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Introduction and Goals: High luminosity collateral effect - Pileup

Spurious
pile-up jet

Pllei <~ Hard scatter Figure: 10.1371/journal.pone.0097277
Figure: https://cms.cern/
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Goal: Primary Vertex Position - Deterministic Annealing

Spurious Hard-scatter jet

pile-up jet

Jet from
pile-up

Hard scatter

Pile-up ™ '

Figure: https://cms.cern/
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Figure: z-coordinate of their point of closest
approach to the beam-line, arXiv:0902.1860v2
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Deterministic Annealing

Consider index i related to tracks and k with vertex (always). We want to calculate

o — > pipikzi/ o} Dip = e PEi By — (zi — 2)°
> i/} T Y pewe PEuw ' of
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Figure: z-coordinate of their point of closest approach to the beam-line, arXiv:0902.1860v2
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Cuda - Problems/Optimization - Memory Access - shfl_down_sync ()

o = > pizifo? T, — 227;5—% (Zz—UiZk) . > pipikzi] o} o
Sopifol’ DS S Sopipik/o; T

threadid 0 1 2 3 4 5 6 7
I 1 | 1 | 1 I 1 | 1 | 1 | 1 | 1| unsigned m = OXEEEEFEEE;

T..

Global GPU memory J

v += __shfl down_sync(m, v, 4); \ GPU kernel .
[2]2]2]2] T T T ]
// v += __shfl_down_sync(m, v, 2); [ Thread block | Thread block | Thread block |
\\
lalal [ [T T] il m e
/ v += _ shfl down_sync(m, v, 1); ‘M\M [ Warp |
el T T T T T pegeiry | ageiry " Ragiiny
\ Thread \ Thread | Thread
Part of a warp-level parallel reduction using shfl_down_syncl). Flgu re:
https://developer.nvidia.com/
. o blog/register-cache-warp-cuda
Figure: Ref: https://developer.nvidia.com/blog/ g/reg P /

using-cuda-warp-level-primitives/
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https://developer.nvidia.com/blog/using-cuda-warp-level-primitives/
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https://developer.nvidia.com/blog/register-cache-warp-cuda/

Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
DPi Zi Rk
_ Ypizi/o; T — QZW? ( 7 ) L > pipinzi o}

0= FH——5 0= ; k= Pr, Te.
dopifol’ )P % ' >opipik/o} ’
Suppose we have 66 tracks and 3 vertex
Vertex =0 Vertex = 1 Vertex = 2

b=0 b=1 b=2 b=3

0-31 32-63  64-95 06.127 128.159 .o

| | Il [ [ I | | I ||
Track Vertex elements o-31 32-63 64, 65 66 - 97 98-129 130,131 132-163  164-195 196,197
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle
_Swtot o SB5E) Sl

20 = =—5— T = ; k= Pk, Te.
dopifol’ )P % ' >opipik/o} ’
Suppose we have 66 tracks and 3 vertex
Vertex = 0 Vertex = 1 Vertex = 2

b=0 b=1 b=2 b=3

0-31 32-63  64-95 96-127 128-159 -

I I | | I | | I |1
Track Vertex elements o0-31 32-63 64, 65 66 - 97 98-129 130,131 132-163 164-195 196,197
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
Pi Zi— 2k
20 = qupizi/ag Ty = QZio? ( o ) = Zipipikzi/af o T
dopifol’ Zi% ' >opipik/o} ’

Suppose we have 66 tracks and 3 vertex

Vertex = 0 Vertex = 1 Vertex = 2
b=0 b=1 b=2 b=3
0-31 32-63 64-95 96-127  128-159 ..
[ I Il ] Il | | [ /1
66 - 97 98 -129 130,131 132-163  164-195 196,197

Track Vertex elements o-31 32-63 64, 65

My T Track 7 Mg, N_warp=—Z5

M = num = bid9
l{{;z num = bid%N_warps_per_vertex
N,
%

s = div = bid/N_warps_per_vertex;
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
DPi Zi Rk
_ Ypizi/o; T — QZW? ( 7 ) L > pipinzi o}

20 = ~—= 7 3 > 0= Dq ) k= 35 Pk TC'
>_.pi/o; Z,ﬁ >_iPibik/ 0}
3
Suppose we have 66 tracks and 3 vertex
Vertex = 0 Vertex = 1 Vertex = 2
b=0 b=1 b=2 b=3
0-31  32-63  64-95 96-127  128-159 .-
L] I Il ] I | | | [ I

Track Vertex elements 0-31  32-63 64, 65 66-97  98-120 130,131  132-163 164-195 196,197
Num 0 1 2 0 1 2 0 1 2
Div 0 0 0 1 1 1 2 2 2

*rack > Mg, “N_warp = Zo/

7

/‘{p =, num = bid%N_warps_per_vertex
2

% div = bid/N_warps_per_vertex;

r =
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
Pi Zi— 2k

_ qupizi/ag Ty = QZW? ( o ) = qupipikzi/o'z? .

dopifol’ Zi% ' >opipik/o} ’

Suppose we have 66 tracks and 3 vertex
b=0 b=1 b=2 b=3
0-31 3263 64-95 96-127 128-159

[ i i || i | I I

0-31 32-63 64, 65 66 - 97 98-129 130,131 132-163 164-195 196,197
Track Vertex elements g

int num = bid%N_warps_per_vertex;
bi

int div id/N_warps_per_vertex;
int Did = num * warp + div * N_tracks + tid ;

Z0 Tc-

int Lid = (N_warps_per_vertex -1 )% N_warps_per_vertex ; // Last warp of a group of threads
int Rid = N_tracks%warp ; // Last warp of a group of threads

if (num != Lid){
out[gid] = in[Did];

else {
if (tid<Rid){ // !

out[gid] = in[Did];

else{
out[gid] = 0.0;
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
Pi Zi— 2k
_ qupizi/gg Ty = QZW? ( o ) = Zipz‘pikzi/gf .
dopifol’ Zi% ' >opipik/o} ’

Z0 Tc-

Suppose we have 66 tracks and 3 vertex

__shfl down_sync Reduction/Summation

// Results of the summation over each warp will be in the first elements of the warp
for (int offset = blockDim.x/2 ; offset > 0; offset /= 2) //

{
out[gid] += __shfl_down_sync(0Oxffffffff, out[gid], offset);
__syncthreads(); // Wait for all shuffle reductions per loop

}
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
>_iPizi/0;
W0=5 T = ; = 5 Py Te
>opilo} 21% ' >pipik/o} '
Suppose we have 66 tracks and 3 vertex
- _ _ If necessary we need to fill ele-
Vertex =0 Vertex =1 Vertex =2 ments with zeros what left to
b=0 b=1 b=2 b=3 complete 2~n elements to per-
0-31 32-63  64-95 96-127 128-159  «e form the parallel reduction
o] J[of |[9] [ o] o] | [0] J[0] | (0]
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

zZ0 =

Suppose we have 66 tracks and 3 vertex
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Eq’,pizi/az? Ty =

2
o e
9 za? o;
S5
iog2
i

Y pipikzi o}
>opipik/o}

Zipi/azz

Vertex = 0 Vertex = 1 Vertex = 2 ments with zeros what left to
b=0 b=1 b=2 b=3 ;:omp::‘te ZAnIIeIIemedntst_to per-
- B orm the parallel reduction
0-31 32-63 6495 96-127  128-159 P

) e | |

Vv d

IIIEII_ITI—H—\ m;mn I — :l:l
* mm: I:D:l

1{ i3 4

(I L

Parallel
Reduction

int Sid = (tid + (num * warp) + (div * N_warps_per_vertex )) * warp; //
int warp_elem = N_warps_per_vertex * warp * (div+1); // variable with maximum element value in each big block

if (Sid < warp_elem){
__syncthreads();

aux[gid] = out[Sid]; / Saver option
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Cuda - Problems/Optimization - Parallel Reduction w/ Shuffle

2
Pi [ ZiTZk
QZL'U% ( = ) = > pipikzi/ o} T
Zi% ' Z;,Pipik/‘fz? ' T
;

20 = 727]%%/0; ) To =
>_.pi/o;

Suppose we have 66 tracks and 3 vertex

int N_2W = comp_list_2n_blocks(N_warps_per_vertex); // Calculates what is left to 2*n
int Pid = num * warp + tid; // variable index to limit the parallel reduction

if (Pid < N_2W/2){
__syncthreads();
for (int offset = N_2W/2 ; offset >0; offset /= 2) {

aux[gid] += aux[gid+offset];

}

If you want print sum results in order

if (gid < N_vertex){
__syncthreads();

summ[gid]= aux[gid*warp*N_warps_per_vertex];

else{
summ[gid]= 0.0;
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Conclusions

O A first CUDA version for DA;
[0 Proceed with the full version of the DA

STARTED [,

[ Extrapolate for even and odd number of

vertex [ DONE|;
O Optimize memory transfers ;
O Streams [ PLANNED |;
O CMSSW [PLANNED |
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The End



Cuda - Problems/Optimization - Parallel Reduction

—BEik (2 — )2
e Zi Zk . _
et b= G R — iz — oot
Blocks (k) k=0 k=1 k=2 k=3
Threadldx (i) | 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
0 1 2 3 4 5 6 7 8 9 10 11 12 13 1 1516 17 18 19
Lfelz[o]  [felifd]  CL[e[f] [ELfe]i]q]
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Cuda - Problems/Optimization - Parallel Reduction

—BE; o 2
e By — (zi — 2x)

ik = = 35 ik = ———5 s id|+ = sum|off|.
RS Swrwr g xR BRI = +wnlsic)+ = swlor

Blocks (k) k

=0 k=1 k=2 k=3
Threadldx (i) 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 17 18 19
lifelzlo]  [lafelele]  [efafefafa]  [2afzfa]i]
=
Lelefefelz]  [lelefes] L[] [Lf=]i]4]
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Cuda - Problems/Optimization - Parallel Reduction

e PEik

(2 — 2)* )

Blocks (k) k=0 k=1 k=2 k=3
Threadldx ()| 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
001 2 3 4 5.6 7 8 9 10011 12 13 14 00112 13 1
L] CLEDld Ll el
|
=
I S S
o=
L — —
| A
‘4‘253‘2‘ 9|2 |4a|2|5 ‘2‘1‘2‘1‘1‘ ‘2‘1‘2‘1‘1‘
+
wllelele] [lefefeo] L[] [Lfe[]4]
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Cuda - Problems/Optimization - Parallel Reduction

—BE;k
e B — (

e E——
' Dok prre BB’ ’ o} ’ .

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
‘2‘1‘3‘2‘1‘ 7111214 ‘2‘1‘2‘1‘1‘
o[ 1]s[afs] [afafelafe] [efafz]r]y]

Figure: Parallel reduction for odd n. vertex.
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Cuda - Problems/Optimization - Parallel Reduction

—BE; 2
o e PEik B (zi — 21) . _
Pik = < —35 ik = T35 > = sum[gid]+ = sum[off].
> prre” PFi of
k i
Block 0 Block 1 Block 2 Block 3
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 161 17 18 19
‘2‘1‘3‘2‘1‘ 711|214 ‘2‘1‘2‘1‘1‘ ‘0‘0‘0‘0‘0‘
LT CEEEE ChERE  EEEE

Figure: Parallel reduction for odd n. vertex. Possibility round up to archive 2™.
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Cuda - Problems/Optimization - Parallel Reduction

e PEik

L Lo \B T %) id]+ = ££].
P = A L [CEE IO R R ANE] — sunlgidl+ — sunlots]

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

‘2‘1‘3‘2‘1‘ ‘7‘1‘2‘1‘4‘ 2|12 |1]1 0100010

/////
/////

o= Eo—

CTT 0] FRRLD  ERER

Figure: Parallel reduction for odd n. vertex. Possibility round up to archive 2".

[ofofofo]o]
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Results with CUDA Implementation

25 i i %e Toy data
2.0 : **k Ref (0.
w15
1o ©ac0D €000 eeere)
0.5 &
0.0
-10 10 20 30 40 50 60
50
0 *—e 7;,size 6
oo 7z, size 6
. 30 oo z,size 6
20 “\
’/_—0—’“'
1 "’\o\.
?0'3 102 107
15
1.0 : : T
0.8 . rmsead MUK -. @®@ Toy data
06 T fn Tk | fifufs CUDA Final Vertex
N 04 i |444 Init Vertex
**x Ref (0.0,0.0)
0.2 H
0.0 H :
-0.2 H i H
0 10 20 30 40 50 60 70 80

T

Figure: Toy data (on top). Middle figure corresponds to the vertex position evolution through annealing
step. Bottom figure shows the data and the final vertex position after six annealing steps.
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Conclusions

O A first CUDA version for DA;

O Extrapolate for even and odd number of
vertex;

O Optimize memory transfers;

[0 Streams;
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Figure: Parallel reduction for odd n. vertex.
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Conclusions

O Extrapolate for even and odd number of
vertex;

O Optimize memory transfers;

O Streams;

04/MAR/2021

A. C. O. Santos Determi

Block 0 Block 1 Block 2 Block 3
0 1 2 3 4 506 7 8 9 10 11

Bnnnn

1213 14

3 15 161 17 18 19
2[1i[1]  [oofo]oTe]

LTDTd [

LLls[ls] [l [ofelelole] [ofeToTeTe]

Figure: Parallel reduction for odd n. vertex.
Possibility round up to archive 2.
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Conclusions

O Extrapolate for even and odd number of
vertex;

O Optimize memory transfers;

O Streams;
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Figure: Parallel reduction for odd n. vertex.
Possibility round up to archive 2".
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Conclusions

O Extrapolate for even and odd number of

vertex; ® Avoid cudaMalloc* (), cudaHostAlloc(),
O Optimize memory transfers; cudaFree* (), cudaHostRegister(),
[] Streams: cudaHostUnregister () on every event ;
® Use cudaMemcpyAsync(),
Data Transfer  Kernel cudaMemsetAsync (),
- Data Transfer from
device 't execution deiceihon cudaMemPrefetchAsync() etc.
" 4 i o ! .
b Execution ® Synchronization needs should be fulfilled with

Overlaps .
/ ExternalWork extension to EDProducers;

® Within acquire() /produce(), the current
CUDA device is set implicitly and the CUDA
stream is provided by the system (with

cms: :cuda: :ScopedContextAcquire/
Figure: Cuda programming Masterclass.

Kasun Liyanage.
04/MAR/2021 .C. 0. inistic Annealing - A CUDA Realization Update

cms: :cuda: : ScopedContextProduce) ...




The End



Cuda - Problems/Optimization - Memory Access - Streams.

Data Transfer Kernel

from host t - Data Transfer from
deoviceos ° execution device to host

[ 4 Execution

Overlaps
/

Figure: Cuda programming Masterclass. Kasun Liyanage.
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