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TODAY'S TUTORIAL

Bayesian model selection and averaging:

 Brief teaser on Dynamic Causal Modeling (DCM)

* Fixed- and random-effects Bayesian model selection (BMS)

« Bayesian model averaging (BMA)
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TEASER: DCM FOR FMRI

FYl: a more detailed introduction to
DCM will follow in two weeks

Friston et al., 2003, Neurolmage; Stephan et al., 2015, Neuron
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DYNAMIC CAUSAL MODELING

Different mechanisms in the face perception network:
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DYNAMIC CAUSAL MODELING

Different mechanisms in the face perception network:

Model 1 Model 2
faces faces
faces ! faces ! faces faces | RVF ! faces ! faces | LVF
faces ! faces faces | RVF ! faces | LVF
RVFT T LVF RVFT T LVF
-vnv 1™ University of E"H 7

‘o) Zurich™
Translational Neuromodeling Unit @y LUNIC



ORGANIZATION OF DATA

Data is stored in “"DCM_model*.mat" files:
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DCM_model1_01.mat
DCM_model1_02.mat
DCM_model1_03.mat
DCM_model1_04.mat
DCM_model1_05.mat
DCM_model1_06.mat
DCM_model1_07.mat
DCM_model1_08.mat
DCM_model1_09.mat
DCM_model1_10.mat
DCM_model1_11.mat
DCM_model112.mat
DCM_model1_13.mat
DCM_model114.mat
DCM_model1_15.mat
DCM_model116.mat
DCM_model1_17.mat
DCM_model118.mat
DCM_model119.mat
DCM_model1_20.mat

m DCM_model2_01.mat
%] DCM_model2_02.mat
# | DCM_model2_03.mat

e

| DCM_model2_04.mat
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Model 2 for 20 subjects



ORGANIZATION OF DATA

Data is stored in “"DCM_model*.mat" files:
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Name

DCM_model1_01.mat
DCM_model1_02.mat
DCM_model1_03.mat
| DCM_model1_04.mat
DCM_model1_05.mat
DCM_model1_06.mat
DCM_model1_07.mat
| DCM_model1_08.mat
DCM_model1_09.mat
DCM_model1_10.mat
DCM_model1_11.mat
DCM_model112.mat
DCM_model1_13.mat
DCM_model114.mat
DCM_model1_15.mat
DCM_model116.mat
DCM_model1_17.mat
DCM_model118.mat
DCM_model119.mat
DCM_model1_20.mat
m DCM_model2_01.mat
%] DCM_model2_02.mat
% DCM_model2_03.mat
#| DCM_model2_04.mat
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@ MATLAB Window Help

HOME

= & o2 [ Find Files

New  New  New Open || |Compare
Script LiveScript v v

PLOTS APPS

FILE

& 3

Import  Save

112, New Variable
L» Open Variable ~
Data  Workspace (' Clear Workspace ~

VARIABLE

|« Analyze Code >a
{

J7 Run and Ti

(i Runand Time Simulink

/7 Clear Commands v

CODE SIMULINK

5|

Layout

MATLAB R2017b - academic use

{0} Preferences
(7 Set Path

il paraliel ~
ENVIRONMENT

'2 @ (% Community
= Request Support
Add-Ons  Help — 0 L
- v [Z] Learn MATLAB
RESOURCES

<@ ®» & 3 [0/ » Users » stefan » Documents » ETH Zurich » Teaching » 2018 » Methods & Models for fMRI Analysis » 20181127 » Code » DCMs

Current Folder

& Name &

1| DCM_model1_01.mat
[ DCM_model1_02.mat
|41 DCM_model1_03.mat
{11 DCM_model1_04.mat
[ DCM_model1_05.mat
|41 DCM_model1_06.mat
171 DCM_model1l_07.mat
[ DCM_model1_08.mat
|51 DCM_model1_09.mat
{11 DCM_model1_10.mat
{11 DCM_model1_11.mat
|51 DCM_model1_12.mat
{11 DCM_model1_13.mat
{11 DCM_model1_14.mat
7 DCM_model1_15.mat
{11 DCM_model1_16.mat
{11 DCM_model1_17.mat
[ DCM_model1_18.mat
| DCM_model1_19.mat
{11 DCM_model1_20.mat
[/ DCM_model2_01.mat
| DCM_model2_02.mat
{11 DCM_model2_03.mat
[] DCM_model2_04.mat

Details ~
Workspace ®
Name & Value

[ ans 106.7437

£l DCM 1x1 struct

Command Window

>> load('DCM_modell_0l.mat"')
>> DCM

DCM =
struct with fields:

a: [6x6 double]
b: [6x6x5 doublel
c: [6x5 double]
d: [6x6x@ double]
U: [1x1 struct]
Y: [1x1 struct]
xY: [1x6 struct]
vi 611
n: 6
TE: 0.0250
delays: [6x1 double]
options: [1x1 struct]
Ce: [6x1 double]
Ep: [1x1 struct]
Cp: [259x259 double]
Pp: [1x1 struct]
Vp: [1x1 struct]
H1: [64x6x5 double]
K1: [64x6x5 double]
R: [611x6 double]
[611x6 double]

211e+03

AIC: 3.3545e+03
BIC: 3.2684e+03
version: [1x1 struct]
Tp: [1x1 struct]
M: [1x1 struct]

s> |



TRY TO SET UP A FIXED-EFFECTS BMS ANALYSIS

Reminder: Bayes factors and Group Bayes Factors:

p(ylm;)
BF:: = ) = ) — :
i P(}’|mj) log(BFu) log(p(Y|ml)) log (p(y|m]))
GBF;; = HBF(") TRl log(GBF;;) = ng (BF)
L P(ie[my)

Kass & Raftery, 1995, J. Am. Stat. Assoc.
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TRY TO SET UP A FIXED-EFFECTS BMS ANALYSIS

Implement the following two analyses:

(1) Compute the individual log Bayes factors and plot the results. You should write your
own MATLAB code for this. The negative free energies serve as our metric of model
goodness and are stored in the “DCM.F" field.

(2) Perform fixed-effects Bayesian model selection by computing the Group Bayes factor
and/or the posterior model probabilities. You can either use the SPM GUI or write
your own code. What do you notice when comparing the results from (1) and (2)?
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TRY TO SET UP A FIXED-EFFECTS BMS ANALYSIS

(1) Implementation of individual log Group Bayes factor:

@ MATLAB Window Help

® o /Users/stefan/Documents/ETH Zurich/Teaching/2018/Methods & Models for fMRI Analysi
EDITOR PUBLISH VIEW
ind Fi Ml ~
q:'] E ﬁ [}?lfmd Files 43 ) nsert j@ ]x [2 % @Run Section kl_i?
New Open Save [Conparzas E_QﬂcoTov Comment 25 8 Breakpoints Run Run and @Advance Run
v v v =Print v \{ Find ¥ Indent wi i v ¥ Advance Time
FILE | NAVIGATE EDIT | BREAKPOINTS | RUN
3 % This exercise illustrates how to implement fixed-effects and random-
4 % effects Bayesian model selection (BMS), and how to perform Bayesian
5 % model averaging (BMA)
6 %
7
8 % results array for log model evidence
9- F = NaN(20,2);
10
11 % get the log model evidences (approximated by negative free energies)
12 - for n = 1:20
13 - if (n<10)
14 - n_text = ['0' num2str(n)];
= else
16 - n_text = num2str(n);
i7/|= end
18 - for m = 1:2
19 - temp = load([pwd '/DCMs/DCM_model' num2str(m) '_' n_text '.mat'l);
20 - F(n,m) = temp.DCM.F;
211 end
2215 end
28
24
25 % solution (a): compute subject-sepcific Bayes factors
26
27
28 % compute Bayes factor
29 - BF = exp(F(:,1)-F(:,2));
30
31 - figure;
32 - col = [0.7 0.7 0.7];
33 - barh(F(:,1)-F(:,2), 'facecolor', col, 'edgecolor', 'none');
34 - ylim([@ size(F,1)+1])
35 - title('log model evidence difference','FontSize',16)
36 - ylabel('subject', 'FontSize',12)
B7IE xlabel('\Delta lme','FontSize',12)
38 - text(-80,20, 'Model 2', 'FontSize',14)
39 - text (10,20, 'Model 1', 'FontSize',14)
40 - box off
4
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TRY TO SET UP A FIXED-EFFECTS BMS ANALYSIS

(2) Implement fixed-effects Bayesian model selection:

@ MATLAB Window Help

® o /Users/stefan/Documents/ETH Zurich/Teaching/2018/Methods & Models for fMRI Analysi POSterlor prObablllty

EDITOR PUBLISH VIEW 1
ind Fil - :
I;lj ] ﬁ [?Fmdnles & o Insert 5@ f,v [2 % T— (LL_?
New Open Save (5] Compare, = | 2 GolTo = | Comment 9% 22 27 Breakpoints. Run  Runand @Advance Run and 09r
é?rlnt v 4 Find ¥ Indent ﬂ B v v Advance Time
FILE ‘ NAVIGATE : EDIT ‘ BREAKPOINTS ‘ RUN ]
37 - xlabel('\Delta lme','FontSize',12)
38| text(-80,20, 'Model 2', 'FontSize',14) 0.8 +
39 - text(10,20, 'Model 1','FontSize',14)
40 - box off
41
42 0 7+
43 % solution (B): compute Group Bayes factor & posterior model probabilities .
44 %
45
46 % compute the Group Bayes factor .
47 - sumF = sum(F,1); Q 0.6
48 - GBF = exp(sumF - sumF(1)); 2
49 o
50 % compute the posterior model probabilities P
51-  sumF = sumF - max(sumF); QO 05F
52 - pp = exp(sumF)./sum(exp(sumF)); aj
b8 -
54 % display posterior model probabilities 8
5518 figure; L
56| col = [0.6 0.6 0.6]; Q 0.4
57 - colormap(col);
58 - bar(pp);
59 - xlim([0 31)
60 - set(gca, 'xtick', [1 2]) 0.3
61 - title('Posterior probability','FontSize',16)
62 - xlabel('model’, 'FontSize',12)
63 - ylabel('posterior prob."','FontSize',12)
64 - axis square 0.2
65| box off
66
67
68 % solution (c): perform random effects BMS 0.1F
69
70
71 % call spm_BMS
72 - [alpha, exp_r, xp, pxp, bor] = spm_BMS(F, 1e6, 1, @, 1, ones(1,size(F,2))); 0 |
73
74 1
75 % solution (d): comnute BMA and evaluate nosterior nrobabilitv

model
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TRY TO SET UP A RANDOM-EFFECTS BMS ANALYSIS

Implement the following analysis:

(1) Perform random-effects Bayesian model selection by computing the protected
exceedance probability. You can either use the SPM GUI or write your own code
(Hint: when writing your own code, use to function “spm_BMS.m"). What do you
notice when comparing the results with the FFX-BMS results from before?
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TRY TO SET UP A RANDOM-EFFECTS BMS ANALYSIS

(1) Implement random-effects Bayesian model selection:

[ oK Batch Editor . g
File Edit View SPM  Basiclo . . Protected posterior probability
D Hd P
Module List Current Module: Model Inference
Help on: Model Inference 0 9 L
Directory ...ethods & Models for fMRI Analysis/20181127/Code/Code/BMS :
Data

Load model space

Log-evidence matrix ... & Models for fMRI Analysis/20181127/Code/Code/BMS/Ime.mat
0.8 -
Family inference
. Load family
BMA
. Do not compute 0.7
Verify data identity Yes .

Current Item: Inference method

Fixed effects iiriﬁ

posterior prob.
o
(6]

o
S
T

03
Specify... 0 2 B
Inference method
Specify inference method: random effects (2nd-level, RFX) or fixed effects (1st-level, FFX) analysis. RFX uses Gibbs sampling.
One of the following options must be selected: 0.1rF
* Fixed effects (FFX)
* Random effects (RFX)
0 L
1 2
model
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TRY TO SET UP A RANDOM-EFFECTS BMA ANALYSIS

Implement the following analysis:

(1) Perform random-effects Bayesian model averaging and compute the BMA posterior
over model parameters. You can either use the SPM GUI or write your own code
(Hint: when writing your own code, use the functions “spm_BMS_gibbs.m” and
"spm_dcm_bma.m”).

(2) Bonus: Test for which of the parameters, the connection strength of an “average”
subject differs from zero. For this, use the group-level BMA results (which are stored
in mEp and sEp) from step (1) to compute, for each connection, the posterior
probability that the connection strength differs from zero (Hint: the function
“spm_Ncdf.m” will be helpful for that purpose).
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TRY TO SET UP A RANDOM-EFFECTS BMA ANALYSIS

(1) Implement random-effects Bayesian model averaging:

[ BOX ) Batch Editor @& MATLAB Window Help
File Edit View SPM BasiclO £ 00 MATLAB R2017b - academic use
D= - b HOME APPS
Module List Current Module: Model Inference (=1 E ,fl:, 5 =) Find s & E Lz, New Variable | Analyze Code & E {0} Preferences &
Mooalintetence Help on: Model Inference New New New Open - Compare Import Save 5 Open Variable ~ & Run and Time Simulink  Layout ﬁ Set Path Add-Ons
gg::tory ...ethods & Models for fMRI Analysis/20181127/Code/Code/BMS Script LiveScript v - & Pt Data [ Clear ¥ [/ Clear C v ~ |l paraltel ~ v
Load model space _or fMRI Analysis/20181127/Code/Code/DCMs/model_space.mat fE VARIASE €008 SIMULINK ENVIRONMENT
Log-evidence matrix <@ = = & I/ » Users » stefan » Documents » ETH Zurich » Teaching » 2018 » Methods & Models for fMRI Analysis » 20181127 » Co:
Inference method Random effects (RFX) Current Folder Gl Command Window
Family inference B Namea
. Load family L >> BMS.DCM. rfx.bma
BMA [ BMS.mat
. Choose family £ Ime.mat ans =
.. Winning family
Verify data identity Yes struct with fields:
mEp: [1x1 struct]
sEp: [1x1 struct]
mEps: {1x20 cell}
sEps: {1x20 cell}
a: [6x6x10000 double]
b: [6x6x5x10000 double]
c: [6x5x10000 double]
d: [6x6x0x10000 double]
Current Item: Load model space nsamp: 10000
/Users/stefan/Documents/ETH Zurich/Teaching/2018/Methods & Modes for fMRI Analysis/2 oddsr: 0.0500
Details A Nocc: [11121112121111111111]
Mocc: {1x20 cell}
Workspace ®
NG Value >> BMS.DCM. rfx.bma.mEp.A
1 alpha [19.7079,2.2921]
Hans 6x6 double ans =
[ BF 20x1 double
Specty... [ bma Ix1 struct -0.0738 -0.0032  0.0265 [} [} [)
| €| BMS 1x1 struct -0.0871 -0.1053 0 0.0910 0 o
i
Voadmodellspacs [ col [0.6000,0.6000,0... 5 o080 S e S 1048
Optional: load .mat file with all subjects, sessions and models. This option is a faster alternative to selecting the DCM.mat files for L exp_r [0.8958,0.1042] ° 0 ° 0 U8 0.1607
each subject/model (above in 'Data’). = F 20x2 double .
This fileis created if the 'Data’ option has been used. It is saved in the same directory as BMS.mat and can then be loaded for future i1 g_post 20x2 double
BMS/BMA analyses with the same data. ] GBF [1,1.2585e+04] fe>> |
The model space file should contain the structure 'subj'. This structure should have the field 'sess' for sessions, then the subfield [ indx [1,1]
‘model' and in 'model' there should be five subfields: ‘fname' contains the path to the DCM.mat file, .F' the Free Energy of that Hm 2
model, "Ep' and 'Cp' the mean and i of the i Finally the ield ".nonLin' should be 1 if the model is Hn 20
non-linear and 0 otherwise. p— 1201
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TRY TO SET UP A RANDOM-EFFECTS BMA ANALYSIS

(2) Evaluate the posterior probability of each connection:

@ MATLAB Window Help
P @ /Users/stefan/Documents/ETH Zurich/Teaching/2018/Methods & Models for fMRI Anal

EDITOR PUBLISH VIEW

H Lol Find Files < Insert =1 fx [ ~
|/Compare ¥ GoTo v Comment % sz 7J

o= jn
I/ Lg‘ [ Run Section (04

- -

New Open Save Breakpoints Run Run and |- Advance Run and
v v v  (=Print v (4 Find ¥ Indent || oz i v ¥ Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN

125)= bma = spm_dcm_bma(g_post, indx, subj,nsamp,odds_ratio);

126

127 % get posterior mean and covariance s -} - B

126~ Ep = bma.nEps A-matrix B-matrix (3rd input) C-matrix

129 - Cp = spm_unvec((spm_vec(bma.sEp)).”2,bma.sEp);

130

131 % get prior means

132 - modell = load([pwd '/DCMs/DCM_modell_01.mat']);

133 - model2 = load([pwd '/DCMs/DCM_model2_01.mat']);

134 - DCM.a = modell.DCM.a | model2.DCM.a;

135 - DCM.b = model1l.DCM.b | model2.DCM.b;

136 - DCM.c = modell.DCM.c | model2.DCM.c;

137 - DCM.d = zeros(size(DCM.a,1),size(DCM.a,2),0);

138 - [pE,~,~] = spm_dcm_fmri_priors(DCM.a,DCM.b,DCM.c,DCM.d);

139 - T = full(spm_vec(pE));

140

141 % evaluate the posterior probabilities of model parameters

142 - Pp = spm_unvec(1l - spm_Ncdf(T,abs(spm_vec(Ep)),spm_vec(Cp)),Ep);

143

144 % plot the posterior probabilities for A-matrix

145 - figure,

146 - subplot(1,3,1)

147 - imagesc(Pp.A)

148 - colormap('gray")

149 - axis square

150 - xlabel( ' region(from)")
2 4 6 2 4 6

- ylabel('region(to)"')|

152 - title('A-matrix") : .
13- caxis([0 11) region(from) region(from)
154

155 % plot the posterior probabilities for B-matrix (3rd input)

156 - subplot(1,3,2)

157 - imagesc(Pp.B(:,:,3))

158 - colormap(‘'gray")

159 - axis square

160 - title('B-matrix (3rd input)')

161 - xlabel('region(from)")

162 - ylabel('region(to)")

163 - caxis([0 1])
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QUESTIONS

REGARDING LECTURE OR PRACTICAL SESSION
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THANK YOU FOR YOUR ATTENTION |

Stefan Frassle, PhD
Translational Neuromodeling Unit (TNU)
University of Zurich & ETH Zurich

Email: stefanf@biomed.ee.ethz.ch
Phone: +41 44 634 91 14
YW @stefan_fraessle



