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Outline

» Background

— Simulation of nano materials and devices

— Challenges of future architectures

» Electronic structure calculations

» Performance evaluation

» Performance analysis

» Bottlenecks and ideas for their removal

@ (Conclusions
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Electronic properties ot
nano-structures

» Semiconductor Quantum dots (QDs)

— Tiny crystals ranging from a few hundred to
few thousand atoms in size; made by humans

At these small sizes electronic properties
critically depend on shape and size
[0 electronic properties can be tuned
Total electron charge density of

[1 enables remarkable applications a quantum dot of gallium arsenide,
containing just 465 atoms.

The dependence is quantum mechanical
in nature and can be modelled
- can not be done on macroscopic scales

[

- has to be at atomic and subatomic level (nanoscale) als

Quantum dots of the same material
but different sizes have different band

* Quantum wires (QWs) and devices gaps and emit different colors

— their conducting properties are affected by build-in nano-materials
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Nano Materials Stmulations

@ Many-body quantum mechanical (QM) first-principles approaches
(e.g. Quantum Monte Carlo) 30-200 atoms

Single particle first-principles (Density Functional Theory) 10°

Swoje

@ Empirical and Semiempirical methods 10°

@ Continuum methods 107

1amod aAanorpaxd
¥

@ Method classification based on: Use of empirically or experimentally derived results
YES = empirical or semi-empirical methods
NO = ab initio (very accurate; most predictive power; but scales as O(N*-"))
@ Major petascale computing challenges:
* Algorithms with reduced scaling; architecture aware
* Highly parallelizable (100s of 1,000s of cores)
- typical basis functions here (plane-wave basis) have global support
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Challenges of Future Architectures

» Increase 1n parallelism

— Multicores, GPUs, hybrid architectures, etc

» Increase in communication cost (vs computation)

— Gap between processor and memory speed continue to grow (exponentially)
[e.g. processor speed improves 59%, memory bandwidth 23%, latency 5.5%]
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Approach

@ Basis selection: Plane-waves, grid functions, or Gaussian orbitals, etc.

@ Plane-waves: , (r)= C" (k)e'ts 7

8Hl8I<E,y
Good approximation properties

Can be preconditioned easily (and efficiently) as the kinetic energy (the laplacian) is diagonal in Fourier
space, the potential is diagonal in real space

Usually codes are in Fourier space and go back and forth to real with FFTs

Concern may be scalability of FFT on 100s of 1,000s of processors as it requires global communication

@ Grid functions: e.g. finite elements, grids, or wavelets
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Domain decomposition techniques can guarantee scalability for large enough problems
Interesting as they enable algebraically based preconditioners as well

Including multigrid/multiscale

« e.g. real-space multigrid methods (RMG) by J. Bernholc et al (NCSU)
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Goal of this work

s Performance evaluation of petascale quantum simulation tools
for nanotechnology applications
— Based on existing real-space multigrid method (RMGQG)

— In-depth understanding of their performance on Teraflop leadership platforms
— With the help of tools such as TAU, PAPI, Jumpshot, KOJAK, etc

@ Identify performance bottlenecks and ways/ideas for their
removal

@ Aid the development of algorithms, and in particular petascale
quantum simulations tools, that effectively use the underlying
hardware
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Software/Hardware Environment

@ We consider 2 methodologies [implemented so far in our codes]
— Global grid method

*  Wave functions are represented in the real space uniform grids
* Most time consuming is orthogonalization and subspace diagonalization

 Massively parallel, good flops performance, but scales in O(N’) with system size

— Optimally localized orbital method

* Scales in nearly O(N) but has computational challenges

@ Hardware: we consider Jaguar, a Cray XT4 system at ORNL
— Based on quad-core 2.1 GHz AMD Opteron processors
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Performance evaluation

» Techniques that we found most useful
» Profiling [using TAU with PAPI]

— To get familiar with code structure

— To get performance profiles
— To identify possible performance bottlenecks
» Tracing [using TAU]
— To determine exact locations and cause of bottlenecks
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Profiling

» Getting familiar with code structure [by generating callpath data]

ceT_Time_or_pay |~ [IERCEERAT ~ [iSNEmn
Name & .. lInclusive GE.. | Calls | Child Calls

¢ Ilint mainiint, char **) C .. 1,119,542.883 1 11
B VPl Comm_rank() 0.015 1 0

B Pl Comm_size() 0.025 1 0

o B MPI_Finalize() 12.465 1 2

W 1P Init() 86,783 1 0

B double my cricivoid) C 0.021 1 0

o [l void my barrier(void) C 9062 1 1

o- [l void read controliveoid) C = . 1,607.74 1 63

o- [ void read pseudo(void) C . 89.776 1 10,522

o= [ void run(STATE *, STATE*) ¢ .. 1,117.463.113 1 13578

o [l void salloc_reportichar *, inl . 266.239 1 65

o- [l void write_timings{void) C . 0.568 1 1
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Metric: Time
Value: Exclusive

std. dev. &=

mean
nc.t 0.0.0
nct L.0.0
nct 2.0.0
nct 3.0.0
n.ct 4.0.0

nct 5.0.0

PI‘O filing het 700

n.c.t 8.0.0

n.ct 8.0.0

nc.t 10.0.0

nct 11.0.0

nct 12.0.0

nct 13.0.0

n.c.t 14.0.0

. nct 15.0.0

» Performance profiles 1ol 150
n.c.t 18.0.0

[load balance, what to optimize, etc] 12000
net 2200
n.ct 23.0.0
nct 24.0.0

nct 25.0.0
n.ct 26.0.0

void density_orbit_X_orbitlint. i Ml 27-23
16.976% (— PV ait] ) hcl 2600
11.762% | void theta_phi_newlint. int. doub  nct3000
9.714% [— MP|_Sendrecw(] o
8.193% double dot_product_orhit_orbitl  ncr3s00
4 773% MPI_Allreduce() nct 34.0.0
2.014% MPI_EBarrier ) fefoanl
1.41% void pack_ptosidouble * double nctszo0
1.249% MPI_Recwl) n.CiLag0.0
0.893% [ MPI Sendi] i
0.928% double dot_product_orbit_nliST{ nct4d100
0.709%

double app_cilidoukle *, double QEE fé:g:g

nct 44.0.0

28.649% |
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Metric: PAPI_FP INS
Value: Exclusive
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Performance analysis

» Tracing

To determine exact locations and causes of bottlenecks
TAU to generate trace files and analyze them with Jumpshot and tools like KOJAK
Codes well written
* Blocked communications, asynchronous, intermixed with computation
Domain decomposition guarantees weak scalability
* We have to concentrate on efficient use of multicores within a node
We found early posting of MPI_Irecv will benefit our codes
We found useful to compare traces of different runs — to study effects of code changes

Generate profile-type statistics for various parts of the codes
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Performance analysis
+ Scalability

— Studied both strong and weak [example on strong scalability ]

Metric: GET_TIME_QOF_DAY i fhomeftomow TAU/profile_datafres_mcount4 - Mean
Value: Inclusive fhomeftomov/TAU/profile_datafres_mcount4xg - Mean Metric: GET TIME OF DAY ﬂfhomeftomov,fTAUfprofile datafres mcountd - Mean
Umit; seconds B fhomeftomov/TAU/profile_datajres_mcountdx4 - Mean Value: Exclusive ~ B home/tomowiTAU/profile_datafres_mcount4x8 - Mean
134613] — Units: seconds fhomeftomow TAU/profile_datafres mcountdx4 - Mean
2412532 (170.22%) (el int rmaintint. char **} C
4303.497 (310.694%) e 385647 ]
154553 — 774.076 (200.721%) e—— void density orbit_X_orbit(int. int.
2410943 (179.208% ) i — void run{STATE *, STATE %) C 1532507 (39735 ]
4302008 (310770%) e ] 158336
lz7z024 ] 314.675(198.736%) |l void theta phi_newlint. int. double
2279.082 (179.17%) e oIt quench{STATE * STATE *. d 564283 [356.383%) o]
4197.983 (330.024%) ] i - 0
1254.74 ] 123746 [ : :
2246933 (179.076%) I ee— v0id scf{STATE * STATE *. doubl 271793 (219.639%) (s double dot_product_orbit_orhit{S1
4156282 (331246%) e 463.248 (374.355%)
39453 228514 ]
580022 (174.644%) [l void mg_eigi STATE *, STATE *. d : :
1252.257 (317.405%) o] 33%75?3;%2[31&1:12%3;@9;’3 E— MP_Wait]
. 2 [x] =
267.534
492158 (183.961%) [ void matrix_and_diagi STATE * & 130763 4
897.23(33537%) ] 198308 (151.655%) [ MP| Sendrecw()
20853 204 33 (225125%) ]
385.405 (184.82%) [ void orbit_dot_orbit(STATE *. ST,
703.737 (337.475%) ] 27.106 [ _
— 73643(271.68%) W MPI_Barrier()
273.058 (220.875%) [l double dot_product_orhit_orhit(! 176.438 [650.907%) B2
466171 (375.844%) == 64.245 [
305166 [ 101502 (157.991%) EE MPI_allreducel)
534375 (175111%) [ void get_nonortho_res{STATE *. 81.872(127.436%) E
960176 (314.641%) B
158336 020, ; ; ;
314.675 (198.739%) Wl void theta_phi_newlint. int. doub 1.006 [347.252%) | void orbit_dot_orbit(STATE *, STA]
564 283 (356.383% ) [ 87.186 (30082.18%) [
45735 |
G67.821 (148.293%) 1 wvoid init{ double *, double * doul
98.885 (216.214%) [ me INIVERSITYof
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Performance analysis

» Multicore use

— Measurements in different hardware configurations: runs using 4, 2, and single core of
the quad-core nodes [number of cores to be the same]

Metric: GET_TIME_OF_DAY O thomeytomowsTAU/profile_datajres_mcountd - Mean

s, Bl fhome/tomouTALprofile_datafres mcountz - Mean Metrig GET_TIME_OF_DAY [:I,‘home,'tomoufTAU,‘prof!Ie_data,‘res_mcountzl - Mean
b d Ll " fila dat = t1-M Value: Exclusive .fhomeftom0vaAU,’proflIe_datafres_mcount2 - Mean
Units: seconds fhometomavTAU/profile_data/res_mcountl - Mean Units: seconds [ thomestomovwTaUprofile_datajres_mcountl - Mean
A 79,590 | e I mrsinint, char 4] C sange7 | '
1071.488 [79.598%) int rnainlint, char **} 375444 (07 5540 e wvoid density orbit_X_arhit{int. int. double. dt
974161 (72.368%) [ ] 374.862 (97.203%) E 1
1345335 [ ] 228514 -
1069.831 (79.522% ) (Il woid run({STATE *, STATE *) C 191,638 (70.456% ) ] MP| Waitl )
972359 (72.276%) [ 175.004 (76.583%) ] -
1272.024 | e 158336 ]
1018.666 (80.082%) nssm—n 0icl gquenchiSTATE *. STATE *, double *, d 102.276 (64.504% ) [l void theta_phi_newlint. int. double. double *
826.814 (72.861%) [ ] 77.088 (43.686% ) [l
125474 [ ] 130763 B
989.766 (75.882%) I voidl scfiSTATE *. STATE *. double * doubl 71679 (54 816%) [ MPI Sendrecvl)
BO5.A35 (71.819%) [ 1 55196 (42.211%) = N
557352 ] 123746 ]
541645 (97.182%) e void get_new rho{STATE *. double *) C 21,681 (66.007%) sl double dot_product orbit_orbit{STATE *, ST
543593 (97.531%) ] 62544 (50542%) =1
39453 B 64.245 [
242707 (61.518%) [ void mg_eig{STATE *. STATE *. double * d 48561 (77.144% | [ MPI_Allreducel)
1865815 (47.351%) =4 41.178 (54.007%) ]
385719 ] ; ; T 27.106 (=
375,826 (97.435% ) [ void density_orbit_X_orhit(int. int. double, 24937 (91.998%) @ MPI_Barrier()
375.241(97.284%) 247214 (89.328%) E
305166 ] 18976 ©
181.745 (50557%) [l void get_nonortho_res{STATE *. double *, 11.855 (63.002%) B woid pack_ptos(double *, double *, int. int. i
136313 (44.668%) [ 8767 (46.198%) 0
267534 16.814 HE
179518 (67.101%) s void matrix_and_diag(STATE *. STATE *. dt 12,725 (75.681%) E MPI_Recyl)
145.327 (54.321%) =2 10.424 (61.998%) O
228514 [ 13367 H
181633 (79.436% ) [ MPI_Wait() 7.965 (50.585%) 0 MPI_Send()
175.004 (76583%) ] 5.968 (44.651%) 1



Performance using single, 2, and 4 cores

Metric: PAP| FP_INS / GET TIME OF DAY [ jhomeftomov/TaUfprofile_datajres_mcount4 - Mean
Value: Inclusive .fhomeft0m0vaAUfproﬁIe_datafres_mcountE - Mean
Units: Derived metric shown in Ifhome,'”t0m0vaAUfproﬁIe_datafreg_mccuntl - Mean
microseconds format

110541 O
138.873 (125.63%) B int mainlint, char **1 C
152.754 [138.188%) H

110575 O
139.048 (125.749%) B void run{STATE *, STATE *) C
152,963 (138.361%) @

57.773 [
122.103 1124.878%) B void quenchiSTATE * STATE *, double
134204 (137.254%)

57807 O
123997 (126.778%) B void scf{STATE *, STATE *. double * ¢
136572 1139.634%) @

37774 1
38.8711102904%) | void get new rholSTATE *, double *)
38.732 (102536%) |

118675 O
194549 [162564%) Bl void mg_eigiSTATE * STATE *. double
252.751 (211.198%) =

53.234 [
54562 (102505%) 1 void density orbit_X_orhit{int. int. dot
54.642 (102.645%) [

891723 O
149715 (167.986%) B void get_nonortho_res(STATE *, doub
199702 (224.075%) &

149559 O
222328 [148.981%) B void matrix_and_diagl STATE *. STATE
275185 1183.986%) B4

ictSor

Metric: PAPI FP INS / GET TIME_OF DAY [ thomejtomov/TAU/profile_datajres_mcountd - Mean
Value: Exclusive B jhomeftomov/TAUprofile_datajres_mcount2 - Mean
Units: Derived metric shown in Ifhomeftcmwaﬁ\U,fprofile_datafres_mcuuntl - Mean
microseconds format

53.244 |
54624 (102584%) 1 void density_orbit_X_orbit{int. int. dov
54.599 (102.733%) [

3764 |
5.9E-4 {159321%) | MPI_Waitl)
6.1E-4 [163.579%) |

178324
268518 (150.578%) W void theta_phi_newlint. int. double. dt
352.846 (197 368%) 41

290025 &
367.380 (147.531%) W double dot_product_orbit_orbit{STATI
474,653 (180.604%) 1

0.007 |
0.015(210.042%) | MPI_Sendrecul)
0.019 [271.58%) |

17z |
2193(128.079%) | MPI_Allreduce()
2549 (154 688%) |

2765 |
5.5E-5(204.461%) | MPI_Barrier()
5.5E-5(204.545%) |

0.044 |
0.047 (107.498%) | MPI_Recw(]
0.051(117.176%) |

2.059 |
3311 (160.836%) | void pack_ptos(double * double *,in
4513(219.196%) |

msNIVERSITYof '
TENNESSEE Slide 16 /21

Computer Science Department



Bottlenecks

@ Maximum performance

— Jaguar has quad-core Opterons 2.1 GHz

* Theoretical maximum : 8.4 GFlop/s per core (~ 32 GFlop/s per quad-core)
* Memory bandwidth : 10.6 GB/s (shared between the 4 cores)
— Close to peak — only for operations of high enough ratio of
Flops vs data needed
* e.g. Level 3 BLAS for large enough N (~200)
— Otherwise, in most cases, memory bandwidth and latencies are limits for the
maximum performance

* e.g. stream (copy) is ~ 10 GB/s (1 core enough to saturate the bus)

* dot product ~ 1 GFlop/s (16 Bytes for 2 operations; 1 core saturates bus)
e FFT ~ 0.7 GFlop/s (2 cores), 1.3 GFlop/s (4 cores)
* Random sparse ~ 0.035 GFlop/s (2 cores), 0.052 GFlop/s (4 cores)
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Bottlenecks

s A list of suggestions for performance improvements

ictSor
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Try some standard optimization techniques on the most compute intensive
functions

Change the current all-MPI implementation to a multicore-aware
implementation where communications are performed only between nodes

Try different strategies/patterns of intermixing communication and
computation (e.g. early MPI_Irecvs)

Consider changing the algorithms if performance 1is still not satisfactory
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Bottlenecks removal

s Example of standard performance optimization techniques
[e.g. DoxO, runs 29% of time, accelerated 2.6 x; overall brings 28% acceleration]

Original (pseudo-)code Optimized code

forix =... @ The innermost loops were reorganized

fﬁw = = The ifs of function * f * were taken

outsize of the iz loop
for izﬁ - Unrolling (of 4 iterations)

rho_global T(iz) ] += ... @ New variables were introduced for some

where int f{int ){ recurring index calculations

it (x<0)
return ...

elgalil ...
return ...

}
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Bottlenecks removal

@ New algorithms — advances from linear algebra for multicore and emerging hybrid architectures
[e.g. hybrid Hessenberg reduction in double precision; accelerated 16x; related to the subspace diagonalization bottleneck]

| = Multicore + GPU
| =% Multicore

@
o
)
L
m 1
b | GPU: GeForce GTX 280
10 - (240 Cores @ 1.30 GHz)
_ Multicore : Intel Xeon
S — = . ; 5 . i (2x4 Cores @ 2.33 GHz)
0! . . |
1 2 4 5 6 8
Matrix size x 1,000
meUNIVERSITYof 3
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Conclusions

We profiled and analyzed 2 petascale quantum simulation tools for
nanotechnology applications

We used different tools to help in understanding the performance on
Teraflop leadership platforms

We identified bottlenecks and gave suggestions for their removal

The results so far indicate that the main steps that we have followed
(and described) can be viewed/used as a methodology to not only easily
produce and analyze performance data, but also to aid the development
of algorithms, and in particular petascale quantum simulation tools, that
effectively use the underlying hardware.
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