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Performance Impact of TLB on the K computer Applications
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Abstract: Application performance in high-performance computing depends on various factors such as algo-
rithms and systems. To maximize hardware performance, it is important for collaboration among hardware,
system software, and application developers. We report the performance impact of TLB on the application by
simultaneously running several applications on the K computer. TLB is a mechanism that translates virtual
and physical addresses in any architecture. Performance impact of TLB on the application is predicted by
the data access pattern, which is similar to that of the cache. It is difficult to analyze when and where a TLB
miss may occur, because it is often measured not only as performance degradation but also as performance
fluctuation. In this paper, we discuss not only calculation results based on some applications that measure
the performance impact by TLB misses but also their causes and characteristics, as well as some ways to
resolve them.
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Table 1 Evaluation system using the K computer.
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Fig. 1 Flow of address translation by the TLB.
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Fig. 2 Effective performance ratio compared to the large page

size 256 MB and TLB miss rate, by changing the loop
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condition. Left axis is performance ratio. Right axis
is TLB miss rate. The horizontal axis is changed the

increment of the second dimension array argument.
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Fig. 3 Relationship of TLB miss rate and effective perfor-
mance ratio compared to the large page size 256 MB.
TLB miss rate to less than 97% performance ratio is
about 0.005%.
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Fig. 4 Elapsed time distributions of the vel3d1 kernel in Front-

Flow/blue. It is plotted elapsed time for each run and
processes of same three calculations. All large page size
is set to 32MB in the left figure, and the sTLB and
heap segment large page size is set to 256 MB in the
right figure.

FEOWRERTE L TlEINLZ LIl 5.

N= R T h sy EREBET S L TLB I AN
B0 12, T—UNR—UY A A EFEE L CHENEY
Tolz. REKBTHWONLESIZ =T L7 X2y MIE
PNHEHNTHo72720, FHAXAE) EBEBIHEC S 2w
X912, e=7EZ7 A bESTLB NOEMTH A XD H
% 32MB 25 256 MBNEEH L72E 24, AHRIRT &
I, THE AT EDOFEITHER B X OET I L OETIRE
E—HT A5 L012%), fEEdm R,

3.3 PHASE TOMEEDIES5DE

PHASE &, 857 v ¥ vV EBENBEEEIC L2
MRS 1 EESTE NS 7a 774 Th Y, RELETIR
 OPHEEEZHWAZ EI2EY, ST 6EEE TS
< OWENH L CTEABEE 2 B T-IREEET R AT RE T 5 [10].
CORMEICIE, SMAATHIRME, m T —) D4R, [EE
AT 2 EvE e, BN &) B 1S Tk
EHVWTW A7, ZHEOEREEFHVSTW A [16].
X 5 i, PHASE % i\, SiC 12,544 5 T-% 12,288 7
Ot A CERENE L L ZOFETIMTH L. EitE
THHEICFIHT 2 4 FEEO VY VNIZOWTEE L, &V
INOFEATHE 2 A TV B . HiElo v — 7 Tl MSD
(BIERSMETP) & Submat G22I AIL) DAY
THERME L, 2\ H )V —7Cld ImMSD (MSD +—XRICiER)
%EHE L, 3EHEHDLV—7TIZ RMM (RAkEEd:) ot
Redfl7z. IRLOFEIZOVWT, 7—UX=UH A
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BHEL, 7YXV A RETNTAMB ICEE L7

Fig. 5 Elapsed times of each execution stack of four solvers

in PHASE. This calculation is SiC 12,544 atoms, using
12,288 processes, and all large page size are set to 4 MB.

X% AMB ICHEL, MLbDZ 18 M%ETL, KL —7
DFEATHFI O KAl & e/IMED 75 & FEATRER O /Ml & D
RAETHEOIES D& E LB L. ETHRMIES S &
I, FIEFHE &N 5 MSD & Submat 2322, 2.34%,
2.58%Td AHH%, 2 AEICEHHE &5 ImMSD (X 14.84%,
RBICFHE SN A RMM 13 18.13% &4k L /2.

6 I3, 5 @ ImMSD & Submat @ 2 FFHD VLN
AR LEALE LCRY, 10 M oEERIGEERE 247 -
7B OFEATEE DAL TH H. DGEMM (2 X A4751-4751
&, FFT, EAMERE 2 SRHEREC L1 11 KEI2aE L
FEALTTWD, BEXrI 7135 —VR=VF A4 X% §XC
AMB THEAT LD TH L. #ELE T &1, FETHH
HHEINT LXE D H B Z &5 5h. FEEHD Sstep THERH
A 2 72fE L, DGEMM % v TIFH-ATHIRE % 519
52KXKHTHY, TLB I AKIFZFNEN 0% — 0.0001%,
0.0002% & LT TIEH 5L T2, 8step & 10step
THEATREM I L - KEEEAERE 21T KMTH Y,
TLB 3 A%% 0.0008% — 0.001% & RV EfLL TV 5,
PHASE Ti&, BB N 120 LTO(N3) TAEYHA
ADBERT D, S0, F—VR=TIF A X RKELT
HZET, AFVDPARETLIEDR DD, ZDDHK
T, =TT AV PEF—F LT A2 FDA 256 MB
IR EL, sTLB O3 A= % 256 MB 128 ) 24T
72, AEVHHEHHOLZDIZAY v 727 A PER
Ly FeZ7 22 MI4MB IZHEZEWZ, 79— R=TY
A X% b d 5 2 LT, FARHOIES D X5513.83%
— 1.31%IZHA L, MREDIES D& 2 MR L LN TET
72T, AR D TIE T B L T 578 %A EE ] I
LTw5, FHURESV— THA T {70 —F 2 Hifr
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6 PHASE (231} % RIERFET COFETRM. FHEHE 11 X
WL 7REA LT T 7T b, SiC 12,544 J5F-% 12,288
70t A2 TIEATL, ImMSD & SUBMAT V)b 3% 10 [ali:
DR L7z, Fl3T—VR=IVH A X% $_TAMB 12, HiF
t—FL A, T A}, sTLB % 256 MB |2
B LTFET L

Fig. 6 Elapsed time of the long execution stacked 11 kernels to

be classified by calculation algorithm in PHASE. This
calculation runs 10 times SUBMAT and ImMSD solvers
of SiC 12,544 atoms using 12,288 processes. All large
page size are set to 4 MB in the left figure, and heap
segment, data segment, the sTLB are set to 256 MB in
the right figure.

EREWZ®, TLB I AR SN, HZAMHE 0.005%LL
FELTHESIN TRV, T—IUR—VDEECEL
52 LT, HRIZS D EDRIET 57210 T  &FMERED
MELTWSZ &S0 5.

PHASE BT AMREDIZTS D E D E LT,

(1) FEERICTILIVILLEOBMEIRONBZ L
bz,

(2) FEFTEIZEICHZIXBMEL Hoz& &, RBHIBID
XENPELS LB ENDH B,

(3) HWHMICI—FBEZTOE, £ BE3FDX
BB BB ENH B,
HREODHENRHA SN/, TNHIETLB 2 A2 &L - T
HUEETH A, (1) 122V TIE, TLB I A3 7 KL A%
TEILZF Yy aIATHILO, V- THEERT—%
DWW EZ L ED, T—=FT 7 HANY — e BLHT
B LTI, MRERENED LW ENDH ), MEOEED
L SHHL. (2) 120V TE, EfTEIEIZT F L ABLE
MDD ETEHAETS TLB I A7, T sI L4kl
TTVr—2a YNTREL7-EMRITETH L. (3) 12
SWVTIE, I— FYZEICE-T, 7 FLARBEIZEILL,
BOEFTTO TLB I ADSE3E SNz ERTRETH 0,
FEE, PHASE |28 W CEAEFIHRE DO %2 ScaLAPACK
POROERT AT I VICESEZ /2T, o7 Hl
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DIXHTH 47514751 %179 DGEMM FHHEOERELK
MEIKT T 22 L0BZ L L THER I,

%3 TLB I AR 2 HREDIES D &1, IEFIEKIAK
FLUCHRESENET L7120, BHBPIKREVIETIEZDOE
BRREL b EEESNS., 12,288 7t AT, MSD
TR HEREIE S D & 1d 2.34% 123 L, 73,728 TH L A
DWTIE, 2% Y T L HIMETIES 5 5% 38.79% & K
L7z, SO BAMICHET 5 2 L3 TE 2w, 5
BT 52 LT, TLB I A5 I 5 HLH MRN8
KIBHEDPY TH L, TLB I ADVLHOGEET S 7Ot 2
PHBT AMEROMAKT LI LT, &k LT T
ADHERL, WHIEESET LT 25720 TH5.

PHASE 1, 4 OMHTICL Y, TLB I AW MRRICE 2
BEENRKENT T r— 3 v CThshEHMES N0,
(50 O—#TH 5B 73,728 7O+ A 944PF DY A5 LH
BT, 9=V RV A XEFELTAELELZ. 20
HEFE SiC OWRFEELAL &\ 9 20,440 TR TR DO FEREIZHT L
T, FATRERDS, 14.53% 55 21.67%, FExhrEREE LTIk
1.37PF 705 2.05PF ~ & # 1.5 e s B L7z, [5]
TN Y AT LTI ETER 20.18%, FEXNVERE 2.14 PF %%
W AHZENTE, 77V r—2a YOEEFICFFT IZ
I thBEY £ Gt LT, MRtk z2E5
ZENTE.

4. YA 7f& SIMD #EEIC LS TLB X X

ARETIX, SIMD JLE SN E A T 2RSS
a8 T O bR (DT, v A2 & SIMD Hfg &
IER) I2&oTHELISZTLB I AT T r—3av
PEREICE- 2 B BICOWCHRT 5.

/

4.1 NICAM TDMEEESI

NICAM  (Nohydrostatic ICosahedral Atomospheric
Model) &, [EZTHAAFFEH D FRKETVEHRMAL
o, BERENZLETLIRAKRMBERETVDO 1 DTH
% [11], [12], [13], [14]. #EkKP I 2L —% (ES) L TR
FEEINTELRRICLY, ESBHEOXRT b7 at v i
BOWTEERBPHONL LT —T 1 7 E3NTWAE.
—JT, BART =77 F ¥ TORMBITOBIEER
BhHY, K=V ) TADOHE T T ) r—2arThsb.
K77V r—2arOEMYEBREOFE 179 XH
THHNSW6 D7 7)) r—3 3 MEEEHIE L 72k 75,
M7 CThsb. AOEFETIED LD, WILBREOFE 21T
) 72DIZER B/F MBI/ S ) Rl bz e s s 2 &
THEAEMEII LT 2l E. L2 LV —7 KT+
AR E V728D SIMD 7 12 & 2 b o A% L v & v
IR H S, CORBEVATLAE—NELZ—HFE—F
AL, eIy MEEEHREARSL L, 4V VFIVELT
KEDFHERERNE 4.18[s] IS LT, T8 ZI12 & Bl
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user
4.18][s]

sys: BHO—F¥+v
waT7IEAFEL
70.45(s]

sys: T DAt £ RITHM
100.13[s] 227.27s

sys: MRITVFHD
52.51[s]

7 NICAM DX NSW6 1Z51F % #EE R H NER
Fig. 7 Elapsed time distribution of kernel NSW6 in NICAM.

1LBkBETH B~ A 74) & SIMD HeREZ BRICT A2 LT
227.27 [s] N EMERRIKT 23R S N7z, #RB IR o0 K771
AT LDOWIRIZELICEEBTH Y, GHhTHERa—F
FrvaT v AFL, @EF 7y FREbEWVST N
L AFHEASREIN T 2 BRI AY 60% R FE & D T b Z & 340
Mb. FoZ0lEDTLB 2 AKIT1.37%TH bV, MhE
BTFOB%E 5 0.006%% KIEICER > Twiz, 256102,
ZOTLB I AFE, 7—IR=VI A AOFLIZL L
ETEX ol

4.2 NICAM (Z&1}5 TLB X XORERFRIE

AREITIE, 4180 TLB I AKHKZ & 3% ) MR T
HHNZOWTC, ZORENEHEmT A, 77V 75— 3 VR
XY AT LS LT L TITb A 720, BASIIIH
BEREIZ DWW T OFMBIALEIC % A . NICAM 1281 5 Mk
KFIE, T4 T ECHHBICERETORKEICRKNT S &
AT SNz, ZOREL, IF ol CHENLT—F DA
FTIWZR LT, A 2747 & SIMD HfeZ AT 5D TH
L. ZOBRBEIE, N7 ML Y L IIBWT, V=T DR
MUWEEZM LS L7700, H{hbHvwsTE2FE
ThHb. IF LOBEBEIZL 5T, ZOMEIEDLL I LN
MOENDLD, HEAT Y a—0r IPEEENL 0, %
KOG, V—THREO L RAE NS [6], [17). ET
TV = a TR ERT A2 LT, LTDEMAT,
BRER T2 EL ) A 2 o,

(1) RAN—TAHATREELDIERGNEEHXET S IF
NPFET B.

(2) IF XA ALLOCATABLE F25IIC & V) 5815 % #E{R
T5.

(3) ALLOCATABLE B35 IF XA TEHRES N 5.
(4) W=TRKF 1 HREL.

(5) IW—TRF 1 ICEEDIF XHFET 3.

© 2013 Information Processing Society of Japan

!flg = false

if (flg) then
allocate (a(100))

endif

do i=1,n
if (flg) then
a(i)=2

endif

enddo

8 ~AZfFE SIMD BEEICE D, TLB I AHFEET 52— Nl
Fig. 8 Code sample of TLB miss by SIMD mask.

Z 7 R U RZ5H
| std f r,s data mask a | T—7)
[
‘lTLB Iz
_— 7R L AL
IR VAN
IR

R
| €e————
— PProaamties mueTEmEy50)
I TLBIZHEM L 722\
2068 B UM b EETLBI A E0ST I = L—¥ 3 VT L BHERES LA R A.
K9 ~AZff& SIMD BREICL 57— % X b 7 OB, PBE £
EY) RICED B THNT MASK 25 off & X212 TLB I A28
HHET S
Fig. 9 The data store by SIMD mask. TLB miss occurs when

it is not allocated to the physical memory for the mask
off.

HrIva— Pz 8 IR Y. FHRKIE, WEXE) R
allocate STV WELHIIZDWT, SIMD 5k & 724
BT Em I L VIBE SN N TP HO0 567,
TILB I AL dBI I —F VT Ial—3a VHSEL
TelcokagrEns: (M9). V—FR T4 HhINInE X
i, V=7 RIS & AR EAT b, NICAM THRS
MRS N IEAE LR, LA LLV—FRFT R EW
L& fOEBITE, DF DIRAT2Y [ — THHER S
N5, INnEbEET 2720 if BEIIITDNT, YAZfFE
SIMD #%REIZ & B i b DB SEE LT 5. Z ORI
T, EELEZVWT FLAICKW LTA M T2 AL &I
I VAETDTLB I ATH L7720, V—THNTHRELTI
HBEL, 9—IVR=—VHY A X%y b a—)LTEILTOR
FRIATRETH L., $T7 7V r—a v ERERT &
HBWDIZ0S T al—Ya vy REFENE T —ADH
DETAMI%RD I 2, FATRICHO THAENLT 5729,
T A VIR BR BT RED I 5 2 L3 L v,

NICAM TR ONMREETIE, 77 75— a3 s
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A=T4 Y7L o TRHE S 28, VAT LATHEINT
WALRRREERM ) 2 LT, T A Z LA RETH L. E
1%, YA ZMIRIZ X B allocate STV ARWEFIAND T —
YANT Tz, 7TV r—alloxdife LT

allocate % IF LOHR T L 2w & v ) BRI Z 2 S
. oL, AEVHEHEOMETLER/NNRICES % i
D L) EEEPL ZOFEZRHLTWAEAEIR, ¥
AT LMTRES N TS ERELZM ) HFE RIS,
CORBE L L, T SAOVERS, BUEFTAEREIR T 2 5]
SEZFTRMEICOVT, HRE LTHTLHETH 5.
CONEHRE S LT, FAEAT, b L IIEFS WAL
BACPEREAC T ASHNE S A R & S BT Ak, ZFDfH
Hr® & allocate 179 IF XEHIBR L 720, #rBlicfeft s
NIARRT 2 S AT, #igED~ A 7 ff & SIMD FRE
ZRPTICERE L 720 T 5% EOMESIHETH 5.

4.3 PHASE #Bu /=<7 X 71t % SIMD #8ED ¥

33 Cakam L7277V 7 — < a » PHASE I&, 17551
#, FFT, *fafbi &SR M2 4T . KRR RO
BT, AEVHIREEBE LT, MBEXEI & ICEHES
PR E DA 7EBH % Z DD SRR 2 TTEAH S iTwn
b, 207w, v A7fEE SIMD BEEIC & B PRI T A5
HLRedTWwW7 7 r—varbwnwz s,

B, AT AR BB THAND 3 28 T ORRE % F
LT, T 5L 143 774V 20 HATIZED T~ FD
S, 163 HETOLEFT SR DO o7z, BREIlE 21T -
2l Zh, ERIET VY Y IVOITHIEEICET B
HFBEDOKE VL —7 1 KBIZBWTOR, FEITRERA
2.94 [s] BN L 72 @Ar S oA 0, TLB I AFE2%0.0001%
— 0.1163% & EH L Twz. Lo L, Z0fokKERsoX
BIZDWTIE, gL TLB I AROBEZ K EERIER S
NGahoiz, 428D 5 L% T_THTIV— 7%
MolzbDlHEREINL, &R TSH TLB I 253 0.0004%
— 0.0008% &ML TH Y, FEITHRHA625.0[s] D& 5
37[s| R TW72ds, ZOWIMOE G 0.59% L &, A
R 7ICHT B~ A 744 & SIMD #E &b & & L 13T
FESEOMRERHTVE EWVZ 5,

5. ¥&®

A0 [52] TOMEEZRAWCTTLB I ADT7 FY r— 3
MRS 2 A EBIIOWCHER L. TS r— s
YRR, BRARIERTET A, 4EZ0HhTYH TLB
I AL AR T O R, 2 L CHBBESR (2D W Tk
L7, TLB 2 2, A9 v v oo eTcohizikIbd
DEZF)THRVHDIZHHTE, HEIE, MlEREKTELT
WEENBEZTTHRL, B=FA NSV A, YIal—
YavATy 7Tl EFETEOMREIESDE E LT
EENDLZENL W, 72 TLB I X7 FL AFHROZE
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WCTHEST D720, 77— OEEEEE) BT DA o HET
TN =2 a YOV TEDORKZEE, kT 5013
HLWwEWnz b,

4+, FrontFlow/blue, PHASE TH LN/ MEREDIES
DEWE, TV R=IVHPAXx T P U—LTHI LT,
TRTHHNIT 52 I L, TSP ORRED
FHMEL B © NICAM TR SN 7-HREETICOWTIE, 77
Jr—3a YOMYETELREMNEFAMLE LTRSS
7o, 77V —va vEBEYR- T ADIC, HGE
AT LN T 4 = RNy 7§ BT ET, RRET RS
D) LEFTEHBTHANS E W) a8 T OEEEDSHE
EN7z. 4380 PHASE TOEHBIZR AL, 77
r—3 3 T, NICAM IE SR IC R TR SN
LA VERESNGDS, HRETOWREEICOWT
DHEIES N2 L IZERDID 5.

[50] TIZOS DR TH LT —IVR=VHF A X% ED
Ty ba— LT 52 8T, WREANDEE L 24 IH
B ENMREE 2D, FHICE O 2HERITONWT
b, 77— ay, VAT AUTORRSEA R &
N7z, Ihold, "—FREVATLAY TN, ZLTTTY)
F—=2aBAREWH N L TR LETZEIZERZLD 5.

LPLIDT—IR=VIZEBHRPED, 22— Al
THEZ: A BV JEEDSHEE SN A BEDTHY), —E—HTH
B, A, TV AT — VDA —IN—T V¥ 12— ¥ ESRIC
FFC, L) XEYH A XAHAL, BHELE L 512
P, K DBEFE LT A L FHENLMETH L -0, VA
FLVTNRT ) =g yHFETCHGR LT E AR
AN R L TRHREOHGIZ T4 — NNy 78452 LT,
)RR EE - BRI OV TnW S 2T 5.

BE OAWMBICEL, VATLAY T MY 2 THEEDT
BT IREm NS, HARERIK, BlUE—KE2 IO
LT EREGRRASHRMA T 7= VT Ea—T 1 ¥
TRSARTBOERE, 7 & N HALFF S st R i e i
R AR M O FE IS, B se et B R e 12
WEEL T [5) OMEHZEICEDL N TV A ERK, ik
THEREIG, BRI ZIZ U0 &4 55 kst SE
BREICES L ES. oA NX—ara—% [5]| o
BElf) Loz, 77— a Y EAHISETWZZn
7z, FrontFlow/blue, PHASE, NICAM D BAF#E 12 I&H L
9. ARORRE, BALSAIFeRTat SR et 5 R
HyhrA—I8—arYa—% [5] ORBAHICELLD
T,
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