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Res e a rc h Jonathan B. Buckheit and David L. Donoho

Stanford University, Stanford C'A 94305, USA
Continuous Wavelet Transform of Cantor S ignal

Abstract

WaveLas is a library of MaATLAB routines for wavelet analysis, wavelet-packet
analysis, cosine-packet analysis and matching pursuit. The library is available free of
charge over the Internet. Versions are provided for Macintosh, UNIX and Windows
machines.

WaveLas makes available, in one package, all the code to reproduce all the
figures in our published wavelet articles. The interested reader can inspect the source

log2({1ta)

code to see exactly what algorithms were used, how parameters were set in producing
our figures, and can then modify the source to produce variations on our results.
WaveLas has been developed, in part, because of exhortations by Jon Claerbout
of Stanford that computational scientists should engage in “really reproducible”

rescarch.

“An article about computational science in a scientific
publication is not the scholarship itself, it is merely advertising of
the scholarship. The actual scholarship is the complete software
development environment and the complete set of instructions
which generated the figures.”

WavelLab and Reproducible Research, J.B. Buckheit and D.L. Donoho. In: Wavelets and Statistics. Springer-Verlag 1995.



Reproducible Research

J Internet: distribution, collaboration.
1 Freeware: GNU licences, copyleft.

- Quantitative Programming Environments: high-level,
fourth generation programming languages (MATLAB, R,
Python, Julia, ...)

In the future, we can envision that publication in computational sciences will change so
that reproducibility is integrated into process. One way to do this would be if journals were
fully electronic, and if we adopted hypermedia techniques. Then every computationally
generated figure and every computationally-generated table in an article would become
linked to the code and the computational environment that produced the figure. If one
were interested in a figure, one would click on it with a mouse. and a new window would
instantly appear, containing the code that the author of the article used to create the
figure. To reproduce the figure, but perhaps change slightly the settings of the display
software (for example, to view a surface from a different 3-d perspective), one would
simply edit the code in the window and re-run the code; the figure would be re-computed
and re-displayed.
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SPM & Reproducible Research

Computational Psychiatry

A. David Redish and
Joshua A. Gordon
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S |1 e ||

diagnosic profiies from Hidden or atent exogenous causes (.9,

and peychopathologal) states. Pathaphysiologial uafectories are
modellc with a Lorenz atractor that (with a Inear magping)

prociices (two-dimensional) psychopathology. i turn, the
psychopathologicalstates generate symproms (wih 2 non-inear funcion

associaed

Computational Nosology
and Precision Psychiatry

A Proof of Concept

Karl I. Friston

Jon Prychiary m

Latont paychapatogy

/‘;\\f:\ l
AVAVARRS

Therapy . Latnt panophysiciogy

any et r it he e v
e i i e I e o

broken back "t e s s
e comspond oS combene el o hidic s

o T L. Canbide A I e N .

—nx
St Pe— e (B
= | | | ommnireteck | swemmang_| ot | |
e | | romgona | wrenrtconmsn | [ toonzoroom_| 1 | rspummersn | | Loy pc_|
e e ousesinain | vosews  + || smimssezcamaea |
g s _| comsaors | B gensaraes | P st |

Varitonal Fitering

e docovon

Generalised Ftering

DEM and Kalman fitering
Double-wel

Varitionsl Leplace and dynamic causal modeling

s o for e |

image deconvoluion

Conmuricaion and muiagent games

st 1| g | | oovopss |

e s | + | |

e

e

T | e |
é Behavioural modeling
st | bismach ety _| — crocomoters_| + |
carrean Fostninrmee s |
onssenesmses | rceronion._| - —

Infer the latet states and parameters of aparticular subject.
This s then repeated n the seting of a therapeuic nterverson
The demonsiraion then biefly considers model emification and

Fialy, We conside,
estenating subject-specifc parameters prior 1o therapy and then

precicive censty.

(GNU) Copyright (¢) 2005 The Welcorme Trust Cerire fo Neuromaging.

Behaviour and earing (dynarmic)

st gt | | Acincbrvan_|

Hemodynarics

lacesomacel

comsweamain_| sowprnx__ |

e

e R |

[PRE=ET |
Vastontoen occtonw asys

wagere
o
vorwarss | o |
g
s

|

Sei-organisation and dynamics.

Lite 3 we know it
Criicaity and slowing

Sy s _|

Loss and surpise:
Learming and entropy.

Avtysmorte |

FoETEE |

U beads aak
Eptemic vave
Visual fraging

e g
Maze eaning

F¥Z @ ihomelgfiandin/spm121oolbax/DEMIDEM_demo_ontology.m

N EI DR

tew pen

nsen (51 fi
fGoTo v Comen % ‘g %3
‘“m- e [5] 3] 1

navicaTe | o

o Licanpe -
SR

% Set up the generative model

P B punsan &

Breaipoins.

e

$10: DEN_demo_ontology.m 6511 2015-08-02 16:05:417 karl §

R Rinend [ Aance

Runand
Advan Te

Run

rng("default’)

% length of trajectory

= 64 %

number of

% therapeutic intervention

through the patient assessment

pr_phi(((1:N) - N/2);

tent (psychopathological) causes (

ranging between zero and one, starting halfway

level that generates diagnostic and symptom profiles g(v) from

andn(e, 2)/32;
11010 1);

e subjec

B v AP A P o) (1 - v
80 v.r) etz 31) /10

iag([1 11000 6]);
p(8);

exp(4);

% level 3: the exogenous (therapeutic) interver
%

Ele

@(x,v,P) [spn_sof tnax(-sun((P.B - vones(1,4)).42)"); tanh(P.A*exp(v))];

that generates latent causes v = g(x) from (pathophysiplogical)
t to interventions (U)

Edt

Wew jset Tools Deskiop Window Hel

prledicted symptoms and error

diagnostic & symptom profile

1

2
3

10 20 2 0 0 6

- latent pathophysiology

pathology and therapy

latent psychopathology




Open Science

J Open Methodology
J Open Source
J Open Data

J Open Access

J Open Peer Review

J Open Educational Resources

https://en.wikipedia.org/wiki/Open_science



Neuroimaging publications

Raw data
Publication q\ —
— i‘-t)“"‘" R—
Pre-processing 5““’*‘“’-—‘ g\da/_/' .
Figure Thresholded Peak locati
ER B (selected slices) statistics earfocations
) )
Pre-processed data
P 4 Reporting guidelines: COBIDAS
o = X Incomplete statistical results
W
Results . .
X Ambiguous/incomplete methods
Publication

X Metadata is not machine readable

Publication Slide: C. Maumet



International Collaborative Effort

J INCF Neuroimaging data sharing Task Force

(NIDASH) "i“Cf

— Representing 13 labs
— Weekly teleconferences, focused workshops, GitHub

— Open
J Stanford Center for Reproducible Neuroscience

J ReproNim

http://nidm.nidash.org
http://reproducibility.stanford.edu
http://www.reproducibleimaging.orqg




Brain Imaging Data Structure

Neurolmaging Data Model




th

Brain Imaging Data Structure (BIDS)

“A simple and intuitive way to organise and describe your
neuroimaging and behavioural data.”

Benefits of a common standard:
J Minimised curation
» Within a lab over time
» Between labs (collaboration and multi-centre studies)
» Between public databases (e.g. OpenfMRI)
- Error reduction (automated validation)
J Optimised usage of data analysis software
(completely automated analysis workflows)
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Brain Imaging Data Structure (BIDS)

@B dicomdir/ @y _dataset/
B8 1208200617178 _22/ B participants.tsv
@ 1208200617178 _22_8973.dcm BB sub-01/
1208200617178 _22_8943.dcm B anat/
Q1208200617178 _22_2973.dcm & sub-01_Tiw.nii

@func/

B sub-01_task-rest_bold.nii

[@ sub-01_task-rest_bold.json
BB dwi/

B sub-01_dwi.nii

@ sub-01_dwijson

= 1208200617178 _22 _8923.dcm
W 1208200617178 _22_4473.dcm
w 1208200617178 _22_8783.dcm
= 1208200617178 _22_7328.dcm
= 1208200617178 _22_9264.dcm
W 1208200617178 _22_9967.dcm

@ 1208200617178 _22_3894.dcm [ sub-01_dwi.bval
@ 1208200617178 _22 _3899.dcm @ sub-01_dwi.bvec
B 1208200617178 _23/ BB sub-02/
BB 1208200617178 _24/ BB sub-03/

B 1208200617178 _25/ BB sub-04/

http://bids.neuroimaqing.io/

K.J. Gorgolewski et al. The brain imaging data structure, a format for organizing and describing
outputs of neuroimaging experiments. Scientific Data (2016)
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Brain Imaging Data Structure (BIDS)

BBy _dataset/

) participants.tsv
BB sub-01/
B anat/
& sub-01_TIw.nii
B func/
8 sub-01_task-rest_bold.nii
[8 sub-01_task-rest_bold.json
Bl dwi/
8 sub-01_dwi.nii
8 sub-01_dwi.json
[ sub-01_dwi.bval
@ sub-01_dwi.bvec
B sub-02/
B sub-03/
B sub-04/

l

participant id
Sub-001
Sub-002
Sub-003

age
34
22
33

sSeX

M
F
F

V4

TSV
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Brain Imaging Data Structure (BIDS)

BBy _dataset/
B participants.tsv

BB sub-01/
B anat/
& sub-01_Tlw.nii
@ func/
8 sub-01_task-rest_bold.nii
[8) sub-01_task-rest_bold.json
Bl dwi/
8 sub-01_dwi.nii
8 sub-01_dwi.json
[ sub-01_dwi.bval
= sub-01_dwi.bvec
B sub-02/
B sub-03/
BB sub-04/
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Brain Imaging Data Structure (BIDS)

BBy _dataset/
) participants.tsv

BB sub-01/
B anat/
& sub-01_TIw.nii
B func/
8 sub-01_task-rest_bold.nii
[8 sub-01_task-rest_bold.json
Bl dwi/
8 sub-01_dwi.nii
8 sub-01_dwi.json
[ sub-01_dwi.bval
@ sub-01_dwi.bvec
B sub-02/
B sub-03/
B sub-04/

!

“RepetitionTime”: 2,
“EchoTime”: 0.03,
“FlipAngle”: 78,
“SliceTiming”:
“PhaseEncodingDirection”:

[0,1.0325,0.06,..]1,

A\ /4
J

JSON



BIDS Validator

http://incf.github.io/bids-validator/

Summary Available Tasks Available Modalities
* 40 Files, 18.42kB » rhyme judgment » bold
* 13 - Subjects e T1w

e 1 - Session

Your dataset is not a valid BIDS dataset.

view 1 error in 23 files

view 1 warning in 4 files



BIDS Extensions

J Work in progress:
— PET / SPECT
— EEG / MEG

— Model and hypothesis specifications



BIDS Apps

N
N A

s Derived

TN
S BIDS
>
BIDS App
"/

l&kdockw (SJ

docker run .. bids/spm /bids /output participant --participant label 01

docker run .. bids/spm /bids /output group

http://bids-apps.neuroimaging.io/
https://www.docker.com/
http://singularity.lbl.gov/

K.J. Gorgolewski et al. BIDS Apps: improving ease of use, accessibility, and reproducibility of

data
.

neuroimaging data analysis methods. PLOS Computational Biology (2017)



Available BIDS Apps

build |passing
version v6.0.0-2 build 'passing
issues 0

sues 0
sues |0

bids/example
bids/freesurfer
bids/ndmg

bids/BROCCOLI
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bids/niak

bids/oppni
bids/fmriprep
bids/brainiak-srm
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bids/HCPPipelines
bids/MAGeTbrain

bids/tracula

version v1.0.1a_13
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Reliable
easy to use
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% Robust
N cutting edge
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Analysis results methods
Reproducibility estimates

o

Breakthrough data

Providing access to state of the art methods while incentivizing data sharing

http://bids-apps.neuroimaging.io/
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Brain Imaging Data Structure

Neurolmaging Data Model
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NIDM: a set of specifications to describe
neuroimaging data

NIDM Experiment

NIDM Workflow

7.5/OpenfMRI VXNAT

NIDM Results
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D p
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Data Acquisition
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Statistical Model

N
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Semantic Web Technologies «{/

D
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wasGeneratedBy
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NIDM: a set of specifications to describe
neuroimaging data

NIDM Experiment

NIDM Workflow

NIDM Results

+0pen IXNAT % [_
{=2:) CONNECTOME @3

Data Acquisition

Image Processing

Statistical Model

N

DM Core Vocabulary
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ﬁ Semantic Web Technologies g




NIDM-Results

NIDM-Results

Group | wasAttributedTo [ pata Design 1. [Timage Bundle
or Description|
Matrix T
Person wasGeneratedBy
wasAttributedTo’
Imaging
Instrument NIDM-Results
Export
e . . Model Parameters
—WasAssociatedWith —— Estimation wasAssociatedWith
wasGeneratedBy NIDM
= Results
-------- Exporter
Parameter Residual Grand
Estimate Mean Sq. Mean
Map Map Map
Y
: | Neuroim,
B ,g . . Contrast —used —~/ Contrast
: y € ith —— A o
e Estimation —used—) Weight
Matrix
wasGeneratedBy
4 : -
! Map E EStandardE Map {Expl. Mean'
:  Error Map | ! Sq.Map !
T-tests F-tests
only used only Height Extent
Threshold | Threshold
Inference
\— wasAssociatedWith ——| K used
Peak Cluster
Definition | Definition
wasGeneratedBy N Criteria | Criteria
TMask
Cluster — Excursion Search Map
asCluster _| Set H
Labels (LabelsMap M Space 1 Map
Map ap Mask Map oo
wasDerivedFrom
Supra
Threshold
Cluster
wasDerivedFrom
Peak c
| atLocation—J

£X
O\ 5‘4\

Design of the &
experiment, pre-
processed data...

Y

Statistical
estimation

b, -
Effects, standard error
and statistical maps

Y

Inference

AL
tkla y

Thresholded maps, list
of peaks and clusters..




Statistics: p-values adjusted for search volume

set-level cluster-level peak-level M mm mm
P g PewE-corr 9 DR-corr ke Puncon PevEcor  YFDR-con T (2.) Puncorr
0.000 12 0.000 0.000 425 0.000 0.000 0.000 17.09 Inf 0.000 57 -22 11
0.000 0.000 14.42 Ing 0.000 66 -10 -1
0.000 0.000 10.89 Ingf 0.000 69 -19 11
0.000 0.000 568 0.000 0.000 0.000 15.94 Inf 0.000 -63 -28 14
0.000 0.000 14.68 Inf 0.000 -48 -34 14
0.000 0.000 13.23 Inf 0.000 -66 -10 2
0.000 0.000 31 0.000 0.000 0.003 7.03 6.12 0.000 36 -28 -13
0.000 0.001 12 0.000 0.000 0.004 6.90 6.03 0.000 54 -1 44
0.003 0.096 3 0.048 0.002 0.075 6.07 5.44 0.000 -63 -55 -7
0.000 0.003 10 0.001 0.006 0.207 5.77 5.22 0.000 -33 -31 -19

table shows 3 local maxima more than 8.0mm apart

Height thresheld: T =5.25, p = 0.000 (0.050)
Extent threshold: k = 0 voxels

Expected voxels per cluster, <k>=0.753
Expected number of clusters, <¢c>=0.07

Degrees of freedom = [1.0, 73.0]

FWHM = 9.9 9.9 8.6 mm mm mm; 3.3 3.3 2.9 {voxels}
Volume: 1901367 = 70421 voxels = 1995.7 resels

Voxel size: 3.0 3.0 3.0 mm mm mm; (resel = 31.52 voxels)

FWEp: 5253, FDRp: 6.320, FWEc: 1, FDRc: 10

il

I

p

i
i

| i




NIDM-Results

NIDM-Results pack: Compressed file containing a
NIDM-Results serialisation and some or all of the
referenced image data files.

NIDM-Results Standard error map Statistical map SPM{t} Contrast map Design matrix
graph (NIFTI) (NIFTI) (NIfTT) (png and csv)

\_ J

C. Maumet et al. Sharing brain mapping statistical results with the neuroimaging
data model. Scientific Data (2017). Slide: C. Maumet
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SPM export to NIDM-Results

FEile Edit View SPM BasiclO ~
D E| >
N Module List Current Module: Results Report
. Results Report Help on: Results Report sl
Statistics: p-values adjusted for search volume Select SPM.mat ..gflandin/data/auditory/GLM/SPM.mat
Contrasts
set-level cluster-level peak-level . ngg;;‘gggffy )
P ¢ Prwecor rprcor  Ke  Puncor Pewe-cor YroRcorr | (Z))  Pyncon - Threshold type FWE
.. Threshold 0.05
0.000 12 0.000 0.000 478 0.000 0.000 0.000 16 .49 Inf 0.000 'E?r?jﬂh(cvt?gﬁlr?amber (i
0.000 0.000 14.5%0 Inf 0.000 ::Masking
0.000 0.000 10.78 Inf 0.000 ... None
0.000 0.000 606 0.000 0.000 0.000 16.39 Inf 0.000 Eatarttype " Volumetric (2D/3D)
- - Xport resulits
0.000 0.000 La.83 1 n% 0.000 . NIDM (Neuroimaging Data Model
0.000 0.000 13.10 Inf 0.000 .. Modality Functional MRI
0.000 0.000 33 0.000 0.000 0.001 7.22 6.25 0.000 .. Reference space Normalised space (using segment)
0.000  0.001 13 0.000 0.000  0.002  7.09 6.16  0.000 - Groups <X |5
0.002 0.051 4 0.025 0.001 0.042 6.24 5.57 0.000
0.000 0.003 10 0.001 0.006 0.194 5.80 5.25 0.000
0.006 0.149 2 0.099 0.023 0.585 5.45 4.97 0.000
0.006 0.149 2 0.099 0.024 0.585 5.44 4.97 0.000
0.015 0.233 1 0.233 0.024 0.585 5.44 4.96 0.000
. B3 0.025 0.585 5.43 4.96 0.000
Print text table 33 0.028  0.625 5.40 4.94  0.000 L
Extract table data structure B3 0.043 0.883 5.29 4.85 0.000
: NIDM (Neuroimaging Data Model
Exportto CSVfile NIDM (Neuroimaging Data Model)
Exportto NIDM-Results ) ) :
This branch contains 3 items:
Upload to NeuroVault * Modality
* Reference space
* Groups ~




NIDM-Results Viewer

Y2 sPM12(12.3): Graphics
File Edit View Insert Tools Desktop Window Help

Listening > Rest

Statistics: p-values adjusted for search volume

contrast

1 15 2
Design matrix

set-level cluster-level peak-level
P © Prwecor drorcor Ke  Puncon Prwe-cor_Iror-corr (2D Puncon
0.000 12 0.000 0.000 478 0.000 0.000 0.000 Inf 0.000
0.000 0.000 Inf 0.000
0.000  0.000 Inf  0.000
0.000  0.000 606 0.000  0.000  0.000 o€ 0.000
0.000 0.000 Inf 0.000
0.000 0.000 Inf 0.000
0.000 0.000 33 0.000 0.000 0.001 6.25 0.000
0.000 0.001 13 0.000 0.000 0.002 6.16 0.000
0.002  0.051 4  0.025  0.001  0.042 5.57  0.000
0.000 0.003 10 0.001 0.006 0.194 5.25 0.000
0.006 0.149 2 0.099 0.023 0.585 4.97 0.000
0.006 0.149 2 0.099 0.024 0.585 4.97 0.000
0.015 0.233 1 0.233 0.024 0.585 4.96 0.000
0.015 0.233 1 0.233 0.025 0.585 4.96 0.000
0.015 0.233 1 0.233 0.028 0.625 4.94 0.000
0.015 0.233 1 0.233 0.043 0.883 4.85 0.000
table shows 3 local maxima more than 8.0mm apart
Height threshold: T = 5.26, p = 0.000 (0.050) Degrees of freedom = [1.0, 73.0]
Extent threshold: k = 0 voxels FWHM = 10.0 10.0 8.5 mm mm mm; 3.3 3.3 2.8 {voxels}
Expected voxels per cluster, <k> = 0.756 Volume: 1913949 = 70887 voxels = 1998.3 resels
Expected number of clusters, <c> = 0.07 Voxel size: 3.0 3.0 3.0 mm mm mm; (resel = 31.70 voxels)

FWEp: 5.255, FDRp: 6.239, FWEC: 1, FDRc: 10

Thomas Maullin-Sapey & Camille Maumet
https://github.com/incf-nidash/nidmresults-spmhtm|

© Web Browser - SPM12 (12.3): Listening > Rest
¢ | sPm12(12.3): Listening > Rest

3

@ | S| # | Location Mispm_0003.nidm/index htmi

Listening > Rest

SPM{P}

Statistics: p-values adjusted for search volume

set-level cluster-level peak-level

mm mm mm
P C PFWE-corr PFDR-corr KE Punc PFWE-corr PFDR-corr P ZE Punc
0.00012 0.000 0.000 33 0.000 0.000 0.001 7.226.250.000 30-31-16
0.000 0.001 13 0.000 0.000 0.002 7.096.160.000 54 2 47

0.000 0.003 10 0.001 0.006 0.194 5.805.250.000 -30-31-19

0.002 0.051 4 0.025 0.001 0.042 6.245.570.000 -63-55 -7

0.006 0.149 0.099 0.023 0.585 5.454.970.000 48 26 23

0.006 0.149 0.099 0.024 0.585 5.444.970.000 -48 44 5

0.015 0.233 0.024 0.585 5.444.96 0.000 -57 -1 44

0.015 0.233 0.233 0.025 0.585 5.434.960.000 45 17 23

0.015 0.233 0.233 0.028 0.625 5.404.940.000 66-43-16

e NN
=]
IN)
w
@

table shows 3 local maxima more than 8"mm" apart

Height threshold:T = 5.26,p = 0.000(0.050 FWE) FWEDp: 5.255, FDRp: 6.239, FWEc: 1, FDRc: 10

Extent threshold: k = 0 voxels Degrees of freedom = [1.0, 73.0]
Expected voxels per cluster = 0.756 28
Expected number of clusters = 0.07 \r/:sl:lr;ne: 1913949 = 70887 voxels = 1998.3
Voxel size: 3.0 3.0 3.0 "mm" "mm" "mm"; (resel = 31.70

voxels)

FWHM = 10.0 10.0 8.5 "mm" "mm" "mm"; 3.3 3.3

Generated on Fri 3-Mar-2017 09:52:39 by SPM12 (r6906) © 1991, 1994-2017 Wellcome Trust Centre for
NeuroImaging
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Upload NIDM-Results to NeuroVault

) @ NeuroVault: a new home for all brain statistical maps! - Mozilla Firefox (Private Browsing) —-ox

==} | # NeuroVault anewhome .. x | +

A& & (O neurovaultorg e |[Q searcn B $ O
p-values adjusted for search volume NeuroVault Colections ~  FAQ  Give feedback Q. Login
cluster-level peak-level
pFWE-con qFDRmr kE puncon pFWE—cm qFDRwr T (Z )
0.000 0.000 478 0.000 0.000 0.000 16 .49 Inf
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K.J. Gorgolewski et al. NeuroVault.org: a web-based repository for collecting and sharing
unthresholded statistical maps of the human brain. Frontiers in Neuroinformatics (2015).
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Upload NIDM-Results to NeuroVault
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Data Sharing Repositories

In addition to using the 3D neuroimaging tool, researchers producing statistical mapping from MRI and PET
studies should consider data sharing. NeuroVaultis a public repository of brain activation maps supported by the
INCF. You can freely share your data and uploading images by visiting neurovault.org.



From NeuroVault to Neurosynth

5 ol Neurosynth -- online image decoder - Mozilla Firefox (Private Browsing) = E x—
-] ©8 | Neurosynth --onlineimaged... x | +
A I neurosynth.org/decode/?neurovault=4312¢ v ‘O\ Search ‘ wBe ¥§$ 9 =
~
Decoding results for image T-Statistic Map: Listening > Rest
m F‘lc‘t
Term similarity
To compare the decoded image against a
Neurosynth term, click on an arrow
below
Copy || CSV || xLS
Show 10 v entries
Search:
analysis COrfy
auditory 052
) PR ounds 049
Intensity: 8.59 —
T - auditory cortex 0483
What's here?
x|-62% v |-182%71 8 ¢ sound 0463
Layers planum 046 |
‘ ® |T-Shtistic (s iz I m“]]- | 3 | planum temporale 0.46
‘@ anatomical ‘ th | 3 | temporale 046
B3 listening 0454
Color palette:
. - speech 0447
intense red- j ¥ Crosshairs & -
L . acoustic 0.444
Positive/Negative Pan/zoom o
both j Showing 1 to 10 of 2911 entries
¥ Labels
] Previous Next

T. Yarkoni et al. Large-scale automated synthesis of human functional neuroimaging data.
Nature Methods (2011)
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NIDM: a set of specifications to describe
neuroimaging data

NIDM Experiment
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