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« ERMRE(EELTEE/NIRER)
— FLOP: (number of) Floating point Operations
ZTONEDRDFHNARERR
ex) for(i=0; i<100; i++) a[i] = b[i] * ¢ + d[i];
= 200FLOP
— FLOPS: Floating point Operations Per Second
1S -Y0RE/ N RETLEERE
ex) L DREEZ2uF TUIEL-15FE = 100 MFLOPS
- B{FERE
— B/s (Byte/sec):
1REEYISRENETEST—4E
ex) Infiniband EDRMD ¥ imE—21£8E=12.5 GB/s
bps (bit per second) TERREINDIEELHD
AT LIZES T b3 LE 1Byte=8bit TR ENHID TIE
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» parallel processing v.s. concurrent processing
— o (EFE) Shi-t DZEI BT LRIFFEITITHIE
=concurrent processing(ifi {TALIE)
— B fEE IR ERFEIT
=parallel processing(if: 51| L)

« WAHMEIZHESND)V—R

— CPU, memory, disk, networkZ ., H 50 551E) Y —XMN A F{E(Z
BELFD

— %fj{jzi)CPUl:ﬁﬁU(:%ﬂUé’u’CB*L%MIE%&’&DJ?&Fjﬁﬁl17°l:l-lzxj
==

=1,




SAEd HE- R LUk S

o HEIZAL—LavFORERMHE. KEOT—XUNEHF(ZH T,
RREREOL KERIFAELIZEE-TLS
- MIEREFERL-FOLEZ(XZ<LDEEON)DEMTILFELL
— SXTHRARGTE (RERTHEF)
RN IRTENSICHEIL THIES I 2L —2a0F BE. 3SRTREDE
B E2(XO(N3),
— {THIETE GEIL— R AFE)
BEEZCHER) CRIBITIENTEHOEIL - RAREXEEDAEEL
O(N3),
- ZKEE(FEYMEDENGTESE)
NADE SRIDEHIZBEERORU-YHEIZLE-0. STEE(E
O(N2),
o FHEHOEREET —ABEIILKERELTHIRERBTF S 12 EIEALY
S KRBT EQNIE (XL (EAOMH AL UIZ XY I =780
« RBEHE. KBE=T—43. XBE=BEFOEXKIZHL.GTE)Y—X
ZEY I yE T L, SRS NIBE TR M A AIZEE-TLY
%




CCS HPC Seminar 2023

SHENE T ARBORE &

</

« FEAROEEEIF1.55TH2
A
=>L—TF DikH|

« FHLICEDI SR AF DI

Moore's Law

10,000,000,000 —

)i féi?iZSé'I‘iﬁEl:Eﬂﬁ'&'G%hl X T — ,
[0ty YDHeElF1.554T —— ‘
F2METE B | ERABZLOND, A e
* E. . Intelj - t\J-Ij-O) I\sf/t) 2 . 100,000,000 — Number of transistors doubling every 24 months. : tanium 2
AZH DBV oy A
o }:EIJ%OD,@.%0)1$U:IB[3[£: »‘;é 10,000,000 — Ok ’.“‘_»pe t.mlopomiumlll
*L' 1¢j g g P W ””, .;“ Pentium
+ LAL.ChETTRIBHTS s
'fiﬁ%ﬁi%*(:ﬁﬁﬁf%ﬁb\ 100,000 — ",-"”’."'2;6
(L—7 DEBRSTO4y e
S EARDMRER EHIRRIIE s B
D LNTOY é ) 2,300 — w{,;:;os.m
= (i) A1k | l | .

Year



TOPS500 List (Jun. 2023)
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TOP500 list on Jun. 2023

Rmax
# Machine Architecture Count TFLOPS Rpeak (TFLOPS GFLOPS/W
: MPP (AMD EPYC, AMD
Frontier, ORNL MI250X GPU) USA 1,194,000 1,679,820 52.59
2 Fugaku, R-CCS MPP (Fujitsu, A64FX) Japan 442 010 537,212 14.78
MPP (AMD EPYC, AMD _.
3 LUMI, EuroHPC MI250X GPU) Finland 309,100 428,700 51.38
Leonard,
4 EuroHPC Cluster (Atos, NV H100) Italy 238,700 304,470 32.24
5 Summit, ORNL Cluster (IBM, NV V100) USA 148,600 200,795 14.72
6 Sierra, LLNL Cluster (IBM, NV V100) USA 94,640 125,712 12.72
7 ELEng MPP (Sunway, SW26010) China 93,015 125,436 6.051
NSCW
Perimutter, MPP (AMD EPYC,
8 NERSC NVIDIAA100 GPU) USA 70,870 93,750 27.37
Cluster (AMD, NVIDIA
9 Selene A100 GPU) USA 63,460 79,215 23.98
Tianhe-2A, Cluster (NUDT, Xeon, .
10 NSCG Matrix2000) China 61,445 100,679 3.325
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» MREDMFMEIZITERR IV ONHS

=1,

— 1 DDEEEHZE
(151) domain decomposition : R @EZZ BRI TOY R 1+, FEDAL
BEHHTOELRET S

— 1DODOUEZFHF

(f51) parameter search: FIL 7O S LEZZHD BEDHZAN/INTA—
ATEFTLTHEEEZRDI=2129rDNTA—EF1DDTOEART
T TNEEE-iETH570EREES
o MHEFEDNALA

— EP (embarrassingly parallel) : 3 51| 1t A B BA%Z: %, (parameter
search¥) | it 5I| JLIE B IR D IR EAMREESN TLNS

— data parallel : LI R DT —2% 5 Zl (domain decompositionZ)

— pipeline: ANIEEDHF DRI IR EEZHHI)Y—RIZEIYET

- rjréasjtljr_;worker:MEE¢&37°D—IZZO)7°—)LE?E§Q®U—ﬁ—l:lllﬁ
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EP 5

« EUTAIA-ZaAL— 3y
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— Bl1ABGEZRBWNV-TOEE
NED(x, y)*F 0<x<L0<y<)&ET X LIER L,

4P < il sk CE 5 b \%c;ﬁcim:‘ﬁ«x o
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 domain decomposition

) : it Bl A B
- R BLHEASSTHLTHY. i
NZEHGETHEIL, MWH N 7

- EPHIGIEIZIE S5 EEHHD. — —
AREIZBE R RFETRILHD
interaction L E(ZHBZEEMNZ N

— 151 - _
for(t=0; t < T; t++){ R

for(i=1; i < N-1; i++)
ali] = b[i-1] - 2*b[i] + b[i+1];
for(i=0; i < N; i++)

b[i] = ali];
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domain decomposition (#=)

¢ |
b[5] b[6] ib[7] b[8] b[9]

LXK X

a[|5] a[6] :a[7] al8] a[9|]

iEFNEBEGDOYNE

for(t=0; t < T; t++){
for(i=1; i < N-1; i++)
ali] = b[i-1] - 2*b[i] + b[i+1]; // BEFHRICEEHY
for(i=0; i < N; i++)
bli] = alil; /] BFEFITEELGL
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s —EDUENRNEXTEHLEHZE. FAT—UDONEIZY
V—RZEIYE T, £AF=I5HZ0HE

o RUMILAIED B
for(i=0; i < N; i++){
ali]=b[i] * c[i] + s * d[i];

}
/
cli]zEifx
5 70 53A P \ ,
b[i]% &5 / d[i|% & i ™~

SR IAF e IA P s(RHF5—)
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master/worker®! iifi 1) AL IE @

e 1D@Mmaster7OtREEZ Dworker7 At XM HY . masterMZ D
TR IEB DI T—)L 1% HD (A H>>worker$))

« masterlZT—ILOLUETREMBEFRYEL. EworkerlZ1DT D5
A5

o workerlZEZonN-NIEBEITL T LR Zmaster[ZiIRL ., XD
MIBAE|YLBTTESD

master:: worker::

// give a job to each worker while(1){

while(1){ // receive a job from master
// receive worker’s result // process the job
// give a job to the worker // send the result to master

} }

14
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master/worker ($52)

\

s BICHEVEOESHARLGY., EWMO/BMNHELWMGEICHER
« JUEBIEKRKHICEPTHIDLENHD

jobEIYHT~

job pool (EP)
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b BIALIE (= 5514 358 (5 & R4 S

LMFNTOLRIIARONDERETFEWVNCESL., FHREXBRITIHLELD
)
BRMIBTIIERELEDLZNVLIEAENSNDS
{51) domain decompositionDHI THDIERE DT —2S R
E{E(communication) 5| ER T HEEERE~NDEE
— BIEFOHEDIIHISIEKREFFHE:
BERNMBCIXFEELEN oA —/INYRZ5|EFE T
— #FbEbHt (FEH#A:synchronization) [Z&k>TELANIEBEDEH:
B9 (load imbalance) [C&->THL S, EERLGFHERM., 701X
AONENOTOELIANGDT—2F5E TEL
NEBEREAF|IBZEITHI=OIZIE, BIEEREADA —/N\~NYEZR/IME
[CBWEDHDBELHD
(3f 51| AL ERSh F= D B ST TR k)
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LA IZHITHEFEDREARE @

o MiFWET —FTIOF v DFHRIXIIKTTF
~ SPATVET—FTHOF v
ETOERFEWVCHRMICT—2EXRB(EZE)ILED
=message passing (send, receive, ...)
- HFARVET—FTIFv:
ZTOVRIEHEETEIAER)IADT—EADHZAEETEIELED
=shared memory access (write read, ...)
« BIENIXRK
— message passing DIGZHF. BENTRILINRIVENI—I LETEDLIGHE
WA EE
>EETEE I (WEMIZEER IC W70y IR 0EE) (HEaIXE,
N OVATLERDBEERIZCEZ DA /XTRDPSLY
— shared memory accessD iz . BIENTRIL EAE DYPERIGALE (0
FTLLETOAE)NT Oy YN FRREICHHEFIROGEN) NEE
- WFThDBFEL. EBIZHAHA/N—FIOT7DHEEEIZEGEIND

=1
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A HMED B ILEE., BBERIEAT) &TA4RY) . FBEFHRLTEZM,
RUAREMNGDIEEER L
A5 BT o-HER . SRR EELEFRNEREINSGZENEAFS
na. .. H.
EREDEENB1IFE ENSIEWNIENLIELIEEDS
BRICORT LRIE(TOEySE) OB RHSHEREIZH U ONEWNGE N
RELMEREELED
=il 5| AL D scalability (F55E 1)
A A LRI RS MHEEM LZIELSRIE T AR ) I E
ifi 51| B (degree of parallelism) 0 i€ &
— MEOF OHMFHE: MEQFICH G NIEBAEEI S N ENLSWLH S0 (i
H1% &40 50
—~ ;/Z-T'Ad)?#ofﬁzﬁllfi:’/ZF‘A@%?U'J‘/—Z%&(-ﬁ%ﬂ‘](:(ij’lﬂt‘y"ﬂ'
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WHWIES R T LOUREEE) (&

=1,

— /

. EER LR
— 170y TEITLEBORRET1ET S,
— p7 0ty TEITLE-BEOBREIZET(p)ET 5.

— S(p)=T1/T(p)
S(p)E70tyyEa#pE DEE R LE3E LS, s(p) ML LTHNITER
EMEMN>f-C&I2hB,

— BREMIZIEs(p)=p, (pEBDTOtyHHFERALI-HE. pEORENFOLN

=)
s(p)=pHHEHE
= linear speed-up NTHT 7 (EeEAEEREM)
pDI&MIZHE L saturation
s(p) T3 (ZLDIFA)

JOotySEH#p

20



CCS HPC Seminar 2023

ESILES R T LOMEEE(2) (&

o F{EFNER
— REMLEEsp)IplTkFTHDTHEEELLTAHE
— Is(p)=pMNEBEER | EWLSZEITEBL, BERICIEENNENSOLERTSE
F=hEIHEIELTEZD

- e(p)=s(p)p \
e(p)lEpl2F 5T 1EWEEEBBHGEEIX1LUT)

=1

e(p)=1H"E%E
= linear speed-up

1
—\ “hTh+4

(GhEMETLELY)

e(p)

p D& MIZHEL vsaturation
9 5(ZLDIHFE)

JOotySEH#p
21
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ldeal speed-up vs Super-linear @

« RERLEHA—TIZEIT
— #%:100%NZEDEBHER
(ideal speed-up)
— F #8#2 M L (linear speed-up)
- BBEZICKRMLRYILHD  s(p)
maE (—HkR)
— TR EBERTZ (super linear)

« 75 super linear hAf2E5H ?

« HARpI(ZidealEt-ILlinearTH A F|ALIEIZFHLNT

e JOBYHEH p N EZITEHENELET

« EHROBBEYAXN—FLELETOEYHDEY Y THEEYTAXAN
INELN=8

o FIZTHxwylahFNTW 2T —2hF vyl ol Fz5)TatyY
HA-UDMHREMN KIEIZR £

« FHEMI1TOEYHDEEFRELTEHEp ELULLEDHEREICLS
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7 LA —)L R &3t I AL 3h 5= @

o FLH—)LDEAR
— TEHRIFNEZERTHIELDERDEHNMETRELIDTIFLEL, —
EDIENEEP I E->TEEINS |
o WMHMIB[ZEIFTHT LA —ILDEE
— BXRNBIZEITHETEBTIAN LS NI gEER o ToL Al 51| LB AR ] gEE
7 (BRI IBDHA]EE) TS HERTE
I =T +1
— TpERR DT, pED 70wy TEHENGILIENTESET HE. pT
Oty S AR DOEITRE T(p) &
I'(p)=T,+T,/p
— 7Oty EHpEEEXIZTSHE
T(p)=T,

— COO
e(p)=s(p)/p= /T, +T,/p)/ p=T,+T)/(T,*p+T,)=0

p—)OO

T, Ty Y AMpELDBAL TS, TsHAEET HRY L FILE
P DIERIE L HIZ0I= > TLES ”
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ScalableZi RS gE

R, EALGRIREIZB T TsIIFEL. EFHEIZEH 1+ Sscalabilityl Z(F
[RRNHD

[RFRIEAE 5 | TRB A 5] | (B MR ?

STsHNEMATELCHWTpD RELMBEEEE T ILLLY
=scalable(¥5R1ED & %) &

KIABRE ZHMEFTE D Z<{hiscalable’s 8

=1L, TsHAEEREE =X AT LRE()ZIGCTERLEWNESE
BEABE

EREFT. FNAVRTLEEIZE L TscaleLTWLWAMNESIHIEF B iR
HB=HDFHLLAR) I NBHE

= 3fr 51| AL I D $iI FE (granularity)
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Scalability: Strong vs Weak =

"/

o WHRTLDIREZRECTLE. ARBEDH A XEES
EZBDOM?
- 2KOBEY A XEEHLLT . VRATLOMFIEZ LTS
> {70ty HIZEYEToNSRERE XSG S
=> BEFOA—/INYFIIEXFHIZKELLSD
= Strong Scaling
- TRty EYORBEEREIELLT . AT LDOISIEEZ LTS
> EEROBEY A IANTOEy S ERITIECTEHILT) XELGESH
> BIEFOA—/I\NYRIEERBIZURIZT)—F
= Weak Scaling
» strong scaling I weak scaling [ZEEREMZELLY
— strong scaling = — € RIREZ L\ TR AELH (time-to-solution)
— weak scaling = —EFE TN KBRRLZREZf#E<H (scalable)
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fi 51| AL 0D $i1 FE (granularity) =S

"/

AN ETIESHERERILEEFELREADA —/\NYEF
— BERWB(ZIIEN =R LEHRINFEAE
- RBICKYEELRELLTUOEWNMFEERRINARE
—EFE. BELRIAVRELGWVVRRITERLEZITO TSN LEE
i CTdHd
SCDERINARVNZIELIETRENAF LY
B 1E - R EAZ {F 4078 UL IR IR 53 D #8 B 4
— ZOEHaNEVL=THIEAFEL I(coarse grain)
— ZOERHEWN=STHIEL DL I (fine grain)
— I, BMEREZEEDFEFFEFRATLOMSNEZ LIFSHL, 5|0
DRLEMNHMNTED
= strong scaling AL LV KD EH
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S

domain decompositionD 45|

b[5] | b[6] b[7] 1b[8] b[9]

mmmamen | [

a[5] | al6] a[7] 1a[8] a[9]

. FTORRIF2ESDELRLZNE
. BETORRIZHL2EDDTF—2%5EY . 289D T—2% 215

%Hi*ﬁfs'fjtﬁll;&.;.g N4 E

. BTOER(E1ASDERELE
« BEJORRIZHL2EDDT—3%EY 280 DT—3%Z(TH5
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LS NEEREEER T HAERA @

AT LA EE LTG5S, ZRICIGC THRBREEZ KE<T IS
E%xTIT9(2EL (weak scaling)

FE DM ZIEHEANGELDLED T, 7TV r—avIicB v Ting
FTAOREZHITTHIRE

> Z (XBIE DRIRIZET R EE L A AL F

VAT LMAEZFZEITHIEE. BICHHLEERAERL. )Y —RD
AVFAITSEEZILSSENEFRTLL

HEERR LAY DHRERELERNBELREFIDA—/ Ny, 0
L0 QMBI

TV r—ar BRAARENICHAE THLOAREELH DL . Chid
FILOAYXLOEIE, 7T S35 DT REFTRIGLAZFAILESLE
PEZ E(TH5=0IZ, EREELGIBENI—VHARELTLEILOKU
SEIEENDE

>V AT LOREE -REAMREBAENEHO>TLES
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B/ NS R LM FNIET) EE @

» BENAIVRBUHTOLRRIZEZONLNEDE (L —
THAHAZEMNEFLLY
B —FRPZWMAHBEITRML VI EGELZTORANEL
HEMEMNEIET S

C WEBT RIS BRI T2 BHITIE, BANICE
FINTGURIEIBEDIBIZRE=END

« BRIN\TVABENELSHIGESE
— ¥ &L domainlZxt 35
- ?gfmeter search(ZH UV TE < DALIE £ Hiparameter| 2K FT S
- BREZEEN—HTE TRRITRRIFNFET H5E

(5 : B HALR S S 44 TR L Vil RE)

29



CCS HPC Seminar 2023

ST /I\TUATEELI-FE 73| <

=/

« domain decompositionTl. BEZERZF A FHLHE
(ESZ1D2OTAERICEHALAHS) THIEMNIELE

- MBEZEZRBMNARBELGIES. COAHTIEAR/NTV AN AR
NHZENHD

- BIBEZEBOBIKFEMRL, HHTOABODUNIESEHHE
[CHBEOINENEERT HEIME
>T-ELBENEETLEHGAZENHLINDTEIE !
SIHIZAMER ENMETITSRIEMHH S
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B &4 : cut-off{t=MD

MD (Molecular Dynamics ) 0 45

— nRILZERLEICPEORFALHY . HFREH
DHEBEERAEZLIaL—30T 5

— J—O D EHEEEeMERTIvIL
Tl BEEICINC TR H /N 570 T
DNV HPRREF)FFEDI-H. HDOEE
I BRI EE [ Ccut-of EEMNTFEET S

[ €232 ]Dinteraction TIEZELV=8
BIEQARMEHIB T HT=-6HIZT—423 1
GE{E) EiE ZFcut-of FERN DAL F (%
FoJotyH)IZBREL-LY

— ZEfZdomain decompositionL . 7O+ X

[ZE|Y L TOHNTI=2 92/ (cell) RDFIF
U RET D

scellY A4 X Zxcut-off FFELLEIZTNIL. [E
HEcelZZ T >TO0EREDHBEETNIE
&Ly (cell mapping method)
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S

cut-off- 1%

EH T HRF
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cut-off{stEMD (F =) @

« FIFIXMORFEDNDHEBEERIZKYR HEAED
RIEHKICEETLHDT,. ARID K54 ECcell 820 \cell
[CEESHTIEESEL B D ‘

. cellEfTiiHNTOERIZTIEL T TBREE °
NSO RADEEND e | *

« BRN\SURERDICE. TORRARADMF * [*. o .

M (cel A TITGZEO TR R —ZTHE .
7b§%é ° o .....

. Ak A R PO
— 1) FIFH/cellDFEEIZIGL, 7AERIZEY Y

Thcel#z—ERREICHRAZET S HEERED
— 2) cell M TOERHMKIYEMNZZINMES. L cell

cellZblock CFOERIZTYTHE T, cyclicl=

IvIT B

— 3)cellvyEV T 5O N FHATHDEEZ

/—~

172
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ut-off{t=MD (fiz=) (@}

73iE1)

celltTOERDENETEEEI DICIIKREDT —FEHEICHRELLET
NILTEBEL, Tz, cellED@IE (X BT D LIRSV GEER K)o
77i%2)

cyclica B[ KYLLBRI BRI A BN B ZIZTE S, 1=1=L. Bitzcell Btz
TRERIZTYTEINGLG5=86 . BIEERARLLGS,

77i%3)

celiZZIETAH- . BEHFIOLRNECIZLNENE, BEET—T /L
(FFETOERDOERERE)BIE(CK>TRO ., M OBERERHILRELGS,

=RTE I EIEEL

BN RFOEFYSZI. RTUoIvILOMES) [TIRTFET 568,
— AR ER X0

WBin/r BRIFFENECTNDIGEE . BEIRMEBEICLTHLAR/ND
DRERDOMENHZ INELNALY
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o) @
« KRB EZRMEEICBTAEFINEBOEE Y

« A HIAIEDBMBIRG L F L, H L FiE

o WHWENZEDE
o PLA—)LDEE]

o ifi 51| ALIB D scalability & AL 3B K FE 0D B 1%
° ﬁﬁ &ﬁ:ﬁE’E

34



CCS HPC Seminar 2023
2 =H B
L7 h—bkEkzE (’S‘g,g

[1] M B DEBEREE FDIRIZDVTLUTOEMIZEA X,
HHNIEBHF1EDTOY Y TEITLI-FF. T1 [sec]TR T T 5, cOUIE
MEEMFMEATRE (BRI (LEIRTED) THAE., pEDTAEY YT
NDEITEERAD. cCONEBIFZEWILIIFRETH I, pEDTOtYH
T 5| F LR, Tcomm(p) [sec]l=ITDBIEFREE A A—/\NYRFELT
RETHETHREFHEIZpDEBTH D),

(a) CORIEEPE DT Ot yY TREFT RO NIREFE T(p), REM LK
s(p), HFtshZFEe(p)ZENENRATERE,

(b) Tcomm(p)B3pZLLBIL .. Tcomm(p)=ap?LREF=ET D, WHIERHZE
Z90% LA EIZERDIZIXK, aldE DK SGHETEITNIEGELEL D, T1EpE A
WTRE,

(c) EPLZREIREDIEZ S . (2)ICHT2alXEDLIITHGEE DM, Tf=. T1&aD
B fREI S| NEBERDERICOVDTEMEMICIRA K,
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LR—FRRE ($eE) @
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