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- Mobius Domain Wall Fermion
- Mobius operator on QUDA

- Performance
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MObIUS Domam WaII Fermlon - =

* Mobius Domain wall Fermion?

p . - ‘ " Shamir, M5=1.8, a;=1.0 —&—
- Extended version of domain wall fermion T T (f’;o —o— |
- Reduced residual mass even in the smaller size % éFi“=32 a=45 8-
. : Loty y
of 5t dimension £ oot b g e e
LS=24§+‘. . f
_ - 'Y
- Under the optimized values of b5, c5 coefficients, Lszwm
Ref ) arXiv:1206.5214, R. C. Brower et al, The Mébius Domain Wall 16.05 , ‘ ‘ ,
0 10000 20000 30000 40000 50000
Fermion Algorithm Number of Dirac applications

DE:) — b5Dwilson(M5) 4+ 1, D(_S) — C5Dwilson(M5) 1

»DPW (m Z%D(S’zbs +Z%D‘S’P+zbs L+ Z B D P gy

—mzle(_”Pst - meSDSLS’P_wl

Mobius DWF dirac equation

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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= PreCOndItlonlng MethOd 4D E-O PC data structure on memory

4D Even-Odd preconditioning

_ Wy 5th index
def:( Ms = —rsMe, ) Ofeven)

W4
F!';bM M5 th
oe 4D Even 5th index

1(odd)

% After some transformation
Sth index

5 : 0 2(even)
def — =5 _ 5th index
e ( 0 Ms— sz MM+ Mg MM ) 3(0dd)

# Ky =20b5(4— M)+ 1) | Poy =D 10+ Uam e —py + (1= 1)V, pda ]

2(cs(4— M) +1) f,sf = ]}3353—1,t +Progad g — MpProy00s 1,1 — MePré, 11080
Pr=(1+75)/2 Moyt = Py (bss,t +cs D)
Pp=(1—75)/2 M5=1+-:—i!7)5

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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8’

n PreCOndItlonlng MethOd 4D E-O PC data structure on memory

4D Even-Odd preconditioning 4D Odd

4D Even

4D Odd I Sth index
Mawf — ( M —rp MYy )

W even
kg MY M

4D 0dd I —
B T

1(odd)

% After some transformation

4D Odd I m
- e

qpdwf _ Oce 0 4D Odd
TN 0 My —r2MYa M MY
L

5th mdex

% Ky =2(0s(4— M) +1) lDw,y Z[ (14 7)Us— G-y + (1= %) U ag]
ko' =2(cs(4—M)+1)| p3,, = PR(SS_H + Ppdoi1e — msPrb, 08 1,1 — MmsPLo, 11840
Pr=(147;)/2 A 2;(55533& +esP°) —>
Pp=(1—75)/2 M5=1+%@5

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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= M; ' Operation (= MQEPR + MQEPL)

#% (Ls = 4 case)

1 0 0 —rxmy = 1 0 0 0\ '/ 14(—k)* (—r)3 (—k)? — KL f =
gl 100 k1000 0 1 0 0
20 k1 0 | 0 1 0 0 0 L 0
0 0 w 1 0 0 v 1 0 0 0 1

= A_l
My ' can be explicitly solved by using LU decomposition in serial or

Il
3

parallel way for the elements.

In CPS, we solve this inversion of matrix by sequential processing

vo—2rm fu3—(2r)*m sua—(2k)%>m su1
wo \ { vo \ { 1+(2r)*m ¢

wq _ M—l U1 2w + V1
= M5 p

w2 v2 25w, + vo

w3 v3 2KkwWo + v3

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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= M;' Operation (= M; Pr+ M; ; Pr)

#% (Ls = 4 case)
1 0

-1

Mis—

’

X =IO o
o O
O O X
O KX = O
xR =D D
— O O O

|
0 &
0 O

= A_l
My ' can be explicitly solved by using LU decomposition in serial or

Il
3

parallel way for the elements.

In CPS, we solve this inversion of matrix by sequential processing

vo—2rm fu3—(2r)*m sua—(2k)%>m su1
(w0 [w) | o \
Wy T =" ! > 2Krwp + v1
e 5, R

Ww2—— | V2 T 2Kkw + vo

w3/

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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Mobius Domain Wall Fermion
= M;' Operation (= M; Pr+ M; ; Pr)

#% (Ls = 4 case)

1 0 0 —rxmy = 1 0 0 0\ '/ 14(—k)* (—r)3 (—k)? — KL f =
yol_| 10 0 | &1 00 0 1 0 0
BTl 0 k10 “ 10 &k 10 0 0 1 0
0 0 & 1 0 0 s 1 0 0 0 1
= A_l — é_l
M ' can be explicitly solved by using LU decomposition in serial or
parallel way for the elements.
In QUDA, we uses explicit matrix inversion for parallel processing
For general size of Ls,
( 1 —(—r)l* " tmy —(—r)L2my —(—x)Pm, ... \
1 . B 1 —(—n)LS_lmf —(—K)L8_2mf
Mgk = —| w2 — 1 ~(R)P
R L (—x)? (—k)? —K 1

_ oy

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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FLOPS vs BandW|dth i
* Floating point operations and Data access
Ex) pavzvy = Z[(l + V.M) Oz gy (L= 7)) Uz 6 ]
7}
4x6 [yx] +8x4x6[xx+tw] + 8 x 18 [U,(x)] = 360 : 1440 bytes(32bit)
Arithmetic intensity : 1320 floating point calculations per site
Wilson dirac operation - FLOPS/Bandwidth = 0.92
FLOPS/Bandwidth(@C2050, SP) = 8.7
— Highly bounded by memory accessing speed~!
X In other type of fermions(Staggered, wilson, TM,...), Dirac operation is
still severely bounded in data accessing, not in the arithmetic operation
FLOPS/site Bytes/site
Dapre = bs6s ¢ +csP° 168 + 48/Ls 384 (3 Read, 1 Write)
Ms xpay = Ms — x*(Temp vector) 192 - 144/Ls 480 (4 Read, 1 Write)
M5, 1n0 3Ls+ 141 192 (1 Read, 1 Write)

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013



CPS lerary l l?;z:zjjlncl:sgggceﬁays.::c;lumbl:;l edu/cps html s 6/"’13
= CPS: Columbia PhySICS System o e olaborateCby SARQ
=  Mainly developed by CU, BNL, UK QCD group T AL CRAT R
= Package for lattice QCD application ‘i;’E?,hl{wj)ﬁjt{i{xff{s'TY
=  Support various lattice actions UKM

- Domain-wall, Staggered, Wilson, Twisted mass,... e f

Official Web page

QU DA ‘ http://lattice.github.com/quda/
= Library for lattice QCD based on CUDA environment
=  Provides highly optimized CG and BiCGstab inverters on Nvidia GPUs
=  Optimized solvers for following fermion actions

— Wilson, Wilson-clover, Twisted mass, Staggered, DWF (new! mobius DWF),...

Supported by r%/_\, ;)f * ]

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013



Sy, PR By N0 S T LN\ \ e o L T Ny
o NS s TN ' St B AL ety
~ ) P S 3 N . - AL % ol g L
J o 1 L Rt N 348 “‘ 0\ . 5
> " o . \
= v

ImplementatlononQUDA R e g

* Mat operation in DWF
void DiracDomainWallPC:M(&out, &in)

s {
666 N i *//10 read write
( ; _&Qﬂ)dw f s ) ©  DslashX(*tmpL, in, ODD_PARITY...): //10 read| 1 wiite
oe DslashXpay(out, *tmp1, EVEN_PARITY, in,...);//11R,1W

} // 23 vector + 4 gauge data accessing I/O
// 2880 + 96/Ls (FLOPS/site)

= Mat operation in Mobius DWF

void DiracMobiusDomainWallPC::M(&out, &in)
{ ..
Dslashdpre(*tmp1, in, ODD_PARITY);//3R, 1w
M&wF — Dslash4(out, *tmp1, EVEN_PARITY); //8R, 1w
5. 0 Dslash5inv(*tmp1, out, ODD_PARITY);//1R, 1W
( 0 My — k2MVa MM Ws ) D Dslash4pre(out, *tmpl, EVEN PARITY);’/:F 1W
Dslash4(*tmp1, out, ODD_PARITY);//aR, 1!
Dslash5Xpay(out, in, EVEN_PARITY, *tmpl ) //4R, 1W
} // 33 vector + 4 gauge data accessing I/O
// 3192 + 3Ls + 141 + 144/Ls

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013



e RN g\ o . S
R L g F e S3N 9. METINCORREEY o St (AR ANTS iiy [ \Te RaX 3 s =
Performance(1) . *
) . . \, et 8 P o A
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For 24x24x24x64x8 lattice on 4 C2050 GPUs

1. Dslash4 operation ( Y, =Y (1 +%)UL . 00—y + (1 = %) Us w00t py] )

- Theoretical Peak !

Computation time : 1320 x half Vol / 1TFOPS = 1.2 ms
Data Access : (9 x24 + 2 x 8 x 4) x 4 x half Vol/ 115GB/sec = 8.6 ms

- Experimental result Measured time : 8.6 ms

ms is needed Data Access 8.6 ms

Computing & Data access overlapped

8,8’

2. DApre operation (P75 = bsds s + e5(Prds14 + Prdsyre — mgPrO00: 1,1 — MpPros 1, 10:0))

- Theoretical Peak

Computation time : (171 x half Vol / 1TFOPS = 0.16 ms
Data Access : (4 x 24) x 4 x half Vol/ 115GB/sec = 3.0 ms

- Experimental result Measured time : 3.0 ms

ms iS needed Data Access 3.0 ms

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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For 24x24x24x64x8 lattice on 4 C2050 GPUs

3. Dslash5inv operation ( 3,

- Theoretical Peak

= (Prls—1,¢ + Pr0si1¢ — msPr0s004.1,-1 — mfPL5s,L8—15t,0)_l )

Computation time(Ls = 8) : 165 x half Vol / 1TFOPS = 0.15 ms
Data Access : 2 x 24 x 4 x half Vol/ 115GB/sec = 1.48 ms
Maximum time at peak speed : 1.65 ms

- Experimental result

ms is heeded

Measured time : 7.1 ms
148 ms |}

Missing time

Max 1.65ms

- Possible problem : Data broadcasting is not working, “Ls"” times of access

b _ b W bx’g bm,g ‘s w )
X X
% _( &)Ls 1 _(_H})Ls—2mf —(—Ii)Ls_SMf . \
M5,R 1 +( I‘&TTLf)LS ( 5)2 _15: _(_5)1 my

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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Time Table(MDWF) (Tested on C2050, 4 GPUs. 24x24x24x64x8 lattice, 12 Recon & 8 Recon method used in double and single precision)

void DiracMobiusDomainWallPC::M(&out, &in)

{ ..
Dslash4pre(*tmp1, in, ODD_PARITY);//3R, 1W
Dslash4(out, *tmp1, EVEN_PARITY);//2R, 1W D4
Dslash5inv(*tmp1, out, ODD_PARITY);//1R, 1W M5iny
Dslashdpre(out, *tmpl, EVEN_PARITY);//3R, 1w
Dslash4(*tmp1, out, ODD_PARITY);//8R, 1W
Dslash5Xpay(out,in,EVEN_PARITY,*tmp1,...);//4R, 1W

} // 33 vector + 4 gauge data accessing I/O M5Xpay
// 3192 + 3Ls + 141 + 144/Ls

D4pre

D4pre

D4

» 1 vector accessing needs ~0.57ms(SP)

Ideally, M5inv operator can be done within 2ms, it needs to be optimized more.

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013



Performance(4)

CG performance ( DWF vs MDWF) (GFLOPS for all GPUs, Single-Double mixed precision)

4 node(s=8)

4 node

X Current version of mobius CG invertor is slower then normal DWF CG
inverter about 17%.

Optimization is still in progress

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013



Future Work
Lanczos Algorlthm o]p! QUDA

Numerical algorithm for finding an eigenvector set

et e T
w« ;‘; rt \:

Needed for accelerating the EigCG algorithm

- Highly dominated by memory IO
- GPU has an advantage in memory bandwidth
- Communications through PCIE bus should be optimized( Key point )

- Not started yet...

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013
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* Mobius DWF operator is newly introduced on QUDA

- Current performance is slightly slower than original DWF

- Optimization is still in progress

= Mobius inverter is not in the"Master branch of QUDA"
but in the “Mobius_ DWF branch of QUDA"

= Mobius DWF on QUDA will be very helpful for reducing
the chiral error in DWF method

Mobius domain wall fermion method on QUDA, Hyung-Jin Kim, 08.02. 2013, Lattice 2013



