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Challénge: MD is intrinsically a sequential problem
=2 5 K ()

Initial input data: bands
Interaction function V(r) - "force field"

2
coordinates r, velocities v +m§a kuk ijk = le)
— Z {Zke 1+Cos(n(|)(|)0)]}

torsions

Compute potential V(r) and + Y ke (&iu—8&i) -
forces F; = ViV(r) on atoms ATBTopers »
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Update coordinates & Cc, C| ® e
velocities according to - +Z i
equations of motion ' j,j | Tr——

Collect statistics and write

energy/coordinates to
trajectory files
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No timescales of interest, vvy
Done! need 109-101° steps.
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cb

cl2
rinvsq

nti+2xtypel[jnr];
vdwparam([tj];
vdwparam[tj+1];
rinvlilsrinvll;

/* Coulomb interaction */
n vcoul = qQ*rinvll;
e C a enge. vctot = vctot+vcoul;
/* Lennard-Jones interaction */

® o 4‘ OO , OOO atOmS Ctg:zlx rinvsg*rinvsg*rinvsq;

Chb*rinvsix;
Vvdwl2 ClZ*rinvsix*rinvsix;
Vvdwtot

e tach has ~500 neighbors

(vcoul+12.0%Vvdwl2-6.0%Vvdwb)*rinvsq;
/* Calculate temporary vectorial force */

tx fscal*dx1ll;

* Maintain a list of them, update ea 10 steps e

/* Increment 1 atom force */

e ~50M Iinteractions/step = toa s b

fizl fizl + tz;

® /* Decrement j atom force */
~ per S ep faction[j3+0] faction[j3+0] - tx;
faction[j3+1] faction[j3+1] - ty;

faction[j3+2] faction[j3+2] - tz;

o ~1 mS rea‘ time per Step /* Inner loop uses 38 flops/iteration */




[he things we do every ~100 ps

Real space (particle) node -

PME node
>

| Start )

bsdsvidWls¢sinwsfaai

To-Po Thursday 10:15:48.004.100 (simple version)

Communicate coordinates to
construct virtual sites

Construct virtual sites

Y
Neighborsearch step?

Received charges
from peer real space
processors

|ON

Neighbo ?

rsearch step
N

{

Adjust domain decomposition Lcommunicatel

Comwunicate coordinates to/from 26 neighbor nodes

decomposition

Find atowms in proximity Lcommunicatel
Change charges or parameters for free energy
Create local virtual particles Lcommunicatel

Send charges to peer
PME processor

Send x and box to
peer PME processor

Communicate x with real

Receive x and box from

peer real space processors

All local coordinates
N received?
\/

Send coordinates to GPU
Calculate short-range electrostatics & VAW

space neighbor processors

Communicate some atoms
to neighbor PME proc's

Neighbo

rsearch step?
N

Calculate bonds

Spread charges on grid

neighborsearching

ate angles

Communicate grid overlap
with PME neighbor proc's

ca,cul
Calculate torsions

Pertform long-range lattice summation Lcommunicatel

Evaluate potential/forces b

Communicate f with real

IS COomimuniCa

parallel 3D FFT

space neighbor processors

Apply external fields/forces
Get forces back from GPU

Spread real space forces on

Solve PME (convolution)

virtual sites

Send forces to 26 neighbors Lecommunicatel

Receive forces/energy/virial
from peer PME processor

parallel inverse 3D FFT

WL

Integrate new positions

Spread PME forces on
virtual sites

Communicate grid overlap
with PME neighbor proc's

Constrain bonds Leommunicatel
Update stats. (temperature, energy) Leomwmunicatel

Integrate coordinates

Interpolate forces from grid

Write coordinates/forces if necessary

Constrain bond lengths
(parallel LINCS)

Communicate some forces
to neighbor PME proc's

s |
s s e |
i |

Sum energies of all real
space processors

EvVery arrow

Send forces/energy/virial to
peer real space processors

A fairly typ

al HPC application - complex & fast




What does a modern CPU core ook like?

Intel Skylake-S/EP s 3L Instuction 5 pops/core each cycle
' j— SIMD + FMA: 64 flops @ single prec.
Legacy Decode g

m Pipeline
1 : Up to 32 cores per chip

Instruction Decode Queue (IDQ,, or micro-op queue)
2 sockets per node

Allocate/Rename/Retire/MoveElimination/Zeroldiom

Theoretically:
320 instructions or 4096 flops
per cycle on each node.

32K L1 Data Cache
- latency is ~4 cycles on Skylake.

You need 256 independent FMA
flops (128 FMA operations) to

SIMD: 128, 256, or 512 bit vectors saturate just a single core




What does a modern CPU dle look like”?
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The inside of a modern node Iooks like a o
cluster with advanced network topology!

Logical Core




=Xplicit Data Parallelism

Stream

Stream=your data

Kernel=algoritm

Without dependencies,

all these operations could be

done In parallel If enough

hardware was availaple!




Memory Controller
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Acceleration Approaches

GPU Pure
CUDA

OpenAcc

libraries

Initial effort /
Expertise req.

Generality /
Portabllity

Code
maintainability

Heterogeneous
CPU/GPU

Works It Always works, L ots of work,
your code obut success assumes impl.
offloads to depends on can run entirely

libraries you & compiler on GPU

Fven more work,
less CUDA,

can use both
(F &AL




Explicit SIMD instructions on CPUs & Xeon Phi;
each instruction does up to 32 flops
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Strategy:
1. Profile
2. Offload largest bottleneck to GPU

" remote " remote
rank , ~rank
: . Pair-search & A
MPI comm: domain-decomposition: MPI comm:
receive NLoc x : every 10-50 steps : send NLoc F
Sl ittt o= - - - - s s sssssssssssss=es .
5 . MD step . 5
: i ] :
; :A DD ' i AAMA3DFFT ' : A constraint !
/CPU ) : y: comm * VYVV:::i:icomm : y: comm :
Loc | | Nloc Y wait | © | wait Integration :
Y W——— . S e S @ — — _ I : ®--
threads o o n
- o 2|1 2 |27 3 :
Y= = Y Y U hr
N © Q © o O fe)
SN EFHE = |Z
@) @) N 0 -
— — I o o
Z T (]
- Clear F
/ \-ls_-'%%ia-lrﬁ -------------------------------- SE— T N . Loc_no.n bondEd F >
preempted pair list pruning buffer

G P U by NLoc kernel
cuoa Z ! 7)

_______________________________________ | NLoc non-bonded F
N /stream (high priority) pair list pruning




—rom neignoorlists to cluster proximity lists: Revisit everytning

=3 .

6

I=4: |7

8

Wi

|5

17

25

32

43

54]...

8

9

10

Wi

13

19

201 ...

The Link-cell algorithm:
Verlet, Phys Rev 159, 98-103 (1967)]

Load 1 atom, calculate 1 interaction

Organize
as tiles with
all-vs-all
interactions:

Tile interaction algorithms:
Load N atoms, compute N2 forces



1 his creates a new propblem:
T1ling circles Is difficult

serial computing stream computing

You want
{o calculate
Nnteractions

with red

NEIgNDOrS

* YOu need a lot of cubes to cover a sphere

e All Interactions beyond cutoff need to be zero



[ he big gain of heterogeneous acceleration:
Very little CUDA required SRS

Lindahl staff 13012 Apr 18 15:10 nbnxn_cuda_types.h
Llindahl staff 0155 Apr 18 15:10 nbnxn_cuda_kernels.cuh
Lindahl staff 21576 Apr 18 15:10 nbnxn_cuda_kernel_utils.cuh
Lindahl staff 20945 Apr 18 15:10 nbnxn_cuda_kernel.cuh
Lindahl staff 1965 Apr 18 15:10 CMakelLists.txt
Lindahl staff 39049 Apr 18 15:10 nbnxn_cuda_data_mgmt.cu
' E———— ‘“=jahl staff 3667 Apr 18 15:10 nbnxn_cuda.h
4 > | [¢] cuda_kernel.c ) No Selection ahl staff 30920 May 22 09:13 nbnxn_cuda.cu
"/ 103 the rest of the i-atom paraneters +/ ahl staff 2686 May 22 ©9:13 .

gi = xqbuf.w;

FLTdeT TATYPESHAE typei = atib[i = CL_SIZE + tidxi]; ahl Staff 340 May 22 09: 13 ’

f#else

typei = atom_types([ail;

o oS A total of ~3000 lines of CUDA,

c6 tex1lDfetch<float>(nbparam.nbfp_texobj, 2 = (ntypes * typei + typej));
c12 tex1lDfetch<float>(nbparam.nbfp_texobj, 2 * (ntypes % typei + typej) + 1);

#else i
c6 tex1Dfetch(nbfp_texref, 2 * (ntypes = typei + typej));
cl12 = tex1Dfetch(nbfp_texref, 2 * (ntypes = typei + typej) + 1);
compared to ines of C++

/%= avoid NaN for excluded pairs at r=0 */
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 *x/
inv_r6 == int_bit;
fendif /% 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)=0ONE_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, ¢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 */

el el bt



Make good use of both GPU & CPU

e Use the CPU to pre-calculate or optimize data structures, so
there is less work for the GPU to do in your kernels

® [Easier to Implement more complex optimization on CPU
e Advanced multi-node domain decomposition easier on CPU
® Run some parts of the algorithm on the CPU (avoid wasting flops)

1. It’'s important to keep the GPU busy
2. ... but it doesn’t have to be busy 100% of the time!
3. A CUDA GPU running at 100% will get hot, and clock down

4. NVML “application clocks” effectively overclock the GPU on-the-fly when
vou have less than 100% utilization

Think of a hode as a collection of compute & communication aevices - use them all!



Kernel latency Is key for heterogeneous acceleration

CUDA runtime overheads Normalized performance K40C — 875 MHz

e Horrible ECC + cudaStreamSynchronize CUDA RT call single-stream dual-stream Thlnk Of y_aXIS dsS efﬂClenCy_x_ K80 @875 MHz

overhead gone (mostly)! S (“sgs;""’ ‘“’1 sze") GTX 980
« But observed: H2D x+q 7.2 9.6 =t TITAN X

- single stream (without DD): 35-60 us '\© kel 9.8 14.8 —%— Tesla M40

— two streams (with DD): 50-100 us o force_s > o2 == GTX 1080

D2H E+shift F 1.4 1.4
cudaStreamSync 34 2.3 —— TITAN X-P
-4 Tesla P100 @1328 MHz

Clear kernel 9.2 8.8
Total 372 495 —- AMD R9 Nano @1GHz

- cudaStreamSynchronize ~30% faster
than cudaEventSynchronize

Hw/sw setup:

« CUDA 5.0 + driver API 5.0: 304.54, 304.60
« Ubuntu 12.04 AMD64

« Intel SB + GTX 680/K20

e On Titan-XP, our force kernel completes
N 22ns for 1000 atoms

e But then the efficiency is less than 50%

e From 24k atoms, we have full efficiency

e [ we could reach this for the smallest
system, that kernel would run 2.5x faster

e [his limits parallelization (strong scaling)

kernel time per 1000 atoms (ns)

6 12 24 48 96 192 384 768 1536 3072

system size x1000 (atoms)



EXploiting multiple & hign-priority streams

Stream that only needs local data can start
directly, but can be preempted by the high-

priority nonlocal data kernel

" remote

rank

2 N
CPU

MPI comm: 1
receive NLoc x 1

remote
rank
Pair-search & A J
domain-decomposition: A MPI comm:
every 10-50 steps ' send NLocF
r

\\YHZD Loc x,q

Q\
P

\

|
Pi:iAAAA3DFFT ' : A constraint
Vyyy::iicomm : y: comm
: :
Wait | .| Wait Integration
Bonded F—~ PME mesh F — — .
NLoc F Loc F Constraints
O LLl LL
3 - o
(@) 't 3
S o T
=Z Z N
(@] — —— B — Q
N — N - = _
_ el () = ;,\\‘\\\\
o o Loc non-bonded F Clear F
preempted pair list pruning buffer
by NLoc kernel

OpenMP
threads o
- / k%
o=
T S
S
4 ~Local
G P U stream /
CUDA [ ]
Nondocal iYL \
- stréam (high priority) N

When remote data is delivered, handle it :
immediately so it can be returned faster

-y ——

NLoc non-bonded F

pair list pruning




Revisiting Amdahl’s law - give GPU more work

The least parallel part of the code (or at least slowest piece of hardware)
will eventually dominate execution completely and limit scaling

Thanks to heterogeneous parallelism and efficient CPU-side algorithms,
GROMACS frequently outperforms GPU-only implementations - and yet
we only need a few thousand lines of CUDA.




The new bottleneck (for slow CPUSs) is the PME algorithm
3D grid spreading, FrF1s, convolution, IFFT, interpolation

" remote " remote
rank , ~rank
: Pair-search & A
MPI comm: domain-decomposition: MPI comm:
receive NLoc x : every 10_50 steps : send NLoc F
-------------------------------------------- Frrr R
I :
; | | 1
: : 4 DD ' ! : A constraint :
4 ) . y comm . I y comm :
CPU ' | Loc Nloc Y ' uk Wait Integ.ration
h----@--- DD |-- T et TP o e P . s
OpenMP PS PS Loc F Constraints
\threads/ 5 % o ,:; "
@)
[ Y = O @) —1
¥8 |_E 3 ° T
- @) = U o = N
S S o T °
Z a
Local Loc non-bon F Clear F
4 \-S-tFe-a-rﬁ """"""""""""""""""""" — o060 > OC. O bo d.Ed |
preempted pair list pruning buffer

G P U by NLoc kernel
Z ! 7)

_ NLoc non-bonded F
stream (high priority) pair list pruning




N s ™
( remote remote J

rank _ rank
\ / Pair-search &
MPI comm: domain-decomposition: " MPI comm:
e N X every 10-50steps ... Tt SRS
MD step
E : 4 DD , tiiiAMAA 3DFFT : : 4 constraint §
4 N : i i comm : VIvy:iiii comm : . 5
CPU = ' = . i
Loc Nloc 4 \ / Wait | ! | Wait Integration ) ..
threads u % o T " o
A / 9% .- R e e L
* S g 8 ; il = §
o o ~N a T =
Vs B Nt NRURURNRTUA AR SO P _ Loc non-bonded F Clear F .
preempted pair list pruning buffer
4 B by NLoc kernel % R
J ¢ ‘ J
Nondocal NLo¢ non-bonded F A \
: : TR W —" . 1 . : -
GPU  streamthighpriority) palr list pruning
CUDA
\4
SEEET T L TR T T e T LR L EEE LRI LR LEEECEEICERELLEEELY PME spread PME gather £
o /

PME offload into separate
stream



GPU Timestep profile before/after PME offload (P100)

Highly challenging small system (25k atoms), very fast iterations.
Much harder, but important for multi-GPU scaling

283.6 ms 283.7 ms 283.8 ms 283.9 ms 284 ms

450us for a complete step - note x scale!

I Harder to retain full compute throughput than
communication BW when scaling to small sys.
Scheduling limited below - kernels
should overlap. Lauch operations limiting us.

313 ms 313.05 ms 313.1 ms 313.15 ms 313.2 ms 313.25 ms 313.3 ms 313.35 ms 313.4 ms 313.45 ms 313.5ms

BN N O I I O 00

voidpme_.. Jvoidp.. || |1 ||| | N I

 Qvoidpme_.. Jvoidp.. || || || | B B I




Multiple streams, neighbor list pruning, PME offload: 2.7X better!
8-10X faster than hand tuned SIMD assembly running on CPU

GROMACS 2018 on TITAN X (no vsites)

|50 |50
B Radeon Nano B GTXTITAN X
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Unified GPU/CPU architecture - completely portable

CUDA

OpenCL

Intel MIC

x86 SSE?2

x86 SSE4.1

x86 AVX

x86 AV X-128-FMA
X86 AV X2

x86 AVX2 128
x86 AVX-512F
x86 AVX-512ER
Arm Neon
Arm64 Asimd
IBM QPX

IBM VMX

IBM VS X

Fujitsu HPC-ACE

Classical 1x1 neighborlist on 4-way SIMD

4x4 setup on SIMT-16

0
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4
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Atom clustering and pair list buffering

New in GROMACS-2018:

dual-pair list buffer:

e Use very large buffers, and
porune it every few steps

¢ reduces overnhead

® [ess sensitive to parameters

We can
Adjust the
size of this buffer

_arger buffer
means more
calculations, but
we can update
the neighbor list
less frequently

e 56 ranks

>
@®©
o
~~
n
c
N—r
]
&)
c
@©
S
S
O
Y
S
Q
o

= = 4= =56 ranks with
dynamic pruning

10 15 20 25 40 50 /5 100 150 200

pair search frequency (MD steps)




Strong caling issues - challenges at 100us per iteration

 The 3D-FFT in PME e | oad imbalance
e MPI overhead - we need MPI_Put_notify()  ® CUDA API overhead can be 50% of CPU time
e OpenMP barriers take significant time e Too many GROMACS options to tweak manually

Large pertormance loss due to imbalance and
network speed variation on Cray XC (interference

from other jobs on the “smart” network) <1 millisecond
D

0 » MPI call @ mdrun_mpi.prv.gz

THREAD 1.1.1 T e - — S —

THREAD 1.5.1 Xy oo e

THREAD 1.9.1 ._':==;?."—"" = —————— 0 .
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Intra-rank parallelisation: OpenMP today, future “
Efficient current parallelization of all algorithms using MPI + OpenMP

OpenMP is (performance) portable, but limited:
e NO way to run parallel tasks next to each other
e No binding of threads to cores (cache locality

Need for a better threading model, requirements:
o —xtremely low overhead barriers (all-all, all-1, 1-all

* Binding of threads to cores
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Take thousands of images each containing

100-1000 particles and use computers to
reconstruct 3D electron density
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Sohe . o o

Low dose electron beam

2D Particle Images
Convolution with CTF

Part|cles in unknown 3D pose

Transfer Function

Film/CCD

Frequency

Corrupted Noisy Integral Projections



RELION

A Bayesian approach Particle picking

_ 3D classitication
B

2D classification

S . 3D refinement
: :, bt
° 50 (“autorefine”)
Image data g 3 3=
S & 20 (
EE A £
. | 3 5 E ) (

This way, we can include all - =

microscope CTF, noise L

estimates and possible e

orientational bias in the statistics,

as well as the assumption

of smoothly varying density terate

ania:



Real space Fourier space
FFT

—_—
4_
Inverse FFT

Back- T Project Back- Extract
project project slice

2D

Alignment & Classification

Inverse FFT

Picking &
extraction

FFT

Insert
J weighted
é slice back
?‘!_ :;. 2 in 3D

x. <. ..~ transform

>
Extract
slice

Inverse FFT & iterate




Parallelization

We scan many independent

. Views (100,000s)
. Objects (10)
- Pixels (0.25 Mpix)

task

Lower levels of parallelism

Classes

Task

s |

R

Orientations Image Pixels



~OCUS on algorithms, not micro-tuning

o

» 5

9

o

» 5

9

9

o

Plain implementation Kernels Tuned kernels

It Is critical that you understand and re-implement the original physical model algorithm,
rather than just move around or tune code. Being able to stream through data is critical!



34535 movaps xmm@, XxXmmé&
movaps xmml, xmmé& G R O MACS : year 200 1

"""""
- P T N &

34538 shufps xmm2, xmmé, ©0b1l0001000

34540 shufps xmm@, xmm5, ©0bl0001000
34541 shufps xmml, xmm5, ©0b110611101

34543 /* move 1x0-1z0 to xmm&4-—xmmé 3/
34544 movaps xmm4, [esp + _ix0]

34545 movaps xmm5, [esp + _1yO]

34546 movaps xmmé, [esp + _1z0]

3L548 /* calc dr x/

34549 subps xmm4, xmm@
34550 subps xmm5, xmml
34551 subps xmmé, xmm2

34553 /* store dr x/
34554 movaps [esp + _dx0], xmm4



Good Kernels Express Parallelism, not Architecture

template <typename T>

~_global  void cuda translate3D( T * g image in, template <typename T>
T * g image out, volid cpu translate3D(T * g image in,
int image size, T * g image out,
int xdim, int image size,
int ydim, int xdim,
int zdim, int ydim,
%“: gx, int zdim,
nt ay, int dx,
{ int dz) int dy,
int tid = threadIdx.Xx; ( int dz)
int bid = blockIdx.x;

int Xx,y,z,Xp,YpP,zZp,XY;

int X,y,Z,Xp,YpP,Zp,XY; int new voxel,;

int voxel=tid + bid*BLOCK SIZE;

int new voxel: for(int voxel=0; voxel<image size; voxel++)
- {
int xydim = xdim*ydim; int xydim = xdim*ydim;
. . . z = voxel / xXydim;
?f(voxel<1mage_31ze) 2p = z + dz;
= 1 dim; :
ip _ Zoiedz{ XyeLn Xy = voxel % xydim;
' y = xy / xdim;
xy = voxel % xydim; yp =y + dy;
y = Xy / xdim;
yp =y + dy; X = Xy % xdim;
Xp = X + dx;
X = XYy % xXdim;
Xp = X + dX; if( zp>=0 && yp>=0 && xp>=0 && zp<zdim && yp<ydim && xp<xdim)
: {
1T ( Zp>=® && yp>=® && Xp>=9 && Zp<Zdim && yp<ydlm && Xp<Xdlm) new_voxel — zp*xydlm + yp*xdlm + Xp;
{ new voxel = zp * xydim + yp * xdim + Xp: if(new_voxel >= 0 && new_voxel < image_size)
if(new voxel >= 0 && new voxel < image size) } g_image_outinew voxel] = g image inivoxell;
g image out[new voxel] = g image in[voxel]; }
}
} }



“Ninja Coding”: GROMACS vs. RELION

Lines of raw SIMD code
GROMACS ~600,000

Used to be raw assembly, but now intrinsics




Use GPU-specific features when you can

When we have switched to single precision, we realized we can
use GPU textures to handle interpolation during image rotation.

This is an example of something that cannot be done with OpenACC!

% = Fourier-space object
sample orientations & calc similarity

CUDA texture CUDA texture

|
Backproject into
Fourier-space
volume

likely views
get oversampled

each class Gl P After all images, |
@ Inverse FFT




Handling limited GPU memory

f we try to put all data on the GPU, we run out of memory (fast)
When handling things dynamically, cudaMalloc() became bottleneck

We (Dari Kimanius) had to write a custom memory allocator for CUDA

Allocate a large chunk of
Thread 1 Thread 2 Allocations :
NS Memory and handle it ourselves

Unified memory could
theoretically be an alternative,
out presently it Is just as slow
as CUDA handling memory




Single precision

* Most modern CPUs provide twice the throughput in single compared to double
* This also saves cache, memory bandwidth — and RELION is quite memory-hungry

* Do you need more than 7 valid digits in the output?

* (Converting scientific code to single-precision is not trivial: Most codes fail if you
just do search & replace, but it can be made to work:

* |dentify sensitive parts (maximization step), and leave those in double




Quality: Single precision RELION is1 J'u_st as accurate

6k —

# iImages

distribution of angle differences

Double vs. ref.
Single vs. ref.
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\
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Resolution [1/A]




S0, how did we do performance-wise”?
A single quad-GPU workstation was on par with 10 nodes with dual

14-core Xeon E5-2960v4 CPUs (est. cost $85,000)
... and we were still often limited by our CPU code (a bit embarrassing...)

RELION-3: New x86 acceleration makes CPU competitive again!

3D classification 3D classification 4-GPU WS
total time (5th iter) 9time profile (Sth iter)

280 CPU cores ¢ not using GPU




Preprocessing steps are even more impressive - 600X
1o find particles in the Images, we rely on FF[s where we can use curk |

Picking quality Speedup Micrographs /s
using filtering
L Muetograpl - ) FReEEL S e - 8 CPU threads
conNotnitered koo S bl —
AU e S T LS T e Rl - oL o R 'T'~‘_:--'-_:. PR

-

8 CPU threads
5 10 15 20 25 30 35 40 | |

Lowpass of micrograph [A]

Speedup using single
GPU and filtering
150x
Q.
-

100X————
® vs.

o 50x ~————1— 8 CPU threads
n ' wilo filtering

5 10 15 20 25 30 35 40 0.01 ['A¥a 1.15

Lowpass of micrograph [A]

Filtering @ 20A + GPU

<
o
Y
o)
c
‘=
O
=
L

No filtering




Spend time with your algorithms, not.just code tuning.

A single Skylake-EP node has 4096-fold parallelism.
Your code likely doesn’t.

Think accelerators - because a modern CPU looks like an accelerator,
and-they will likely converge to multiple units on'one die In the future.

Heterogeneous parallelism uses all resources and provides architecture portability:.

Fast-iteration-codes are very sensitive to node placement,
and they need task parallelism sooner rather than later.

Fast-iteration codes CUDA/AVX512/0penCL isn’t hard - but new algorithms are.

You can accomplish miracles with more codes than you think,
but it takes 6-12 months - not an afternoon.

Theory & Computation is the new experiment!
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