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Material Science/Chemistry at Exascale

Mat. Sci & Chem apps like VASP, Quantum ESPRESSO, NWChem, GAMESS, QMCPACK,
BerkeleyGW, and CP2K are some of the most heavily used apps at DOE facilities.

They are being used to design and understand the fundamental components of Quantum
Computers, Solar Cells, OLEDs, Batteries, Catalysts, Bio-Energy, Semiconductors,
Sensors, Hydrogen Storage, Carbon Sequestration




Computational Material Science NEeFR
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In crystalline materials,

electrons are allowed to
occupy only specific
energy states or “bands”
E(K).
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These bands (and gaps)
determine material .
properties. Si

1S

DFT “Kohn-Sham”
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Equation of Motion for an Electron NeFR

DFT is deficient in computing E(k) for many systems, where
excitations take the form of an independent particle with effective

complex energies - E(k)

The Dyson equation:

Enc— Hy(r) = Viy (1)) (1) [
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What is GW NEF

15

The “GW” method is an accurate
approach for simulating the “excited
state” properties of materials.
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- What happens when you add or
remove an electron from a system?

 How do electrons behave when
you apply a voltage?

- How does the system respond to
light or X-rays?

Theoretical Band Gap (eV)
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What is GW NEF
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Many-body effects extremely important in

Excited-State properties of Complex
Materials for Devices:

* Photovoltaics

« LEDs

« Quantum Computers

« Junctions / Interfaces
- Defect Energy Levels
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BerkeleyGW 2F

- A massively parallel package
for GW calculations [ - ]

- Sits on top of DFT codes

(Optionally)
Parabands

Common file formats, input style,

-  Computational motifs
- FFTs
- Dense linear algebra

- Large reductions s
B BerkeleyGW
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BerkeleyGW NEF
- Large reductions in Sigma-GPP module
- Study of the divacancy effect in Silicon (prototype for qubits)
r;%.umom SouslblERES S [A: e

=] Process "sigma.cpix.x" (556...
= Thread 2863848320

“ OpenACC I‘

“ Runtime API Il

“ Driver API ml
- Profiling Overhead |

(=] [1] Tesla V100-SXM2-16GB
=] Context 1 (CUDA)
7 MemCpy (HtoD)
7 MemCpy (DtoH)

=l Compute

7 96.9% sigma_gp..
L 7 2.0% volta_zgem...
L 7 0.5% void compo...
¥ 0.2% void compo.
7 0.2% mtxel_242._..
L 0.1% mtxel_218._..
L7 0.0% mtxel_227.....
L7 0.0% mtxel_255._..
7 0.0% sgma. ... RN
L7 0.0% mixel_181_... |

Analysis [ GPU Det CPU Det [T OpenAC R OpenMP Console Settings — O [ Properties R

-
. I 1 t m B context 1 (cua)
¥ Duration
Session 533.55048 s (533,560,475,795 ns)

> mtxel_cor.p.f:1694 120.345% 638.89846s 640
» mtxel_cor.pf:1692 2.972% 16.77671s 256
o - - - > mtxel.p.f:214 0.703% 3.7326 s 15048
- >75% after optimization e
n » mtxel.p.f:269 0.037% 0.19607 s 15048

~
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Sigma-GPP

Calculate interacting electron energy

: LTS o
%= 22 3 Ml Ot &g )

@ and Q are complex double precision arrays over G,G’ derived from the polarizability
M are complex double-precision arrays representing transition probabilities
E, are DFT orbital energies

E is an array of “response” energies.
v is the coulomb interaction in plane-wave basis G
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Sigma-GPP

v 4
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Pseudo Code

do nl =1

do

do igp =

, nhbands
1, ngpown
ig = 1, ncouls
do iw = 1, nw
compute:
2.
4.
reduction:

1.

n’ e.g. 2763
G’ e.g. 6633
G e.g. 26529
E e.g. 3

mixed data types

e.g. complex double, double, integer
various memory access patterns

e.g. (ig,igp) (ig,nl) (igp,nl) (iw,nl) (nl)
complex number divisions

nw is very small, will be unrolled

complex numbers
all top 3 loops, billions of iterations
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V1. Naive Implementation NEFR

Collapse the first 3 loops to gain parallelism

1SACC PARALLEL LOOP COLLAPSE (3) REDUCTION (+: )
do nl = 1, nbands
do igp = 1, ngpown
do ig = 1, ncouls
do iw = 1, nw #unrolled
compute and reduction

| TFLOPs TFLOPIs

v1.collapse3 3.71 1.63 2.27
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V2. More Compute Per Thread

Move n’ loop in, and collapse the first 2 loops

1$ACC PARALLEL LOOP COLLAPSE (2) REDUCTION (+: )
do igp = 1, ngpown
do ig = 1, ncouls
do nl = 1, nbands #unrolled too!
do iw = 1, nw #unrolled
compute and reduction

| TFLOPs TFLOPIs

v1.collapse3 3.71 1.63 I 2.27
v2.collapse2 3.71 1.73 2.15
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V2. More Compute Per Thread

- L2/HBM Al increases!

- Register count at 186
- Very low occupancy
- 8 warps per SM

104 4

Performance [GFLOP/sec]

-  Need more warps to hide latency!

Active Warps Per Scheduler [warp]
Eligible Warps Per Scheduler [warp]
Issued Warp Per Scheduler

103 §

V100 (9

FMA: 7068.9 GFLOP/s

Qf’
©;
&
>
O’
, No-FMA: 3535.8 GFLOP/s

bLﬂ )
O L1
o L2 B vl.collapse3
V HBM B v2.collapse2
10 10! 102

Arithmetic Intensity [FLOPs/Byte]

2.00 | Instructions Per Active Issue Slot [inst/cycle]
©8.35 [No Eligible [%]
.30 |One or More Eligible [%]
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V3. Increase Threadblock Size NEF

- Force threadblock size to be 512, instead of the default 128

'$ACC PARALLEL LOOP COLLAPSE (2) VECTOR LENGTH(512) REDUCTION (+: )

- Register spills but performance may not be bad!

0 bytes stack frame, 0 bytes spill stores, 0 bytes spill loads
ptxas info : Used 186 registers, 624 bytes cmem[0], 32 bytes cmem[2]

104 bytes stack frame, 188 bytes spill stores, 168 bytes spill loads

ptxas info : Used 128 registers, 624 bytes cmem[0], 32 bytes cmem[2]
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V3. Increase Threadblock Size NEeFR

- More bandwidth bound now but

V100
- - - 104- Q7\"
latency hiding is successful! n,@“ EMA: 7068.9 GELOP/s
g No-FMA: 3535.8 GFLOP/s
g -—/ v 3
o 5 )
| TFLOPs trLop/s [l
g
v2.collapse2 3.71 1.73 2.15 £
L1 Il vl.collapse3
v3.vector512  3.71 1.40 2.65 ien | |mm vaecest2

10 10! 102
Arithmetic Intensity [FLOPs/Byte]

Active Warps Per Scheduler [warp] 4.00 | Instructions Per Active Issue Slot [inst/cycle]
Eligible Warps Per Scheduler [warp] 0.67 |No Eligible [%]

Issued Warp Per Scheduler 0.42 |One or More Eligible [%]
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V4. Reduce Branching NEF

- Bring iw loop outside of the kernel

do iw = 1, nw #reduce branching
ISACC PARALLEL LOOP COLLAPSE (2) VECTOR LENGTH (512) REDUCTION (+: )
do igp = 1, ngpown
do ig = 1, ncouls
do nl = 1, nbands #unrolled
compute and reduction

-  Fewer variables to be reduced -> lower register pressure
0 bytes stack frame, 0 bytes spill stores, 0 bytes spill loads
ptxas info : Used 122 registers, 600 bytes cmem[0], 32 bytes cmem[2]
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V4. Reduce Branching NEF
Aggregated data for all kernels
BRA instruction count Vi
QO FMA: 7068.9 GFLOP/s

14,278,897,053
5,975,051,812 x 2

| TFLOPs | Time | TFLOP/s_

3.71
3.52

1.40
1.17

v3.vector512

v4 .iwoutside
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> 16%

2.65
3.00

Performance [GFLOP/sec]

=
o
W

b~
%)
%)
~
N/
/ No-FMA: 3535.8 GFLOP/s

o—w 4
Y 3

b

1\

B vl.collapse3

O Ll B v2.collapse2

o L2 B v3.vector512
V HBM I v4.iwoutside
10° 10!

Arithmetic Intensity [FLOPs/Byte]




V5. Swap Indices NEF

do iw = 1, nw
1SACC PARALLEL LOOP

. _ 104 \2
do igp = 1, ngpown & FMA: 7068.9 GFLOP/s

- -— b~
do ig = 1, ncouls 4 //// ////
-— '»‘.
do nl = 1, nbands ) No-FMA: 3535.8 GFLOP/s

wx_array(iw,nl) to (nl,6iw) % —% &
| TFLOPs TrLoP/s i
v4.iwoutside 352 117  3.00 D 2 | (mm vemwoue
V HBM B v5.swapindices

vb.swapindices 3.52 1.16 3.03 100 10* 102

Arithmetic Intensity [FLOPs/Byte]
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V6. Simplify Code

- Fewer instructions -> less work
- Pull repeated instructions outside the loop
- Use temporary variables to hold intermediate values for reuse
- Less branches -> better programming
- 3 branches is more than 1 branch ']
worse than 2 branches!

| TFLOPs | Time | TFLOPIs.

vd.swapindices B¥52 1.16 3.03
v6.simplify 3.30 1 1.10 3.00

0 FMA: 7068.9 GFLOP/s

K
%
2
~
N
" No-FMA: 3535.8 GFLOP/S

Performance [GFLOP/sec]

O L1
o L2 B v5.swapindices
V HBM Bl v6.simplified

10° 10!
Arithmetic Intensity [FLOPs/Byte]
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V7. Replace Divides NEeFR
Replace (complex) div. with (double) rcp. and (complex) mul.
Lower instruction count: 40%
More bandwidth bound now! o 90 FMA: 7068.9 GFLOP/s

25
g /\;\;‘ / / No-FMA: 3535. 8GFLOP/S
£
v6.simplify 3.30 1.10 3.00 :
v7.divs 2.09 1 0.66 1 3.18 8 S = v6.simplified
V HBM e v7.divs
100 10! 102

Arithmetic Intensity [FLOPs/Byte]
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V7. Replace Divides NEeFR

- Can be confirmed by Nsight Compute profiles

High-level overview of the utilization for compute and memory resources of the GPU. For each unit, the Speed Of Light (SOL) reports the achieved percentage of utilization with respect to the theoretical maximum.

SOL SM [%] 73.13  (+2.82%) |Duration [msecond] 355.19
SOL Memory [%] 65.35 (+73.98%) |Elapsed Cycles [cycle] 459¢ 34385
SOL TEX [s] 19.81 (+57.58%) |SM Active Cycles [cyclel] 458943655.99
SOL L2 [%] 22.93 (+73.60%) |SM Frequency [cycle/nsecond] 1.31
SOL FB [%] 65.35 (+73.98%) |Memory Frequency [cycle/usecond] 877.45

GPU Utilization
SM [%]

Memory [%]

50.0
Speed Of Light [%]

U.S. DEPARTMENT OF Office of
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V8. Replace abs(x) with x**2 NEF

complex (DP) ssx » real (DP) ssxpower
if (abs(ssx) .le. ssxcutoff) then if (ssxpower .le. ssxcutoff **2) then

- sqgrt(complex) vs power of 2

- Causing pipeline to wait 10t V1 & I
% No-FMA: 3535.8 GF%OP/S
| TFLOPs TFLOP/s [JF
v7.divs 200 066  3.18
v8.abs 1.99 0.62 3.23 L2 v7.divs

HBM B v8.abs

10° 10! 102
Arithmetic Intensity [FLOPs/Byte]
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V8. Replace abs(x) with x**2

Before:

- Wait: warp was stalled waiting on a fixed latency execution dependency

rden = 1D® / rden
55X = —-0mega2 * conjg(cden) * rden * delw
! ssx = —-Omega2 * delw / cden
endif
updl - uv
if (abs(ssx) .le. ssxcutoff .or. wxt .ge.
upui — wroulxocc * S5X * matngmatmap
endif

s5(ssx) .gt. ssxcutoff .and. wxt .1lt.
de

d@) then
de) then

vcoulxocc * ssx * matngmatmgp

upd2 = vcoulx * sch * matngmatmgp * de
ssx_array_3 = ssx_array_3 + updl
sch_array_3 = sch_array_3 + upd2
enddo ! loop over nl_loc
enddo ! loop over g

U.S. DEPARTMENT OF Office of
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Sampling Data (All) Sampling Data (Mot Issued) Instructions Executed Predicated-On T'*
857,269,17@)
1,200,176, 8%8)

31,179 17,744
44,674 27,041
e
e

)
2p5,479|(_10,351,659,971)
90,336] 2,300,832 [000)

Nroteitacale-etlnt: 467330

Dispatch Stall: 10296 ( 2.2%)

Imec Miss: 59 ( 0.0%)

Math Pipe Throttle: 92769 (19.9%)
Misc: 518 { 0.1%)

No Instructions: 26849 ( 5.5%)
Not Selected: 42378 ( 9.1%)

2,684,304[000)
766,944, 00f)
766,944, 00@)

149,675, 164|

A
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V8. Replace abs(x) with x**2

After:
- Wait: 46.6% -> 23.7%

wdiff = —Omega2 * conjg(cden)
ssx = rden * delw * wdiff
! ssx = -Omega2 * delw / cden
endif
updl = do
rdan _ 55x % conjg(ssx)
if (rden .le. ssxcutoff .or. wxt .ge.
upul — wroulxocc * SSX * matnamatman
endif
if (abs(ssx) .gt. ssxcutoff .and. wxt .lt.
! updl = do

de) then

! updl = vcoulxocc * ssx * matngmatmgp
! end if
upd2 = vcoulx * sch * matngmatmgp *
ssx_array_3 = ssx_array_3 + updl
sch_array_3 = sch_array_3 + upd2
enddo ! loop over nl_loc

Office of
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do) then

Sampling Data (All) Sampling Data (Not Issued)
16,491| 10,128

23,965 14, 655]

e

e

)

28,089

25,259

111,372|

Dlspatch Stall: 929 ( 2.0%)
Math Pipe Throttle: 19231 (42.4%)
Mise: 37(0 1%)
goted. 6591 (14 5%)
elected: 7853 (
Wait: 10739 (23. 7%]

)

232, J48|
27,603
79,87f]
)

Instructions Executed Predicated-On Thread Ir
342,907,668

685,815,386

1,150, 416([000)
2,300(,832, 000

3,067,776,000
766,944,

766,944, ¢

A
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V9. Cache Blocking NER

Non-coalesced memory access for agsntemp

Causing Long Scoreboard Warp State
- Warp stalled waiting for L1TEX (local, global, surface, tex) memory operation

# Source Sampling Data (All) Sampling Data (Not Issued) Instructions Executed Predicated-On Thread =
veoulx = vcoul_loc(my_igp) 106 19 2,876,040
1$ACC LOOP SEQ ] ']
do nl_loc = 1, ntband_dist 55,774 16,601| o
agsmconj = conjg(agsmtemp local(nl_loc,my_igp)) 107,358 32,575"]':
matngmatmgp = agsmconj * agsntemp(ig,nl_loc) [ 1,261,414 907,564 3, |:
VCOULXOCC = VeUula = uie_aiia ‘\.IIA_LCIC) 86.74E = @
wxt = wx_array_t(nl_loc,iw) 79, 60f] t : 6 =
wdiff = wxt — wtilde 44,174 g=PHTETIE 2T 007
wdiffr = wdiffxconjg(wdiff) 56,809 Long Scoreboard: 852075 (93.9%) 13
rden = 1d® / wdiffr PECW T i< 52 (0.0%) .
delw = wtildeskconjg (wdiff)*rden 196, 681 \'j“;;i'gs;'gl;t;f’(“ﬂ;]“ﬂ%l 4,304,000
! delw = wtilde / wdiff [/
delwr = delwsconjg (delw) 64,32 766,944, §00)
sch = de e
55X = de @
if (wdiffr.gt.limittwo .and. delwr.lt.limitone) then 64,704 43,07§| 766,944, §20)
sch = delw * epsa 63,511 37,943 1,533,8
cden = wxtik? — wtilde2 22,067| 10,628 767,419,100

U.S. DEPARTMENT OF Office of
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V9. Cache Blocking NER

- Break loops into chunks and reuse data across threadblocks
- Increase L2 hit rate

I$ACC LOOP GANG VECTOR
do ig blk = 1, ig blksize 10°; &
I$ACC LOOP SEQ '

FMA: 7068.9 GFLOP/s

do ig = ig _blk, ncouls, ig blksize | § //// ////
% 4 No-FMA: 3535.8 GFI80P/5
v8.abs 1.99 0.62 3.23
o L1
v9.block 2.00 0.571 3.50 v hEM e voniocing
10 10! 102

Arithmetic Intensity [FLOPs/Byte]
U.S. DEPARTMENT OF Office of "fhm
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V9. Cache Blocking

- Less coalescence and higher L2/L1 hit rate
- Not much more could be done; arrays of various dimensions

do n1_loc = nlloc_blk, ntband_dist, nlloc_blksize ,915,710,080
agsmconj = conjg(agsmtemp_local(nl_loc,my_igp}’ , 080,417,280
matngmatmgp = agsmconj * agsntemp(ig,nl_loc) 464,140 . ,

i P ] _ _S—
vcoulxocc vcoulx * occ_array(nl_loc) 28 Total Sample Count: 301148
wxt = wx_array_t(nl_loc, iw)

wdiff = wxt - wtilde

wdiffr = wdiffsxconjg (wdiff) 13 L g Scoreboa

rden = 1d@ / wdiffr 307,221 io T;ottlea(o.()‘a)
delw = wtildexconjq (wdiff)xrden B Wesc:17 G0, 036)

. . No Instructions: 1 ( 0.0%
| delw = wtilde / wdiff sl

]
delwr = delwxconjg(delw) 82,954 51,381 768,952, 300

» Memory Workload Analysis o

Detailed analysis of the memory resources of the GPU. Memory can become a limiting factor for the overall kernel performance when fully utilizing the involved hardware units (Mem Busy), exhausting the
available communication bandwidth between those units (Max Bandwidth), or bv == i w2 ™aximum throughput of issuing memory instructions (Mem Pipes Busy).

Memory Throughput [Gbyte/second] 131.85 (-78.99%) | mom Busy [%] 31.10 (+29.96%)
L1 Hit Rate [%] 71.38 (+27.27%) |Max Bandwidth [%] 28.44 (-59.32%)
L2 Hit Rate [%] 88.89 (+3272.88%) |Mea Pipes Busy [%] 12.84 (+59.44%)

U.S. DEPARTMENT OF Office of
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Summary
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8 Steps to Optimize Sigma-GPP

Collapse n’, G’, and G loops

Bring n’ loop in; collapse only G’ and G
Adjust threadblock size

Reduce branching; pull iw loop outside
Swap indices to suite parallelisation
Simplify code

Replace div. with rcp. and mul.
Replace abs with power of 2

© O NSO ODNA

Cache blocking

EEEEEEEEEEEE Ofﬂce of
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!SACC PARALLEL LOOP REDUCTION (+:
do nl = 1, nbands
do igp = 1, ngpown
do ig = 1, ncouls
do iw = 1, nw
compute and reduction

)

| TFLOPs | Time | TFLOP/s_

v1.collapse3
v9.block

3.71
2.00

1.63
0.57

!

2.27
3.50




Summary

- Code is still bandwidth and latency bound

- shared memory
- lower register count
- improve FMA ratio

- Together with profilers,
Roofline provides the
complete solution for your
performance analysis and
optimization needs!
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Performance [GFLOP/sec]

104_

103_

V100

v

&\c,
o}@ FMA: 7068.9 GFLOP/s
>
~
>
. No-FMA: 3535.8 GF%OP/S
7 W 3

4%

v

———FV 7 5
< N L
Il vl.collapse3 B v6.simplified
mm v2.collapse2 e v7.divs
I v3.vector512 I v8.abs
o L2 m v4.iwoutside v9.blocking
V HBM B v5.swapindices
10 10! 102

Arithmetic Intensity [FLOPs/Byte]
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