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ABSTRACT OF THE DISSERTATION

Uncovering Computations of Human Decision Making: Neurocognitive Modeling and
Experimentation

By

Qinhua ”Jenny” Sun

Doctor of Philosophy in Cognitive Sciences

University of California, Irvine, 2024

Professor Ramesh Srinivasan, Chair

The drift diffusion model (DDM) is a popular model of evidence accumulation that esti-

mates parameters representing the underlying cognitive processes of decision making. DDM

requires modeling the joint distribution of choice and response time (RT) with a Wiener first-

passage time (WFPT) distribution to estimate a decision maker’s speed, caution, and bias,

parameterized as drift rate, boundary separation and evidence starting point, respectively.

Recent research demonstrates promising modeling results when parameters are allowed to

vary across trials while being constrained by brain signals. We have developed Decision Sinc-

Net, a novel, interpretable neurocognitive model that allows trial-level estimates of DDM by

mapping EEG brain signals to the model parameters given behavioral data, through opti-

mization of Wiener likelihood using gradient descent. Single-trial EEG data were used to

represent the most likely cognitive parameters that gave rise to the observed choice response

time. Critically, the lightweight neural network model was designed to automatically identify

the neural correlates of different cognitive parameters in time and frequency domains without

feature engineering. We showed that single-trial estimates of drift and boundary performed

better at predicting RTs than median estimates did in both training and test datasets. This

suggests that the model can successfully learn to extract meaningful trial-level EEG fea-

tures to estimate Diffusion model parameters, and it generalizes well to out-of-sample brain

xiv



data. We improved the model’s scientific interpretability by introducing an attention block

to rank the learned frequency bands by importance. Interpretability methods were used to

visualize how neural signals within the important frequencies were processed to estimate

each parameter. The model was tested on two datasets. Results and architecture of the

Decision SincNet model provided neural evidence for the DDM and demonstrated the pos-

sibility of an end-to-end neurocognitive modeling framework on a trial-level. To directly

test the accumulation-to-threshold assumption in evidence accumulation, we introduced a

probabilistic perceptual decision-making (pPDM) task to investigate computations of de-

cision making processes through experimental manipulation. The task involves presenting

stimuli as a succession of random samples with a known probability biased towards one of

two alternatives. We quantitatively tested fundamental theories in sequential sampling dur-

ing evidence accumulation. Hypothesis-driven models were used to evaluate which model

best captures human behavior, under a Machine Learning framework for model comparison.

Our results suggest that humans continuously integrate evidence, but multiple mechanisms

are needed to explain the complex behavioral patterns observed. We developed two new

models that best fit the data collected. One model is the integration of evidence weighted

overtime. This model is similar to a discrete OU process with a recency effect, such that

subjects focus on recent samples and suppress prior ones. The other model is a non-linear

gradient boosted tree-based model that utilizes a combination of features: integration of

evidence, number of samples seen, the order in which samples are presented, and pattern

of recent samples. Our results suggest that computations during decision making consider

all the factors as well as the interactions between them. Level of evidence and number of

samples are the most dominant criterion. Subjects showed a higher probability of making a

decision as evidence and the number of samples increased, but the relationships were both

non-linear. Together, Decision SincNet and behavioral results from pPDM contribute to the

theoretical understanding of human decision making through neurocognitive modeling and

experimentation.
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Chapter 1

Background

1.1 Perceptual Decision Making

Perceptual decision making is a ubiquitous cognitive process in everyday life. As humans, we

constantly process sensory information and convert them into discrete categorical responses.

For example, we need to decide whether we should release the brake or not given the move-

ment of a car in the front. Contrary to choice behavior such as deciding which house to

purchase, these rapid decisions made at a lower level of cognition are considered perceptual

decision-making. In the field of mathematical psychology and computational neuroscience,

research on perceptual decision making aims to develop computational models that describe

the mechanism of how sensory input produces motor response during perceptual decision-

making tasks.

Certain behavioral patterns can be consistently observed. In laboratory settings, perceptual

decision making has been investigated using two-alternative forced-choice (2AFC) tasks, in

which subjects are asked to use sensory information such as visual cues to make a binary

response. For example, if one is asked to decide whether there are more red or blue pixels in
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Fig 1.1A, one would quickly be able to provide the obvious answer with more red pixels due

to the substantial supporting evidence. The task becomes more challenging if one is asked to

make a decision using Fig 1.1B, as evidence between the two answers is closer in ratio, but

after some deliberation one will likely conclude that there are more blue pixels. Therefore,

if the choices are easy, people tend to respond faster, and if choices are hard, people tend to

respond slower. If these trials are repeated many times, the faster response times (RTs) from

easy condition will be narrowly distributed (as illustrated in 1.1C), and the slower RTs from

hard condition will be widely distributed with a longer tail (as illustrated in1.1D). To explain

this phenomenon, one of the most important theoretical views suggests that decisions are

made through gradual accumulation of evidence coming from sensory information followed

by an overt response [53, 49, 52].

Over the last several decades, mathematical psychologists have tried to model the behavioral

data consisting of response time (RT) and accuracy from these 2AFC tasks. Such efforts have

given rise to the development of a class of formal mathematical models called the sequential

sampling models, suggesting that we continuously sample and integrate pieces of evidence

like until a threshold is reached. These models includes the standard drift-diffusion model

which has gained much popularity [38]. These models assume that a decision variable (DV)

is represented by a gradual accumulation of samples drawn from noisy sensory evidence

until the cumulant reaches either the upper or the lower boundary representing the two

choices. Besides, the models use non-decision components to capture sensory encoding before

evidence accumulation, and motor execution after it. These evidence accumulation models

have gained more popularity as they have been supported by a strikingly similar diffusion

process with variability over time in neural recordings in macaques [44] and humans [18].
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Figure 1.1: Demonstration of Evidence Accumulation during decision making. A&B: Ex-
amples of easy and hard 2AFC perceptual decision making tasks. C&D: Examples of the
resulting RT distributions from easy and hard trials. E&F: The hypothesized random walks
during evidence accumulation.
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1.1.1 The development of classic Perceptual Decision Making frame-

works

Signal Detection Theory (SDT) was one of the first and most influential frameworks that uses

formal mathematics to infer the underlying noisy process purely from categorical behavioral

response [16]. In SDT, the absence of a target (noise) and the presence of a target (signal plus

noise) are assumed to be from two distributions. These two distributions are the underlying

sensory representation learned by the decision maker, based on the physical properties of the

stimuli observed. In other words, two internal states are learned: the distribution of sensory

evidence when target is absent (noise), and the distribution of sensory evidence when target

is present (noise + signal). Subsequently, a DV can be constructed given current sensory

evidence, responding to the question “which of the two previously-learned sensory states

gave rise to the current evidence?” Typically, the DV is the relative likelihood of of evidence

given one state over another:

LLR = log
p (e | target is present)
p (e | target is absent) (1.1)

Sequential Sampling Models

Thus, if the target is more likely to be present given the evidence (LLR > 0), a response

will be made indicating that the target is present. If the target is more likely to be absent

(LLR < 0), the alternative response will be made. Although SDT continues to be a powerful

framework, it doesn’t capture the time it took to make a decision into an account, and it

has an underlying assumption that the DV is only guided by sensory evidence. Sequential

Sampling Models are different from SDT by assuming that evidence is continually sampled

overtime until a decision is made. Therefore, DV is now constructed by the accumulation
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of each new sample of evidence [15]. We can start formalizing this process by using the

Sequential Probability Ratio Test (SPRT). The DV now is the sum of relative likelihood

between the two hypothesis test among hypothesis h1 and h2 at each time point (t = 1,

2,...,n) with each piece of evidence:

logLR12 ≡ log
P (e1, e2, . . . , en | h1)

P (e1, e2, . . . , en | h2)

=
n∑

i=1

log
P (ei | h1)

P (ei | h2)

(1.2)

The DV keeps being updated and it’s calculated by the running sum of weights obtained

by the LLR of each sample of evidence, until it reaches a positive or negative criterion (the

decision bound). When the evidence asmples are Gaussian random variables, the LLR ratio is

also Gaussian. Therefore, the running sum could be a process mathematically described as a

random walk. Therefore, it was proposed that we can use a diffusion process, approximated

by a Wiener diffusion process or Brownian motion process, to describe the brain during

decision making [38]. In a general diffusion model, drift and diffusion coefficient are the mean

rate of change and the variance in the rate of change of sensory evidence in a unit interval.

They depend on both the time variable and the state variable, namely, the evidence. One

way to define Xt, the general diffusion, is by satisfying the stochastic differential equation,

as the solution is a stochastic process:

dXt = µ (Xt, t) dt+ σ (Xt, t) dWt (1.3)

Where Wt is the Browanian motion process (Wiener process).
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Xt is the diffusion state, dXt denotes the the change in X over a small time interval dt. For

simplicity, we define the basic, unbiased DDM assuming the drift and diffusion coefficient

are constant [38]:

dXt = µdt+ σdWt, X0 = 0 (1.4)

Change in the amount of evidence includes two parts: The constant drift µ that represents

the average increase in evidence supporting the one choice per time unit, and the second

term, σdWt, which represents white noise and has a Gaussian distribution with mean 0 and

variance σ2. Hence, Xt grows at rate µ on average, but solutions also diffuse due to the

accumulation of noise.

In summary, accumulation-to-bound models such as the DDM suggest that a DV is updated

by gradual sampling of sensory evidence in favor of one of the two outcomes. This framework

is significant because it distinguishes sensory evidence from the DV. A DV is a variable that

gets updated with time and is indicative of the final decision, whereas evidence is momentary

[49]. Once a threshold is reached with enough evidence, a motor movement is triggered to

make a decision. In the next section, we will review the empirical support for this sequential

sampling framework.

1.1.2 Neurophysiological evidence of Sequential Sampling

One of the most studied tasks developed to study the relationship between sensory encoding

and perceptual decision making is the Random-dot Motion Discrimination Task (RDM). The

task uses a single stimulus containing randomly moving dots in which a certain percentage

of the dots are moving coherently to one direction, and the response needs to be one of the
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two directions provided. Direct neural recordings in monkeys during a RDM and revealed

neural evidence of gradual decision formation in the lateral intraparietal cortex (LIP), an

area that receives inputs from MT and MST and sends output to the FEF and SC [44]. They

introduced a novel RT condition where the random dots extinguished once break in fixation

detected, such that any modulation of LIP activity that accompanies motion viewing is not

a consequence of decision but the formation of decision. They found a discharge of neurons

220ms after onset until a threshold is reached 5̃0ms before the saccade. After 220ms, neural

responses reveal the differences that lead to different decision outcomes. For the trials where

the final saccades are within the LIP neuron’s receptive fields, firing rates increase like a

ramp, and the slope of firing rate change is dependent on motion strength and direction

of stimuli. When the final saccades are outside of the receptive fields, firing rate tends to

decline. These ramps end before initiation of a saccade when the neurons reach a critical

firing rate. These results reflect the cognitive processes containing evidence accumulation

and non-decision time when fitting the behavioral data to the diffusion model.

Followed by this line of research, other studies using non-invasive approaches such as EEG

recordings have identified other signals that are associated with sensory evidence accumula-

tion process. A late component was identified uring discrimination tasks that correaltes with

mean drift rate as derived from a diffusion model simulation using behavioral responses [36].

This negative signal occurring 300ms after the stimulus is generally considered as a P300

signal. During a continuous-monitoring version of the RDM designed top avoid sensory-

evoked potentials, centroparietal positive potential (CPP) has a buildup rate systemati-

cally correlated with sensory evidence strength around 170ms after onset of the stimulus

[21]. In addition, CPP reached a potential when committing to a response, reflecting the

accumulation-to-threshold dynamics. The slope indicating the buildup rate of CPP is asso-

ciated with RT within each coherence level. Interestingly, they found that the lateralized

readiness potential (LRP) in the frontocentral electrodes also showed this build-to-threshold

pattern.
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1.2 Estimating parameters of the Diffusion Model

One of the major challenges of modeling the DDM is the need to account for variability across

trials. For each trial, cognitive components could vary due to internal and/or external noise,

thus giving rise to different behaviors reflected in choice response time data. For each trial,

subjects might possibly have different information processing speed, level of caution and

starting point. A notable success in advancing DDM models is by allowing drift rate and

starting point to vary [40]. Variability across trials can uniquely model the distributions

of fast errors versus slower correct responses. Bayesian Hierarchical Drift Diffusion Model

(HDDM) gained popularity as it produces full posterior distribution of each parameter to

quantify uncertainty, accounts for differences across individuals and experimental conditions,

and can be implemented using open-source software packages available[60, 66, 29].

Given the existing neural evidence of evidence accumulation, previous work has successfully

shown that incorporating single-trial EEG measures of attention into the HDDM yields

better out-of-sample predictions on accuracy and reaction time distributions relative to using

behavioral data alone [31]. However, these models are bespoke and strongly confirmatory,

and do not offer the flexibility needed to detect predictive patterns in an exploratory fashion.

Therefore, a natural subsequent question is whether there exists a modeling approach that

can simultaneously discover trial-level EEG data to constrain the estimate on single trials.

1.3 Structure of the Dissertation

In Chapter 2, we will present a method to estimate cognitive processes from neural signals by

using an interpretable Neural Network model Decision SincNet. We showed the results using

our original model architecture on Dataset 1, followed by an improved modeling framework

demonstrated on both Dataset 1 and Dataset 2. In Chapter 3, we will present interpretabil-
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ity methods that can be used on Decision SincNet, and show how to utilize the design of

Decision SincNet to gain scientific insights regarding the relationship between brain and la-

tent cognitive processes. In Chapter 4, we will introduce a new task to test fundamental

theory in decision making, and showed behavioral results along with new models that we

developed.
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Chapter 2

Decision SincNet: Neurocognitive

models of decision making that

predict cognitive processes from

neural signals

2.1 Introduction

Perceptual decision making is a crucial part of cognition. Humans must rapidly translate

sensory information into behavioral responses in order to achieve their goals, e.g., stop at a

red traffic light. In the field of mathematical psychology and computational neuroscience,

much effort has been dedicated to develop computational models that describe the mecha-

nism of perceptual decision-making. The Drift-Diffusion Model (DDM) is the most widely

used model [39] to explain choice and response time data in perceptual decision making

tasks, by assuming that decisions are made through sequential sampling and integration of
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sensory information[31].

Fig. 2.1 depicts the Drift-Diffusion Model (DDM), where the x-axis is the time from viewing

of a stimulus. After some processing time for neural encoding of the sensory stimulus, a

Decision Variable (DV) begins a random walk process from starting point z between two

decision boundaries, which represent the two choice options. The DV is updated by gradually

accumulating samples drawn from noisy sensory evidence in favor of one of the two outcomes,

until it reaches either the upper or the lower bound. Subsequently, the motor system then

executes a response after the DV reaches one of two boundaries.

Figure 2.1: Demonstration of Drift Diffusion Model during a two-choice decision making
task with Non-deicison time indicated in green. For a given trial, after visual encoding time
(τe), a DV begins evidence accumulation process and will hit either the upper of the lower
bound. Mean rate of evidence accumulation of is indicated by the vector in black. Blue
curve indicates the probability density function (pdf) of RTs when Choice 1 is correctly
executed, and red curve indicates the pdf of RTs when Choice 2 is correctly. An error is
made when the DV drifts to the wrong bound due to noise. Dotted curve indicates the pdf
of RTs for incorrect trials. The axis above shows the EEG data for each trial after using
SVD to maximize N200 signals, which can be used to track onset of evidence accumulation.

The average increase of change in a unit interval during evidence accumulation is parameter-

ized as the drift rate δ, and the instantaneous variance in the rate of change is parameterized

as diffusion coefficient ς. This variance simply scales the model and is fixed to 1. Bound-
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ary separation α describes the distance between two choices. The parameter β encodes the

starting position of evidence accumulation, which reflects the bias towards one of the two

choices. When β is 0.5, the starting position is in the middle between two boundaries and

thus the start of evidence accumulation is unbiased between the two choices. Visual encoding

time before evidence accumulation and motor execution after evidence accumulation could

be expressed as τe and τm [30] respectively, but only the sum of both processes, non-decision

time τ , can be observed with behavior alone. The model is also referred to as Wiener Dif-

fusion Model, because an unbiased, continuous evidence accumulation can be expressed as

follow[5]:

dXt = δdt+ ςdWt, x(0). (2.1)

Xt denotes the diffusion state, dXt denotes the change in X over a small time interval dt, and

Wt is the Wiener Process. Evidence accumulated continuously will result in the distribution

of boundary cross times, described as the Wiener first-passage time (WFPT) distribution:

T ∼ Wiener(α, β, τ, δ).

One of the most critical aspects of the DDM is that different parameters can empirically

represent underlying cognitive components of the decision making process. During decision

making experiments, separate manipulation of processing speed, caution, bias, and motor

execution could be reflected in changes in the corresponding parameters δ, α, β, and τ [64].

Thus, there has been considerable interest in linking the DDM parameters to brain activ-

ity, and more recently, interest in developing neurocognitive models that incorporate brain

activity directly into the diffusion model framework to obtain novel insights into decision

making, in particular, to the variability in decision making across observations.

Simulation studies with the DDM have demonstrated the importance of trial-to-trial vari-

ability in drift rate, starting point, and boundary to empirically model two-choice response
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time data [40]. Allowing drift rate and starting point to vary from trial to trial can uniquely

capture properties of response time distribution for correct and incorrect choices. Variability

in caution reflect adjustments in speed-accuracy trade-off.

Although variability in cognitive processes in decision is well-known, choice-response time

does not provide enough data to estimate model parameters at a trial level. Often models

with model-intrinsic trial-to-trial variability, such as assumptions of a normal distribution of

drift rates are fit to data. Fitting these models provide estimates of summary parameters

across trials (e.g. mean and standard deviation of the drift rates across trials). One method

to estimate DDMs while allowing intrinsic trial-to-trial variability of parameters is to use

Bayesian Hierarchical Diffusion Models [60]. The Bayesian modeling approach is used to

compute posterior distribution of model parameters, and employs Monte Carlo Markov Chain

(MCMC) algorithm to generate samples from the posterior distribution until they converge.

Accumulation-to-bound patterns have also been found in different areas of the brain[44,

34]. There has been a growing interest to incorporate neural data along with behavioral

data to build neurocognitive models of decision making [31, 30, 58, 57]. Previous work

has shown that incorporating single-trial EEG measures of attention into the HDDM yields

better out-of-sample predictions on accuracy and reaction time distributions relative to using

behavioral data alone[31]. Model parameters (δ, τ , ς) on each trial were assumed to be

a linear combination of single-trial EEG. The EEG measures were derived using known

stimulus-locked EEG signals, i.e., event-related potentials (ERPs) estimated by averaging

the trials. More specifically, to augment the signal-to-noise (SNR) ratio of single-trial EEG,

singular value decomposition (SVD) was used to find channel weights that maximally explain

the variance of specific evoked potentials (N200, P200). These weights were applied to

single-trial EEG to obtain latency and amplitude measures of the N200/P200 per trial as

regressors onto HDDM parameters. This successful line of work has suggested that trial-

level neural dynamics account for some of the trial-to-trial variability in the HDDM model
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parameters. However, while using MCMC alone can robustly estimate posterior distributions

from which the trial parameters are drawn, it does not have the resolution to directly link

trial-level neural representation to trial-level parameters estimated. Moreover, this approach

was limited to using trial averaged ERP signals to provide a template of hypothetical signals

linked to DDM parameters.

The current research aims to use a neural network to estimate drift rate δ and boundary α

parameters of the DDM on single trials directly from the raw EEG data. Machine learning

approaches such as filter bank common spatial patterns (FBCSP) have been widely used

to extract EEG features [2], but it has the disadvantage of requiring artificially-selected

frequency bands. Convolutional Neural Networks (CNNs) have shown promising results on

decoding brain activities [1, 68] using raw EEG data, but filters and feature maps obtained

can be hard to interpret. SincNet is a recently proposed deep learning neural network used

to process raw time series data such as speech and EEG data[42]. The key feature of SincNet

is that each kernel from the first layer of CNN is parameterized as a sinc function and acts

as a band-pass filter that could be applied to the time series. Two cut-off frequencies are

the only trainable parameters needed. Therefore, SincNet is advantageous because fewer

parameters are needed and the filter parameters are themselves optimized by the training

data. The model structure has successfully been used on different EEG decoding tasks since

its inception[6, 27].

We developed a Decision SincNet model that can learn the windows of time and frequency

bands in the EEG that are useful to predict trial level DDM parameters. This Decision

SincNet model is scientifically significant for the following reasons.

1. By using the WFPT likelihood as a loss function, we can use gradient descent to learn

an end-to-end model to fit two DDM parameters (drift rate and boundary) from raw

EEG data, and apply it to predict cognitive parameters in new unseen brain data.
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2. By using neural network models, we can get trial-level predictions of parameters

3. By applying interpretation techniques to the SincNet layer and depthwise layer, we

can automatically learn relevant neural dynamics (e.g., time windows and frequency

bands) that are critical to modeling the evidence accumulation process.

In this chapter, we will focus on the architectural design, training, and evaluation framework

of Decision SincNet. The interpretability techniques and results used on Decision SincNet

will be discussed in Chapter 3.

2.2 Methods

2.2.1 Two Behavioral and EEG datasets

Two dataset were used to evaluate the Decision SincNet model. Both dataset were collected

at Univeristy of California, Irvine at the Human Neuroscience Lab.

Dataset 1

Dataset 1 contains behavioral and EEG data collected while participants (n = 45) performed

a two-alternative forced-choice task where they discriminated whether a Gabor patch pre-

sented with added dynamic noise is higher or lower spatial frequency. Task difficulty was

manipulated by the difference in spatial frequency (perceptual evidence) between the two

choices in order to manipulate the evidence available to make the discrimination. Partici-

pants performed the task in blocks of trials at 3 levels of difficulty (spatial frequency differ-

ence). Each subject performed 360 trials, while 128 channels of EEG and behavioral data

were recorded. Independent Component Analysis (ICA) based artifact rejection method was
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used on EEG data to remove eyeblinks, electrical noise, and muscle artifact. EEG data were

bandpass filtered to 1 to 50 Hz, and then downsampled from 1000 Hz to 500 Hz prior to data

analysis. The data for each subject were divided into 80% for training and the remaining

20% for testing.

Dataset 2

Dataset 2 contains behavioral and EEG data collected while participants performed a two-

alternative forced-choice task where they had to decide whether a Gabor patch presented

with added dynamic noise is higher or lower spatial frequency [for details, see Experiment

2 by 30]. Task difficulty was manipulated by adding spatial white noise to manipulate the

quality of the perceptual evidence available to make the discrimination. The signal and the

noise flickered at 40 and 30 Hz frequencies, respectively. Figure 2.2 is an example of a high

sptial frequency stimulus. 4 participants performed the task in blocks of trials at 3 added

noise levels (low, medium, and high). Each subject performed approximately 3000 trials over

7 experimental sessions, while 128 channels of EEG and behavioral data were recorded. The

independent component analysis (ICA)-based artifact rejection method was used on EEG

data to remove eyeblinks, electrical noise, and muscle artifacts. A subset of 98 EEG channels

were selected, excluding channels located in the outer ring. EEG data were bandpass filtered

to 1 to 45 Hz in the frequency domain and then downsampled from 1000 Hz to 500 Hz in

the time domain prior to data analysis. The data for each subject were divided into 80% for

training and the remaining 20% for testing.

2.2.2 Wiener First-Passage Time Model of Response Time

For each trial, the likelihood of Wiener First-Passage Time (WFPT) was calculated with RT

(t) by using a small-time approximation
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Figure 2.2: Demonstration of a high spatial frequency stimulus [30].

Wiener(t | δ, α, β, τ) = 1
α2 exp

(
−δαβ − δ2t

2

)
× 1√

2π(t−τ)3

[(m−1)/2∑
[(m−1)/2]

(α + 2m)

× exp
(
− (β+2m)2

2(t−τ)

) (2.2)

where m is the number of expansion terms required for approximation of the likelihood

function. We fix m to be 10, as it is sufficient for the approximation for modeling data where

t < 2[28]. β is set to be 0.5, so that the starting point is always unbiased at z = βα. τ is

non-decision time, which is set to be 0.93 · RTmin for each subject, approximating Bayesian

MCMC modeling results [30].

Given a dataset D := {(x1, y1) , . . . , (xN , yN)} consisting of N trials xn ∈ RC×D, i.e., EEG

signals of C channels by N time samples, and corresponding observed response times tn ∈

R, n = 1, . . . , N . The likelihood factorizes according to
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p(T | X ,θ) = p (t1, . . . , tN | x1, . . . ,xN ,θ)

=
N∏

n=1

p (tn | xn,θ)

=
N∏

n=1

Wiener (tn | δ(xn,θ), α(xn,θ), β, τ)

(2.3)

where we defined X := {x1, . . . ,xN} and T := {t1, . . . , tN} as the sets of inputs and corre-

sponding targets, respectively. Both the drift rate δ and the boundary α are the functions

of x parameterized by the a deep neural network θ.

2.2.3 Optimization and Loss Function

To find the optimal parameters θ⋆ of the non-linear regression problem, we minimize the

negative log-likelihood

θ⋆ = argmin
θ

L(θ) := argmin
θ

− log p(T | X ,θ)

= argmin
θ

−
N∑

n=1

logWiener (tn | δ(xn,θ), α(xn,θ), β, τ) .

(2.4)

In the initial modeling attempt [54], we discovered that the boundary parameter α tends

to overfit first as the gain of varying the boundary parameter outweighs the gain of varying

the drift parameter given the nature of the WFPT likelihood function. Therefore, we first

used the average boundary within a training batch ᾱ instead of α in Equation 2.4 to update

trial-level boundary while considering the fit within a batch. The solution to this issue is

addressed in the models in follow-up experiments.
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2.2.4 Model Architecture

Table 2.1: Architecture of the Decision SincNet Model

Block Layer # filters size # params Output Activation
1 Input (98, 500)

BatchNorm 2 (98, 500)
SincConv2D 32 (1, 131) 64 (32, 98, 370)

2 BatchNorm 64 (32, 98, 370)
SeparableConv2D 64 (98, 1) 6272 (64, 1, 370) ReLU

3 BatchNorm 128 (64, 1, 370)
AvgPool2D (1, 45) (64, 1, 8)
Dropout (64, 1, 8)

4 Flatten 512
Dense (drift rate) 513 1
Dense (boundary) 513 1 Sigmoid

The Decision SincNet model is built to use trial-level EEG data to simultaneously predict

drift rate and boundary separation in an individual participant. The model architecture is

similar to Sinc-ShallowNet[42] and consists of four blocks, as shown in Table 1 and visualized

in Fig. 2.3. The model applies band-pass filters and spatial filters on the EEG data, pools the

filtered data, and finally predicts the two parameters of the diffusion model in-parallel. There

are 7556 trainable parameters in total. All the methods mentioned below may be reproduced

by using the code on Github (https://github.com/jennyqsun/EEG-Decision-SincNet). The

Deep Learning Models were developed in PyTorch [35], and trained from scratch using a

workstation equipped with NVIDIA GeForce RTX 2080 Ti and 64 GB of RAM. On average,

a model per subject takes five minutes to train.

The first block is a Sinc-convolutional layer[6]. Thirty-two kernels are parameterized by two

cutoff frequencies of a Sinc Function. The low and high frequencies (f1 and f2) are trainable

parameters of the model during learning, so the kernel can be expressed in the time domain

as:

kj[n] = 2f2sinc(2πf2,jn)− 2f1sinc(2πf1,jn) (2.5)
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Figure 2.3: Visualization of Decision SincNet model architecture.

where Sinc Function is defined for x ̸= 0 bysinc(x) = sin(πx)
πx

. To avoid ripples in the signal,

a Hamming window is applied to the bandpass filters[42]. Thus, the output from the SincNet

layer is from a 2D Convolution between ith trial EEG data and the jth kernel kj. Since the

kernel size has only one dimension, it is equivalent to 1D Convolution between signals from

each channel xc and kj:

yc,j[n] = xc[n] ∗ kj[n] =
L−1∑
l=0

xc[n− l] · kj[l] (2.6)

where c ∈ [0, C − 1], j ∈ [0, K − 1] with K representing the total number of kernels, yc,j[n]

is the filtered signals as the output from the Sinc layer, and L is the length of the kernel.

We set L = 131 such that lowest central frequency possible is around 4 Hz when sampling

rate is 500 Hz[6].

The second block is a depthwise convolution layer where spatial kernels are applied to time

series data with a depth of 2. Each temporally-filtered version of the input convolves with

two spatial filters followed by the ReLU activation function. The third block consists of

pooling operation. The window size and stride size are always set in a way such that they

are equivalent to 250ms and 100ms, respectively, when scaling back to the original input.

Following the Multi-task learning (MTL) paradigm [45], the last block has two ”task-specific”
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layers that share all the previous hidden layers. MTL improves model performance by acting

as a form of regularization, causing the model to prefer hypotheses that explain more than

one task. The shared temporal- and spatial-filtered features are flattened and fed to two

separate fully-connected (FC) layers to simultaneously produce two outputs, trial drift rate

(δ) and trial boundary (α). The two parameters are fit using the same loss function during

training. Predicted drift rates are clamped such that δ̂ ∈ [−6, 6], in order to avoid extreme

values of the negative log likelihood. A modified Sigmoid activation function,

Φ(z) = exp

(
1

1 + exp(−z)

)
(2.7)

constrains the predicted alpha to a realistic range, α̂ ∈ (1, 2.72).

To constrain the predicted value of boundary, output from its corresponding FC layer is

followed by a modified Sigmoid activation, as shown in Fig. 2.4: The derivative of the

Figure 2.4: Demonstration of the modified Sigmoid activation function used for the FC layer
to predict boundary.

modified Sigmoid is:

Φ′(z) =
exp( 1

exp(−z)+1
+ z)

(exp(z) + 1)2
(2.8)
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Given a drift rate δ, the DV could hit either of the boundaries due to noise. Variability across

time in the diffusion process can drive the process to terminate at the wrong boundary by

mistake. A diffusion model that views correct and incorrect choices as the two boundaries

will produce two different shapes of probability distributions. Decision SincNet is designed

to make a point estimate of diffusion model parameters using one EEG trial. We modeled

the two boundaries as the two choices, where drifting to the upper bound represents one

choice, and drifting to the lower bound represents the process towards the other choice, and

assumed there was no starting bias between the choices, which is a reasonable assumption for

the data sets tested here. The response times for two choices are assumed to have identical

probability density function and could be estimated using the same likelihood function. The

main purpose of our approach is to directly predict model parameters from the EEG data

on each trial.

2.2.5 Training

Before training, each subject’s data were split into 80% for training and validation, and the

other 20% for testing. For each subject, 1 second of EEG trials after stimulus onset were

used as inputs, and the corresponding RTs were used as training labels. Separate models

are trained for each subject. Initial bandpass filters were randomly selected from a uniform

distribution, U ∼ (1, 32). Weights are updated by the gradient descent as

θi = θi − η
∂

∂θi

L(θ) (2.9)

η is the learning rate and it was set to be 10−3. The model was trained using batch size

of 64, and Adaptive moment estimation (Adam) optimizer was used. To avoid overfitting,

early stopping technique was applied with a patience score of 20.
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2.2.6 Model Evaluation

Because Decision SincNet predicts two parameters that can not be observed directly, model

performance was evaluated by focusing on the following issues: model comparison, trial-to-

trial variability of the parameters within each subjects, Log Likelihood Test, model general-

ization to unseen data, and uncertainty of model prediction.

Comparison Between Decision SincNet and Bayesian MCMC Models

The distribution of trial estimates for a subject obtained from Decision SincNet should

fall within reasonable ranges. We compared our results to Bayesian MCMC model fits

using JAGS sampler to estimate posterior distributions of the model parameters using only

behavioral data. The fit of a basic model use the following prior structure[31]:

(δ|µ, σ) ∼ N (0, σ2), σ2 ∼ Γ(1, 1)

(τ |µ, σ) ∼ N (0.5, σ2), σ2 ∼ Γ(0.3, 1)

(α|µ, σ) ∼ N (1, σ2), σ2 ∼ Γ(1, 1)

(2.10)

After obtaining the posterior distributions of the parameters, we compare the distribution

of the trial estimates and check if they were within sensible ranges.

Trial-to-trial Variability of the Estimates

Spearman’s Rank-Order Correlation was used to examine the direction and strength between

estimated parameters and observed RTs. Strong correlations would suggest that the model

captures trial-by-trial neural variability that are reflected in RTs and can be mapped onto

drift rates and boundaries.
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Model Comparison by Log Likelihood of WFPT

To check whether EEG data have the resolution to give rise to meaningful trial-level esti-

mates, we can compare the sum of negative log-likelihood −
∑

log Wiener (ti | δ, α, β, τ) ≜

ℓ(δ, α | t) of the training RT between trial level estimates of parameters and median estimates

of parameters. We compare the possible combinations of likelihood of single trial estimates

with median estimates, namely, ℓ (δ, α | ttraini ), ℓ (δ, α | ttraini ), ℓ (δ, α | ttraini ), ℓ
(
δ, α | ttraini

)
.

If the sum of the negative likelihood of either trial drift and trial alpha is smaller than that

of median drift and alpha, we can conclude that the brain data is meaningfully linked to the

trial to trial variability in behavior.

2.2.7 Generalization

To check whether the trained model could be generalized to unseen data, we compared sum

of negative log-likelihood of test RT data using the median parameter estimates obtained

from training data ℓ
(
δtrain, αtrain | ttesti

)
with all combinations of trial parameter estimates

from trial EEG data ℓ (δtest, αtest | ttesti ) . Higher likelihood indicates that single trial EEG

produced meaningful trial level predictions of DDM parameters.

Predictive Uncertainty

Monte Carlo dropout [14] is applied to estimate the uncertainty of predictive drift rates

and boundaries. Mathematically, the use of dropout in a neural network can be viewed as

Bayesian approximation of a Gaussian process [10]. Dropout is enabled during predictions

in which different neurons are randomly deactivated with a constant dropout rate. After the

repeated random sampling process, we can approximate the following predictive distribution
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p (δ, α | x) =
∫

p (δ, α | x,θ) p(θ)dθ (2.11)

2.2.8 Follow-up: Customization of loss function and variants of

model architecture

Customization of loss function

To solve the issue on trial-level boundary parameter, we then find the optimal parameters θ⋆

of the model, we minimize the sum of negative log-likelihood while maximizing the correlation

between drift parameter and RT:

θ⋆ = argminθ L(θ) with

L(θ) = −
N∑

n=1

log (tn | δ(xn,θ), α(xn,θ), β, τ)− corr(δ, tn). (2.12)

in order to better guide the model to find solutions for both parameters.

We also experimented with another method to constrain the boundary parameter by adding

a regularization penalty term on α parameter the in the loss function during optimization:

L(θ) = −
N∑

n=1

log (tn | δ(xn,θ), α(xn,θ), β, τ)− corr(δ, tn)−
N∑

n=1

log(α). (2.13)
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This is because suppose to estimate α, with Bayes Rule, we have:

α̂ = argmax
α

L(α | t)

= argmax
α

p(t | α)p(α)

= argmax
α

log(p(t | α)p(α))

= argmax
α

log p(t | α) + log p(α))

= argmin
α

− log p(t | α)− log p(α)

(2.14)

If p(α) is a Gaussian distribution, the prior equivalent to L2 regularization on parameter α

[43].

Lastly, we experimented with adding Ridge and Lasso regularization on the Neural Network

parameters θ⋆, in order to prevent the model from overfitting and producing in extreme

values that are hard to interpret.

Variants of Model Architecture

For Dataset 2, we also experimented with different aspects of the model architecture. The

original model utilizes Multi-Task Learning (MTL) and split the layers after the spatial

convolution with a depth dimension > 1, resulting in three sets of shared spatial weights

for each frequency bands passed to separate linear layers to make the final predictions. We

compared this architecture with models that reduce the depth dimension to 1 so that only

one set of spatial filters are learned within each frequency for each parameter. Additionally,

we experimented to determine whether the Sinc layer should be shared or not. When the

Sinc layers are trained separately to predict the two parameters, we always set the spatial

depth to 1, so that each parameter has only one set of Sinc kernels and one corresponding

set of spatial weights. We also experimented with whether the cutoff frequencies of the
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Sinc filters should be clamped to avoid picking up high frequency noise. Table 2.2 shows a

summary of the final models that were selected based on model performance and stability.

We also used the same architecture to simultaneously predict choice for each trial. Note that,

since choice is not optimized in the WFPT loss function and instead just adding a binary

Cross Entropy loss without sharing any of the layers, this approach is equivalent to training

a separate network for classficication. However, we stack them together so that both DDM

parameters and choice can be predicted using a single module. The intent for combing choice

and DDM parameters was to introduce choice within the Wiener loss function to capture

correct and incorrect trials.

Model Share Sinc Layer Spatial Depth Clamp Prior on α Regularization
Model 1 yes yes no no no
Model 2 no no no no no
Model 3 no no no no L2
Model 4 no no no yes no
Model 5 no no yes yes no
Model 6 yes no yes yes no
Model 7 yes no no no L1

Table 2.2: Summary of final models selected for Model Comparison using Dataset 2.

2.3 Results

2.3.1 Dataset 1: Original Model

Model Performance

Fig. 2.5 presents the comparison of model performance of one subject using the trained

Decision SincNet model. Fig. 2.5A and Fig. 2.5B show the trial-by-trial correlations between

estimated parameters and observed RTs from the training data. The Spearman correlation

between fitted drift rates (δ) and 1/RT are strong (ρ = 0.937, p < 0.001). 1/RT is used as
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Figure 2.5: Model performance of one subject. First row are results of training data using the
Decision SincNet model for this subject. Second row are results on test data. Panel A and
B show model performance on fitted results. Scatter plots depict parameters predicted from
trained model against observed RTs for each trial. Trials with correct responses are labeled
in purple, and trials with incorrect responses are labeled in red. Panel C and D, comparisons
of distributions based on drift rates and boundaries estimated from Decision SincNet with
Bayesian MCMC (without EEG data). Distributions of Decision SincNet (blue) are plotted
using all of the trial estimates, and distributions of Bayesian MCMC (orange) are plotted
using the 30,000 samples obtained from MCMC when the Markov chains have converged.
The three bars indicate the top, median, and bottom of the violin’s distribution, respectively.
Panel E and F show model performance on test data. Panels G and H show distributions
based on drift rates and boundaries predicted from test EEG data using Decision SincNet.
1/RT are used as a proxy of drift rates on x-axis in Panels A and E. Log(RT) and Log(α) is
used in Panels B and F for visualization purposes.

a proxy of speed of information processing. Spearman Correlation between fitted alpha and

RT are moderately strong (ρ = 0.401, p < 0.001). Logarithm of RT and boundary is used to

uncluster the data for visualization.

Fig. 2.5C and Fig. 2.5D compare the distributions based on parameters estimated by different

models from the training EEG data. Random samples from the posterior distributions based

on Bayesian MCMCmodel are drawn to match to the samples size of Decision SincNet during
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training, and Kullback–Leibler (KL) Divergence was calculated for each of the parameters.

Divergence of distribution of trial drift rates based on Decision SincNet from the posterior

distribution of drift based on Bayesian MCMC is 77.714. Divergence of distribution of

trial boundary based on Decision SincNet from the posterior distribution of alpha based on

Bayesian MCMC is 0.347. These results suggest that single trial drift rates estimated from

Decision SincNet contains more trial specific information, as it is more distinct from the

posterior distribution of drift from the Bayesian MCMC.

Fig. 2.5E and Fig. 2.5F show the trial-by-trial correlations between estimated parameters

and observed RTs from test data, which the model has never been seen. The correlation

between fitted drift rates and 1/RT are moderately strong (ρ = 0.517, p < 0.001), and the

correlation between fitted alpha and RT are moderately strong (ρ = 0.468, p < 0.001). More

examples examples are shown here in the Fig. 2.6. Each column represents the performance

of a subject, and each row represents the relationship between response times (x-axis) and

parameters estimated from the model (y-axis). Spearman correlations are also reported in

caption.

We also compared the sum of negative likelihood as described above in Method Section (E.3).

Our results indicate that using single trial estimates of both drift and boundary performs

the best, as ℓ (δ, α | ttraini ) has the lowest value. This suggests that the model was trained

to extract sufficient brain data to distinguish RT variability on each trial by mapping brain

signals to model parameters. When we performed out-of-sample prediction by using the

trained model to predict unseen EEG data, all the likelihoods of the single trial estimates

ℓ (δ, α | ttesti ), ℓ (δ, α | ttesti ), ℓ
(
δ, α | ttesti

)
, outperform the likelihood of the median estimates

obtained from training data, ℓ
(
δtrain, αtrain | ttesti

)
, implying a successful predictive model

with ability to generalize to unseen data. The sum of negative likelihood results of the

subject in Fig. 2.6is shown as an example in Table 2.3.
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δ̄, ᾱ | RTtrain δi, αi | RTtrain δi, ᾱ | RTtrain δ̄, αi | RTtrain

506.811 454.673 498.069 467.614

δ̄, ᾱ | RTtest δ̂, α̂ | RTtest δ̂i, α̂i | RTtest delta i, α̂ | RTtest δ̂, α̂i | RTtest

129.03 131.69 118.397 131.508 119.047

Table 2.3: Negative Log Likelihood for the subject from Fig. 2.5.

Monte Carlo Dropout

Fig. 2.7 is the results from Monte Carlo Dropout that captures the uncertainty of the trained

model. We used the model trained for the subject and apply different dropout of neurons

at test time for 5000 times. Blue dots in the top figure are median drift rate from the

predictions sorted from small to large, and blue dots in the bottom figure are the median

boundary estimates sorted. Red dots are the corresponding 1/RT for that trial as proxy of

speed. Dark and light blue area represents the Standard Deviation, and the 90% Credible

Interval respectively. The posterior distributions of model predictions of both parameters

fall within reasonable ranges.

The model was able to fit and predict drift and boundary for all subjects (n=45) within

reasonable ranges. During training, 41 out of 45 subjects showed the likelihood test of

the single trial estimates of both parameters outperform the likelihood test of the median

estimates, suggesting the benefit of single trial estimates for model fitting. When we test the

trained model on unseen data, 14 out of 45 subjects have demonstrated that the likelihood

of having either or both single trial estimates outperforms the likelihood of the median

estimates, indicating that meaningful single-trial parameter estimates could be generalized

to out-of-sample brain data for a subset of the subjects. We believe the performance in

out-of-sample prediction would be improved with more data in each participant.
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δ̄, ᾱ | RTtrain δi, αi | RTtrain δi, ᾱ | RTtrain δ̄, αi | RTtrain

511.452 441.696 492.361 463.776

δ̄, ᾱ | RTtest δ̂, α̂ | RTtest δ̂i, α̂i | RTtest delta i, α̂ | RTtest δ̂, α̂i | RTtest

130.291 123.621 113.579 123.812 113.643

Table 2.4: Negative Log Likelihood from the same subject from Dataset 1 shown above with
the improved loss function.

Results using revised loss function with correlation term

We tested the improved loss function using Equation 2.12 on Dataset 1, and were able to

use trial-level boundary to fit the model with better results. Figure 2.8 shows the same

subject as in Figure 2.5 fitted with the same model architecture (as in Table 2.1) and the

new loss function. Boundary Parameter can fit better both in training and test data. Drift is

more consistent with posterior distribution using MCMC results, and boundary has the same

posterior median from MCMC. Table 2.4 demonstrates that single-trial drift and boundary

given the test RT has the lowest NLL among other estimates. The NLL test also outper-

formed the previous model. These results indicate that the model has improved its ability

to make out-of-sample predictions when trial-level boundary parameter is optimized.

2.3.2 Dataset 2: Model Comparison

Figure 2.9 shows the out-of-sample performance on test data for each subject in Dataset 2

with the models in Table 2.2. Two out of the four subjects can fit the model well. Model

7 demonstrated the best performance, utilizing shared Sinc filters, separate spatial weights,

and and L1 regularization on the neural network parameters θ∗. Model 4 also performs well,

employing separate Sinc Layers and regularization on the boundary parameter α. These

results suggest that the previous architecture with multiple spatial depths was not essential.

Results of the best-performing subject (highlighted in green in Figure 2.9) using Model 7 is
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demonstrated in Figure 2.10. The model demonstrates a strong fit on the training data and

it generalizes well to the test data with high Pearson Correlation. Confusion matrices are

provided to evaluate the performance of choice classification, showing that the probabilities

of correctly predicting the actual classes are both above chance for the test data. and above

0.9 for the training data.

Critically, we visualized the distributions of RT data and the distributions of estimated

parameters for training and test data across the three experimental conditions of difficulty:

low SNR, medium SNR, and high SNR. Low SNR is the hardest condition and is expected

to have slow RT, lower drift and higher boundary. Figure 2.11 shows that the distributions

of both drift and boundary reflect systematic difference across conditions. The median of

distribution of trial-level parameters can better separate out the three conditions compared

to RT. This pattern is observed across all subjects in Dataset 2, sometimes even in the cases

where RT alone fails to show differences among conditions (see Figures A.2 to A.6). Results

for the other three subjects are presented in appendix.

2.4 Discussion

2.5 Conclusion

We proposed and validated the Decision SincNet, a neurocognitive model of decision making

that integrates EEG data and the drift diffusion model estimated by a neural network.

The end-to-end model uses the likelihood function of Wiener first-passage time to train

the model on one second of EEG data given the RT. We have shown that the model can

simultaneously predict two cognitive parameters of Drift-Diffusion model that reflect speed

and caution during decision making. The model uses interpretable convolutional layers, that
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automatically learned bandpass filters, channel weights, and critical time windows which

can be inspected to understand EEG relationships to human cognition. Various methods of

model evaluation and post-doc analysis of the model have also been discussed. Examples of

the model results are reported. To bypass the issue of overfitting boundary parameter, we

have developed a follow-up approach to address this issue by additionally forcing the drift

parameter to find solutions that correlate with the RT during optimization.

We believe the model performance could be improved by manipulating the Decision SincNet

architecture, in order to fit the entire set of DDM parameters, including bias and non-decision

time. Future work should also extend the model to incorporate likelihood functions for

incorrect trials with a joint behavioral and EEG dataset that has lower accuracy. Finally,

other explainable deep learning techniques for EEG signals such as occlusion sensitivity

analysis for estimating source signals [20] should be explored.

2.5.1 Application on Generative Modeling

The development of Decision SincNet with WFPT optmized using gradient descent moti-

vated a further collaborative line of work on generative modeling framework with Variational

Autoencoders [62]. NCVA was introduced to map EEG and behavioral data into a joint la-

tent space, such that the model can generate task-relevant high-dimensional EEG signals

containing corresponding neural features on a trial level from low-dimensional behavioral

data, as well as estimating cognitive model parameters from EEG signals. By including

Wiener Likelihood in the loss function, the model learns cognitive parameters conditioned

on behavioral data, and learns neural latent variables conditioned on cognitive parameters.

This joint modeling framework is an innovative line of work in computational cognitive

neuroscience, as it allows for trial-level inference and hypothesis testing.
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Figure 2.6: Scatterplots results of 4 example subjects. Each column represents
the results of one subjects. Panel A shows the scatter plots of predicted drift
against 1/RT with the training data. Spearman correlations from left to right
are ρ = 0.931∗∗∗, 0.963∗∗∗, 0.900∗∗∗, 0.940∗∗∗. Panel B shows the scatter plots of
predicted drift (δ) against 1/RT with the test data. Spearman correlations are
ρ = 0.506∗∗∗, 0.540∗∗∗, 0.472∗∗∗, 0.429∗∗∗. Panel C shows the scatter plots of pre-
dicted boundary log(α) against log(RT) with the training data. Spearman correla-
tions are ρ = 0.506∗∗∗, 0.426∗∗∗, 0.469∗∗∗, 0.631∗∗∗. panel D shows the scatter plots of
predicted log(α) against log(RT) with the test data. Spearman correlations are ρ =
0.285∗, 0.391∗∗∗, 0.272∗, 0.336∗∗. Correct and incorrect trials were both included. * Corre-
lation is significance at the 0.05 level (2-tailed) ** Correlation is significance at the 0.01 level
(2-tailed) ***Correlation is significance at the 0.0001 level (2-tailed)
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Figure 2.7: Uncertainty of the model prediction obtained from Monte Carlo Dropout. Blue
dots in the top figure are median drift rate estimates sorted from small to large. Red dots
are the corresponding 1/RT for that trial as proxy of speed. Dark blue area represents
the Standard Deviation, and light blue area represents the 90% Credible Interval. Blue
dots in the bottom figure are median boundary estimates sorted from small to large. Red
dots are the corresponding RT. Prediction were repeated 5000 times with different neurons
deactivated.
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Figure 2.8: Model performance for the same subject, as presented earlier, utilizing the
improved loss function.

Figure 2.9: Model performance on test data by subjects in Dataset 2 for each model in Table
2.2. X-axis represents choice of model, and y-axis are the Pearson Correlation Coefficients
between 1/RT and drift (left) and RT and boundary (right).
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Figure 2.10: Model 7 performance for subject s109 in Dataset 2.

Figure 2.11: Distributions of RT, Drift and Boundary by experimental condition for subject
s109 in Dataset 2.
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Chapter 3

Interpetability of Decision SincNet

3.1 Introduction

Deep neural networks have become powerful tools in many domains. Increased applications

of AI in healthcare and scientific fields have called for special attention to explainable AI

(XAI) and the interpretability of deep learning models. The taxonomy and categorization of

interpretability have been discussed in detail in numerous papers [70, 37, 47], yet a consen-

sus hasn’t been reached, partially due to differences in the end goal of domain applications

and what is needed be explained for audiences in that domain. Generally speaking, the ap-

proaches can be categorized into intrinsic methods and post-hoc methods. Intrinsic methods

focus on designing model structure to satisfy certain interpretability objective(s) in mind.

Intrinsic methods, such as attention mechanisms, actively modify the model and/or training

process during optimization. Post hoc methods, on the other hand, are used after a model is

trained. Common post hoc methods to visualize CNN often involves gradient-based meth-

ods [51] or Activation Map such as CAM or Grad-Cam[51, 12, 71, 48]. These methods are

often use in interpretable deep learning research in neuroimaging [69, 55]. The evaluation
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criterion for interpreting neural network models can be qualitative or quantitative. Quali-

tative methods focus on providing insights for human understanding and reasonability, and

quantitative methods usually involves to what extend can one uses known information to

mimic the outcome of blackbox model.

We developed Decision SincNet [54], a specific Neural Network model that can simultaneously

predict single trial cognitive parameters from neural signals given behavioral data and extract

relevant EEG features without feature engineering. The architecture of Decision SincNet is

inspired by Shallow-SincNet desgiend with the domain knowledge of Signal Processing [42].

When we incorporate a well-tested model of behavioral data as the likelihood function for the

loss function, we gain the power of single-trial inference on evidence accumulation rate and

boundary, as well as the ability to analyze EEG data on a single-trial basis. In Chapter 2, we

demonstrated the model’s predictive capability using various methods. In this chapter, we

aim to understand how the model extracts high-dimensional, noisy single-trial EEG signals

to make predictions. Our goal is to gain insight into the relationship between brain and

cognitive processes by fully leveraging the intrinsically interpretable structure of SincNet.

In this chapter, we will present methods and qualitative results for interpreting each layer

of the Decision SincNet, demonstrating the approaches to discover neural correlates of be-

havioral patterns using the current modeling framework. We will provide a comprehensive

summary of possible methods that can be used through visualization. Interpretability meth-

ods include both intrinsic approaches, where we inspect the sinc kernels and attention vectors

that were updated in the neural network during the training process, and post-hoc analyses,

such as analysis on saliency and activation maps.
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3.2 Methods

We will use one subject from Dataset 1 and one subject from Dataset 2 throughout this

chapter. We will present results on temporal filters and spatial weights from the two subjects

first using a model architecture with shared spatial layer. The spatial layer has a depth

dimension of 3, resulting in 3 sets of weights followed by separate linear layers to predict

each parameters. To improve the scientific interpretability of the Decision SincNet, we will

then use a subject from Dataset 2 to demonstrate another model architecture where neither

Sinc layer nor spatial layers was shared. Each parameter is predicted from its own set of

frequency bands and 1 set of corresponding weights by removing the depth-wise dimension.

3.2.1 Model Weights as Temporal and Spatial Filters

After training the model, the weights of Decision SincNet at each layer can be inspected

to understand how each layer processes neural signals to make the final estimates, a model-

specific method given the model design. Figure 3.1 illustrates the process: a channel-by-time

EEG sample xn ∈ RC×N is temporally filtered by the sinc kernels, summed using spatial

weights, passed through a ReLU layer, pooled and- flattened into a linear layer to make the

final prediction on choice and latent cognitive processes.

Weights as Sinc Functions

Sinc kernels as clear bandpass filters are parameterized by trainable weights representing the

cutoff frequencies f1,j and f2,j. Figure 3.1 demonstrates the sinc filters in the time domain.

Filters in blue are examples of the kernels initialized with central frequency from 1 to 30

with a a width of 2. Each sinc filter has a well-defined response spectra. Filters in orange

are examples of sinc functions are training. We eaxmined whether filters learn to move from
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Figure 3.1: Visualization of the input and output of each layer, along with Sinc kernels in a
simplified Decision SincNet. The red arrow indicates the insertion of attention module.

their initial random frequency bands, and whether bandwidth (|f1,j − f2,j) changed.

Weights from Spatial and Linear Layers

Spatial weights are learnable parameters used to compute weighted sums to obtain different

linear combinations of multi-channel time series within the same frequency band into a

univariate time series. When the depth parameter of the spatial convolution layer is set to

3, three different sets of weights are learned and applied on the same multivariate time series

within a given bandwidth.

When the spatial layer is shared for both drift rate δ and boundary α parameters, the

difference that affect the final predictions are the weights learned in the subsequent Fully

Connected Layer, representing how the univariate times series pooled into overlapping time

windows are weighted across frequency bands. In the Fully Connected Layer, the intercept

(bias) is set to zero during training.

The linear weights from the last layer can be obtained as follow. Let X ∈ Rk×c×n represents

the time series after the Sinc Convolutional Layer with k trainable sinc filters. The spatial

weight can be represented as Ws ∈ Rk×d×c with d as the depth parameter. The output is

X ′ ∈ Rk×d×n for each frequency band. The final output Y = wl · x′′ where x′′ ∈ Rn′
is a
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one-dimensional vector flatten from Pool(Relu(X ′)). Given the weight vector wl, we can

project back the weights onto the jth frequency band of interest, and average the weights

at each time window and over the depth dimension, similar to the idea of Class Activation

Mapping [71]. Since the weights are relative to each other, we can interpret the normalized

weights as how the univariate time series are weighted over time to each predict drift and

boundary.

3.2.2 Gradient-Based Saliency Map

One of the most widely used interpretability methods developed for Convolutional Neural

Networks is Saliency Map [51], also referred to as Vanilla Gradient. This approach originated

from image classification and shows that one can infer which pixels affect the final output

the most by computing the gradient of the output score for the class of interest with respect

to the input pixels. This method gives us a map that is the same size as the input features

with negative to positive values.

Given a trained model, a forward pass is performed on an input i of interest followed by the

calculation of the gradient of an output Y with respect to a feature of interest F as w = δY
δF

∣∣
Fi
.

Important features are identified as the ones with the largest normalized gradient. The use

of the gradient relies on the approximation of the output by applying a first-order Taylor

expansion Y (F ) ≈ wTF + b.

We use this gradient-based technique to interpret the learned bandpass filters and spatial

filters for each subject [6, 51], and extended the above method to further interpret pooled time

windows. We obtained the importance of sinc filter by averaging the normalized gradients

over channel and time dimension given the Saliecy Map with the size of k × c × n. For

each filter k, we obtained the important channels by averaging over the third dimension.

Finally, we averaged the results from all test data to visualize the results. Therefore, for
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each subject, we can obtain critical temporal filters and the corresponding, spatial weights

and time periods.

3.2.3 Feature Map Visualization

A feature map (also used interchangeably as activation map), is the result of convolving

the filters with either the input data or the feature map from the previous layer [33, 71].

Given the design of the Decision SincNet, we will mainly focus on the feature maps given the

spatial weights, because the maps following the sinc layer are self-explanatory as the weights

are band-pass filers. Within each frequency band, we will visualize on topographic maps

to compare signals with or without spatial weights. In addition, we will further visualize

the spatial weights as ERPs, calculated by the weighted average of channel-by-time signals.

When the model architecture has a depth more than one in the spatial layer, visualizing

feature map for different map helps us discover different linear combinations of the signal

that were used for predictions.

3.2.4 Attention Block to Rank Sinc Filter Importance

To further improve the scientific interpretability of SincNet, we introduced an attention

block [19]. The architectrual unit was originally designed to increase channel-wise feature

dependency. In Decision SincNet, since the channels are different interpretable sinc filters by

design (as opposed to RGB channels or abstract features), the attention block thus allows us

to rank the learned frequency bands by importance. Given the weights of each filter, The sinc

filters can also be visualized as power spectrum by applying FFT on the weighted sum [50].

Note that because in practice all the filters are normalized as the sum of all kernel samples

need to be one, we normalize the spectra by the width of each filter purely for visualization.

Given the important frequency bands, activation maps can be used to visualize changes in
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predictive EEG patterns over time in the following layers.

The self-attention mechanism was introduced after the temporal convolutional layers as

shown in Figure ?? indicated by the red arrow. We inserted a “Squeeze-and-Excitation“

computational unit for the sinc filters, such that the model can use global information to

recalibrate sinc filters by scaling up the important filters and scaling down the import filters

using the input data itself. After the sinc convoluational layer, output is aggregated across

time and spatial dimension to a single value by using adaptive pooling. The aggregation is

followed by two fully-connected layers followed by a ReLU and a Sigmoid activation function.

The weights were reshaped and applied back to the feature maps that would get fed forward

to the next block. In the context of Decision SincNet, this unit can be directly thought

of increasing the magnitude of signals using a non-linear model of the signal itself. Such

computational unit has proven to improve model performance, and importantly we can pass

EEG data to the trained model and inspect the weights as a measure to rank the relative

importance of temporal filters. Because the attention module learns how to model the input

data, the rank of importance can be different depending on the input data.

3.3 Results

3.3.1 Visualization of Gradient-Based Saliency Map at Each Layer

Fig. 3.2 shows an example from the same subject using the method. Three different color

demonstrates three different frequency bands that are most critical to the prediction based

on their normalized gradient. Absolute values of the spatial filters associated with a specific

band-pass filter are then analyzed for the significance of each electrode. Panel A demonstrates

the important weights identified. Each subplot shows two sets of important weights for a

specific frequency band. This is because two separate spatial filters are applied to each
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filtered output from SincNet layer. Panel B demonstrates the important time windows

obtained from the saliency map of the pooling layer, labeled by the center frequency of the

corresponding critical frequency bands. In the example subject shown here, gamma band

(31 Hz, 41 Hz) throughout the decision interval, and beta band (24 Hz) activity around the

response were the most important bands. A notable caveat of Saliency Maps as observed

in our results is the unstability of feature importance, as the gradients are very sensitive to

small changes in model.

3.3.2 Sinc Filters

The weights can be inspected to visualize the frequency bands that were learned. Two

examples of interpretable bandpass filters, one from Dataset 1 and one from Dataset 2, are

shown in Figures 3.3 and 3.4 respectively. These filters are ranked and sorted based on the

attention weights. We can see that the filters change their cutoff frequencies (f1, f2) and

bandwidth |f2− f1| from their initial values during optimization, so that better sinc filters

can be used on the input signals to extract relevant signals. Both results come from models

that share spatial layers between two parameters, using more than one depth filter, and split

into two heads for predictions before the Fully Connected Layers.

3.3.3 Shared spatial weights

Dataset 1: shared spatial weights and separate linear weights

After identifying the most to least important frequency band, we can obtain the spatial

weights and activation map following the sinc convoluational layer over time.

Figure 3.5 shows the four sets of spatial weights corresponding to the four most important
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Figure 3.2: Post-hoc analysis of the trained model. Three colors represent the most critical
frequency bands obtained from the normalized gradients. The corresponding central fre-
quencies are given in parenthesis. Panel A shows the three most important pairs of weights
from the spatial filter. Weights are in pairs due to the depth of 2 in the spatial convolution
layer. Panel B shows the three time windows labeled by their corresponding frequencies that
are most critical to predictions.

frequency bands (28-31 Hz, 20Hz-30Hz, 11Hz-17Hz, 11-14Hz) using the exact same model

from the same subject as in Figure 3.3. Each frequency band has three sets of spatial filters

to weight the electrodes, resulting in different linear combinations of the signals going into
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Figure 3.3: Comparison of filters ranked
by importance from a subject in Dataset
1. Dotted blue lines represent the ran-
dom initialization of the bandpass filters
before the model has been trained. Red
lines represent the bandpass filters after
the model has been trained.

Figure 3.4: Comparison of filters ranked
by importance from a subject in Dataset
2. Orange lines represent the bandpass
filters after the model has been trained.

the next layer. We calculated a weighted sum of the spatial weights for each frequency to

visualize the overall distribution. Results from the first and second row, as well as results

from the third and fourth row, demonstrated that frequencies that are closer tend to have

similar electrode weight patterns.

We can also visualize the activation map of the spatial layer and the weights from the last

Fully Connected Layer . Figure 3.6 illustrates how signals with a 28Hz-31Hz bandpass

filter (identified as the most important band) in Beta Band are weighted by 3 different sets

of spatial filters over time window that were pooled. The weighted signals differ from the

unweighted signal such that it focuses on more localized activities.

Fig 3.7 shows how the spatially filtered, and temporally pooled signals from the most im-

portant frequency band (28-31Hz) are weighted differently in the time domain to separately
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make the final predictions for drift and boundary parameters.

Figure 3.5: Sets of the Spatial weights from subject in Dataset 1 from the 4 most important
temporal filters.

Dataset 2: Feature Maps as ERPs

Figures 3.9 and 3.10 show the ERPs using the two most important frequency bands (14Hz-

20Hz, 3Hz-6Hz) for the example subject from Dataset 2, using the same exact model as in

Figure 3.4. Figure 3.9 demonstrates low beta waves slowly suppressed prior to response, and

Figure 3.10 demonstrates theta waves with a clear P200 signal.
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Figure 3.6: Topographic maps on 28-31Hz signal with and without spatial weights. Top
row is the unweighted signal. The second, third and fourth row are the signals weighted by
different sets of spatial weights.

Figure 3.7: Weights from Fully Connected Layer averaged over depth dimension for 28-31Hz
signal. Left: weights for predicting drift parameter. Right: weights for predicting boundary
parameter.

Figure 3.8: Example subject from Dataset 1.

3.3.4 Seperate temperal and spatial features for each parameter

To further improve scientific interoperability, we present visualization from a model ar-

chitecture where sinc convolutional layer and spatial convolutionall layer are both trained

separately for each parameter. When the depth parameter of the spatial convolutional layer

was set to 1, only 1 set of spatial weights were learned, so that we can visualize a single
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Figure 3.9: ERPs and spatial weights under
the most important sinc filter (14Hz-20Hz)

Figure 3.10: ERPs and spatial weights under
the second most important sinc filter (14Hz-
20Hz)

Figure 3.11: Example subject from Dataset 2 using a model where spatial weights are shared.
ERPs obtained from spatial convolution weights (shown in Topographic maps) using the two
most important filters used to predict DDM parameters.

waveform that can best capture the signals for each parameter within each frequency. The

model has an additional objective to predict the observed choice of each trial. Therefore,

the full model architecture has three separate sets of sinc filters and spatial weights for drift,

bound, and choice predictions.

Figure 3.12 demonstrate the ERPs under the most important frequency band for each pre-

dictions. For this subject from Dataset 2, low beta activities were identified to be the most

relevant signals. Theta and low Alpha activities were most useful for boundary prediction .

High Beta and Gamma band activities were most useful for choice prediction.

Figure 3.13 shows spectra of the weighted sum of sinc kernels for each predictions. The filter

learns to focus below 40Hz, suggesting that the model did not focus on noise. Figure 3.14

demonstrates the spectra of the kernels normalized by the bandwidth. No overwhelmingly
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(a) ERP for predicting Choice.

Figure 3.12: Example subject from Dataset 2 using a model where neither sinc filters nor
spatial weights is shared. Spatial layer only learns one set of weights. Top, middle and
bottom figure each represents signals for predicting Drift, Boundary and Choice. ERPs were
obtained from spatial convolution weights of the most important filters identified by the
Attention vector.

distinctions can be found, but some patterns are observed across subjects. We can see weak

effects showing that sinc filters for boundary tend to have filters in lower frequency bands

up to 10Hz. Filters for Drift Rate tend to focus on high Alpha and Beta Band (10-25Hz),

as well as 30-40Hz at which the SSVEP stimulus were flickered. Across all four subjects,

we can consistently observe the patterns such that boundary filters focus on lower frequency

bands, while drift filters concentrate on the beta band above 13Hz. The results for the other

51



subjects are included in appendix.

Figure 3.13: FFT results of weighted summ of
sinc filters.

;

Figure 3.14: FFT results of weighted summ of
sinc filters normalized by bandwidth for visu-
alization.

Figure 3.15: Example of the FFT Spectrum obtained from the Weighted Sum of Sinc Filters
for subject from Dataset 2.

3.4 Discussion

Visualization of Decision SincNet utilizing various tools from neural network interoperabil-

ity on two different datset helped us better understand how EEG features are extracted.

Incorporating attention module enabled us to examine what features are more relevant to

estimate latent parameters of cognitive processes.

We demonstrated that the sinc filters learned to move from the initial values. The spectra of

the learned filters showed important frequency bands for DDM parameters. Across subjects,

boundary tend to be predicted from lower frequency bands (up to 10Hz), and drift rate tend

to be predicted from high Apha and Beta Band. The association between Beta band activities
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and evidence accumulation rate is consistent with previous research [11, 67]. Feature maps

of spatial filters with depth dimension show how multi-channel EEG signals are linearly

combined seperately to predict DDM pararmeters. When only one set of temporal and spatial

weights are allowed for each parameter, the model learns to identify different important brain

dynamics in time and frequency domain.

We presented results by computing and visualizing the gradients as saliency maps. Even

though feature importance can be obtained, we found that the results are unstable. There-

fore, it is hard to draw consistent and reliable scientific conclusions using this method. This

finding is consistent with previous research calling for issues with repeatability and inter-

pretability using saliency map [22, 46], especially in medical imaging [3].

An important limitation of these results is the qualitative interpretation of the features.

There is no uniform statistical methods performed to quantify the features that were iden-

tified to be relevant. Future work should try to validate the relationships between neural

signals and cognitive processes. For example, one can use the features extracted by SincNet

to fit the Neurognitive Hierarchical Model (HDDM), and see if the model performs better

than the existing method, where single-trial EEG features were extracted a priori [30].
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Chapter 4

Directly Testing Sequential Sampling

Models with Evidence Chains

4.1 Introduction

4.1.1 Different Forms of Stochastic Models in Perceptual Decision

Making

Perceptual decision making is a critical cognitive process in everyday life. Extensive exper-

imental research has documented patterns of behavior (accuracy and response time) with

manipulations of stimulus properties [64] and response contingencies [32] in laboratory tasks

using forced-choice designs. This wealth of behavioral data has motivated the development

of models of computational mechanisms of perceptual decision making. The dominant ap-

proach has focused on sequential sampling models[40] that assume that people make rapid

decisions by gradually accumulating noisy evidence based on a sequence of observations until

a threshold quantity of evidence (or relative evidence) triggers a response. Variants of these
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models include Drift-Diffusion Models (DDM [41]), race models [4, 23] , or Leaky Competing

Accumulator (LCA) models[59], all prescribe that a decision is made based on integrated

evidence, at a time when a threshold is crossed. One alternative approach, response ur-

gency [9], allows for an independent mechanism for the timing of the response, while the

choice is based on the properties of either instantaneous or integrated the evidence. We will

briefly review sequential sampling models, and discuss the assumptions and questions we are

interested in investigating.

Random Walk Models:

One of the most popular class of models in sequential sampling for 2AFC is random walk

model[52, 24, 25], representing the idea of computing the differences in signals associated with

each alternative.Some evidence [49] suggests that the brain tracks a Decision Variable (DV)

accumulating evidence like a random walk, and a decision is generated when the integrated

value hits a certain boundary. The purest form of this process is an unbiased Simple Random

Walk if we use discrete time steps. An unbiased Simple Random Walk takes either one step

to the right or one step to the left with an equal probability on a 1-D lattice. The location

at each moment is thus the difference in number of right steps and number of left steps.

When the number of time steps are large, the Simple Random Walk can be approximated

by a random walk with Gaussian steps where the steps are samples from continuous normal.

Brownian Motion or Wiener process (the simplest form of diffusion process) is the limiting

distribution of scaled Gaussian Random Walk. In a Drift Diffusion Model [5], the change

of evidence supporting one choice is consisted of a Wiener Process term with mean 0, a

variance ς2dt , and a constant drift term δ as in Equation 2.1. A non-zero drift rate can be

represented in a biased Simple Random Walk if the probability of stepping to one direction

is higher than stepping to the other direction. Numerically, if a simple random Xn takes

+1 with a probability of p and -1 with a probability of 1 − p at each step, the theoretical
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constant drift rate is essentially the expectation of each step Xi during the random walk (

Sn =
∑

Xi). The expectation is calculated as E (Xi) = (2p− 1),

The most widely used stopping rule under the random walk procedure is a fixed threshold.

Evidence accumulates during diffusion process until a threshold is met, triggering an overt

response to terminate the process. A fixed threshold is an optimal decision maker and can

be shown in Sequential Probability Ratio Test (SPRT) [65], an earlier method in sequential

analysis to test among hypothesis h1 and h2 (see Equation 1.2).

The Likelihood ratio keeps being updated and it’s calculated by the running sum of weights

obtained by the logLR of probabilities towards h1 or h2 as each piece of evidence comes

in. Samples accumulate until the sum reaches a positive or negative criterion (the decision

bound Z2 and Z1 ) at time n:

logZ2 < log
P (e1 | h1)

P (e1 | h2)
+ ...+ log

P (en | h1)

P (en | h2)
< logZ1. (4.1)

It can be shown that the SPRT can be mathematically equivalent to random walk models,

and it will converge on the DDM, when the discrete logLR scaled to a continuous time-

dependent variable [5]. Previous work has shown that a fixed threshold is optimal as it

requires the least samples to achieve a given error [65, 5]. A natural question to ask is:

are humans optimal decision makers? Recent experiments have started considering variable

bounds, where boundary changes as a function of time [63, 26]. Therefore, one of the

objectives of the current experiment is to examine whether boundary is a fixed threshold

across trials, or whether boundary changes within a trial as a function of time.

The O-U (Ornstein–Uhlenbeck) model is similar to the DDM (see Equation 2.1) except that

the drift rate is now a linear function of value of the accumulated evidence from stimulus δ
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and a decay rate λ :

dXt = (λx+ δ) dt+ ςdWt, x(0). (4.2)

The rate of change in x depends on its current value, and the value of λ will decide how much

it accelerate or decelerate toward either the threshold. When λ = 0, the model is equivalent

to a DDM. When λ < 0, dx will be closer to the fixed point as a function of the current

state, while when λ > 0, dx will move further away from the fixed point. Experimentally,

λ < 0 produces a recency effect as the later inputs will be weighted more during evidence

accumulation, and λ > 0, produces a primacy effect as the earlier samples will be be weighted

more [7].

The O-U process can be thought of as a weighted random walk in discrete time, and the state

of evidence at each step is the weighted sum of integrated evidence. The current experiment

will examine whether O-U process can better represent the data, and will inspect the weights

throughout the course of evidence accumulation.

Separate Counters: Race Model and Leaky Integrator

Race Models (also referred to as Recruitment Models [23]) , is similar to Random Walk mod-

els as evidence is sequentially integrated, but the difference is that there exists a separate

counter for each choice, and evidence supporting the two choices is accumulated indepen-

dently to fixed thresholds. The model is referred to as accumulator model [4, 61] when time

is discrete, and Poisson counter model [56] when time is continuous.

Leaky Competing Accumulator (LCA) [59] is a neurally-inspired model. LCA also uses two

separate counters, and has two separate diffusion processes. Each process consists of a decay

term and a mutual inhibition term. A strong inhibition would behave similarly to diffusion
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or O-U models.

Urgency Gating and Runs Model

Urgency Gating Model is different from integration-to-threshold model mainly in two regards:

moment-by-moment evidence is rapidly leaking while being integrated like a low-pass filter,

and the samples are multiplied by an evidence-independent ”urgency” signal that grows with

time [9].

Consecutive Runs Model was once briefly mentioned in the history of sequential sampling

[4], but was not further pursued. Runs model assumes that there is a counter of consecutive

samples supporting the same choice.

In all of these models both internal neural noise and variable states of the physical world

contribute to the stochastic process of decision making. Such assumptions have inspired

much development in fitting various sequential sampling models to response time and choice

probabilities during decision making tasks [38]. Complementing this approach are neuro-

science studies that identify signals that carry the property of evidence accumulation to a

bound.

However, one of the current challenges in the field is that albeit many variations of models,

these computations are difficult to assess because how and when the noisy evidence are

integrated can not be validated on each trial in a quantitative manner. One can not directly

quantify how well a model describes the hypothesized evidence accumulation process on each

trial. Instead, one can only indirectly infer the assumptions by assessing how well the model

predictions fit the patterns of behavioral data in an aggregated manner.
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4.1.2 Evidence Chain Paradigm to test sequential sampling mod-

els

In this study, we introduced the probabilisitic Pereceptual Decision Making (pPDM) task, a

paradigm to present stimuli as a succession of random samples, allowing us to experimentally

control the stochasticity during decision process, while minimizing momentary internal noise.

The probabilistic Perceptual Decision Making (pPDM) task aims to examine how people

accumulate evidence under the sequential sampling framework by presenting one bit of in-

formation at a time until a decision is made. Subjects were asked to perform a two-alternative

forced choice (2AFC) task based on the sequence of stimuli presented. The stimuli on the

screen will alternate between one of the two choices A or B from a Bernoulli trial. The trial

will be drawn from a distribution either with pA > pB or pA < pB producing a sequence

of samples that potentially can be integrated into a chain of evidence favoring one of the

choices. Subjects were instructed to respond by determining which choice is more probable

on that trial.

Externalizing the sequential samples in an evidence chain will enable us to explicitly test

the fundamental questions of whether and how the brain accumulates evidence over time

to make decisions. Given a sequence of Bernoulli samples, we can quantify the stream of

information as ground truth at termination in three aspects: the number of samples, the

amount of accumulated evidence at any given point, and the sequence in which evidence is

presented. In the continuous space, the number of samples would conceptually represent the

course of time ∆t. The current experiment provides the unique opportunity to 1) explore

the function(s) to represent the amount of evidence at any given time point to best fit the

empirical data, and 2) test whether such representation changes over time, varies across

trials, or is associated with other factors.
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4.2 Methods

4.2.1 Experimental Design

We ran a two-alternative forced choice (2AFC) task as follows. For each experimental trial,

we generated a stochastic sequence {Xn} n ∈ [0, 30] where X0 = 0 and Xn ∼ Bern(p)

where Xn = ±1, with P (Xn = 1) = p and P (Xn = 1) = 1 − p = q. Within a sequence, We

fixed p = 0.62 to make the Bernoulli trials biased. To visualize the stream of information

as units of evidence, let +1 represent displaying one stimulus (on one trial, stimulus ”O”),

and let −1 represent displaying the other stimulus (on the same trial, stimulus ”X”). Such

a sequence of evidence was labeled ”O” dominant; there were an equal number of ”O” and

”X” dominant trials presented to the observers. Mathematically, such sequence generated

can be considered as a random walk on the integer line starting from 0 and moves either +1

or -1 at each step. Figure 4.1a shows an example of the random walk with a probabilities of

p = 0.62 moving +1 and q = 0.38 moving -1. Figure 4.1b shows an example of the beginning

of a sequence for a given trial.

At the beginning of each experimental session, human subjects were instructed to determine

whether the chain is ”X” dominant or ”O” dominant as the sequence is unfolding after a non

fixation point ranging from 400ms to 800ms. with a nondeterministic duration. Subjects

were asked to respond by pressing a keypad with two buttons using their index fingers. The

left button is associated with choice ”X” and the right button is associated with choice ”O”

throughout the experiments. Once a decision is made and either button was pressed, the

sequence terminated without presenting the rest of the samples, and the following trial would

begin after a brief mask for 1s.

We define each display a sample, and a maximum of 30 samples will be presented for each

trial. Each Bernoulli sequence will end if a response is made, or it will end after all 30 samples
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are displayed. The following experimental trial would only begin if a response is collected.

To counterbalance the stimulus, half of the trial sequences are drawn have P (Xn = 1) = 0.62,

where stimulus ”O” is more likely to be presented, and half of the trial sequences are drawn

from P (Xn = −1) = 0.62 where stimulus ”X” is more likely to be presented.

(a) One-Dimensional Random Walk

(b) Example of Stimulus.

Figure 4.1: Demonstration of a 1-D RandomWalk with the stimuli ”X” and ”O” (a) Random
walk with a probability of p = 0.62 to move +1 (representing an ”O” stimulus) and a
probability of q = 1 − p to move -1 (representing an ”O” stimulus) at each stepand a
sequence of stimuli presented at the beginning of a trial during pPDM (b). Each display
from the sequence shown in (b) is generated from a 1-D random walk.

We introduced two experimental conditions by manipulating the duration of samples (inter-

stimulus interval; ISI) . The shorter duration condition displayed each sample for 100ms
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and the longer duration condition displayed each sample for 250ms. With the 250ms ISI

condition, we want to ensure that the stochasticity from the stimulus samples would outweigh

any contributions from internal noise. With then 100ms ISI, we expect that the processing

of the individual samples will overlap and we will begin to observe internal noise effects,

quantified by lower accuracy and more behavioral variability.

Properties of the evidence chain as decision criterion

Different properties of the evidence chains can be calculated as a trial-level measure of

evidence accumulation process. For example for a Drift-Diffusion model, boundary can be

obtained from the integrated evidence upon response, or some fixed period prior to response

to account for non decision time, shown in Fig 4.4 indicated by the purple line. To obtain the

rate of evidence accumulation, a measure of δ, we can estimate the slope m of the line fitted

to the starting point and end position of the random walk. For walks that have the same

boundary and slope but different walk paths, ς can be obtained to calculate the variance of

walk:
∑

(St − m)2, where St is the walk at time t and m is the slope. For a Consecutive

Runs Model, we can obtain the number of consecutive runs using the outcome from Bernoulli

trials.

4.2.2 Behavior and EEG Data Acquisition

Upon arrival, each subject completed a training block containing sequences generated from

the same Bernoulli distribution, such that their performance would converge when the real

experimental blocks begin. Each experimental block consists of 50 trials followed by a

break. A total of 20 blocks were introduced to each subject to complete across 2 sessions.

The duration of each sample stimuli display was systematically manipulated across blocks

with an ISI (inter-stimulus interval) of 50ms, 100ms, 250ms and 500ms. There were 2 blocks
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of 50ms trials, 2 blocks of 500ms trials, 8 blocks of 100ms trials and 8 blocks of 250ms

trials. The ISI were chosen as they can be potentially tracked in in the brain using EEG as

frequencies at 20Hz, 10Hz, 4Hz, and 2Hz. The 50ms and 500ms blocks were designed as a

pilot measure, and thus were not included for the following analyses. For behavioral data

analysis, we backtracked 1 sample for the 250ms condition (-250ms) and 2 samples for the

100ms condition (-200ms) to account for motor execution time.

To test how the brain uses sensory evidence to make a decision, we simultaneous collect

EEG recording while subjects complete the task after the training session. Compumedics

Neuroscan128-channel Quik-Cap were used. All electrodes were placed according to the

International 10-20 electrode placement standard. The EEG data has not been analyzed for

this chapter.

4.2.3 Evaluation Framework

Notation and Terminology

The stimulus a subject was presented on a given trial depends on when a subject makes a

decision to terminate a given trial. We consider the dataset we collected for each display

duration condition D to consist of N time series. Elements of D are tuples, i.e., D :=

{(X1, z1, y1), . . . , (XN , zN , yN)} where Xi or X(i) denotes the ith stochastic sequence Xi ∈

{−1, 1}, zi ∈ {1, 2, ..., 30} denotes the index position at which a decision is made to terminate

the sequence, and yi ∈ {−1, 1} denotes the choice of the response. The ith sequence starting

at index 1 and ending at index at zi can thus be represented as X
(i)
1:z := {X(i)

1 , ..., X
(i)
z }.

We define each observation X
(i)
j as a sample representing a unit evidence displayed (”O” or

”X”).

For general data analyses regarding the entire chain in 4.3.1 and 4.3.2 , we recoded each
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sample so that a positive sample +1 represents a sample towards the higher probability

stimulus. We define task accuracy as whether the final choice yi is consistent with evidence

Si. A trial is correct if sign(Si) = sign(yi) and incorrect if sign(Si) ̸= sign(yi). Note that

Si = 0 is considered a correct trial as there is equal amount of evidence towards both choices.

For example, if a subject decides that a sequence is dominated by ”X” after seeing three ”X”

stimulus and two ”O” stimulus, a trial is considered to be correct with Si = 1, indicating

1 unit evidence towards the choice response. A negative value of evidence Sn < 0 would

indicate an incorrect trial, as there is evidence away from the choice response. We define

evidence as the difference between positive and negative samples. Mathematically, evidence

is the sum of all samples seen upon termination Si =
∑zi

j=1 X
(i)
j .

Problem Formation

To examine how the evolution of the stochastic process gives rise to a decision at sample

position Z, we propose a classification framework and formally define the problem as follows:

Given a stochastic sequence of i.i.d. rv {Xj}, a random variable T taking values in {1, 2, ..., 30}

is considered to be a stopping time unitized by sample with respect to {Xj}. If for each

j ∈ {1, 2, ..., z} there exists a decision function Gz : Rz → {0, 1}, such that:

1{T=z} = Gz (X0, X1, ..., Xz) , (4.3)

Gz can be thought of a function which takes the values of the process X
(i)
1:z observed up to

the present point and outputs 0 if process proceeds and 1 if the process is terminated. Our

objective is to find out the Gz decision function that can best describe human behavior. Gz

can be linear models such as sum or weighted sum of samples Xj, or it can be non-linear

models that capture different aspects of Xi.
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As the length of the sequences Xj vary, we created datasets that has equal length at each

sample position, and use a classification framework to evaluate how well each decision func-

tion Gz fit the human behavioral data at different sample length. This is similar to the idea

of asking the model to complete human decision making tasks, but instead of seeing how

accurate the task performance is, the end goal is to see how well a model can mimic human

behavior. In the next subsections, we will discuss the creation of datasets and evaluation

framework in detail.

Dataset Creation

We created sub-datasets Dk for k = 3, 4, ..., 15 to only include trials that terminated at each

sample position {(X(i)
1:z,m

(i)) | X(i) ∈ D, zi = r}, and trials that went beyond the sample

position {(X(i)
1:z,m

(i)) | X i ∈ D, zi > r}. We used the labelsmi ∈ {0, 1} to denote the whether

the trial terminated (m(i) = 1) or continued (m(i) = 0). The number of trials available for

each sub-dataset Dk is visualized in Figure 4.5D and E.

We also created new dataset D′ resampled from original Dataset D. By applying a slid-

ing window of size 4 with a step size of 1 on all the sequences, we created input vectors

{Xj, Xj+1, Xj+2, Xj+3} taking values +1 and −1. There is a total of 16 (24) possible combi-

nations of the random variables. For each input Xj
′, We also created the level of evidence

S0:j+3 and position Zj+3 using information from the chain to which the vector belongs. Bi-

nary labels mi+3 ∈ {0, 1} were created to denote the whether the trial terminated (m(i) = 1)

or continued (m(i) = 0) after the last entry of the vector Xi+3. Each element in dataset D′

thus have 6 input features and 1 label as D := {X(i)
j , X

(i)
j+1, X

(i)
j+2, X

(i)
j+3, S

(i)
0:j+3, Zj+3,m

(i)
i+3}.

Dataset D′ has a total of 16931 samples for 250ms condition, and 29828 samples for 100ms

condition.

It is worth mentioning that under the classification framework, a positive sample is coded
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as +1 towards the ground truth at the position where the chain is truncated, rather than

the ground truth of the entire chain. We used this approach because the goal is to model

the data at each time point using only the information available up to that point, without

considering any future information. For simplicity, we used the absolute value of evidence

for all the models.

Receiver Operating Characteristic Curve analysis

As both 100ms and 250ms condition demonstrates similar patterns, we will prioritize the

results on 250ms.

Figure 4.2: Distributions of Sum of Ev-
idence from two classes. Dotted purple
lines indicate the possible thresholds used
to classify the two classes.

Figure 4.3: Demonstration of ROC
Curves for two classifiers each with sam-
ple length of 3 and 4. Red dot implies
the optimal threshold calculated using G-
Means.

To test various hypotheses, at each sample length, we use use hypothesis-driven Decision

Function Gz to classify whether subjects terminate or proceed given the sequence Xi with

the same length. The resulting predicted values calculated from sequences in both classes

(e.g., cumulative sum as shown in Figure 4.2 ) can be viewed as two different distributions.

The classification problem can be thought of as how to find the best criterion to distinguish

the two classes, similar to the idea in signal detection theory. At each possible threshold,

we have True Positive Rate and False Positive Rate. If we plot these results on a 2D plane,
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we will receive a curve for each classifier. A perfect classifier will have a curve at the left

upper right corner, where TPR is 1 and FPR is 0. Therefore, the closer the curve is to the

left upper corner, the better the classifier is. The area under the curve is an AUC curve.

AUC higher than 0.5 indicates that the hit rate (TPR) is always larger than the false alarm

(FPR), suggesting a reasonable classifier.

To obtain the best threshold to classify the two distributions, we use the Geometric Mean

(G-mean) to measure the classification performance to balance sensitivity (True Positive

Rate) and specificity (False Positive Rate):

GSS =
√

sensitivity ∗ specificity =
√
(TPR ∗ (1− FPR). (4.4)

ROC Curve in orange shown in Figure 4.3 shows two examples of ROC curve for two different

classifiers. The red dot is obtained using G-Means, representing the best threshold given

that classifier. In the current framework, we have a separate classifier at each sample length,

and therefore will obtain different optimal thresholds to examine if they change over time

when they are interpretable.

For each hypothesis, we considered two questions to be answered. First, we evaluated how

well the model can classify trials that proceeded and trials that terminated at each position.

Second, we examined how the function produces readout given the input sequence, resulting

in stopping criterion used for classification.
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Figure 4.4: Integrated random walk as evidence accumulation.

4.2.4 Testing hypotheses using traditional Sequential Sampling

Models

Hypothesis 1: Sum of Evidence

Under this hypothesis, we assume that subjects integrate evidence as information comes in,

such that for a given trial Si =
∑zi

j=1X
(i)
j , and {S(i)

0 , S
(i)
1 , ..., S

(i)
z } is therefore a random walk

with a hypothetical starting point at 0. Figure 4.4 demonstrates an observation sequence

(green) generated with a probability of 0.62 to move +1 and the corresponding hypothetical

trajectory (blue).

We tested whether subjects used a deterministic fixed level of evidence, a fixed boundary, or

a boundary that varies as a function of time, by considering the two hypotheses:

• H0: The stopping criteria is deterministic, a fixed bound b0 is used regardless number

of samples.

Gz (X0, X1, ...Xz) =


1, Sz = b0

0, Sz ̸= b0

(4.5)
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• H1: The stopping criteria changes as the number of samples increase n , where f (Sn))

is a function of Sn and n.

Gz (X0, X1, ...Xz) =


1, Sz = f(Sz, n)

0, Sz ̸= f(Sz, n)

(4.6)

A fixed threshold of a random walk is equivalent to a scaled LLR test . According to

the Neyman-Pearson Lemma, this method is the most powerful for hypothesis testing. Let

X1, X2, ...Xn be rv’s from a Bernoulli trial such thatXi ∈ {0,+1}. Suppose subjects observed

X1 = x1, X2 = x2, ..., Xn = xn and they know the Bernoulli trials are biased, with either

probability of p or 1−p of gettingXi = +1. They are testing between two simple hypotheses a

with a parameter θ, where H0 : θ = p and H1 : θ = 1−p. For instance, during the experiment

θ could be the probability of a stimulus ”X”. Mathematically, given the PMF of Bernoulli

distribution, the Likelihood Ratio test can be written as:

LR =
L1 (θ | x1 . . . xn)

L2 (θ | x1 . . . xn)

=
p
∑

xi · (1− p)n−
∑

xi

(1− p)
∑

xi · pn−
∑

xi

(4.7)

we can then take the log and get:

LLR = 2
∑

(xi − n)− n · log( p

1− p
)

Since log( p
1−p

) is a constant, it is the same as random walk expressed as Sn = 2
∑

xi − n

with a different y-intercept. The proof is shown in the appendix (see Equations C.4 and

C.5).

Given the training session prior to the experiment, another possibility of the LLR subjects

could be testing is whether there is evidence higher than the known probability, assuming
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that learned the random walk is biased with p = 0.62. Is it possible that people look for

additional evidence to discount the learned probability?

The slope of the random walk obtained from Sz

n
can be used to approximate the drift pa-

rameter in the DDM, representing the evidence accumulation rate. Given the probabil-

ity p, expectation of evidence accumulation rate is 0.24 obtained from E(Xi) = 2p − 1,

and expectation of sum of evidence at each time step is {0.24, 0.48, ..., 6.96} obtained from

E(Sn) = n(2p − 1). Therefore, at each step, the amount of evidence accounting for the

learned probability is S ′
n =

∑
Xi − E(Si). If this hypothesis is true, we should expect

to see evidence increases with samples, but stays at a fixed level of evidence corrected by

expectation across samples.

Hypothesis 2: Rectified Evidence

Note that under the current evaluation framework, we can not directly distinguish between

the Random Walk Model and the Rectified Evidence Model because accumulating on on

counter is naturally inhibiting the other counter. This is because for m observations of

positive samples out of n total samples, evidence from a random walk is Sn = 2m− n, and

the counter towards final decision on a correct trial is m. Therefore, at each sample n, the

classification task is essential the same except for a different numerical value of threshold

b0 for, as shown in Eqaution 4.9 and 4.11. For instance, an integrated evidence at +5

terminating at sample n = 7 after hitting the boundary would be the same as having one

counter towards final answer (the up counter) at +6 and the alternative counter (the down

counter) at −1. The only difference is the numerical value of threshold. For visualization,

we still present the total numbers of up counter and down counter for this hypothesis.
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Hypothesis 3: Max Consecutive Run

One of the advantage of an observable stream of information is that we can examine that

given the same amount of information, whether the order in which the samples are presented

has an effect on evidence accumulation. Under this hypothesis, we test whether the max

value of uninterrupted occurrences of samples a stopping rule, defined as Mk:

Max

(
i+k−1∑
j=i

δ(Xj, Xj−1)

)
for 1 ≤ i ≤ n, k ≥ 1, (4.8)

Where the function δ(Xj, Xj−1) = 1 if Xj = Xj−1, and 0 otherwise

• H0: The stopping criteria is deterministic, a fixed bound b0 is used regardless number

of samples.

Gz (X0, X1, ...Xz) =


1, Mk = m0

0, Mk ̸= m0

(4.9)

• H1: The stopping criteria changes as the number of samples increase n , where f (Mk))

is a function of Sn and n.

Gz (X0, X1, ...Xz) =


1, Mk = f(Mk, n)

0, Mk ̸= f(Mk, n)

(4.10)
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Hypothesis 4: Weighted Random Walk

If evidence accumulation follows an O-U model, the samples can be modeled as a running

weighted sum of a random walk to account for the effects of the decay term and the time-

varying drift rate. When we fit a separate simple linear regression model at each sample

Y = β0 + β1Sz for sample k = 3, 4, ..., 15, the coefficients beta1 vary across models with a

similar intercept shown in C.3. Therefore, for every unit increase in sum of evidence, the

log-odds ( log
(

P (Y=1)
P (Y=0)

)
) of termination is different as sample increases. We hypothesis that

the sum of evidence is weighted as each sample comes in:

Gz (X0, X1, ...Xz) =


1, logit(P ) > 0

0, logit(P ) <= 0

(4.11)

where the log odds logit(P ) = ln
(

p
1−p

)
= β1X1 + β2X2 + · · ·+ βzXz.

We fit the model using the training data, and applied the coefficients on test data. For

interpretability of the coefficients, we fit the logistic regression without the intercept b0 as

it is fair to assume that the probability of observing a success (Pr(Gz = 1)) is equal to

0.5 when all predictor variables are zero. This allows us to directly compare the coefficient

across models with input at different length.

Thus, we will test the hypothesis on whether the sum of evidence is weighted the same or

differently over time:

• H0 : β1 = β2 = · · · = βz.

• H1 : β1 ̸= β2 ̸= . . . ̸= βz.
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Mathematically, we can show thatH0 is theoretically equivalent to weighted sum of each sam-

ple in the same direction but linearly decreasing (kβ1X1, (k−1)β1X2, ..., β1Xk) , whereas H1

represents that each sample is weighted differently ((β1+β2+...βk)X1, (β2+...βk)X2, ..., βkXk).

4.2.5 Non-Linear Machine Learning Model: Extreme Gradient

Boosting Decision Tree

XGBoost (Extreme Gradient Boosting) is a gradient tree boosting technique that has demon-

strated state-of-the-art in supervised learning [8] . The model uses an ensemble of regression

trees and sums up the continuous scores of each leave to combine weak learners and compute

the final prediction. Gradient boosting is a sequential modeling approach, during which a

subsequent model focuses on learning the prediction errors from the previous model. Through

this iterative process, XGBoost can capture non-linearity between input and target response,

as well as interaction among features.

To train the model, some parameters needed to be tuned using the validation set. The origi-

nal dataset D was divided into three subsets: 60% for training, 20% for validation, and 20%

for testing. The final parameters after a grid search were: colsample bytree (subsampling

of columns) = 0.75, gamma (regularization) = 1.5, learning rate = 0.1, max depth = 5,

subsample = 0.75. An early stopping of 10 is used and number of estimator is set ot be 100.

After XGBoost models are trained, we used Partial Dependency Plots (PDP) to visualize

the dependence between the target response and input features while marginalizing over the

values of all other input features [13]. PDP is defined as

pdXS
(xS)

def
= EXC

[f (xS, XC)]

=

∫
f (xS, xC) p (xC) dxC

(4.12)
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, where f (xS, xC) is the response function given an input sample and xS and xC are the two

features.

4.3 Results

4.3.1 Accuracy and Trial Distribution

Accuracy for pPDM is overall high. Figure 4.5A shows the accuracy by subject. We excluded

subject 109 for all further analyses due to low accuracy. Figure 4.5B shows the accuracy by

sample at which a trial is terminated by a response. Performance is overall high except for

trials that end at the last four samples. We will mainly present results using correct trials

that end before sample 15. Figure 4.5C shows the accuracy by evidence at termination.

Performance is high for 1 <= S(i) <= 15.

At any given sample position, indecision would require asking for more samples, and sufficient

sampling would result in an overt response, defined as trials proceeded and trials terminated

respectively. Figure 4.5D and E show the number of trials proceeded and terminated (colored

in red) at each sample position. Figure4.5F and G show the distribution of trials terminated

at each level of evidence. These results suggest that across subjects, neither condition has

a fixed sample position, or a fixed level of evidence used as a deterministic decision rule.

Figure4.5F and G shows that both conditions have central values of evidence Si = 3 for

odd number of samples. The 100ms condition has central values of evidence Si = 2 for

even number of samples, and the 200ms condition has central values of evidence Si = 2 for

even number of samples. These behavioral data suggest that humans are not always optimal

decision-makers, as the distributions of evidence at termination for either condition are not

narrow.
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Figure 4.5: (A) Accuracy by subjects. (B) Accuracy by sample at which the trials are
terminated. (C) Accuracy by level of evidence. (D) & (E) Number of trials that proceeded
and terminated at each sample. (F) & (G) Distribution of trials by level of evidence at
response. X-axes are truncated given the low occurrences of extreme values.
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4.3.2 Variability of Sum of Evidence and Evidence Accumulation

Rate

To investigate what contributes to the variability in boundary, we looked at the relationship

between number of samples and evidence at termination (bound). Figure 4.6A shows that

overall bound increases as sample increases, however, the upward trend has a similar slope as

the expectation of the random walk ESn = n(E) = n(2p−1). Figure 4.6B shows the Evidence

Accumulation Rate at different level of evidence. We can see that evidence accumulation

rate increased as the level of evidence at termination increased. Figure 4.6 C shows that

when evidence at termination subtract the expected value of the random walk with p = 0.62,

the evidence level is slightly more flat.

These results suggest the complexity of sequential sampling process. First, bound increases

as number of samples goes up, partially due to the expectation of random walk given a learned

probability. Second, we can still see that evidence accumulation rate vary across trials at

each level of evidence after correction, suggesting variability in evidence accumulation rate

across trials. This finding is consistent with the DDM models that captures inter-trial drift

variability [40].Third, we can also observe that when the evidence accumulation rate is 1,

that is, when there are only consecutive samples towards one choice, subjects still respond

at the various bounds.

4.3.3 Model Comparison

Model 1: Sum of Evidence

Figure 4.7 demonstrates the distribution of evidence from the two classes of trials {Xi | mi =

0} and {Xi | mi = 1} at each sample position. The distributions highly overlap with slight
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Figure 4.6: Evidence Accumulation Rate at different level of evidence for 250ms condition.
Values are slightly jittered for better visualization.

different spread, leading to high false alarm and false negative rate. 4.8A and B show the

ROC curve for training and test data. Note that training and test data under the current

hypothesis is used as a reference for the following analyses, as no model parameter is needed

to learn for Gz here.

Figure 4.8C shows the AUC score up to z = 15. The results suggesting that sum of evidence

is a reasonable hypothesis as most AUC scores are above 0.5 for both training and test

data. Figure 4.8 D shows the optimal threshold used at each sample position to classify the

trials. Note that level of evidence can only be odd number if number of samples is odd, and

level of evidence can only be even number if number of samples is even given the nature of

simple random walk. We find some evidence favoring H1, and that threshold increases as

the number of samples increase. Similar results supporting H1 can be shown by the results

from the 100ms condition in Figure ??.

Integration of Evidence The current hypothesis is directly testing the classical Drift

Diffusion Model (DDM). The AUC scores from both conditions demonstrate that sum of

evidence is a reasonable criterion, but the criterion does not generalize to all trials and all

sample positions. Only samples 3-7 and 15 for 250ms, and samples 4,5,6,14 for 100ms show

robust results for both training and test data. 4.7
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Figure 4.7: Distributions of evidence for proceeding trials and terminated trials at each
sample for 250ms.

Figure 4.8: Model Performance and optimal threshold for 250ms condition. A & B,

Optimal threshold We show that the optimal threshold used to distinguish proceeding

trials and terminated trials increases as number of samples increases. However, when we ac-

count for the expectation of random walk E(Sn), the optimal threshold decreases, suggesting

a fixed and slightly collapsing threshold when a prior if formed to best fit the data.

Note that the current framework of classification can not distinguish the race model and
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Figure 4.9: Model Performance and optimal threshold for 100ms condition. A & B,

(a) 250ms condition. (b) 100ms condition.

Figure 4.10: Optimal threshold corrected by expectation of random walk.

the sum of evidence model because the Bernoulli trials make the two alternatives perfectly

inhibiting each other.
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Model 2: Max Runs

In Figure 4.7, we observe that within a sample position and at each level of evidence, subjects

still exhibit variable behaviors, suggesting that the level of evidence and number of samples

can not fully explain the decision process. It is possible that, in addition to the level of

evidence, the path through which the evidence is reached during accumulation should also

be taken into account.

Figure 4.11 are the histograms of number of max consecutive runs for proceeding trials and

terminated trials, showing a slight difference between the two classes of trials up to sample

13. Figure 4.12 shows the performance of the max runs model. It is not surprising that the

model performs better than Model 1 at sample 3 and 4, suggesting that for certain trials that

begin with consecutive runs, subjects tend to stop asking for more samples. This effect could

also be seen in Figure 4.6 when y-axis is 1. The Max runs model performs similarly for the

100m condition provided in Figure C.4 in appendix. Therefore, we conclude that subjects

integrate evidence and keep track of consecutive runs depending on sample position.

Figure 4.11: Distribution of max consecutive runs at each sample sample for 250ms condition.

Model 3: Weighted Sum of Evidence

The weighted sum of evidence model using logistic regression is the best model while still

preserving linear classification boundary. Figure 4.13 demonstrates the model performance

for 250ms condition, especially for samples from 7-12. When we inspect the coefficients of
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Figure 4.12: Model performance of max runs model for 250ms condition.

each model, the coefficients consistently show a recency effects, such that as samples come

in, subjects upweight the recent evidence and downweight the prior evidence. If they made

a decision early, that is because they accrued sufficient evidence (also supported by the

max runs model for samples at 3 and 4), if they chose to wait for more samples, they will

compensate the passing of earlier samples, such that an increase in recent evidence has a

higher log odds of an overt response. Note that coefficient forX1 is skipped as the first sample

is always +1 under this current framework. Small improvement of model performance can

also be observed in the 100ms condition shown in Figure 4.15, and the recency effect can be

observed in Figure 4.16 with one sample delay, as only 2 samples were backtracked in order

to correct for nondecision time.
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Figure 4.13: Weighted Sum of evidence model performance for 250ms condition.

Figure 4.14: Coefficients from logistic regression fit at sample for 250ms condition.

Figure 4.15: Weighted Sum of evidence model performance for 100ms condition.

Figure 4.16: Coefficients from logistic regression fit at sample for 100ms condition.

4.3.4 Local signals with XGBoost Tree Ensemble Model

Combinatorial Representation of Local Signal

We used dataset D′ for Figure 4.17 to show the number of occurrences for all possible

combinations and the corresponding probability of termination on Xi+3. The sequence

+1,+1,+1,+1 is most likely with the highest number of occurrences because given p = 0.62,

Pr(4 Positives) = p4 = 0.148 followed by probability of 3 positive, 2 positives, 3 negatives
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and 4 negatives. Figure 4.17A shows all the possible combinations sorted from highest to

lowest probability of being followed by a termination response. There is a systematic pattern,

where sequences with more positives are more likely to result in termination. Addition, a

subtle effect of sequence order is can be observed especially when
∑

Xi:i+3 = 3. Figure 4.17B

shows all the occurences where the level of evidence at the final entry regarding the entire

sequence is 0, sorted the same order as in A. While other patterns are no longer systematic,

in the rare cases when
∑

Xi:i+3 = 4, subjects show the highest probability of responding.

Figure 4.17C and D show the occurrences where level of evidence is low (<= 2) compared

to high (> 2). There is a small effect of such that, given the same sequence order, subjects

are more likely to respond at a higher evidence across all combinations.

Figure 4.17: Local signal for 250ms.
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XGBoost Results

Our results demonstrate that subjects adopt complex behaviors when performing the task,

guided by evidence, sample, local signals with a length of 4, and the interactions among these

factors. We used XGBoost to model the non-linear relationships between the 6 predictors

and the response, in order to account for the effects from all previous models, assuming that

local signals can capture the signals in max run model and logistic regression model.

Figure 4.18 shows the loss functions on train and validation data, and the performance of

XGBoost model using all the occurrences for each condition, resulting in an overall perfor-

mance measured by AUC score at 0.68 and 0.7.

Figure 4.18: Training and validation Loss of XGBoost Model for 250ms (left) and 100ms
(right) conditions each with all samples combined.

Figure 4.19 and 4.20 show the performance of the trained model tested the same train/test

split matched to previous models for a fair comparison. Sequences with a length of 3 were

omitted. For the 250ms condition, the model seem to perform better for earlier and later

samples, showing a similar but better pattern as Max Runs Model. The model is more robust

as it performs more consistently between training and test set. For the 100ms condition, the

model performs the best among all existing models.
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Figure 4.19: Performance of trained XGBoost model on training and test data for 250ms
condition.

Figure 4.20: Performance of trained XGBoost model on training and test data for 100ms
condition.

Interpretating XGBoost Model with Partial Dependence and Feature Impor-

tance

We used PDP to investigate the probability of termination as a function of each feature for

a causal interpretation. For the 250ms condition shown in Figure 4.21A-D, each local signal

increases the probability of termination if it is positive, consistent with the patterns shown in

Figure 4.17A. Probability as a function of level of evidence in Figure 4.21B shows an overall

increasing trend. Interestingly, the function has a global maximum at 3 and 4, followed by a

decrease as evidence level goes up at 5 and 6, indicating a non-linear relationship. A similar

pattern can also be seen in Figure 4.22.

The 2D PDP plot representing the relationship between sample position and evidence in

Figure 4.21D shows that subjects has the highest probability of responding when trials hike
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up quickly in the first several samples (reaching evidence at 3 and 4), and in the trials

when more than 15 samples are seen. Figure 4.23 shows the probability to termination as

a function of sample by each level of evidence using the average from Partial Dependence.

Both conditions show that subjects are more likely to respond when the initial evidence

strong. For the 250ms condition, subjects increase the probability of responding again after

seeing half of the samples. For the 100ms condition, the threshold to increase the probability

again is around 20 samples.

Lastly, Figure 4.21H and Figure 4.22H shows the feature importance, computed by the

number of times a feature is used to split the data across all trees. For both models,

Evidence is used the most, followed by sample position. These two features far outweigh the

importance of local signals.

Figure 4.21: Partial Dependency Plots (A-D) and feature importance (E) for 250ms condi-
tion. Individual samples were plotted 100 input samples randomly drawn from the dataset.
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Figure 4.22: Partial Dependency Plots (A-D) and feature importance (E) for 100ms condi-
tion.

4.3.5 ROC AUC Summary

We compared the performance of four major models shown in Table for 250ms condition and

in Table for 100ms condition. AUC scores higher than 0.6 are in bold, and cells are colored

in yellow if both training and test data are the highest among all four models. Weighted

Sum of Evidence Model and XGBoost are the two better models. For the 250ms condition,

XGBoost model can better capture behavior in earlier and later samples, whereas logistic

regression can best model the behavior from sample 7 to 12, where the recency effect is the

most prominent.
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(a) 250ms condition.

(b) 100ms condition.

Figure 4.23: Probability to terminate as a function of sample by each level of evidence for
250ms condition (a) and 100ms condition (b) calculated by the average effect from Partial
Dependence.
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Model
Sample

3 4 5 6 7 8 9 10 11 12 13 14 15

sum
0.71 0.62 0.68 0.64 0.64 0.63 0.61 0.59 0.61 0.58 0.61 0.6 0.62
0.73 0.65 0.62 0.63 0.62 0.53 0.61 0.48 0.58 0.48 0.58 0.58 0.63

runs
0.73 0.62 0.63 0.6 0.59 0.58 0.59 0.54 0.59 0.55 0.61 0.59 0.54
0.76 0.67 0.62 0.59 0.61 0.52 0.57 0.47 0.5 0.57 0.55 0.55 0.56

logit
0.73 0.64 0.72 0.66 0.67 0.66 0.68 0.69 0.72 0.74 0.69 0.71 0.7
0.76 0.67 0.67 0.64 0.65 0.6 0.75 0.6 0.71 0.64 0.59 0.71 0.63

xgb
- 0.64 0.74 0.68 0.56 0.53 0.57 0.6 0.62 0.64 0.6 0.7 0.67
- 0.69 0.7 0.68 0.59 0.55 0.64 0.55 0.58 0.6 0.6 0.74 0.77

Table 4.1: Table with AUC scores for training and test data for 250ms. The first row in each
cell shows the AUC score for the training data, and the second row shows the AUC score
for the test data. AUC scores greater than 0.6 are shown in bold. Cells colored in yellow
indicate that the model performs the best for both training and test data.

Model
Sample

3 4 5 6 7 8 9 10 11 12 13 14 15

sum
0.74 0.67 0.72 0.62 0.68 0.57 0.61 0.56 0.66 0.58 0.61 0.61 0.52
0.53 0.61 0.75 0.62 0.62 0.62 0.62 0.63 0.58 0.6 0.54 0.7 0.58

runs
0.76 0.7 0.72 0.64 0.67 0.55 0.55 0.6 0.58 0.55 0.6 0.58 0.53
0.49 0.67 0.76 0.65 0.63 0.59 0.6 0.63 0.62 0.57 0.52 0.67 0.56

logit
0.31 0.75 0.78 0.73 0.77 0.63 0.65 0.63 0.72 0.67 0.67 0.7 0.64
0.51 0.82 0.82 0.68 0.7 0.61 0.62 0.63 0.63 0.58 0.55 0.71 0.57

xgb
- 0.75 0.85 0.83 0.88 0.8 0.8 0.73 0.75 0.73 0.66 0.69 0.64
- 0.7 0.89 0.81 0.84 0.81 0.79 0.76 0.72 0.7 0.65 0.75 0.66

Table 4.2: Table with AUC scores for training and test data for 100ms.

4.4 Discussion

4.4.1 Conclusion

We used the pPDM experiment to quantitatively test the fundamental theory in sequential

sampling in human decision making. We formally tested hypotheses on mechanisms during

evidence accumulation with four models, and tried to identify a model that best describe

the way people behaved by evaluating the performance as a classification task. Subjects

show high accuracy in completing the task. We observed complex patterns of behavior and

introduced models that can reasonably account for multiple mechanisms. More specifically,
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new models we introduced provide interpretable results to better explain decision making

process.

Integration of evidence Our results suggest that humans continuously integrate evi-

dence, but the threshold is not fixed. Decision criterion given the level of evidence is affected

by time (quantified as number of samples), the amount of evidence contained in the last

several samples (local evidence), and the expectation of evidence accumulation rate as a

prior belief.

Evidence as a function of time include two factors. One is that as time goes by, evidence

needed to make a decision generally increases, as demonstrated by the optimal threshold

identified by Model 1. However, this effect can be eliminated by accounting for the expected

evidence accumulation rate, suggesting that there might be a fixed level of significance sub-

jects used to on Likelihood Ratio to test hypothesis. The fixed criterion is not demonstrated

in the form of a fixed decision bound Z1 and Z2, but instead an increased bound as a function

of timeZ(n). This can be considered as increasing bound, rather than collapsing bound in

the literature [17]. If the idea of increasing bound holds true, the findings would indirectly

support Urgency Gating model, as there would theoretically require a separate signal that

pushes for a response to conclude a trial rather than waiting indefinitely. What makes it

more complicated is that the effect of increasing bound on probability is non-linear, such that

lower evidence increase the probability more, and higher evidence increases the probability

less.

Time as a function of response More samples also increases the probability of making a

decision. However, we found two strategies given the non-linear results. For earlier samples

subjects have a higher chance of responding if the signal is strong towards one choice. This

result is supported by the success of Model 2 Runs Model with shorter chains. For samples
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in the middle of the chains, we see that subjects either respond at a lower chance, or wait

to sample more and discount the prior ones. For samples closer to the end of the chain,

subjects tend to respond even if evidence is low.

Among the four models, two models that we constructed best fit the data observed. Both

models are inspired by existing mechanisms in sequential sampling. One of the better models

is integration of evidence weighted overtime. We found a recency effect such that subjects

focus on recent samples and suppress prior samples. This model represents a process similar

to O-U process, rather than a Standard DDM. The other model is a non-linear ensemble

model using gradient-boosted trees that utilizes amount of evidence, number of samples

(course of time), local signals and the interactions between them. The results suggest that

computations during decision making include all of the features and the interactions among

them. The resulting behavior demonstrated support for a combination of O-U Model, Ur-

gency Gating Model, and Runs Model, but none of these models by itself can best explain

the data. These results suggest that cognitive scientists should consider developing mod-

els that have the ability to account for multiple mechanisms, and design experiments that

investigate how these mechanisms are employed in different scenarios.

4.4.2 Future Work

Future work should focus on three directions. First, we should assess the robustness of each

model using cross-validation, as the behavioral data is highly variable. Robustness of model

among all subsets of data should be considered as an evaluation metric in addition to AUC

scores. Second, EEG data should be analyzed given the current behavioral results. We should

try to search for brain signals that track evidence and sample position. Current classification

framework can be used to compare brain signals on trials with and without a response at each

sample. In addition, we should try to construct models that can incorporating both brain
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signals and behavioral features. A unifying framework needs to be developed to formally

describe these mechanisms.

Even though drawing samples from a Bernoulli Distribution gave us the full control and

granularity to test the fundamental theories, it limited our ability to distinguish models

that assume separate processes for the two alternatives, such as Race model and LCA.

Future experiments generate each sample from a Gaussian distribution or from two separate

distributions, so that the sample at each step is not binary. Similar studies should be able to

adapt the current framework to test hypotheses. Future experiments should also manipulate

the probability of the Bernoulli trials or other distributions, such that there isn’t a fixed

expectation on the stochastic process.
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Chapter 5

Conclusion

5.1 Interpretable Neural Network for Neurocognitive

Modeling

One of the challenges in fitting the Drift Diffusion Model (DDM) is that cognitive compo-

nents vary across trials, leading to different trial-level behaviors. Individuals exhibit varying

information processing speeds and levels of caution momentarily. Estimating these compo-

nents using the Wiener likelihood given RT observed is not solvable on a trial-level as we

must infer two latent parameters—drift rate and boundary based on only one observable

value. The development of Decision SincNet simultaneously predict the parameters of the

DDM and discover the neural correlates of these parameters in an end-to-end manner.

Decision SincNet provides power of single-trial inference as it uses brain signals as an addi-

tional source of information to constrain the latent cognitive parameters at the trial level.

This approach allows for better estimation of the evidence accumulation rates and decision

boundaries that would most likely produce the observed behaviors. At the same time, the
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model provides valuable insights into the relationship between brain activity and cognitive

processes. The design of Decision SincNet is different from classical neural network models

as it was constructed as a fully interpretable model with a training objective to predict pa-

rameters of a hypothesized process. Therefore, interpreting how the model processes input

data is intrinsically linked to analyzing EEG data and discovering neural correlates identified

by the model. The success of the current modeling framework and visualization methods

can open up new opportunities for neuroscience research. Future work can build upon this

line of research and introduce different neuroimaging modalities and likelihood functions.

5.2 Complex Behaviors during Human Decision Mak-

ing

We developed a 2AFC task pPDM using an observable stream of evidence to examine how

unit samples of evidence given rise to an overt response that terminates the sampling process.

We formally tested different existing hypotheses during evidence accumulation, and devel-

oped a classification framework to use data-driven methods to evaluate which hypothesis-

guided model best describe the data we collected. We concluded that under the sequential

sampling framework, humans employ complex strategies that involve multiple mechanisms to

make decisions. By using a non-linear machine learning ensemble model, where all features

were carefully constructed to account for relevant factors, we were able to better disentangle

the processes. Interpretability methods applied to the tree-based ensemble model show that

humans consider the integration of evidence, the passage of time, the sequence in which

samples are presented, and the interplay between these elements to guide decision making.
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5.3 Summary

In summary, our work investigated fundamental questions in decision-making by utilizing

both computational modeling and empirical approaches, with a particular focus on trial-

level predictions. Our results suggest that evidence integration plays an important role

in decision-making, and models should account for across-trial variability. We used deep

learning and machine learning techniques, including the analysis of high-dimensional EEG

data, solving non-convex functions using gradient-based methods, and modeling complex

human behaviors. Interpretability methods serves as an example of leveraging ML/AI for

scientific research. We believe our work will inspire future research in this field to adopt new

methods and address fundamental questions on brain and behavior.
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Appendix A

Supplementary materials Chapter 2

A.1 Supplementary Figures
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Figure A.1: Model performance from subject s59 in Dataset 2.

Figure A.2: Distributions of RT, Drift, and Boundary by experimental condition for subject
s59 in Dataset 2.
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Figure A.3: Model performance from subject s110 in Dataset 2.

Figure A.4: Distributions of RT, Drift, and Boundary by experimental condition for subject
s110 in Dataset 2.
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Figure A.5: Model performance from subject s110 in Dataset 2.

Figure A.6: Distributions of RT, Drift, and Boundary by experimental condition for subject
s100 in Dataset 2.
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Appendix B

Supplementary materials Chapter 3

B.1 Supplementary Figures

106



Figure B.1: Results of spectra of sinc kernels of three other subjects from Dataset 2.
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Appendix C

Supplementary materials Chapter 4

C.1 Supplementary Equations

C.1.1 Coefficients for Weighted Random Walk Model

Equation for H0:

y = β1 (S1 + S2 + · · ·+ Sk)

= β1 (kx1 + (k − 1)x2 + · · ·+ xk)

= kβ1x1 + (k − 1)β1x2 + · · ·+ β1xk.

(C.1)

Equation for H1:
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y = β1S1 + β2S2 + · · ·+ βkSk

= β1 (x1) + β2 (x1 + x2) + · · ·+ βk (x1 + x2 + · · · xk)

= (β1 + β2 + · · ·+ βk)x1 + (β2 + · · · βk)x2 + βkxk.

(C.2)

Let X1, X2, ...Xn be a random sample from a Bernoulli trial with a parameter θ such that

Xi ∈ −1,+1. Suppose subjects observed X1 = X1, X2 = x2, ..., Xn = xn and they know the

Bernoulli trials are biased, with either probability of p or 1 − p for getting Xi = +1. They

are testing between two simple hypotheses:

H0 : θ = p,

H1 : θ = 1− p

(C.3)

LR =
L1 (θ | x1 . . . xn)

L2 (θ | x1 . . . xn)

=
p
∑

xi · (1− p)n−
∑

xi

(1− p)
∑

xi · pn−
∑

xi

=
p
∑

xi

pn−
∑

xi
· (1− p)n

∑
δxi

(1− p)
∑

xi

= p2
∑

xi−n · (1− p)n−2
∑

xi

=p2
∑

xi−n · (1− p)−(2
∑

xi−n)

=

(
p

1− p

)2
∑

xi−n

.

(C.4)

The Log Likelihood Ratio is thus
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LLR = log

(
p

1− p

)2
∑

xi−n

= 2
∑

(xi − n)− n · log
(

p

1− p

) (C.5)

C.2 Supplementary Figures

Figure C.1: Left: Evidence chains where each step throughout the walk is generated from a
Bernoulli trial with a probability of p = 0.62 to move +1 (indicated in orange) and p = 0.38
to move +1 (indicated in blue). Right: Demonstration of termination of random walks if a
decision threshold is met (indicated in purple).
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Figure C.2: Trial distribution under 250ms condition by sample (left column) and be evidence
(right column) for all subjects.
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Figure C.3: Visualization of Intercept and Coefficients for a weighted random walk classifier.
Coefficients are different at different sample position while intercept remains to be similar
values.
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(a) Distribution of number of max runs for two classes of trials at different
sample position for 100ms condition.

(b)

Figure C.4: Max run model for 100ms condition.
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Figure C.5: Partial Dependency Plots (A-D) and feature importance (E) for 250ms condition
signed evidence.

Figure C.6: Partial Dependency Plots (A-D) and feature importance (E) for 100ms condition
using signed evidence.
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