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Lattice QCD: Solving the following linear system
Mo =b

where ¢, . and b; , are complex vectors carrying a color index ¢ =

1,2,3 and a four-dimensional lattice coordinate z. The matrix M is
given by

M = 2mal +~ D

where [ is the identity matrix, 2ma is a constant, and the matrix D
(called “D slash”) is given by

4

_ s S
Dj,y:m - Z[Ujﬂ,m,#‘jﬂ:;y—# Uj,i,m,u.‘jy,w—#-]

The linear system (3) is solved using a conjugate gradient method af-
ter recasting it in the positive definite form

M'M¢ = M.

where
MM = (2ma)*I + D'D



The wilson dslash operator
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Figure 1: Gathers to a site at the origin in the dsl1ash operation. Two
dimensions are shown for simplicity. The full problem requires four
dimensions.
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BU code: dslash reference implementation in CPU

template <typename sFloat, typename gFloat:

vold dslashReference (sFloat *res, gFloat **gaugeFull, sFloat *spinorField, int oddBit, int daggerBit) |
for (int 1=0; 1¢Vh*4*3+*Z; 1++) res[1i] = 0.0;

gFloat *gaugeEven(4], *gaugeldd[4];
for {int dic = 0; dir < 4; dic++) {

gaugeEven[dir] = gaugeFull[dic];

gqaugeldd[dic] gqaugeFull [dir ] +Vh*gaugeSiteSize;
h

for f{int 1 = 0; 1 <« Vh; 1++) {
for (int dic = 0; dir ¢ 8; dir++) {
gFloat *gauge = gaugelink (i, dir, oddBit, gavgeEwven, gaugeldd);
sFloat *spinor = spilnorNeighbor (1, dir, oddBit, spinorField);

sFloat projectedSpinor [4+3+2], gaugedSpinor [4+3+2];
int projldx = E*(dic/2)+(dir+daggecBit) 2L;
multiplySpinorEyDiracProjector (projectedSpinor, projIdx, spinor);

for fint 5 = 0; 5 < &; s++) {
if (dir % 2 == )
sudMul (&gaugedSpinor [s*(3+2) |, gauge, &SprojectedSpinor[s*i3*2)]);
else
sudTnol (SgangedSpinor [s* (3*2) ], gawge, SprojectedSpinor[s*(3*Z)]);
h

sum (&res[1*(4+3*2) ], Sres[1*+i4*3*2)], gaugedSpinor, 4*3+*2);



BU code: GPU kernel code ( x+ direction)

A4 Projector PO-

100 -1
S0 1 -10
S0 i 10
1001

int =p didsx
int ga_idx

((zxl==H1ml) 7 H-Hlml

=1d;

H=+1)

S read gauge matrix from device memory

READ_GAUGE MATRIX (GAUGEOTEX,

0%

S read spinor from device memory
READ_SPINOR (SPIMORTEX) ;

S reconstruct gauge matrix
RECOMNSTRUCT GAUGE _MATRIX (0] ;

A4 project spinor

spinorFloat
spinorFloat
spinorFloat
spinorFloat
spinorFloat
spinorFloat

spinorFloat
spinorFloat
spinorFloat
spinorFloat
spinorFloat
spinorFloat

A maltiply
spinorFloat
spinorFloat
spinorFloat
spinorFloat

A maltiply
spinorFloat
spinorFloat
spinorFloat
spinorFloat
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spinorFloat
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oll_re
ol0_im
oll_re
oll_im
o2l _re
oZ0_im
o3l_re
o030 im

|+ o+ o+ +
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al_re
al_im
al re
al_im
aZ re
aZ im

bl _re
bO_im
bl re
bl im
hi_re
b2 _im

cow 0
al_re
A0 im
EO_re
E0_im

row 1
&l re
Al im
El_re
El_im

row 2
A2 re
AZ im
EZ_re
EZ im

Al_re;
A0 _dim;
B0 _re;
E D_im;
BO_dim;
B0 _re;
BD_im;
Al re:

into half spinors

+i00_re+i30_im;
+100 im-i30 re;
+101 re+i3l im;
+101_im-131_re;
+i02 re+i32 im;
+102 im-132 re;

+1i10_re+iZ20 im;
+110 im-i20 re;
+ill re+i2l _im;
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+ (gZ20_re * hi_re -
+ (g20_re * bh0O_im +
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gd0_im
gl0_im
gqO0_im
gl0_im

glO_dim
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gl0_im
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g20_im
g20_1im
g20_im
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al_re
al im
bl re
bl im
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bl re
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gldl_im
gOl _im
gO1l_im
gll_im

gll im
gll im
gll_im
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g2l _im
g2l im
g2l _im
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al_dim}
al re)
bl_im)
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(glZ2_re
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al_re
aZ im
hZ_re
bZ2_im

al_re
aZ im
hZ_re
hEZ_im

al_re
aZ im
hZ_re
b2 im
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gl2_dim
g2 _im
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glZ_dim
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g22_dim
g2Z2 im
g22_dim
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al_dim};
al rej;
b2 imd ;
b2 _red;

al_dim};
al rej;
b2 imd ;
b2 _red;

al_dim} ;
al rej;
b2 imd ;
b2 re);



Disclaimer

* The source code is from Bosten University’s
Quda package.

* The diagrams/formulas are from two papers

C. Bernarda, C. DeTarb, S. Gottliebc, U.M. Hellerd, J. Hetricke, N. Ishizukaa, L. K"arkk"ainenf , S.R. Lantzg, K.
Rummukainenc, R. Sugarh, D. Toussainte and M. Wingatei, “Lattice QCD on the IBM Scalable POWERParallel Systems
sp2”

K. Z. Ibrahim, F. Bodin, “Efficient SIMDization and Data Management of the Lattice QCD Computation on the Cell
Broadand Engine”



Standard CG procedure from “An Introduction to
the Conjugate Gradient Method. Without the
Agonizing Pain” : Ax=b

CG in BU code

1 1 <=0
Opew P12 r<~b Az
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CG code in BU code

while (r2 » stop && k<perf-maziter) |
MatFEFCZDagMatEFCCuda (Ap, gaugeSloppy, p., perf-=kappa.
php = relDotProductludaip, &p);
alpha = r2 / php;
r2 old = r2;
r2 = azpyMNormCuda {—alpha, Ap, r_sloppv):

ff reliakle update conditions

rorm = sgrt{r2);
if (rNorm > mMazrx) mMaxrxz =
if {rMNorm > mazrr) mazrr =

int updateX =
int updateR

if (lupdateR) |

beta = r2 7 r2_ old;
azpvapbzCuda {alpha,
aelse |

azpvCuda {alpha,

F-
jor

if {(z.precision
MatPChagMat PCOCuda (o,
tmyp,
r2 = zmyvNormCuda{k, x);
if {(z.precision
riorm = sgrt{rZ);
maxrr = rMorm:
ripdate++;
if {updateX) |
zpvCuda =z, v);
zeroCuda {(x_sloppv);
copyCuda ik, rl;
rONorm = rHorm:

maxrz = rHorm;
x0pdate++;
1

beta = r2 7 r2 old;

xpavCuda{r sloppy. beta,

riorm;
riHorm;

Z_sloppv.

l= =z sloppyv-praecision)

gaugeFPrecise,
inwvert param-=matpo_tvpe);

l= r sloppy.-praecision)

Bl

(rHorm < delta*rOMNorm && r0MNorm <= maxrz) 7
[ friNorm = delta*maxzrr && r0Norm <= mazrr)

r_sloppv.,

x_sloppv);

H,

beta);

copyCuda (=,

tmp sloppyv,

1

invert param—-=kappa.

copyCuda (r_sloppy,

perf->matpc _tvpe);

-

|1 uﬁdaéex} 1

¥ _sloppyv);

r);

0



Different solution types solve different
eguations

QUDA_MAT_SOLUTION

Mx=b => MtMx'= b’ whereb'= ML x=UX

QUDA_MATPC_SOLUTION

gt L]

Mix=p = MtMx=b' whereb'= Mth

QUDA_MATPCDAG_MATPC_SOLUTION
MiMx=p =2 the same



Staggered Dslash reference Implementation

template <typename sFloat, typename gFloat:
vold dslashReference st(sFloat *res, gFloat **fatlink, gFloat** longlink, sFloat *spinorField, int oddBit, int daggecBit)

{
for (int 1=0; 1<Wh*1*3*2; i++) res[1i] = 0.0;

gFloat *fatlinkEwven[4], *fatlink0dd[4];
gFloat *longlinkEven(4], *longlink0dd[4];

for {int dir = 0; dir < 4; dic++) {
fatlinkEven[dir] = fatlink[dirc]:
fatlinkodd[dir] = fatlink[dir] + ¥h*gaugeSiteSize;
longlinkEven[dir] =longlind[dic];
longlinkodd [dir] = longlink[dic] + ¥h*gaugeSiteSize;
¥
for (int 1 = 0; 1 < ¥Wh; 1++) {
for (int dir = 0; dir < &; dic++) {
gFloat* fatlnk = gawgelink st({i, dir, oddBit, fatlinkEwven, fatlinkodd, 1};
gFloat* longlnk = gaogelink st(i, dir, oddBit, LlonglinkEwen, longlinkodd, 33

sFloat *first neighbor spinor = spinorNeighbor (i, dir, oddBit, spinorField, 1);
sFloat *third neicghbor spinor = spinorMeighbor (i, dir, oddBit., spinorField, 3);

sFloat gaugedsSpinor [spinocSitesize] ;

if (dir % 2 == 0}§
sudMul (gaugedspinor, fatlnk, first neighbor_spinor);
sum{&res[i*spinorSiteSize], Sres[i*spinorSiteSize], gawgedSpinor, spinor3iteSize);
sudMol (gaugedSpinor, longlnk, third_neighbor _spiner);
sum (&res[i*+spinorSiteSize], &res[i*spilnorSiteSize], gavgedSpinor, spinorSiteSize);

else{
sudadjmol {gaugedSpinor, fatlnk, first neighbor spinor);
sub (Sres[i*spilnorSiteSize], Sres[i*splnorSiteSize], gaugedSpinor, spinorSiteSize);
sudadjmol (gaugedSpinor, longlnk, third_neighbor spinor);
sub (&res[i*splnorSiteSize], Sres[i*spinorSiteSize], gawgedSpinor, spinor3iteSize);



Staggered Dslash GPU implementation

e Similar to the Wilson Dslash

* Link representation is the same

— Use 5 float4 to represent 3x3 complex matrix (18
floats used, 2 floats ununsed)

— But staggered Dslash has 2 links, wilson has 1 link only

* Spinor representation differ slightly

— Wilson: 6 float4 to represent 4x3 complex matrix
(total 24 floats)

— Stagger: 3 float2 to represent 1x3 complex vector
(total 6 floats)



Preliminary Results

GPU results and CPU reference does not match (yet)

Flops per site: CM(complex multiplication)=6, CA(complex
addtion)=2
— 3*(3*CM+2*CA)*8*2 + 15*(3*CA) = 1146 flops

In/Out bytes (12 construct):
— ((8*6*2) + 6 + (8*12*2)) * sizeof(float) = 1176 bytes

Nvidia GTX 280
— GFLOPS: 106.7
— Bandwidth: 102.0 GB/s



Preliminary Results (single precision
only)

* GPU and CPU results agree
— Fixed small errors in both CPU and GPU code

* Conjugate Gradient (CG) works

— Solves M'Mx=b where =i My~
(154 0

0 Toco—%Po P o

— 93 Gflops with GTX280



What’s next

Optimizing the single precision version in GPU
Make other flavors work

— 8 reconstruct

— Double precision/half precision, especially double
precision because of next GPU architecture

Multi-gpu / multi-node implementation for
large lattice size

Incorporating the code into MILC (?)



Staggered Dslash
CPU data layout

. Each site contains:

1 spinor (1x3 complex)
4 fatlink (3x3 complex)
4 longlink (3x3 complex)

. Sites are divided into even and
odd sites. For site (x,y,z,t)

(x+y+z+t)%2 == 0 =» even site
(x+y+z+t)%2 ==1 =» odd site

. Total number of sites

V= dimX * dimY * dimZ * dimT
Half of total sites Vh = V/2

w [ ] @ 4D gauge field of 3x3
o w. _ _complex vars
2 9 2 e
\.
° .o
o . 1A
® 4
[ H '
[ ] L °"Spinori 45U3 vector “l
' . @ SU3 vector: 3 complex vars

Four dimensional space-time Lattice QCD.

even site starts odd site starts

spinor

J/ 6*V floats

Each spinor contains 6 (3*2) floats

Fatlink:
Array of
pointers

Longlink:
Same as fatlink

Il

Each link contains 18 floats(
3x3x2)

+X

+Y

+7Z

+T



CPU spinor

CPU parity
spinor

GPU parity
spinor

GPU kernel code
to read spinor

Spinor CPU-> GPU mapping

even site starts odd site starts

v \

6*V floats

One spinor

/_A_\ 6 *Vh floats
]

\ J -

|
Vh *float2

float2

#define READ SPIMNOR SIMGLE (spinoc)
float? IO texlDfetchi {spinoc), sp_idx + 0*Vh);

e

float? Il
float? IZ

texlDfetchi (spinor), sp_idx + 1*Vh);
texlDfetchi{spinory, sp idx + 2+¥h);



Link CPU-> GPU mapping

CPU links
layout

+X links

Y/AT link

12-construct

Intermediate
data format

GPU links \ ’ —— .
| | foata Y/Z/T link
ayout Vh *float4 oat
#define READ FAT MATRIX 12 SIMNGLE (gauge, dir, 1dx) kY

floatd FATO = texlDfetch((gauge), idx + ({dic 2)*3+0)*Vh); M,

floatd FaTl = texlDfetchi{gauge), idx + ((dic/2)+3+1)+%¥h); *,

floatd FATE = texlDfetch((gauge), 1dx + ((dic/2)+3+2)+¥h); M,

GPU kernel code floatd FATI = make_floatd (0, 0,0, 00; y

floatd FATI make:flnatd{ﬂ,ﬂ,ﬂ,ﬂj;

to read link



Progress in last week

* 8 reconstruct works (for long link), full load for fat
link works
— Long link is loaded using n (n=2 or 3) float4

— Fat link is loaded using m(m=9) float2, no bandwidth
wasted

* Performance (8 reconstruct for long link, full load
with fat link)
— Dslash
* 97 Gflops, bandwidth achieved 97.9 GB/s
— CG
* 86.7 Gflops



optimization using shared memory

* Link is not shared in the Dslash computation

e Each spinoris shared 16 times

— Since the majority of the bandwidth requirement comes from links,
there is an upper limit even we share the spinor perfectly, i.e. each
spinor is only loaded once

— Normal data requirement for each site (12-reconstruct):

 (8%6™2+6)+ 8*18+8*12=342 bytes

— The “best” spinor shared stragety can reduce that to

e (1*6+6)+8*18+8*12= 252 bytes, leading to 26.3% improvement

— Shared memory size is limited =»the number of spinor in shared

memory is limited (16KB can hold 682 spinors, approximately 6°4/2)
* Need to rearrange data
* Probably need to use 4-D “tile” to scan through spinors
* Implementation nontrivial

— Low priority task



Progress in last week

* Double/single/half precision all works

— Need to know the range of long link values in
order to implement half precision, now assume |-
1,1]

— Mixed precision for spinor/gauge should work, not
tested completely yet

— The sloppy precision should also work in CG but
not tested completely yet

— Bug fix: feedback to BU



Dslash performance (GFLOPS and bandwidth)

T oouble g nat

8-reconstruct  17.4 (35.1) 97.1(97.9) 152.5(76.9)
12-reconstruct 32(71.1) 87.6(97.4) 143.8(80)

CG performance (GFLOPS)

oo singe [hat

8-reconstruct 16.6 87.8 134.7
12-reconstruct 30 78.3 126.5
Converge 63 64 90
steps

All tests running with 2473 * 32 |attice with GTX280



CG performance

* (spinor, link, recon, spinor_sloppy, link_sloppy, recon_sloppy): total 108
combinations

* Some typical flavor performance is shown in the table below
— Residual is determined by higher accuracy spinor/link/recon
— Gflops and iterations are determined by sloppy spinor/link/recon

Spinor Link Recon gflops
sloppy sloppy | sloppy

double double 12 double double 12 1.88e-12 29.97 63
double double 12 single single 8 1.88e-12 79.58 64
double double 12 half half 8 2.02e-12 116.46 69
single single 8 single single 8 3.29e-07 86.68 64
single single 8 half half 8 3.30e-07 130.61 72

half half 8 half half 8 1.6e-03 134.91 90



Standard CG procedure from “An Introduction to
the Conjugate Gradient Method. Without the
Agonizing Pain” : Ax=b

CG in MILC

1 i <=0
e => rsq r<=b Az
, d<=r
Dold =>» oldrsq Opew <=1
ﬂﬂ — ﬂ-rr.é: w
d 9 Ccg_p While 4 < "*':mn:az and {i-rr.é:n '5: 0 do
A > MM where M = D +2m ) 1= J:‘d
i — W
T <=1+ ad
q > -ttt If i is divisible by 50
r<b- Az
r = resid clse
re=roag
- - a f
¥ ,J{Ju'lf-ll — l!',]”g“
& =>» beta new =1
[ <= mu"
T =» dest d<=r+ 3d
B > <rc i <=1+1




MtMx =5

F* main loop - do until conwergence or time to restart */ g_doublesum (&rsg) ;
i CG_DEBUG
oldrsg <- rsg if (mynode () ==0) {printf
bt - (-1)*M adjoint*M*cg p iteration, (double)rsg, (double)pkp) ; fflush(stdnut) 3

pkp <- (-1)*cg p. M adjoint*M. cg p
a - -rag/pkp

dest <- dest + a*cg p if( ra
CT . q <= ragstop ) {

E:Slff rz:i;d,\g artit #* copy t dest back to site structure */
g < | ' FORSOMEPERITY (i, 5, L_parity) {

b <- 1d .
g p E?q’;gsi?ﬁ b*cg p — LDDIESUB_vectDr *1F _PT(s,dest) = t_dest[i];

* —
/ f* 1f parity==EVENANDODD, set up to do odd sites and go hack */f

dof ' .
oldrsq = rsq; if (parity == EVENANDODD) {
pkp = 0.0; 1 parity=000; 1 otherparity=EVEN;
F* sum of neighbors *+/ parity=EVEN; f* 30 we won't loop endlessly */
iteration = 0;
if {special started==0) { CG_DEEBUG
dslash fn field special{ cg p, ttt, 1 otherparity. tagsZ, 1 }; nodel_printf (| Vi
dslash_frn field special( ttt, ttt, 1 parity, tagsl, 1);
special started=1; goto start;
] }
else { *final rsq ptr=(Real)rsg;
dslash_fn field_special({ cg_p, ttt. 1 _otherparity. tagsZ, 0 }; if(special started==1) |
\ dslash fn_field special{ tft. ttt, 1 parity, tagsl, 03 cleax_lup_gathers(tagsl,tag82]l;
special_started = 0;
#* finish computation of M adjoint*m*p and p*M_adjoint*m*Ep */ !
A+ttt <- ttt - msg oadtcg p (msg = mass squared) */ Lo DEEUG
+ - - * * —_
gkpl:']jp (&7 cop. (REE - magreg p) node0_printf { ); Eflush(stdout);
FDRSDDIEPﬁRITY(i 3, L parity) {
if{ i ¢« loopend-FETCH UP ) { : CLTTHE
prefetch W¥{ &ttt[i+FETCH UP], &cg pli+FETCH UB] ) dtimec += delock();
} if (this_node==0} {
scalar_mult_add su3_wector( &ttt[i], &cg pli], -msg =d, prinkfi
&ttt[i] 3 dtimec, iteration, (double) (nflop*wolume*iterations (1. DeE*dtlmec*nummodes())) 1;
pkp += ({double)su3d_rdot{ &cg pli], &tet[i] J; fflush(stdout);}
} EMD_LOOP
g_doublesun( &pkp ) clearp dslash_temps ()
1terat:!.0n++;l free(ttt); free(cg p); free(resid); free(t dest); first_congrad = 1;
total iters++; return {iteration) ;
= (Real) {-ragipkp);: '
b = (Reallrsqfoldrsg;
A+ dest - dest - a*cg p *S o - : + "
: . gp <- resid + brocgop *f
i;ngsaﬁ - resid - a*ttt +f FORSOMERARTTY (i, 5, L parity) { .
FORSOMEPARITY (4, 3, L_parity) { 3calar_mult_add_suB_vector(&.Sc‘cgi;:tiilll],h s0g plil)
if{ 1 ¢ loopend-FETCH_UP } END_LOOP

prefetch ¥wwv{ &t dest[i+FETCH UP].

& FETCH UP . . . .
&EggECHLFETDH U'E]’] } while{ iterationiniter != 0j;
&ttt [i+FETCH UF] );

¥

scalar mult add suld wector( &t dest[i], &cg pl[i]., = &t dest[i] };

scalar_mult_add_su3d_wector { &resid[i]., &ttb[i], a, &resid[i]);

rsq += (doublelmagsg sudwvec( &resid[i] );

} EMD_LOOFR



Interface function to MILC

int ks congrad( field offset src, field offset dest, Real mass,
int niter, int nrestart, Real rsqmin, inkt prec,

_ _ ‘int parity, Real *final rsq ptr }
— binthe @src
— QGuess solution in @dest

— Solve
MMx=5b



Direct CG performance(l)

- Solve M'™Mx=b insteadof M'Mx=»b
e Some typical flavor performance is shown in the table below

— Some combination does not converge after maximum(9999) iterations, e.g. (--sprec double --gprec double --recon 12 --
sprec_sloppy half --gprec_sloppy double --recon_sloppy 12).

— All non-converging runs involve half precision

CPU Recon

precision sloppy

double double 12 double  double 12 8.34e-13  29.98 88
double double 12 single single 8 9.96e-13 78.94 88
Sl double  double 12 half half 8 1.13e-12 130.04 1808
single single 8 single single 8 1.70e-07 83.60 88
single single 8 half half 8 2.93e-07 131.09 1999

half half 8 half half 8 9.63e-04  131.65 3534



Direct CG performance (ll)

* CPUinsingle precision
— The cpu precision has no effect on the accuracy

CPU i Link Recon Residual Gflops
precision sloppy | sloppy

single  single 8 single single 8 4.27e-07 83.66
single single single 8 half half 8 4.27e-07 130.74 1692

half half 8 half half 8 9.62e-4 131.41 2508



Interface function to MILC

int ks_congrad_parity_gpu( su3_vector *t_src, su3_vector *t_dest,
quark_invert_control *gic, Real mass,
ferm_links_t *fn)

Replace the function ks_congrad_parity() in MILC 7.6.3

The program runs

Results doe not match with CPU

Reason:

* thelong link is not reconstructed correctly
* How to do it correctly?



Multi mass CG solver

e Standalone test program works for all precisions
— All solution precisions are good

* Mixed precision CG solver

— Only the first solution’s accuracy is good, the rest of
solutions are as good as the sloppy precision

* |Interface function to MILC written but untested

— Small test input needed



