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Scientific Rationale

Y
- Some observe spectra, some observe variability. Is & e T P RS A
possible to use the full information? 5 Lo - I’f\ A
- Example: a variable accretion flow that propagates- L o I, S e, S
through an atmosphere (corona), that illuminates T Y R R R SO | L/\
. ) 1 10 100 1000 104 W
the accretion disk and gets reflected. Can we E (keV) T B B B B B

disentangle the emission regions?

- Stingray: ease the learning curve for advanced
spectral-timing techniques, with a correct statistical — p
framework Non—thermal

Corona

Huppenkothen et al. (2019)
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History

- 2016, Leiden workshop , The X-ray Spectral-Timing Revolution”: Daniela Huppenkothen, Matteo Bachetti,
Abigail Stevens, Simone Migliari, Paul Balm decide the fusion of three existing packages for spectral
timing, creating the Stingray library and two packages for interactive analysis based on it: HENDRICS
(batch scripts) and DAVE (GUI)

- At the time, various official software packages for X-ray spectral fitting (e.g. XSPEC, ISIS, ...), but no open,
well-maintained software for timing or spectral timing

Spectral analysis Timing analysis (+ lags) Spectral timing
*Xspec s
*Sherpa *(XRONOS) POWSPEC A |
ISIS *SITAR, Isisscripts.s| X
o(...)

- Today: Stingray is widely used in the X-ray community... even for things that were not originally planned
(e.g. radio and optical data!)

- Significant code contributions from the community and Google Summer of Code students.
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Technical Objectives, Methodologies, and Solutions:
what we want S

*“Timing” analysis Ref. band: 0.5-12 ke
« Pulsation searches and timing = i
* Aperiodic variability, periodogram modelling (ML, Bayesian) |
*Spectral analysis -> connect to Xspec, Sherpa
« Continuum modeling
* Broad lines (e.g. Fe complex, cyclotron lines)
*Polarimetry (be creative!)
*All mixed together! E.g.
* Time lags
* Spectral covariance, spectral polarimetry _
* Phase/Time-resolved spectroscopy and polarimetry m

* Time-resolved-energy-resolved polarimetry (Whatev’)
... all with instrument awareness

Time lag (ms)

Energy (keV)

= =

Leahy Power
o]

1.7 4 —— FAD - total pds

* Be aware of instrumental systematics: dead time, frame time, good — E:E::Eﬂi
time intervals, etc. | , o
* Mission support Frequency (H2)
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Technical Objectives, Methodologies, and Solutions:
an open development model - o = e —— [ O

<> Code () Issues 50 11 Pullrequests 12 0J Discussions () Actions [ Projects 2 [0 wiki @ Security |~ Insights 8 Settings

° G ith u b-based WorkfIOW: Y stingray Pubic 7 EditPins v+ ®Unwatch 20 ~ % Fork 123  ~ ¢ Star 150  ~
° ISS U e traC ki n g # main ~ ¥ 23branches ©12tags Go to file Add file ~ About &

Anything can happen in the next half

.
o ASS I g n I I l e n tS ‘ matteobachetti Merge pull request #764 from StingraySoftware/weighte... ... v 17fbafe 2 daysago ‘O 3,417 commits hour (including spectral timing made

easy)!

B .github/workflows Add slow tests with basic dependencies only 2 weeks ago
[ P u I I R e u eStS & stingray.science/stingray
M docs Add changelog 3 days ago
. . N .
° A u to m at I C B M 8 joss Try to fix mess with htest 2 years ago astrophysics  data-analysis  blackhole
M stingray Fix docstrings [docs only] 2 days ago X s hacktoberfest
is  x-ray
o validation Move here TOA validation 6 years ago . .
i analysis  pulsars
o CO I I l I I l u n it O u t re aC h - O gitignore Add a couple patterns to gitignore 2 months ago fourier-transform  neutronstars
y L] blackholes
[ .gitmodules Integrate StingrayDocs repository contents 3 years ago
1 O Read
° P u bl Te S I ac k C h anne I [ CHANGELOG.rst Fix changelog & months ago Readme
&5 MIT license
[ CODE_OF_CONDUCT.md Create code of conduct [skip ci] 6 years ago
@& Code of conduct
® I a I kS () CONTRIBUTING.md Fix broken links [docs only] 2monthsago A~ Activity
[ CREDITS.rst Fixed with John's suggestions. last year ¢ 150 stars
.
° I I aC kato n S’ I u to rI a I S [ LICENSE.rst Added changed LICENSE and tox files 3 years ago © 20 watching
% 123 forks
. [ MANIFEST.in Changes done till Step 13/17 3 years ago .
° A I Report repository
p e n S ro n O l I ly I n VO Ve I I le n Q README.rst Fix Slack link in README 2 months ago

* Astropy affiliated package & SpecTemPolar!

PRIN INAF 2019
* Developers:
* Astronomers LNQNI:DNALE Google Summer of Code

UNIAM
* Google Summer of Code students orINMILR 2017 & 01 ASTROFISICA 2016, 2017, 2018, 2020,

{ N oy
SPPBRICA ITAL Ty
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Technical Objectives, Methodologies, and Solutions:

reliability and performance testing

» Code correctness = ) sinaraysottvare / stingray )| (=) (0)(n) (&l @
° TeSt_based developm ent <> Code () Issues 50 19 Pullrequests 12  U)) Discussions () Actions [ Projects 2
* Literature reproduction Actions tevowtr Mlworkows G feenten
* Regression testing: continuous integration with Github | A worktiows © 228 wortion e
Actions and tox Build & publsh document..
. Uni t tests changelog Event~  Status~  Branch~  Actor -
+ Integration tests T ©vocsohecks B
» Performance e s -
* Profiling: %time, cProfile, line_profiler, memray, etc. O e oo 2
* Small-dataset testing (< RAM): verify “acceptable” & e
execution times 7 Deployments @ Pages buld and deployment T
« Scalability for larger-than-RAM datasets o
« Documentation s ..
* Use Sphinx + Github Actions for automatic docs mttacheti
building O ozttt B
- Linkcheck for periodic link checking in the docs porsnarmen T e
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Timescale, Milestones and KPlIs
M7 (September 2023 - February 2024)

* Performance and robustness tests on a dataset smaller than the RAM (< 8GB) from accreting
black hole. Comparison made with competing (proprietary) code for the main spectral-timing
libraries as a function of frequency.

* PR - GitHub: Unevenly sampled: #737 (Lomb-Scargle), #739 (GP); Optimization: #757, #764;
Cleanup: #755; Docs: #769, #770, #771

« Formation via USC VIII courses:
* Theoretical and hands-on training on Containerisation concepts and orchestration (Dec

2023);
* Fundamentals on Data Management Plan usage and how to structure scientific data

collections (Jan 2024).
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Timescale, Milestones and KPlIs
M8 (March - June 2024)

* New release of the code Stingray v2.0 comprising a list of new tools and libraries (e.g. Power
Colors a la Heil 2016, etc.)

 Automatic Benchmarks

- Performance tests on a simulated dataset (up to 90 GB). Comparison made between new
release (i.e. v2.0) and previous release as of Oct 2023 (i.e. v1.1.2.4) code for the main timing
libraries.

* New X-ray mission in input: data handling for the bulk analysis of the Rossi X-ray Timing
Explorer (RXTE) archive.

* Formation via USC VIII courses:
* Computing and High Performance Computing in Astronomy and Astrophysics (Bologna,

June - July 2024)

ICSC ltalian Research Center on High-Performance Computing, Big Data and Quantum Missione 4 ¢ Istruzione e Ricerca

Computing



Finanziato #%3% Ministero

< % |dall'Unione europea {3y dell'Universita Italiadomani
NextGenerationEU 5%> e della Ricerca DI RIPRESA E RESILIENZA

Accomplished Work, Results

M7 (September 2023 - February 2024)

- Performance and robustness tests on a dataset smaller than the RAM (< 8GB) from accreting
black hole. Comparison made with competing (proprietary) code for the main spectral-timing
libraries as a function of frequency.

- Performance: speed test of many (spectra) timing products: lightcurves, (averaged, single)
periodograms and cross spectra, lags, coherence (intrinsic, raw)
- Robustness: are results compatible?

 Results:

- Performance: excellent, code generally faster than competitor
- Robustness: good, found one possible bug in the computation of intrinsic coherence.
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Accomplished Work, Results

800

M8 (March - June 2024)

700

600

Simple benchmarks to track
Stingray’s performance
comparing the different
releases through the years to
today!

milliseconds
o
o
o

300

200

Also me :)
after FOXT conference

100

0.00

Jul 2021 Oct 2021 Jan 2022 Apr 2022 Jul 2022 Oct 2022 Jan 2023 Apr 2023 Jul 2023 Oct 2023 Jan 2024 Apr 2024
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Accomplished Work, Results

M8 (March - June 2024)

- Performance tesis on a simulated dataset (up to 90 GB).
Comparison made between the latest release (i.e. v2.0) and previous release as of Oct 2023 (i.e.
v1.1.2.4) of the main libraries associated with the timing products (averaged and single power
spectrum)
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Accomplished Work, Results - M8

Call Stack

In v1.0, we found that is_sorted
is the library dominating the
execution time

style: | Sunburst v

Ls_sorted

Depth: 20 v

cutoff: [ 1 /1000 v

ssssssss
ils.py

/Users/meo/opt/anaconda3/envs/py310/1ib/python3.}
packages/stingray/

In v2.0, is_sorted is eliminated

Search:

2 1264 63.21 1264 63.21 utils.py:222(_is_sorted_numba)
2 6534 32.67 65.34 32.67 ~:0(<method 'searchsorted' of 'numpy.ndarray' object

1 0.3694 0.3694 307 307 fourier.py:1097(avg_pds_from_iterable)
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Accomplished Work, Results - M8
Smaller than RAM (< 32 GB) Larger than RAM (> 32 GB)
histogram

~

style: | Sunburst v

l" LStOQ Va VVL style: | Sunburst v

Depth: 2@ v Depth: 20 v

———__— \ —

cutoff: | 1 /1000 v \\\ cutoff: | 1/1000 v
Name: 6 Name:

histogram searchsorted
Cumulative Time: <, Cumulative Time:
7.86 s (59.43 %) NS 185 s (33.50 %)

ile: N ile:

utils.py fromnumeric.py
Line: ine:
2224 1332
Directory: - Directory:
/Users/meo/devel/ /Users/meo/opt/anaconda3/
StingraySoftware/stingray/ envs/py311/1ib/python3.11/
stingray/ site-packages/numpy/core/

y ;l searchsorted
’
get_flux_tterable from_segments
Search: Search:
ncalls tottime percall cumtime percall filename:lineno(function) ncalls tottime percall cumtime percall filename:lineno(function)

78125 7417 9.493e-05 7433 9.515e-05 utils.py:1554(_hist1d_numba_seq) 78126 3135 0.004013 549.7 0.007036 fourier.py:1274(get_flux_iterable_from_segments)

78126 1.481 1.896e-05 10.95 0.0001401 fourier.py:1274(get_flux_iterable_from_segments) 1 1855 1855 185.5 185.5 ~:0(<method 'searchsorted' of 'numpy.ndarray' objects>)

1 0.6464 0.6464 0.6464 0.6464 ~:0(<method 'searchsorted' of 'numpy.ndarray' objects>) 78125 41.88 0.0005361 4191 0.0005364 utils.py:1554(_hist1d_numba_seq)
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histogram
A lished Work, Results - M8 Ce
- O(N) o
ccompiisne OrK, nesults A
. ® cumtime-v2.0 o
s . . . . . o
Scalability test: these libraries scale linearly or sub-linearly .
- 10!
@ ¢
. S
powerspectrum_from_time_array ) .
. O(NlogN) o e s
O(N) e ° $
) ® o @
® cumtime-vl.l . °
® cumtime-v2.0 e 3 . e ®
‘ 1(;1
] get_flux_iterable_from_segments
° 107
@ 102 L
g . e ¢ o
o
= ° R I
[ J
2 e
. _ 107 O(NlogN)
. 2
L o)
3 o ¢ E ® cumtime-vl.l ¢
10 ] 4 e = ® cumtime-v2.0
1@ h ) 10! 4 o o
T T T T T .o ®
10! e e
. o @
Size (GB) .- e
10!
Size (GB)
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Next Steps and Expected Results

Next steps:

- Extend performance tests for simulated data > 90 GB, making use of the cluster at OACa
(CED)

* histogram, search sorted and get_flux_iterable from_segments are the most time consuming
libraries, thus we plan to parallelise them or to port them on GPUs

Expected results:

*  We need to make sure that Stingray v2.0 scales correctly to very large datasets (with a linear
or close to linear scalability as obtained up to now for smaller dataset)

*  From the developers, in particular from me, | expect to learn how to program on GPUs and in
parallel in order to port the libraries that slow down the most the code
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