LI TR ERS>TND. FRIZ,
MapReduce [ZDOWTIEEL D RE THHAINWAMEET L THDLHN, < /LFa7 - A=
—a7 OHEHEC VT v s I T CEDHBE B AREIL, A T 7.

TNHDORIZER L LT, IRDALEZGT-.
(1] OS [HEEERAE : 7 711 1/0 RATHERS
B OS HOEEEIZ DGR E LD LB R REMZ DN T D72 D, A=—a 7 Tlx
RATREZR T 74V 1/O BEREDIRML, a7 I CTORIW], ATVEHD OS [FHE B D I
FRERREL, MRETHIIC LY, XA MMEERHERELT-.
[2] ~AFay-A=—a7 WD OS ZE#ETHZ AT ET L LB AR
PVAS 43R L7 M-PVAS (Multiple PVAS)Z4242, iR/EL, MPI fRATLERIZ XD Ko
BHIMEZBONNI L. w/LFaT « A=—a7 @ PVAS ZHi#s, PVAS O 7 RL 2224
Tuato P TIRBIE T 52T, W THREDOT RV RZEME B, 20 E RO
TOlTEHL, BREEER L.
*MPI DA THERS
MapReduce ~Miii FHIZL 55T %

PUF, {8 % O e e~
D OS FEHEHEMHRE : 7 711 1/0 RATHERS
B OS ZFi D7 —FX 7T /T X ICBIT DG WG HA T, #EL OS HERIE D HA R #E % 1]
ONZT DD DIEELTENH LT, A=—a T B W THEAEZ ST IR bS5 751
TR R AR T DB, Am—aT AT E TR WA &2~ LT a7l
LiEHES 2 OS B H#EMRE A Linux BICEE L2, A=—aT7O77A)V]/0 T/t AE~/LF 2
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During the entire research period, UTK efforts were focused on 3 major areas. First, improving
the design of the resilient concepts to make them more usable from the user perspective and
more efficient from the hardware perspective. Second, completing the reference implementation
of these concepts and make them available to a large audience, as a production—ready software
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package what can work on any environment, from small clusters to large—scale platforms. Finally,
a significant effort has been pushed in broadening the impact of this research, by creating a
community of researchers interested in using these concepts to design novel fault management
techniques, and maintain a high level of interactions with this community. In the remaining of
this document, each one of these topics will be described in details, and all the efforts will be
highlighted.

Conceptual Design

The main goal of the ULFM approach remained unchanged over this period: define a minimal set
of features to notify application processes about failures, and allow the user to interrupt the
normal behavior of his application and to restore communication capability after process failures.
Exchanges with developers of MPI applications who envision to introduce resilience in their
codes, or who have tried to do so using the ongoing ULFM specification, as well as fruitful
discussion in the MPI Forum, mainly inside the Fault Tolerance Working Group and in plenary
sessions, have highlighted few opportunities for improvements in the ULFM specification.
Ambiguities in the proposed text have been removed, and replaced by a clearer description of
the required behavior. The RMA chapter has been entirely rewritten, to account for the changes
in the RMA chapter introduced in the version 3 of the MPI standard. The MPI_Comm_shrink and
MPI_Comm_agree routines, which are part of the Fault Tolerance extensions, have been
simplified, allowing for a more diverse usage. Non—blocking versions of some of these constructs
have been also added, to allow for more flexible recovery strategies.

Implementation

In same time as improving the concepts design, we wanted to provide a decent implementation
that can be used by interested parties for their own research and developments. The first part of
the award period was dedicated to providing correct, but non necessary efficient and scalable,
support for all concepts. In parallel we advanced on the theoretical side by developing all the
necessary tools and algorithms to design and implement more scalable versions of the needed
concepts.

More specifically, the last year of the project has been almost entirely focused on advancing on
the performance side of the two major operations proposed for the handling of the faults
(revocation and agreement), and on promulgating the extension to the MPI standard to the users
communities. In same time, a significant effort has been done to improve the code quality of the
available implementation, in order to provide a stable, efficient and portable implementation to
the user communities.

Similarly to past years, exchanges with developers of MPI applications who envision to introduce
resilience in their codes, or who have tried to do so using the ongoing ULFM specification, as
well as fruitful discussion in the MPI Forum, inside the Fault Tolerance Working Group and in
plenary sessions, have highlighted a few places for improvements in the ULFM specification. The
main goal of the ULFM approach remains unchanged: define a minimal set of features to notify
application processes about failures, and allow the user to interrupt the normal behavior of his
application and to restore communication capability after process failures. Ambiguities in the
proposed text have been removed, and replaced by a clearer description of the required behavior.
The RMA chapter has been entirely rewritten, to account for the changes in the RMA chapter
introduced in the version 3 of the MPI standard. The MPI_Comm_shrink and MPI_Comm_agree
routines, which are part of the Fault Tolerance extensions, have been simplified, allowing for a
more diverse usage.



X 26 Binomial Graph Topology

On the implementation front, the MPI_Comm_revoke and MPI_Comm_agree operations have been
the focus of our efforts for this year. These two routines are critical to the efficiency of a
resilient code, and are by nature costly because they need to be fault—tolerant themselves.
MPIL_Comm_revoke is provided to the user to notify (asynchronously) all processes belonging to a
communicator that an exception happened, and to stop the normal execution flow (e.g. to trigger
a collective repair of the communicator). At the conceptual level, it implements a form of reliable
broadcast: if one process receives such revoke notification, all processes of the communicator
must receive one. Because failures happening during the revoke operation can introduce
messages loss, the protocol that implements the revoke operation must be fault—tolerant, and
ensure that if one notification is delivered, all notifications are delivered. The first
implementation of the revocation was done at the Runtime Environment (RTE) level, over the
Out-Of-Band (OOB) network. This implementation was not fault tolerant and required a large
number of messages (O(N?)). We redesigned the algorithms integrating research in resilient
graph topologies and successfully improved not only the resilience and performance of the
revocation algorithm but also the impact on the network infrastructure and the number of
messages. The final algorithm that we will be delivered with ULFM is based on the Binomial
Graph topology ([X| 26). This graph minimize the number of messages and the degree of the
graph, while providing a strongly resilient topology, that can only be bipartite by the sudden
disappearance of more than half of the processes. Moreover, the new algorithm is implemented
at the BTL level, and takes advantage of the fast network interconnect available on most of the
HPC clusters.
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27 Example of Dynamic Topology



The MPI_Comm_agree routine was also relying, for parts of its services (namely the all-reduce
tree maintenance) on messages at the OOB level. The overhead imposed by the OOB
mechanism has been hindering the performance and scalability of the agreement. We completely
reworked the agreement to use directly the fast network communication infrastructure available
in Open MPI (namely the BTL). This step provided a significant boost in terms of performance of
the agreement algorithms. However, this highlighted few implementation issues with quadratic
search involved in the original algorithms (due mainly to the MPI semantics of translating ranks
between communicators). As a result, we decided to redesign the agreement implementation
from the ground up. Dynamic topologies have been introduced, topologies that remains optimal
as long as no new processes disappear, and that are updated upon a successful completion of an
agreement (due to the semantic of the agreement itself a consensus on the dead processes is
established during the agreement, allowing for a consistent global view of the alive processes).
This topology is described in the figure above ([X| 27). The important change is the orange lines,
which represent the new connections that are established to cope with the discovery of dead
processes (signaled by the red dashed line). These lines connect a process to the leftmost
ancestor still alive, and count for one of the most costly, but critical, operation during the
agreement. Without going in too much details, we have designed a new consensus algorithm
named Early Returning Agreement, with a worst case cost of X;_; (log(P—f)) where F is the
number of fault discovered during a single agreement and P is the total number of processes.

Moreover, users reports signaled recurring corner cases in the previous agreement
implementations, where the agreement routine was unable to provide its service because of the
presence of failures. We wrote a reference implementation of the agreement, based on an
existing Early Termination Agreement protocol, which work in asynchronous all-to—all phases,
ensuring a correct result in any possible failure scenario. In addition to this reference
implementation, we initiated works on more efficient implementations, which will take advantage
of the high resilience property of the Binomial Graph, to reduce the number of messages while
still providing the insurance of safe agreement despite failures in most situations.

Broader Impact

A particular focus was on reaching out to the user communities. In this direction, we provided
user support through different media: we wrote, and made accessible a set of tutorials, hands on,
and manuals. All the examples and other information regarding this subject has been made
available on the freely available project website (http://fault—tolerance.org). In addition, many
motivating examples using the ULFM capabilities have been developed to illustrate the

specification to the MPI Forum, and these examples are accessible to the users. Users feedback
and requests have been integrated in the specification or implementation, and we continued to
provided user support through the ULFM users mailing list during the entire period.

ULFM-based tutorials have been presented at the EuroMPI/Asia MPI Conference in Kobe in
September 2014, and then a similarly shaped tutorial at the SC’14 conference in New Orleans in
November 2014 and SC’15 in Austin, TX in November 2015. Presentation on the subject,
including newly developed technologies have been presented at several meeting, including SIAM
PP, SIAM CSE, Euro MPI, SC, ICS. As a result application developers of a significant set of
scientific applications (from Sandia, Los Alamos, LLNL, Stanford and Berkeley) have reached
out to us to help them integrate ULFM-based resilience to their applications. Some of these
extremely encouraging results have been published at top peer—-reviewed conferences. As a
culmination of these research popularization efforts we held an extremely well-attended
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