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The schedule for the afternoon

13:30-15:00: Multiverse Analysis Theory and Conceptualisation

15:00-15:30: Coffee break

15:30-17:00: Multiverse Analysis in Neuroimaging

17:00-18:00: Conceptualisation activity
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Key Terminology

In a multiverse analysis, we consider different analytical decisions.

Decision Node: Refers to any decision point in the analysis pipeline
where multiple options are possible (e.g., handling outliers).

Option: Refers to the specific setting or choice selected for a given
decision node (e.g., ”remove outliers” vs. ”keep outliers”).

A complete analysis, or pipeline, or ”universe,” is defined by one
unique combination of options across all decision nodes.
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Key Tasks in Multiverse Analysis

The goals of a multiverse analysis can be grouped into several key tasks:

1 Understand Composition: Identify the different analysis decision
nodes and the options for each.

2 Assess Outcome Sensitivity: See how much the results vary. Are
the conclusions robust?

3 Connect to Outcomes: Identify which options are the main drivers
of variation in the results.

4 Connect Combinations: Investigate if interactions between options
cause specific outcomes.

5 Validate the Multiverse: Evaluate the reasonableness of the
different universes.
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Visualization 1: Outcome Distribution

Figure: An Outcome Histogram shows the frequency of different outcomes across
the multiverse.
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Outcome Distribution: Explanation

Explanation:

This visualization shows the distribution of a specific outcome (such
as p-values) from all analyses in the multiverse.

It is often shown as a histogram or a density plot.

Key Features:

Quickly shows the range of possible outcomes.

Highlights the most common results.

Why this is not enough?

A distribution of p-values doesn’t show the magnitude of the effects.
A result can be significant but trivial.

It doesn’t tell us which options for each decision node lead to these
outcomes (connect task).
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Visualization 2: Vibration of Effects Plot

Figure: A Vibration of Effects Plot shows the relationship between effect size and
statistical significance.
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Vibration of Effects Plot: Explanation

Explanation:

A scatter plot that shows the relationship between two outcomes
simultaneously, typically effect size (x-axis) and statistical significance
(y-axis).

Each point represents one combination of options.

Key Features:

Shows the ”vibration” of results; how effect size and significance
co-vary.

Helps identify if stronger effects are also more significant.

Why this is not enough?

While we can see how outcomes cluster, it’s hard to know the exact
combination of options that produced a specific result.

We need a way to see the full ”recipe” for each outcome.
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Visualization 3: Specification Curve

Figure: A Specification Curve connects each outcome to its specific set of options.
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Specification Curve: Explanation

Explanation:

A composite visualization that connects each specific combination of
options directly to their outcomes.

It has two main linked panels: an Outcome Curve (top) and a
Specification Panel (bottom).

Key Features:

Directly links outcomes to specific options.

Excellent for identifying which options (for any given decision node)
drive the results.

Shows the full range of outcomes while also revealing the underlying
recipe (the set of options) for each one.
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Specification Curve: Challenges

Distinction between probabilistic and possibilistic interpretations of
multiverse analysis results

Probabilistic: Viewing outcomes as having certain probabilities based
on their frequencies within the set of explored universes. Akin to
statistical likelihood.

▶ Probabilistic interpretation: Assumes all explored universes (or
analytical specifications) in a multiverse analysis are equally likely. If an
outcome appears more frequently among these universes, it might be
mistakenly interpreted as being more likely correct.

Possibilistic: Viewing outcomes as possibilities that arise from
different reasonable analytical decisions. It does not assign likelihood
but rather acknowledges the potential validity of various outcomes
without preference.

▶ Possibilistic interpretation: Suggests that an outcome’s presence
simply indicates it is a possible result of reasonable analytical choices,
without assigning likelihood based on frequency.
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Specification Curve: Challenges

These more traditional visualisations may express data in a way that
encourages probabilistic interpretations, even when such an
interpretation is inappropriate for multiverse data (Hall et al., 2022).

Illusion of Probability: The potential misunderstanding that might
arise when frequency information in visualizations is interpreted
as indicating the likelihood of correctness, which is not a valid
assumption in multiverse analysis due to the non-random and
interdependent nature of the analyzed universes.

”a principled interpretation of the multiverse analysis results considers
the variation in outcomes as possibilistic, and the uncertainty in
each individual outcome as probabilistic” (Sarma et al., 2024)

Hall et al. (2022) A survey of tasks and visualizations in multiverse analysis reports. Computer Graphics Forum, 41(1), 402-426.
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Specification Curve: Challenges

How do we visualise a multiverse of results that conveys the valuable
information about outcome frequency without misleading viewers into
probabilistic interpretations?
How do we include information that is important for other tasks in
multiverse analysis (connect, validate, interpret) in a multiverse analysis
report?
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Miliways Multiverse Visualization

Connect, Validate, Interpret: Milliways Package
The Milliways Package (Sarma et al., 2024) visualises a multiverse analysis
based on two principles:

Readers of a multiverse analysis should be able to

1 assess whether the decisions in the analysis are all equally justifiable

2 correctly distinguish between the probabilistic and possibilistic
uncertainty inherent in such an analysis

The Milliways Package provides a visualisation design that aims to do this.

Sarma et al. (2024) Milliways: Taming Multiverses through Principled Evaluation of Data Analysis Paths. Proceedings of the
CHI Conference on Human Factors in Computing Systems (CHI ’24), May 11–16, 2024, Honolulu, HI, USA.
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Miliways Multiverse Visualization

To visualise the results of a multiverse analysis using Milliways, users
would need to provide as input the results of a multiverse analysis, the
analysis code, and the dataset used for the analysis.

The results file should contain, for each universe:

1 the option name for every parameter

2 the mean point estimate

3 x and y values for the consonance curve

Sarma et al. (2024) Milliways: Taming Multiverses through Principled Evaluation of Data Analysis Paths. Proceedings of the
CHI Conference on Human Factors in Computing Systems (CHI ’24), May 11–16, 2024, Honolulu, HI, USA.
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Milliways Package

Let’s take a look at their template!

You can download it for yourself here:
https://osf.io/y2cmt?view only=bd4668d3241c43e4b699dd4e1f88477a

Or you can follow the demo on the screen

Sarma et al. (2024) Milliways: Taming Multiverses through Principled Evaluation of Data Analysis Paths. Proceedings of the
CHI Conference on Human Factors in Computing Systems (CHI ’24), May 11–16, 2024, Honolulu, HI, USA.
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Cognitive Neuroimaging: Goal
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Cognitive Neuroimaging: Challenges

The need of preprocessing pipeline to remove the unwanted signals.

There are many options to preprocess neuroimaging data

Different preprocessing pipelines may lead to different results
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Example 1: Botvinik-Nezer et al. (2020)
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Example 1: Botvinik-Nezer et al. (2020)

Same dataset independently analyzed by 70 teams to test 9
hypotheses about brain activity in a risky-decision task

High variability with respect to the reported statistically significant
result

Hypotheses # of teams % of teams
1 26 37.1
2 15 21.4
3 16 22.9
4 23 32.9
5 59 84.3
6 23 32.9
7 4 5.7
8 4 5.7
9 4 5.7
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Example 1: Botvinik-Nezer et al. (2020)

Hypotheses # of teams % of teams
1 26 37.1
2 15 21.4
3 16 22.9
4 23 32.9
5 59 84.3
6 23 32.9
7 4 5.7
8 4 5.7
9 4 5.7

About 20% of the analyses came to a conclusion opposite to that of
the majority

Three most ambiguous hypotheses highlighted
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Example 2: Trübutschek et al. (2025)
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Example 2: Trübutschek et al. (2025)
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The Need for Multiverse Analysis in Neuroimaging

Given the high variability of results depending on the chosen analysis
pipeline, the implementation of multiverse analysis in neuroimaging
is growing.

The first step of performing a multiverse analysis is to define the
”multiverse” itself.

This means creating a comprehensive list of all reasonable and
available data processing and analysis pipelines that could be applied.
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The Multiverse in Graph-based fMRI

Systematic literature review of graph theory-based functional
Magnetic Resonance Imaging (fMRI) studies.

A total of 252 studies coded in terms of their analytical pipeline.

The multiplicity of analytic pipelines summarized in a Shiny app.
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Guided Exploration

METEOR Shiny App

https:

//www.apps.meta-rep.

lmu.de/METEOR/
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The Multiverse in (Mobile) EEG
Systematic literature review of mobile electroencephalography (EEG)
studies analyzing P3 event related potential (ERP) during walking
and standing.
A total of 27 studies coded in terms of their analytical pipeline.
The multiplicity of analytic pipelines summarized in a Shiny app.
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The Multiverse in (Mobile) EEG

Guided Exploration

METEOR-EEG Shiny App

https://

meteor-eeg-oldenburg.

shinyapps.io/

preprocessing/
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Multiverse Analysis in fMRI: Example

Dafflon et al. performed multiverse analysis to predict brain age based
on graph measures derived from resting-state fMRI

A total of 544 different pipelines were implemented
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Low-Dimensional Representation of the Pipelines

The outputs (graph measures) of each pipeline were visualized in
two-dimensional space, where each dot corresponds to one pipeline.

Pipelines that are close to each other in the space are more similar.
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Prediction Performance

For each pipeline, the graph measures were used to predict brain age.

The prediction performance was evaluated by using Mean Absolute
Error (MAE) between actual and predicted brain age.
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Active Leaning for Efficient Multiverse Analysis
Dafflon et al. also proposed active learning algorithm to run
multiverse analysis efficiently.
This algorithm works by intelligently sampling subset of the
pipelines to estimate the outcome of the whole multiverse.
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Multiverse Analysis in EEG: Example

Short et al. performed multiverse analysis to predict extraversion
scores from the Late Positive Potential.

A total of 528 different pipelines were implemented.
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Multiverse Analysis in EEG: Example

The main goal of the paper is to highlight variability in the
representativeness of the distribution of model fits between different
sampling approaches in multiverse analysis: random sampling,
stratified sampling, and active learning.

The active learning sample most closely represented the median
model fit of the full multiverse.
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Summary

There are many ways to visualize multiverse analysis outcomes.
Interactive platforms such as Miliways allow for a deeper exploration
of not just the results, but also the relationship between outcomes
and the analytical decisions that produced them.

In neuroimaging, multiverse analysis is a growing necessity due to
the vast number of available analytical decisions and the significant
result variability they cause.

To ease the computational burden of running so many pipelines,
methods such as active learning are being explored to make
multiverse analysis more efficient and practical to implement.
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Don’t get lost in the Garden of Forking paths

Think carefully about the analytical choices you can make!

Thank you for attending this workshop!

andrea.hildebrandt@uol.de
cassie.ann.short@uol.de
daniel.kristanto@uol.de
micha.burkhardt@uol.de
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