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The challenge:

100,000 atoms

Each has 500 neighbors
50M interactions/step
2B FP operations

~|ms real time per step

for(k=nj0; (k<njl); k++)

{

/* Get j neighbor index, and coordinate index */

/* load j atom coordinates */
= pos[j3+0];

ix1
iyl
jzl

/* Calculate distance */

dx11
dyll
dz1l1l
rsqll

/* Calculate 1o
rinvll ¥

cl2
rinvsq

'and'l/rz */’

jinr(k];
3*jnr;

pos[j3+1];
pos[j3+2];

ixl - jx1;
iyl - jyl;
izl - jzi;
dx11*dx11+dy11*dy11+dz11*dz11

uoi3deJalul |

1.0/sqrt(rsqll);

narg
nt1+2*type[jnr]:
vdwparam([tj];
vdwparam[tj+1];
rinvlilsrinvll;

/#* Coulomb interaction =/

vcoul
vctot

/* Lennard-Jones
rinvsix

Vvdwb

Vvdwl2

Vvdwtot

fscal

qg*rinvll;
vctot+vcoul;

interaction */

rinvsg#rinvsg*rinvsq;

cb*rinvsix;

Ccl2*rinvsix*rinvsix;
Vvdwtot+Vvdwl2-Vvdwb;
(vcoul+12.0%Vvdwl2-6.0%Vvdwb ) *rinvsq;

/* Calculate temporary vectorial force */
= fscalxdxll;

tx

ty
tz

fscalxdyll;
fscalxdzll;

/* Increment 1 atom force */
= fix1l + tx;

fixl
fiyl
fizl

fiyl + ty;
fizl + tz;

/* Decrement j atom force =/
= faction[j3+0]

faction[j3+0]
faction[j3+1]
faction[j3+2]

/* Inner loop uses

faction[j3+1]
faction[j3+2]

38 flops/iteration */




We’re on the ps scale today
(for small systems)
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Larger machines
have enabled larger
systems, not longer

simulations!
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GROMACS:
Open Science

e Simulation hardware project
in Groningen, 1995, turned into software

o SIMD assembly kernels: ia32,
x86-64, ia64, Altivec/VMX, BlueGene, ARM, VSX,
AVX2, AVX-512, HPC-ACE
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o Runs everywhere

o Efficient use of >100k cores

o Advanced free energy & ensemble
simulation techniques

o State-of-the-art contributions

from all over the world. OK to use commercially.
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if (nsr[jgid] >= MAX_CG) {
put_in_list(bHaveLJ,ngid,md,icgqg,
nsr[jgid),nl

With a time step of 5fs...

... You need 200 billion iterations to reach
1000 ps of simulated ti

Let’s spend 100 days




Heterogeneous Acceleration
N Molecular Dynamics




Heterogeneous acceleration in GROMACS
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Heterogeneous acceleration

Latency limited parts
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Heterogeneous CPU-GPU acceleration

MD step
MPI receive non-local x MPI send non-local F
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Wallclock time for a step:

~50us ms if we want to _
simulate 10us/day 25 50 I.IS




From neighborlists to cI
proximity lists

X\/\
st Y.
T/.\\I Z sort
- o ' Z bin

l St J Cluster pairlist
gridding

° Organize

as tiles with
all-vs-all
Interactions:
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From verlet to cluster pair lists.




GPU kernel work efficiency

©@Verlet M Cluster-pair pruned B Cluster-pair unpruned

0.36
rc=1.5, rl=1.6 0.59
| 0.82
0.29
rc=1.2, rl=1.3 0.52
@75
rc=0.9, rl=1.0 0.43
|0.73

0 01 02 03 04 05 06 07 08 0.9 1

o _ Fraction of extra pairs
Source of 0-s calculated: ntroduced by the
lust t
- Verlet buffer PIHSIEr SEEP

- cluster setup
- effective buffering: 0 buffer with PME and short cut-off

» Work efficiency (#zeros wrt Verlet): 0.5-0.7



Unlfled GPU/CPU C(')aS:I?'i032| 1()3(1 29i95hb60r“;t cé)Bn 49_\,\‘Ila(l)y1s1l|\1/|2D13 14(15 4(;(4 139tl21p gn fu\g_? 7189 (10(11
architecture -
completely portable

35|68 9 (10|11|15

o/lo/o|o 0
4x4 setup on 4-way SIMD 1
gUD'AéL ol1]2[3[4][5]6]7]8]9][10[11[12[13]14]15 2
pen 3
Intel MIC 4
x86 SSE2 5ToTo 6066 666 5
x86 SSEA4.1 T Pyl
x86 AV X2 2|2]12]2 8
x86 AVX-512 33330000 0008 |-
4x4 setup on 8-way SIMD
xmcﬂezgmd ol[1]2[3]4[5|6]7[8]9]10[11[12[13[14[15] 1
|
IBM QPX
:gmxl\sﬂ))(( olo[ofol1]1]1
Fujitsu HPC-ACE 212]212131318

Wanted: Fujitsu HPC-ACEZ2



We are starting to use a

. . lot of integer ops too
Kernel execution timing o, pruning & tweaking

0.18
—— (2070
GTX 580 )
0.16 —+-Quadro K5000 Single exec per
' GTX 680
—TITAN step for 1 GPU
4 K20c - 705 MHz
0.14 = K20c - 758 MHz 80
K40c - 745 MHz = = K20C 758 MHz
—— K40cC - 875 MHz - K40c 875 MHz
0.12 GTX 980
— —— GTX 780Ti
£ %0 —— GTX TITAN
qé 0.1 - —< Quadro M6000
K]
-
£ 0.08 40 ——

kernel time/1000 atoms (us/iteration)

30
0.06
20
et et
0.04 up to 40%
. 10 faster than the
e GTX TITAN
0.02 0
1.5 3 6 12 24 48 9% 192 384 768 1536 307 1.5 3 6 12 24 48 96 192 384 768 1536 3072

system size (x1000 atoms) system size (1000's of atoms)



CUDA overhead & scaling issues

Straight from the log file
performance summary:

B Neighbor search
W Launch GPU ops
Bonded force

100%
90%
80%

&

- 70%

8 60%

E

= 50%

c

= 40%

= 30%

o

= 20%
10%

0%

Kernel scaling deteriorating:

water (1.5k)

the GPU can't keep up with the CPU

=> CPU waiting

illin (5k) mase (24k) adh (134Kk)

¥ PME mesh
B Wait for GPU Runtime breakdown of GPU
X/F buffer ops accelerated runs with:
B Update
Constraints » Hardware: Intel Core i7-3930
B Rest 12T + GeForce GTX 680
» Settings: PME, rc>=0.9,
nstlist=20

Overhead with small
systems: launching the GPU
operations takes up to 15%!

GPUs not designed for
~0.2 ms/step = 5000



A lot of low-level tuning:

GPU SMX scheduling/balancing

Balanced pair list Sorted lists

114 lists = blocks - split lists & apply 421 lists

- 8%13 =104 blocksin  shaping” curve - improve sorting:

flight! -» balancing heuristic: =~ pigeonhole sort
40*#SM

- 421 lists

-ii—- K20c 758 MHz
K40c 875 MHz

=¥ GTX 980

—a— GTX 780Ti

=»— GTX TITAN

—<¢— Quadro M600(Q

Raw pair list

- strong
inter-/intra-SM

300 |pad-imbalance )
>15% avg. imbalance <3% avg. imbalance

0.144 ms/step 0.117 ms/step

Split lists Sort lists

————
Unlucky SMX

B, ‘ime/1 000 atoms (us/iteration)

up to 40%
faster than the
GTX TITAN

Af 9% 192 384 768 1536 3072

9 A (1000's of atoms)

60us actual time (1500 atom

If we solve all latency bottlenecks,
we would be below 20us



Integrating the GPU cont.

Run-time breakdown for varying system sizes: Hardware: Intel Core i7-3930 12T + GTX680
« System: water 1.5k-768k
* PME, rc>=0.9, nstlist=20
182:2 I . B R - - m Neighbor search
80% ® Launch GPU ops
20% Bonded force
60% ¥ PME mesh
50% m Wait for GPU
40% I I | | X/F buffer ops
30% Hm Update
20% = Constraints
— - - m Rest
3

10%
0%
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Kernel scaling Let's assume we can solve We are still left with:
deteriorating: CPU waiting the kernel scaling issue CUDA runtime overhead
(or use faster GPU) up to 25%!



Desktop example: Core i7 4790K & GTX Titan

100%
90%
80%

o 70%
£

* 60%

©

2 50%

(@)
S 40%
T
S 30%

L
20%
10%

0%

m Other

w Constraints

m Update/integration
Virtual sites

m NB X/F buffer ops.
Wait for GPU

m PME mesh

m Force
Launch GPU ops.

m Neighbor search

m Domain decomp. & comm

A: 1 thread

B: 1 thread, AVX2

C: 8 threads

D: 8 threads, AVX2

E: 8 ranks, AVX2, GPU

F: 8 threads, AVX2, GPU

% \oltage-sensor domain
embedded in POPC lipids
and water: 47,000 atoms
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urprisingly little —

/
_cuda lindahl$ 1ls -ltar

lindahl staff 13012 Apr nbnxn_cuda_types.h

lindahl staff 9155 Apr nbnxn_cuda_kernels.cuh

lindahl staff 21576 Apr nbnxn_cuda_kernel_utils.cuh

lindahl staff 20945 Apr nbnxn_cuda_kernel.cuh

lindahl staff 1965 Apr CMakelLists.txt

lindahl staff 39049 Apr nbnxn_cuda_data_magmt.cu

lindahl staff 3667 Apr nbnxn_cuda.h ‘'®.0.60 6] cuda_kernel.c
lindahl staff 30920 May nbnxn_cuda.cu w | 4 > | [o] cuda_kernel.c ) No Selection

lindahl staff 2686 May .o - 1

lindahl staff 340 May . /* load the rest of the i-atom parameters *

gi = xgbuf.w;
#ifdef USE_TEXO0BJ
c6 tex1Dfetch<float>(nbparam.nbfp_texobj, 2 = (ntypes = typei + typej));
, cl12 tex1Dfetch<float>(nbparam.nbfp_texobj, 2 = (ntypes = typei + typej) + 1);

#else

#ifdef IATYPE_SHMEM
typei atib[i = CL_SIZE + tidxi];
#else

[ typei atom_types[ail;
~ ines [ &8

/* L) 6%C6 and 12%C12 =/

ch tex1Dfetch(nbfp_texref, 2 * (ntypes = typei + typej));

= = = 6 c12 tex1Dfetch(nbfp_texref, 2 % (ntypes = typei + typej) + 1);
o 3 million lines of HES
/#* avoid NaN for excluded pairs at r=0 */
C / C l I r2 += (1.8f — int_bit) % NBNXN_AVOID_SING_R2_INC;

inv_r rsqrt(r2);
inv_r2 inv_r % inv_r;
inv_r6 inv_r2 = inv_r2 * inv_r2;
#if defined EXCLUSION_FORCES
/* We could mask inv_r2, but with Ewald
* masking both inv_r6 and F_invr is faster %/
inv_r6 == int_bit;
#endif /* EXCLUSION_FORCES */

F_invr = inv_r6 %= (c12 * inv_r6 - c6) * inv_r2;
#if defined CALC_ENERGIES || defined LJ_POT_SWITCH
E_lj_p = int_bit * (c12 % (inv_r6 *= inv_r6 + nbparam.repulsion_shift.cpot)=ONE_TWELVETH_F -
c6 = (inv_r6 + nbparam.dispersion_shift.cpot)*ONE_SIXTH_F);

#endif

#ifdef LI_FORCE_SWITCH
#ifdef CALC_ENERGIES
calculate_force_switch_F_E(nbparam, c¢6, c12, inv_r, r2, &F_invr, &E_1j_p);
#else
calculate_force_switch_F(nbparam, c6, c12, inv_r, r2, &F_invr);
#endif /= CALC_ENERGIES =/
#endif /# LI_FORCE_SWITCH */



Reciprocal space
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Strong scaling:
40-50 atoms/core
for small systems

100

~1000 atoms/GPU

10

ns / day

0.1

Gromacs 4.6 on SuperMUC

physical cores
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T T T m'ns/day T T | T
‘360 151 En'»/d Y
80 ns/di
160 K591 i
' &L *3% *%?t? : ‘
, 319 22 : ‘
- Oyrvvrry e BT *3“‘ ' 411.0
" 2639 e l0e3 |
e P“ . .
. _ '
. M 2086 A 40 ns/day :
3 ‘?}%’ ! K116 X183 L3 32 np/day
_ , | . 97 W199 mﬁo 2
2554 24173 L T 1 | 1608 0,
*i125 Sl W6 | “fl/" 10 M atoms
atoms/core " ; 8345 3051 3 5 s ot
Wteps/second e x5 A "o, o A :
- ' A - T Y T e . o 0.6
*3_‘8?91 A ".*g(}m : Y f ‘
: ‘. A : .
A z z
12203 : :
o L AR z 5 3
A ooy | } 10.4
66763 ' >, : :
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A A RN f 1
97621 K ’
*;
4 z z
295242 Yo IBMMPI1.3 +icc121 : 10.0
A - - » -
A Intel MPI 4.1 +icc 13.1
JJ90484 { j ‘
I i kA 81,000 atoms water channel, PME, 2fs .
t‘,‘,‘:}:{‘:{ﬁ?{,ﬁ, * Ao 2 M atoms ribosome, PME, 4 fs '
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-+ scaling



Why are we still
using general-purpose




CPU trick 1: all-bond con

o Aft limited by fast motions - LINCS'/. =2’
1fs :
e Remove bond vibrations :X > =
) Move w/o constraint

o SHAKE (iterative, slow) - 2fs

e Problematic in parallel (won’t work)
e Compromise: constrain h-bonds only - _
1.4fs ol e

e GROMACS (L|NCS): B) Pro}ect out motion

along bonds

e LINear Constraint Solver

e Approximate matrix inversion
expansion

e Fast & stable - much better than -~ t=|
SHAKE

e Non-iterative

C) Correct for rotational
extension of bond



e Next fastest motions is H-angle i e
and rotations of CHz/NH2 groups

e Try to remove them:
e |deal H position from heavy atoms.
e CHs/NH2 groups are made rigid

e (Calculate forces, then project back onto heavy
atoms

e Integrate only heavy atom positions, reconstruci
H’s

* Enables 5fs timesteps!

Interactiofis Degrees of Freedom




CPU trick 3: Non-rectangular
cells & decomposition

\,’ LI

Lysozyme, 25k atoms
Rhombic dodecahedron = Load balancing works
(36k atoms in cubic cell) for arbitrary triclinic cells



How do we create efficient libraries?

Heterogeneous parallelization:
data & control flow — MPIl/multi-node case

Pair search/DD step every 10-50 iterations

MPI receive non-local x MPI send Ron—local F
‘P“ ! Local Non-local |__ V | Wait for | |Wait for | | Integration
penMP {DDHpair search] {pair search} * LBonded FH PME non-local F| | local FH Constraints | *
hread
2 o
2 A T,
Q- A = S | Ag =TT S
« 3 &N ° | &g NS | =
= T = 3 a = a_. =
] T ®~ g 8 N\
o s x c c'fM
c
— Local W —
Local
“Sfreany """ 1 0 [Tototttmmeemees non-bonded F Clear FF —
GPV pair-list pruning J
Idle — ~ Idle
CUDA _ ( Non-loca
'éNf(r)'ge{Iraga'l ------------------ non-bonded F

L pair-list pruning )

<+
Stream priorities in CUDA 5.5:

— allow local kernel preemption
- start non-local kernel when coordinates arrive through MPI

— 2[9L[ UOU-|OCY| KELUE| MPEU COOLgIUS[E62 JLLIAG [uLondp b
— g||OM |0CY| KeLUe| breswbfiou




Piz Daint, CSCS
- 2017 Pascal P100 upg
4500 processors,
3840 cores each:
17,280,000 cores

—

.
490/

5022:A00M cores

Howowsttl Y00
use o billiown




—rom ~ 100K cores
{0 £xascale: £Nse

ama)
' = ‘ é b
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Peak: 100MB/s

~

L_J \larkov State Models

1B Average: 0.5GB/s
*". Peak: >2.7GB/s -
at=ata Monte Carlo SamplingS
. 1

Average: 0.5GB/s
Peak: 25GB/s
Latency: <100ns

»  Average: 0.04MB/s
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