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Abstract

The representations of neural networks are often compared to those of biological
systems by performing regression between the neural network responses and
those measured from biological systems. Many different state-of-the-art deep
neural networks yield similar neural predictions, but it remains unclear how to
differentiate among models that perform equally well at predicting neural responses.
To gain insight into this, we use a recent theoretical framework that relates the
generalization error from regression to the spectral properties of the model and the
target. We apply this theory to the case of regression between model activations
and neural responses and decompose the neural prediction error in terms of the
model eigenspectra, alignment of model eigenvectors and neural responses, and
the training set size. Using this decomposition, we introduce geometrical measures
to interpret the neural prediction error. We test a large number of deep neural
networks that predict visual cortical activity and show that there are multiple types
of geometries that result in low neural prediction error as measured via regression.
The work demonstrates that carefully decomposing representational metrics can
provide interpretability of how models are capturing neural activity and points the
way towards improved models of neural activity.

1 Introduction

Neuroscience has a rich history of using encoding models to understand sensory systems [1, 2, 3].
These models describe a mapping for arbitrary stimuli onto the neural responses measured from the
brain and yield predictions for unseen stimuli. Initial encoding models were built from hand-designed
parameters to model receptive fields in early sensory areas [4, 5], but it was difficult to extend
these hand-engineered models to capture responses in higher-order sensory regions. As deep neural
networks (DNNs) showed human-level accuracy on complex tasks, they also emerged as the best
models for predicting brain responses, particularly in these later regions [6, 7, 8, 9, 10].

Although early work showed that better task performance resulted in better brain predictions [6], in
modern DNNSs, many different architectures and training procedures lead to similar predictions of
neural responses [11, 12, 13]. This is often true even when model representations are notably different
from each other using other metrics of comparison [14, 15]. For instance, previous lines of work have
shown clear differences between models from their behavioral responses to corrupted or texturized
images [16, 17, 18], from their alignment to human similarity judgments [19], from generating stimuli
that are "controversial" between two models [20], and from stimuli that are metameric to models [15]
or to human observers [21]. Other work has focused on directly comparing representations [22, 23]
or behavioral patterns [24] of one neural network to another, finding that changing the training dataset
or objective results in changes to the underlying representations. Given the increasing number of
findings that demonstrate large variability among candidate computational models, it is an open
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question of why current neural prediction benchmarks are less sensitive to model modification, and
how to design future experiments and stimulus sets to better test our models.

Metrics of similarity used to evaluate encoding models of neural responses are often condensed
into a single scalar number, such as the variance explained when predicting held-out images [6, 11].
When many models appear similar with such metrics, uncovering the underlying mechanisms driving
high predictivity is a challenge [25]. To uncover the key factors behind successful DNN models of
neural systems, researchers have proposed various approaches to explore the structural properties of
internal representations in DNN models in relation to neural data. One promising approach focuses
on analyzing the geometry of neural activities [25]. Several studies have examined the evaluation
of geometries and dimensionalities of DNNs [26, 27, 28], highlighting the value of these geometric
approaches. They provide mechanistic insights at the population level, which serves as an intermediate
level between computational level (e.g., task encoding) and implementation level (e.g., the activities
of single neurons or units). Furthermore, the measures derived from representation geometries can
be utilized to compare the similarity between models and neural data [7, 25, 29]. Although these
approaches have been successful, they do not directly relate the geometry of DNNs to the regression
model used to obtain neural predictions, which uniquely captures the utility of a model for applications
such as medical interventions [11] and experimental designs [30]. Recent empirical findings by
Elmoznino et al. [31] have suggested a correlation between the high-dimensionality of model
representations and neural predictivity in certain scenarios, but this work lacks explicit theoretical
connections between the spectral properties and predictivity measures. Our work contributes to this
line of investigation, by seeking a theoretical explanation and suggesting new geometric measures
linked to a model’s neural prediction error for future investigations.

To bridge the gap between DNN geometry and encoding models used for neural prediction, we turn
to a recent line of work that derived a predictive theory of generalization error using methods from
statistical physics [32, 33]. Specifically, two different spectral properties that affect the regression
performance were identified: Spectral bias characterizing how fast the eigenvalues of the data
Gram matrix decay, and task-model alignment characterizing how well the target aligns with the
eigenvectors of this data Gram matrix [33]. While the former describes how large the learnable
subspace is, the latter defines how much of the variance of the target is actually learnable. Note that
in general, these two properties may vary independently across representations. Hence, the trends
among regression scores across DNNs must be carefully studied by taking into account the joint
trends of spectral bias and task-model alignment.

In this work, we explore how encoding models of neural responses are influenced by the geometrical
properties of the DNN representations and neural activities. Our analyses primarily concern how and
why models achieve the predictivities that they do, rather than offering an alternative scalar metric for
predictivity. We find that the neural prediction error from ridge regression can be broken down into
the radius and dimension of the error mode geometry, characterizing the error along each eigenvector.
When investigating models along these error axes, we see a large spread in the error mode geometry,
suggesting that the correlation values obtained from regression analyses obscure many geometrical
properties of the representations.

Our primary contributions are:

* We analytically decompose the neural prediction error of ridge regression from a model to a
set of brain data in terms of the model eigenspectra, the alignment between the brain data
and the eigenvectors of the model, and the training set size.

* We introduce two geometric measures that summarize these spectral properties and directly
relate to the neural prediction error. We show that these measures distinguish between
different models with similar neural prediction errors using a wide variety of network
architectures, learning rules, and firing rate datasets from visual cortex.

» Using spectral theory, we demonstrate that for networks effective in predicting neural data,
we can ascertain if their superior performance stems from the model’s spectra or alignment
with the neural data. Our findings indicate that (a) trained neural networks predict neural data
better than untrained ones due to better alignment with brain response and (b) adversarial
training leads to an improved alignment between the eigenvectors of networks and early
visual cortex activity.



Figure 1:Experimental and theoretical framework. (A) Example stimuli from visual experiments

used for neural prediction error measures of V1, V2, V4, andBY Framework for predicting neural
responses from model activations. Responses are measured from a brairYregidrfrom a model

stage of a DNNX. Weights for linear regression are learned to napo Y , and the empirical

neural prediction erroEy(p) is measured from the response predictiof@). Spectral alignment
theory. Neural prediction error can be described as a function of the eigenvalues and eigenvectors of
the model Gram matrix. The neural response maifriis projected onto the eigenvectarswith
alignment coef cientaV;. For the number of training samplpsthe value of each error mode is

given asW, E;(p) = W, (p). The total neural prediction error can be expressed as a smfm(pj
terms, visualized as the area underWﬁ(p) curve.

2 Problem Setup

2.1 Encoding Models of Neural Responses

We investigated DNNs as encoding models of visual areas V1, V2, V4, and IT. The neural datasets
were previously collected on 135 texture stimuli for V1 and \22][ and on 3200 object stimuli

with natural backgrounds for V4 and IBY (Fig. 1A). Both datasets were publicly available and
obtained from 11]. The neural responses and model activations were extracted for each stimulus
(Fig. 1B), and each stage of each investigated neural network was treated as a separate encoding
model. We examined 32 visual deep neural networks. Model architectures included convolutional
neural networks, vision transformers (ViTs), and “biologically inspired” architectures with recurrent
connections, and model types spanned a variety of supervised and self-supervised training objectives
(see Sec. SI.2 for full list of models). We extracted model activations from several stages of each
model. For ViTs, we extracted activations from all intermediate encoder model stages, while in
all other models we extracted activations from the ReLU non-linearity after each intermediate
convolutional activation. This resulted in a total numbebb6 analyzed model stages. In each case,

we attened the model activations for the model stage with no subsampling.

2.2 Spectral Theory of Prediction and Alignment

In response to a total ¢t stimuli, we denote model activations wikh features (e.g. responses
from one stage of a DNN) b 2 R” M and neural responses with neurons (e.g. ring rates) by
Y 2 RP N Sampling a training s&X 1.p;Y 15) 0f sizep < P, ridge regression solves (Fig. 1B):

" =argmin [ Xap Yl * g §E Y (R)=XP) (1)
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We analyze the normalized neural prediction erkag(p) = %Y‘% for which we utilize
F

theoretical tools from learning theor86, 37, 38], random matrix theoryd9, 40, 41] and statistical
physics fi2, 32, 33] to extract geometrical properties of representations based on spectral properties
of data. In particular, the theory introduced 82[ 33] relies on the orthogonal mode decomposition
(PCA) of the Gram matriXX > of the model activations, and projection of the target neural responses
onto its eigenvectors:
iy Ty 02
XX > = iViVi>; W; = ”Y#, h/i;Vji = i (2)

iz1 Y g

Here, associated to each mad®V; denotes the variance of neural responéeis the directionv;,
and ; denotes thé" eigenvalue. Then, the neural prediction error is given by:

X 2 1
Eg(p) = B WiEi(p); Ei(p) := T .+ )2 3)
where = g+ =1 andc [ m (see
Sec. Sl.1 for details)32, 33]. Note that the theory depends not only on the model eigenvalydmit
also on the model eigenvectars along with the responseés, which determine how the variance in

neural responses distributed among a model's eigenmodes.

Although the equations are complex, the interpretation®,0&ndE; (p) are simpleW; quanti es

the projected variance in neural responses on model eigenvectors (alignment between neural data and
model eigenvectors, i.eask-model alignmeriB3]). Meanwhile,E; (p), as a function of the training

set sizep, determines the reduction in the neural prediction error at maahel depends only on the
eigenvalues,; (i.e.,spectral biad33]).

In this work, we combine both and introduegor modesv, (p) := WiEi(p):
2

. X
W)= oy Ea@= W) @

As shown in (Fig. 1C)Wi associated with large eigenvalugswill decay faster with increasing
than those associated with small eigenvalues.

The generalization performance of a model is fully characterized by its error nitidesiowever,
due to its vector naturdy; is not ideally suited for model comparisons. To address this limitation,

we condense the overall shapef/uf into two geometric measures, while preserving their direct
relationship to the neural prediction error. This is in contrast to previous such measures, such as the
effective dimensionality, that only depend on model eigenvalues [31].

Here, we de ne a set of geometric measures that characterize the distribution of a rifgdeisthe
error mode geometrgFig. 2A). Speci cally, we rewrite the neural prediction erfg(p) as:

Sx——— iwi(p) ? P
Rem(P) := _ Wi(p)z; Dem(p) = Wv Eg(p) = Rem(p) Dem(p): 5

The error mode radiuBe, denotes the overall size of the error terms, while the error mode dimension
Dem represents how dispersed the total neural prediction error is across the different eigenvectors
(Fig. 2A). Note that, the neural prediction erdg(p) above has a degeneracy of error geometries;
many different combinations ®em andDem may result in the samqy(p) (Fig. 2B). Given a xed

neural prediction error, a higher valueR{, (p) indicates that only a felv; are driving the error,
while a higheD ¢, (p) indicates that many differeft; are contributing tdeg(p).

3 Results and Observations

We rst con rmed that Eq. 3 accurately predicted the neural prediction error for the encoding models
considered here. We performed ridge regression from the model activations of each model stage of



Figure 2: Summary measures for error mode geometry. (AError modesWi) are related to the
model eigenspectra () and alignment coef cientsW;). Error mode geometry summarized Ry,
andD¢n, characterizes the distribution of error modes and directly relates to the neural prediction
errorEy(p) (B) Interpreting contour plots. Error mode geometry distinguishes beﬁween models with
the same prediction erroE§(p)). Neural prediction error is the productBf, and” Dem and is

thus easily visualized on a contour plot where each contour representdggppl

each trained neural network to the neural recordings for each cortical region using a ridge parameter
of g =10 !4 and also calculated the theoretical neural prediction error for each using Eq. 3.
Given that Eq. 3 is only accurate in the lafgdimit in which both the number of training points and

the number of test samples is large (see Sec. Sl.1 and Fig. S1.4.2), we used a 60/40 train-test split
(p = 0:6P) in the experiments below. As shown in Fig. 3A, this split yielded near-perfect agreement
between the theoretical and empirical neural prediction errors for areas V4 aRd+0.97 and

0.97, respectively), and very strong agreement for areas V1 an&%0(9 and 0.9, respectively).

We present further data for this agreement in Sec. Sl.4. Furthermore, we found that the ordering
of models according to their neural prediction error is very similar to the ordering obtained via the
partial least squares (PLS) regression method used in Brain-Sdjisé¢e Sec. S1.3). We maintained
these choices for train-test split sizes angj for all subsequent experiments.

We visualized the spread of error mode geometries for each brain region across different trained
models in Fig. 3B. Each point is colored by the empirigg(p), while the contour lines show the
theoreticalE4(p) value. Among trained models, there was a rangB&f andDen, values even

when many models have similkg(p). This demonstrates that our geometrical interpretation of the
error mode geometry can give additional insights into how models achieve low neural prediction
error. In the following sections, we explore how these geometrical properties of the neural prediction
error vary with model stage depth, training scheme, and adversarial robustness.

3.1 Error Mode Geometry Varies across Model Stages

We analyzed the neural prediction error obtained from activations at different model stages. In
Fig. 4A, we plot the error mode geometry for all analyzed DNN model stages when predicting brain
data from V1 and IT. Each point is color coded based on its relative model depth. Lower neural
prediction errors were achieved (i.e. points lie on lolgrcontours) for earlier model stages in

early visual area V1, and for later model stages in downstream visual area IT. This observation is in
agreement with previous nding$][ 11, 43] where arti cial neural networks have a similar hierarchy
compared to the visual cortex. Qualitatively, the trends across model stages were more prominent
than differences observed from comparing model architectures for supervised models (Fig. SI.5.1),
or from comparing supervised trained models to self-supervised models of the same architecture (Fig.
S1.5.2).

To investigate the source of this geometric difference across model stages, we performed an experi-
ment on each model where we took the eigenspegtraeasured from the rst (Early) or last (Late)
model stage and paired this with the alignment coef ciafsmeasured from the Early or Late
model stage (Fig. 4B). These two spectral properties can be varied independentlydegends on



Figure 3:Error mode geometry of model predictions for each brain region. (A)Theoretical values

of neural prediction error match empirical values from ridge regression. Each point corresponds to
predictions obtained from one of the 516 analyzed model stggp<rror mode dimension and
radius for each brain region. Each point corresponds to the error mbBdg, andRen, for the region

from a speci ¢ model stage of trained neural network models. Points are colored by the empirical
errop from performing ridge regression between the model activations and neural respyses.

and Deny Vvalues are obtained from theoretical values, and contour lines correspond to theoretical
values of the neural prediction error, such that points along the contours have the same error.

the model eigenvectors but not on the model eigenvalues. We then measured the neural prediction
error that would be obtained from such a model. This experiment allows us to isolate whether the
observed differences in neural prediction error are primarily due to;tee W; terms. In the V1 data,

there was little difference in the error mode geometry between the location ¥f;tierms, however

using early model stage corresponds to lower neural prediction error (summarized in Fig. 4C). In
contrast, for the IT data using the late stageterms corresponded lowery(p) mainly through a
reduction of the error modR¢r, (i.e. many error modes are better predicted). The spectral properties
are shown in full for the early and late stages of ResNet50 as measured on the V1 and IT datasets
(Fig. 4D). These results highlight the need to study the spectral properties of the model together with

the brain responses as summarized/\by Simply studying the properties of the eigenspectra of the
model is insuf cient to characterize neural prediction error (see SI.5.5 for more details).

3.2 Trained vs. Untrained

We analyzed how the error mode geometry for neural predictions differed between trained and
randomly initialized DNNs (Fig. 5A). In line with previous resuliisl] 14, 44], we found that training
yielded improved neural predictions as measured via srma}jép) (Fig. 5B). This improvement was

most notable in regions V2, V4, and IT, where there was also a characteristic change in the error
mode geometry. In these regions, whig, decreased with trainindd ¢, surprisingly increased.
However, the decrease Ry, was large enough to compensate for the hidghgy, leading to an
overall reduction irEg(p). In V1, we observed only a small difference in neural prediction error
between trained and untrained models, similar to previous results for early sensory régjdas. [

As shown in Fig. SI.5.7, we found qualitatively similar results in a different V1 dataset with a larger
number of tested stimuli [46].

What differed between the trained and random model representations that led to differences in
error mode geometry? To gain insight into this, we investigated how the eigenspetaad the
alignment coef cients\V;) individually contributed to the observed error mode geometry in visual
area IT. We performed an experiment on the trained and random ResNet50 model activations where



Figure 4:Model stage depth and error
mode geometry. (A)Each point repre-
sents the error mode geometry obtained
from a speci ¢ model stage of a trained
neural network, where the color of the
value represents the depth of the model
stage. The color is normalized for each
model to the[0; 1] range where the ear-
lier and later model stages have lighter
nd darker colors, respectiveRgem, and
Dem Vvalues are obtained from theoret-
ical values, and contour lines correspond
to theoretical values of the neural predic-
tion error as in Fig. 2.(B,C) Predicted
Ey(p) that would be obtained when using
the eigenspectra () from the rst (Early)
or last (Late) stage of each of the 32 ana-
lyzed models, paired with the alignment
coef cients (W;) terms from the Early or
Late stage of each model. Full error mode
geometry is given in (B) where each point
corresponds to a single model with the cho-
senW; and ; terms, and (C) shows box
plots summarizing th&g(p) from each
comparison. In V1, using the from the
early stage of the model resulted in better
neural pregiction error and a lowBep
but higher Den, regardless of th&V,
terms used. In IT, using the alignment
termsW,; from the late model stage re-
sulted in a smaller neural prediction er-
Pr and lowerR¢n,, with little change in

Dem. (D) Full spectra for ;, W; and
W, from Early and Late model stages of
ResNet50 on the V1 and IT datasets.

we measured; from one model and paired it with th&; measured from the other model (Fig. 5C).
UsingW; from the trained model led to much lowBg,, than when usingV; from the random
model. This decrease R When using th&V; terms from the trained model was the main driver

of the improvement irE4(p) when we used the trained model to predict the IT neural data. In
contrast, when using the eigenspectra of the random modd) ghevas lower than when using

the eigenspectra of the trained model, at the cost of a slight incre&&g,inNote that the model
eigenspectra clearly decayed at a signi cantly faster rate in the random vs. trained models (Fig. 5D),
but it was the properties of the alignment teriisthat drove the change By(p) between trained

and untrained models. Thus, the eigenvectors of the trained model were better aligned with the neural
data compared to the random model, which resulted in low prediction error regardless of which
eigenspectra was used.

3.3 Adversarial vs. Standard Training

Recent work has suggested that adversarially trained networks have representations that are more
like those of biological systemglf, 48, 15]. We analyzed the neural prediction error and error
mode geometry of adversarially trained ("Robust") neural network mod@|$(], and their non-
adversarially trained counterparts. The error mode geometry for(arr 3) ResNet50 is given in

Fig. 6A, and similar results are shown for gn( = 4) ResNet50 in Fig. SI.5.8.

The effect of adversarial training on error mode geometry varied across model stages and cortical
regions. In the V1 dataset, lower neural prediction error was observed for early stages of robust



Figure 5:Error mode geometry changes with model training. (A)Error mode for trained models

(blue) and randomly initialized models (green) for each brain region. The same model stage of each
network is connected with a line, and stage depth is shown with opacity. Contours are given by
theoretical values dE4(p), as in previous plotgB) Neural prediction error was lower for trained
models compared to random models in all brain regions, but most notable in V2, V4, and IT. Median
is given as a black line and box extends from the rst quatrtile to third quartile of the data. Whiskers
denote 1.5x the interquartile rang€) PredictedE 4(p) that would be obtained on IT dataset when
using eigenspectra from trained or random ResNet50 models, paired with the alighimentns

from each of the trained or random ResNet50 models. Size of point denotes model stage depth.
Using theW; terms from the trained model resulted in a loviigy(p) due to a lowelRem , While

using the ; from the trained models increasedy, and did not appreciably changg(p). (D)

Model eigenvalues, alignments, and error modes for the nal analyzed model stage of the ResNet50
architecture on IT dataset for both trained and random models. Even though the eigenspectra for the
random model was notably different than the eigenspectra for the trained model, we observed in (C)
that the driver of the decreas&g(p) for the trained model was a difference in W& terms.

models (Fig. 6B), in line with previous workf]. This corresponded to a decreasdRig, with little

change irD ¢, suggesting that the decrease in neural prediction error was shared relatively equally
across all error modes. In contrast, at late model stdygs,was smaller for the robust models
compared to the standard models, but there was no difference in neural prediction error between the
robust and standard networks. In regions V2, V4, and IT, we observed that there was little difference
in neural prediction error between the standard and robust models, but that error mode geometry in
robust models was associated with a lo®&r, and a higheR¢r, . This suggests that the difference
between robust and standard models in these regions was due to a small number of error modes

having higheiv; in the robust models. This did not lead to better neural prediction error for regions
V2, V4, and IT, but nevertheless, the error mode geometry revealed that the data was predicted in
different ways.

To better understand the differences between robust and standard networks in V1, we ran a series
of experiments testing the effects of adversarial training on model eigenspectra and alignment with
neural data. For each model stage of the ResNet50 architecture, we paired the eigenspectra (
of the standard or robust network with the alignment coef cielt§)(of the standard or robust
network (Fig. 6C). We then calculated the error mode geometry and neural prediction error for all
four possible pairings. This approach allowed us to examine how adversarial training-related changes
in the spectrum and alignment coef cients affected the error mode geometry for each model stage.

We found that the alignment coef cients of the robust models consistently yielded lower V1 prediction
error (Fig. 6D). In early model stages, using ie from the robust models led to a lower neural



Figure 6:Error mode geometry and adversarial robustness. (AError mode geometry for standard
ResNet50 (Blue) and adversarially-trained (Robust) ResNet50 (Green) models for each brain region.
The same stage of each network is connected with an arrow, and stage depth is shown with opacity.
Contours are given by theoretical valued=f(p) as in previous plotg(B) For standard and robust
ResNet50 models 4 (p) for V1 data as a function of stage dep(ls) PredictecE4(p) that would be
obtained on V1 dataset fo; of standard or robust ResNet50 networks paired Withof standard or

robust ResNet50 networks. Each point was from a single stage of the model, and plots are broken up
by the early stages ( rst 8/16 analyzed stages) and the late stages (last 8/16 analyzed stages) of the
model for visualization purposefD) Summarized neural prediction error for the experiment in (C).

For all stages, the robu#t; led to lower error, but in the late stages, there was an additional effect
from the choice of ; .

prediction error via reducelqn, , and the choice of; had a negligible effect on the prediction error

for these stages. In the later model stagesy¥hdérom the robust models also achieved a loggt

but for these stages, the choice gfhad a non-negligible impact on the resulting prediction error.
Overall, these results suggest that adversarial training leads to an improved alignment between the
eigenvectors of the model and early visual cortex activity.

4 Discussion

Many metrics have been proposed to compare model representations to those observed in biological
systems$1, 52, 22, 23, 11]. However, it is typically unclear which aspects of the representational
geometry lead to a particular similarity score. In this work, we applied the theory of spectral bias and
task-model alignment for kernel regressi@3][to the generalization error for encoding models of
neural activity. This provides a theoretical link between a model's ability to predict neural responses
and the eigenspectra and eigenvectors of model representations. We introduced geometric measures
Rem andDem of the error modes to summarize how the spectral properties relate to neural prediction
error, and showed that models with similar errors may have quite different geometrical properties.
We applied this theory to investigate the roles of stage depth, learned representations, and adversarial
training in neural prediction error throughout the ventral visual stream.

Dimensionality of neural and model representations

Recent work has investigated spectral properties of neural activity in biologigad4] and arti cial
[31, 28] systems. One empirical study suggested that high-dimensional model representations have



lower neural prediction error, where effective dimensionality was de ned as the participation ratio

of the eigenvalues alon87]. However, we empirically found that this effective dimensionality of
representations was not well correlated with prediction error for our datasets (Sec. S1.5.5). The lack
of a consistent relationship between effective dimensionality and neural prediction error was expected
based on our theory, as the neural prediction error depends both on the eigenvalues and eigenvectors
of a model. These quantities co-vary from model to model, and thus model comparisons should
include information from both. In this work, we demonstrated how our theory can be used to examine
whether differences in observed prediction error are primarily due to the eigenvalues or alignment
coef cients (which are dependent only on the eigenvectors), and found that in many instances, the
alignment coef cients were the main driver of lower prediction error.

Dependence of Neural Prediction Error on Training Set Size

Our spectral theory of neural prediction characterizes the relationship between the training set size,
the generalization error, and the spectral properties of the model and brain responses. This highlights
that model ranking based on neural prediction error may be sensitive to the train/test split ratio. In
Eq. 3, we see that, for smad) the error modes corresponding to smalgenerally remain close to

their initial value iV (p) Wi (0)), and hence their contribution to neural prediction error does not
decay (Eqg. 4). On the other hand, at large samplesiteese small; error modes change from their

initial values and therefore may change the ranking of the models. These observations regarding the
role of model eigenspectra and dataset size may be used in the future to design more comprehensive
benchmarks for evaluating models.

Limitations

Although our empirical analysis follows what we expect from theory and shows a diversity of error
mode geometries, the datasets that we used (particularly for V1 and V2) have a limited number of
samples. In some cases, such as the Iptgeit, theoretical results for the neural prediction error
may not match empirical results. Additionally, we only investigated one dataset for V2, V4, and IT,
and only two datasets for V1. Future work may reveal different trends when using different datasets.
Moreover, this theory assumes that the brain responses are deterministic functions of the stimuli. As
shown in B3], this assumption may be relaxed, and future work can examine the role of neuronal
noise in these contexts.

Future work

The results in this paper demonstrate that our theory can characterize the complex interplay between
dataset size, representational geometry, and neural prediction error. It provides the basis for numerous
future directions relating spectral properties of the model and data to measures of brain-model
similarity. Insights from our theory may suggest ways that we can build improved computational
models of neural activity.

While we focused on DNN models pre-trained on image datasets, a closely related line of work has
investigated the properties of DNN models directly trained to predict neural respd@sbs, [56].

Future work could compare the error mode geometries from end-to-end networks to those obtained
from networks pre-trained on image data. Such an analysis could elucidate how these two vastly
different training schemes are both able to predict neural data well. Additionally, our experiments
focused on the case of the same small regularization coef cient for all regression mappings, but
future work could explore the case of optimal regularization. The spectral theory can also be applied
to other types of brain-model comparisons, such as Partial Least Squares or Canonical Correlation
Analysis.

Although we were able to differentiate many errgmﬂe geometries basiéngandp Dem, We
initially expected to see many more value{Btn; Dem) for each xed%g(p). The investigated
vision models seem to be constrained to a particular region iiRag; Dem)-space (Fig. 3).
Future work may shed light on wheéher this is due to implicit biases in model architectures or due to
a fundamental coupling Rem and Den) due to constraints on the; (p) term.

There are many architectural differences between the tested DNNs and biological systems. Future
work may investigate how biologically plausible constrait®is(g.g., stochasticity48, 57], divisive
normalization §8], power-law spectrag9]) and diverse training objectived4, 13]) lead to improved

neural prediction error through changes in error mode geometry.

10



Acknowledgments and Disclosure of Funding

We would like to thank Nga Yu Lo, Eero Simoncelli, N Apurva Ratan Murty, Josh McDermott and
Greta Tuckute for helpful discussions, and Jim DiCarlo for comments on an early version of this work.
We would also like to thank the reviewers for their helpful comments, which strengthened the paper.
This work was funded by the Center for Computational Neuroscience at the Flatiron Institute of the
Simons Foundation and the Klingenstein-Simons Award to S.C. All experiments were performed on
the Flatiron Institute high-performance computing cluster.

References

[1] Matteo Carandini, Jonathan B Demb, Valerio Mante, David J Tolhurst, Yang Dan, Bruno A
Olshausen, Jack L Gallant, and Nicole C Rust. Do we know what the early visual system does?
Journal of Neuroscien¢®5(46):10577-10597, 2005.

[2] Marcel AJ van Gerven. A primer on encoding models in sensory neurosciéoagal of
Mathematical Psychology 6:172-183, 2017.

[3] Thomas Naselaris, Kendrick N Kay, Shinji Nishimoto, and Jack L Gallant. Encoding and
decoding in fmri.Neuroimage56(2):400—410, 2011.

[4] Christina Enroth-Cugell and John G Robson. The contrast sensitivity of retinal ganglion cells
of the cat.The Journal of physiology187(3):517-552, 1966.

[5] Edward H Adelson and James R Bergen. Spatiotemporal energy models for the perception of
motion. Josa g 2(2):284-299, 1985.

[6] Daniel LK Yamins, Ha Hong, Charles F Cadieu, Ethan A Solomon, Darren Seibert, and James J
DiCarlo. Performance-optimized hierarchical models predict neural responses in higher visual
cortex. Proceedings of the national academy of scienté4(23):8619-8624, 2014.

[7] Seyed-Mahdi Khaligh-Razavi and Nikolaus Kriegeskorte. Deep supervised, but not un-
supervised, models may explain it cortical representati®.oS computational biology
10(11):e1003915, 2014.

[8] Alexander JE Kell, Daniel LK Yamins, Erica N Shook, Sam V Norman-Haignere, and Josh H
McDermott. A task-optimized neural network replicates human auditory behavior, predicts
brain responses, and reveals a cortical processing hieraxetuyon 98(3):630-644, 2018.

[9] Blake A Richards, Timothy P Lillicrap, Philippe Beaudoin, Yoshua Bengio, Rafal Bogacz,
Amelia Christensen, Claudia Clopath, Rui Ponte Costa, Archy de Berker, Surya Ganguli, et al.
A deep learning framework for neurosciendature neuroscien¢®2(11):1761-1770, 2019.

[10] Grace W Lindsay. Convolutional neural networks as a model of the visual system: Past, present,
and future Journal of cognitive neurosciencg3(10):2017—-2031, 2021.

[11] Martin Schrimpf, Jonas Kubilius, Ha Hong, Najib J Majaj, Rishi Rajalingham, Elias B Issa,
Kohitij Kar, Pouya Bashivan, Jonathan Prescott-Roy, Franziska Geiger, et al. Brain-score:
Which arti cial neural network for object recognition is most brain-likB®RXxiy page 407007,
2018.

[12] Greta Tuckute, Jenelle Feather, Dana Boebinger, and Josh H McDermott. Many but not all
deep neural network audio models capture brain responses and exhibit hierarchical region
correspondencénioRxiv, pages 2022-09, 2022.

[13] Colin Conwell, Jacob S Prince, Kendrick N Kay, George A Alvarez, and Talia Konkle. What
can 1.8 billion regressions tell us about the pressures shaping high-level visual representation in
brains and machinesBioRxiv pages 2022-03, 2022.

[14] Andrew Saxe, Stephanie Nelli, and Christopher Summer eld. If deep learning is the answer,
what is the questionRNature Reviews Neuroscien@?(1):55-67, January 2021.

[15] Jenelle Feather, Guillaume Leclerc, Aleksander Madry, and Josh H McDermott. Model
metamers reveal divergent invariances between biological and arti cial neural netiatge
Neurosciencgpages 1-18, 2023.

[16] Robert Geirhos, Kantharaju Narayanappa, Benjamin Mitzkus, Tizian Thieringer, Matthias
Bethge, Felix A Wichmann, and Wieland Brendel. Partial success in closing the gap between

11



[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]
[26]

[27]

(28]

[29]

[30]
[31]

[32]

human and machine visioldvances in Neural Information Processing Syste3423885—
23899, 2021.

Katherine Hermann, Ting Chen, and Simon Kornblith. The origins and prevalence of texture
bias in convolutional neural network#.dvances in Neural Information Processing Systems
33:19000-19015, 2020.

Robert Geirhos, Carlos RM Temme, Jonas Rauber, Heiko H Schutt, Matthias Bethge, and
Felix A Wichmann. Generalisation in humans and deep neural netwAdisances in neural
information processing systen&il, 2018.

Lukas Muttenthaler, Lorenz Linhardt, Jonas Dippel, Robert A Vandermeulen, Katherine Her-
mann, Andrew K Lampinen, and Simon Kornblith. Improving neural network representations
using human similarity judgmentarXiv preprint arXiv:2306.0450,72023.

Tal Golan, Prashant C Raju, and Nikolaus Kriegeskorte. Controversial stimuli: Pitting neural
networks against each other as models of human cognitRmceedings of the National
Academy of Sciencet17(47):29330-29337, 2020.

lan J Goodfellow, Jonathon Shlens, and Christian Szegedy. Explaining and harnessing adversar-
ial examplesarXiv preprint arXiv:1412.65722014.

Maithra Raghu, Justin Gilmer, Jason Yosinski, and Jascha Sohl-Dickstein. Svcca: Singular
vector canonical correlation analysis for deep learning dynamics and interpretakdlitgnces
in neural information processing syster3§, 2017.

Simon Kornblith, Mohammad Norouzi, Honglak Lee, and Geoffrey Hinton. Similarity of neural
network representations revisited. Iiternational Conference on Machine Learnjmmages
3519-3529. PMLR, 2019.

Katherine Hermann and Andrew Lampinen. What shapes feature representations? exploring
datasets, architectures, and trainiydvances in Neural Information Processing Systems
33:9995-10006, 2020.

SueYeon Chung and LF Abbott. Neural population geometry: An approach for understanding
biological and arti cial neural networksCurrent opinion in neurobiology70:137—-144, 2021.

Uri Cohen, SueYeon Chung, Daniel D. Lee, and Haim Sompolinsky. Separability and geometry
of object manifolds in deep neural networkéature Communicationd 1(1):746, Feb 2020.

Mehrdad Jazayeri and Srdjan Ostojic. Interpreting neural computations by examining intrinsic
and embedding dimensionality of neural activiurrent opinion in neurobiology70:113-120,
2021.

Alessio Ansuini, Alessandro Laio, Jakob H Macke, and Davide Zoccolan. Intrinsic dimension
of data representations in deep neural netwoflidszances in Neural Information Processing
Systems32, 2019.

Ben Sorscher, Surya Ganguli, and Haim Sompolinsky. Neural representational geometry
underlies few-shot concept learning?roceedings of the National Academy of Sciences
119(43):e2200800119, 2022.

Pouya Bashivan, Kohitij Kar, and James J DiCarlo. Neural population control via deep image
synthesis Science364(6439).eaav9436, 2019.

Eric ElImoznino and Michael F Bonner. High-performing neural network models of visual
cortex bene t from high latent dimensionalithioRxiy, pages 2022—-07, 2022.

Blake Bordelon, Abdulkadir Canatar, and Cengiz Pehlevan. Spectrum dependent learning
curves in kernel regression and wide neural networkdnternational Conference on Machine
Learning pages 1024-1034. PMLR, 2020.

[33] Abdulkadir Canatar, Blake Bordelon, and Cengiz Pehlevan. Spectral bias and task-model

[34]

alignment explain generalization in kernel regression and in nitely wide neural networks.
Nature communicationd2(1):2914, 2021.

Jeremy Freeman, Corey M. Ziemba, David J. Heeger, Eero P. Simoncelli, and J. Anthony
Movshon. A functional and perceptual signature of the second visual area in prilNatese
Neurosciencel6(7):974-981, Jul 2013.

12



[35] Najib J Majaj, Ha Hong, Ethan A Solomon, and James J DiCarlo. Simple learned weighted
sums of inferior temporal neuronal ring rates accurately predict human core object recognition
performanceJournal of Neuroscien¢&5(39):13402-13418, 2015.

[36] Bernhard Scholkopf, Alexander J Smola, Francis Bach, dtedrning with kernels: support
vector machines, regularization, optimization, and beydwtrl press, 2002.

[37] Christopher KI Williams and Carl Edward Rasmusg@aussian processes for machine learning
volume 2:3. MIT press Cambridge, MA, 2006.

[38] Thomas Hofmann, Bernhard Schélkopf, and Alexander J Smola. Kernel methods in machine
learning.The Annals of Statistic86(3):1171, 2008.

[39] Zhidong Bai and Jack W SilversteiGpectral analysis of large dimensional random matrjces
volume 20. Springer, 2010.

[40] Arthur Jacot, Ber n Simsek, Francesco Spadaro, Clément Hongler, and Franck Gabriel. Implicit
regularization of random feature models.Iternational Conference on Machine Learnjng
pages 4631-4640. PMLR, 2020.

[41] Bruno Loureiro, Cedric Gerbelot, Hugo Cui, Sebastian Goldt, Florent Krzakala, Marc Mezard,
and Lenka Zdeborova. Learning curves of generic features maps for realistic datasets with a
teacher-student modeAdvances in Neural Information Processing Syste81s18137-18151,

2021.

[42] Hyunjune Sebastian Seung, Haim Sompolinsky, and Naftali Tishby. Statistical mechanics of
learning from example?hysical review A45(8):6056, 1992.

[43] Soma Nonaka, Kei Majima, Shuntaro C Aoki, and Yukiyasu Kamitani. Brain hierarchy score:
Which deep neural networks are hierarchically brain-likB@ience 24(9):103013, 2021.

[44] Santiago A Cadena, Konstantin F Willeke, Kelli Restivo, George Den eld, Fabian H Sinz,
Matthias Bethge, Andreas S Tolias, and Alexander S Ecker. Diverse task-driven modeling of
macaque v4 reveals functional specialization towards semantic taiskxiv, pages 2022—-05,
2022.

[45] Santiago A Cadena, Fabian H Sinz, Taliah Muhammad, Emmanouil Froudarakis, Erick Cobos,
Edgar Y Walker, Jake Reimer, Matthias Bethge, Andreas Tolias, and Alexander S Ecker. How
well do deep neural networks trained on object recognition characterize the mouse visual system?
In Real Neurons$n &g Hidden Units: Future directions at the intersection of neuroscience and
arti cial intelligence@ NeurlPS 20192019.

[46] Santiago A Cadena, George H Den eld, Edgar Y Walker, Leon A Gatys, Andreas S Tolias,
Matthias Bethge, and Alexander S Ecker. Deep convolutional models improve predictions of
macaque v1 responses to natural imadgdoS computational biology.5(4):e1006897, 2019.

[47] Chong Guo, Michael Lee, Guillaume Leclerc, Joel Dapello, Yug Rao, Aleksander Madry, and
James Dicarlo. Adversarially trained neural representations are already as robust as biological
neural representations. International Conference on Machine Learnjmpges 8072—-8081.
PMLR, 2022.

[48] Joel Dapello, Tiago Marques, Martin Schrimpf, Franziska Geiger, David Cox, and James J
DiCarlo. Simulating a primary visual cortex at the front of cnns improves robustness to image
perturbationsAdvances in Neural Information Processing Syste88s13073-13087, 2020.

[49] Hadi Salman, Andrew llyas, Logan Engstrom, Ashish Kapoor, and Aleksander Madry. Do
adversarially robust imagenet models transfer betteiRréoeedings of the 34th International
Conference on Neural Information Processing Systgrages 3533—-3545, 2020.

[50] Logan Engstrom, Andrew llyas, Hadi Salman, Shibani Santurkar, and Dimitris Tsipras. Robust-
ness (python library), 2019.

[51] Nello Cristianini, John Shawe-Taylor, Andre Elisseeff, and Jaz Kandola. On kernel-target
alignment.Advances in neural information processing systeids 2001.

[52] Nikolaus Kriegeskorte, Marieke Mur, and Peter A Bandettini. Representational similarity
analysis-connecting the branches of systems neurosciBrargiers in systems neuroscience
page 4, 2008.

[53] Carsen Stringer, Marius Pachitariu, Nicholas Steinmetz, Matteo Carandini, and Kenneth D Har-
ris. High-dimensional geometry of population responses in visual caiigxre 571(7765):361—
365, 2019.

13



[54] Peiran Gao, Eric Trautmann, Byron Yu, Gopal Santhanam, Stephen Ryu, Krishna Shenoy, and
Surya Ganguli. A theory of multineuronal dimensionality, dynamics and measureBieRixiy,
page 214262, 2017.

[55] David Klindt, Alexander S Ecker, Thomas Euler, and Matthias Bethge. Neural system identi -
cation for large populations separating “what” and “wherdvances in neural information
processing system30, 2017.

[56] David Zipser and Richard A Andersen. A back-propagation programmed network that simulates
response properties of a subset of posterior parietal neukatare 331(6158):679-684, 1988.

[57] Joel Dapello, Jenelle Feather, Hang Le, Tiago Marques, David Cox, Josh McDermott, James J
DiCarlo, and SueYeon Chung. Neural population geometry reveals the role of stochasticity
in robust perceptionAdvances in Neural Information Processing Syste31s15595-15607,
2021.

[58] Michelle Miller, SueYeon Chung, and Kenneth D Miller. Divisive feature normalization
improves image recognition performance in alexnetntarnational Conference on Learning
Representation2022.

[59] Josue Nassar, Piotr Sokol, SueYeon Chung, Kenneth D Harris, and Il Memming Park. On 1/n
neural representation and robustneaslvances in Neural Information Processing Systems
33:6211-6222, 2020.

[60] Harold Widom.Lectures on integral equation€ourier Dover Publications, 2016.

[61] Abdulkadir Canatar, Blake Bordelon, and Cengiz Pehlevan. Out-of-distribution generalization
in kernel regressionAdvances in Neural Information Processing Syste34s12600-12612,
2021.

[62] James B. Simon, Madeline Dickens, Dhruva Karkada, and Michael R. DeWeese. The eigen-
learning framework: A conservation law perspective on kernel regression and wide neural
networks, 2022.

[63] Noureddine El Karoui. The spectrum of kernel random matriddse Annals of Statistics
38(1):1 - 50, 2010.

[64] Frances Ding, Jean-Stanislas Denain, and Jacob Steinhardt. Grounding representation similarity
with statistical testingarXiv preprint arXiv:2108.016612021.

[65] Adam Paszke, Sam Gross, Francisco Massa, Adam Lerer, James Bradbury, Gregory Chanan,
Trevor Killeen, Zeming Lin, Natalia Gimelshein, Luca Antiga, et al. Pytorch: An imperative
style, high-performance deep learning librakdvances in neural information processing
systems32, 2019.

[66] James Bradbury, Roy Frostig, Peter Hawkins, Matthew James Johnson, Chris Leary, Dougal
Maclaurin, George Necula, Adam Paszke, Jake VanderPlas, Skye Wanderman-Milne, and Qiao
Zhang. JAX: composable transformations of Python+NumPy programs, 2018.

[67] J. Deng, W. Dong, R. Socher, L.-J. Li, K. Li, and L. Fei-Fei. ImageNet: A Large-Scale
Hierarchical Image Database. GVPR09 2009.

[68] Alex Krizhevsky. One weird trick for parallelizing convolutional neural networksXiv
preprint arXiv:1404.59972014.

[69] Kaiming He, Xiangyu Zhang, Shaoging Ren, and Jian Sun. Deep residual learning for image
recognition, 2015.

[70] Sergey Zagoruyko and Nikos Komodakis. Wide residual networkatXiv preprint
arXiv:1605.071462016.

[71] Gao Huang, Zhuang Liu, Laurens Van Der Maaten, and Kilian Q Weinberger. Densely connected
convolutional networks. IfProceedings of the IEEE conference on computer vision and pattern
recognition pages 4700-4708, 2017.

[72] Zhuang Liu, Hanzi Mao, Chao-Yuan Wu, Christoph Feichtenhofer, Trevor Darrell, and Saining
Xie. A convnet for the 2020s. IRroceedings of the IEEE/CVF Conference on Computer Vision
and Pattern Recognitigmpages 11976-11986, 2022.

[73] Mingxing Tan and Quoc Le. Ef cientnet: Rethinking model scaling for convolutional neural
networks. Ininternational conference on machine learnjmgges 6105-6114. PMLR, 2019.

14



[74] Mark Sandler, Andrew Howard, Menglong Zhu, Andrey Zhmoginov, and Liang-Chieh Chen.
Mobilenetv2: Inverted residuals and linear bottlenecksPoceedings of the IEEE conference
on computer vision and pattern recognitiggages 4510-4520, 2018.

[75] Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai,
Thomas Unterthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, et al.
An image is worth 16x16 words: Transformers for image recognition at scalatdmational
Conference on Learning Representatio?@21.

[76] Jonas Kubilius, Martin Schrimpf, Aran Nayebi, Daniel Bear, Daniel LK Yamins, and James J
DiCarlo. Cornet: Modeling the neural mechanisms of core object recognBioiRxiy, page
408385, 2018.

[77] Jure Zbontar, Li Jing, Ishan Misra, Yann LeCun, and Stéphane Deny. Barlow twins: Self-
supervised learning via redundancy reductionlnbernational Conference on Machine Learn-
ing, pages 12310-12320. PMLR, 2021.

[78] Ting Chen, Simon Kornblith, Mohammad Norouzi, and Geoffrey Hinton. A simple framework
for contrastive learning of visual representations.Ifternational conference on machine
learning pages 1597-1607. PMLR, 2020.

[79] Xinlei Chen, Saining Xie, and Kaiming He. An empirical study of training self-supervised
vision transformers. lIiProceedings of the IEEE/CVF International Conference on Computer
Vision pages 9640-9649, 2021.

[80] Aleksander Madry, Aleksandar Makelov, Ludwig Schmidt, Dimitris Tsipras, and Adrian Viadu.
Towards deep learning models resistant to adversarial attacki preprint arXiv:1706.06083
2017.

[81] Shibani Santurkar, Dimitris Tsipras, Brandon Tran, Andrew llyas, Logan Engstrom, and
Aleksander Madry. Computer vision with a single (robust) classi er. AXiv preprint
arXiv:1906.094532019.

[82] Christopher Williams and Carl Rasmussen. Gaussian processes for regrégbiances in
neural information processing syster8s 1995.

[83] Tengyuan Liang and Alexander Rakhlin. Just interpolate: Kernel “Ridgeless” regression can
generalize The Annals of Statisticg8(3):1329 — 1347, 2020.

[84] Dmitry Kobak, Jonathan Lomond, and Benoit Sanchez. The optimal ridge penalty for real-world
high-dimensional data can be zero or negative due to the implicit ridge regularizatien.
Journal of Machine Learning Researc?il(1):6863—-6878, 2020.

[85] Trevor Hastie, Andrea Montanari, Saharon Rosset, and Ryan J Tibshirani. Surprises in high-
dimensional ridgeless least squares interpolatibhe Annals of Statistic$0(2):949-986,
2022.

[86] Pauli Virtanen, Ralf Gommers, Travis E. Oliphant, Matt Haberland, Tyler Reddy, David
Cournapeau, Evgeni Burovski, Pearu Peterson, Warren Weckesser, Jonathan Bright, Stéfan J.
van der Walt, Matthew Brett, Joshua Wilson, K. Jarrod Millman, Nikolay Mayorov, Andrew
R. J. Nelson, Eric Jones, Robert Kern, Eric Larson, C J Célen Polat, Yu Feng, Eric W.

Moore, Jake VanderPlas, Denis Laxalde, Josef Perktold, Robert Cimrman, lan Henriksen, E. A.
Quintero, Charles R. Harris, Anne M. Archibald, Antonio H. Ribeiro, Fabian Pedregosa, Paul
van Mulbregt, and SciPy 1.0 Contributors. SciPy 1.0: Fundamental Algorithms for Scienti ¢
Computing in PythonNature Methods17:261-272, 2020.

[87] Robert Geirhos, Kantharaju Narayanappa, Benjamin Mitzkus, Matthias Bethge, Felix A. Wich-
mann, and Wieland Brendel. On the surprising similarities between supervised and self-
supervised models. INeurlPS 2020 Workshop SVRHRD20.

[88] Talia Konkle and George A Alvarez. A self-supervised domain-general learning framework for
human ventral stream representatidlature communicationd3(1):491, 2022.

[89] Chengxu Zhuang, Siming Yan, Aran Nayebi, Martin Schrimpf, Michael C Frank, James J
DiCarlo, and Daniel LK Yamins. Unsupervised neural network models of the ventral visual
stream.Proceedings of the National Academy of Scient&8(3):e2014196118, 2021.

15



Broader Impacts

Our work provides a novel approach towards comparing the delity of neural encoding model
predictions, and may provide insight that leads to improved models of neural activity. Such models are
applicable for neuroengineering purposes, such as retinal prosthetics or cochlear implants. However,
training the deep learning models tested in the paper consumes a large amount of energy, contributing
to carbon emissions. Although we used pre-trained neural networks here, future work may need to
train networks with biases speci cally for low neural prediction error.

SI.1 Spectral Theory of Generalization Error in Regression

The spectral theory of generalization error for regression, as developgd Bd, relates the spectral
properties of the data and target to the generalization error in an analytical way. Here, we summarize
the key results from these works and describe how we use the results in our context.

For a generic regression task, we begin by consideringdelx(s) : R® | RM, which maps
D -dimensional stimuls to a set ofM -dimensional features. Additionally, we assume that the
neural responseare generated by a ground truth functiogs) : R® ! RN, mapping the stimuli
to the activations of a set & biological featurey (e.g., ring rates). Finally, we assume that the
stimuli are drawn from a generic distributisn ~ (s).

In regression, the goal is to estimate the ground typd) from a training set of sizp and test it on
all possible stimuli as drawn from(s). Given a training dataset wigrsampleDy, = fs ;y ¢°_;
wheres (s) andy = y(s ), ridge regression returns an estimai¢s) as:

$(s;Dv) = x(s)” "(Dy)

xP
"Dy =argmin  jiy  x(s) ji%+ regi ji2: (SI.1.1)
2RM N :1

where (g is the ridge parameter introduced to regularize the solution. Here, the regression weights
and estimator depend on the particular choice of the trainingpgetf sizep. We de ne the
normalizedgeneralization erromas:

z

1 ds (s) y(s) 9(s;Dy) ° (S1.1.2)

RE———"
ds (s) y(s)

which also depends on the training Bgt. Explicit solution of the objective in Eq. SI.1 gives:

Eg(Dtr) =

1
$(s;Dy) = X(8)” X1p X1pXTp +  reg Yip; (S1.1.3)

whereX 1, 2 RP M is the matrix of the model responses to the stimubin, Yip 2 RP N is
the matrix of the neural responsediy, andl denotes th@ p identity matrix. De ning thekernel
functionK (s;s% = x(s)” x(sY, the predictor can be written as:

9(5)= k(> K+ reg Y (SI.1.4)
whereK isp p matrix with element K (s ;s ) andk(s) is ap-dimensional vector with
elementsk(s) K (s;s ). Hence, the generalization error depends on the ké¢rie]s?, a

particular draw of a training s&y of sizep, and the ridge parametefeg.

Note that every time a new training set is drawn from the stimuli distributi@), the generalization
error may change. We are interested inda¢aset averagedeneralization error which only depends
on the size of the training sptrather than the particular instances of eBgh This is de ned as:

Eg(P = Eg¢(Du) 5, (g (SI.1.5)

where the average is taken over all possible choiceB{oof sizep. Now, this quantity only depends

on the training set sizg, input distribution (s), model kerneK (s; s% and the ground truth function

y(s). This quantity can also be thought of as the cross-validated generalization error, where the
generalization errors for each regressor corresponding to a particular instdhga averaged.
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The theory of generalization error i87, 33 nds that this dataset averagét} (p) depends on the
spectral properties of the kernel. Mgrcer's theor@@] fuggests that the kernel can be decomposed
into orthogonal modes a6 (s;s% = ; vi(s)vi(s) where the eigenvalues and orthonormal
eigenfunction; (s) are obtained by solving the equation

VA Z

ds® (SOK (s;Ivi(s) = ivi(s); ds (s)Vi(s)vi(s)= j: (S1.1.6)

Here we emphasize that the resulting eigenvalues and eigenfunctions strongly depend on the distribu-
tion of the stimuli (s). For example, for the same model kernel, the spectrum might look completely
different depending on the stimuli being textures or natural scenes.

The dependence of the neural response fungt{@h to the generalization error comes from the mode
decomposition of (s) on to the eigenfunctiow; (s):

X
y(s) = WiVvi(s); Wi ds (s)y(s)vi(s); (S1.1.7)
i
wherew; is the projection of the neural response functigs) onto thei!" eigenfunctiorv; (s).

As described in33, 32, 61, 62], using techniques from statistical mechanics, the generalization error
is given by the self-consistent equations

2 X Wi

Eq(p) = . SI.1.8
e T CN R S

- X R S N

e NCEEE

where must be solved self-consistently, and we de nedalignment coef cientdV;
kw; k? kw; k2

W, Wi = pit . (S.1.9)

Tds (s) y(s) © |

which give the ratio of the variance of neural responses along maeadéts total variance. In
most cases, it is not possible to nd an analytical solution tbut it is straightforward to solve it
numerically.

Wi

In this paper, since our data are nite, we take the distributi¢s) to be the empirical distribution on
thefull datasetDy, = fs ;y g°-; of P data points:

1 X
=5 (s s); (S1.1.10)
=1

which is an approximation to theue stimuli distribution wherd® ! 1

In this case, the functiong(s) andy (s) are fully described by the data matricésandY , and the
generalization error in Eq. SI.1.2 becomes the neural prediction error,

Eq(Dw) = ji¥(Dy)  YijiZSiVYiiz:

Since the full distribution of stimuli are characterized by the empirical distribut{e, training sets
are generated by randomly samplingamples fronDy,,. Furthermore, the eigenvalue problem in
Eq. SI.1.6 reduces to a PCA problem for the empirical kekned XX >

1

EKV i = iVi, (S|.1.11)
and the projections of neural respon¥e®n the eigenvectong; reduces to

wi; = Y7V (SI.1.12)

We note that this method may misestimate the neural prediction error, since the true eigenvalues and
eigenvectors of the kern#l (s; s%) are approximated by the nite empirical kernel matiixfor P
samples [63].
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With the spectral dath ; g andf w; g, we obtain the dataset averaged neural prediction &rg¢p)
(Eq. 3) as:
X 2 1
Eq(P)= WE(p); Ei(p)= ——:
P

Here, we normalized the weights so thaf W; = 1 andEy4(p = 0) = 1. The functionsE; (p)
depend only on the eigenvalues and training setgi&ince eachV; is the normalized variance of
Y along the eigenvectar;, W; E; (p) gives the contribution to the generalization error along nmode

when the training set has sipeln our work, we de ned these asgror modedv, (p) = WiEi(p).
To understand the behavior of the functidaigp), we look at their limits. Whep =0, E;(0) =1
for all modes and no variance is explained. ;A61 , we either learn the variand#; entirely
(Ei(p'1 )! O0)ifthe corresponding; > 0, orwe do notlearnitatallif; =0 (Ei(p'1 )!
1). It can be further shown that, for gll> 0, Ei(p) < E;(p) if i > ; [33], which implies that the

percent reduction iftv; (p) is greater for modes with larger eigenvalues.

Wi = kwik?=kY K2 : (S1.1.13)

Several remarks are in order:

» The ordered eigenvalués; g characterize thepectral biasof the model: for a xed training
set sizep, the reduction irE; (p) is larger for modes associated with large eigenvalyes
than for modes associated with small Therefore, a sharply decaying eigenvalue spectrum
implies that there is a bias toward certain modes being learned at higher delity than others,
while a at eigenvalue spectrum implies that learning will be equally distributed across all
modes.

« W; characterizes how much of the variance of the neural respahgiesn thei®™ mode.
These alignment coef cientsW; g characterizéask-model alignmenbecause o$pectral
bias if most of the neural response variance is associated with eigenvectors with high
i terms, the neural prediction error will decrease faster compared to when most neural
response variance is on eigenvectors with IgwFor example, iWW; are largest for the
modes for which ; are smallest, we would expect a large generalization error when the
training set size is small.

» We consider botfi ;g andfW,g as spectral properties of the model for the measured data
(e.g. see Fig. 1C), and generalization error is determined by the interplay between these two
spectral properties, together with the training set piz€or a xed set of neural responses
D = fs;y d¢°-,, different DNN models have differerfit ;g andfW;g since for each
model both eigenvalues (spectral bias) and the eigenvectors (task-model alignment) of the
model activations change in a complicated way. Since we must specify both of these aspects
of the model, comparison of model activations to neural responses should require at least two
measures to be complete. Drawing from this argument, we may also conclude that reducing
model/data comparisons to commonly used single scalar measures might be misleading as
they may miss some of the factors contributing to the predictivity the others capture [64].

« In this work, we considered two geometrized meastgs and D¢, that directly relate
to the neural prediction error. The two measures jointly summarize whether the distribution

of the error modesfv;, are relatively spread out (high@rem, lower Rey,) or tightly
concentrated (lowdD ¢ , higherRem ) at a xed generalization error. We found that these
terms were a convenient way to summarize spectral properties of the generalization error,
but in principle, other measures could be de ned.

SI.2 Experimental Details

Code for analyzing the empirical and theoretical neural prediction error can be found at
https://github.com/chung-neuroai-lab/SNAP.

We conducted our experiments with various vision models trained with different learning paradigms
and training schemes. In total, we ustimodels and picked several model stage activations from
each. Except for vision transformers (ViT), chosen model stages were intermediate convolutional
model stage activations after passed through a ReLU non-linearity. For ViT, we choose intermediate
encoder model stages. For untrained models, models were randomly initialized for each iteration
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for each experiment. All experiments were conducted on single Nvidia H100 or A100 GPUs with
80GB RAM using PyTorch 2€5] and JAX 0.4 p6] libraries. Additional details on model stage
selection and model architectures can be found in the associated code. In the remainder of this section,
we report the models used in this study and explain step-by-step how we obtain the model stage
activations to perform regression.

SI.2.1 Supervised Models

We investigated supervised vision models trained on the ImageNet 1000-way categorizatiéi]task [
with publicly available architectures and checkpoints obtained from the PyTorch lil&&rwye
included Alexnet §8], several ResNet$p], WideResNets70], DenseNets11], ConvNeXts [/2],

Ef cientNets [73], MobileNet [74] and various vision transforms (ViT) [75].

We also investigated ANN models that were "biologically inspired" with a CorNet architecture
[76]. For these models, the pre-trained weights are pulled using the libtgy.//github.com/
dicarlolab/CORnet .

In Table SI.2.1, we list all standard supervised models used in this study, together with their Top-1
ImageNet accuracies.

Supervised VIiT Biologically Inspired
alexnet - Acc: 54.92 vit b 32 -Acc: 75.16 cornet_s - Acc: 72.51
resnetl8 - Acc: 68.98 vit | 16 - Acc: 85.16 cornet_r - Acc: 53.92
resnet50 - Acc: 80.63 vit | 32-Acc: 76.35 cornet_z - Acc: 45.67
resnetl01 - Acc: 81.71 vit_ h_14 - Acc: 85.74 cornet_rt - Acc: 53.72

resnetl52 - Acc: 82.25
wide_resnet50 2 - Acc: 78.34
wide_resnetl01_2 - Acc: 78.77
densenetl121 - Acc: 73.71
densenetl61 - Acc: 76.70
densenet169 - Acc: 75.31
densenet201 - Acc: 76.20
convnext_small - Acc: 83.69
convnext_base - Acc: 83.92
convnext_large - Acc: 84.45
ef cientnet_b0 - Acc: 76.87
ef cientnet_b4 - Acc: 73.89
mobilenet_v2 - Acc: 71.13
Table 1: List of supervised models studied in this work together with their Top-1 ImageNet accuracies
on the validation set.

S1.2.2  Self-Supervised and Adversarially Trained Models

We also considered models trained either with self-supervised training (38124, 79 or adver-
sarial training (referred to as "robust" model8)P,[81]. All analyzed models were ResNet50 or
ResNet101 architectures.

For SSL models, we considered Barlowtwing7]] SimCLR [78 and MoCo [/9 mod-
els whose pre-trained weights were pulled fratps://github.com/facebookresearch/
barlowtwins , https://github.com/facebookresearch/vissl andhttps://github.com/
facebookresearch/moco-v3 , respectively.

For the robust models, we obtained the pre-trained weightslittps://github.com/MadryLab/
robustness [50].

In Table SI.2.2, we list all SSL and robust models used in this study, together with their Top-1
ImageNet accuracies.
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SSL Robust
barlowtwins - Acc: 71.68 robust_resnet50 2 3 - Acc: 56.25
simclr_resnet50wl - Acc: 65.71 robust_resnet50 linf 4 - Acc: 61.26
simclr_resnetl101 - Acc: 69.37 robust_resnet50_linf_8 - Acc: 46.33
moco_resnet50 - Acc: 74.15
Table 2: List of self-supervised (SSL) and adversarially-trained (robust) networks studied in this
work, together with their Top-1 ImageNet accuracies on the validation set.

S1.2.3 Obtaining Model Stage Activations

We obtained activations from each model stage on the stimuli from neural datasets. We employ the
image preprocessing steps that were used during model training. For all models, this preprocessing is
resizing image stimuli t§224; 224) pixels and normalizing them with the mean and variance of the
ImageNet dataset, which are= (0 :485 0:456,0:406)and = (0:229 0:224; 0:225), respectively.

All activations were attened before regression.

Sl.2.4 Ridge Regression Experiment

After obtaining the model stage activations, we perform ridge regression by computing the predictions
as:
I N S
Y (p) = BXX 1p BX 1:pX1:p + reglp Yip; (Sl.2.1)
wherel, denotes thg p identity matrix and g denotes the ridge parameter. In this notation,
Y (p)istheP N matrix of the predictions for the entire neural response set that is inferred using
only a subset op samples as the training set. The,., denotes thg M matrix of the training

set that is the model activations for randomly samgietimuli andY 1., denotes th@ N matrix
of the corresponding neural activations.

Note that the least-squares regression is ill-de ned when the number of data points are more than
the number of regression variables (jpe> M ) since the matriX 1:.pX 7., + regl is singular for
reg = 0. In order to account for this issue, one can use the push-through identity to obtain:

1. 1 .
Y (p)= BX Bx;:pxl;p+ el M X7pY 1 (S1.2.2)

where nowl y, istheM M identity matrix. The form in Eq. SI.2.2 is the conventional form of ridge
regression, while the equation Eq. S1.2.1 is the form obtained via the so-kateel trick[82, 36].
However, we only use the form in Eq. SI.2.1, since the model activations often are high-dimensional
( 1IM)and henceM P,whereP  1C° or less.

We repeat the same computation oSeandom choices of a training set and report neural prediction
error Eq. SI.1.11 averaged over these trials. Furthermore, in Sec. Sl.4, we show the agreement
between empirically calculated and theoretically predicted errors.

In our experiments, we choosg.g = 10 14 for numerical stability, which roughly corresponds to
double-precision. Note that this choice of ridge parameter is to get close to least-squares regression,
in which case (g is identically zero. We considered a very small ridge parameter, since even
for ridgeless regression, strong spectral biases of overparameterized models avoid over tting and
effectively behave as if there is a non-zero ridge parameter [83, 32, 40, 84, 33, 85].

Here we chose a single regularization parameter for all experiments, however the choice of regular-
ization parameters and the relation to the error modes is critical for fully characterizing the responses
of encoding models. Future work could address this by choosing ridge parameters separately for
different models and model stages, or allowing exibility for different regularizations for individual
unit responses (rather than one regularization for each neural region).

S1.2.5 Computing Theoretical Error Mode Geometry

After obtaining the model stage activations, we compute the eigenvalues and eigenvectors of each
activation using the formula in Eq. SI.1.6. In terms of empirical Gram matrices, this corresponds to
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performing Principal Component Analysis (PCA) on the Gram matrix. We proj%ct the neural response
data onto the obtained eigenvectors and calcMgteThen, theoretical values 0fDe¢m andRen

are calculated using the formula given in Eq. 5. For gadhe value of is solved self-consistently
using the JAX auto-differentiation library [66] and SciPy optimizers [86].

S1.3 Relation to Brain-Score Neural Prediction Metrics

In this work, we considered ridge regression to compare model activations to neural responses. While
there are many other choices for model comparisons such as canonical correlation analysis (CCA),
partial least squares regression (PLS) and kernel-target alignment (RZA)3, 51], we chose to

focus on ridge regression as it is theoretically well studied in terms of spectral properties [32, 33].

To demonstrate that the neural prediction error we obtained from ridge regression is comparable
to other widely-used metrics, we directly compared our predicted values to those obtained from
PLS using the Brain-Scord [] framework. Brain-Score uses PLS regression and reports the noise-
corrected Pearsarf score on test data to rank models. Note that PLS regression nds a new basis
that maximizes the correlations between two sets. Then the regression is done on new variables
by performing dimensionality reduction on both sets using the common basis. If one uses all the
components in this new basis, then PLS is equivalent to least squares regression.

To calculate the PLS Pearsofivalue, we rst extracted model activations as described in S1.2.3. We
then t PLS regression using the standard 25 latent componét}sapd calculated the Pearson
correlations between PLS-based predictions and actual neural responses on held-out data. We took
the median correlation across all neurons and divided it by the median noise ceiling, which was
calculated using split-half reliability across trials featuring identical stimuli. Train and test data
points were randomly assigned, and the nal Peargovalues were calculated by averaging over
10 random splits. This procedure is described in more detallijidnd corresponds to the default
analysis for public Brain-Score neural prediction benchmarks in the following regions and datasets:

V1: movshon.FreemanZiemba2013public.V1-pls

V2: movshon.FreemanzZiemba2013public.V2-pls

V4: dicarlo.MajajHong2015public.V4-pls

IT: dicarlo.MajajHong2015public.IT-pls

Figure SI.3.1Brain-Score PLS regressiorr 2 values vs. ridge regression empiricaE4(p) values.

Each point corresponds to the predictions obtained for a single model and stage on the corresponding
region data. Pearsarf values and Spearmanvalues are given for the correlation between the
Brain-Score value and the neural prediction error. In all regions, there is a general trend where models
that do well on one metric also do well on the other metric. A train test split of 60%/40% is used for
our ridge regression procedure and the 90%/10% split for Brain-Score PLS.

In Fig. SI.3.1, we compare the Brain-Score Peansofrom each model stage to the empirical
ridge-regressiof 4(p). The Brain-Score metric and neural prediction error from ridge regression are
moderately correlated, despite the fact that we are (1) comparing values between ridge regression
and PLS regression and (2) comparing a Peardanetric toE4(p) values, which are not directly
comparable (Pearsarf measures the angle between predictions and true labels, while neural
prediction error measures the distance between the two).
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To directly address the difference in metrics, in Fig. SI.3.2, we compare the Brain-Score PLS
regression Pearsar on the test data to ridge regression Peargoon the test data (using the same
regression weights as were used to obtairBRp) values above. When using the same metrics on
the two different regression methods, there is a strong correlation for all regions. Combined, these
results show that by using the ridge regression formulation we generally preserve the ordering of the
commonly used Brain-Score metric.

Figure SI.3.2:Brain-Score PLS regression Pearson? values vs. ridge regression Pearsorf

values on test data.Each point corresponds to the predictions obtained for a single model and
stage on the corresponding region data. Pear$malues and Spearmarvalues are given for the
correlation between the Brain-Score value and the Pearson correlation obtained from the test set in
the ridge regression. Note that our ridge regression Peafsaalues are not noise corrected, but

if we were to do so, it would correspond to dividing by a scalar value for each region (the noise
ceiling obtained from the population). The same models and predictions are shown in Fig. SI.3.1,
including the train test split of 60%/40% for our ridge regression procedure and the 90%/10% split
for Brain-Score PLS.

SI1.4 Empirical vs. Theoretical Neural Prediction Error

Complimentary to the discussion around Fig. 3, we con rmed that the theoretical predictions (see
Sec. Sl.1) obtained from the spectral properties of data match with the empirical regression discussed
in Sec. Sl.2 for various values pf In Fig. SI.4.1, we plot the learning curves for selected model
stages of a pre-trained ResNet18 architecture for all brain regions. We see that the theory matches the
empirical values for all regions.

Note that particular choices of train/test splits may alter the ranking of which encoding models
have the lowest neural prediction error (for instance, see layer4.1.relu changing from the lowest
neural prediction error at smallto the highest error at largein Fig S1.4.1 IT). Additionally, as

we mentioned in the main text, increasing the train/test split yielded worse agreement between
empirical and theoretical neural prediction errors. The main reason for this disagreement is that the
theoretical values depend highly on the estimation of the true eigenvalue distribution of the empirical
Gram matrix of data. However, as discussed in Sec. Sl.1, the tail of the true eigenvalues are often
underestimated by the empirical eigenvalues and that creates a discrepancy between Eiépyved

and theoretically predicted on&J. This discrepancy can be clearly seen in Fig. SI.4.2, where we
plot the empirical neural prediction errors against the theoretically predicted ones. As the amount of
training data increases (corresponding to a decrease in amount of test data), the correlation between
the two quantities decreases monotonically.
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Figure SlI.4.1:Empirical vs. theoretical learning curves.In this gure, we show the learning curves

for regression from selected model stages in a trained ResNet18 architecture to all brain regions.
The colored dots correspond to the mean empirical error ®tréails, and the colored dashed lines
correspond to the theoretical learning curves obtained by the formul,f@). The vertical black

line corresponds to the 60 train / 40 test split used for the main analysis in this paper.

Figure Sl.4.2Empirical and theoretical predictions worsen with train/test split. We show the
empirical values of ridge regressi@y(p) compared to the theoretical values. As the amount of
data used for training increases (corresponding to a decrease in test data), the correlation between
empirical and theoretical values decreases.
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SI1.5 Additional Experimental Results

SI1.5.1 Geometry grouped by architecture and training types

For visualization purposes, we show the error mode geometries grouped by the architecture
(Fig. SI1.5.1) and for a subset of models all with ResNet50 backbones but with different training types
(Fig. SI.5.2).

Figure SI.5.1Error mode geometry for supervised networks grouped by architecture type All

models included were trained in a supervised manner on ImageNet (standard training without any ad-
versarial perturbations) and were obtained from publicly available checkpoints in the PyTorch Library,
with the exception of CORNets which were obtained from https://github.com/dicarlolab/CORNet.
Model groups were ResNet architecturessfetl8 , resnet50, resnetl01l, resnetl52),
Wide-ResNet architecturesvide resnet50 2, wide_resnetl01_2), ConvNext architectures
(convnext_base, convnext_small , convnext_large ), DenseNet architectureddnsenetl121,
densenetl6l, densenetl69, densenet201), EfcientNet architectures dfficientnet b0
efficientnet_b4 ), MobileNet architecturesrfobilenet_v2 ), CORNet architectures@rnet_r ,
cornet_rt , cornet_s, cornet_z ), and ViT architecturesvit_ b_32 , vit h_14 , vit | 16 ,
vit_|_32 ).

Figure SI.5.2:Error mode geometry for supervised and self-supervised ResNet50 architectures.
Supervised ResNet50 architecture (trained on ImageNet without any adversarial perturbations) was
compared to ResNet50 architectures trained with self-supervised methods Sim&LR¢Co [79],

and BarlowTwins 77] There are no clear differences in geometries between models with different
training mechanisms. This is in line with previous work that found similarities in representations
between supervised and self-supervised networks [87, 88, 89].

S1.5.2 Geometry across model stages

In the main text, we focused on data from regions V1 and IT when analyzing the error mode
geometry's dependence on model stage depth. Analysis of regions V2 and V4 is included in
Fig. SI.5.3. Additionally, to show the error mode geometries from different model stages in Fig. 4A
and Fig. SI.5.3A, we zoomed in on the parts of the space with the most data points and maintained
the same axes limits for regions that shared the same stimulus set. In Fig. S1.5.4, we present all model
stages, including outliers, colored by model stage depth.
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Figure SI.5.3:Relation of error mode
geometry with model stage depth in V2
and V4. (A) Each point represents error
mode geometry for a speci ¢ model stage
of trained neural network models, where
the color of the value represents the depth
of the model stage. For each model, the
color code is normalized in tH; 1] range
where the earlier and later model stages
have IighBer and darker colors, respectively.
Rem and Deny, values are obtained from
theoretical values, and contour lines cor-
respond to theoretical values of the neu-
ral prediction error as in Fig. 2(B,C)
PredictedEg4(p) that would be obtained
when using the eigenspectra from the rst
(Early) or last (Late) stage of each model,
paired with the alignmentV; terms from
the Early or Late stage of each model. Full
error mode geometry is given in (B), while
summarized bar plots of theg(p) from
each comparison is given in (GP) Full

spectra for j, W, and¥v; for Early and
Late model stages of V2 and V4 datasets.

Figure S1.5.4Error mode geometry for trained neural networks, colored by model stage depth.
Same plots as Fig. 4A and Fig. S1.5.3A, but including the outliers.

We further elaborate on the spectral properties of different model stages and the corresponding error
mode geometry by using the trained ResNet5@®0] model as an example. We plot the eigenvalues

of the model activations from each model stage for all tested visual regions(Fig. SI.5.5). For V1 and
V2, we saw that earlier model stages had better predictions, while for V4 and IT, later model stages
performed better.
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Figure SI.5.5:Spectral properties of*; trained ResNet50 model on all regionsFor each region

(V1, V2, V4, IT), the left panel shows the eigenvalues of the model stages. The legend shows the best
and worst model stage in terms of neural prediction error, and the colors correspond to the colors
associated with that model stage (see Fig. 4). The right panel shows the error mode spectrum for each
model stage, with the inset showing the ordered spectrum.

The spectral properties of each model stage depend highly on the input distribution. We notice that,
under the input distribution of V1/V2 data, the eigenvalues of earlier model stages decayed more
slowly than later model stages, while under the input distribution of V4/IT data this pattern is reversed
where later model stages decayed more slowly. These differences are not due to the recorded neurons,
as the eigenspectra is only a function of the stimulus set, pointing out the importance of considering
the stimuli used for the neural predictions. Future work could consider choosing stimulus sets to
maximize the difference between model eigenspectra. This would likely lead to greater differences
between models in their predictions of neural activity patterns.

SI1.5.3 Geometry for Trained vs. Untrained Models

In the main text analysis of trained vs. untrained models, we zoomed in on the parts of the space with
the most data points and maintained the same axes limits for regions that shared the same stimulus set
(Fig. 5)A. In Fig. SI.5.6, we show all the points of the trained and untrained networks, including the
outliers. We also include an analysis of the error mode geometry for trained vs. untrained networks
when predicting an additional V1 dataset [46] Fig. SI.5.7.

Figure SI.5.6Error mode geometry changes with model training, full plots showing outliers.
Same plot as Fig. 5A, but including the outliers
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