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Reproducibility is critically important in the sciences (example from astronomy)

Example: Detecting outer regions of M51 in a
single exposure SDSS image, using NoiseChisel,
with default and optimized parameters.

» When optimized, outer wing detected to
S/N =1/4, or 28.3 mag/arcsec?.

» Complete tutorial in manual fully describes
how to derive/reproduce optimized result:

\

> Run-time options/configuration.

» Steps before/after NoiseChisel. -

: ,Input‘i,mage

»> Deep/orange image from Watkins+2015
(arXiv:1501.04599).

» Therefore:

> Default settings not enough.
» Final number not just from
NoiseChisel (more software involved).

Simply reporting in your paper that “we used
NoiseChisel’ is not enough to reproduce, un-
derstand, or verify your result.

Optimized NoiseChise]

. t:TM,uch dec ;‘ Q@;imagé


https://www.gnu.org/software/gnuastro/manual/html_node/Detecting-large-extended-targets.html
https://arxiv.org/abs/1501.04599

Reproducibility crisis in the sciences/astronomy

Snakes on a Spaceship — An Overview of Python in Heliophysics

“...inadequate analysis descriptions and loss of scientific data have made scientific studies difficult or
impossible to replicate”. From Burrell4-2018, (arXiv:1901.00143).



https://arxiv.org/abs/1901.00143
https://arxiv.org/abs/1801.08200
https://arxiv.org/abs/1801.02094
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Snakes on a Spaceship — An Overview of Python in Heliophysics

“...inadequate analysis descriptions and loss of scientific data have made scientific studies difficult or
impossible to replicate”. From Burrell4-2018, (arXiv:1901.00143).

Perspectives on Reproducibility and Sustainability of Open-Source Scientific Software

“It is our interest that NASA adopt an open-code policy because without it, reproducibility in
computational science is needlessly hampered”. From Qishi+2018, (arXiv:1801.08200).
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Reproducibility crisis in the sciences/astronomy

Snakes on a Spaceship — An Overview of Python in Heliophysics

“...inadequate analysis descriptions and loss of scientific data have made scientific studies difficult or
impossible to replicate”. From Burrell4-2018, (arXiv:1901.00143).

Perspectives on Reproducibility and Sustainability of Open-Source Scientific Software

“It is our interest that NASA adopt an open-code policy because without it, reproducibility in
computational science is needlessly hampered”. From Qishi+2018, (arXiv:1801.08200).

Schroedinger's code: source code availability and link persistence in astrophysics

“We were unable to find source code online ... for 40.4% of the codes used in the research we
looked at”. From Allen+2018, (arXiv:1801.02094).



https://arxiv.org/abs/1901.00143
https://arxiv.org/abs/1801.08200
https://arxiv.org/abs/1801.02094



https://www.redbubble.com/people/seriesclothing/works/28520432-the-flash-ciscos-shirt-wanted-dead-and-alive-scr-dingers-cat
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Different package managers have different versions of software (repology.org, 2019/08/19)

GNU Astronomy Ustilities (Gnuastro)

Gnuastro packaging status
Debian Oldstable = 0.2.33
Debian Stable 0.8
Debian Testing | 0.10
Debian Unstable 0.10
Deepin 0.5
Devuan 2.0 (ASCII)

Astropy
Packaging status

Debian Stable | 3.1.2

Debian Testing = 3.1.2

Debian Unstable | 3.2:1

Deepin | 3.0.2

Devuan 3.0 (Beowulf) | 3.1.2

Devuan Unstable | 3.2.1

Kali Linux Rolling 312

Parrot | 3.1.2

PureOS green | 3.1.2

PureOS landing | 3.1.2

Raspbian Stable | 3.1.2

Devuan 3.0 (Beowulf)
Devuan Unstable

DPorts

FreeBSD Ports

Funtoo 1.3

Gentoo

Kali Linux Rolling

openSUSE Leap 15.1
openSUSE Tumbleweed
openSUSE Science Tumbleweed
Pardus

Parrot

PLD Linux

Pure0S green

Raspbian Testing | 3.1.2
Ubuntu 18.04 = 3.0
Ubuntu 18.10 | 3.0.4
Ubuntu 19.04 | 3.1.1
Ubuntu19.10 = 3.1.2
Ubuntu 19.10 Proposed | 3.2.1

Pure0S landing
Raspbian Oldstable
Raspbian Stable

Raspbian Testing
Ubuntu 18.04

Ubuntu 18.10

Ubuntu 19.04

Ubuntu 19.10

Ubuntu 19.10 Proposed
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Matplotlib library

Example: Matplotlib (a Python visualization library) build dependencies

—

Real depén@ncies

S

induced by package granularity

Fig. 1. Transitive dependencies of the software environment required by a simple “import matplotlib” command in the Python 3 interpreter.
From “Attributing and Referencing (Research) Software: Best Practices and Outlook from Inria” (Alliez et al. 2019, hal-02135891)

\ Fake OS dependencies


https://hal.archives-ouvertes.fr/hal-02135891

Impact of “Dependency hell” on native building in various hardware (CPU architectures)

- < Debian Package Auto-Buildin
Debian Pack: Auto-Buildi g g
@debign oeienpecese Avosuiaing ©debian oenpeckese;

PTS - Tracker ~ Changelog - Bugs - packages.d.o - Source

PTS — Tracker ~ Changelog — Bugs — packages.d.o - Source

reckaget (smroyJsutes sa o Package(s):  gnuastro sute: | sid v o

Compactmode || Co-mainaines Compactmode || Comaniainers

Architecture | Version | Sfatus For Buildd State [Section| Logs . A'°"l"'°‘“'@! "l‘“"':;\ds“:}': ‘lbr;:’ \’ ___Buildd " [State[Section| _Logs

@ 3211 | Installed 250170 39m | x86-gmet.02 misc | oid|all(1 alls ot present in the architecture lst se maintainer
7] ::I,.dm 32.1-1+b1 | Installed 2d 10h 45m xEG-ibc-N misc | oid : all( 1; 4 amds4. 0.10-1 [[pEIE]] 1d 2h S6m | x86-ubc-01 misc | oidall (1)
& amed 3.2.1-1sb1 | Installed ' 2d10h45m | arm-arm-04 misc | oid|all (1) 4 ame4 0.10-1 fRuRlec) 142 33m | am-conova-01 misc | oldall (1)
™ armel 3.2.1-1+b1 | Installed | 2d7h26m  amold misc | old|all (1) o armel 0.10-1 | Installed | 1d 2h 32m | arnold misc | old all (1)
o armht 3.21-1+b1 | Installed | 2d10h45m | arm-arm-01 misc | old |all (1) o armhf 0.10-1 | Installed | 1d 2h 31m | arm-ubc-06 misc | old |all (1)
s 32.1-1+b1 | Installed 2d10h 15m | xB6-ginet-01 mise | oid|al (1) @ 386 0.10- | Installed | 1d 2h 55m | xB6-csai-01 mise | old [all (1)
@ mips 321141 | Installed 2d9h2im | mips-manda-01 misc | old]al (1) & mips 0.10-1 | Installed | 1d 2h 31m | mips-si-01 misc | old|all (1)
@ mipssdel 321141 | Installed 2d53m mipsel-agi01 misc | old]all (1) @ mips6del 0.10-1 | Installed | 1d32m | mipsel-si-01 misc | old all (1)
@ mipsel 321141 | Installed 2d5h38m | mipselagi01 misc | old]all (1) @ mipsel 0,101 | Installed | 1d 2h 33m | mipsel-manda-03 misc | old|all (1)
@ ppcsdel 321-1+b1 | Installed 2 10h 15m | ppcsdel-osuosl-01 misc | oidall (1) @ pposael 0.10-1 | Installed | 1d 2h 58m | ppc6del-osuosh-01 misc | old|all (1)
o s390x 321-1+b1 | Installed ~ 2d 10h47m  zandonai misc | old all (1) o s390x 0.10-1 | Installed | 1d 2h 58m | zani misc | old |all (1)
@ aipha T 2d%m | imago2 misc | oid|all 2) 4 alpha 0101 6n57m | tsunami {mise | old|all(3)
(o hppa 2d 1h4m phantom misc  old all (1) (8 hppa 0.10-1 1d2h phantom Imisc | old|all(1)
4 hurd-i386 BD-Uninstallable | 25d 18h 34m uncompied | misc | old | no log 4 hurd-i386 0.40-4 1d2h 25m | ironforge misc | old|all (1)
a4 BD-Uninstallable | 25d 18h 32m uncompied | misc | old | no log 4 ia64 0401 8ham | iridium Tmise | old|all(2)
[ kfreebsd-amd64. BD-Uninstallable | 25d 18h 34m uncompiled | misc old | no log [ kfreebsd-amde4 | 0-10-1 18h30m | kamp. Imisc | old|all(1)
@ Kroebsd-1386 BD-Uninstallable | 25d 18h 32m uncompiled | misc | old | no log T Krebed 388 | 010 Teh36m | kamp Tmise [oR[al(T)
@ mesk BD-Uninstallable | 25d 18h 34m outof-date | misc | od|nolog B oa CRTES Ton36m [va02 Triee oM Tal )
s BD-Uninstallable | 25d 18h 29m uncompied | misc | old | no log @ powerpe Roe Td2h 42m | Kapisa2 " miso ok el (1)
4 pposd EEilhy | Lo [iecR ik [=Ai[) 8 pposé 0.10-1 18h5m | kapitsa Tmisc | old|all (3)
o riscv64 2450 20m | vaued201 misc | oid[all (1) o risoved 0.10-1 1d2h 22m | rv-mullvad-01 [ misc | old]all (1)
o oha BD-Uninstallabl | 25d 18h 29m | outoldate | misc | oid|nolog P o e e
o sparces BD-Uninsiallable | 250 18h 34m | uncompied | misc | old o log @ eoarest T T e 1 )
a2 B0-Uninstallable | 25d 18h 26m outof-date | misc | od|nolog

@ x32 0.10-1 18h30m | x32-do-01 old | all (3)

Astropy depends on Matplotlib GNU Astronomy Utilities doesn't.

[m] = =
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Science is a tricky business

Image from nature.com (“Five ways to fix statistics”, Nov 2017)

Data analysis [...] is a human behavior. Researchers who hunt hard enough will turn up a result that fits
statistical criteria, but their discovery will probably be a false positive.
Five ways to fix statistics, Nature, 551, Nov 2017.



https://www.nature.com/articles/d41586-017-07522-z

Necessity of (exactly) reproducible research

Don't forget that:

Science is defined by its METHOD, not its result.

> The software(s) used, configuration file(s), the order of steps taken, along with the input data are
necessary for reproducibility.

» A solution is proposed here, which if adopted from the start, can greatly simplify a scientific
research project and allow full/exact reproducibility once it is published.

» In the next slides, we'll review the template from the highest level (final research paper) to the
lowest (setting up the research environment).



Types of reproducibility

Hardware /Statistical reproducibility

» Involves data collection.

» Inherently includes measurements errors
(can never be exactly reproduced).

» Example: Raw telescope image/spectra.

> NOT DISCUSSED HERE.

- -
http://slittlefair.staff.shef.ac.uk

Software/Deterministic reproducibility

» Involves data analysis, or simulations.
> Starts after data is collected/digitized.
» Example: 2+ 2 =4 (i.e., sum of datasets).

> DISCUSSED HERE.

01001 1

00770
707722107,


http://slittlefair.staff.shef.ac.uk/teaching/phy217/lectures/telescopes/L07/index.html
https://tsongas.com/newsletter_articles/the-new-electronic-version-of-the-advantage/digital-tunnel-wallpaper/
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Predefined /exact software tools

Reproducibility & software

Reproducing the environment (specific software versions, build instructions and dependen-
cies) is also critically important for reproducibility.

» Containers or Virtual Machines are a binary black box.

» This template installs fixed versions of all necessary research software and
their dependencies.

> Installs similar environment on GNU/Linux, or macOS systems.

»> Works very much like a package manager (e.g., apt or brew).

emacs@akhlaghi

File Edit Options Buffers Tools Makefile Help

o B x E Q
fftu-version =
flock-version
freetype-version
ghostscript-version = 9.26
gnuastro-version = 0.
gsL-version

nafs-versio
inagenagick-versi
Libiti-version = 3.2.1
Libjpeg-versio
Libpng-vers
Libtifr-versy
Libtool-versio
Libxnl2-versio
openblas-version

scamp-version = 2
sextractor-version = 2.25.0
swarp-version = 2.38.0
swig-version = 3.0.12

# Python packages
#

#
# Similar to optional programs and libraries above
#

# IMPORTANT: If you intend to change the version of any of the Python
# modules/libraries below, please fix the hash strings of the respective
# URL in “reproduce/software/make/python.mk

asnlcrypto-version = 0.24.0

astroquery-version = 0.3.9

astropy-version = 3.
beautifulsoupd-versi
certifi-version = 2018. 11 29

cffi-version = 1.12.2
chardet X}

cython-version =
entrypoints-version « 0.3
o




Predefined /exact software tools

Reproducibility & software

Reproducing the environment (specific software versions, build instructions and dependen-
cies) is also critically important for reproducibility.

» Containers or Virtual Machines are a binary black box.

» This template installs fixed versions of all necessary research software and
their dependencies.

> Installs similar environment on GNU/Linux, or macOS systems.

»> Works very much like a package manager (e.g., apt or brew).

emacs@akhlaghi

File Edit Options Buffers Tools Makefile Help

o B x E Q
fftu-version =
flock-version
freetype-version
ghostscript-version = 9.26
gnuastro-version =

gsl-vers
nafs-vers :
inagenagick-versi
Libffi-version = 3.2.1
Libjpeg-version = v3b
Libpng-vers
Libtifr-versy
Libtool-versio
Libxnl2-versio
openblas-version

extractor-versi
swarp-version = 2.38.0
swig-version = 3.0.12

# Python packages
#

#
# Similar to optional programs and libraries above
#

# IMPORTANT: If you intend to change the version of any of the Python
# nodules/Libraries below, please fix the hash strings of the respective
# URL in "xeproduce/software/make/python.mk

asnlcrypto-version = 0.24.0

astroquery

4-versi 1
certifi-version = 2018.11.29
cffi-version = 1.12.2

chardet X}

cython-version = 9.29.
entrypoints-version = 0.3
o




Controlled environment and build instructions

emacs@akhlaghi x
File Edit Options Buffers Tools Makefile Help

% E Q

include reproduce/software/config/installation/texlive.nk
include reproduce/software/config/installation/versions.nk

e b B x B

|

Save  4Undo

lockdix = $(BDIR)/locks l
tdir = $(BDIR)/software/tarballs

ddir = $(BDIR)/software/build-tap

idir = $(BDIR)/software/installed

ibdir = $(BDIR)/software/installed/bin

ildir = $(BDIR)/software/installed/1ib

dtexdix = $(shell pud)/reproduce/software/bibtex

itidir = $(BDIR)/software/installed/version-info/tex
ictdir = $(BDIR)/software/ installed/version-info/cite
ipydir = $(BDIR)/software/installed/version-info/python
ibidir

$(8D1R) /software/installed/version-info/proglib

# Set the top-level software to build.

all: s(foreach p, $(top-level-programs), $(ibidir)/s(p)) \
$(foreach p, $(top-level-python),  $(ipydir)/$(p)) \
s(itidir)/texlive

# Other basic environment settings: We are only including the host

# operating system's PATH environment variable (after our own!) for the
# conpiler and linker. For the library binaries and headers, we are only
# using our internally built libraries

#

# To investigate:

#

# 1) Set SHELL to "$(ibdir)/env - NAMESVALUE $(ibdir)/bash’ and set all
# the parameters defined bellow as "NAMESVALUE' statements before

# calling Bash. This will enable us to completely ignore the user's
# native environment

#

#

#

2) Add “--noprofile --norc' to *.SHELLFLAGS' so doesn't load the

user's environment.

HeESHELL:

SHELLFLAC = --noprofile --norc -ec
export ((A(NE _DISABLE  := 1

export P = $(ibdir)

export ShELL
export CPPFLAGS

export PKG_CONFIG_PATH
export PKG_CONFIG_LIBDIR
export LO_RUN_PATH
export LO_LIBRARY_PATH  := $(ildix):$(il64dir)

export LOFLAGS += $(zpath_comand) -L$(ildir)

# We want the download to happen on a single thread. So we need to define a
[ lock, and call a special script we have written for this job. These are

emacs@akhlaghi x
File Edit Options Buffers Tools Makefile Help
o @ B X Hswe Jndo 4 E Q
# not 'LIBS'.
¥
# On Mac systems, the build complains about ‘clang’ specific
# features, 50 we can't use our own GCC build here.

1 x$(on e os) = xyes 1; then \
export CC=clan
expoxt = ]a»gn, \

s(aa;x»
xm -xf cmake-$ (cnake-version) \
tar xf $<\

ed cnake-$ (cnake-version) \
_Ibootstrap

- bzip2 --systen-1iblzna --no-qt-
make j!(numthreadx) lseeessitos 1sel derypto 12 lemaoser \
sake dnstall \

.

m rf cmake-$ (cnake-version) \
echo “CMake $(cmake-version)” > $@

FSIS:S:S: FFB‘.FS:

s( i tar.gz
S(eall ghutld, s, ghostscript-S(ghostcript-version) \
& echo "GPL Ghostscript $(ghostscript-version)” >

B : $(tdir) .tar.1z \
$(ibidir) /ghostscript \
$(1bidir)/Libjpeg \
$(1bidin) /LibLIfF \
$(1bidir) /1ibgit2 \
$(ibidix) mcslib \
$(ibidir) /gsl
ifeq (s(static_build),yes) I

p
endif
$(call gbuild, $<, gnuastro-$(gnuastro-version), static, \
ssstaticopts, -j$(nunthreads), \
e check -j$(nunthreads)) \
8 cp $(dtexdir) /gnuastro. tex $(ictdir)/ \
4 echo "GNU Astronomy Utilities §(gnuastro-version) \citep(gnuastro}’ > »

“tarxz \
$(ibidir)/1ibjpeg \
$(ibidir) /1ibEiff \
$(ibidir)/zlib
$(call gbuild, $<, ImageMagick-$(inagenagick-version), static, \
--without-x --disable-openny
& echo "InageMlagick $(imagemagick-version)

> 50

high-level.nk  67% L584 Git:master (Makefile)

[m] = =

DA



Controlled environment and build instructions

emacs@akhlaghi
File Edit Options Buffers Tools Makefile Help

Save +Undo % E Q

include reproduce/software/config/installation/texlive.mk
include reproduce/software/config/installation/versions.mk

e b B x B

lockdir = $(BDIR)/locks
tdir

$(BDIR)/software/ tarballs
ddir = $(BDIR)/software/build-tap
$(BDIR) /software/installed
$(BDIR) /software/installed/bin
ildir = $(BDIR)/software/installed/1ib

dtexdix = $(shell pud)/reproduce/software/bibtex

itidir = $(BDIR)/software/installed/version-info/tex
ictdir = $(BDIR)/software/ installed/version-info/cite
ipydir = $(BDIR)/software/installed/version-info/python

ibidir = $(BDIR)/software/ installed/version-info/proglib

# Set the top-level software to build.

all: s(foreach p, $(top-level-prograns), $(ibidir)/s(p)) \
$(foreach p, $(top-level-python),  $(ipydir)/S(p)) \
s(itidir)/texlive

# Other basic environment settings: We are only including the host

# operating systen's PATH environment variable (after our own!) for the
# conpiler and linker. For the library binaries and headers, we are only
# using our internally built libraries

To investigate:

1) Set SHELL to "$(ibdir)/env - NAMESVALUE $(ibdir)/bash’ and set all
the paraneters defined bellow as "NAMESVALUE' statements before
calling Bash. This will enable us to completely ignore the user's
native environment

2) Add “--noprofile --norc' to *.SHELLFLAGS' so doesn't load the
s environment.

s noprofile --noxc -ec
export CCACHE_DISABLE 1

export FATH = $(ibdir)

export SHELL = $(ibdir) /bash

export CPPFLAGS = -Is(idix)/include
export PKG_CONFIG_PATH
export PKG_CONFIG_LIBDIR
export LD_RUN_PATH = $(ildir):$(i164dix)

export LD_LIBRARY_PATH $(i1dix):$(il64dir)

export LOFLAGS = $(xpath_connand) -L$(ildix)

# We want the download to happen on a single thread. So we need to define a
[ lock, and call a special script we have written for this job. These are

emacs@akhlaghi x
File Edit Options Buffers Tools Makefile Help
o @ B X Hswe Jndo 4 E Q
# not 'LIBS'.
i
# 0n Mac systems, the build complains about ‘clang’ specific
# features, 50 we can't use our own GCC build here.

[ xS(on nac.os) = xyes 1 then \
export CC=clar

export . ]angu, \

i

d smau)

& m -xf cmake-$(cnake-version) \

8 tar xf <

8 cd cmake-$ (crake-version) \

8& . /bootstrap N
--systen-bzip2 --systen-liblzna --no-qt-

a8 make -8 (numthreade) LISS 351185 -Lssl Lerypt 12 leraoser \

&4 make install \

s .\

8 m -xf cnake-$(crake-version) \

8& echo “CMake §(crake-version)® > $@

s( i tar.gz
S(eall ghuild, s ghostscript-S(ghostcript-version)) \
echo "GPL Ghostscript $(ghostscript-version)” >

B(ibidir) /gnuastro: $(tdir)/gnuastro-$(gnuastro-version). tar.1z \
ibidix) /ghostscript \
$(ibidir)/libjpeg \
$(ibidir) /1ibtiff \
$(ibidir) /1ibgit2 \
$(ibidir) /weslib \

$(ibidir) /gsl
ifeq ($(static_build),yes) I
P ;
endif
S(coll g, 5, gruastos (gruastroversion), static, \
ssstaticopts, -j$(nunthreads), \
ke <heck -3$(numthreads)) \
& cp $(dtexdix) /gnuastro. tex $(ictdir)/ \
&& echo "GNU Astronony Utilities §(gnuastro-version) \citep{gnuastro}” > »
se

tarxz \
$(ibidir)/1ibjpeg \
$(ibidir) /1ibtiff \
$(ibidir)/zlib
$(call gbuild, $<, ImageMagick-$(inagenagick-version), static, \
--without-x --disable-openmp, V=1) \
& echo "InageMlagick $(imagenagick-version)” > $&




All high-level dependencies are under control (e.g., NoiseChisel's dependencies)

GNU/Linux distribution macOS

$ 1dd .local/bin/astnoisechisel $ otool -L .local/bin/astnoisechisel
libgnuastro.so.7 => /PROJECT/libgnuastro.so.7 (0x00007£6745£39000) /PROJECT/1libgnuastro.7.dylib (comp ver 8.0.0, cur ver 8.0.0)
libgit2.s0.26 => /PROJECT/1libgit2.s0.26 (0x00007£6745df1000) /PROJECT/1ibgit2.26.dylib (comp ver 26.0.0, cur ver 0.26.0)
libtiff.so.5 => /PROJECT/libtiff.so.5 (0x00007£6745d77000) /PROJECT/1ibtiff.5.dylib (comp ver 10.0.0, cur ver 10.0.0)
liblzma.so.5 => /PROJECT/liblzma.so.5 (0x00007£6745d4f000) /PROJECT/1iblzma.5.dylib (comp ver 8.0.0, cur ver 8.4.0)
libjpeg.s0.9 => /PROJECT/libjpeg.s0.9 (0x00007£6745d12000) /PROJECT/1libjpeg.9.dylib (comp ver 12.0.0, cur ver 12.0.0)
libwcs.so.6 => /PROJECT/libwcs.so.6 (0x00007£6745ba8000) /PROJECT/1ibwcs.6.2.dylib (comp ver 6.0.0, cur ver 6.2.0)
libcfitsio.so.8 => /PROJECT/libcfitsio.so.8 (0x00007£674588b000) /PROJECT/1libcfitsio.8.dylib (comp ver 8.0.0, cur ver 8.3.47)
libcurl.so.4 => /PROJECT/libcurl.so.4 (0x00007£6745811000) /PROJECT/libcurl.4.dylib (comp ver 10.0.0, cur ver 10.0.0)
libssl.so.1.1 => /PROJECT/1libssl.so.1.1 (0x00007£6745777000) /PROJECT/1ibssl.1.1.dylib (comp ver 1.1.0, cur ver 1.1.0)
libecrypto.so.1.1 => /PROJECT/libcrypto.so.1.1 (0x00007£6745491000) /PROJECT/libcrypto.1.1.dylib (comp ver 1.1.0, cur ver 1.1.0)
libz.so.1 => /PROJECT/1libz.so.1 (0x00007£6745474000) /PROJECT/1libz.1.dylib (comp ver 1.0.0, cur ver 1.2.11)
libgsl.so0.23 => /PROJECT/libgsl.so0.23 (0x00007£f67451e3000) /PROJECT/1ibgsl.23.dylib (comp ver 25.0.0, cur ver 25.0.0)
libgslcblas.so.0 => /PROJECT/libgslcblas.so.0 (0x00007f67451a1000) /PROJECT/1ibgslcblas.0.dylib (comp ver 1.0.0, cur ver 1.0.0)
libpthread.so.0 => /usr/lib/libpthread.so.0 (0x00007£6745006000) /usr/lib/libSystem.B.dylib (comp ver 1.0.0, cur ver 1252.50.4)

libm.so.6 => /usr/lib/libm.so.6 (0x00007f6745027000)

libc.so.6 => /usr/lib/libc.so.6 (0x00007£6744e43000)
1libdl.so.2 => /usr/1lib/libdl.so.2 (0x00007£6744e1e000)
librt.so.1 => /usr/lib/librt.so.1 (0x00007£6744e36000)
linux-vdso.so.1 (0x00007fffdcbf7000)
/1ib64/1d-1linux-x86-64.50.2 => /usr/1ib64/1d-1inux-x86-64.s0.2

Project libraries: High-level libraries built for each project.
GNU C Library: Currently not installed, will be available on GNU/Linux systems soon.
System/linker libraries: Very low-level, we do not need to control.




Advantages of this build system

v

Project runs in fixed/controlled environment: custom build of Bash, Make,
GNU Coreutils (1s, cp, mkdir and etc), AWK, or SED, IATEX, etc.

v

No need for root/administrator permissions (on servers or super computers).

v

Whole system is built automatically on any Unix-like operating system
(less 2 hours).

v

Dependencies of different projects will not conflict.

https://natemowry2.wordpress.com

v

Everything in plain text (human & computer readable/archivable).


https://natemowry2.wordpress.com
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General outline of a project

Config environment?

Config options?
Repository?

Confirmation bias?
Dep. versions?
What version?

Dependencies?
Software

>

History recorded?
Human error?

Cited software?
Runtime options?
Build

Report this info?
What order? Sync with analysis?
(Run software on dataD*( Paper )
| Hardware/data I Environment update?
Data baseorPID7 In sync with coauthors?
‘ Calibration/version?
RS



Input data source and integrity is documented and checked

emacs@akhlaghi
File Edit Options Buffers Tools Makefile Help
o ] X ind

# Input files necessary for this project
"

E Q

# This file is read by the configure script and running Makefiles

Stored information about each input file:

#
# Copyright (C) 2018-2019 Mohammad Akhlaghi <mohammad@akhlaghi.org>
#

# Copying and distribution of this file, with or without modification, are

> PID (where available) & e notice are preserved.  This file 15 offered o5-is, withaut any
. # warranty.
» Download URL. VRS - = aiToiedseoiaEaTara 1 15S0bace
WFPC2SIZE = 62kb

» MD5-sum to check integrity.

All inputs are downloaded from the given PID/URL when necessary
(during the analysis).

MD5-sums are checked to make sure the download was done properly or the file
is the same (hasn’t changed on the server/source).

too- INPUTS.mK ALl L16  Git-master (Makefile)




Input data source and integrity is documented and checked

emacs@akhlaghi
Flle Edt Options Buffers Tools Makefile Help
o0 E x E Q
# Tnput files necessary for this project
¥ This file is read by the configure scxipt and xumning Hokefiles
Stored information about each input file: § Conight (€ 2018201 ot Mg “chomacoLah.or

# Copying and distribution of this file, with or without modification, are
# permitted in any medium without royalty provided the copyright notice and

»> PID (where available). 3 B i e s, i e e s o
VEPCLINAGE = WEPCIASSSTBOZ88bx. 1185
» Download URL. vty - Bt e

WFPC2SIZE = 62kb
WFPC2URL = https://fits.gsfc.nasa.gov/sanples

» MD5-sum to check integrity.

All inputs are downloaded from the given PID/URL when necessary
(during the analysis).

MD5-sums are checked to make sure the download was done properly or the file
is the same (hasn’t changed on the server/source).

to-- INPUTS.mK AL L16  Git-master (Makefile)




General outline of a project

Config environment?

Config options? Conflrmatlonblas7 History recorded?
Repository? Dep. versions? Humanerr0r7 Cited software?
What version? Dependencies? Runtlmeoptlons7 Report this info?
I Software |—>( Build : Sync with analysis?
(Run software on dataD»( Paper )
| Hardware/data I EnVIr onmentupdate7
Data base, or PID? | ;
Calibration/version?

Integrity?



Reproducible science: Template is managed through a Makefile

All steps (downloading and analysis) are managed by Makefiles
(example from zenodo.1164774):

v

Unlike a script which always starts from the top, a Makefile starts from the
end and steps that don’t change will be left untouched (not remade).

> A single rule can manage any number of files.

» Make can identify independent steps internally and do them in parallel.

> Make was designed for complex projects with thousands of files (all major
Unix-like components), so it is highly evolved and efficient.

> Make is a very simple and small language, thus easy to learn with great
and free documentation (for example GNU Make's manual).

emacs@akhlaghi
File Edit Options Buffers Tools Makefile Help

° E x @B Und E Q

# Run NoiseChisel
#

# NoiseChisel's output is needed for several things down the Line: Its
ky standard deviation ouputs wi

# runs of MakeCatalog. Its detections are also going to be used to

# create a NoiseChisel segmentation map. We also need the Sky values
# for the raw aperture catalogs, so we'll also run NoiseChisel on the

Solcethebs orenth T ${attriLters), S(ncfdin)/udt s(). its)
foreach 1, $(xdfwic3irf), $(ncidir)/xdf s(f).fits)
oreach f, S(xdffc3irm), $(ncfdin) /grd s().fits)
S(nosechisel): $(ncfdif)/%: $(sdepth) /% -gnuastro/astnoisechisel. conf
$(ncfdir)

udf_f225w. fits® | || [ § = *udf_f275u. fits" |

if [ ¢

Ssextraont d =0.9 =0.9 $< -058
0
# Pure NoiseChisel catalog on each filter/depth
oo

#

# Catalog of all of NoiseChisel's clunps on each filter. Do not

# confuse this with the aperture photometry catalog that is also

# generated by MakeCatalog. For the same filter, both catalogs use the

# sane inage, sky and sky standard deviation inges, but the labeled

# inages differ, Here Noisechisel's labeling is use

3 aperture Labeled nage is created separately

necatdir = §(catdir)/noisechisel

ncrawcatdir = $(catdir)/noisechisel/rav

RCracat = $(foreach f, $(a1LI11ters): S(ncravcatdin) /udf $(f) c.txt)
S(foreach 1, $OAMMICIT), S(ncravcatdinxdf $(f) . txt)

S(nceatdir): | $(catdir); mkdir
sincravcatdin): | $(nccatoin); mkd
$(ncrawcat): $(ncrawcatdir)/% ‘('\r -hr)/'v fits
Qﬂuastm/astmkcata\ug conf | $ tdir]
zp=$$(reproduce/src/zeropoints.sh S( (subst _, ,$%)));

aothkcatalog 5o --zeropointosszn -a8(c0)/

# write values for LaTex

- rauw-cats.mk  23% L6  Git-master (GNUmakefile)

It
{3360 F15T 1 then extraopi= quhrest=0.4°;


https://doi.org/10.5281/zenodo.1164774
https://www.gnu.org/software/make/manual/
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Values in final report/paper

All analysis results (numbers, plots, tables) written in paper’'s PDF as KTEX macros. They are thus

updated automatically on any change.

Shown here is a portion of the NoiseChisel paper and its BTEX source (arXiv:1505.01664).

\begin{equation}
\label{tSNeq}
\mathrm{S/N}_t=\frac{NF-NS_a}{\sqrt{NF+N\sigma s~2}}
=\frac{\sqrt{N}(F-S_a)}\sqrt{F+\sigma_s"2}}.
\end{equation}

\noindent

See Section \ref{SNegmodif} for the modifications required when
the input image is not in units of counts or has already been
Sky subtracted. The distribution of {\small S/N}$ t$ from the
objects in $R s$ for the three examples in Figure \ref{dettf}
can be seen in column 5 (top) of that figure. Image processing
effects, mainly due to shifting, rotating, and re-sampling the
images for co-adding, on the real data further increase the size
and count, and hence, the {\small S/N} of false detections in
real, reduced/co-added images. A comparison of scales on the
{\small S/N} histograms between the mock ((a.5.1) and (b.5.1))
and real (c.5.1) examples in Figure \ref{dettf} shows the effect
quantitatively. In the histograms of Figure \ref{dettf}, the bin
with the largest number of false pseudo-detections respectively
has an {\small S/N} of $\onelargedettfmaxs,
$\sensitivitycdettfmaxs$, and $\fourdettfmax$.D

smaller than --detsnminarea are removed from the analysis in
both R; and R;. In the examples in this section, it is set to
15. Note that since a threshold approximately equal to the Sky
value is used, this is a very weak constraint. For each pseudo-
detection, S/N7 can be written as,

NF —NS, N(F —S,
S/NT:—:M, 3)

/NF +No3 \/JF+03%

See Section 3.3 for the modifications required when the input im-
age is not in units of counts or has already been Sky subtracted.
The distribution of S/N7 from the objects in Ry for the three ex-
amples in Figure 7 can be seen in column 5 (top) of that figure.
Image processing effects, mainly due to shifting, rotating, and
re-sampling the images for co-adding, on the real data further
increase the size and count, and hence, the S/N of false detec-
tions in real, reduced/co-added images. A comparison of scales
on the S/N histograms between the mock ((a.5.1) and (b.5.1)) and
real (c.5.1) examples in Figure 7 shows the effect quantitatively.
In the histograms of Figure 7, the bin with the largest number
of false pseudo-detections respectively has an S/N of 1.89, 2.37,
and 4.77.

The S/N7 distribution of detections in R, provides a very ro-


https://arxiv.org/abs/1505.01664

Values in final report/paper

All analysis results (numbers, plots, tables) written in paper’'s PDF as KTEX macros. They are thus

updated automatically on any change.

Shown here is a portion of the NoiseChisel paper and its BTEX source (arXiv:1505.01664).

\begin{equation}
\label{tSNeq}
\mathrm{S/N}_t=\frac{NF-NS_a}{\sqrt{NF+N\sigma s~2}}
=\frac{\sqrt{N}(F-S_a)}\sqrt{F+\sigma_s"2}}.
\end{equation}

\noindent

See Section \ref{SNegmodif} for the modifications required when
the input image is not in units of counts or has already been
Sky subtracted. The distribution of {\small S/N}$ t$ from the
objects in $R s$ for the three examples in Figure \ref{dettf}
can be seen in column 5 (top) of that figure. Image processing
effects, mainly due to shifting, rotating, and re-sampling the
images for co-adding, on the real data further increase the size
and count, and hence, the {\small S/N} of false detections in
real, reduced/co-added images. A comparison of scales on the
{\small S/N} histograms between the mock ((a.5.1) and (b.5.1))
and real (c.5.1) examples in Figure \ref{dettf} shows the effect
quantitatively. In the histograms of Figure \ref{dettf}, the bin
with the largest number of false pseudo-detections respectively
has an {\small S/N} of $\onelargedettfmaxs,
$\sensitivitycdettfmax$, and $\fourdettfmax$.D

smaller than --detsnminarea are removed from the analysis in
both R; and R;. In the examples in this section, it is set to
15. Note that since a threshold approximately equal to the Sky
value is used, this is a very weak constraint. For each pseudo-
detection, S/N7 can be written as,

NF —NS, N(F —S,
S/NT:—:M, 3)

/NF +No3 \/JF+03%

See Section 3.3 for the modifications required when the input im-
age is not in units of counts or has already been Sky subtracted.
The distribution of S/N7 from the objects in Ry for the three ex-
amples in Figure 7 can be seen in column 5 (top) of that figure.
Image processing effects, mainly due to shifting, rotating, and
re-sampling the images for co-adding, on the real data further
increase the size and count, and hence, the S/N of false detec-
tions in real, reduced/co-added images. A comparison of scales
on the S/N histograms between the mock ((a.5.1) and (b.5.1)) and
real (c.5.1) examples in Figure 7 shows the effect quantitatively.
In the histograms of Figure 7, the bin with the largest number
of false pseudo-detections respectively has an S/N of 1.89, 2.37,
and 4.77.

The S/N7 distribution of detections in R, provides a very ro-
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Analysis step results/values concatenated into a single file.

All IATEX macros come from a single file.

r

emacs@akhlaghi

File Edit Options Buffers Tools TeX Text Help

o L H X [Esave Undo

L) | Ef

Nnewcommand{\onelargescb}{lg.41}
\newcommand{\onelargescc}{17.93}
\newcommand{\onelargescd}{17.22}
\newcommand{\onelargesce}{17.09}
\newcommand{\severallargesca}{199.33}
\newcommand{\severallargesch}{196.68}
\newcommand{\severallargescc}{194.16}
\newcommand{\severallargescd}{192.60}
\newcommand{\severallargesce}{191.86}
\newcommand{\fourdettfnum}{132}
\newcommand{\fourdettfmax}{4.77}
\newcommand{\fourdettfqnt}{8.50}
\newcommand{\onelargedettfnum}{113}
\newcommand{\onelargedettfmax}{1.89}
\newcommand{\onelargedettfqnt}{3.82}
\newcommand{\sensitivitycdettfnum}{111}
\newcommand{\sensitivitycdettfmax}{2.37}
\newcommand{\sensitivitycdettfqnt}{3.61}
\newcommand{\dettfsmallestsngnt}{3.61}
\newcommand{\scccdnaxisa}{2048}
\newcommand{\scccdnaxisb}{4177}
\newcommand{\onedgepa}{45}
\newcommand{\onedgedist}{35}
\newcommand{\senamed}{5.6}
\newcommand{\senamode}{5.7~{LS}}

\newcommand{\senascconvi{5.4\nm99.9}
-:--- texmacros.tex 64% L209 (LaTeX)
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\newcommand{\senascconvi{5.4\nm99.9}
-:--- texmacros.tex 64% L209 (LaTeX)




Analysis results stored as IATEX macros

The analysis scripts write/update the IKTEX macro values automatically.

# Numbers for dettf.tex:
s50qnt=9999999

function dettfhist

{

# Set the file name.

if [ $2 == 4 1; then obase=four

elif [ $2 = sensitivity3 ]; then obase=sensitivityc;
else obase=$2;

fi

if [ $2 == onelarge 1; then ind="_7"; else ind="_12"; fi
name=$1$2$ind"_detsn"$txt

dettfnum=$(awk '/points binned in/{print $4; exit(0)}' $name)
dettfgnt=$(awk '/quantile has a value of/{
printf("%.2f", $9); exit(0);}' $name)

dettfmax=$(awk 'BEGIN { max=-999999 }

v/~ { if($2>max) {max=$2; mv=$1} }

END { printf("%.2f", mv) }' $name)
addtexmacro $obase"dettfnum" $dettfnum
addtexmacro $obase"dettfmax" $dettfmax
addtexmacro $obase"dettfgnt" $dettfgnt

# Find the smallest S/N quantile:
sqnt=$(echo " " | awk '{if('$dettfqnt'<'$sqnt') print '$dettfgnt'}"')
}
for base in 4 onelarge sensitivity3
do dettfhist $texdir/dettf/ $base; done
addtexmacro dettfsmallestsngnt $sqnt
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New projects branch from template
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>

Template's history is recorded.

New project: a branch from the template.

Research progresses in the project branch.

Template will evolve (improved infrastructure).
Template can be imported/merged back into project.
The template and project will evolve.

During research this encourages creative tests
(previous research states can easily be retrieved).

Coauthors can work on same project in parallel
(separate project branches).

Upon publication, the Git checksum is enough to
verify the integrity of the result.

“Verified” image from vectorstock.com


https://www.vectorstock.com/royalty-free-vector/red-vintage-verified-stamp-retro-style-on-white-vector-22770076

Publication of the project

A reproducible project using this template will have the following (plain text) components:
> Makefiles.
» IATEX source files.
» Configuration files for software used in analysis.
» Scripts/programming files (e.g., Python, Shell, AWK, C).

The volume of the project’s source will thus be negligible compared to a single figure in a paper
(usually ~ 100 kilo-bytes).

The project’s pipeline (customized template) can be published in
» arXiv: uploaded with the TEX source to always stay with the paper
(for example arXiv:1505.01664). The file containing all macros must also be uploaded so arXiv's
server can easily build the IATEX source.

» Zenodo: Along with all the input datasets (many Gigabytes) and software
(for example zenodo.1164774) and given a unique DOI.


https://arxiv.org/abs/1505.01664
https://doi.org/10.5281/zenodo.1164774

Project source and its execution

Programs [here: Scientific projects| must be written for people to read...
...and only incidentally for machines to execute.

Harold Abelson, Structure and Interpretation of Computer Programs




Future prospects...

Adoption of reproducibility by many researchers will enable the following:

> A repository for education/training (PhD students, or researchers in other fields).

> Easy verification/understanding of other research projects (when necessary).

» Trivially test different steps of others’ work (different configurations, software and etc).

> Science can progress incrementally (shorter papers actually building on each other!).

> Extract meta-data after the publication of a dataset (for future ontologies or vocabularies).

» Applying machine learning on reproducible research projects will allow us to solve some Big
Data Challenges:

» Extract the relevant parameters automatically.

» Translate the science to enormous samples.

» Believe the results when no one will have time to reproduce.
| 4

Have confidence in results derived using machine learning or Al.



GOOD NEWS: RDA adoption grant to IAC for this template

@D >

RESEARCH DATA ALLIANCE

For this template, the IAC is selected as a Top European organization funded to adopt RDA
Recommendations and Outputs.

P Research Data Alliance was launched by the European Commission, NSF, National Institute of Standards and Technology, and the Australian
Government’s Department of Innovation.

» RDA Outputs are the technical and social infrastructure solutions developed by RDA Working Groups or Interest Groups that enable data
sharing, exchange, and interoperability.



Summary:

A fully working template/framework is introduced that will do the following steps/instructions (all in
simple plain text files).

>

>
>
>

v

>

Automatically downloads the necessary software and data.
Builds the software in a closed environment.
Runs the software on data to generate the final research results.

A modification in one part of the analysis will only result in re-doing that part, not the whole
project.

Using LaTeX macros, paper’s figures, tables and numbers will be Automatically updated after a
change in analysis. Allowing the scientist to focus on the scientific interpretation.

The whole project is under version control (Git) to allow easy reversion to a previous state. This
encourages tests/experimentation in the analysis.

The Git commit hash of the project source, is printed in the published paper and saved on output
data products. Ensuring the integrity/reproducibility of the result.

These slides are available at http://akhlaghi.org/pdf/reproducible-paper.pdf.

For a technical description of the template’s implementation, as well as a checklist to customize it,
and tips on good practices, please see this page:
https://gitlab.com/makhlaghi/reproducible-paper/blob/master/README-hacking.md



http://akhlaghi.org/pdf/reproducible-paper.pdf
https://gitlab.com/makhlaghi/reproducible-paper/blob/master/README-hacking.md

