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Why reproducibility matters
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The reproducibility crisis
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Biophysics: bad protein structures
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We still don’t know the full truth

COMMENTARY

Five retracted structure reports: Inverted or incorrect?

BRIAN W. MATTHEWS
Institute of Molecular Biology, Howard Hughes Medical Institute, and Department of Physics, University of Oregon,
Eugene, Oregon 97403, USA

Recently, Chang et al. (2006) withdrew five articles that
included reports of the structure of the ABC transporter
MsbA (Chang and Roth 2001) and the EmrE multidrug
transporter in complex with a substrate (Pornillos et al.
2005). The stated reason for the retractions was as
follows: ‘‘An in-house data reduction program, which
was not part of a conventional data processing package,
converted the anomalous pairs (I+ and I!) to (F! and F+),
thereby introducing a sign change. As the diffraction data
collected for each set of MsbA crystals and for the EmrE
crystals were processed with the same program the
structures reported. . .had the wrong hand.’’
The purpose of the present commentary is to point out

that the interconversion of F+ and F! does not, in general,
lead to an inverted structure. Rather, it leads to a ‘‘non-
sense’’ electron density map that has no relation to the
true structure or to its mirror image. There are special
situations where an inverted electron density map can be
obtained, but if such a map is observed, it shows that an
error has occurred. The following is an attempt to provide
additional background, particularly for the nonexpert.
The increased brilliance of synchrotron X-ray sources,

coupled with ever-increasing computing power, has made
it possible in favorable cases to collect data and solve
structures within hours, if not minutes. At the same time,
this has led to the ever-increasing use of ‘‘black box’’
procedures for structure determination. Such procedures
are especially powerful when moderate-to-high resolution
data are available (better than ;2.5 Å), but need to be
used with discretion where only poorer quality X-ray data
can be measured. As the resolution becomes poorer,
electron density maps become harder to interpret, leading
to less reliable starting models. Model refinement is also

increasingly difficult. Procedures in which multiple cop-
ies of the protein are refined (Chang and Roth 2001) can
improve refinement statistics but are of questionable
validity with low-resolution data in that they increase
what is already a very unfavorable ratio of model param-
eters to X-ray observations.

The atoms in a crystal can be considered as lying on
sets of parallel planes, each set of planes being identified
by three integers, h, k, and l. F(h,k,l) gives the amplitude
of X-rays scattered from the ‘‘front-side’’ of the (h,k,l)
planes and F(!h,!k,!l) the amplitude of scattering from
the ‘‘back-side’’ of the same planes. F(h,k,l) and
F(!h,!k,!l) are often abbreviated as F+ and F!. If a
protein crystal contains only light atoms such as hydro-
gen, oxygen, etc., the amplitudes F+ and F! will be iden-
tical. If, on the other hand, the protein crystal includes
heavy atoms such as mercury or selenium, then F+ and F!
will differ slightly. This small difference in amplitude
occurs because the heavy atoms scatter X-rays ‘‘anom-
alously,’’ i.e., slightly out of phase relative to light atoms.
Because it is anomalous scattering that causes F+ and F!
to differ, they are often referred to as ‘‘anomalous pairs.’’

The traditional method of determining crystal struc-
tures of proteins is by the use of a series of isomorphous
heavy-atom derivatives. Such derivatives are typically
obtained by soaking heavy atoms into pregrown crystals
of the native protein or by growing crystals in the pres-
ence of heavy-atom-containing compounds. Today, struc-
ture determination still requires a form of the crystal
that contains one or more heavy atoms. Replacement
of methionine with selenomethionine is frequently
used to directly incorporate the heavy atom selenium
into the protein of interest (Hendrickson et al. 1990;
Hendrickson 1991).

Except where exceptionally high-resolution data are
available, and ‘‘direct methods’’ can be used, the first step
in solving the structure of a protein is to determine the
position of the heavy atoms. This is done with the so-
called Patterson function, but the solution is always
ambiguous. One solution will correspond to the true

Reprint requests to: Brian W. Matthews, Institute of Molecular
Biology, Howard Hughes Medical Institute, and Dept. of Physics, 1229
University of Oregon, Eugene, OR 97403-1229, USA; e-mail: brian@
uoregon.edu; fax: (541) 346-5870.
Article published online ahead of print. Article and publication date

are at http://www.proteinscience.org/cgi/doi/10.1110/ps.072888607.

Protein Science (2007), 16:1013–1016. Published by Cold Spring Harbor Laboratory Press. Copyright ! 2007 The Protein Society 1013

B.W. Matthews, Protein Science, 2007
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Chemical physics: how many phases for supercooled water?

A.G. Smart, Physics Today, 2018
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The trinity of reproducibility

Experimental reproducibility:
Re-do an experiment and get sufficiently close results.

Statistical reproducibility:
Re-do a study with a different sample and get sufficiently close results.

Computational reproducibility:
Re-do a computation (data analysis, simulation, ...) and get identical results.
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Causes of the reproducibility crisis

Experimental reproducibility: well understood

Re-do an experiment and get sufficiently close results.

Statistical reproducibility: incomplete understanding of statistical methods

Re-do a study with a different sample and get sufficiently close results.

Computational reproducibility: lack of rigor in documenting computations

Re-do a computation (data analysis, simulation, ...) and get identical results.
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Reproducibility vs. replicability

Reproducibility

Technical

Done right?

Straightforward.

Simple answer: yes/no

Verification

Replicability

Scientific

The right thing to do?

Difficult to judge.

Complex answer: if... maybe...

Validation

In scientific computing:

Same software

Same parameters

Same data

Identical result?

New software

Same parameters

Same data (or not)

Equivalent result?
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Reproducibility vs. replicability

Scientific method: replicability / validation

Reproducibility is a verification criterion that accelerates validation
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Why reproducibility matters in scientific computing

Know for sure what has been computed.

Ability to verify the computation.

Safe reuse for other applications.

Particularity of computation: determinism

Except for parallel computing, a deal with the devil: trade speed against loss of control.

Konrad Hinsen (CBM/SOLEIL) Computational reproducibility in theory and practice 19 April 2021 11 / 38



Robustness

Scientific methods should not be sensitive to technical details.

Such as: compiler versions, operating systems, numerical discretization schemes, ...

Robustness checks test replicability, not reproducibility.
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What’s a computation?

230 A. M. TUKING [Nov. 12,

ON COMPUTABLE NUMBERS, WITH AN APPLICATION TO
THE ENTSCHEIDUNGSPROBLEM

By A. M. TURING.

[Received 28 May, 1936.—Read 12 November, 1936.]

The "computable" numbers may be described briefly as the real
numbers whose expressions as a decimal are calculable by finite means.
Although the subject of this paper is ostensibly the computable numbers.
it is almost equally easy to define and investigate computable functions
of an integral variable or a real or computable variable, computable
predicates, and so forth. The fundamental problems involved are,
however, the same in each case, and I have chosen the computable numbers
for explicit treatment as involving the least cumbrous technique. I hope
shortly to give an account of the relations of the computable numbers,
functions, and so forth to one another. This will include a development
of the theory of functions of a real variable expressed in terms of com-
putable numbers. According to my definition, a number is computable
if its decimal can be written down by a machine.

In §§ 9, 10 I give some arguments with the intention of showing that the
computable numbers include all numbers which could naturally be
regarded as computable. In particular, I show that certain large classes
of numbers are computable. They include, for instance, the real parts of
all algebraic numbers, the real parts of the zeros of the Bessel functions,
the numbers IT, e, etc. The computable numbers do not, however, include
all definable numbers, and an example is given of a definable number
which is not computable.

Although the class of computable numbers is so great, and in many
Avays similar to the class of real numbers, it is nevertheless enumerable.
In § 81 examine certain arguments which would seem to prove the contrary.
By the correct application of one of these arguments, conclusions are
reached which are superficially similar to those of Gbdelf. These results

f Godel, " Uber formal unentscheidbare Satze der Principia Mathematica und ver-
•vvandter Systeme, I " . Monatsheftc Math. Phys., 38 (1931), 173-198.

Proceedings of the London Mathematical Society 42, 230 (1937)
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What’s a computation?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111
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Chaos!

Input

Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100101001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010
 

110011011001111000000100101010
111111010001000001100110001010
110001110100001111001100010111
110000101100010111100001010000
001101100100110111010001000110
000011100001101110000111001000
000111000001000001000111110100
100010010011001000010011011101
000111110000101001110100010111
000100010010010001011111010011
001000000011110001000101110111
010000010000111000010010111011
001000110001001001101000111100
100100111110000001011100100011
111000000010000110010001000010
001011100001001010011011011101
010010000001001100010011010010
000010001000000111101000000010
011000000111000010011100010100
001010000110111001001001101000
100011010100110000001001010011
010000010010100111000010000000
001010101100000111000000101000
000110100001100000110010111011
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What’s a computation?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111
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What’s a computation?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Data

Data

Code
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What’s a computation?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Data

Data

Program

Environment
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The scientist’s point of view

Input

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

Data

Program

Environment

my research

my colleagues' code

stuff I don't care about

Konrad Hinsen (CBM/SOLEIL) Computational reproducibility in theory and practice 19 April 2021 19 / 38



What’s the result of this program?

data_analysis.py

from datalib import Dataset

points = [(1 , 1) , (−1, 1) , (2 , 4)]

data = Dataset ( )
for x , y in points :

i f x > 0:
data . add_value(y)

print (data .average ( ) )

Quick answer:
The average of y for the points with positive x, i.e. 2.5.
Correct answer: That depends on datalib
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Know your libraries and languages

datalib.py

class Dataset (object ) :

def __ in i t __ ( se l f ) :
se l f . values = [ ]

def add_value( self , value ) :
se l f . values = [value ]

def average( se l f ) :
return sum( se l f . values , 0)/ len ( se l f . values )

Surprise! A bug! add_value stores only the last value!
The result of data_analysis.py is thus 4. More precisely: 4 in Python 2 but 4.0 in
Python 3.Konrad Hinsen (CBM/SOLEIL) Computational reproducibility in theory and practice 19 April 2021 21 / 38



The meaning of bits

Input

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

Data

Program

Environment

zeros and ones

interpretation of the data

interpretation of the program
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What’s a computation?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Data

Data

Program

Environment
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Where does the program come from?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Source code

Compiler

Environment

Program

Konrad Hinsen (CBM/SOLEIL) Computational reproducibility in theory and practice 19 April 2021 24 / 38



And where does the environment come from?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Package
N+1

Package
manager

Environment
N

Environment
N+1
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OK, then, where do the packages come from?

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Package
source for X

Build system

Build
environment

for X

Package X
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In summary...

Input Output

Computer by Creative Stall from the Noun Project

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Data

Data
Program

Package
source A

Package
source B

Build environment
for package A

Build environment
for package B

Package manager
Build manager

Package
source C

Build environment
for package C

...
...
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Without forgetting...

Input Output

Computer by Creative Stall from the Noun Project

000000111011001010000100111011
110000110111011101111110101010
000110010101111100101110110100
001110110011010110000101011010
111101111100000100010111010111
111010001000010010111100111001
111001100101000111101000011100
101111110000011011011011110001
100100110111101111000101010100
111110011010111011010011011100
111011100011110101011111000100
010111011010100100011110100011
001111000001111110001011100111
101101100000100011100111110011
001101000010011000110011000011
101011110111101010000011010001
010111100101010010011100011011
001010101100101000001010000110
100000101001110011010000011100
001110011000111111111000001100
100100010100000110001011010000
010110010111101001000010100010
101011110001001001010010111000
011000100000010000000011100111

Data

100111100001001100110101101100
001010011101010111110001001101
010111101100011110111011110001
001100001110111000100100000111
110101100111001110100000100110
110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

Data
Program

Package
source A

Package
source B

Build environment
for package A

Build environment
for package B

Package manager
Build manager

Package
source C

Build environment
for package C

...
...

110111100111000011111101101111
111001001011110001100110000101
011100001000010001011110000010
110101110011101111001010100111
111000101110011001101101001001
011001010100101011000001001100
110100111001011111100001011101
011110111110001111011110101101
000001110110011001010101011100
100010110001100000111001100010
000000111011100100100101010111
000010000001100001000010110110
101111101111000111100101110101
100101010100001001110100010001
011110011010100101111011110101
100011000110110001011101100110
110100000100000011011000001101
100000011100100111101101011011
010110010001000101110111001010

Package
source A

Package
source B

Build environment
for package A

Build environment
for package B

Package manager
Build manager

Package
source C

Build environment
for package C

...
...
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A different view
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Traditional paper
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Paper with code and data
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Paper plus Docker container and data
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Paper plus source, Docker container, and data
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Paper plus source, software packages, and data
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Paper plus source, software via Guix or Nix
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Case study: floating-point arithmetic

Standardized in 1985 by the norm IEEE 754

Universally accepted today

Precisely defined deterministic operations

No direct access to IEEE 754 in high-level programming languages

Compiler writers decide how formulas are translated into IEEE 754 operations

For reproducibility, consider the compiler an integral part of your program!
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The future of reproducibility
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https://www.pinclipart.com/pindetail/hxwxxT_vector-illustration-of-crystal-ball-gazing-with-fortune/


The future of reproducibility

Reproducibility will be guaranteed automatically by the computer.

Technologies for ensuring the integrity of distributed digital information:

checksums

content-addressed storage

Already used by:

Git, Software Heritage

Nix, Guix

IPFS / IPLD

Remaining challenges:

Reconciling interactivity with reproducibility

Replicability

Verifiability
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