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A typical pattern of cognition

Idea
(mental)

Phenomenon Prediction
(natural) (logical)
Validation
(experimental)

* The one minute principle



When we come to the CMB science...

* We are dealing with phenomenon on the sphere.
* We need to use the spherical harmonic transforms.

* CMB 1s only one realization of the allowed ensemble.
* The cosmic variance.
* The axis of evil.
* The north-south asymmetry problem.
* The odd-even parity problem.
* All requires to study the ensemble, not one realization.
* Most of them cannot be done 1n a pure theoretical way.

* Therefore, a fast SHT (spherical harmonic transform) for a large number
of sky maps 1s crucial for the quality of most CMB-related work.

* Maybe other fields of astrophysics



The forward SHT decomposes a scalar field on a sphere,
such as the CMB temperature map 7(6, ¢), into spherical

The main ldea harmonic coefficients a,,, following the equation

= > T(0, $)Yeu(0, d)do, (1)
0o
a [m Z Tk 0, ¢) "[cos(6)] e~ imo Definition of spherical harmonics
- Z Tk 0, &) Pg [cos(D)][ o N o~ imdy(0) ldo A ring-like sky division (pixelization)

= Z P;"[cos(0)] lz T, n)e—’m}-\'z’m ] e~ mdy(0) 75 Change the order of summation
0 n

— Z Pgm [cos( 9)] f]'k ( 9) , Use FFT for acceleration (point 1)
0

k 0 k : T :
(Cl / )m — ( Pg T G)m ) Turns out to be a matrix multiplication (point 2)



The main 1dea

* Comparison with the traditional 1dea (large number of sky maps):
(@i In = P Tm.

* If Kk = 1 (one map at one time), this 1s a matrix-vector multiplication.

* It 1s well known that a matrix-matrix multiplication 1s much more
efficient than a matrix-vector multiplication.



The main 1dea

A similar 1dea can be found for the inverse-transform:

T, ¢) =" ag,P"[cos(B)]e™?

{m

= > ag, P/"[cos(0)] eV

tm

lmax

lmax
=Y | e " a) P [cos(0)]

m=0

lmax
=Y T,

m=0

2wmn
N

9

2wmn

[=m

eimqbo(ﬁ)

Definition of spherical harmonics

A ring-like sky division (pixelization)

Change the order of summation (point 2)

Use inverse-FFT (point 1) Inversed order of

MM and FFT



The main 1dea

* What 1s the most efficient way of matrix multiplication?
* GPU-computation (point 3).

* Therefore we have three key points:
* FFT.
* Matrix-vector multiplication = Matrix-matrix multiplication.

* GPU accelerated matrix-matrix multiplication.
e = fastSHT (https://github.com/liuhao-cn/fastSHT)

* These form the 1dea of fast SHT for a large number of sky maps.



https://github.com/liuhao-cn/fastSHT

Technical details supporting the main 1dea

* Real-real computation (Legendre 1s real ). @Fm = (P - THm.

* Batch FFT with full customization.
 Full IO, size, plan, and stride control, cannot be done by e.g., python-FFT.

* Asynchronous memory copying during FFT.

* Specially designed memory scheme (compact, suitable for MM).
* OpenACC assisted FFT-mapping procedure.

* Skip FFT during iteration (FFT 1s lossless).

* Separated E and B computation.

* Ring optimization (Schaeffer 2013).

* Customized precision control of the Legendre polynomial.

e Q-to-EB and then U-to-EB rather than QU-to-E and then QU-to-B.
» Saves 50% FFT-mapping operations.



https://github.com/liuhao-cn/fastSHT
Hardware and installation

* Double-precision GPU card (Tesla H100, A100 or V100)

* Especially, HI00 and A100 provides much better double precision
performance with its tensor cores.

* Also works for other Nvidia card but can be less efficient.

* Architecture:
* Fortran core (cuBLAS) + python wrapper

* System requirement:
* Ubuntu 20.04 with Nvidia GPU i1nstalled (optional).

* Quick three-line installation

git clone https://github.com/liuhao-cn/fastSHT.git
cd fastSHT
./configure.sh



° Testing nside=32, lmax=31
Runnln the teSt COde Max relative map-T error is: 1.323184388022305e-07
gg; Max relative map-Q error is: 1.885257816975172e-11
Max relative map-U error is: 1.8595229765633962e-11

Max relative cl-TT error is: 9.004056644864834e-07

Max relative cl-EE error is: 8.166956469583631e-07

Max relative cl-BB error is: 8.25748603167834e-07

Testing nside=32, lmax=32

Max relative map-T error is: 1.3226391934300326e-07
Max relative map-Q error is: 1.8880449584812636e-11
Max relative map-U error is: 1.8516923603874962e-11
Max relative cl-TT error is: 9.285166864869648e-07
Max relative cl-EE error is: 8.420544533654261e-07
Max relative cl-BB error is: 8.514068485278809e-07

* cd ./scripts
* python test comprehensive.py

* Will test several combinations of resolution and ¥,,,,, and compare the
results with Healpy



Running the benchmark code

 python benchmarks.py 128 1000 8 3 t2alm True

* Which means to run the benchmark for:
* nside=128
* For a batch of 1000 maps
* Using 8 CPU cores
* Use 3 rounds of iterations
* Test for the conversion from temperature map to the harmonic domain
* Compare the time cost with Healpy

* Note: the results can be different on different machines

Working with the following parameters:
Nside = 128, Nsim = 8000, n_proc = 8, Niter = 3, comparison with HEALPix = True, test type=t2alm
Note: this test will only show the time cost. For accuracies use test_comprehensive.py

A CPU-only test

Testing t2alm...

Time cost for memory initialization is 0.01016545295715332
Calculation time cost for fastSHT is 24.552080631256104
Time cost for memory initialization is 0.02204608917236328
Calculation time cost for healpy is 71.70923089981079




A more comprehensive test

Ngide = 128, gmax = 383, 10 Nside = 1287 gmax = 3837

W Healpy W fastSHT-GPU % fastSHT-CPU 10} ™ Healpy W fastSHT-GPU % fastSHT-CPU
fastSHT-CPU B GPU overhead ® f[astSHT-GPU — fastSHT-CPU . GPU overhead ® [astSHT-GPU
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Fix the resolution, €,,,4,, number of iteration, only change the size of batch from 1000 to 8000 maps
The result show that:

* For CPU-only, the speed increases by 2-6 times.

When GPU is employed, up to 30 times.

* More complicated computation brings higher acceleration factor.
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A more comprehensive test
Nmaps — 4000; gmax — 3‘stide — 17 Niter =3

— | mem Healpy W fastSHT-GPU ~ k  fastSHT-CPU |
5 fastSHT-CPU i GPU overhead @ fastSHT-GPU 40
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0.00— 33 64 128 256 U

N, side

* Change only the resolution



A more comprehensive test

0.15f
0.10}
0.05|

0.00!

Nmaps — 250; emax — 3]\/vside - 17 Niter =3

Healpy fastSHT-GPU *x fastSHT-CPU ;
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* Same to above but allows higher resolutions.
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-

Acceleration factor

* Here we start to have a problem with the GPU memory.



A more comprehensive test

Table 2

The Time Costs for Healpy (t,), fastSHT-CPU (t,), and fastSHT-GPU (t;) in a

Pipeline that Fixes the EB Leakage

Nside Nmaps h I I3 Overhead
256 2000 815s 181 s (4.5%) 62 s (13x) 4.8s
512 500 1325 s 416 s (3.2x) 95s (14x) 4.9 s

Note. The CPU part is done with 24 cores. The GPU overhead is presented in
the last column, and the acceleration factors relative to Healpy are given in

brackets.

* Time cost of a relatively complicated job: fix the EB-leakage.

* With fastSHT and GPU, we are within the one-minute principle.

* And the number of maps 1s also typical for a C

simulation task.



An 1nteresting improvement of convergence

* The convergence problem 1n SHT due to pixelization

* FFT: perfect orthogonality even for discrete FFT.
* SHT: no available pixelization scheme can ensure orthogonality.

* Improvement by Jacobian iteration:
o T > Apm
* Apm > T'
* Get the T-difference for 1teration.

* Two possible schemes:

* T 2 apy, for all m, and then a,,,, 2 T' for iteration.
* T 2 apy,, for one m, and immediately a,,,, 2 T' for iteration.

* A strict theoretical analysis of which one 1s better 1s not done yet



An 1nteresting improvement of convergence

* However, we can still see the effect by tests:

T PR Temm—,
i Zor N NN
N e it -
- “\\“:‘;\0 :}‘3' :: », g
The residual after 3 rounds for the traditional iteration The residual after 3 rounds for the immediate iteration

The result is interesting and might be useful, but still needs more theoretical study and tests.



A few perspectives

* Different strategies for different stages of development

* Early stage (The scale 1s everything)
 Later stage (The devil 1s 1n the details)
* Exponential increasing has to stop somewhere

* We need to use almost all functions provided by the complicated low-
level interfaces
* E.g., gemm (matrix multiplication): all 13 parameters are in use
e Exhaustive optimization

* Like the difference between LEGO and machine tool
* Can we provide an interface to the "'machine tool"?
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Abstract

The spherical harmonic transform is a powerful tool in the analysis of spherical data sets, such as cosmic
microwave background data. In this work, we present a new scheme for spherical harmonic transforms that
supports both CPU and GPU computations, which is especially efficient on a large number of sky maps. By
comparing our implementation with the standard Libsharp-HEALPix program, we demonstrate a 2—-10 times
speedup for the CPU implementation, and an up to 30 times speedup when a state-of-the-art GPU is employed.
This new scheme’s software package is available via an open-source GitHub repository.

Unified Astronomy Thesaurus concepts: Cosmic microwave background radiation (322); Astronomy data analysis

(1858); GPU computing (1969) . .
https://github.com/liuhao-cn/fastSHT

Thank you very much for attention!
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