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ABSTRACT

A hallmark of human vision is to recognize objects in complex naturalistic scenes.
However, the exact mechanism behind the representations of a three-dimensional
scene remains obscure. This study proposes a tool to investigate human perception
by using a computer graphics approach. We use three-dimensional object meshes
to render synthetic scenes and try to study how these scenes will be represented in
the brain. We render a collection of datasets with different appearance and pose
variations by changing exactly one property at a time. A model is trained on each
of these datasets for a classification task and is then evaluated using alignment
metrics; deviations in metrics such as Centered Kernel Alignment (CKA) and
Representational Similarity Analysis (RSA) indicate the importance of a particular
brain region in representing a particular property. In conclusion, we propose a
promising method to study the brain using computer graphics to provide valuable
insights into human vision.

1 INTRODUCTION

Human vision can easily process complex scenes and perform object recognition, allowing us to
perform day-to-day tasks such as scene understanding and spatial navigation (Wardle & Baker, [2020).
Getting an idea about the neural underpinnings of these mechanisms is of interest to a variety of
disciplines such as computational neuroscience and artificial intelligence. In this work, we propose a
tool for studying the mechanism of scene representation in the brain by using a computer graphics
approach.

As humans, we can recognize objects in three dimensions from two-dimensional images; there are
several important components of 3D perception, including shape and depth cues. For example, we
can estimate shape from shading (Bruckstein, |1988)), specularities (Savaresel [2014), and texture
(Todd & Thaler, [2010) variations. As depicted in [Figure 1] subtle variations in appearance change
the perception of objects in 3D. This highlights the complex interaction between visual cues and
cognitive processes that allow us to infer depth and shape (Sprote et al.,|2016). Another interesting
phenomenon in human vision is the change in the perception of depth due to viewpoint changes (Deng
et all 2024). Figures [Te|to[Th highlight the sampling of camera angles along different perspectives
or viewpoints. Hence, for the scientific community, it is interesting to study the factors that affect
human visual perception by making viewpoint changes.
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Figure 1: (a) a sphere with no shading (b) a sphere with shading (c) a sphere with specular reflection
(d) atextured sphere (e) camera viewpoints with views sampled along the sphere (f) camera viewpoints
sampled along the upper hemisphere (g) camera viewpoints along the z-axis (h) constant camera
viewpoint
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Figure 2: Visualization of the main pipeline of our work. The process begins with three-dimensional
meshes of objects, which are rendered by varying the camera position and appearance. Using each of
these configurations we train a zoo of models. Variations in input datasets lead to changes in how
brain regions are represented within the model. After this, we use alignment metrics to evaluate the
alignment of neural network models to the brain. Finally, we evaluate the alignment of the models
trained based on these datasets for comparison.

The traditional way to understand the nuances of human vision is through experimental studies
involving neuroimaging or behavioral data. Many studies such as [Majaj et al[(2015) and Rajalingham
et al.| (2018)) have attempted to understand the brain using methods such as electrode arrays and
behavioral experiments. Most of these studies are limited by the amount of scanning time and the
number of images that can be shown to subjects. Furthermore, stimuli are tailored to a specific
hypothesis and are not designed for tasks such as ours where we want to use computer graphics to
understand human vision. We cannot decompose brain activations from ImageNet-like images into
activations from shadows, shading, textures, or other appearance components. To understand how
each of these properties is individually processed, we propose the following pipeline in Figure [2]

In the first step of our pipeline, we adopt a data-centric approach. We generate synthetic data by
controlling the appearance and rotation factors in the scene using Blender (Communityl 2018) as
our rendering engine. At first, we generate a dataset with maximal variation of appearance and
rotation effects and name it the Base dataset. After this, we vary one factor (such as shadows, shading,
textures, and rotation variation) at a time to generate a set of modified datasets. We hypothesize that
we can individually study factors that affect perception in human vision at different stages of the
visual ventral stream using synthetically rendered datasets.

In the second step (as depicted in Figure[2), we expose deep learning models to a variety of synthetic
datasets to ensure that each model instance learns different types of representations. For this, we take
inspiration from previous work such as |Dwivedi et al.|(2020); Yildirim et al.| (2020) which point
out that there are three ways to accomplish this task. Namely, changing the architecture, changing
the loss function, or changing the training data. We choose to change the training data because by
modifying the training data we can directly influence the features that the model learns. We use
this technique following the lines of contrastive learning and domain adversarial training used in
computer vision with reference from (Adhikarla et al.l [2023).

After we have trained the neural networks, we need a good model of the human visual system. We
consider Convolutional Neural Networks (CNNs) as such and hypothesize that they learn representa-
tions similar to the human brain. To compare the neural network activations to brain responses, we
make use of alignment metrics such as RSA (Kriegeskorte), 2015 and Centered Kernel Alignment
(CKA) (Murphy et al., 2024) which have shown to be successful in cross-domain comparisons
(Cui et al.| |2022). Each of these metrics is then used to evaluate the difference between the set of
synthetic datasets we have rendered. The direction, significance, and magnitude of these differences
can highlight the importance of a particular brain region in representing a particular property. Figure
highlights these trends and provides a way to interpret the direction magnitude and difference. We
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take the scores from the Base and subtract the scores of the modified from it. Then we try to evaluate
the trend of these scores down the visual hierarchy.
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Figure 3: This figure illustrates the various types of trends observed in the differences of the metrics
for the modified and Base datasets. Different types of trends can be seen over the visual hierarchy.
First, the score difference is increasing, which means that the feature we removed from the Base
dataset to create the modified dataset has a representation in the later visual areas. Second, the score
difference does not change. This means that this feature is less represented in the visual areas. Third,
the score difference decreases down the visual hierarchy, this means that the removed feature is more
represented in the early visual areas as compared to the later visual areas. A higher score means that
the match to the brain is worse for the modified dataset as compared to the Base dataset and hence
the feature that was removed in the modified dataset will be represented in that brain region.

In summary, our work proposes a tool for studying the processing of scene intrinsics in human
vision. By utilizing CNNs and synthetic data, we can discover and offer insights into the complex
relationships between scene attributes and neural responses. This research could contribute to
cognitive neuroscience and the development of more advanced computer vision models.

2 RELATED WORK

In recent years, the study of alignment between human and neural network representations has gained
widespread attention. Particularly, studies such as [Sucholutsky et al.|(2023) provide the framework to
study the relationships between representations in the human brain and neural networks. Additionally,
studies such as |Giiclii & Van Gerven| (2015)) show that shallow representations of CNNs are similar
to early visual areas, while deep layers are similar to those of higher-level visual areas. Furthermore,
the study from Ratan Murty et al.[(2021) shows that Artificial Neural Networks (ANNs) can be used
to predict responses in areas such as PPA and FFA effectively while |Guclu & van Gerven| (2015)
have shown high accuracy in predicting responses in the IT cortex.

It is well known that the representations that a model can learn depend mainly on three factors,
namely training data, network architecture, and loss function (Yildirim et al.}[2020). For example, in
the taskonomy dataset (Zamir et al.,|2018) which is widely used in computer vision, the architecture
remains constant, but the loss function is changed to perform different tasks. This ensures that
the differences in the model representations arise due to the difference in task and not due to the
difference in model architecture. Another widely used computer vision data set is the ModelNet data
set (Qi et al., 2017) where the architecture is changed and the loss function remains constant. This
helps evaluate the type of layers that help in achieving performance on a particular task. It shows a
way how variation in the architecture leads to variation in representations keeping the cross-entropy
loss constant. We chose to change the training data so that we could control the representations
learned using the features in the image training set after being inspired by previous work by |Dobs
et al.[(2022).

In addition to understanding how these factors influence model representations, it is important to
evaluate how closely the model’s visual representations align with the brain. This has been called
for in the field of NeuroAl. There are a couple of methods that have been widely used for aligning
human and neural network representations. RSA is one of the traditional methods to measure the
similarity of these representations. The description of RSA is mentioned in Section[3.3.1} It has been
used in various Neuroimaging studies involving fMRI, MEG, and EEG modalities to study alignment
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of computational models to brain measurements (Dimsdale-Zucker & Ranganath| [2018) (Kaneshiro
2015). New metrics such as CKA and Linear Shape Metrics have also been introduced. Mostly,
these metrics are not correlated with each other, as shown in [Soni et al.| (2024a)).

3 METHODOLOGY

In summary, our approach is as follows: first, we generate different synthetic datasets by controlling
the parameters (appearance and pose variation) of the synthetic scene (Section[3.1). Second, we used
these synthetic datasets to train a variety of DNNs (Section [3.2)). Third, as described in Section 3.3]
we benchmark each of these networks on a subset of publicly available benchmarks of
(2024) in BrainScore (Schrimpf et al.,[2020), RSA, and CKA. Once we have a goodness of
fit from each of these settings, we evaluate the significance of the differences in scores (using an
independent samples t-test) to make inferences about where a particular scene property is represented
in the brain.

3.1 DATASET GENERATION

The first step of our pipeline is to use a computer graphics approach to generate synthetic datasets.
We make use of the Blender (Community},[2018)) rendering engine to simulate a three-dimensional
scene while having full control over all parameters of the scene whereas such control is not available
when using most real-world datasets.

To generate our data set, we use meshes from the Objaverse 1.0 (Deitke et all[2023) dataset. This
dataset was chosen because it is one of the biggest repositories of three-dimensional meshes available
publicly. It comes with three-dimensional meshes, annotations, and captions of the images. This
dataset (version 1.0) contains around 800K + objects out of which only 80K have LVIS annotations
[2019), which partitions the dataset into 1156 common categories instead of partitioning
the dataset into a larger number of categories with less number of instances per class. Using LVIS only
80K meshes were suitable for our task, which is still a comparatively large number for multiclass
recognition tasks. The main focus of our work is to evaluate downstream effects on brain predictivity
based on changing the training data.

We select classes which have n number of objects where n € [20, 120] and from the Objaverse dataset
and then render five images per configuration (see Figure[2). We generated multiple data sets to train
our models. The first variation of our dataset is referred to as the Base dataset. It contains all possible
appearance and pose variations. Figure[dshows one view per object to highlight illumination changes
on the same object. Figure [5]shows five views per object to highlight the rotational differences. The
Base dataset is rendered in the following manner by modifying the script at ! :
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Figure 4: A teapot rendered under different illumination effects: (a) Base dataset with all the scene
properties intact (b) random textures (c) ambient illumination where a white environment map is
used to lighten the scene (d) without shading (e) without shadows and (f) without specular reflections.
A plane is rendered at the bottom of the objects to visually show what happens when we remove
shadows from the scene.

'GitHub: https://github.com/allenai/objaverse—-rendering/blob/main/
scripts/blender_script.py
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Figure 5: Datasets with rotation effects. (a) Base dataset with the variation of the camera angle along
a full sphere, (b) Variation along a hemisphere, (c) Variation along the Z-axis only, (d) No variation
of the camera angle.

As defined above, this results in a selection of k = 775 classes and 37K objects in total. To create
a synthetic scene, a random environment map is taken from a set of 1673 spherical HDRI maps
introduced in the training set by [Gardner et al.|(2022)) that controls the background image and the
illumination of the scene. The original properties of the scene such as shadows, shading, specularities,
and textures remain intact. The camera viewpoint is varied along a sphere (see Figure [5) to get
different viewpoints of the object. Five images per object are then rendered.

We then generated eight different versions of this dataset, leading to nine synthetic datasets in total;
for each version, we changed exactly one scene parameter at a time. To do so, we group the scene
parameters into two sets (Which we call paths): the appearance path and the pose variation path. For
the appearance path, the settings of the scene are changed using Blender (see Figure[d). The datasets
generated using the appearance path are:

* Random texture: depicted in Figure[db} a new random texture sampled from the describable
textures dataset (dtd) (Cimpoi et al.|[2014) and is added on top of the object. This changes
the surface properties of the object such as the color, reflectivity, and transparency. The
color is set according to the new image while the other properties are set to default values in
blender.

 Ambient illumination: depicted in Figure c|uses an ambient white environment map for
lightning the scene and a random environment map sampled from |Gardner et al.| (2022)
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dataset as a background image. This results in all parts of the image being illuminated
uniformly and remove any shading or sharp illumination effects.

* Shading removal: depicted in Figure dd| We remove all the shading (local and global
illumination effects) from the material. When we remove the shading, it means we are now
using only the material texture to model how the light interacts with the surface of the object.
Particularly, in Blender it means that we are no longer using the principled bsdf shader
which combines multiple shaders into one.

* Shadow removal: depicted in Figure fe|removes shadows such as cast shadows and self-
shadows. The cast shadow can be seen with the help of the plane at the bottom of this
object.

* Specularity removal: depicted in Figure[dflremoves properties such as shininess, glossiness,
and metallic properties from the image (Fleming et al.| 2004).

For the rotation path, we vary the position of the camera (see Figures [Te}[Th| & [5] for the distribution
of camera angles). Five images per object are rendered by sampling camera positions. We make the
use of polar coordinates to define the position, (x, y, z). The general equation for the camera point is:

x = rsin(¢) cos(d), y=rsin(p)sin(f), z=rcos(¢) (D

where 6 is the azimuthal and ¢ the polar angle and r is the camera distance, we use r = 1.2.

* Base Dataset: depicted in Figure[5a| The angles vary as 6 € [0, 27| and ¢ € [0, 7].

* Less Variation: depicted in Figure [5b| vary in the upper hemisphere ¢ € [0, 7/2] and
constant § = /4

* Z-Axis: depicted in Figure[5d] rotation around the z-axis with 6 € [0, 2] and ¢ = 7 /2.
* No Variation: depicted in Figure[5d| with constant angles § = 7 /4 and ¢ = 7 /2.

3.2 MODEL TRAINING

Once the data was generated, a neural network zoo was trained for subsequent analysis. We chose to
train Convolutional Neural Networks (CNNs) due to their widespread use in the field of NeuroAl.
The CNNs were implemented using PyTorch (Paszke et al.,[2017).

In particular, the models AlexNet (Krizhevsky et al., |2012), VGG16 (Simonyan & Zisserman,
2015), and ResNet50 (He et al.|[2016)) were trained. These models were used to perform multiclass
classification tasks on each of the synthetic datasets derived from (Deitke et al., [2023). This task
aims to classify the object based on synthetic images with n = 775 classes. As portrayed in Figure 2}
we train 3 models on each of the 9 datasets and perform 5 iterations of the same (five different train
and test splits). This means that in total we train m = 135 model instances. We modified the number
of neurons in the last layer of each model to match n and then trained the networks.

The hyperparameters used to train the models are mentioned in Table[I] We make sure that for each
type of model, the architecture and the loss function remain constant due to the reasons mentioned in
The model weights were initialized using Xavier initialization (Glorot & Bengiol, 2010).
The instances of these models were trained until convergence if the model loss did not decrease after
15 epochs (early stopping). This convergence criterion ensures stability in the model training and
prevents unnecessary training time and resource expenditure (Prechelt, |1998). We were able to
achieve reasonable accuracy, as presented in Table[2]on almost all pairwise combinations of models
and datasets. The models were trained from scratch with a set of parameters similar to the ones used
for training such models on the ImageNet (Deng et al.,[2009) dataset.

3.3 ALIGNING NEURAL NETWORKS TO THE BRAIN

To evaluate the hypothesis of our study, it is important to study the alignment of representations in
the neural networks to representations in the human brain. For this, we take inspiration from studies
like |Sucholutsky et al.|(2023) that aim to measure the alignment between any two systems and show
a general framework to compute a metric of alignment between two systems. In this section, we
highlight the metrics used in this work to measure the alignment between networks trained on our
synthetic datasets and the data from a variety of neuroimaging studies.
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3.3.1 REPRESENTATIONAL SIMILARITY ANALYSIS

RSA (Kriegeskortel [2015)), as mentioned in Sectionﬂ] is one of the popular methods to compute
the similarity of representations in the brain and neural networks. In general, the mechanism is to
compute pairwise correlations between the representational dissimilarity matrices (RDMs) of the
neural networks and RDMs of the brain regions. We use the python Net2brain' toolbox and an
offline instance of BrainScore (Schrimpf et al.||2020).

Using the Net2brain (Bersch et al.,[2022) toolbox we get an average RDM (from the brain activity of
8 subjects in the NSD (Allen et al., 2022} dataset) for each brain region and one RDM for each NN
layer and compute correlations (Pearson’s r) as mentioned above. On the other hand, we used the
publicly available benchmarks from (Coggan & Tong, |2024) available on BrainScore (Schrimpf
et al.|[2020) to benchmark our models. For each of the networks, instead of letting BrainScore choose
the layers, we assigned the layers to each brain region according to recommendations on BrainScore
website, to see only the effects of changing the training data. The layers were chosen according to

[Table 3]in the Appendix.

3.3.2 CENTERED KERNEL ALIGNMENT

Centered kernel alignment has become a widely used metric for comparing activations between
neural networks and the brain (Murphy et al.,[2024)). For our use case, it serves as an effective tool
for comparing the representations in brain RDMs to neural network RDMs. We use the formulation
mentioned in (Kornblith et al.;2019) to compare the matrices (obtained from the Net2brain (Bersch
et al., [2022) package) in a pairwise manner. This means each brain region RDM is compared against
each neural network layer RDM. The combination with the highest value of CKA is reported i.e. the
layer which is most aligned to a particular brain region is reported in Figures 7] and 6]

3.3.3 ENCODING MODELS

Encoding models are a class of models used to directly predict brain activity in response to stimuli.
Wang et al.|(2019) is one of the established sets of models used to predict localized brain responses.
In our study, we make use of ROI-based feature-weighted receptive field model (fwrf-model from
(Gifford AT), (Gifford et al., [2024)) to synthesize neural responses for images of our own choice.
This approach provides a quick way to map how features of an image contribute to the activation
patterns observed in the brain. This encoding model can be trained for each ROI has an explained
variance score of 65.94% for V1, 59.71% for V2, 52.02% for V3 and 44.45% for V4 (Gifford et al.,
2024). The encoding model uses |Allen et al.| (2022) as the base and comes with EEG and fMRI
responses for /50,000 naturalistic images coming from multiple publicly available datasets such as
ImageNet (Deng et al.,|2009). This fact ensures that the synthetic responses are generated from an
underlying distribution, allowing for a more accurate simulation of the neural responses and providing
an alternative for conducting large-scale in vivo experiments.

We began by generating synthetic responses to a set of 500 images (5 images for each of the 100
objects) (see Figure[5). Next, we generated synthetic responses for each of the proposed dataset
modifications in the same manner. We chose these objects visually so that they include more
appearance effects as compared to the average object in the dataset. These responses are visualized
using NiLearn . We used an encoding model for each subject and each ROI. Using the MNI template
(Collins et al.| [1994), we averaged the subject-level responses for each ROI to create a group-level
prediction for a particular ROI. The predictions at the group level were compared based on the
dataset used to synthesize the neural responses. We then calculated the difference in the NIfTI
images obtained from synthetic responses and finally visualized these differences using the Human
Connectome Atlas (Van Essen et al.,|2013) to enhance the visual interpretation of the results. With
this set of experiments, our goal is to depict the sensitivity of encoding models to changes in the data
used for synthesizing a response. In this way, we can compare it to the experiments from CKA and
RSA.
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Figure 6: We highlight how variations in scene appearance affect the corresponding alignment metrics.
Specifically, we compute the difference between the alignment score of each modified dataset and
that of the base dataset, i.e., Base — Modified, and normalize this difference by the score of the Base
dataset. Each line in the graph represents the normalized difference in alignment metrics between the
modified and Base datasets. The Representational Similarity Analysis (RSA) and Centered Kernel
Alignment (CKA) scores are computed on the dataset from |Allen et al.|(2022) using Bersch et al.
(2022), while the BrainScore differences are calculated for a subset of benchmarks introduced in

Coggan & Tong|(2024).
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Figure 8: Encoding model (from |Gifford AT) is used to predict the intensity in the brain regions
highlighted on the x-axis. Each point on this plot shows the difference in average activity (mean of
intensities) of the Base dataset as compared to that of the modified dataset. Using these line plots we
can see a trend along the visual hierarchy.

4 EXPERIMENTS AND RESULTS

Figures [7]and [6] highlight differences in alignment metrics of the modified datasets compared to the
Base dataset across brain regions and different networks. It can be seen that for the same network,
for example, AlexNet the three metrics RSA, CKA, and BrainScore do not always show the same
trend. This phenomenon is expected and has been reported in previous literature such as (Soni et al.|
2024b) which mentions that different alignment metrics might not be perfectly correlated to each
other for the same set of measurements, but are nevertheless useful since we get to see the patterns
innate in the data using different comparison metrics.

After computing the alignment metrics for each of the pairwise combinations of dataset and models,
we compute an independent samples t-test between the metrics of five iterations of the Base dataset
and modified datasets. The p-values of this analysis are represented in the Appendix in Tables 4] [5]and
[6l Furthermore, we highlight all the p-values (p < 0.05) to highlight the significance of the results.
Analyzing these results, we see that CKA is one metric that significantly differs for different datasets
across networks for a large chunk of combinations. RSA and BrainScore also show significant results
but with a comparatively smaller number of observations having p < 0.05. Hence, we suggest that
CKA is a more favorable metric as compared to RSA and BrainScore for our use case. Furthermore, a
proof of concept is that ImageNet-trained networks and untrained networks are significantly different
as compared to the Base dataset. The difference for ImageNet-trained networks is always negative
since they are trained on more realistic scenes and match the brain better as compared to our Base
dataset. The difference for the untrained networks is almost always more positive as compared to
ImageNet-trained and our modified networks since the untrained networks are randomly initialized
and match the brain worse as compared to the base dataset i.e. ((base — untrained)/base) > 0. For
the rotational datasets, it can be seen in general that the difference (along the visual hierarchy) as
compared to the Base dataset is more on the positive side as the rotation in the dataset decreases, in
general. This means that probably complex rotation could be represented in higher visual areas. Such
observations are in agreement with prior literature e.g. from [Roe et al.| (2012).

Using Figure [6] (alongside Tables ] [5]and [6]in the Appendix) we can conclude that for the textured
dataset, the difference is negative (but higher in magnitude) in the early visual areas and moves
towards zero for V3 and V4. Both the RSA and CKA analyses are significant (p-values of score
differences < 0.05) for VGG16 and AlexNet according to Additionally, CKA is significant
across networks for the textured dataset (as highlighted by [Table 4]to [Table 6). This could suggest
that there is a representation of texture in the early visual system that follows along the lines of
Hucka & Kaplan|(1995)). The textured dataset has more variations in its feature space as compared to
the Base dataset, as a result of this we cannot take the generalized interpretations from In
this case, we are not removing a feature from the Base dataset but adding a new feature (texture).

The datasets without shadows, shading, and ambient illumination seem to have RSA and CKA scores
significantly different from the Base dataset. This is highlighted by [Table 4] [Table 6]and [Table 5 with
early visual layers having p-values, (p < 0.05) in most brain regions for all the three networks. This

2GitHub: https://github.com/cvai-roig-lab/Net2Brain.git
3GitHub: https://nilearn.github.io/stable/index.html
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suggests that illumination effects are being represented more in the early visual areas as compared to
the later visual areas. This is in agreement with prior literature (Chen & Tarczy-Hornochl [2006)) that
highlights the role of V1 in the processing of shadows. Our results are consistent with the literature,
Murray et al.| (2006) confirms this effect and has found the presence of brightness and transparency in
cells V1 and V2. The paper [Lamme et al.[(1999) shows the role of V1 in depth perception which can
be supported by appearance cues.

We conducted encoding model experiments for the appearance dataset only as it was hypothesized
that there would be few effects for the rotational dataset since the response to a large number of
images would be needed to see an effect (and this could not be determined how large of an effect
would be needed). Figure [I0]shows an example of results from the encoding model. The full-length
results are presented in the Appendix with Figures (10| - shows the visualizations as well as the
direction of the differences, we can see the difference and direction using Figure[§] We can see which
regions show higher or lower differences. However, these results are not all conclusive but provide a
method to rank the regions for particular datasets. These can be checked for agreement with other
alignment metrics such as CKA and RSA. In general, we can conclude that we can see a variety of
trends for different effects.

5 CONCLUSION AND DISCUSSION

We demonstrate a novel technique that uses computer graphics as a tool to approximately study
human vision. Generating different controlled training datasets by rendering synthetic scenes can
potentially be useful in understanding the brain. Our experiments try to predict the trends of human
perceptual responses to various synthetically controlled image features. Using different alignment
metrics, we can rank the importance of a particular brain region in the representation of a particular
feature. Even though not all alignment metrics agree with each other, a general trend along the ventral
visual stream can be observed.

An important point to note in the results is that for the NSD (Allen et al.,2022) dataset, RDMs in
Figures|/|and E] are extracted for the regions V1, V2, V3 and V4. The NSD dataset contains masks
for regions 1hV4 and rhV4 (left and right hemisphere V4) which are relevant to studying the IT
cortex but as such are not named as IT. Using a subset (from |Coggan & Tong| (2024))) of benchmarks
BrainScore, we were able to benchmark in regions V1, V2, V4, and IT. Another point to note is that
the NSD (Allen et al.| [2022)) dataset is not perfectly suited for the task of RSA. Hence, we have used
encoding models to add another layer of confidence to our experimental results. The encoding model
does show trends in differences along the visual hierarchy, which can be compared against the three
metrics proposed before.

In summary, we provide a pipeline that encompasses a tool to study the brain using computer graphics.
Using different alignment metrics, we evaluate how different scene intrinsics are represented in the
brain. Even though this method is approximate, it still gives a starting point before trying to study the
brain by designing specialized fMRI experiments and it might guide studies into novel directions.
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7 APPENDIX

Model Optimizer | Momentum | Weight Decay | Learning Rate | Scheduler Factor | Patience | Initialization
AlexNet Adam 0.9 Se-4 0.01 Reduce LR on Plateau | 0.1 10 Xavier
VGG16 SGD 0.9 Se-4 0.01 Step LR 0.1 30 Xavier
ResNet50 | SGD 0.9 8e-4 0.1 Step LR 0.1 30 Xavier

Table 1: Model training hyperparameters, one of the special cases was that for training ResNet50 on
the textured dataset we used a learning rate of 0.01.

Model Keyword Training Ac- | Validation Training Validation
Name curacy Accuracy Loss Loss
Ambient 0.81 £0.10 0.59 £ 0.03 0.65 +0.43 2.37+£0.02
Less Variation | 0.76 £0.11 0.58 £ 0.02 0.89 +0.44 2.27 +0.03
Z axis 0.90 £ 0.04 0.68 + 0.01 0.39+0.24 1.72 £ 0.04
No Variation | 0.81 £0.11 0.89 £ 0.04 0.69 £0.45 0.43£0.19
AlexNet Base 0.66 +0.24 0.52 £0.08 1.32£0.89 2.72+£0.22
Textures 0.63 +0.10 0.47 £ 0.03 1.58 £0.49 3.11£0.01
Without Shad- | 0.83 +£0.03 0.56 £ 0.00 0.63 £ 0.05 2.61 £0.05
ows
Without Shad- | 0.81 +0.03 0.53 £ 0.00 0.74 £0.12 2.78 £0.02
ing
No Speculari- | 0.80 = 0.04 0.58 £ 0.05 0.72+£0.16 2.54 £0.01
ties
Ambient 0.80 £0.24 0.57£0.18 1.03 £0.75 2.03£0.92
Less Variation | 0.70 £ 0.28 0.50 £0.18 148 £1.11 2.26 £0.81
Z axis 0.96 +0.06 0.74 £ 0.04 0.39+0.41 1.18 £ 0.18
No Variation | 0.90 +0.08 0.79 £0.16 0.60 + 0.35 0.91 £0.66
ResNet50 | Base 0.83+£0.19 0.59 £ 0.06 0.67£0.73 1.95£0.26
Textures 0.93 £0.07 0.55+£0.01 0.42+£0.35 2.31£0.04
Without Shad- | 0.99 +0.03 0.65 +0.03 0.08 £ 0.05 1.61 £0.01
ows
Without Shad- | 0.93 £0.15 0.60 + 0.05 0.32 £ 0.60 1.86 £ 0.17
ing
No Speculari- | 0.74 £ 0.05 0.56 £ 0.01 1.08 £0.17 1.92 £0.04
ties
Ambient 0.78 £ 0.08 0.60 + 0.01 0.93+0.42 2.08 +0.01
Less Variation | 0.83 +0.06 0.62 £0.01 0.73£0.10 2.00 £0.02
Z axis 0.80 £ 0.04 0.73 £0.01 0.82 £0.15 1.33 £0.05
No Variation | 0.94 +£0.03 0.97 £0.01 0.25+0.14 0.10 £ 0.03
VGGl16 Base 0.72 £ 0.08 0.57 £ 0.01 1.09 £ 0.34 2.30+0.02
Textures 0.66 £ 0.20 0.50 £ 0.07 1.50 £ 1.01 2.81 £0.28
Without Shad- | 0.85 +£0.14 0.18 £0.01 0.60 £0.14 4.50 £ 0.08
ing
Without Shad- | 0.68 +0.13 0.20 £0.30 1.35£0.65 4.40 = 0.06
Oows
No Speculari- | 0.75 +0.08 0.56 £0.01 0.99 £0.31 2.45+0.02
ties

Table 2: Performance metrics for different models and conditions

Model Layer Identifiers
ResNet50 | V1:layerl.0.convl, V2:layer3.5.bn3, V4:layer3.0.convl, IT:layer4.0.relu?
AlexNet V1:features.2, V2:features.5, V4:features.7, IT:features.l12°>
VGG16 V1: features.l6, V2: features.l6, V4: features.l16, IT: features.23°

Table 3: Layer identifiers assigned to different regions of the neural network for each model during
benchmarking on BrainScore.
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Network Keyword Region | p-value (RSA) | p-value (CKA) | p-value (BrainScore)
Vi 5.11x 10799 | 1.30 x 10796 6.13 x 10794
AlexNet ImageNet Trained V2 2.11 x107°% | 6.98 x 10798 1.52 x 10793
V31T | 5.95 x 10712 | 3.11 x 10799 6.88 x 10793
V4 2.65 x 10712 | 3.74 x 10796 2.56 x 10795
Vi 1.80 x 1079 | 4.69 x 10794 2.91 x 10791
Textures V2 3.55 x 10795 | 2.36 x 1094 2.04 x 10791
V3/IT | 8.70 x 10795 | 2.40 x 107% 3.41 x 10791
V4 1.40 x 1079 | 2.39 x 1079 2.69 x 10793
\ 4.86x 10792 290 x 101 8.93 x 107 0T
Ambient V2 5.65 x 10792 | 4.98 x 10702 1.35 x 10792
V31T | 6.51 x 107°1 | 1.90 x 10722 3.92 x 10792
V4 7.08 x 10791 | 9.72 x 10701 1.17 x 10792
Vi 367 x1079% | 822 x 107" 6.81 x 10T
. V2 2.75 x 10793 | 4.30 x 10793 9.70 x 10702
Without shadows |y | 199« 10-04 | 2.19 x 10-02 6.90 x 1001
V4 3.55 x 10793 | 7.82x 107 2.95 x 10792
V1 9.12x 10797 | 838 x 1071 9.05 x 10T
. . V2 5.40 x 107%1 | 9.79 x 10701 2.33 x 10791
Without Shading | 30 11 01 5 10-01 | 6.00 x 100 5.90 x 1001
V4 3.53x 10793 | 1.62 x 107 3.72 x 10793
Vi 1.52x10°°T | 9.62x 10 T 274 x 10791
No specularities V2 8.73x 10792 | 1.24 x 1079 1.63 x 10~
V3/IT | 3.58 x 10792 | 253 x 10~% 3.73 x 10791
V4 6.94 x 10792 | 8.78 x 10791 3.95 x 10792
Vi 7.99 x 10791 | 2.64 x 10792 2.02 x 10791
Less Variation V2 5.07 x 107°1 | 8.30 x 10~ 3.72 x 10791
V3/IT | 1.51 x 107" | 3.33 x 107! 4.11 x 10791
V4 1.12 x 10791 | 3.26 x 10791 5.78 x 10791
V1 8.50 x 10792 | 3.33 x 10701 3.92 x 10792
7. axis V2 5.52 x 10792 | 8.64 x 10701 8.26 x 10791
V3 2.04 x 10793 | 2.76 x 1002 3.62 x 10792
V4 1.65 x 10792 | 6.21 x 1079 1.16 x 10793
V1 3.20 x 10797 | 1.39 x 10791 3.40 x 10701
No variation V2 3.96 x 10791 | 8.43 x 107! 3.83 x 10791
V3/IT | 4.09 x 10790 | 8.39 x 107 2.53 x 10791
V4 7.31 x 1079 | 6.35 x 10702 6.39 x 10701
V1 2.42 x 10796 | 271 x 107%¢ 6.18 x 10794
No training V2 4.27 x107°7 | 9.03 x 10796 2.08 x 10793
V3/IT | 3.79 x 107°7 | 2.09 x 107 7.24 x 10793
V4 1.47 %1079 | 2.11 x 10794 4.81 x 10795

Table 4: P-values on independent samples t-test conducted on the alignment metrics computed on
the Base dataset as well as the modified datasets for the model AlexNet. All significant values i.e.
p < 0.05 are displayed in bold. The V3/IT marking shows that we have used V3 region for RSA and
CKA but used the IT region for V4.

*GitHub: [link
SGitHub: link
GitHub: link
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Network Keyword Region | p-value (RSA) | p-value (CKA) | p-value (BrainScore)
V1 290 x 1013 | 210x 10710 3.75 x 10701
ImageNet Trained V2 238 x10799 | 1.17 x 10708 9.26 x 10701
V3/IT | 5.11 x 10798 | 3.24 x 10796 6.28 x 10701
V4 2.61 x1079 | 1.95 x 10797 4.50 x 10701
V1 1.06 x 10°°T | 1.49x 10 T 3.54 x 10 7T
Textures V2 4.42 x 107°2 | 1.01 x 1079 1.14 x 10792
V3/IT | 390 x 10792 | 1.79 x 10~ 1.86 x 10792
V4 1.55 x 10793 | 1.85 x 10792 7.79 x 10791
Vi 851 x 10797 [ 6.50 x 10793 5.89 x 10791
Ambient V2 2.82x 1079 | 713 x 10703 2.58 x 10703
V3/IT | 1.83x107°1 | 4.18 x 10792 3.51 x 10791
VGG16 V4 | 126x10-°! | 2.67 x 1093 1.98 x 1004
Vi 1.44 x 1079 | 4.37 x 10793 3.56 x 10791
) V2 2.95 %1079 | 1.89 x 10792 2.20 x 10792
Without Shadows | o2 5717 0 10-01 | 174 % 10-02 9.20 x 10-02
V4 290 x 10792 | 1.28 x 1074 1.64 x 10701
Vi 1.45 x 10 9% | 458 x 10 93 4.64 x 1072
) . V2 1.67 x 10791 | 4.01 x 10702 4.95 x 10702
Without Shading | (201 ¢ 0 19-01 | 496 % 10-01 2.03 x 1095
V4 214 x 10791 | 4.06 x 10794 4.59 x 10792
Vi 736 x 10797 | 5.72x 10~ "¢ 6.85 x 10 0T
No Specular V2 4.03x 1079 | 3.16 x 1079 8.96 x 10793
V3 1.91 x 1079 | 2,78 x 1079 1.70 x 10792
Vi 839 x 10° 9T | 4.70 x 10~ VT 5.90 x 10~ 97
- V2 8.55 x 10791 | 2.27 x 107! 6.29 x 10791
Less Variation | 3 /0 | g'30 % 10-01 | 833 x 10-01 6.92 x 10~01
V4 7.19 x 10791 | 8.56 x 10792 2.38 x 10791
Vi 1.82x10 92| 141 x 10 ¢ 5.08 x 10~ V7
7 axis V2 4.35x10792 | 642 x 107 3.42 x 10793
V3T | 1.32x107% | 6.69 x 10~ 1.00 x 10100
V4 7.66 x 10792 | 9.55 x 10792 8.02 x 10701
Vi 339x10 92 [ 497 x10 ° 6.24 x 10~ VT
No Variation V2 3.42 x 10791 | 7.49 x 10704 1.41 x 1079
V3/IT | 3.09x 107°1 | 3.90 x 10~ 6.85 x 1002
V4 2.48 x 10792 | 5.44 x 10793 7.87 x 10791
V1 9.60 x 10 "% | 6.94 x 10 2 9.51 x 10~ T
No Training V2 1.19 x 10794 | 7.82 x 1079% 4.81 x 10701
V3/IT | 8.81 x 10794 | 3.73 x 10794 1.74 x 10793
V4 6.96 x 10795 | 2.25 x 10796 1.15 x 10791

Table 5: P-values on independent samples t-test conducted on the alignment metrics computed on
the Base dataset as well as the modified datasets for the model VGG16.All significant values i.e.
p < 0.05 are displayed in bold. The V3/IT marking shows that we have used the V3 region for RSA
and CKA but used the IT region for V4.
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Network Keyword Region | p-value (RSA) | p-value (CKA) | p-value (BrainScore)
Vi 7.80 x 10791 | 7.60 x 1047 6.68 x 10701
ResNet50 ImageNet Trained V2 4.07 x 10791 | 5.87 x 1048 2.92 x 10791
V3/IT | 8.87 x 10794 | 3.70 x 10~3° 6.54 x 10701
V4 2.99 x 10797 | 5.38 x 10747 6.47 x 10791
Vi 824 x 107 9T | 0.00 x 10790 293 x 10701
Textures V2 4.26 x 107°1 | 0.00 x 10100 3.38 x 10791
V3/IT | 8.84x 1079 | 2.52 x 10~117 3.72 x 10791
V4 9.56 x 10792 | 0.00 x 10100 5.80 x 10791
Vi 1.23x 10797 | 0.00 x 107090 9.54 x 10793
Ambient V2 4.01 x 107°1 | 0.00 x 10190 1.97 x 10792
V3/IT | 4.03 x107°" | 0.00 x 10190 6.70 x 10792
V4 4.92 x 10791 | 0.00 x 10190 7.15 x 10791
Vi 847 x 10797 | 1.69 x 10793 3.81 x 10771
. V2 8.66 x 10791 | 2.59 x 10793 3.02 x 10791
Without Shadows | y3 10 1 36 10-01 | 2.95 x 10-03 9.44 x 1001
V4 4.45 x 10792 | 2.76 x 10797 8.27 x 10701
V1 1.54x 10777 | 4.85 x 1074 8.81 x 107 U1
. . V2 1.79 x 107°1 | 8.86 x 1079° 4.96 x 10701
Withoutshading | y/2ym | g g5 5 10702 | 1.84 x 10-02 9.18 x 1001
V4 1.10 x 1079 | 1.52 x 1079 6.64 x 10792
Vi 111 x 1077 [ 1.9 x 10 9 1.10 x 107 T
No specularities V2 4.06 x 107%1 | 7.33 x 10710 1.50 x 10701
V3/IT | 7.68 x 1079 | 4.73 x 10796 9.75 x 10792
V4 9.13 x 10791 | 2.51 x 10793 5.25 x 10701
V1 5.05 x 10701 2.45 x 10791 4.88 x 10701
Less Variation V2 4.25 x 10~ 9.60 x 10791 9.25 x 10791
V3/IT | 6.80 x 10791 4.84 x 10791 7.09 x 10701
V4 9.07 x 10791 | 3.71 x 10793 2.44 x 10701
V1 7.00 x 10797 | 1.58 x 10793 4.25 x 10701
7 axis V2 5.80 x 10791 | 2.07 x 10792 2.74 x 10701
V3/IT | 3.67 x107°2 | 1.20 x 10793 4.54 x 10701
V4 5.71 x 10793 | 3.52 x 1077 6.40 x 10702
V1 8.65 x 10777 | 8.64 x 10794 6.68 x 10701
No Variation V2 1.80 x 107%' | 8.56 x 10793 2.92 x 10791
V3/IT | 843 x 1079 | 3.14 x 10793 6.54 x 10791
V4 3.85x1079% | 6.10 x 10793 6.47 x 10791
V1 442 %1079 | 1.33x10°8 7.43 x 10791
No training V2 1.38 x 1079 | 9.52 x 10712 3.52 x 10792
V3/IT | 6.70 x 107°7 | 5.47 x 10712 9.67 x 10792
V4 1.70 x 10797 | 1.23 x 10710 1.49 x 10701

Table 6: P-values on independent samples t-test conducted on the alignment metrics computed on
the Base dataset as well as the modified datasets for the model ResNet50. All significant values i.e.
p < 0.05 are displayed in bold. The V3/IT marking shows that we have used the V3 region for RSA
and CKA but used the IT region for V4.
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Figure 9: Visualization of responses to the encoding model specified in Regions of Interest(ROIs).
The model’s predictions on the synthetic dataset are shown using Nilearn’s plot_glass_brain
function. The Base dataset responses are visualized next, followed by a difference map computed
from the two datasets. The difference is rendered using a hot colormap to highlight both the direction
and intensity of changes across brain regions.
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Figure 10: Visualization of responses to the encoding model specified in Regions of Interest (ROIs).
The model’s predictions on the synthetic dataset are shown using Nilearn’s plot_glass_brain
function. The Base dataset responses are visualized next, followed by a difference map computed
from the two datasets. The difference is rendered using a hot colormap to highlight both the direction
and intensity of changes across brain regions.
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Figure 11: Visualization of responses to the encoding model specified in Regions of Interest (ROIs).
The model’s predictions on the synthetic dataset are shown using Nilearn’s plot_glass_brain
function. The Base dataset responses are visualized next, followed by a difference map computed
from the two datasets. The difference is rendered using a hot colormap to highlight both the direction
and intensity of changes across brain regions.
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Figure 12: Visualization of responses to the encoding model specified in Regions of Interest (ROIs).
The model’s predictions on the synthetic dataset are shown using Nilearn’s plot_glass_brain
function. The Base dataset responses are visualized next, followed by a difference map computed
from the two datasets. The difference is rendered using a hot colormap to highlight both the direction
and intensity of changes across brain regions.
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Figure 13: Visualization of responses to the encoding model specified in Regions of Interest (ROIs).
The model’s predictions on the synthetic dataset are shown using Nilearn’s plot_glass_brain
function. The Base dataset responses are visualized next, followed by a difference map computed
from the two datasets. The difference is rendered using a hot colormap to highlight both the direction
and intensity of changes across brain regions.
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Figure 14: Visualization of responses to the encoding model specified in Regions of Interest (ROIs).
The model’s predictions on the synthetic dataset are shown using Nilearn’s plot_glass_brain
function. The Base dataset responses are visualized next, followed by a difference map computed
from the two datasets. The difference is rendered using a hot colormap to highlight both the direction
and intensity of changes across brain regions.
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