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Background

* Cryo-electron microscopy (cryo-EM), is a form of transmission electron
microscopy (TEM) where the sample is studied at cryogenic temperatures

* RELION (for REgularised Llkelihood OptimisatioN, pronounce rely-on) is a
stand-alone computer program that employs an empirical Bayesian
approach to refinement of (multiple) 3D reconstructions or 2D class averages
in electron cryo-microscopy (cryo-EM).

o http://www2.mrc-lmb.cam.ac.uk/relion/index.php/Main Page

* Relion use MPI (Message Passing Interface) for distributed-memory
parallelisation, and POSIX threads for shared-memory parallelisation
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RELION ITAC Report

Load balance of MPI process is not very good

omeljessie/rome3d/testdata/pd/ efine_mpi-st
Summary: refine_mpi.stf

Total time: 2.41e+03 sec. Resources: 18 processes, 1 node.

Ratio Top MPI functions

This section represents a ratio of all MPI calls to the rest  This section lists the most active MPI functions from all MPI calls in the application.

of your code in the application.

MPI Barrier
MPI_Bcast
MPI_Wait
MPI_Send
MPI_Finalize
M Serial Code - 1.4e+03 sec 58 %
M MPIcalls - 1.0le+03sec  41.9%

Where to start with analysis

For deep analysis of the MPl-bound application click “Continue >* to
open the tracefile View and leverage the Intel® Trace Analyzer
functionality:

- Performance Assistant - to identify possible performance problems
- Imbalance Diagram - for detailed imbalance overview

- Tagging/Filtering - for thorough customizable analysis

I 811 sec (33.6 %)
== 132 sec (5.46 %)
- 67.9 sec (2.82 %)
0.443 sec (0.0184 %)
0.0129 sec (0.000533 %)

To oplimize node-level performance use: el ks

Intel® VTune™ Amplifier XE for:

- algorithmic level tuning with hotspots and threading efficiency

analysis;

- microarchitecture level tuning with general exploration and

bandwidth analysis;

Intel® Advisor for:

- vectorization optimization and thread prototyping.

Use the following command lines to run these tools for the most CPU-

bound rank.

Intel® VTune™ Amplifier XE:

mpirun -gtool "amplxe-cl -collect hotspots -r result
../../bin/refine_mpi --o Refine/rune:

split_random_halves --i pdh.star --particle diameter 497.6

Intel® Advisor:

mpirun -gtool “advixe-cl -collect survey:1® -np 18

/../bin/refine mpi o Refine/run€i - j 4 —auto refinc
lit_random_halves --i pdh.star --particle_diameter 497.6 --

shew Lst

Legerd

=G Application
U

PP P P M TS PO P M2 M3 RGPS Me P sum Mean dow




RELION VTune Analyze

High Spin time(mostly focused on MPI Communication)
CPU usage is not balanced between processes

& Applicaiors laces system @) S [ d9 T s eaen  rec

1905815

© Elapsed Time : 104.2055 [/
U Tima’s
Effactive Tima *s 248,450

Py usage value

CPU Usage Histogram
e

50 £ refoe_mi...
s £

seive_mpi
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RELION different workload VTune Analyze

3D Auto Refine hotspots and 2D Classification hotspots

Basic Hotspots Hotspots by CPU Usage viewpoint (change) @

ction Log @& AN

jrouping: | Function / Call Stack

Function / Call Stack

CPUTI
Effective Time by Utilizati(

‘MultidimArray <double>::resize
‘MIOptimiser::storeWeightedSums
‘MlOptimiser::getallSquaredDifferences
‘Projector::project
‘MlOptimiser::convertAllSquaredDifferencesToWeights
‘BackProjector::backproject
‘operator+=

‘operator+

‘Complex::operator*
‘Complex::operator-
‘Complex::Complex
‘MultidimArray<double=::initConstant
‘norm

Poors
1256.050s (D
:Zi:;;:.. S ction Log @A 5 Analy /pe ) C ee| s Top-down
236.3655 Grouping:  Function / Call Stack
103.209s ]
101.113s) CPU Timew @
::g;z:: Function / Call Stack Effective Time by Utilization Spin Time [ Overh... @
88.736s ) @1dle @Poor @Ok [ ideal @ Over  Com... | Other)  Other
47.042s 3514.117s | 0s|8276s 05
46.088s | b Projector::rotate2D 1013.803s (D 0s  0s 0s
42.2355| b MIOptimiser::getAllSquaredDifferences 765.481s (D) 0s 0s 0s
37 8295 b BackProjector::backrotate2D 324.331s [ 0s 0s 0s
b Complex::operator* 256.384s [l 0s  0s 0s
b operator+ 208.809s [ 0s  0s 0s
> Complex::operator- 204.773s 0s 0s 0s
b operator+= 186.201s [ 0s 0s 0s
» Complex::Complex 1705525 [ 0s Os 0s
P operator 58.4555 0s 0s 0s
P Camnlay-nnaratnré= 5h 7581 Ne Ne 1
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Optimization(1) —Data Alignment

Align memory allocation with 64 byte

Reload new() and delete() in multidim_array.h, it helps to other optimization

void *operator new(size t size)

502 {
583 return mm malloc(size, 64)};
}
void operator delete(void *p)
{
_mm_free(p);
}



Optimization(2) — Vector No.1 hotspot

Optimized code(Major loop was vectored with SIMD successfully) Original code
946 if IZE(*this)<= Zdig) && W && (XSIZE(*this)<= Xdim) ) {
947 Tor (LoNg-IMT L = 0; L < Ndim; Ll++) —
948 for (long int k = 0; k < Zdim; k++)

949 for (long int i = 8; i < Ydim; i++) {

956 #pragma simd

951 for (long int j = @; j < Xdim; j++)

952 {

953 new_data[l1*ZyXdim + k*yXdim+i*Xdim+j] = 0;
954 1

955 }

956 for (long int 1 = 8; 1 < Ndim; 1++)

957 for (long int k = @; k < ZSIZE(*this); k++)

958 for (long int i = 0; i1 < YSIZE(*this); i++) {

959 #pragma simd

966 for (long int j = @; j < XSIZE(*this); j++)
961 {

962 /*T val;

963 val = DIRECT A3D ELEM(*this, k, i, j);
964 new_data[l1*ZyXdim + k*YXdim+i*Xdim+j] = val;*/
965 new data[1*ZyXdim + k*YXdim+i*Xdim+j] = DIRECT A3D ELEM{*this, k, i, j);
966 }

967 }

968 } else {

969

978 for (long int 1 = 8; 1 < Ndim; l++)

971 for (long int k = 8; k < Zdim; k++)

972 for (long int 1 = 8; i < Ydim; i++)

973 for (long int j = @; j < Xdim; j++)

974 {

975 T val;

976 if (k >= ZSIZE(*this))

977 val = 8;

978 else if (i >= YSIZE({*this))

979 val = 0;

980 else if (j »= XSIZE(*this))

981 val = 8;

982 else

983 val = DIRECT A3D ELEM(*this, k, i, j);
984 new data[l*ZyXdim + k*yXdim+i*Xdim+j] = val;
985 }

986 }



Intel Vtune Analyze Compare(Before/After Optimize)

Source || Assembly ||| [ a| assembly grouping: | Address
CPU Time: Total [ CPU Time: Self
Source @ T &
Line ~ Source Effective Time by Utilization | spin Ti... @/ 0. @ Effective Time by Utilization B spin
[@!dle @Poor [ Ok [@ideal [Over Co. Oth.. Oth.. gidie @Poor [ Ok [ideal @ Over Co.
921 3
922 else
923 new_data = new T [NZvXdim)]; 0.0%| 0.0% 0.0% 0.0%
924 }
925 catch (std::bad alloc &)
926 {
927 REPORT ERROR( "Allocate: No space left");
928 }
929
930 // Copy needed elements, fill with @ if necessary
931 for (long int 1 = ©; 1 < Ndim; 1++)
932 for (long int k = 6; k < Zdim; k++) Pt Tirmes Btk a poerp——
933 for (long int i = 8; 1 < Ydim; i++) EMfective Time by Utiiization Spn Ti. B0, 8] Effective Time by Utilization E
934 for (long int j = @; j < Xdim; j++) 0.0%| ) | idile @ Poor [ Ok @ ideal [§ Over Co. Oth. Oth.|guis @ Poor ok @ic=sl f§ Over
935 {
936 T val;
937 if (k >= ZSIZE(*this)) 0.1%| 0.0% 0.0% 0.0%  2.348s| 0s
938 val 0.0%| y 40s |
939 else if YSIZE(*this)) 0.1%| 0.0% 0.0% 0.0% 27265 0s
940 val
941 else if (j >= XSIZE(*this)) 0.5%| 0.0% 0.0% 0.0%  15.947s| 0s
942 val = 6;
943 else
44 3 val = DIRECT A3D _ELEM(*this, k, 1, j); 34.7% 0.0%)|0.0%]0.0%| 1105.963s | 0]
945 new _data[l*Zyxdim + k*Yxdim+i*xdim+j] = val; 4.0% [l 0.0% 0.0% 0.0% 128.966s [l} 0s
946 }
4T for {long int 1 = @; 1 < Mdim; 1++)
= for {long int & k< 2dim; ker)
a3 for (long 1mt 8: 1< Ydim: ieed {
s spragas simd
51 for (lomg im: 8; | « xdim: jesl [E2 | 0.0% 00% D.os 522650
5z {
E new data] L 2vNdin + ko¥ddinei*Xdie-|] = 6; 5.8% | 0.0%) 0.0%|0.0%] 1547765
s 3
s ¥
5 for {long int 1 = &; L < Mdism; lee}
57 for llong int & k < ZSIZE(*this): kesl
58 for (leng 1At 1 = 8; 1 < YSIZE(*TRAS): 1+4) ( |
bl dpragma simd
for (lomg int | = 8; | < XSIZE({*this); Je+) oo | O0% 0.0% B.0% 0.1475|
61 i
62 2°T val;
& wal = DIRECT 43D ELEM(=thiz. k. i, j}:
&4 mew_datalL*ZYXdim o kevXdimei-Xdime}] = val:®/
) rev_datall*ZYX0im + KOYXGIme1*Xdims]] = DIRECT A3D ELEM(*thas, &, 1. 1): aas) O 0.0% 0.0% 2107
o6 3

Vel t



RELION Optimization(3) —inline function

Inline function to make it be vectorized,

Complex *opps

FOR_ALL DIRECT ELEMENTS IN MULTIDIMARRAY (Frefctf)

{
diff2 -= (DIRECT MULTIDIM ELEM(Frefctf, n)).real * (*(Fimg shift + n)).real;
diff? -= (DIRECT MULTIDIM ELEM(Frefctf, n)).imag * (*(Fimg_shift + n)).imag:
opp = & DIRECT MULTIDIM ELEM(Frefectf, nj;
sumaZ += opp->real * opp-rreal + opp->imag * opp-rimag;
//suma2 += norm(DIRECT MULTIDIM ELEM(Frefctf, n));

#vi src/ml_optimizer.optrpt

Before Vectorize

LOOP BEGIN at src/ml_optimiser.cpp(3652,13)

remark #15523: loop was not vectorized: loop control variable n was found, but loop iteration count cannot be computed
before executing the loop

LOOP END

After Vectorize
LOOP BEGIN at src/ml_optimiser.cpp(3654,97)

remark #15300: LOOP WAS VECTORIZED

remark #15478: estimated potential speedup: 3.990
LOOP END

M



Intel Vtune Hotspots Analyze

source || Assembly

FOR ALL DIRECT ELEENTS TN WALTIDINARRAY [

diff2 -= (DINECT WATIOIM ELENIFe
43ff2 -= [DIRECT MATIDIN ELEM(Fr
DIRECT MULTIDIM ELEN|Fref
suma o2 opp-sreal * opp-sreal +
Jisma os nurs(QTRECT MULTIOM E

CPU Time: Total @ CPU Time: Self
Source S .
Line Effective Time by Utilization Effective Time by Utilization
@dle @Poor [Ok §!deal @0ver -|@1die @ Poor [0k [ ideal §Over
3632 err << " group_id= " << group_id << * myscale= * << myscale <cstd::endl;
3633 err << " itrans= * << itrans << * itrans * exp_nr_oversanpled trans + iover trans=
3634 err << "Written Fimg shift.spi and Fref.spi. Press any key to continue... my ori pa
3635 std::cin >> ¢
3,636 }
3637 pthread mutex_unlack(&global mutex) ;
3638
3,639 #endif
3,600 #ifdef TIMING
3,601 /7 Only time one thread, as I also only time one MPI process
3,692 if (my_ori particle = exp_my first ori particle)
3643 timer.tic(TIMING DIFF DIFF2);
3644 #endif
3,695 DOUBLE diff2
3,646 if ((iter == 1 && do_firstiter cc) || do_always_cc) 0.0%] 0.0% 0.0% 0.0% 1.0605
3,647 {
3608 // Do not calculate squared-differences, but signal product
3,649 /7 Negative values because smaller is worse in this case
3.650 4iff2 = 0.;
3,651 DOUBLE suma? = 0.; 0. |
3,652 FOR_ALL_DTRECT_ELEMENTS_IN_NULTIDIMARRAY (Frefctf) 0.6% [ 0.0% 0.0% 0.0% 18.880s (D
3.653 «
3,654 diffz -= (DIRECT_MULTIDIM_ELEM(Frefctf, n)).real * (*(Fing_shift + n)).real; 0.6% NN 0.0% 0.0% 0.0% 17.740s (N
)) mag * (*(Fing_shift + n)).i 1.4% I 0.0% 0.0% 0.0% 45.879s (N |17 [0t
T T .1 1.
3. 657
3.658 // Normalised cross-correlation coefficient: divide by power of reference (power of i
3,659 diff2 /= sart(suma2) * exp_local_sqrtXi2[ipartl: 01% 3.690s @
3,660 ¥
1653 Complex *opp;
1654
1655 {
1656
1u87
165 )
165
1660
1661 1

1862 Hiessle a8 end
1663 "

1664

3663

3,666

FOR_ALL_DIRECT ELEMENTS IN MULTIOIMARRAY(Frefctf]

{

ditf7 = [DIRECT MULTIOIN ELER(Frefctf, n)) real * (*(Fing shift + n}).real;

diff] -= (BIRECT MULTIIH ELEW(Frefetf,
5isa3 += narm(DIRECT MULTIOIM ELEM(Frefett, nil;

nl).ieag * (*(Fing shift + n}). inag;

o]

5] |

ors I
osfll

o

A0 0% M 0.350s]

am 00 bt 453

a0t bt 19600 [

ams ook oo sl

am om0 1657 [N
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Optimize(1) —-Remove vector dependence

Get hotspots info from Vtune analyze

# Basic Hotspots Hotspots by CPU Usage viewpoint (change) @

# Collection Log Target ve| | M summary |+ Bottom-up | [eReEEAEEIEEY % Top-down Tree| B Platforn
_ CPU Time: Totale &) CPU
Function Effective Time by Utilization Bl spinTi... @ 0.& Effective Time by Utili;
@idle @Poor [JOk BIdeal @Over Co. |0th-- Oth.. gidie §Poor [ Ok @Ideal §
MIOptimiser::doThreadExpectationSomeParticles - 99.0% NG 0.0% 0.1% 0.0% 0s
MIOptimiser::expectationOneParticle 99.0% [N 0.0% 0.1% 0.0% )s
[ Mioptimiser:storelieightedsums [ ers%
MIOptimiser:getAllSquaredDifferences - 20.9% (D 0.0% 0.0% 0.0% 765.481s
Projector::get2DFourierTransform 25.5% N 0.0% 0.0% 0.0% 2.330s|
Projector::rotate2D 25.5% IIEGEGB 0.0% 0.0% 0.0% 1013.803s [
BackProjector::set2DFourierTransform - 8.6% 0 0.0% 0.0% 0.0% 0.889s|
BackProjector::backrotate2D - s5%10 0.0% 0.0% 0.0% 324.331s[§
Complex::operator* - 4a%l 0.0% 0.0% 0.0% 256.384s()
operator+ | 35%0 0.0% 0.0% 0.0% 208.809s [}
Complex::operator- - 35%0 0.0% 0.0% 0.0% 204.773sf)
operator+= | 2.5%0 0.0% 0.0% 0.0% 186.201s
Complex::Complex - 2.3%0 0.0% 0.0% 0.0% 170.552sf

M



Optimize(1) - Remove vector dependence

Line 4610: for loop is not vectorized

460G Jf Suggestion Robert Sinkovitr: meérge difference snd scale steps 1o make bet

4612 int ires = DIRECT MULTIDIM ELEMiMresol fine, nl: ‘ 0.4% 0 0.0% 0.0% 0.0% 17.058s 1
4613 if lires = -1) 1.5% NG 0.0% 00w 0.0% 50.026s [N
4,614 {

4,615 F£F Use FT of masked image for noise estimationt

4.616 DOUBLE diff _resl = {(DIRECT MULTIDIM ELEM(Frefctf, mn}).real - (*i{Fimg 2.0 I 0.0% 0.0% 0.0% 113.965s I
4,617 DOUBLE diff_imag = (DIRECT MULTIDIM ELEM{Frefctf, n}).imag - (*{Fimg oa% il 0.0% 0.0% 0.0% 31006
4,618 DOUBLE wdiff2? = weight * (diff real*diff real + diff imagediff imag) 1 e, 0.0% 0.0% 0.0%  To5%6s I
4,619 {f group-wise sigma? moise

4,620 DIRECT MULTIDIM ELEM(thr wsum sigma? noiselgroup idl, ires) += wdiffl  4.2% N 0.0% 0.0% 0.0% 168.246s I
4,621 /F Far Mr‘l_(ﬂfre!tlbﬂ

4,622 exp_wsum_norm_correction[ipart] == wdiffz; a.4% I 0.0% 0.0% 0.0% 174.331s [
4,623 if (do_scale_cor|  3.5% IS 0.0% 0.0% 0.0% 1386015 I
4,624 {

4,625 DOUBLE sumXd

4,626 sunih = (DIR 0.1%] 0.0% 0.0% 0.0%  2.280s|
4.627 sumdh += (DI 02wl 0.0% 0.0% 0.0%  6.767sl
4,628 DIRECT ALD E jy ] 0.0% 0.0% 0.0% 48.005: I
4,629 sunA? - (DIR| 0.0%| 0.0% 00% 0.0%  1.468s]
4,630 sumA2 += (01, o.anill 0.0% 0.0% 0.0% 149675
4.631 DIRECT ALD_E 0.5% 0 0.0% 0.0% 0.0% 2068750
4632 1

4,633 t

4,634 1




Optimize(1) - Remove vector dependence

Split hot loop into three parts, vectorized the first two loops.

4,641 #pragma simd reduction(+:inner_exp_wsum_norm_correction)

: : for (long int Mresol initer=0; Mresol initer<Mresol inner size; Mresol initer++) { 4% .0% m
4,643 long int n = Mresol_outiter*Mresol_inner size + Mresol_initer;

4,644 int ires = DIRECT_MULTIDIM ELEM(Mresol fine, n); 0.0%| 0.0% 0.0% 0.0. 0.350s|
4,645 if (ires > -1) | 07%8 0.0% 0.0% 0.0. 20.269s [
4,646 {

4,647 // Use FT of masked image for noise estimation! |

4,648 DOUBLE diff real = (DIRECT MULTIDIM ELEM(Frefctf, n)).real - (*(Fimg shift + n)).red 7.1% (I 0.0% 0.0% 0.0. 204.495s [N
4,649 DOUBLE diff imag = (DIRECT MULTIDIM ELEM(Frefctf, n)).imag - (*(Fimg shift + n)).ima  0.2%]| 0.0% 0.0% 0.0.  4.621s]
4,650 Mresol fine wdiff2[Mresol initer] = weight * (diff real*diff real + diff _imag*diff i 2.2% ([l 0.0% 0.0% 0.0. 63.237s [
4,651 // For norm_correction

4,652 //exp_wsum_norm_correction[ipart] += Mresol fine wdiff2[Mresol initer]; |

4,653 inner_exp wsum_norm_correction += Mresol fine wdiff2[Mresol initer]; | 0.3%0 0.0% 0.0% 0.0. 8.524s|
4,654 }

4,655 }

4,656 #pragma ivdep

4,657 for (long int Mresol initer=0; Mresol_initer<Mresol_inner_size; Mresol_initer++) {

4,658 long int n = Mresol_outiter*Mresol_inner size + Mresol_initer;

4,659 int ires = DIRECT MULTIDIM ELEM(Mresol fine, n);

4,660 //int iresl = DIRECT MULTIDIM ELEM(Mresol fine, n+l1); |

4,661 //_mm_prefetch((char *)(&DIRECT_AlD_ELEM(mymodel.data vs prior_class[exp_iclass], iresl)

4,662 if (ires > -1) | 0.3% 0.0% 0.0% 0.0. 7.929s
4,663 {

4,664 // group-wise sigma2 noise |

4,665 //DIRECT_MULTIDIM_ELEM(thr_wsum_sigma2_noise[group_id], ires) += Mresol_fine wdiff2[

4,666 Mresol fine sigma2 noise[n] += Mresol fine wdiff2[Mresol initer]; 1.1% 0.0% 0.0% 0.0. 32.277s@
4,667 }

4,668 }

4,669

4,670 }//end for Mresol outier first loop




Optimize(1) - Remove vector dependence

Reduce the loop number of third loop

4,697
4,698
4,699
4,700
4,701
4,702
4,703
4,704
4,705
4,706
4,707

a =an

for(Mresol fine data vs prior_class_idx=0; Mresol_fine data vs prior_class_idx<Mresol fi

int n = Mresol _fine data vs prior_class[Mresol_fine data_vs _prior_class_idx];

int ires = Mresol fine data vs prior class ires[Mresol fine data vs prior class idx]
DOUBLE sumXA, sumA2;
sumXA = (DIRECT MULTIDIM ELEM(Frefctf, n)).real * (*(Fimg_shift + n)).real;
sumXA += (DIRECT MULTIDIM ELEM(Frefctf, n)).imag * (*(Fimg_shift + n)).imag;
DIRECT AlD_ELEM(exp wsum scale correction XA[ipart], ires) += weight * sumXA;
sumA2 = (DIRECT MULTIDIM ELEM(Frefctf, n)).real * {DIRECT MULTIDIM ELEM(Frefctf,
sumA2 += (DIRECT MULTIDIM ELEM(Frefctf, n)).imag * (DIRECT MULTIDIM ELEM(Frefctf
DIRECT _AlD ELEM(exp wsum_scale_correction AA[ipart], ires) += weight * sumA2;

1.6% 00
0.4%[
0.7%08

1.2% 8
0.3%

3.8% N
0.1%|

1.0% 0
0.9% 0

0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%0.0. 44.698s
0.0% 0.0. 10.909sf§
0.0% 0.0. 19.989s(@

0.0% 0.0. 35.711s[l

0.0% 0.0. 7.493s

0.0% 0.0. 108.124s
0.0% 0.0. 2.1815s|

0.0% 0.0. 30.138s [l

0.0% 0.0. 26.390s [



Optimize (1)-Remove vector dependence

Vector report, First and second loops was vectorized




Optimize (2)-Remove exception calls

Get hotspots info from Vtune analyze

MIOptimiser::expectationOneParticle
MIOptimiser::storeWeightedSums
MIOptimiser::getAllSquaredDifferences
Projector::get2DFourierTransform
Projector::rotate2D
BackProjector::set2DFourierTransform
BackProjector::backrotate2D
Complex::operator*

operator+

Complex::operator-

operator+=

Complex::Complex

] ——
29.9% [N
25.5% (I

8.6%
8.5% [l
4.4% 0
3.5%0
3.5%0
2.5%f

2.3%f

99.0% I 0.0%

0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.1% 0.0%
0.1% 0.0%
0.0% 0.0%
0.0% 0.0%
0.0%)| 0.0%
0.0% 0.0%
0.0% 0.0%
0.0% 0.0%
0.0% 0.0%
0.0% 0.0%
0.0% 0.0%
0.0% 0.0%

Us
3514.117s
765.481s [
2.330s|
0.880s |
324.331s8
256.384s [
208.809s )
204.773s B
186.201s )
170.552s )



Optimize (2)-Remove exception calls

Line 410: For loop is not vectorized

CPU Time: Total & CPU Time: Self

ST;‘F’:“ i Source Effective Tima by Utilization Spin Ti... @ 0. @) Effactive Time by Utilization 8| Spin Ti..

| | @idle @ Poor @Ok @ Ideal @ Over _ Co. Oth. Oth. @idie @Poor 0Ok §ideal @ Over | co. |Of
423 if ixp = 8) . oaxnil 0.0% 0.0% 0.0% 26118500 0s
424 {
425 /# Get complex conjugated hermitian symmetry pair
426 = = -xp; 0.0%| 0.0% 0.0% 0.0%  2.809s| 0s
427 ¥P = -yp: 0.5% il 0.0% 0.0% 0.0% 350605l 05
428 is neg x - true;
479 }
430 else
431 1
432 is_neg x - false;
433 ]
434
435 /¢ Trilinear interpolation [with physical coords)
436 J# Subtract STARTINGY to accelerate access to data (STARTINGX=8)
437 /7 In that way use DIRECT A3D ELEM, rather than A3D ELEM {
438 x8 = FLOOR{xp); 0.7% R 0.0% 0.0% 0.0% 52.542s [ os
439 fx = xp - x0; E | 0.0% 0.0% 0.0% 24.318sl 0s
440 x1 = x8 4 1;
441 {
442 ¥8 = FLOOR{yp); 1.1% 0.0% 0.0% 0.0% 52 803s [N os
443 fy = yp - yo; |
444 vB .= STARTINGY(datal; | oaxl 0.0% 0.0% 0.0%  9.864s0 o5
445 ¥l = yB + 1; 0.1%]| 0.0% 0.0% 0.0% 5.493s os
446
447 Jf Matrix access can be accelerated through pre-calculation of z8+xydim etc.
448 de8 - DIRECT A2D ELEM{data, yo8, x@); 0.0% 0.0% 0.0% 133.800; (NN 05
449 d81 - DIRECT A2D ELEM{data, y0, x1); 0.0% 0.0% 0.0% 35.5505- 0s
450 d18 = DIRECT_A2D_ELEM{data, y1, xB); 0.0% 0.0% 0.0% 104 0458 [N os
451 d11 = DIRECT A2D ELEM{data, yl, x1]; 0.0% 0.0% 0.0% 36.330s o0s
452
453 /7 Set the interpolated value in the 2D output array
454 dx@ = LIN_INTERF{fx, dbo. del): | a7% I 0.0% 0.0% 0.0%  75.397s N os
455 dxl = LIN_INTERP(fx, d18, dil); 4.7% 0.0% 0.0% 0.0% 75.496s IR 0s
456 DIRECT A2D ELEM(f2d, i, x) = LIN_INTERP(fy, dx@, dxl); s.3% [ o0 0.0% 0.0% 137.252s R 05
457 /f Take complex conjugated for half with negative x |
458 if {(is neg x)
459 DIRECT 420 ELEM{f2d, i, x) = conji{DIRECT A20 ELEM{f2d, i, x}); 1.1 0.0% 0.0% 0.0% 40.301s [l -]
460 } // endif TRILINEAR
461 else if (interpolator =— NEAREST NEIGHEOUR ) |
A;é_ec(gd § | 0.2% 0.0% 0.0% 0.0%) 56685 05w

[T | 1| | 0|




Optimize (2)-Remove exception calls
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Optimize (2)-Remove exception calls

Vectorized the for loop
For(int i=0;i<YSIZE(f2d);i++){

H#pragma ivdep
for (intx=0;x< min_x;x++){ ...}

if (interpolator != NEAREST_NEIGHBOUR && interpolator != TRILINEAR) {
REPORT_ERROR("Unrecognized interpolator in Projector:project”); }

if (interpolator == TRILINEAR) {
#pragma ivdep
for (int x=min_x; x < max_x; x++){}
}
if (interpolator == NEAREST_NEIGHBOUR) {
H#pragma ivdep
for (int x=min_x; x < max_x; x++){}

}

ﬂ



Optimize (2)-Remove exception calls

Vector report, First two loops are vectorized




Agenda

RELION Background
RELION ITAC and VTUE Analyze
RELION Auto-Refine Workload Optimization

RELION 2D Classification Workload Optimization

Further Optimization
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Further Optimization- More efficient vectorization

1) Remove Random Access: AOS to SOA
FOR_ALL_DIRECT_ELEMENTS_IN_MULTIDIMARRAY(Mresol_fine) {

DOUBLE diff real = (DIRECT_MULTIDIM_ELEM(Frefctf, n)).real - (*(Fimg_shift + n)).real;
DOUBLE diff imag = (DIRECT_MULTIDIM_ELEM(Frefctf, n)).imag - (*(Fimg_shift + n)).imag;

}

Change xx[n].real xx[n].imag to xx_real[n] and xx_imag[n]
Diff real[n] = Frefctf_real[n] — Frimg_shift_real[n];
Diff_imag[n] = Frefcft_image[n] — Firmg_shift_imagm[n];

2) Use Array Reduction to easy vectorization ( Intel compiler 2017)

M



Optimization Summary

Compile application, add these options: “-g —qopt-report=5"
RUN Vtune Analyzer to find top hotspots

Read the xx.optrpt to find the optimization suggestion
Vectorize the loop

Try to remove random memory access

Memory alignment

M
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