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Abstract

In this study, we explore the complexities and challenges in temporal causal discovery using deep learning.
Additive models can identify temporal causal relationships in data [1]. However, due to their inability
to effectively approximate interactive (non-additive) relationships, they might overlook a relationship
and incorrectly assign causal effects to variables. Furthermore, expanding the receptive field of a model
to capture long-range relationships increases the complexity and potentially results in inaccurate causal
predictions. Considering the real-world implications of such predictions, there arises a need to quantify
the uncertainty of these models to enhance the robustness and reliability of their causal predictions. In this
study, we provide a comprehensive overview of the challenges in temporal causal discovery, covering both
general challenges as well as specific challenges associated with methods suggested by prior works. To
address these challenges, we make three key contributions: (1) We incorporate a Temporal Convolutional
Network (TCN) to process time series data. This architecture expands the receptive field and increases
the complexity, which allows the model to learn more complex, non-linear, and long-range relationships.
(2) We introduce the Temporal Attention Mechanism for Causal Discovery (TAMCaD) architecture.
This framework is capable of capturing interactive relationships. Furthermore, as it produces a causal
matrix for every timestep, TAMCaD can also identify contemporaneous relationships. (3) We describe
the process of generating synthetic time series data that hold all of these properties. (4) By integrating
predictive uncertainty into attention logits and causal contributions [2], we quantify both aleatoric (data-
centric) and epistemic (model-centric) uncertainties, paving the way for future research to enhance the
precision and interpretability of the identified causal relationships. By reducing the complexity of a
TCN using weight-sharing and recurrent layers, we achieve comparable performance, while reducing
the number of learnable parameters. While TAMCaD shows the ability to learn interactive relationships,
we find that the interpretability of attentions remains a challenge. Our findings further suggest that
additive models are adept at identifying the most evident relationships, which currently makes them
more robust than our proposed attention-based method. Nonetheless, our findings also suggest that the
attention-based approach holds promise for improving temporal causal discovery.
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1 Introduction

Causal discovery is becoming increasingly important in various fields such as healthcare, economics,
and social sciences. Understanding the causal relationships between variables in a system can help make
informed decisions, develop predictive models, and gain insights into complex systems. In particular,
temporal causal discovery, which infers causal relationships from time series data, helps in understanding
various dynamic temporal systems. For example, identifying causal links between lifestyle choices and
health outcomes can lead to better preventive measures and treatments. In economics, understanding
causal factors behind market trends can improve policy-making and financial forecasting. However,
inferring causal relationships from time series data is a difficult task and poses several challenges related
to complex relationships, time lags and non-stationarity. Furthermore, since decisions based on these
causal discoveries can have substantial implications, it is important to have a reliable measure for
quantifying uncertainty in the model and the data. Existing methods for temporal causal discovery have
limitations and caveats, and may not always produce reliable and interpretable results. Therefore, there is
aneed to develop approaches for reliable temporal causal discovery with machine learning that addresses
these identified challenges. The goal of this thesis is to provide insights into dynamic temporal causal
relationships which contribute towards a robust and effective framework for temporal causal discovery.

This thesis makes contributions by addressing various identified challenges in the field of temporal causal
discovery. One of the challenges is the handling of contemporaneous relationships in observational data,
where certain causal connections appear only temporarily or under specific conditions. For instance,
a heavy rainstorm, a rare event, may temporarily influence various environmental factors. Similarly,
the introduction of new law enforcement policies can drastically alter market dynamics, creating or
disrupting existing causal links. These examples highlight how higher-level abstractions in observational
data can result in contemporaneous relationships and necessitate improvements to existing methods
that only assume a static underlying causal structure. Another challenge involves the complexity of
interactive relationships. Simple additive models, which consider variables individually, often fail to
capture the full extent of these relationships. For example, a relationship between two variables involving
amultiplication of their values may not be accurately represented. Further research is needed to determine
to what extent such interactive relationships are present in observational data and to assess whether the
aspect of temporal data processing allows additive models to identify these complexities within the set
number of lags. Given the complexity of real-world data and the inherent uncertainty in the discovery
process, our findings might not have universal applicability.

To address these challenges, our approach moves away from traditional additive methods, implementing
an attention-based causal discovery framework. The attention mechanism allows for mixing of features,
while maintaining interpretability, effectively addressing interactive variables. Unlike methods such as
Neural Additive Vector Autoregression (NAVAR)[1], which process an entire time series to generate a
single causal matrix, our attention-based approach generates a causal matrix at each time step, addressing
contemporaneous relationships. We also improve our proposed method Temporal Attention Mechanism
for Causal Discovery (TAMCaD) and NAVAR to incorporate uncertainty in the predicted causal structure.
Often, these models provide scores indicating causal relationships, but the interpretation of these scores
and the confidence level of the model’s predictions often remain ambiguous. This aspect is particularly
important in fields like medical research, where reliable causal discovery between health indicators is
vital. To address this, we have integrated variational inference techniques alongside an ensemble of
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CHAPTER 1. INTRODUCTION

models within TAMCaD and NAVAR. This approach aims to quantify the “predictive uncertainty”,
which can be disentangled into two distinct types of uncertainty: aleatoric uncertainty, which pertains to
the inherent randomness in the data, and epistemic uncertainty, which is related to the uncertainty of the
model. This enhances the interpretability and reliability of the causal inferences made by these models.
Furthermore, we address the challenges associated with the complexity and computational demands
of deep learning models, such as Temporal Convolutional Networks (TCNs), which are employed to
efficiently capture long-range dependencies. While these models are powerful, the large number of
parameters can lead to overfitting, and they often require substantial computational resources. This
complexity presents a challenge in fields like finance, where real-time analysis of market trends is
essential, or in autonomous driving systems, where rapid processing of sensor data for decision-making
is required. We hypothesize that employing an overly-complex model for a relatively small time series
dataset reduces the performance for reliable causal discovery due to overfitting.

The novelty of this work centers on the application of an attention mechanism directly within the causal
mechanism. This stands in contrast to recent studies, which have primarily applied attention as scalar
factors only in the initial layer of the model [3]. Additionally, our methodology extends this concept
by incorporating a scaled dot-product attention mechanism, derived from the transformer architecture.
Another distinctive feature of our research is the integration of uncertainty methods directly into the
causal discovery process. Unlike other recent studies that have implemented variational inference on
a parameterized causal matrix [4], our approach embeds uncertainty quantification within the causal
discovery model itself.

The thesis is structured as follows: Chapter 2 provides background information on causal discovery,
including domains in causal machine learning, preliminaries and notations for causal discovery, time
series forecasting with deep learning, methods for uncertainty quantification, and methods for temporal
causal discovery using machine learning approaches. This chapter also further discusses the challenges
associated with temporal causal discovery. In Chapter 3, we introduce our proposed method for temporal
causal discovery and discuss improvements for efficient temporal processing using low-complexity TCNs
and the incorporation of uncertainty methods in the causal discovery process for both TAMCaD and
NAVAR. Chapter 4 details the experimental setup, including descriptions of datasets, implemented
models, training approaches, and other implementation specifics. The results of these experiments
are then presented and discussed in Chapter 5 and determine the efficacy of our proposed methods in
addressing these challenges by evaluating the performance of TAMCaD, NAVAR on synthetic and real-
world datasets. This initial testing phase on the synthetic data shows how the methods perform under
controlled conditions. Following this, we extend the application of our methods to real-world datasets,
validating their practicality and effectiveness in more complex, uncontrolled environments. Potential
future research directions and our other approaches that did not make this thesis are listed in Chapter 6.
Finally, our work is concluded in Chapter 7.

. University of Antwerp
4 — Master’s thesis . 1 Faculty of Science



2 Background and related work

The identification of causal relationships between variables is a fundamental concept in numerous fields,
including life sciences and social science. Causal inference enables informed decision-making and a
deeper understanding of the world around us [5, 6]. However, the process of inferring causality is
not always straightforward, and there are several challenges associated with it, which will be discussed
in this Chapter. Consequently, there has been a growing interest in methods for causal discovery
that address these challenges. With the recent increase in large available datasets and advances in
computational power, machine learning techniques have become more accessible and popular [7]. It
allows for developing new methods to better understand causal relationships between variables, resulting
in more accurate predictions and more effective interventions [5]. As such, the use of machine learning
techniques has become a promising avenue for advancing causal discovery research.

2.1 Domains in Causal Machine Learning

Causal machine learning has different subdomains that focus on various aspects of causal relationships
in data. These subdomains include causal inference, causal discovery, causal representation learning,
causal prediction, and causal reasoning. Each subdomain presents unique challenges that require different
approaches to solve. The problems and proposed solutions in the field of causality frequently involve
methods that overlap between the subdomains.

Causal Inference. Causal inference refers to the process of determining the causal relationships
between variables in a given system [8, 9]. While methods from causal inference are used in other
subdomains, such as causal discovery and causal representation learning, the focus of causal inference
is specifically on determining the causal relationships between variables in a given system based on hy-
potheses and existing knowledge, whereas causal discovery aims to find the unknown causal relationships
between variables in observational data.

Causal Discovery. Causal discovery aims to identify potential causal relationships between variables
in observational data. Identifying these variable pairs assists in determining the focus of future controlled
experiments, which can further validate, refute, or adjust our confidence in these relationships. Despite
the lower certainty compared to controlled experiments, the detection of cause-effect pairs from observa-
tional data can still be a crucial step in the formulation of new hypotheses, guiding further investigation.
Methods for causal discovery often rely on graphical models, such as structural causal models (SCMs)
or Bayesian networks, to represent the underlying causal structure [6, 10, 11, 12]. The goal is to find
the most likely structure that represents the causal model that generated the observed data. This involves
filtering out spurious correlations that are present due to the presence of confounders, selection bias, and
other complexities in the data. Moreover, deducing the structure from data is an NP-Hard problem, as
the search space of possible structure scales super-exponentially [13]. This makes it difficult to establish
the causal influences in datasets containing many variables due to the computational complexity. To
address this, optimization methods have been proposed that use greedy or heuristic search techniques

University of Antwerp .
. | Faculty of Science Master’s thesis —5



CHAPTER 2. BACKGROUND AND RELATED WORK

[11, 12], while others do not rely at all on the combinatorial aspects of the graphical structure [14, 1, 4].
Causal discovery in time series data poses additional challenges, such as the identification of temporal
dependencies between variables and accounting for time lags.

Causal Representation Learning. Causal representation learning focuses on inferring high-level
causal variables from low-level observations. For example, latent representations can be obtained from
complex and sparse data, such as pixel information in images [15, 16]. The main objective is to distinguish
true causal relationships from irrelevant or spurious associations present in the data, which can lead to
more accurate models. By leveraging pre-trained causal representations, models become more robust
and interpretable. One advantage of causal representations is the ability to transfer knowledge across
different domains. Models trained in one domain can utilize the acquired causal understanding as a
starting point for learning in other related domains. Furthermore, this transfer of causal knowledge may
lead to improved predictive models, especially in domains with limited available data. Overall, causal
representation learning offers the potential to make machine learning models more robust and capable
of transferring knowledge across different domains.

Causal Prediction. Causal prediction considers developing statistical models that are robust under
interventions (for example, a causal prediction model should be able to accurately predict the impact of
interest rate changes on future stock prices). The goal is to develop models that are robust enough to
generalize beyond the observed data and provide reliable predictions, even under changing conditions.
One well-known method is Invariant Causal Prediction (ICP) [17], which identifies causal relationships
that remain constant across different environments (e.g., various locations, patients, or timeslices in the
data), provided that these environments do not interfere with the variables being studied. Although ICP
works well for linear relationships, it is more challenging for nonlinear relationships due to the difficulty
of performing non-parametric tests for conditional independence. To overcome this limitation, nonlinear
and non-parametric versions of ICP have been proposed [18].

Causal Reasoning. Similar to the other domains, causal reasoning involves identifying cause-effect
relationships between variables. However, the goal of causal reasoning is predicting outcomes and
answering questions in a retrospective or interventional way [19]. This process often involves the use
of causal models to simulate interventions, allowing the evaluation of different strategies and their
potential consequences. Hence, it is unsurprising that novel approaches in the field of reinforcement
learning utilize causal reasoning. In this area, agents need to reason about events retrospectively to learn
from their mistakes and maximize future rewards [20]. Causal reasoning also appears in the context of
recommender systems in the form of counterfactual reasoning [19, 21]. For instance, popularity bias in
recommender systems can be mitigated by identifying the intrinsic properties of items that cause them
to be popular.

2.2 Preliminaries and Notations for Causal Discovery

Graphical models. Graphical models are important in causality because they provide a visual repre-
sentation of the relationships between variables. They allow researchers to formalize their assumptions
about causal relationships and to test these assumptions using statistical methods. These models can be
formalized using a set of structured equations. In the field of causality, this is often called a SCM. It is
important to note that the term SCM is preferred over structural equation model (SEM) in the context of
causal inference, as SEM is often used in contexts where the relationships among variables are treated
as algebraic equations rather than causal relationships [9].

. University of Antwerp
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2.2. PRELIMINARIES AND NOTATIONS FOR CAUSAL DISCOVERY

Definition 1 (Structural Causal Model) An SCM is a framework used to describe the causal relation-
ships between variables in a system [5]. It consists of a set of equations that describe how each variable
is causally influenced by other variables in the system, and can be visualized using a directed graph
(Figure 2.1).

Autonomy and Invariance. Two fundamental concepts in SCMs are autonomy and invariance [9].
Autonomy implies that each variable in the model should be determined by its own set of causes,
independent of other variables not directly connected to it. On the other hand, invariance suggests
that the causal relationships between variables should remain constant across different populations,
environments, or contexts. As shown in Equation 2.1, the value of variable X; in an SCM is determined
by its direct parents (Pa;) through the function f;.

X; = fi(Pa;) (2.1)

The concept of autonomy corresponds to the fact that X; is influenced only by Pa;, while invariance
refers to the consistency of the function f; across various conditions. If invariance is violated, it can
lead to misspecification of the model, where either f; or Pa; may not accurately capture the true causal
relationship for variable X;.

Visualization. Graphical representation is a powerful tool to visualize SCMs, where nodes represent
variables and edges indicate the causal relationships between them (see Figure 2.1). Each node is
associated with a structural equation that describes how the variable’s value depends on the values of its
parent nodes in the graph [5].

(a) Confounder

(b) Treatment

(d) Collider

Figure 2.1: An SCM consisting of four variables represented as a DAG.

Intervention in causal models. Intervention in a causal model involves manipulating a variable to
achieve a specific desired outcome. This allows for the analysis of cause-effect relationships between
variables in the system. However, it is important to note that this type of analysis is not applicable to
observational data, such as observations in the stock market. Furthermore, interventions can generally
be categorized as either soft or hard interventions. A hard intervention consists of setting a variable
to a constant value and severing its causal connections with its parent variable, denoted as do(X = z)
[22]. This approach is typically used to unveil direct cause-and-effect relationships. For instance,
in a randomized controlled trial (RCT), participants are randomly assigned to either a treatment or a
control group. On the other hand, soft interventions involve adjusting a variable while preserving its
causal connections to its parents, thereby altering only its conditional probability. Formally, this type
of intervention imposes a specific functional relationship g(z) on the variable X in response to a set Z
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CHAPTER 2. BACKGROUND AND RELATED WORK

of other variables. It is represented as do(X = g(z)), and its effects can be observed by examining the
distributions after the intervention [23]. Soft interventions are widely employed in biology and medicine,
where completely removing parental influences is challenging, but perturbing them is more feasible [24].

2.3 Time Series Forecasting with Deep Learning

Recurrent Neural Networks. Deep learning architectures have significantly improved the accuracy
of time series predictions. These models can effectively identify complex temporal dependencies and
non-linear relationships in the data. Most of these traditional models process temporal data sequentially.
A recurrent neural network (RNN) is good example of such a model. RNNs have hidden states that enable
them to capture temporal dependencies and make predictions based on past observations (see Figure
2.2). However, traditional RNNs suffer from vanishing and exploding gradient problems, limiting their
effectiveness for long-range dependencies. To address these challenges, methods such as Long Short-
Term Memory (LSTM) and Gated Recurrent Unit (GRU) were proposed, aiming to control the flow of
information, enabling better long-term memory retention and learning. While the primary strength of
an LSTMs is their long-term memory, their retention can be inconsistent over time. This might lead an
LSTM to preserve contextual information of specific variables for a longer duration compared to others,
potentially undermining the learning of relationships that are expected to remain static throughout the
entire time series.

Yo 1 Y2

) A

Zo Tl x2

Figure 2.2: A recurrent model (M) processing temporal data (z) sequentially. Each prediction (y) relies
on the input as well as a context vector (h), which has a fixed representational capacity.

Temporal Convolutional Networks. Convolutional networks were originally designed to process
two-dimensional grid structures like images. However, they can also be adapted to (multivariate) time
series data by applying them to the time dimension. These models can effectively capture local patterns
and dependencies within the time series using convolutional layers, making them useful for tasks where
local context is crucial for making predictions [25]. They have demonstrated significant potential across
a variety of time series forecasting domains, including energy load forecasting [26], weather forecasting
[27], stock market prediction [28], as well as multiple computer vision tasks [29, 30]. While both
sequential and convolutional models have their strengths and weaknesses, their effectiveness can vary
depending on the specific characteristics of the time series data and the type of prediction task. However,
in many cases, a simple convolutional architecture outperforms canonical recurrent networks like LSTMs
across a diverse range of tasks and datasets, while demonstrating longer effective memory [25, 27]. For
example, utilizing an LSTM did not yield significantly better results compared to using a simple 1-layer
convolution within the NAVAR framework [1]. Therefore, we regard convolutional networks as a natural
starting point for sequence modeling tasks within the context of causal discovery [25].

TCNs are a specific type of convolutional neural networks that excel in capturing long-term temporal
dependencies within time series data [29]. This architecture relies on stacked dilated convolutions,
providing an exponentially growing receptive field the more layers are added, which is crucial for
handling long-range dependencies in the data. One significant advantage of TCNs over most sequential
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8 — Master’s thesis . 1 Faculty of Science



2.3. TIME SERIES FORECASTING WITH DEEP LEARNING

models is their ability to process data in parallel across layers, resulting in faster training and inference
times. Empirical studies have shown that TCNs outperform traditional recurrent architectures like
LSTMs in various tasks [25]. However, it is important to note that the optimal architecture for time series
prediction will vary depending on the specific dataset and problem domain. By default, conventional
TCN implementations allow predictions to be influenced by both past and future data. While this is
suitable for some applications, it presents challenges for time series prediction tasks where future data is
not available. To address this concern, a causal variant of TCN has been introduced, which relies solely
on current and past data to compute outputs, strictly adhering to the temporal order of the input sequence.
This property makes the causal TCN particularly suitable for real-world prediction tasks where future
information is limited or unknown. Given that the NAVAR framework’s main objective is regression,
our approach will leverage the causal variant of TCN. Moreover, the inclusion of residual connections in
the TCN model enhances its capability to handle temporal dependencies effectively, addressing issues
such as vanishing or exploding gradients when more layers are added.

The schematic overview of a TCN is depicted in Figure 2.3. Each layer (left) in the schematic represents a
temporal block (right). In its implementation, this block is actually a two-layer 1D convolutional network.
This further increases the receptive field and enhances the model’s flexibility and expressiveness. Even
though discovering the number of lags is not addressed in this work, it is worth noting that a single value
in the time series has multiple paths to the final output. Therefore, if the goal is to determine the correct
number of lags by inspecting the convolutional weights in a hierarchical setting, like Temporal Causal
Discovery Framework (TCDF), it is necessary to either reduce the temporal block to a single layer or
address this issue in a different manner.

RE(k,0,b) = (k—1)-£-(2°—1)+1 (2.2)

The receptive field (RF) of a TCN can be computed using Equation 2.2. Here, k represents the kernel
size, which corresponds to the width of the convolutional filters employed in the TCN. The number of
layers within each temporal block is denoted with ¢, and b represents the number of temporal blocks
in the network. The original work on TCNs, the temporal block consists of two convolutional layers,
defaulting ¢ to 2.

Attention-Based Networks. Attention mechanisms were primarily developed for sequence-to-sequence
models, especially in the domain of neural machine translation. These attention mechanisms allowed
for dynamically selecting a subset of the information from the source sequence during each step of the
target sequence generation. At every decoding step, a context vector was generated as a weighted sum
of hidden states. The computed context vector, combined with the decoder’s hidden state, was then
used to predict the next word in the target sequence. These mechanisms alleviated the model from
compressing all source information into a single fixed-size context vector, as seen with LSTMs or GRU .
By dynamically selecting context, models can handle long sequences more efficiently, which results in
significant improvements in tasks like machine translation.

The Scaled Dot-Product Attention is an improved attention mechanism that was introduced as part of the
Transformer model architecture [31], which has now become the foundation for many state-of-the-art
models in natural language processing models. One features of this approach is its ability to determine
relationships between all elements in a sequence, not just adjacent or near-adjacent ones. This contrasts
with many traditional sequence processing methods which typically consider local patterns or relation-
ships. Furthermore, these traditional attention mechanisms encountered challenges like computational
inefficiency, scaling limitations, and fixed representational capacity, which is problematic for data with
longer sequences. The Scaled Dot Product Attention addresses some of these concerns by employing
dot product computations for attention scores, which is computationally efficient compared to learning
another linear model. Additionally, multi-head attention allows focus on various input parts. The Scaled
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(a) Temporal Convolutional Network (b) Temporal Block
Yo Ye—1 Yt
Output
‘ d=14 Dropout
ReLU
Hidden
4 4 4 4 d =92
Dropout
Hidden ReLU
eight norm.
d=1 Conv(d)
Input

i

X0 Tt—1 Tt

Figure 2.3: A Temporal Convolutional Network comprised of b = 3 temporal blocks. (a) The architecture
stacks multiple layers with filters of increasing dilation d to achieve exponential growth of
the receptive field. (b) Each temporal block typically consists of two convolutional layers
¢ = 2, and incorporates a residual connection.

Dot-Product Attention mechanism is given as follows:

. QKT
Attention(Q, K, V') = softmax 14 (2.3)
Vi,

A more intuitive illustration of these steps are provided in Figure 2.4. This attention mechanism is
defined by three primary matrices: ), K, and V. These matrices are derived from three distinct linear
transformations of the input data, each capturing relevant information. Q € RN *% represents the query
matrix. Here, N denotes the number of input embeddings, and d, represents the embedding size of the
(query) input that will be partitioned into i heads of size d,/h.

The query matrix is responsible for encapsulating the information that needs attention within the input
data. K € RN¥*%% and V' € RV*%  on the other hand, may have differing dimensions compared to @,
but often, they are the same size as (). Matrix V' represents the values that the model aims to broadcast
to the other inputs. These matrices enable the attention mechanism to effectively capture and aggregate
relevant information. The input can be split along the embedding dimension into multiple heads, which
are concatenated back to the original embedding size after applying the scaled dot product attention
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2.3. TIME SERIES FORECASTING WITH DEEP LEARNING

to each head. The output of the softmax operation is an N x N matrix, representing the attention
matrix between N inputs. The softmax function guarantees that an attention vector a; € RV from the
attention matrix, which is responsible for incorporating data from V' to a new embedding, is a simplex
(aij >0A Zj Qi = 1).

Input

h
AN
N ‘ ‘ ‘ Split into ’
h heads ‘
L J '
T
E [ T )
(a) Linear ‘ Linear ‘ Linear ‘
Q K 1%
-
dy,
Q
KT Attention
(b)  Softmax x ﬂ =
.
Attention %4 Output
() X = N

Figure 2.4: Depiction of the Multi-Head Attention Mechanism. (a) The initial input of dimensions
N x E, with N representing the number of embeddings and E denoting the size of each
embedding, is partitioned into h separate heads across the embedding dimension. Each head
is passed through three separate linear transformations, resulting in Query (@), Key (KX), and
Value (V') matrices with dimensions N x d. (b) The attention matrix, of size N x N, for
each head is calculated through the application of the softmax function to the multiplication
of @ and K7, scaled by the square root of dj, the embedding dimension of K. (c) The
output for each head is generated by matrix multiplication of its individual attention matrix
with the corresponding Value (V') matrix. These head-specific outputs are then concatenated
to produce the final output, matching the dimensionality of the original input.
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2.4 Methods for Uncertainty Quantification

Quantifying uncertainty in causal discovery is important for robust and reliable predictions, particularly
in fields where decisions based on causal relationships have significant consequences. It may help in
distinguishing between genuine causal connections and spurious correlations. Furthermore, addressing
uncertainty can guide research where additional data may clarify uncertain causal conclusions. Uncer-
tainty in predictions can be divided into two categories: epistemic and aleatoric. Aleatoric uncertainty
refers to the unpredictability inherent in the data. Models can account for this type of uncertainty by, for
example, outputting both a mean and variance for a prediction, which effectively captures the underlying
distribution. Consequently, this may give the model the tools to capture the history-dependent noise
and inherent variability present in the data. On the other hand, epistemic uncertainty stems from a
lack of knowledge or information in the data and can be interpreted to the confidence of the model in
its predictions. This raises the question: Does the model recognize when it knows or doesn’t know
the answer? Addressing this form of uncertainty proves to be more challenging. While the aleatoric
uncertainty can help in defining the distribution of the data, epistemic uncertainty is still important as a
model may make random predictions for unseen or out-of-distribution (OOD) input data.

Gaussian Processes. A Gaussian Process (GP) is a class of non-parametric Bayesian models used
for regression and classification tasks [32]. Their flexibility and computational simplicity makes them
popular choice [33]. GPs can be useful for time series prediction, because they not only provide a
prediction for future values but also quantify the uncertainty associated with these predictions. These
uncertainty estimates can be interpreted as aleatoric as well as epistemic uncertainty; the upper and
lower bounds of the Gaussian estimates may encapsulate the distribution over the data but also predict
the bounds for sparse or missing data. However, one drawback is that they are computationally expensive.
The complexity for a basic GP model scales as O(n?), with n being the number of data points, making
them infeasible for large time series.

Variational inference. Variational inference is a method that involves approximating complex poste-
rior probability distributions with simpler and more tractable distributions. Given a dataset D, where
x € D, learning the posterior probability distribution p(z|z) with a latent representation z can be in-
tractable for larger datasets. Instead, one can learn a simpler distribution from a variational family that
minimizes the Kullback-Leibler (KL) divergence, which measures the difference between the learned
distribution and a normal distribution N (0, 1). To achieve differentiable computation in neural mod-
els, stochastic methods, such as the reparameterization trick, can be used to sample from the learned
distribution, enabling the learning of this objective function with gradient descent. Using a Gaussian
posterior distribution, the reparameterization trick denoted in Equation 2.4. Here, z; is a sample derived
by adding the predicted mean to the scaled variance, drawn from N (0, 1).

z; = u(x) + ea®(x), where € ~ N (0,1) (2.4)

This concept has been successfully applied to variational autoencoders (VAEs) [34] to learn a latent
representation as a distribution. This distribution can be sampled and then used as input to the decoder.
Additionally, 8-VAE [35] introduces an additional hyperparameter 3 in the loss function that balances
the decoder loss and the KL divergence loss. This leads to learning a minimal posterior probability
distribution that describes the dataset, which extends the interpretability of autoencoders. Furthermore,
the variational approach can also be employed in the last layer of a model that makes a final prediction,
instead of in a latent representation in an autoencoder. This way, the probability distribution of a prediction
can be learned given a certain input, which can be interpreted as the uncertainty of a prediction.
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Gaussian Negative Log-likelihood. In contrast to variational inference, which is often applied on
a latent space in an autoencoder, aleatoric uncertainty associated with the data can be learned in a
regression context. For this, the Gaussian Negative Log-Likelihood (NLL) loss is often used. By
treating the output of the model as a probability distribution over the target variable, the NLL gives a
measure of how well the model’s predictions align with the observed data. Specifically, the model is
tasked to predict both the mean and the variance of the target distribution as:

(yi - Mz’)Q
2

i

LniL(0); = logo? + (2.5)
However, this loss has a tendency to underestimate the variance of the data [2]. Therefore, -NLL has
been proposed by [36] to address this issue:

EﬁfNLL(Q)i = Stop(dfﬂ)ﬁNLL(e)i (26)

Here, stop(-) indicates that the flow of gradients through afﬂ is blocked. Thus, the predicted variance
is used as a weight to each data point, with 5 regulating the strength, giving more weight to predictions
with larger variances.

Stochastic Sampling. Epistemic uncertainty can be approximated using stochastic sampling. This
involves evaluating many prediction outputs by using only a subset of model weights for each prediction.
Several approaches can achieve this, such as: (1) Monte-Carlo Dropout, which involves activating a
dropout layer during the testing phase. The benefit is that only one model has to be trained. However,
this approach tends to estimate higher epistemic uncertainty in and outside of the distribution [2]. (2)
Using an ensemble of models where each model provides independent predictions. This approach
provides better epistemic uncertainty measures outside of the distribution [2]. (3) Implementing a
Bayesian Neural Network (BNN) that learns a distribution over all its weights. It should be noted
that ensemble models and BNNs might introduce significant computational overhead, especially when
dealing with larger models.

Evidential Deep Learning. Evidential Deep Learning (EDL) quantifies epistemic uncertainty by
treating learning as an evidence-gathering process. The goal is to directly estimate both aleatoric and
epistemic uncertainty. This is done by placing prior distributions over the likelihood parameters for
predicting aleatoric uncertainty. For example, in cases with low uncertainty, the distribution around the
mean (1) and variance (0%) concentrates at a specific point, indicating high confidence. On the other
hand, an increased variability in p values indicate a high epistemic uncertainty. Training neural networks
to learn and use these evidential distributions is the challenge. In EDL, a Dirichlet distribution is used
as a prior for modeling uncertainties in predicted categorical probabilities for each class [37]. Here, p is
the probability density function that can be sampled from the Dirichlet distribution:

y ~ Categorical(p)

p ~ Dirichlet(a) 2.7

Introducing a two-stage learning framework significantly enhances uncertainty estimation in classification
tasks, boosting Area Under the Curve (AUC) and training robustness [38]. The proposed method can be
applied to various types of deep learning models, making it a useful method in various domains.
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Deep Evidential Regression. In regression tasks, Deep Evidential Regression (DER) can be used
for estimating uncertainty [39]. Here, 1 and o2 denote the aleatoric uncertainty. The model is required
to only learn parameters «, 3, v and v, to model the distribution over the aleatoric uncertainty:

p~Ny,d?v™l) o ~T7Ha,p) (2.8)

y~N(u,0°)

Despite DER’s empirical success, gaps in its mathematical foundation raise questions about its workings
[40]. DER appears to be a heuristic for uncertainty, not an exact quantification. The authors call for
corrections in how aleatoric and epistemic uncertainties should be extracted from NNs and propose a
simplified version of the loss function, which is similar to the negative log likelihood loss function:

) (yl _QMi)Q

%

LDER(G)i = log 0'2-2 + (1 + Av; 2.9)
In this loss function, v can be considered as a scalar related to the error margin. For samples where the
error is nearly zero, v has minimal impact. Conversely, for samples with a considerable error margin, v

should be minimized. The epistemic uncertainty can be computed as v~!.

Uncertainty-Aware Attention Mechanism. While EDL has been used in classification tasks, explor-
ing its use in attention mechanisms within causal discovery contexts presents an interesting direction. At-
tention scores in these mechanisms could be interpreted similarly to classification probabilities. However,
the attention strengths, typically derived from weakly-supervised training models, can be inaccurately al-
located [41]. This misallocation makes the probabilistic interpretation of attention scores unreliable and
complicates the quantification of causal links. Therefore, they propose an uncertainty-aware attention
mechanism that integrates variational inference into the attention layer, which enables direct uncertainty
estimation in attention scores. They show improved calibration of predicted probabilities and with that,
improved interpretability of attention mechanisms, which may be useful when implementing attention
mechanisms for causal discovery. However, the Expected Calibration Error (ECE) that was used faces
limitations in causal discovery, as the true causal relationships are often unknown or only represented as
binary labels.

Disentangling Predictive Uncertainty. There is still ongoing research in quantifying and disentan-
gling uncertainty in neural networks. Therefore, another view of uncertainty in deep learning models
is presented in [2]. They argue that learned posterior distributions represent a “predictive uncertainty”,
which incorporates both aleatoric and epistemic uncertainty:

o2(z) = E; [0} ()] + Var; [ui(z)] (2.10)

In Equation 2.10, the predictive uncertainty o2(x) is decomposed into aleatoric uncertainty, represented
by the expected variance across predictions [E; [a? (a:)] , and epistemic uncertainty, denoted by the
variance of mean predictions Var; [i;(x)]. Here, index i is a sample instance from, for instance, Monte-
Carlo dropout (in a single model) or a model prediction within an ensemble (across multiple models). This
approach aligns with the principles of DER. However, it avoids the need for complex prior distributions
over the aleatoric uncertainty distribution. For classification tasks, approximating a Dirichlet distribution
as part of the evidence-gathering process is theoretically correct but challenging to implement. Therefore,
[2] suggests using sampling on softmax outputs to obtain mean predictions for each instance and using
entropy as a measure of uncertainty. However, it should be noted that the disentanglement of predictive
uncertainty is feasible only when applied to logits prior to the softmax operation. Their findings further
indicate that using Monte-Carlo dropout tends to overestimate epistemic uncertainty across the entire
training data distribution, while ensemble methods demonstrate lower uncertainty on OOD training
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data. However, using 5-NLL (Eq. 2.6) over the standard NLL improves the outcomes, with ensembles
providing the most reliable estimations for both epistemic and aleatoric uncertainties, including OOD
data. The idea of S-NLL aligns again with the use of v in DER.

2.5 Methods for Temporal Causal Discovery

In scientific research, it is assumed that the cause precedes its effect in time, known as time asymmetry
or causal precedence in the context of causal discovery. This assumption is particularly relevant in
time series analysis, where observed variables at a given time point are assumed to be influenced by
variables at previous time steps, assuming that there are no instantaneous effects [42]. The natural
temporal ordering in time series data can also be advantageous for causal discovery, as it narrows down
the potential causal relationships. Incorporating the temporal aspect introduces unique challenges for
causal discovery, such as endogeneity due to feedback loops, non-stationarity, history-dependent noise,
and time lags. These challenges will be explained in more detail in Section 2.6.

Discovering causal relationships among variables in a system from time series data is a complex task.
Over time, various methods have been developed, ranging from traditional statistical approaches to
more advanced deep learning techniques. This section explores various concepts and methods for
temporal causal discovery, including both well-established techniques and novel approaches in the field,
highlighting their strengths and limitations.

Granger causality. Granger causality is a statistical concept that measures the predictive power of
one time series on another [42]. If timeseries A Granger causes time series B, this indicates that
the historical values of A can improve the prediction of future values of B, even after accounting for
the past values of B. Granger causality does not imply a direct causal link between A and B, but
rather a statistical association that helps to understand the dependencies between variables in a system.
Fields such as economics, finance, and neuroscience often use Granger causality to investigate causal
connections between variables in time series data.

Equation 2.11 extends the SCM formulated in Equation 2.1 into a Granger causality framework, where
X € RN*T and X/ denotes the value of variable 4 at timestep ¢. Parents Pa’,; denotes all past values
of parents that have a causal impact on X}.

X} = fi(Pal,) (2.11)

Generalized additive models. A generalized additive model (GAM) is a type of linear model that
incorporates a set of functions f;; to predict variables based on predictor variables [43]. The challenge
is to approximate these functions f;;, which can be parametric or non-parametric.

N
Xi=Bi+ Y fi(X)) (2.12)

Jj=1

GAMs have several advantages and limitations. The model enables multivariate analysis, meaning
multiple predictor variables can be modeled simultaneously, leading to a better understanding of the
relationships between the variables. Missing data can be handled by excluding any function f;; at
prediction time if, for example, variable ¢ is not present. In this way, a prediction can still be made based
on the available data. The additive nature of the model allows for the investigation of the interactions
between variables, making it easy to interpret the model. However, this additive nature also poses a
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serious limitation, as important interactions between variables may be missed. Furthermore, GAMs
may overfit when the complexity of individual functions f;; is high, when there is an inherent lack of
regularization, or when sample sizes are too small [44].

N
Xi=p"+> fij(XL,) (2.13)

Jj=1

As shown in Equation 2.13, the notion of time can also be incorporated into the model. In this case,
the complete history of a single variable is used as a predictor. However, this can even be extended to a
model in which a function is learned for each time lag. This increases the interpretability of the lagged
dependencies at the cost of performance and expressiveness of the learned functions.

Vector Auto-Regression. A common approach for identifying relationships between variables within
the framework of Granger causality is the use of vector auto-regression (VAR) models, as these can be
used for modeling multiple time series together in a joint manner [14]. VAR models identify the dynamic
relationships between variables by including the past values (lags) of each variable as predictors of its
current value, as well as past values of all other variables in the system. VAR models are particularly
well suited to study Granger causality because they allow us to estimate the causal relationships between
all variables in a system simultaneously.

N K
Xi=p8+) D [A)X], + (2.14)
j=17=1

In this model, [A;] represents the time-invariant adjacency matrix for variables at time step ¢ — 7.
Therefore, the coefficients of this 3-dimensional matrix can be interpreted as an SCM that also includes
information about the lagged causal influences. By learning the coefficients of a VAR model, the direction
and strength of the causal relationships between variables can be measured within the framework of
Granger causality. In essence, a VAR model is a GAM in which the functions f;;;, are obtained as linear
scalars. The noise term 7 is often used in linear regression and reflects a constant variance.

While traditional VAR models with coefficients can identify linear relationships between variables, recent
studies have attempted to create non-linear VAR models that employ neural networks to approximate
non-linear relationships. This is necessary because observed relationships in real-world data are often
non-linear [1, 4]. However, solely incorporating deep learning techniques to approximate the causal
relationships does not resolve all the challenges related to causal discovery, which will be elaborated on
in Section 2.6.

Neural Additive Vector Autoregression. NAVAR is a neural approach to causal structure learning
that can discover nonlinear relationships in time series data. The method consists of training a neural
network for each of the variables, using the past K values of each variable as input, and attempting to
predict the contribution to the other variables at each timestep, denoted by c¢; ;_,;. Subsequently, using
an additive model allows for the aggregation of these contributions to produce a final prediction.

Ctj—i = fij(Xt({)K:t—l) (2.15)
N

Xt(Z) =B+ Z Ctj—i + 77% (2.16)
j=1

If a contribution made by one of the neural networks significantly contributes to the final prediction
compared to those of other variables, this may suggest a causal relationship between the two variables.
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To quantify this causal relationship, the standard deviation is computed over all time steps for a single
relationship:
score(j — i) = oy 1 j—i) (2.17)

However, the model might learn spurious or static outputs for ¢, which could vary across experiments,
leading to inconsistent results. To address this issue, a regularization term was introduced to minimize
contributions to zero. The sum of the absolute values of all # — j contributions over ¢ time steps is
calculated as follows:

Lig=) lc| (2.18)

The scalability of such models becomes infeasible with an increasing number of variables, as we need
to train a separate model for each variable using NAVAR. While the training time and the number
of parameters that must be trained may increase linearly with the number of variables, which is an
improvement compared to methods where the computation time increases super-exponentially [11],
training additive models can still be considered slow due to the significant computational resources that
most deep learning approaches require.

Temporal Causal Discovery Framework. The TCDF is a method closely related to NAVAR, as
they share a similar architecture. TCDF utilizes an adapted version of the TCN architecture and
incorporates attention weights in the first convolutional layer to determine the significance of a variable
in predicting another variable [3]. The idea behind TCDF is to train an individual models for each
variable within a system, and this training process can be efficiently parallelized using a “depthwise
separable” architecture. In the final layer, a pointwise convolution is applied to the model outputs to
obtain the regression prediction for a time series representing a specific variable. NAVAR takes a single
variable as an input for each model and aims to predict all other variables for each model. In contrast,
TCDF takes all variables as inputs and strives to predict just a single variable. Though not explicitly
stated by the authors, the TCDF model exhibits an additive nature, through the 1 x 1 convolution that
combines the outputs of the TCN into a single value, without using an activation function. However,
instead of analyzing the contributions like NAVAR, TCDF examines the learned attention weights during
a causal validation step. Additionally, TCDF accounts for instantaneous causal effects by including the
current values of all other variables, except the variable predicted, in the input. Mathematically, the
TCDF model can be represented as follows, where the output channels of the TCN are transformed to
the IV channels using the pointwise convolution:

N
X{0 =3 wi © TCNy(a; © X, ) (2.19)
j=1

In this equation, w;; represents the weight vector used to transform the output channels produced by the
TCN, a;; is the attention weight parameter, and the value of K determines the receptive field of the TCN.
By utilizing this weight vector to transform the output channels of various TCNs into a single value for
each of the other variables, TCDF operates in a similar manner to the contributions observed in NAVAR,
resulting in an additive model.

Furthermore, the authors not only investigate the attention weights but also examine the weights of the
convolution kernels to estimate the lags for each variable. This analysis of both attentions and weights
poses a strength of the framework and has the potential to improve the analysis of the retrieved causal
matrix in other methods as well, such as the interpretation of the contributions in NAVAR. However,
one drawback of the TCDF approach is the lack of regularization in the network’s objective function.
For example, the absence of regularization in the attention weights allows the network to learn high
attention weights a;;, suggesting a strong influence of variable ¢ on variable j. Simultaneously, the
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network may learn w;; weights of 0, effectively negating the influence entirely. This issue compromises
the interpretability of the model and may lead to less reliable causal inferences.

Rhino. Recently, Rhino was introduced [4], combining VAR, deep learning, and variational inference
to effectively model non-linear relationships with instantaneous effects while incorporating historical
observations to modulate the noise distribution. This leads to more accurate noise distribution mod-
eling, as Rhino considers past actions that may have influenced the noise distribution. The functional
relationships between variables are captured with differentiable functions denoted as f; and g;, where g;
transforms the noise term ei. The relationship between f; and the VAR model is evident:

Xi = fi(Pag (< t), Pag(t)) + gi(Pag(< t), ) (2:20)

In this formula, Pag are the parents of variable 7 at time steps < ¢ and instantaneous time step ¢. In
essence, function f; is closely related to the VAR model:

K

D
fi(Pag(< t),Pag (1)) = ¢ (Z > Grjilr; (Xi'T)) (2:21)

=0 j=1

Here, (; and /.; represent non-linear neural networks, and GG denotes a parameterized causal matrix for
K lags. The non-linear function £ transforms the input into a latent space, which is then combined in an
additive manner using G. Finally, ¢ further transforms these values to produce the final prediction. The
function g;, on the other hand, is a conditional spline flow [45], taking a similar form to f; but excluding
the instantaneous parents. Its primary purpose is to transform the noise term €' to ensure a proper density
for more accurate noise distribution modeling, ultimately enhancing the overall model performance.
Moreover, Rhino applies variational inference over the causal matrix GG to learn a distribution, rather
than a direct causal matrix.

The experimental results show Rhino’s reasonable robustness to history-dependency mismatch and
achieves the best performance when correctly specified. However, the research references the NAVAR
method without including it in the benchmark results. It is shown that Rhino acquires the best results on
the ecoli/yeast benchmark, but only when the experimental results from NAVAR are excluded.

2.6 Challenges in Temporal Causal Discovery

Dynamic temporal relationships. Observed relationships can be classified into three categories:
static, contemporaneous and sequential [46]. Static relationships remain constant over time, such as the
dependence of the current temperature on the previous temperature. Contemporaneous relationships,
on the other hand, occur within a finite time window and may require additional contextual information
for proper understanding. An example of a contemporaneous relationship is the relationship between
temperature and the amount of sunlight, which weakens or disappears when clouds block the sun.
Sequential relationships involve spontaneous causal effects that occur at specific time points. For
example, the occurrence of a hurricane leads to damage. This relationship is difficult for models to detect
because it occurs infrequently in the data. Although the observed relationships can be classified into
these categories, we can argue that the true underlying causal structure is inherently static. However, it
is impossible to model every variable involved in the causal process. Thus, the problem is abstracted by
using only a subset of variables that can be measured, resulting in observed relationships in the data that
are not static. For example, given the following relationship:

xM=x® . x® (2.22)
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If Xt(?’) converges to 0 over time, the overall contribution to Xt(l) will be 0. In other words, Xt(i)l

“regulates” the relationship between X t(z)l and X t(l) and vice versa. When both variables are observed,

a model may capture this static relationship. However, if one of the variables is not observed, the

)

relationship between Xt(Q) and Xt(1 may appear contemporaneous.

Feedback loops. The presence of cycles within a causal graph would create logical inconsistencies
that make it difficult to determine the direction of causality or to estimate causal effects [9]. In this
case, the causal structure is represented in the form of a directed acyclic graph (DAG). However, when
discovering causal relationships in time series data, the graphical representation need not be acyclic since
the temporal ordering of variables provides a natural direction for causal effects. Therefore, cyclic causal
models can be used to represent feedback loops or other recursive relationships frequently observed in
time series data [9]. As shown in Figure 2.5, is still possible to convert an SCM into a DAG by expanding
the nodes for each variable at each time step.

OO
o eg@

Figure 2.5: Expansion of a temporal SCM into a DAG.

t t+1 t+2

Endogeneity and auto-correlation are two related concepts that can pose challenges for causal inference.
Endogeneity occurs when feedback loops exist between variables, making it more difficult to determine
the direction of causality between these variables, as all the variables will be correlated. Auto-correlation
refers to the correlation between a variable and its past values. For instance, tomorrow’s temperature
is dependent on today’s temperature. Therefore, it is important to consider both endogeneity and auto-
correlation in time series data to avoid bias and ensure accurate causal inference. One strength of VAR
models is the ability to capture the temporal relationships between all variables simultaneously, which
allows for learning bidirectional causality and feedback loops.

Interactive Relationships. Interactions between variables refer to the dependencies and influences
that one variable may have on another over time. For example, the following relationship is non-additive,
meaning that X cannot be accurately predicted when one of the variables is missing.

X0 =x" . x? (2.23)

Methods for causal discovery in time series data are often based on a GAM (Eq. 2.12). These
approaches assume independent variables, where they can be approximated as the sum of various complex
independent functions, which is not always the case in naturally occurring datasets [47]. In order to
fully approximate the model using an additive approach, all possible permutations of sub-variables must
be captured by including a larger number of functions. However, since X € R¥, this results in 2¥
individual predictor functions, of which only a fraction are actually useful for approximating f. By
identifying the functions that have the greatest impact, the causal relationships between sub-variables
within a causal model can be uncovered. However, the computational complexity of identifying these
functions increases super-exponentially with the number of variables, making it a challenging topic in
the field of causal discovery.
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The methods discussed in Section 2.5 all follow an additive approach. This is because the effects of
variables on other variables must be interpretable and the mixing of features in neural-based models makes
it difficult, if not impossible, to interpret these effects. Methods to handle non-additive relationships in
the context of multiple regression are proposed by [48]. This involves learning additional terms that
consist of subsets of variables, resulting in an interpretable additive model where variables are allowed
to depend on each other. However, this introduces a new combinatorial issue as all potential subsets of
variables must be included. Furthermore, to the best of our knowledge, there are no robust approaches
that explicitly handle non-additive causal relationships in a temporal setting. Investigating to what extent
non-additive relationships occur in real-world datasets is essential in addressing this issue.

One type of real-world data that can exhibit interactions between variables is epistasis in gene expression
data. Epistasis refers to the interaction between multiple genes, where the effect of one gene is regulated
by other genes. In time series data, epistasis can manifest through the dynamic interactions of genes over
time, regulating gene expression and its impact on phenotypes. However, there are very few methods that
can disentangle the effects of selection (including epistasis), mutation, recombination, genetic drift, and
genetic linkage in evolving populations [49]. In the context of gene expression data, interactions between
genes over time can be modeled using dynamic Bayesian networks [49], Granger causality analysis [1],
or other time series modeling approaches [50]. These methods can reveal how the expression of one gene
may influence or be influenced by the expression of other genes at different time points. Similarly, in
fields such as finance, economics, and environmental science, interactions between variables over time
are present, such as the relationships between stock prices, macroeconomic indicators, or environmental
factors.

Transitive Relationships. In some cases, the true causal relationship can be deduced from the past
values of other variables. In Equation 2.24, the dependency between X (2 and X®) in f; can be
decoupled, given the knowledge about the structural causal model.

X = 1,02, X 40 224
X f(x )+ 22s)
X = ) + Y 220)

As X is dependent on X ®), a new relationship can be deduced for X (1) based on values of signal
X (3) alone (Eq. 2.27). Rather than learning functions f; and fo, NAVAR can make accurate predictions
by learning a simplified function h.

XV = f(fa(xP), X)) +pt?

2.27)
3 3 1,2

= (X2, X))
The difficulty here lies in the fact that NAVAR will accurately identify that X () has a contribution on
X ™) However, as the regularization in NAVAR aims to reduce unnecessary (spurious) contributions,
the model will learn to disregard information from signal X (2). This will lead to an incorrect causal
matrix where X ) is considered not to be a contributing factor to X (V).

Instantaneous causal effects. The notion of instantaneous causality refers to the idea that a cause
and its effect can occur without any time lag between them. However, missing information due to the
sampling and aggregation process of the data can make it seem like there is an instantaneous causal
relationship between variables even when there is not. Sampling involves selecting a subset of data
points from a time series data set, often because the raw data is too large or too detailed to process
efficiently, or only certain time points are of interest. In other scenarios, such as physically measuring a
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system, sampling with a smaller interval may not be possible. Aggregation, on the other hand, involves
summarizing and condensing data over a specific period of time. Nevertheless, these processes can lead
to the loss of valuable information that could prove useful in the causal discovery process. To address
instantaneous causality in regression analysis, methods may use the most recent data of input variables

except for the variable being predicted, such as using X (<it and X gf“ to predict Xt(i) [3].

Discrete and continuous time series. The type of time series data used can have a significant impact
on the modeling and analysis process. Discrete time series data is often used when there is a discrete set
of time intervals and specific time lags between the causes and effects being studied. For instance, given
Xt(l) = Xt(z)l + X (E)l, the resulting time series for Xt(l) is not continuous and may be very volatile.
In contrast, continuous time series data is measured or generated over a continuous and uninterrupted
period of time, such as in differential equations. These SCMs are inherently autocorrelated. For instance,
the following continuous time series may be approximated with Xt(l) =0.99 - Xt(i)l +0.01-X (3)1- As
the values in these time series may change very slowly, lags are more of a range rather than a single
time step. Although a higher sampling rate can lead to more accurate models, this can be more of an
issue for continuous time series data than for discrete time series data. However, the models proposed
in Section 2.5 do not allow modeling variability in the lags. This is more of a problem for continuous
time series and not for discrete time series. Since the values of continuous time series may change very
slowly, a possible solution may be to take a subset of the original time series at a larger interval. Another
approach could be to apply techniques that have an increased receptive field, and is able to capture these
dependencies.

Long-Range Dependencies. Long-range dependencies within temporal data are dependencies where
present values are influenced by distant historical values. Such dependencies can be observed in various
domains: the stock market’s reaction to events from years prior, crucial turning points in the climate
system that shape the future patterns of the climate, or textual callbacks to earlier contents in a book. One
challenge is to determine the span of historical data impacting the present. Does a value significantly
depend on a value from the distant past, or is it primarily influenced by more recent data? Discrete data
may show periodic patterns or sudden changes, while continuous data often reflects smoother transitions
influenced by longer historical contexts.

Modeling these dependencies may improve the accuracy of predictions and help to understand the
underlying causal influences in a system. One approach to discover long-range dependencies is to
expand the receptive field of a model. However, excessively extending the receptive field leads to a
larger search space, increased computational costs and can obfuscate the model’s ability to pinpoint the
true causal relationships. Furthermore, there’s a risk of overfitting, where the model unnecessarily uses
non-representative long-range patterns, compromising its performance on unseen data.

Confounding. Confounding is an important concept in scientific research that can lead to inaccurate
estimates of treatment effects. It occurs when a variable, that is not being studied, is associated with both
the treatment and the outcome [5, 51] (see Figure 2.1). For example, if a study evaluating the effectiveness
of a new drug does not account for confounding factors such as age or sex, any observed improvement in
health outcomes could be due to the differences in these variables, rather than the drug itself. This makes
it difficult to determine whether the observed effect is due to the drug or the confounding variables.
There are several statistical methods that can be used to mitigate the impact of confounding variables in
scientific research. These methods include restriction, matching, statistical control, propensity scores,
and randomization [52]. In the field of causal inference, specialized methods can be employed when the
SCM is known, such as the backdoor adjustment method. This approach involves identifying variables
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that “block” the path between the treatment and the outcome, enabling the conditioning on these
confounding variables to produce an accurate estimation of the causal effect between two variables [5].
The presence of confounding variables can pose a significant challenge in causal discovery, especially
when the data is only observational and there are unobserved or unknown variables. Additionally,
when analyzing time series data, it is important to consider the potential lagged impacts of confounding
variables. These issues could lead to a predictive model learning spurious correlations between variables,
potentially resulting in poor generalization and with that, violating the principle of invariance. RCTs
are considered the gold standard for assessing treatment effects because they aim to balance the impact
of confounding variables between the experimental and control groups by randomizing participants
[53]. However, even in RCTs, confounding variables may still exist if randomization is not performed
correctly, resulting in biased estimates of treatment effects [54]. Moreover, RCTs cannot be applied
to observational data, since participants are not randomly assigned to treatment groups. Because of
this, there may be differences in characteristics between the groups that could affect the results. Even
though observational data can be used to identify potential causal relationships, it is impossible to judge
whether a correlation is spurious purely on the analysis of observational data [3]. However, ranking
these relationships can help domain experts with directing future experiments to test new hypotheses.

Interpretability. Interpretability is crucial in constructing causal matrices, with various methods adopt-
ing different strategies. The difficulty with the construction of a causal matrix is that it is often not directly
produced by the method. Instead, the produced data of the model must be interpreted to construct a
causal matrix. These methods either depend on the data they produce (direct contributions [1] or attention
scores) or analyze the internal model parameters (find the number of lags from the convolution weights),
interpreting them as evidence of causal connections. There is potential in combining methods to improve
the correctness of causal matrix construction. Additionally, advancements in the field of explainable Al
could provide further insights to enhance interpretability, leading robust causal discovery.

History-dependent noise. The concept of “noise” refers to any factor that introduces variability into
a system. Typically, it is associated with interference or random fluctuations that are not relevant to the
system under study. Essentially, noise represents all incoming effects on a variable that are not accounted
for by the model. Random fluctuations are often the result of measurement errors and generate noise that
isindependent and identically distributed (i.i.d.). This noise can be simulated using various methods, such
as sampling from a Gaussian distribution (for example, N (0, 1)). On the other hand, noise that originates
from other sources is referred to as history-dependent noise. This type of variability is not necessarily
random or unrelated to the system, but instead, it is dependent on past events or conditions within or
outside the system. The presence of history-dependent noise poses a challenge when developing causal
discovery methods for real-life time series data, particularly in domains where there are relationships
between numerous unobserved variables, such as finance or climate data. Throughout this work, we
will refer to random fluctuations as 7 (i.i.d. noise) and history-dependent noise as € (not i.i.d. noise).
Noise, especially of the i.i.d. type, could play a crucial role in uncovering causal relationships between
variables. Contrary to common perception, noise is not just a challenge to overcome; it can also prove
beneficial in distinguishing between correlation and true causal relationships. For example, consider the
following SCM:

Xi = fx(Yi—1) +m
Y = fyr(Xe—1,Yio1) + 12 (2.28)

In the case of predicting Y%, the model could find the true causal relationship or can learn the following
transitive relationship:

Y = fy(fx(Yie2) +m,Yio1) +m2 (2.29)

. University of Antwerp
22 — Master’s thesis . 1 Faculty of Science



2.6. CHALLENGES IN TEMPORAL CAUSAL DISCOVERY

The difference is that the first equation is dealing with a single source of i.i.d. noise, 75. Whereas
the second equation is dealing with both n; and 72, which can either amplify or cancel each other out,
resulting in less stable predictions. Therefore the model may lean towards the true equation, as it has
an easier time predicting the first equation. In this case, the i.i.d. noise can also be interpreted as soft
interventions at each timestep in the time series data. The i.i.d. noise acts as a filter, helping to identify
direct, consistent causal effects. However, the complexity of the functions f; and fo could also impact
this. If the “true” relationship is complex, it might be easier for the model to learn the noisier, surrogate
relationship. Finally, in synthetic data, i.d.d. noise is often added to simulate external influences of
history-dependent noise. However, in the case of real-world scenarios, you are never sure whether i.d.d.
noise is present at all. Therefore, we should look beyond synthetic i.d.d. noise and focus on the history
dependent noise.

Scalability and expressiveness. The methods discussed in Section 2.5 have different approaches in
their implementation, efficiency, and complexity, which affect how well they can be scaled and be used
in practice. TCDF learns a model for each pair of variables. While the depth-wise separable architecture
allows for parallel learning for up to N models, it becomes computationally expensive when the number
of variables increases. Rhino employs a single model for all variables with the use of weight-sharing and
learning representations for each variable. This offers a reduced computational load and memory usage,
and helps in finding patterns that are shared across the variables. However, there’s a concern whether
this weight-sharing hinders the learning of the true functional relationships. NAVAR falls in between
these approaches. It learns a separate model for each variable, and tries to predict the outcomes of all
other variables. As the hidden layer in the model limits the information flow through the network, this
approach might offer a regularizing effect on spurious correlations, as it potentially encourages the model
predict only a subset of variables. All three methods employ an additive framework, which is known
for its simplicity and interpretability, it has a limitation in capturing complex relationships between the
variables. These models might struggle with non-linear relationships that go beyond simple summation.
This trade-off in expressiveness is balanced against the benefits of these methods, such as the prevention
of overfitting.

Unreliable predictions due to overfitting. Overfitting is a common issue in machine learning, where
models become too complex and start to capture noise or random fluctuations in the training data rather
than the underlying patterns or relationships. This problem is particularly important in the context of
temporal causal discovery since overfitting can lead to the memorization of specific values or patterns in
the time series instead of the causal relationships between variables. TCNs can be prone to overfitting, as
they require many neural layers to increase the number of lags and thus the number of parameters in the
model, increasing the risk of memorization. Moreover, using small datasets of time series can contribute
directly to overfitting. If we are to employ a TCN in our approach, it is important to ensure that the model
is learning the functional relationships between variables rather than memorizing the training data.
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3 Methods

3.1 Temporal Attention Mechanism for Causal Discovery (TAMCaD)

To address the limitations of additive models in capturing non-additive relationships, we introduce
the Temporal Attention Mechanism for Causal Discovery (TAMCaD) for learning non-additive causal
relationships. This method enables the model to differentiate between the context required to make a
prediction and the contribution between variables. Unlike traditional attention mechanisms that focus
on the time axis in data, such as in seq2seq models, our approach applies attention across a set of
causal variables, which is computed at each time step independently. By opting for an attention-based
approach, considering the complexity and expressiveness of such a mechanism is important. Therefore,
we implement this approach in two-fold. First, we apply a simplistic version of an attention mechanism.
Then, we increase the complexity of the attention mechanism with a scaled dot-product to allow for more
expressiveness.

x x? x)

t { } Attention matrix

[ Attention Mechanism ]—)

1
f [ ]

TCN, TCN, TCNy
1 2 N
x%) x% x

Figure 3.1: Attention-based causal discovery.

3.1.1 Architecture Overview

A high-level overv1ew of the proposed architecture is presented in Figure 3.1. First, the time series data
for each variable (X <t) is processed by NV distinct TCNs, resulting in a context embedding for each time
series. These context embeddings are then used to generate attentions and additional embeddings. These
elements are aggregated within the attention mechanism, leading to an updated context embedding.
Subsequently, a regression prediction is made for Xt(i) based on this updated context. Although the
primary focus of our study is on the attentions generated, the regression serves as the learning objective.
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The attentions produced by the model are interpreted to construct a causal matrix. Contemporaneous
relationships are captured over time, as the model generate an attention matrix at each point in time.
Further details on this aspect will be discussed in Section 3.1.3.

3.1.2 Cross-variable attention.

In our initial strategy to implement a temporal attention mechanism, the temporal embeddings generated
by N TCNs are converted into context embeddings V' and attention logits a’. These logits are then
transformed into attention scores through the softmax function. These scores represent the incoming
variables for making predictions. Subsequently, an updated context embedding C' is computed as follows:

[a'?, V) = TeNy(x 1) 3.1
al”) = softmax(a’\") (3.2)
Ci=> al 'V} (3.3)
j=1
Ve RNXDvXT a/ e RNXNXT Ce RNXDCXT (34)

Here, C} is the aggregation of all context embeddings. This allows for mixing features across variables,
while ensuring interpretability through the produced attention matrix.

3.1.3 Learning Contemporaneous Relationships

Methods like NAVAR process predictions for each variable post-hoc to contruct the final causal matrix.
In contrast, the attention mechanism offers the advantage of generating an individual causal matrix at
each time step. This feature is particularly helpful for identifying contemporaneous relationships. In
systems consisting only of static relationships, this will likely result in the same matrix at each time
step. In systems with contemporaneous relationships, we will be able to observe the progression causal
matrices across time. This approach allows us even to observe fading or sudden disappearances of causal
connections. Additionally, the learning process can be regularized to maintain a degree of similarity
between causal matrices in consecutive time steps, which mitigates fluctuations or random noise in the
causal links, ensuring continuous temporal progression in the causal structure.

LContinuous =7 Z(aO:Tfl - a1:T)2 (35)

Contemporaneous Relationships in NAVAR. When using NAVAR, a standard deviation (std) is
applied over the time series of the contributions to construct a causal matrix (Eq. 2.17). However,
this makes it impossible to discover contemporaneous relationships, as the time axis is projected to
a single value. To address this, we propose to apply this operation solely to a window in the time
axis of the contributions. By implementing a sliding window along the time axis, the local variability
and fluctuations are captured, capturing contemporaneous relationships. The larger the window size,
the larger the sample size, the more confident we are of the output. However, a limitations is that
this also leads to the changes appearing smooth, whereas some contemporaneous relationships may be
abrupt. There can be made a trade-off between confidence interval of the std and the accuracy of the
contemporaneous relationships.
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In situations where it is known that the causal matrix is time invariant, learning a single, parameterized
causal matrix —similar to [4]— may be more computationally efficient and lead to better results.
However, we leave this exploration to future work.

3.1.4 Extending to Scaled Dot-Product Attention

We can extend the attention mechanism proposed in Section 3.1 by incorporating a scaled dot-product
attention, from the transformers model proposed by [55], to capture the attention scalars between the
various variables. This may have several benefits as well as various disadvantages. We adopt the scaled
dot-product attention as described in Equation 2.3. Originally, this attention mechanism is applied to
a sequence of embeddings, e.g. tokens from a sentence. However, as with our first approach, we do
not apply it to the time axis of our data, but to the embeddings representing various time series of
variables. This produces again an attention matrix of size N x N for each time step ¢, from which a
causal matrix can be interpreted. Instead of simply aggregating the produced embeddings with attention
provide by the TCN, the embeddings serve as input for the attention mechanism to generate the attention
scores. It transforms the embeddings through the scaled dot product to incorporate information from
other variables. The attention mechanism that incorporates the aspect of time is denoted in Equation 3.6.
In the original work on transformers, the attention mechanism does not inherently account for sequence
order. To address this issue in language models, positional encodings are incorporated. However, since
we apply the attention over the variables where the order is not of importance, we can leave this out of
the implementation.

. Qi
Attention(Q, K, V'); = softmax NG Vi 3.6)

Multi-head Attention to Improve Representation Besides the hypothetical advantages of working
with attentions, there are also some issues when using this approach. For example, when dealing with
only a few variables in a system, there are only a few embeddings available for which to calculate the dot
product. Specifically for high-dimensional embeddings, this will likely result in scores that do not capture
the interaction well and learning these embeddings becomes harder. Multi-head attention is a feature
of the transformer based attention mechanism that uses multiple “heads” to split up the embeddings to
form multiple attention matrices. This would allow one variable to attend to different variables subsets
for each head. This helps the embedding attending to other embeddings over various contexts. However,
these heads may suffer from attention collapse, where different heads pick up similar features, reducing
the model’s effectiveness [56]. The final matrix can be obtained by averaging over the various attention
matrices from the heads. Given the low dimensional space (simplicity) of our causal relationships, this
method will probably not suffer from the attention collapse, but only provide more insight into the causal
structure of the data. In our experiments, we exclude it for a more interpretable evaluation of the attention
mechanism itself and leave this for future work.

3.1.5 Causal Interpretability of Attention Scores

TCDF focuses on interpreting the attention scalars, applied prior to convolutional layers, and analyze
the convolutional weights to pinpoint influential variables [3]. Rhino, on the other hand, directly learns
a distribution over the causal matrix [4]. In the context of NAVAR, its additive framework allows
for learning causal contributions of variables in a regressive prediction model [1]. By computing the
variability of these contributions, the causal links can be prioritized and ranked. For NAVAR, it is
important to note that this variability serves not as a confidence score or a probability indicator of the
causal link, but as a direct measure of a variable’s quantitative contribution to another. This interpretation
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can be skewed if the time series data are not normalized, leading to disproportionately high or low scores
for certain variables. Additionally, consider a scenario where a variable is influenced by two causal
links: one strong and dominant, and the other subtle yet significant. The latter may register a lower
score compared to the former, yet both are crucial for accurate predictions. Therefore, a zero-scored link
can be interpreted as non-causal, while a non-zero score only suggests a potential causal link. However,
the challenge in real-world applications lies in calibrating these scores appropriately, as it is often
unclear whether a minor contribution is genuine or merely spurious. This uncertainty requires cautious
interpretation of the causal links inferred from these scores. We will delve deeper into uncertainty in
Section 3.3.

On the other hand, our approach produces an attention matrix, which could be directly used as an
indication of a causal link. However, there are also issues associated with this approach. First, these
attentions scores should also not be interpreted as confidence scores, probabilities or confidence scores,
or as indicative of NAVAR’s quantitative contributions. As these attentions aim aggregate context
embeddings in a weighted manner, they rather present the capacity of information required to make
a good prediction. Again, considering the scenario where a variable is influenced by a strong and
dominant, and a subtle yet significant causal relationship, the model may now assign a higher attention
to the second relationship as it requires more information to make an accurate prediction.

In cases where a variable lacks valid incoming causal links, the model will still allocate attention to
other variables due to two reasons: (1) the softmax function inherently prevents attention all attention to
become zero, and (2) the model’s parameters in individual models may memorize the data to improve
the regression loss. Furthermore, for a variable influenced by all other variables, the optimal attention
it should receive from each is 1/N. In contrast, a variable with a single valid incoming link can receive
a full attention score of 1. This discrepancy in attention allocation among variables prevents effective
ranking and requires a method to align them more appropriately.

The first proposal involves applying the softmax function across the outgoing axis, which allows for
zero-attention for incoming causal links, but this reintroduces constraints on the outgoing links. The
second proposal is to apply softmax over the entire attention matrix. However, this might also present
challenges, as the weights of the prediction layer may be inflated to scale up embedding for variables
receiving almost no incoming attention. Further exploration of these interpretations, including how they
could be effectively combined or used to construct a reliable causal matrix, are left for future research.

3.2 Reducing Model Complexity while Preserving Long-Range
Dependencies in TCNs

Traditionally, attention in the context of time series is implemented with an LSTM. However, as the
LSTM will be applied over each time step, the model can only take the locality of the causal links
into account through the hidden state, which may not work sufficiently for long-range dependencies.
Therefore, we opt for a TCN, since the locality of the causal link is tied to the parameters in the model,
which address specific amount of lags. Moreover, when dealing with high-frequency sampled data,
capturing long-range dependencies can be challenging due to significant time lags between cause and
effect. While LSTMs consider the locality of causal links through their hidden state, they often struggle
with long-range dependencies due to the limited scope of this local context. These hidden states also
hinder the analysis of the origin of causal effects. Additionally, the complexity of LSTMs can lead to
overfitting when analyzing time series of a single variable.

To address these limitations, we propose the adoption of a TCN, as this architecture addresses the locality
of causal links more effectively, with each parameter in the model targeting specific lags or ranges of lags.
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This approach not only captures the context of these ranges, but also extends the scope to include long-
range temporal dependencies. Moreover, the parallelism of a TCN makes it a more efficient approach
compared to the sequential LSTM. On the other hand, increasing the depth of a TCN to enhance the
receptive field results in a more complex model and can also lead to overfitting.

Recently, NAVAR demonstrated good results on various benchmarks using an additive approach, only
utilizing a single-layer neural network. We hypothesize that by employing a simple model with low
complexity, this method captures the most straightforward contributions in the data. Increasing the
complexity of the model with a TCN could potentially lead to poorer performance in learning causal
relationships. As demonstrated in Section 2.6, a deep TCN has the capacity to entirely memorize
temporal datasets. Since our objective function is regression, there is no assurance that the learned
contributions are part of causal relationships rather than memorized noise.

We propose two approaches to modify the architecture of the TCN, both aiming to reduce the complexity
of the model, while maintaining an increased receptive field. These modifications should enhance
parameter and memory efficiency and potentially partially mitigate overfitting. First, we can employ
weight-sharing, allowing multiple variables to be learned with the same parameters, potentially within
a single model. Second, a recurrent component can be introduced to the TCN, enabling hierarchical
pooling of temporal embeddings within the same embedding space. These approaches have the potential
to strike a better balance between capturing long-range dependencies and preventing overfitting while
learning causal relationships effectively.

3.2.1 Weight-sharing Across Variables

Weight-sharing is a technique commonly used in deep learning models where certain weights are shared
across multiple layers. This technique is particularly useful in convolutional neural networks (CNNs)
and TCNs, where the same kernel (weights) are used across the entire input image or time series. As each
variable is processed independently by a TCN, extending this weight-sharing over multiple variables can
help reduce the number of parameters of the final model, which is especially beneficial for large datasets
or limited computing resources. NAVAR [1] learns a separate network for each variable, capturing
functional relationships between variables through the model’s parameters. On the other hand, Rhino
[4] leverages weight-sharing for efficient computation. They introduce an embedding for each variable,
which is combined with the time series data as input to the model. Consequently, a single model is
learned for all variables, serving as a general model capturing temporal features, while the functional
relationship is encoded in the input embedding specific to each variable.

When relying on embeddings as the differentiating factor between variables, it is important that the time
series follow the same distribution. Otherwise, the model may have difficulty capturing all the relevant
temporal characteristics in the various time series. In other words, it might prevent the model from
fully exploiting the unique characteristics or structures present in different inputs, potentially leading to
suboptimal performance, particularly in cases of heterogeneous data compared to homogeneous data.
Another consideration is whether the embedding can efficiently capture the functional relationship and
guide the model in selecting the relevant information from the time series. This includes selecting the
correct number of lags and excluding redundant information, which is often a significant portion of the
data. Additionally, the model’s capacity to learn complex non-linear relationships is also a critical aspect
to address. Furthermore, it is essential to consider whether the embeddings, often high-dimensional,
store relevant information, especially given benchmark datasets typically involving only a few variables.

In scenarios where the challenge of data distribution does not pose a significant obstacle, using embed-
dings can be a highly parameter-efficient approach. Moreover, as new variables may be introduced later
on, the embeddings can be learned based on a previous model as a starting point. By sharing parameters,
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the model is encouraged to acquire more robust and general features that are relevant across different
inputs, serving as a form of regularization. Furthermore, the acquired embeddings can offer valuable
insights into the functional relationships between the variables as part of causal representation learning,
but we will leave this aspect for future work.

To address the issue of data distribution mismatch among variables, we propose a solution in which
the first convolutional layer of the model is learned separately for each variable. This approach not
only aligns the features within the same distribution but also enables the model to better determine the
appropriate number of lags for each variable. For instance, it can identify and eliminate redundant
information by factoring it to zero in the convolutional layer. The convolutional transformations can
potentially be analyzed to determine the correct number of lags, similar to the approach in TCDF [3].
With this method, we eliminate the need for a context embedding for each variable altogether. For
example, in the case of a linear layer, where the embedding e is concatenated to the input x, the output y
is given by:

yzw{ﬂ+b (3.7)

By splitting the weight matrix W for z and e individually, we have:
y=[W, W [i] +b (3.8)
= Wee +Wex +b 3.9

Since Wee does not interfere with W,z and is completely parameterized, we can incorporate it into the
parameterized bias term as b’
y=Wex+1V (3.10)

In this scenario, learning an embedding e becomes redundant. However, this approach has a minor
drawback in that the biases cannot be directly compared between variables, since the biases are not
represented within the same embedding space. Additionally, since the example presented is a linear
transformation, incorporating an activation function along with a second linear transformation can
effectively ensure that the data lies within the correct distribution. In our experiments, we will investigate
the impact of weight-sharing for the first two convolutional layers across different variables in our TCN
model. We aim to assess whether this approach effectively reduces model complexity while preserving
baseline performance. For the purposes of these experiments, we will refer to this weight-sharing variant
as “WS”.

3.2.2 Recurrent Temporal Convolutions

As the depth of the TCN increases, the model’s receptive field also expands. However, with each
additional layer, the model’s complexity increases due to a higher number of learnable parameters.
To address this complexity issue without compromising performance, we propose a simplification by
repeating the final temporal convolutional block in our TCN model. This recurrent layer aims to efficiently
represent temporal data in an embedding, enabling repeated pooling within the same embedding space
in the final layer. As a result, the model’s receptive field can be increased, while the total number of
parameters remains unchanged. This approach draws inspiration from Graph Neural Networks (GNN),
where time series data is represented as a hierarchical graph using dilated convolutions.

However, this simplification might compromise the model’s ability to capture distinct levels of abstrac-
tion in each layer, potentially hindering the hierarchical learning process. Consequently, the model’s
expressiveness and flexibility in learning complex relationships could be limited. Additionally, despite
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the benefits, the increased depth can still lead to vanishing or exploding gradients. To mitigate this issue,
we incorporate residual connections to enhance gradient flow within the model. In our experiments, we
will evaluate the impact of recurrent layers in our TCN model to determine whether this approach effec-
tively reduces model complexity while maintaining baseline performance. Throughout the experiments,
we will refer to this recurrent variant as “Rec”.

3.3 Quantifying Uncertainty in Causal Discovery

In our efforts to interpret contributions and attentions for the reliable construction of a causal matrix,
we have developed a method to quantify epistemic uncertainty in the causal discovery process '. This
aspect is important, as it reflects the model’s inherent uncertainty in the learned causal relationships,
which directly impacts the accuracy and reliability of the causal matrix. Although aleatoric uncertainty
can offer insights into the extent of history-dependent, external, and static noise in each variable, it tends
to be less informative for the attentions in our proposed attention mechanism. This is because aleatoric
uncertainty within the attentions does not directly relate to specific characteristics of causal relationships.
Therefore, our primary focus is on addressing epistemic uncertainty.

To address this challenge, we employ a method that disentangles a “predictive uncertainty” into aleatoric
and epistemic components using an ensemble of stochastic models [2]. The underlying idea is that models
which learn a distribution over data (for instance, using the NLL loss) are not merely capturing aleatoric
uncertainty, but rather a form of predictive uncertainty aimed at optimizing predictions. This predictive
uncertainty can then be disentangled into its epistemic and aleatoric components. We adapt the models
to integrate a predictive uncertainty into the attention mechanism of TAMCaD and the contribution layer
of NAVAR. This integration allows us to incorporate both aleatoric and epistemic uncertainties in the
analysis by applying the disentanglement process as outlined in Equation 2.10. This approach has several
advantages. It adapts well within the attention mechanism framework (as classification uncertainty)
and additive models (as regression uncertainty), encourages robust uncertainty quantification through
ensembles, and enables comparative analysis between NAVAR and TAMCaD.

3.3.1 Robustness with Ensemble Learning

We leverage ensemble learning for estimating predictive uncertainties, as the disentanglement process is
optimal compared to alternative sampling methods, such as Monte Carlo Dropout [2]. Ensemble models
can discover different patterns, enhancing the robustness of uncertainty quantification and helping with
imbalanced datasets. We hypothesize that single models using evidential learning or Monte Carlo dropout
might not robustly eliminate spurious correlations, as we observed differing across multiple training runs
in preliminary investigations. The use of a TCN offers the advantage of parallelization, extending not
only to variables in the model but also across the ensemble models. Despite the computational intensity
often associated with stochastic model sampling, our TCNs low-complexity design (see Section 3.2) is
able to reduce excessive memory and computational requirements. Nonetheless, we demonstrate the
feasibility of this approach even without the low-complexity design.

Evidential Learning Considerations Our preliminary investigations with non-ensemble (single)
models, such as EDL and DER, revealed numerical and performance instability during training. These
methods, which approximate prior distributions over probability distributions, produced inconsistent
results and were ineffective in defining epistemic uncertainty. In contrast, averaging results across

"Epistemic uncertainty can also be interpreted as a metric for quantifying OOD data.
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multiple models resulted in more consistent results, highlighting the strength of an ensemble approach.
However, Evidential Learning remains an area for future research.

3.3.2 Predictive Uncertainty with Stochastic Variational Inference

To achieve uncertainty-aware causal discovery, our approach is to estimate the predictive uncertainty in
individual models by integrating variational inference into the contribution and attention layers. However,
this presents new challenges. Each variable’s contributions and attentions must be represented as distinct
distributions, which we term variational contributions and variational attentions, respectively. These
distributions aim to encapsulate the predictive uncertainty in the influence of variables on each other.
Learning these contributions can be approached through deterministic or stochastic methods.

Stochastic vs Deterministic. Typically, a deterministic objective function like the NLL loss is used
to estimate Gaussian distributions in the final regression layer. However, applying it for estimating dis-
tributions over contributions or attentions presents challenges. This is primarily due to the unavailability
of true values for contributions and attentions, which are required for estimating the prior distribution in
these layers. As aresult, deterministic methods become infeasible for our proposed attention mechanism.
To overcome this, we employ a stochastic approach for variational inference with the reparameterization
trick (see Eq. 2.4), which introduces randomness into the learning process, allowing the model to capture
the inherent variability in the contributions and attentions. One advantage of the reparameterization trick
is that it is applicable across all model layers. This contrasts with the NLL, which is confined to the final
regression layer. Another advantage is that it facilitates backpropagation by allowing gradients to flow
through random nodes.

Gaussian Posterior Distribution. In our approach, we opt for a Gaussian distribution to model the
predictive uncertainty of contributions and attention logits, maximizing the likelihood of the predictive
uncertainty. The choice of Gaussian distribution for estimating the predictive uncertainty does limit the
complexity of density functions that can be approximated. While more expressive distributions exist
(e.g., Gamma or Beta), their application is left for future work. We cannot use ELBO/KL regularization
because our goal is to avoid constraining the model’s attentions to follow a normal distribution N (0, 1).
In our preliminary experiments, such constraints caused all attentions to converge to zero, rendering
them uninterpretable However, not using regularization might lead to a model learning a zero variance,
resulting in non-stochastic behavior. However, previous studies have successfully employed variational
inference without regularization by using a softplus function with a small bias to prevent variance
collapse [36]. In our experiments, we observed that the variance does not converge to zero when using
the softplus function.

3.3.3 Integrating Predictive Uncertainty in Causal Discovery Methods.

Integrating uncertainty in additive models. Given that the true causal contributions are unknown,
deterministic variational inference cannot be directly applied. A possible approach is to consider each
variable’s individual predictions as a primary model for predicting other variables. This involves adjusting
the error term in the NLL loss to (y; — ,uj_”-)Q, enabling the estimation of uncertainty. However, this
approach may lead to the learning of incorrect relationships and unrepresentative variances. In particular,
azero causal contribution could result in a constant error term, leading to a meaningless variance. Because
of the limitations of this deterministic approach, we suggest modifying the NLL loss function to include
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an ensemble that utilizes stochastic variational inference.

LniL(0)i = logo? + M (3.11)
i
Where the total predictive uncertainty is constructed with individual predictive uncertainties:
ol =) o7, (3.12)
J
i = Z(”j%i + eajz_ﬂ-), where ¢ ~ N(0,1) (3.13)

J

Here, the subscript denoting the time step ¢ is omitted for simplification, butitis included in the summation
across all time steps. The model sums the variances of individual contributions to calculate the total
variance, allowing for identifying the source of noise for each variable. However, this approach assumes
that there are no dependencies or interactions between variables (assumption of variance additivity).
Directly using the summed mean predictions x is not viable as it would not result in the model correctly
learning variability across individual contributions. For instance, an individual model might capture the
uncertainty for the final prediction, while other variables contribute zero. To ensure correct modeling
of each variable’s variability, we employ stochastic sampling of the variational contributions, combined
with the NLL loss for regression. The application of the NLL loss imposes an additional constraint
on the variance of individual contributions, requiring them to collectively conform to the correct total
variance.

This approach allows then for the disentanglement of predictive uncertainty into aleatoric and epistemic
components for each causal link ¢ — j at time ¢ across m models [2]:
e 2 _ 2
Aleatoric: o7, ,; = Ep, [0y, 1:5(2)] (3.14)

Epistemic: a’fﬂ%j = Vary, [tm,t,i—;j(z)] (3.15)

To provide the aleatoric and epistemic uncertainties in static relationships, we calculate the mean over
the time dimension:
Aleatoric: o7, =By [02 4, ,:(2)] (3.16)
. i—] m,t [Ym,ti—j .

Epistemic: cr%_m- =E; [Varm [Mm,t,i—m’]} (3.17)

Furthermore, by averaging predictions from &k ensemble models, we can estimate contributions and
effectively score causal links as implemented in NAVAR:

Ctiosj = B [fm,t,i—5) (3.18)
score(i — j) = Var [¢ri—;] (3.19)

Integrating uncertainty in attention mechanisms. As noted by [41], models often generate at-
tention strengths in a weakly-supervised manner, as in our model, where regression is the primary
objective, but the focus lies on internal contributions and attentions. Incorrect allocation of attention
scores might lead to unreliable predictions. Therefore, integrating uncertainty in the attention layer
enhances calibration and helps with more robust predictions.

To be able to capture predictive uncertainty at the classification level within our attention mechanism
without the use of a BNN, we use the method outlined by [2, 57]. As with the integration of uncertainty
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in the contribution layer of NAVAR, stochastic variational inference is employed for the attention layer
of TAMCaD. However, instead of learning a Gaussian posterior distribution over the contributions, it
is learned for attention logits prior to the softmax function. The disentangling process is applied to the
attention logits to estimate the aleatoric and epistemic uncertainties as in Eq. 3.16.

In [2], a technique called sampling softmax is used to average mean probability scores across different
models. This method then employs the standard Shannon entropy score to estimate epistemic uncertainty
over p, defined as entropy(p) = — >, p;log(p;). However, this approach is originally applied in a
classification context. In contrast, uncertainty in our attention mechanism presents a different challenge:
low entropy does not necessarily signify low uncertainty in individual predictions. Furthermore, the
sampling softmax approach can obscure certain nuances, such as the possibility of high uncertainty in
one variable being overshadowed by another variable’s high logit scores, or a variable with low inherent
uncertainty exhibiting increased variance during sampling. These issues make probability density and
entropy score unsuitable for accurately representing epistemic uncertainties in individual attention scores
in our context.

To address these challenges, we propose to use the attention logits directly for scoring causal relationships.
The monotonic nature of softmax maintains the ranking of each individual attention logit, resulting in a
more reliable assessment of causal impacts. When comparing attention scores for variables with varying
degrees of causal connections, the softmax function leads to inconsistent comparisons. In contrast, the
attention logits are not affected by each other and provide a more distinct and interpretable comparison.
To address the potential issue of extreme logit values, be they overly positive or negative, our approach
includes the regularization of model weights. Specifically, we leverage the weight decay feature already
present in the Adam optimizer. This regularization strategy is designed to keep the logits neutral,
ensuring comparability across different variables.

Causal masks across ensembles to filter out spurious correlations. Employing a dropout mask
during training improves the generalization capability of the model, and Monte Carlo Dropout allows for
uncertainty estimation by sampling predictions. However, using dropout masks within the attention or
contribution layers results in variables attending to all other variables to make better predictions. This
approach conflicts with our aim to identify true causal relationships between variables, as it encourages
learning spurious correlations as well. Another challenge arises in cases where variables either have
no parents or have all other variables as parents. As the softmax will transform the attention logits to
a simplex during training, both cases will lead to uniformly distributed attentions, which prevents us
from differentiating between them. In NAVAR, the number of spurious correlations is reduced with a
regularization term that forces contributions toward zero. However, this method is not applicable to our
attention mechanism, as the attention outputs rely on the softmax function, which prevents all attention
outputs to become zero. Therefore, we propose a regularization term based on masked attention outputs.
It encourages a model to learn zero attentions, but only for a subset of the causal links. Accordingly, we
introduce a mask for each model within the m-model ensemble:

ac RMXTXNXN g ¢ RMXNxN (3.20)
T
A .
Lreg) = T Z d ®a;, d~ Bernoulli(p) (3.21)
t=1

Here, the computed attentions a,, ¢ ;—; € a for m models, time step ¢, and causal link 7 — 7, are multi-
plied by the dropout mask d, which originates from a Bernoulli distribution with the hyperparameter p.
The hyperparameter A is adjustable to modulate the regularization effect. Enforcing stochasticity across
models in the ensemble can magnify uncertainties and provide a different perspective on relationship
identification.
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We hypothesize that through this regularization, spurious relationships or distant parent variables are
more likely to be disregarded, while true causal relationships are preserved. For variables with no parent
variables, the attention mechanism will consider all other variables, where the omission of individual
causal links potentially have lower impact on the regression loss, which leads to high variance in
attentions. For variables where all variables are parents, the model will also focus on all variables, but
the variance across these attentions will be lower since all variables are essential for prediction. By
leveraging a substantial number of ensembles, which is computationally feasible in our implementation,
allows for a more accurate estimation of uncertainty across different attention patterns. However, it
is important to note that enforcing stochasticity across models in the ensemble introduces additional
complexities.

3.4 Synthetic Data Generation Process

3.4.1 Constructing Temporal Causal Graphs

Our method aims to address challenges of capturing non-linear, non-additive and contemporaneous
relationships with long-range dependencies. To assess the effectiveness of our approach in handling
these challenges, we designed a data generation process by constructing temporal causal graphs that
encapsulate such relationships. The idea is to represent this causal graph using a three-dimensional
adjacency matrix, denoted with G € RV*N*K where the dimensions correspond to the source node,
target node, and time lag. We mimic contemporaneous relationships by altering certain causal links in
G during the generation process. For example, in a generated dataset with T° = 500, a causal link is
severed at ¢ = 200 and restored at ¢ = 300.

3.4.2 Implementing Non-Linear Causal Relationships with Neural Networks

We can implement the non-linear and non-additive relationships between nodes through N simplified
two-layer neural networks denoted by f. These networks take as input the past values of all the other
variables, which are masked by the adjacency matrix G:

XY, = fGo x50, ) +u” (322)

By applying G as filter, we block data that should not contribute to a specific variable. This is an efficient
approach, since f can be implemented as a single convolutional neural network. Following this, the data
is generated sequentially to obtain the temporal dataset.
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4 Experiments

4.1 Datasets

Synthetic time series data under controlled conditions. To evaluate the performance of our
proposed methods, we will conduct a series of experiments on both real-world and synthetic datasets.
As our method aims to address the challenges involving various characteristics of causal relationships,
it is important to evaluate our method on datasets that contain these characteristics. Knowing that these
relationships might not always be present in existing (real-world) datasets, we will use our proposed
synthetic dataset. We will create a number of synthetic datasets under controlled conditions. By
varying the number of variables (/NV), the number of lags (K), and the number of timesteps (1'), we
can systematically analyze the strengths and limitations of our proposed methods. In scenarios with
contemporaneous relationships, causal links are simply severed and restored at intervals (e.g., from 0.4T
to 0.6T). We then visualize and compare these simulated connections with those identified by our model
over time. For variables with multiple incoming connections, we simulate interactive relationships by
feeding their values into a two-layer neural network.

CauseMe: Benchmark platform for real data challenges. The CauseMe platform offers bench-
marks for evaluating and comparing the effectiveness of methods used to detect causal relationships in
time series data. These datasets can be either synthetic, designed to replicate real-world challenges, or
real-world datasets, where the causal structure has been established with high confidence. This helps
identify which methods are best suited for different challenges [47].

DREAM3: Gene expression data. The DREAM challenges [58] contain a collection of simulated
time series gene expression datasets and offer the opportunity to evaluate our approaches on a real-
world biomedical use-case. We evaluate our method on five datasets from the DREAM3 benchmark,
representing E. Coli and Yeast gene networks. Each dataset contains N = 100 variables with 46 available
time series, each spanning 7" = 21 time steps.

4.2 Evaluation Metrics

For measuring the effectiveness of our approaches, we employ several metrics to capture different aspects
of model performance. These metrics will be computed for the test set, which comprises 30% of the total
data. This data split is taken along the time axis to preserve the temporal dependencies of the data. The
training set comprises the initial 70% of the time series (from 0 to 0.77"), while the test set encompasses
the remaining 30% (from 0.77 to 1), where T represents the total length of the time series.

AUROC for Causal Matrix Assessment. One of the key metrics we utilize is the Area Under the
Receiver Operating Characteristic Curve (AUROC). The AUROC is a widely used metric in binary
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classification tasks, including causal inference. It measures the ability of a model to distinguish between
positive and negative instances. In the context of our problem, the AUROC quantifies how well our
approach can rank true causal relationships. However, there is a potential issue with using the AUROC
when dealing with causal inference in scenarios where the causal matrix for many variables is sparse. In
such cases, there can be a high number of true negatives, which dominate the dataset. This dominance
of true negatives can lead to a skewed perspective on model performance. Therefore, the authors behind
the CauseMe benchmark underscore the significance of prioritizing a high True Positive Rate (TPR)
for evaluating their datasets [59]. In the case of experiments with contemporaneous relationships, the
AUROC will be computed over all the constructed causal matrices at each timestep, where a prediction
vector is of size N x N x T.

Soft-AUROC for Uncertainty Assessment. Applying ROC analysis to predictions with uncertainty,
represented as probability distributions rather than discrete values, requires some modifications. Instead
of a prediction being classified strictly as true/false positive/negative, samples may fall into both cate-
gories simultaneously. In this context, the True Positive (TP) count becomes the sum of all probabilities
of positive predictions for the actual positive samples. Given that the probabilities are calculated for many
thresholds, yielding different values, the TPR and FPR also differ at each threshold, resulting in a smooth
curve. For example, consider a sample that should be classified as positive with a mean prediction of 0.1
and a standard deviation of 0.01; this prediction would be penalized significantly more compared to a
prediction with the same mean but a larger standard deviation, as the model admits uncertainty regarding
the sample’s (incorrect) negative classification. Here, we propose a method to adapt ROC analysis using
uncertainty estimates. To the best of our knowledge, there have been no other studies that calculate an
AUROC score in this way.

Rather than using the predicted values as thresholds, we define %k thresholds, {Ti}le, uniformly dis-
tributed between 0 and 1. Ateach threshold 7;, the True Positive Rate (TPR) and False Positive Rate (FPR)
are computed. Let P = {p1,pa,...,pn} be the set of positive samples and N = {ny,na,...,n,} be
the set of negative samples, along with their (Gaussian) uncertainty scores. For a given threshold 7;, the
True Positive (TP) and False Positive (FP) contributions of a sample are calculated using its Cumulative
Distribution Function (CDF), denoted as C DF(x). The True Positive Rate (T'PR;) at threshold ¢; is
calculated as:

R; = |P| > 1-CDF,(n) (4.1)

p;EP

The False Positive Rate (F'PR;) at threshold 7; is calculated as:

FPR; = ] N’ Y 1-CDF, (%) (4.2)
njeN

The Soft-AUROC curve is then obtained by plotting T'PR; against F'PR; for each threshold 7;. This
approach accommodates the probabilistic nature of predictions, allowing for a more nuanced assessment
of model performance under uncertainty. The area under this curve provides the Soft-AUROC metric.
Notably, the uncertainty in predictions is reflected in the shape of the curve; higher uncertainty leads to
a smoother curve, approaching a linear random guess line, while lower uncertainty yields a curve closer
to traditional, discrete ROC analysis.

Expected Calibration Error (ECE) is a metric that measures how well a model’s predicted probabilities
correspond to the actual frequencies of samples in the training data. Given that our causal discovery
methods produce a single uncertainty matrix rather than individual sample uncertainty scores, standard
approaches like ECE or calibration plots cannot be used to evaluate our uncertainty estimations. More-
over, we also need to address the fact that different methods might produce different ranges of uncertainty
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scores, and that distributions over attentions and contributions have different meanings. The uncertainty
regarding an attention score may differ from the uncertainty for a contribution. As such, directly compar-
ing methods using Soft-AUROC is challenging when the uncertainty scores for NAVAR’s contributions
and TAMCaD’s attention logits are incompatible. Standardizing or normalizing the uncertainty scores
across the different methods before computing the Soft-AUROC can be considered to enable a fair
comparison by aligning the scales of uncertainty, ensuring that differences in the Soft-AUROC scores
are due to the model’s predictive performance and its ability to handle uncertainty, rather than the raw
scale of the uncertainty scores. Other approaches might consist of explicit regularization methods to
align uncertainty estimates. For now, we normalize the uncertainty scores by dividing them by their
mean, thereby placing the uncertainties within a comparable range. Since the scores are inherently pos-
itive, normalizing by dividing by the mean is preferred over traditional standardization, which involves
subtracting the mean and then dividing by the standard deviation.

Uncertain prediction with Threshold

— N

1
1
1
3.0 FP :
=== Threshold=0.5 1
254 Probability TP i
%‘ Probability TN H
5 2.0 - i
=] 1
z !
= 1.5 H
o 1
2 b
2 1.0 !
1
i
0.5 !
1
1
0.0 i
T T - T T
0.0 0.2 0.4 0.6 0.8 1.0

Prediction

Figure 4.1: Considering uncertainty assigns a small probability to each sample of being correctly classi-
fied at a specific threshold (7 = 0.5).

Adjusted Regression Loss Analysis. To evaluate the balance between memorization and perfor-
mance in causal discovery, we focus on the regression loss metric. In this approach, we exclude
regularization terms from the final loss calculation, facilitating an unbiased comparison across various
model architectures. This is based on our observations where a model shows a lower regression loss
compared to other models, while also having a worse AUROC score. This might indicate that the model
memorizes data better than it uncovers underlying causal relationships. Our training data is inherently
noisy, so a zero loss is not desired, as it would indicate memorization. To address this, we introduce
a regression loss that is “adjusted’ for noise in the data. Here, a zero loss would be ideal as the model
perfectly predicts the true means. Such a metric is particularly useful for tracking the model’s perfor-
mance during the training phase, especially to detect when it starts to overfit to noise, deviating from
learning the actual causal relationships. During the synthetic data generation process, we have precise
control over the noise variables (7). We employ a noise-adjusted Mean Squared Error (MSE,;)) defined
as follows: A A

MSE,(Y,Y) = MSE(Y —1,Y) (4.3)

Here, Y is the training data, Y is the model’s predictions, and 1) represents the quantitative noise from
the data generation process.

Number of Parameters to Indicate Model Complexity. This metric helps to quantify the complexity
of each model. Generally, a model with a greater number of parameters is considered more complex. It
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affects both the model’s performance in terms of its learning and prediction capabilities, and its storage
demands. By evaluating the number of parameters, we can gain insight into the trade-offs between model
performance and resource requirements.

Compute Time per Training Epoch. The time each model takes to complete a single training epoch
is particularly relevant when considering the adoption of ensemble methods. It helps in determining
whether the potential improvements in performance offered by ensembles justify the additional training
time required. Alternatively, this metric can reveal if the use of ensembles is practically feasible, given
the available computational resources. By examining the compute time per training epoch, we can make
informed decisions about the models’ operational viability in different scenarios.

4.3 Models to be Implemented

In this study, we will implement and evaluate a variety of models, each specifically designed to meet the
challenges in temporal causal discovery. These models comprise established architectures along with
our adaptations and improvements to answer our research questions. Furthermore, they are implemented
in PyTorch, as it provides us with the flexibility to customize them according to our preferences and
requirements. We will compare our method with established baseline methods on the CauseMe bench-
mark, specifically SELVAR, SLARAC [60], and the original NAVAR. SLARAC employs a VAR model
on bootstrap samples of the data, selecting a random number of lags each time. On the other hand,
SELVAR uses a hill-climbing procedure based on the leave-one-out residual sum of squares of a VAR
model to select edges.

Although detailed in section 3, we list them here for easy reference:
TCN Variants

* TCN (Temporal Convolutional Network): A neural network architecture that uses convolutions
over time series data to effectively capture dependencies defined by a number of lags.

* TCN-WS (TCN with Weight Sharing): An extension of the standard TCN that implements weight
sharing across variables. This technique reduces model complexity and parameter count.

* TCN-Rec (TCN with Recurrent Layers): An adaptation of the TCN architecture by incorporating
recurrent convolutional blocks, allowing repeated pooling within the same embedding space. This
design increases the model’s receptive field without adding extra parameters.

NAVAR Variants

* NAVAR (Neural Additive Vector Autoregression): NAVAR is able to identify additive causal
relationships in time series data by outputting a quantitative causal matrix. It acts as a baseline
model for comparison in our experiments.

* NAVAR-UA (NAVAR with Uncertainty Awareness): This variant addresses epistemic uncertainty
by adopting stochastic variational inference in combination with the deterministic NLL loss func-
tion, also accommodating aleatoric uncertainty in variable contributions.
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TAMCaD Variants

* TAMCaD (Temporal Attention Mechanism for Causal Discovery): At the core of this work,
TAMCaD identifies non-additive, interactive causal relationships in time series data using an
attention mechanism, resulting in a causal matrix based on the attention logits.

* TAMCaD-UA (TAMCaD with Uncertainty Awareness): Addresses epistemic uncertainty by
learning distributions over the attention logits using stochastic variational inference.

¢« TAMCaD-T (TAMCaD based on the Transformer Architecture): This version uses scaled dot-
product attention (from transformers), improving the embedding space of the causal variables.

4.4 Hyperparameter Optimization

To identify the optimal hyperparameter values for our models, we employ the hyperopt library to
conduct a hyperparameter search. Hyperparameter optimization involves tuning various parameters that
affect the training and performance of the models. We prioritize parameters that significantly influence
the model’s performance, while also considering computational feasibility and the specific requirements
of causal discovery. The primary hyperparameters we focus on are listed in Table 4.1. To optimize the
model training process, we use the AdamW optimizer, which is less prone to getting trapped in local
optima and facilitates faster learning by employing a momentum on the gradients. Another benefit of
this optimizer is the built-in weight decay.

In our experiments with synthetic data, our focus is on optimizing the AUROC score for the causal
matrix derived from 30% of the test set. This metric helps assess the model’s generalization to data
created using the same causal graph but with different noise. To identify the most effective hyperpa-
rameter combinations for our models, the hyperparameter optimization process performs 100 different
evaluations.

In scenarios where the true causal matrix is unavailable, such as with the CauseMe benchmark, we rely
on using the regression loss, excluding its regularization terms, otherwise the lambda parameter itself
contributes to the loss. However, it remains to be seen whether this approach effectively identifies the
best hyperparameters for constructing the causal matrix, as opposed to simply optimizing for regression
loss.

The process of optimizing parameters is computationally intensive and does not always yield a model
effective in causal discovery. Moreover, doing hyperparameter optimization for the CauseMe benchmark,
followed by processing all 200 datasets, stretches over several hours. Consequently, we have chosen to
optimize only a selected set of hyperparameters. Through additional experiments, we determine which
hyperparameters our model is particularly sensitive to and which ones can remain fixed. This insight
led us to exclude certain hyperparameters from our optimization process, as they consistently yielded
satisfactory results across various experiments. Nevertheless, our repository still provides the code to
perform a comprehensive hyperparameter search if required.
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Hyperparameter Selection Description
The learning rate represents the size of
the steps taken during gradient descent,
influencing how quickly the model
converges during training.
Epochs 2000 Number of steps over the training data.
Determines the size of the model’s

{8, 16, 32, hidden layers, which in turn influences
64, 128, 256} | the flow of information and the model’s
ability to capture complex relationships.

Learning Rate [1e-5, le-1]

Hidden Dimension

Strength of regularization applied,
Lambda X (Regularization) [1e-3, 1] affecting contributions in NAVAR and
attentions in TAMCaD.

Acts as a regularization technique,
preventing the model from learning
Weight Decay le-2 excessively large weights, which helps
with generalization and regulates the
attention logits in TAMCaD.

Dropout is another form of regularization
where a fraction of the input is randomly
set to zero in each training iteration.
This technique reduces dependency on
Dropout 0.2 specific features and improves
robustness of the model. Dropout is
typically set at 0.2 in machine learning,
as this rate strikes a good balance
between generalizability and specificity.

Table 4.1: Hyperparameter selections for optimization. Fixed values are denoted by a single value,
choice of values by {} (set notation), and ranges for lognormal distribution in hyperopt by [].

4.5 Resources

The resources for this research are organized and accessible for replication and further exploration.

Repository: The repository for this project is hosted on GitHub! and is publicly available. It contains
Jupyter notebooks that outline the data generation process and the experimental setups used throughout
the study. Additionally, it includes the source code for all implemented models along with others that
have been developed in this thesis.

Data Availability: To facilitate reproducibility, the synthetically generated data used in the experiments
is also made available through the same GitHub repository. This allows others to directly use the data
for a comparative study or to replicate the experimental results presented in this thesis.

Hardware: The computational aspect of this research, particularly the training of models, was conducted
using an NVIDIA GeForce GTX 950M GPU.

1https ://github.com/m4urin/temporal-causal-discovery
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4.6. PROBLEM STATEMENTS AND HYPOTHESES

4.6 Problem Statements and Hypotheses

Impact of model complexity on performance. For reliable causal discovery, the balance between
model complexity and performance is essential. While a more complex model can capture more complex
relationships, there is a risk of overfitting or data memorization, potentially leading to unreliable causal
predictions. We hypothesize that increased complexity leads to overfitting, affecting the model’s ability
to generalize and perform accurate causal discovery. Our primary goal is to determine whether increased
complexity undermines effectiveness in causal discovery, especially in our attention-based model and
for simpler causal structures.

A possible approach to finding a suitable model complexity is by performing hyperparameter optimization
on a test set. However, this approach is insufficient when a long-range TCN will overfit on data regardless
of the hyperparameter settings. In such cases, the test loss might not accurately reflect the model’s
effectiveness and could lead to selecting hyperparameters that do not actually maximize generalization.

A common method to determine an appropriate model complexity involves performing hyperparameter
optimization on a test set. However, this approach is insufficient when a long-range TCN will overfit on
data regardless of the hyperparameter settings. Under these conditions, the test loss may not accurately
reflect the effectiveness of the model and could lead to selecting hyperparameters that do not maximize
generalization.

To investigate model complexity, we compare the performance of a complex model, such as a TCN
with multiple layers, against simpler models, like TCN with Weight Sharing (TCN-WS) and TCN with
Recurrent Layers (TCN-Rec), using the NAVAR framework. Each of these architectures is set up to have
a large receptive field. For example, a deep TCN model comprising four dilated temporal layers with
a kernel size of 2 and a hidden dimension of 16 for five variables enables a maximum lag of 31 time
steps and totals 4144 parameters per variable. For the weight-sharing variant, recurrent variant, and the
combined version, this is 1532, 1968, and 1097 parameters per variable respectively.

First, we conduct an experiment to assess the models’ propensity for data memorization. We hypothesize
that simpler models may be less prone to memorization compared to the more complex ones. The data
for this experiment, representing three variables, is generated from a normal distribution, N'(0, 1), over
800 time steps and does not have a causal structure. This setup will allow us to evaluate how well each
model can memorize and reproduce a random time series and how this affects the reconstruction of a
causal structure. A second experiment focuses on the models’ ability to reconstruct a causal structure
and how this process evolves during training. We synthetically generate data comprising five variables
(N) over 500 time steps (T), with a maximum of 10 lags (K). This experiment helps in understanding how
well each model, with varying complexities, can uncover and reconstruct underlying causal relationships
in noisy data. For both experiments, models are trained with the objective of minimizing regression loss
with the corresponding regularization terms, aiming to reconstruct the input time series as precisely as
possible.

Efficacy of attention in learning interactive relationships. This experiment investigates the effec-
tiveness of attention mechanisms in learning and identifying interactive relationships within data. To
test this, we will generate synthetic data featuring complex, non-linear interactive relationships among
variables. These relationships will be modeled using a two-layer neural network. Our focus will be
on comparing the capabilities of TAMCaD and NAVAR in learning these interactive relationships. We
hypothesize that attention mechanisms that leverage feature-mixing will be more adept at capturing these
interactive relationships compared to models that rely on additive approaches.

The DREAM benchmark provides an opportunity to explore interactions, like epistasis, in real-world
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data. Additive models may encounter limitations when dealing with epistatic effects in gene expression
data, as they generally focus on individual gene effects and may not account for the interactive effects of
these genes. The complexity introduced by epistasis can obscure or alter gene expression patterns, which
poses challenges in identifying causal relationships within genetic networks. Our hypothesis is that
the non-additive model will outperform the additive model when interactions like epistasis are present.
Additionally, we hypothesize that the regulatory influence of genes may vary over time, potentially being
more pronounced during certain intervals due to biological processes, which could be captured with our
attention-based approach.

Evaluation of TAMCaD and NAVAR in discovering contemporaneous relationships. We aim
to explore the effectiveness of TAMCaD and NAVAR in identifying contemporaneous relationships
within data. These relationships are not static, but vary over time. To simulate this, we generate data
where causal links are severed and restored at specific intervals. TAMCaD’s inherent ability to output
a causal matrix at each time step potentially makes it an effective method for accomplishing this. We
compare this with NAVAR, where we have designed a method to compute a causal matrix over time with
a sliding window. The hypothesis is that TAMCaD, with its time-step specific matrices, will be more
adept at recognizing and adapting to these sudden changes in causal relationships. NAVAR’s sliding
window-based approach might lag in responsiveness to such temporal dynamics, but is potentially more
stable against individual time-step outliers.

Advantages of dot-product attention. We further explore the benefits of incorporating dot-product
attention, particularly in a causal model setting. We compare the performance of TAMCaD and
TAMCaD-T, which involves learning embeddings that are used to generate dot-product attentions. Our
focus is on whether these embeddings contribute to improved performance or expressiveness, especially
in scenarios involving a large number of variables (/N = 16). The practicality and computational fea-
sibility of such an approach, given the N2 growth of the attention mechanism, are also considerations.
Furthermore, we intend to visually interpret the utility of these embeddings through dimensionality
reduction techniques like t-SNE. Here, the Key and Query embeddings can be placed against each other.
A particular point of interest is whether the high dimensionality, typically advantageous in contexts like
word embeddings, translates effectively to this domain, especially considering the challenges posed by
large variable counts and the handling of missing data.

Applicability to real-world data. Another essential aspect of our research is to assess the applicability
of our theoretical improvements in the context of real-world data. While our synthetic data allows for
controlled comparison of our approaches, the true test lies in their efficacy in practical scenarios.
Evaluations should determine whether the improvements, particularly in learning contemporaneous and
interactive relationships, are relevant and beneficial in real-world datasets. Improved results would
suggest that our approach is successful in addressing these complex data characteristics. Conversely, a
decrease in performance could imply either an absence of these complex characteristics in the dataset
or an over-complexity in our models. This might suggest the need for simpler models for effective
causal discovery in real-world scenarios, such as NAVAR. However, it is important to note that without
access to the original structural causal models used to generate the data, our conclusions will primarily
focus on the observable performance metrics rather than the efficacy of our theoretical improvements
for the underlying causal structures. Therefore, we evaluate our method on the DREAM3 benchmark, as
discussed in Section 4.1, where we have access to the ground truth causal structure.
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5 Results and Discussion

5.1 Model Complexity vs. Performance Evaluation

We evaluated different model variants within the NAVAR and TAMCaD frameworks for processing
temporal dependencies in low-complexity architectures. The primary objective is to analyze the memo-
rization capabilities of these models and their efficiency in reconstructing causal models at varying levels
of complexity.

Training on noise data. First, we investigate how models overfit under various conditions, with a
particular focus on the sensitivity to hyperparameters that regulate complexity. To quantify overfitting,
we use training loss on random data as a metric, which is modeled as a Gaussian distribution. It serves as
a proxy for noise to understand how overfitting thresholds change with different model sizes, including
the number of layers and hidden dimensions. Specifically, we evaluate the performance of the models by
their ability to minimize the Mean Squared Error (MSE) loss when learning random data. A zero loss,
which indicates perfect reconstruction of the noise, is undesirable as it signifies complete memorization
of irrelevant data patterns. Conversely, a higher loss is preferable; it suggests that the model does not
memorize the noise, with an MSE loss around 1.0 being ideal in cases where the data follows a Gaussian
distribution. This metric helps to ensure that the models are robust enough to capture underlying causal
structures without being influenced by spurious correlations.

We find that there are differences in memorization capabilities among the models. Figure 5.1 shows that
some models can perfectly reconstruct the entire time series, resulting in a loss approaching zero. This
suggests that the models are capable of storing most of the noise present in a causal time series. In the
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Figure 5.1: The memorization capability for various model complexities is presented. The models each
consist of 8 layers with 32 hidden dimensions, a receptive field of 61, and are trained on 2400
data points.
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CHAPTER 5. RESULTS AND DISCUSSION

case of NAVAR, this potentially explains why minor contributions from various variables are observed.
However, as the variance is computed over the entire time series, these outliers are automatically filtered.

As expected, we observe that deep models tend to exhibit greater memorization capabilities. In contrast,
models that incorporate weight-sharing and recurrent layers, such as the NAVAR-WS-Rec, tend to show
reduced memorization capabilities compared to the default TCN, yet they still manage to memorize most
of the data. Therefore, these models should still have the capacity for learning the causal relationships
from data just as well as the default TCN. Furthermore, NAVAR-WS-Rec requires significantly shorter
training times due to having fewer parameters.

We identified that a high dropout rate can hinder the model’s learning ability, particularly in models
with fewer hidden dimensions. Given that both the dropout rate and the number of hidden dimensions
constrain the information flow within the model, it appears that the number of hidden dimensions is
the most critical factor in overall model performance. We recommend optimizing for the number of
hidden dimensions with a sufficiently low number of hidden dimensions in the hyperparameter search
space, while maintaining the dropout rate at the default (0.2). This approach ensures that the models are
robust enough to capture underlying causal structures without incorporating spurious correlations due to
noise in the data. For NAVAR, hyperparameters can be selected such that the contribution is zero when
training on random data.

Although weight-sharing and recurrent layers did not perform better as expected in finding causal
relationships due to their lower complexity, our experiments demonstrate that these models maintain
comparable learning capabilities to traditional TCNs. Additionally, these models maintain a long-range
receptive field and benefit from reduced training times and fewer parameters. Furthermore, our findings
indicate that a sufficiently low number of hidden dimensions can effectively prevent a model from
learning noise.

Performance on synthetic data. We evaluated different model variants, each varying in complexity,
on two synthetic datasets: a small dataset with parameters (N = 5, K = 6,7 = 500) and a larger dataset
characterized by long-range dependencies (N = 8, K = 30,7 = 1000). The MLP-NAVAR (baseline)
model performs adequately only when it comprises at least two neural layers; with fewer layers, the model
becomes linear and fails to capture the relationships within the synthetic datasets. The TCN variants
are constructed with multiple dilated layers (at least four) and have a kernel size of two, ensuring that
the receptive field spans the maximum lag observed in the dataset. Each model variant maintains eight

N =5K =6,T =500 N =8,K =30,T = 1000
Number of Training time Number of Training time
Method AUROC  parameters AUROC  parameters

per variable per epoch (ms) per variable per epoch (ms)
MLP-NAVAR (baseline) 0.99 1470 10 0.99 10056 10
TCN-NAVAR 0.98 1830 11 0.78 5448 13
TCN-NAVAR-WS 0.94 678 10 0.70 1416 12
TCN-NAVAR-Rec 0.96 1110 11 0.70 1992 13
TCN-NAVAR-WS-Rec 0.92 534 10 0.69 984 12
TAMCaD 0.96 2390 13 0.83 6344 15
TAMCaD-WS 0.88 1238 12 0.67 2312 14
TAMCaD-Rec 0.89 1670 13 0.68 2888 15
TAMCaD-WS-Rec 0.91 1094 13 0.78 1880 14

Table 5.1: Comparison of results between models using weight-sharing (WS) and recurrent layers (Rec)
with a receptive field of 31. The table presents the AUROC scores for different synthetic data
configurations.
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5.2. EFFECTIVENESS OF ATTENTION IN LEARNING INTERACTIVE RELATIONSHIPS

hidden dimensions.

Table 5.1 compares these models in their ability to reconstruct causal structures from synthetic data,
measured by the AUROC. The MLP-NAVAR (baseline) model demonstrates the best performance,
achieving high AUROC scores of 0.99 on both small and large datasets. This shows its robustness
even with long-range dependencies. Models incorporating TCNs showed varied performance, with
significantly lower AUROC scores on the larger dataset. Although TCN-NAVAR only differs in the
number of layers and dilations from the baseline, it does not perform as well. However, as shown in
Figure 5.3, extended training may benefit models that use multiple layers to achieve their optimal AUROC
score, as indicated by the unplateaued learning curve. Models like NAVAR-WS and NAVAR-Rec,
which significantly reduce the number of model parameters, underperform in scenarios involving long-
range relationships. NAVAR-WS-Rec, though initially slow to learn relationships, often demonstrates
improvement with extended training. TAMCaD tends to identify the simplest causal links at the initial
stages of training, as indicated by the peaks in the AUROC learning curve, but it may learn spurious
relationships and memorize noise over time, leading to lower performance in the end.

The uncertainty-aware variant of NAVAR achieved the lowest noise-adjusted regression loss, whereas
the performance of the MLP baseline model worsened as training continued, indicating overfitting.
Interestingly, this better performance in noise-adjusted regression loss did not translate into a better
AUROC score for the uncertainty-aware variant, suggesting that overfitting does not necessarily imply
worse model performance. A possible explanation for this, is that by learning the correct relationships,
the model can free up capacity to learn noise.

Through these experiments, we demonstrate that model complexity indeed plays a role in causal discovery
performance. When a broader receptive field is required and a deep neural model like a TCN is used,
higher complexity is inevitable, potentially decreasing the learning capabilities and interpretability of
the causal structure. Simpler models like NAVAR-WS, NAVAR-Rec, and in particular NAVAR-WS-Rec,
may offer a more balanced approach. These models generally maintain comparable performance in
reconstructing causal relationships and improve computational efficiency.

5.2 Effectiveness of Attention in Learning Interactive Relationships

In this section, we discuss the effectiveness of our method in predicting interactive relationships between
variables. Specifically, we compare the performance of TAMCaD and NAVAR in reconstructing the
causal structure. The experiments are conducted on synthetic datasets, each consisting of 16 variables
over 2000 time steps with a maximum lag of 5, as illustrated in Figure 5.4. In this setup, we ensured the
presence of sufficient interactive relationships among the variables. The parameters of the generation
model f (Section 3.4.2) are initialized by training on a randomly generated dataset consisting of as few as
30 data points. A non-additive model is trained to fit these data points. Concurrently, the additive model

N =5,K=6,T =500 N =8,K = 30,7 = 1000
AUROC Soft- Soft- Training time Soft- Soft- Training time
Method AUROC AUROC per epoch AUROC AUROC AUROC per epoch
(test) . .
(train) (test) (ms) (train) (test) (ms)
TCN-NAVAR-UA 0.95 0.92 0.94 24 0.93 0.84 0.85 45
TAMCaD-UA 0.98 0.59 0.62 28 0.98 0.55 0.57 46

Table 5.2: Comparison of results between models using an uncertainty-aware mechanism with a recep-
tive field of 32. The table presents the (Soft) AUROC scores for different synthetic data
configurations.
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Figure 5.3: AUROC scores during training for models with various complexities trained on synthetic
data.

is trained on data generated by this non-additive model. While the additive model can approximate the
data by learning two separate one-dimensional functions, it does so suboptimally for strong interactive
relationships, as demonstrated in Figure 5.5.

Figure 5.6 presents the noise-adjusted loss and AUROC scores over time, for 10 synthetic datasets.
Notably, TAMCaD outperforms the additive model (NAVAR) in predicting the causal structure. The
constructed causal graph is visually represented in Figure 5.7. Variables with two incoming connections
are correctly predicted by the attention-based model (TAMCaD), whereas NAVAR struggles to learn
both incoming connections and frequently predicts only one. However, it is worth noting that NAVAR
still identifies many causal relationships, capturing at least one of the two interaction variables. This
highlights the effectiveness of additive models in discovering causal relationships. We theorize that the
additive aspect of such models acts as a strong form of regularization, helping the additive model with
susceptibility to extremely high or low values, thereby contributing to its robust performance (see Figure
5.5).

Interaction variables in temporal contexts. We demonstrated that an additive model like NAVAR
is effective in predicting interaction variables in certain situations. We argue that this effectiveness
is primarily due to its ability to process recent historical data within a time series, as it enables the
model to capture the current value of another interaction variable through traces in the data, resulting in
more precise predictions. However, while this aspect of additive models is advantageous for predicting
interaction variables, it can present challenges when determining the optimal number of time lags for
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5.2. EFFECTIVENESS OF ATTENTION IN LEARNING INTERACTIVE RELATIONSHIPS
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Figure 5.4: A synthetically generated causal graph consisting of 16 variables (N)

prediction accuracy. Furthermore, it might cause models to assign significance to non-causal variables,
as these variables contain crucial information required for accurate additive predictions in scenarios
involving interaction relationships.

We used the CauseMe benchmark to evaluate the effectiveness of our attention mechanism in capturing

interaction variables. However, our approach did not yield the increase in performance we had hoped
for. It is important to note that the datasets in this benchmark are predominantly additive in nature.
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Figure 5.5: Illustration of various interaction relationships that can be produced by fitting a non-additive
model to random data points, with subsequent learning by additive models on data generated
by the non-additive model. a) Weak interaction: The additive model approximates the rela-
tionship effectively. b) Interaction: The additive model learns two separate one-dimensional
functions that provide a suboptimal approximation of the relationship. c) Strong interaction:
The additive model is unable to learn the relationship (Eq. 2.23) and minimizes its error by
outputting zero contributions.
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Figure 5.6: Noise-adjusted loss and AUROC over time for 10 synthetic datasets.
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Figure 5.7: The learned causal structure for 16 variables with interactive relationships. Here, the x-axis
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5.3. TAMCAD VS. NAVAR IN IDENTIFYING CONTEMPORANEOUS RELATIONSHIPS

For example, Nonlinear-VAR employs an additive approach (the VAR component) for data generation.
Furthermore, we hypothesize that in real-world benchmarks related to climate and weather, non-additive
relationships may exist, but they are typically not significant enough to cause interactions that completely
flip outcomes. This is because these benchmarks are based on physical systems where forces tend to
influence each other in an additive manner. These weak interactive relationships can be approximated
well by an additive model, as demonstrated with NAVAR. With its strong regularization, this makes it
better suited for causal discovery in these datasets. Within the CauseMe benchmark, there are other
datasets, such as the bivariate structural causal model characteristics data (bSCMC [61]), which describe
various functional dependencies as multiplicative or complex. However, these descriptions refer to
individual variables and not interactions between them. We recommend that future research focusing
on temporal interaction dependencies considers using one of our synthetic datasets, which incorporate
strong interactive relationships. Alternatively, researchers can generate data from observational sources
that contain specific instances of interactive phenomena.

5.3 TAMCaD vs. NAVAR in Identifying Contemporaneous
Relationships

This section presents an experiment comparing TAMCaD and NAVAR in their ability to identify con-
temporaneous relationships. To demonstrate how NAVAR and TAMCaD capture contemporaneous
relationships, we provide visualizations of attention and contributions over time. We generated data for
5 variables with a maximum lag of 3 over 2000 timesteps, where causal links are severed and restored at
specified intervals. The concrete changes in the data structure are visualized in Figure 5.8.

Figure 5.9 illustrates that both the NAVAR and TAMCaD models are capable of learning contempora-
neous relationships to some extent. Moreover, TAMCaD appears to benefit from using ensembles in
its uncertainty-aware variant. It is clear that contemporaneous relationships are being learned to some
degree, but often the causal relationship remains unchanged for both NAVAR and TAMCaD. The ability
to capture these relationships can be heavily influenced by hyperparameters such as hidden dimensions,
which may result in less visible relationships in this plot.

Contemporaneous relationships can influence the causal matrix predicted by NAVAR if this prediction
is based on the entire time series. For example, when NAVAR is provided a dataset featuring contem-
poraneous relationships, it might predict -1 for the first half of the dataset, followed by a prediction of 1

Figure 5.8: Visualization of changes in the data structure over time, showing severed and restored causal
links at set intervals.
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CHAPTER 5. RESULTS AND DISCUSSION

for the rest of the dataset. While the NAVAR framework can capture static values in the bias term, this
approach only works for static time series. Consequently, when using the standard deviation to construct
the causal matrix from the time series data, it results in a standard deviation of 1, which may be incorrect.

5.4 Analysis of Dot-Product Attention in TAMCaD and Embedding
Characteristics

When evaluating the performance of TAMCaD-T, which uses dot-product attention, we did not achieve
the improved results on datasets with a large number of variables that we were expecting. Notably, the
TAMCaD-T model performed worse compared to other models in causal discovery when evaluating
the AUROC score. Furthermore, the TAMCaD-T model exhibited significantly slower computational
performance compared to other models, taking 25 ms per epoch as opposed to the 10 ms per epoch
required by the other models.

When we visualized the embeddings using t-SNE, the results were as expected (see Figure 5.10). The
query embeddings of the *from’ variables tended to cluster with the key embeddings of the "to’ variables.
This clustering behavior was in line with our expectations but did not reveal any particularly new or
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Figure 5.9: Contemporaneous relationships over time for NAVAR, TAMCaD, and their Uncertainty-
Aware variants.
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Figure 5.10: t-SNE visualization of TAMCaD-T embeddings, showing expected clustering of ’from’
variable queries with ’to’ variable keys.
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5.5. IMPACT OF UNCERTAINTY-AWARE MECHANISM

insightful patterns when the value embeddings were clustered.

Consequently, while dot-product attention may have potential in the broader field of causal representation
learning, its application in our current framework did not lead to improvements in performance. These
findings emphasize the delicate balance between using a simple model that performs well versus a
complex model that predicts time series accurately, but makes it harder to interpret the causal structure.

5.5 Impact of Uncertainty-Aware Mechanism

In this section, we assess how the incorporation of uncertainty-aware mechanisms in both TAMCaD and
NAVAR influences their capacity to capture causal relationships. We evaluate both the performance and
the interpretability of the generated causal matrices of these models with their uncertainty scores.

The introduction of mask regularization in TAMCaD, designed to encourage variance across ensembles,
has proven to be highly effective. This concept arose from the observation that TAMCaD alone did not
consistently yield results, while ensembles demonstrated a higher degree of consistency. By introducing
a regularization term that stochastically penalizes models within the ensembles for learning specific
relationships, we achieved greater variability between models. This variability, coupled with variational
inference within the models, has led to an approach better equipped to approximate uncertainty.

Although a detailed discussion of the CauseMe benchmark results will be discussed in the following
section, we present uncertainty scores obtained from the River Runoff benchmark to illustrate the
produced uncertainties, as shown in Figure 5.11. The model exhibits higher uncertainty in predicting
links associated with self-causation, while it indicates lower uncertainty in other areas.
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Figure 5.11: Predicted causal structures and their epistemic uncertainty scores for the River Runoff
dataset from the CauseMe benchmark.
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CHAPTER 5. RESULTS AND DISCUSSION

We adopted the method described by [2] and applied a softmax function to Gaussian-distributed logits
to learn predictive uncertainty. This approach is similar to the findings of [62], who demonstrated that
when each component z; of a vector is sampled from a Gamma distribution Gamma(c;, 1), the resulting
normalized vector z aligns with a Dirichlet distribution characterized by the parameters as, ..., ap.
Given the similarity between the Gamma and log-normal distributions, primarily in scale, a Dirichlet
distribution can potentially be approximated using a log-normal distribution for the logits, followed
by normalization. Moreover, the softmax function, with its inherent exponential operation and vector
normalization, allows for the approximation of a Dirichlet distribution by using a normal distribution for
the logits, followed by a softmax transformation. However, it is important to note that approximating
the Dirichlet distribution with the exponential scaling of logits in this approach may lead to numerical
instability during gradient-based training processes.

5.6 Real-World Data Applicability

In this section, we assess the practical applicability of our models on real-world data. We assess
whether the improvements made in learning contemporaneous and coupled relationships are effective in
real-world scenarios. Additionally, we discuss the implications of the observed results.

CauseMe
Nonlinear VAR Climate Weather River
N=3 N=5 N=10 N=20 | N =40 N =10 N =12
T=300 T =300 T=300 T=300|T=250 T=2000 T =4600
TAMCaD 0.54 0.58 0.57 0.59 0.68 0.61 0.86
TAMCaD-UA 0.68 0.69 0.75 - - 0.76 0.91
TCN-NAVAR 0.86 0.82 0.79 0.80 0.68 0.76 0.85
MLP-NAVAR (original) 0.86 0.86 0.89 0.89 0.80 0.89 0.94
SELVAR 0.88 0.86 0.86 0.85 0.81 0.90 0.87
SLARAC 0.74 0.76 0.78 0.78 0.95 0.95 0.93

Table 5.3: Comparison of results between models using different configurations. The table presents the
AUROC scores for different datasets from the CauseMe benchmark. The original NAVAR
variant consists of an MLP and is optimized for all hyper parameters, whereas our models are
optimized on a subset of hyperparameters.

CauseMe. Table 5.3 presents results from a subset of the CauseMe benchmark. The results show
that TAMCaD and the modifications applied to NAVAR significantly underperform compared to the
baseline models. Several factors could contribute to this result. First, the training duration and the scope
of hyperparameter tuning might not have been sufficient to fully optimize these models. Moreover, a
primary issue is the focus on minimizing regression test loss on the test set, which may not always
correspond to an effective causal model. Additionally, the regularization parameter appears inadequately
constrained; the optimal model favored a A value as low as le-3, whereas a higher value would likely
be more appropriate. Notably, TAMCaD consistently records lower loss on the 30% test set compared
to NAVAR during training, yet it achieves a lower AUROC. This suggests that, as expected, TAMCaD’s
attention mechanism operates differently from NAVAR’s contributions, but may not be as interpretable
as expected. This highlights the importance of considering model complexity and causal interpretation
and underscores the necessity for further investigation in this field.

DREAMS3. Table 5.4 illustrates the performance on the DREAM3 gene expression dataset. Assessing
TAMCaD on this dataset provides more insights into the effectiveness of our method when dealing
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5.6. REAL-WORLD DATA APPLICABILITY

DREAM3

EColil E.Coli2 Yeastl Yeast2 Yeast3
TAMCaD 0.57 0.59 0.53 0.52 0.53
MLP-NAVAR 0.696 0.649 0.681 0.601 0.594
LSTM-NAVAR 0.715 0.682 0.695 0.599 0.597
cMLP 0.644 0.568 0.585 0.506 0.528
cLSTM 0.629 0.609 0.579 0.519 0.555
TCDF 0.614 0.647 0.581 0.556 0.557
SRU 0.657 0.666 0.617 0.575 0.550
eSRU 0.660 0.629 0.627 0.557 0.550
SELVAR 0.551 0.536 0.556 0.516 0.534
SLARAC 0.580 0.509 0.526 0.503 0.494

Table 5.4: AUROC scores for the DREAM3 gene expression dataset.

with systems that include a large number of (interaction) variables. TAMCaD achieves an AUROC
score of 0.55 on average, demonstrating moderate results and suggesting potential applicability in
complex biological data scenarios. Remarkably, this performance was obtained without optimization of
hyperparameters, potentially achieving better results when optimized. Differences between TAMCaD
and NAVAR are particularly evident, not only in the distinct causal matrices they generate, as highlighted
in Figure 5.12, but also in their learning dynamics. TAMCaD identifies causal links very early in
training, with its AUROC score tending to decrease as the model integrates more information through
all attentions. In contrast, NAVAR shows a more consistent improvement in performance over time,
benefiting from prolonged training and effective regularization.

Significant variability in results was observed across repeated experiments using identical hyperparam-
eters, indicating a sensitivity to initial model parameter settings. To address the rapid convergence to
local optima in TAMCaD, a lower learning rate is preferred. Moreover, we were unable to replicate
the original NAVAR scores, potentially due to methodological differences. The highest scores reported
in the literature were achieved after hyperparameter optimization, whereas our results are based on the
average scores over multiple runs.
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Gound truth TAMCaD (tau=0.1) TAMCaD (logits) NAVAR Combined

0.4

0.2

Figure 5.12: Predicted causal structures for DREAM3-Yeast-1.
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CHAPTER 5. RESULTS AND DISCUSSION

Benchmark data vs. model complexity. As discussed in Section 5.1, it is beneficial to align model
complexity with the complexity of benchmark data for optimal performance. For example, the CauseMe
and DREAM3 datasets provide only about 300 and 21 time-steps per variable, respectively. However, as
shown by [1], given this CauseMe data of a small system of variables with generally simple functional
relationships, it is still possible to accurately learn and identify causal relationships. Therefore, the
performance of our models is not attributable to insufficient data, which is often the case for training
large, complex deep learning models such as TCNs. Consequently, the complexity of the model hinders
its ability to generalize causal connections, limiting their applicability in real-world scenarios. Our
approach may be too ambitious given the current data constraints. It highlights the need for either more
regularized model designs or larger, more intricate real-world datasets to prove our model’s usability.
For example, a high-frequency sampled time series with well-established causes in the distant past would
benefit from a model capable of capturing long-range temporal dependencies.
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6 Future Work

Interpretability of Predicted Causal Structures. Future research could focus on the interpretability
of causal structures generated by various methods. For example, NAVAR produces a causal structure
based on quantitative contributions reflecting the strength of causal links. In contrast, TAMCaD uses its
attention scores, reflecting intricate dynamics between variables. However, it is important to recognize
that the causal links reconstructed from observational data are not definitively causal. At best, they can
provide a strong basis to presume a causal relationship, which can be further explored through real-world
experiments involving interventions. Exploring methods to align and compare predicted structures across
different methods may forward the field of reliable causal discovery. In this process, methods might even
be combined to produce more robust results. For the TAMCaD framework, we also propose developing
a method to effectively regulate sparsity within attention matrices. In our experiments, we attempted
to implement regularization to enforce higher entropy across attentions. However, this approach posed
challenges during the learning process, as the learned matrix was unable to deviate from the optimal
state found during its early training stage. While a denser matrix can still achieve optimal AUROC scores
due to the correct identification of the most significant attention scores as causal links, such matrices
might prove less beneficial in practical settings. This is because they could also include a high number
of falsely identified causal connections. Therefore, addressing this issue involves not only optimizing
the causal matrix for sparsity, but also ensuring the accurate representation of uncertainty scores.

Studying Different Structures of Causal Relationships. In this study, we applied our methods
on synthetic data and simple causal model with variables that only have causal links in a triangle-like
structure. In future work, it would be interesting to study how these methods performs on different
structures, such as a long chain of non-cyclic variables. This would provide additional insight into the
capabilities and limitations of these methods.

Alternative Approaches to Capture interactive relationships. An alternative approach to accu-
rately predict non-additive relationships involves using a method that allows for multivariate inputs. One
approach could be to use a modified version of NAVAR that randomly distributes variables across two
networks instead of N networks. This will significantly improve computation time to train one model,
particularly when there are many variables. The method would calculate the causal links between two
subsets of variables with respect to all other variables. By training multiple networks using different
variable selections, the resulting causal matrices can be combined into one final causal matrix. The
number of subsets increases exponentially with the number of variables, making it impractical to test
all possible combinations. However, measures can be implemented to suggest candidate subsets during
training. The hypothesis becomes that the average causal links between individual variables will con-
verge after a few training steps. This approach could lead to more accurate intermediate causal links as
more information is provided to the model, making the final causal matrix more accurate as well.
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Instantaneous Attention for Capturing Instantaneous Relationships. To deal with instantaneous
relationships, data from ¢ 41 is often included in the input as well [3]. This can efficiently be incorporated
into our attention-based approach by allowing the variables (query in the dot-product attention approach)
to interact with the embeddings at ¢ 4+ 1. It is important to ensure that the attentions at time step ¢ + 1 are
masked for the variable being predicted to prevent variables from attending to their future states, which
would violate the principles of the auto-regressive model. To avoid overhead in our implementation, we
omitted this approach from our implementation and recommend exploring it in future work.

Optimizing Sparse Attention for Interpretable Causal Discovery. Our observations revealed that
the resulting causal matrix from our attention-based approach tends to be overly dense rather than sparse.
To address this, we recommend that future research explore methods for inducing sparsity in attention
mechanisms. This could potentially improve the model’s ability to selectively focus on more relevant
features during training. Without specific constraints, as in our approach, models tend to initially
learn varied attentions. However, with extended training, these attentions often converge, becoming
uniformly distributed as the model tries to include as much information as possible. Possible approaches
may include alterations to the softmax function, such as SparseMax [63], or regularization techniques
minimizing entropy [64]. Developing techniques that encourage sparse attention could help maintain
meaningful attentions throughout the training process, which potentially improves the interpretability
and effectiveness of the causal discovery.

Beyond Softmax: Alternatives for scoring Attentions. Attention mechanisms typically use the
softmax function to convert attention scores into a normalized probability distribution. However, identi-
fying and quantifying causal relationships with a softmax function presents some limitations. First, the
softmax function forces each variable to attend to other variables, even for variables that lack incoming
connections. Additionally, softmax calculates a class prediction relative to others, complicating the com-
parison of attention scores across multiple instances. Second, a model can converge to a local optimum,
limiting the learning of new causal connections as training progresses. As discussed in Section 3.1.5,
attention scores can vary between experiments while yielding the same accuracy. This suggests that the
scores may not accurately reflect the strength of connections. Therefore, implementing regularization
over attention or contribution scores could be beneficial (e.g., NAVAR regularization), as it would ensure
consistent results over different experiments. Several modifications and alternatives to softmax have
been proposed to address these limitations or to achieve specific desired properties. SparseMax offers
the advantage of producing sparse attention weights, allowing it to assign zero weights to certain inputs
[63]. This is particularly useful in interpretability and scenarios requiring focused attention on a subset
of inputs. It operates by projecting input logits onto a simplex, achieved by subtracting a uniform value
from the logits. However, its computational inefficiency with large input dimensions due to the need
to sort the logits poses a problem. Softmax-1 is designed to address the issue of the disproportionate
attention to irrelevant characters in a text by language models, due to the softmax function forcing each
embedding to attend to other embeddings. It ensures that the sum of attention weights is one or less
by including a 1 in the denominator, allowing for zero attention weights. The Gumbel-Softmax is a
distribution that can be smoothly annealed into a categorical distribution [65]. It introduces a positive
Gumbel noise to the input logits before applying the softmax. While dropout blocks the gradients
though certain logits, the Gumbel-Softmax approach acts as a drop-in and enables the flow of gradients
through all logits. This approach might prove useful in preventing the model from becoming trapped
in local minima during training. Then, the sigmoid function is a frequently used activation function in
neural networks and introduces non-linearity in the model. Contrary to the softmax function, which
considers all inputs when assigning importance to a value, the normalized sigmoid evaluates each input
in isolation. This can be beneficial in the case where the independent treatment of inputs is desired,
as with the predictions of causal connections. Lastly, excluding the use of an activation function could

. University of Antwerp
58 — Master’s thesis . 1 Faculty of Science



be investigated, where the logits are directly used as scalars. Our experiments did not yield consistent
results across different experiment settings. However, Gumbel-Softmax performed generally well across
most experiments. This may be due to the stochastic nature, preventing the model to get stuck in a local
optimum.

Attentions in a Temporal Causal Context. One potential limitation of our approach arises from the
consistent causal context across all time steps. Having a fixed causal structure may limit the adaptability
of attention mechanisms to specific inputs. In an ideal scenario, attentions would be input-dependent,
responding to changes in the data at each time step. When dealing with a static structure, we propose
the use of a singular, parameterized attention matrix to enhance computational efficiency. Future
research may further research the implications of using attentions in a context where attentions may be
imbalanced across time, and could explore how the use of attentions can be optimized in the context
of causal discovery. Furthermore, our research has exclusively focused on applying attentions over
variables. Extending this to include attention along the temporal axis could be beneficial for accurately
identifying the number of lags for each variable. However, our current approach in this poses a challenge,
as the embedding of a variable integrates its historical data, rendering the application of attention over
these historical embeddings impractical. We encourage further exploration of methods focusing on
identifying the correct number of lags.

Refining Soft-AUROC for Consistent Uncertainty Evaluation In this work, we introduced the
Soft-AUROC scoring method, which evaluates models based on both predictions and their uncertainty
scores. However, we encountered a significant problem: different models may produce uncertainty
scores with varying magnitudes of variance, which can invalidate comparisons between these scores. To
overcome this issue, we propose to normalize the uncertainty scores. Then, by scaling these scores to
optimize the Soft-AUROC metric, we can ensure a comparable assessment across different models.
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7 Conclusion

In this study, we identified several challenges inherent in temporal causal discovery methods using
deep learning, which have not been fully addressed by previous research. These challenges stem from
the characteristics of the causal data, the methodologies employed, and the interpretation of the causal
matrices. Here, we synthesize key insights from various experiments conducted to assess the performance
and applicability of our proposed models for both synthetic and real-world data scenarios.

First, we experimented with the use of a TCN to expand the receptive field for capturing long-range,
complex relationships. The experiments demonstrated that model complexity can influence both the
memorization capabilities and the ability to learn causal relationships. However, higher complexity
models, while overfitting to noise, are still able to generalize causal relationships. Therefore, despite
theoretical advantages, a simpler, low-complexity approach, such as the MLP-NAVAR, often outperforms
more complex models incorporating a TCN. This observation also underscores the need for better
regularization in complex models and suggests that the causal relationships in our datasets might be
sufficiently simple to be captured with a minimal number of neural network layers. We observed that
the number of hidden dimensions is the largest factor here. Although a TCN could be advantageous
in scenarios with a very large number of lags, in our moderate lag settings, it did not exhibit improved
performance and required longer training times due to issues like vanishing gradients.

Furthermore, we introduced an attention-based approach alongside NAVAR’s traditional contribution-
based method, named TAMCaD, aiming to improve the model’s ability to capture potential interactions
across variables in the causal system. This shifts the causal discovery process from a post-hoc interpre-
tation of quantitative contributions in an additive model to a dynamic learning approach during training,
using attention scores. Our findings further suggest that additive models are adept at identifying the
most evident relationships, possibly due to the inherent regularization from their additive nature, which
currently makes them more robust than our proposed attention-based method. Nonetheless, our findings
also suggest that the attention-based approach holds promise for improving temporal causal discovery.
When disregarding the constructed causal matrix, this method yields superior results in training loss and
noise-adjusted regression loss compared to the additive model, despite having an equivalent number of
parameters. This improvement suggests that the model benefits from integrating data across multiple
variables before making predictions, which could enhance its ability to predict interaction relationships
and account for history-dependent influences. However, the alignment between the interpretability of
attention scores and causal discovery performance requires further investigation.

Additionally, we integrated various uncertainty quantification methods within NAVAR’s contribution
mechanism and TAMCaD’s attention mechanisms. These methods aim to measure the uncertainty
associated with each inferred causal link. Our analysis indicates that ensemble models, due to their
variability across produced causal matrices, outperform single models. Moreover, it is indeed possible
to estimate predictive uncertainty for these causal links. Nonetheless, further research is needed to
elucidate the factors that contribute to a model’s uncertainty regarding specific causal and non-causal
links.

When tested against real-world datasets like CauseMe and DREAM3, the models demonstrated varying
degrees of success. Both TAMCaD and NAVAR incorporating a TCN underperformed compared to
the baseline model. While TAMCaD demonstrated a lower loss on these benchmarks, its AUROC was
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CHAPTER'1. CONCLUSION

disappointingly low, indicating problems with the interpretability of the attention scores and, with that,
its causal modeling capability.

Finally, we propose potential advancements and future research directions aimed at improving the
reliability, interpretability, and overall effectiveness of temporal causal discovery methods that employ
deep learning. We suggest future work explore the interplay between causal attentions and causal
contributions, aiming to combine their strengths for more robust causal discovery. We also hope that this
work will serve as a foundation for subsequent studies aiming to advance these methods.
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