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Dear Prof Yildirim,

Thank you once again for your manuscript, entitled "From seeing to remembering: Images with harder-
to-reconstruct representations leave stronger memory traces", and for your patience during the peer
review process.

Your article has now been evaluated by 3 referees. You will see from their comments copied below that,
although they find your work of potential interest, they have raised quite substantial concerns. In light of
these comments, we cannot accept the manuscript for publication, but would be interested in
considering a revised version if you are willing and able to fully address reviewer and editorial concerns.

We hope you will find the referees' comments useful as you decide how to proceed. If you wish to
submit a substantially revised manuscript, please bear in mind that we will be reluctant to approach the
referees again in the absence of major revisions. We are committed to providing a fair and constructive
peer-review process. Do not hesitate to contact us if there are specific requests from the reviewers that
you believe are technically impossible or unlikely to yield a meaningful outcome.

To guide the scope of the revisions, the editors discuss the referee reports in detail within the team,
including with the chief editor, with a view to (1) identifying key priorities that should be addressed in
revision and (2) overruling referee requests that are deemed beyond the scope of the current study. We
hope that you will find the prioritized set of referee points to be useful when revising your study. Please
do not hesitate to get in touch if you would like to discuss these issues further.

First, we ask that you address the important technical concerns of Reviewer #3 regarding 1) how the
reconstruction error is measured (comment 1) and 2) model retraining following the suggestion of
Reviewer #3 (comment 2). Next, please respond to all other reviewer concerns, including those by
Reviewer #1 and Reviewer #2. We expect you to address Reviewer #2's concerns with additional
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discussion rather than additional experimental data.

Finally, your revised manuscript must comply fully with our editorial policies and formatting
requirements. Failure to do so will result in your manuscript being returned to you, which will delay its
consideration. To assist you in this process, I have attached a checklist that lists all of our requirements.
If you have any questions about any of our policies or formatting, please don't hesitate to contact me.
If you wish to submit a suitably revised manuscript, we would hope to receive it within 4 months. I
would be grateful if you could contact us as soon as possible if you foresee difficulties with meeting this
target resubmission date.

With your revision, please:

¢ Include a “"Response to the editors and reviewers” document detailing, point-by-point, how you
addressed each editor and referee comment. If no action was taken to address a point, you must
provide a compelling argument. When formatting this document, please respond to each reviewer
comment individually, including the full text of the reviewer comment verbatim followed by your
response to the individual point. This response will be used by the editors to evaluate your revision and
sent back to the reviewers along with the revised manuscript.

¢ Highlight all changes made to your manuscript or provide us with a version that tracks changes.
Please use the link below to submit your revised manuscript and related files:

[REDACTED]

Note: This URL links to your confidential home page and associated information about manuscripts you
may have submitted, or that you are reviewing for us. If you wish to forward this email to co-authors,

please delete the link to your homepage.

Thank you for the opportunity to review your work. Please do not hesitate to contact me if you have any
questions or would like to discuss the required revisions further.

Sincerely,
Giacomo Ariani

Editor
Nature Human Behaviour

Reviewer expertise:
Reviewer #1: Vision, memorability, deep learning
Reviewer #2: Vision, memory

Reviewer #3: Vision, memorability, deep learning
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REVIEWER COMMENTS:

Reviewer #1:

Remarks to the Author:

The paper presents a theoretical viewpoint, back up with a model and experiments, of visual image
memorability. To the knowledge of this reviewer, this is the first strong and convincing theory of why
some images are more memorable than other. The authors detail a sparse coding model that
compresses feature embeddings of images and demonstrates with 3 experiments that the reconstruction
errors explains visual image memory accuracy and recognition reaction time. This is the first account
that is both theoretically sounded, with experimental data, of visual memorability. The paper is
extremely clear, very well written, the experiments, data analyses (partial correlations analyses make a
lot of sense as well), statistics are technically sounds and they make a lot of sense (including the
distinctiveness-reconstruction error profiles). I read the paper in detail, and I could not find something
obviously wrong to report (but I did not connect to the github repository link given in the paper). I like
everything about this paper and the results, a very compelling and thorough analyses that I believe will
inspire many memory researchers -- it did inspire me.

A couple of remarks, not significant issues: the current work focuses on images dataset of memorability
(given the model and the theory, the authors have to start somewhere), it may be worth adding a
couple of sentences about how the theory would generalize to video / event memorability, and maybe
words/language, although it is possible the language mechanism for word/text memory would be
different. The paper is really clear and well written, but could be reduced by 15-20% if space is of
concern, as the concept of reconstruction errors is pretty easy to get, and it is repeated a lot in the
current manuscript.

Reviewer #2:

Remarks to the Author:

Lin and colleagues address a very important research question by asking how perceptual and memory
processes interact. They provide a computational model that combines deep neural nets with sparse
coding, aiming to jointly model perception and memory processes. The authors also present
experimental data in support of their modelling work. The approach is certainly interesting and I
appreciate the effort and dedication that went into combining modelling with experimental work.
However, I have fundamental concerns about the conceptual and theoretical framework that limit the
overall interpretation and significance of the findings. This does not mean that the results presented
here are not meaningful within the limitations of the approach or the work is not interesting. I am,
however, not convinced that the findings can be generalized beyond these limitations. I am detailing
these concerns below.

-Perception is not a passive process

The authors depict (visual) perception as a passive process. To the contrary, there is strong evidence
that perception is active, involving sensory exploration and (motor) sampling (see e.g., Ahissar & Arieli,
2001, Neuron; Schroeder, et al, 2010, Curr Op Neurobiol). In particular, visual perception is a process
that cannot be understood without taking eye movements into account. The eyes are actually never still,
even when fixating a stimulus. Convergent evidence in the last years also shows that the historical
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divide between sensory-only and motion-only brain areas is not accurate (e.g., Niell & Stryker, 2010,
Neuron), making it more and more clear that movements interact with and modulate the perception of
(visual) stimuli (e.g., Sommer & Wurtz, 2008, Perception). The present work does, however, not include
this important relationship.

-Eye movements and memory performance are tightly linked

The authors refer to research on memorability, arguing that some images are systematically more
memorable than others across observers. I am, however, not convinced that interpreting these
observations is very meaningful without taking eye movements into account. Many studies have
demonstrated the tight link between exploration of visual scenes by eye movements and memory
performance. Eye movements during encoding are correlated with subsequent memory performance and
have been shown to be reinstated during retrieval (e.g., Voss et al., 2017, TiCS; Wynn et al., 2020,
PNAS). Moreover, brain activity related to memory processes is also linked to eye movements (e.g.,
Kragel & Voss, 2022, TiCS), making a strong case for why the relationship between (visual) perception
and memory cannot be studied without taking eye movements into account.

The present work does, however, not incorporate the accumulating evidence of a strong relationship
between eye movements (being vital for visual perception), memory and neural activity.

Similar arguments can be applied to the author’s appraisal of the levels-of-processing account by Craik &
Lockhart, proposing that a memory trace is a by-product of the perceptual analysis of the incoming
sensory signals and that a ‘deeper’ analysis is associated with better retention in memory. The authors
argue that previous accounts are ‘completely missing the automatic nature of perceptual processing.’ As
outlined above, I am not convinced that perception is automatic in nature. Rather, it is an active process
that involves movement of the sensors. In the case of the levels-of-processing account, the authors
propose that ‘a memory trace is a by-product of the perceptual analysis of the incoming sensory signals
and that a ‘deeper’ analysis is associated with better retention in memory.’ Previous research has,
however, shown that the relationship between eye movements and memory performance is particularly
strong for complex visual stimuli (e.g., Voss et al., 2017), which could, at least to some extent, explain
different ‘levels of processing’. On the basis of these arguments, I also do not agree that the presented
model can be a good candidate for exploring the neurocomputational basis of the subsequent memory
effect.

Together, I am not convinced that a novel model will provide fundamental insight into how perception
and memory interact, if the model does not take the fundamental relationships between visual sampling
via eye movements and perceptual processes into account.

Reviewer #3:

Remarks to the Author:

The authors investigated the interplay between perception and memory via memorability of images in an
interesting and innovative way. They fit a sparse coding model to activation patterns of a DCNN model
trained for image classification, and found that memorable images show larger reconstruction error.

I have the following main concerns for the approaches used in this study:

1- The reconstruction error is measured as the Euclidean Distance between the original activation vector
and the reconstructed activation by the SPC model. Previous studies (Jaegle et al. 2019) have shown
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that memorable images evoke pattern activities with larger magnitude in DCNNs, and authors also
mentioned this in the paper. Then if the reconstruction error is not normalized by the magnitude of
activation patterns, it is a misleading measure. If the authors use the normalized MSE as the
reconstruction error, they may find an opposite result, i.e., memorable images will have smaller
reconstruction error or maybe even no significant difference between memorable and forgettable
images.

2- Previous studies have shown that memorable images are more object-centric images. This means
that specific units in the layers of model will be more responsive to these images and others not.
Therefore, the way the authors sampled 1000 elements of activation patterns from the high dimensional
activations of the DCNN to train their models seem suboptimal for memorable images compared to
forgettable images (which are more texture- like images). To have a fair training, the authors should
first use a dimensionality reduction technique with an independent set of images to reduce the
dimension of activation patterns in each layer to 1000 and then use that on their training with the Isola
et al. dataset.

3- Previous work by Boer and Potter 2018 has show that memorable images show enhanced recognition
in ultra RSVP paradigm, this means images that are easier to grasp quickly will be remembered and
recognized better. How the authors compare this with their finding in their RSVP experiment?

‘ Author Rebuttal to Initial comments

Response to Reviewer #1

The paper presents a theoretical viewpoint, back up with a model and experiments, of visual image memorability.
To the knowledge of this reviewer, this is the first strong and convincing theory of why some images are more
memorable than other. The authors detail a sparse coding model that compresses feature embeddings of images
and demonstrates with 3 experiments that the reconstruction errors explains visual image memory accuracy and
recognition reaction time. This is the first account that is both theoretically sounded, with experimental data, of
visual memorability. The paper is extremely clear, very well written, the experiments, data analyses (partial
correlations analyses make a lot of sense as well), statistics are technically sounds and they make a lot of sense
(including the distinctiveness-reconstruction error profiles). | read the paper in detail, and | could not find
something obviously wrong to report (but | did not connect to the github repository link given in the paper). I like
everything about this paper and the results, a very compelling and thorough analyses that | believe will inspire
many memory researchers -- it did inspire me.

We thank the Reviewer for the accurate summary of our paper and we are grateful for
their positive assessment!
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A couple of remarks, not significant issues: the current work focuses on images dataset of memorability (given the
model and the theory, the authors have to start somewhere), it may be worth adding a couple of sentences about
how the theory would generalize to video / event memorability, and maybe words/language, although it is
possible the language mechanism for word/text memory would be different.

This is a great suggestion! It did not previously occur to us to think about domain-general
mechanisms of memorability but this makes perfect sense. We have now added a new
discussion paragraph about how our framework could generalize to other types of stimuli
(added text in purple on Page 12 under the Beyond image memorability section; also
pasted below for reader’s convenience).

“Beyond what we studied here (i.e., static images), recent work has begun to establish that
memorability is a more domain-general phenomenon than we studied it here (focusing on the
memorability of static images). This includes the stimulus-driven memorability of videos
(Cohendet et al., 2019, ICCV), events (Xu et al., 2021, NeurlPs), and even words (Lau et al., 2018,
Quarterly Journal of Experimental Psychology). We believe that the presented framework --
compression based reconstruction error -- should be a good starting point for characterizing
what may be a shared, domain-general mechanism of memorability. Future work should build on
our work to explore models that integrate compression based reconstruction error with different
forms of encoding sequential inputs, including using recent advances in neural network models
for encoding of videos and events (Majumdar et al., 2023, arXiv), and text-based natural
language input (Radford et al., 2019, OpenAl).”

The paper is really clear and well written, but could be reduced by 15-20% if space is of concern, as the concept of
reconstruction errors is pretty easy to get, and it is repeated a lot in the current manuscript.

We greatly appreciate the Reviewer’s continued positive assessment of our work.

Per the Reviewer’s suggestion, we have gone through the paper (in particular, the
results section) and tried to shorten the wording wherever possible (but we were not
able to shorten it to the extent the Reviewer suggested). Below we show one example
where we tried to reduce the redundancy (first paragraph of Study 3, Page 8):

“Studies 1 and 2 revealed reconstruction error as a novel source of image memorability and
retrieval efficiency using a publicly available dataset. These results suggest that reconstruction
error might be modulating the process of encoding itself, in terms of how deeply an image

should be encoded;and-thus-yielding-these-measurablerelationships. To further establish that

reconstruction error is associated with a functionally distinct set of computations in the mind
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and brain, beyond the vision-only computations implemented in DCNN, the-ren-linearfeature
hierarchies-trained-forimage-classification-captured-in distinetiveness; we turn to a prediction

made by our modeling framework and test it in a ‘model-driven psychophysics’ experiment in
Study 3.”

We additionally would like to note that we believe that the length of the paper is not a
concern.

Response to Reviewer #2

Lin and colleagues address a very important research question by asking how perceptual and memory processes
interact. They provide a computational model that combines deep neural nets with sparse coding, aiming to jointly
model perception and memory processes. The authors also present experimental data in support of their modelling
work. The approach is certainly interesting and | appreciate the effort and dedication that went into combining
modelling with experimental work.

We thank the Reviewer for this accurate summary of our paper. We are also grateful that
they found our work interesting and appreciated our approach. These are also some of
the reasons why we felt compelled to submit this manuscript to Nature Human
Behaviour in the first place.

However, | have fundamental concerns about the conceptual and theoretical framework that limit the overall
interpretation and significance of the findings. This does not mean that the results presented here are not
meaningful within the limitations of the approach or the work is not interesting. | am, however, not convinced that
the findings can be generalized beyond these limitations. | am detailing these concerns below.

Below we provide point-by-point responses, including the revisions we made in the
manuscript for addressing each issue.

-Perception is not a passive process

The authors depict (visual) perception as a passive process. To the contrary, there is strong evidence that
perception is active, involving sensory exploration and (motor) sampling (see e.g., Ahissar & Arieli, 2001, Neuron;
Schroeder, et al, 2010, Curr Op Neurobiol). In particular, visual perception is a process that cannot be understood
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without taking eye movements into account. The eyes are actually never still, even when fixating a stimulus.
Convergent evidence in the last years also shows that the historical divide between sensory-only and motion-only
brain areas is not accurate (e.g., Niell & Stryker, 2010, Neuron), making it more and more clear that movements
interact with and modulate the perception of (visual) stimuli (e.g., Sommer & Wurtz, 2008, Perception). The
present work does, however, not include this important relationship.

We thank the Reviewer for this perspective. We agree with the Reviewer on the
importance of eye movements for visual processing, and the fact that we are not
addressing them. We now remedy this issue with a new discussion paragraph that
discusses the role of eye movements and how it can be integrated within our
framework. We discuss the details of this new discussion paragraph in our response to
the Reviewer’s next point. We use the rest of the current response for making two
clarifications.

First, we wish to state that visual perception is a multi-faceted, complex process. Eye
movements are an important aspect of this process, but at the same time, we believe
that it is evident that many questions about vision can be productively pursued without
making particular commitments about eye movements. A classic example is the work of
David Marr and his colleagues (summarized and expanded in his book Vision), which
rarely, if ever, mentions eye movements, and yet has been incredibly helpful helping
many students of vision make sense of visual perception. A more modern example is
some of the recent progress in vision research based on using DCNNs as a model
family (with static input). The list goes on, but our point is that certain aspects of visual
perception can be productively studied without making strong commitments about eye
movements.

Second, we wish to clarify our perspective of perception: we don’t think vision is passive
(in fact, we never make any such statement in the manuscript); instead, we think vision
is active in the sense that it involves inference. Inference can be formalized as an active
process (e.g., belief updating, evidence accumulation) and it has been productively
integrated with frameworks that involve actual action components (as in Karl Friston’s
active learning framework and John Tsotsos’s work in attention).

Once again, we thank the Reviewer for pointing us to this literature, which we now
include in a new Discussion paragraph as we detail in the next response.

-Eye movements and memory performance are tightly linked
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The authors refer to research on memorability, arguing that some images are systematically more memorable
than others across observers. | am, however, not convinced that interpreting these observations is very meaningful
without taking eye movements into account. Many studies have demonstrated the tight link between exploration
of visual scenes by eye movements and memory performance. Eye movements during encoding are correlated with
subsequent memory performance and have been shown to be reinstated during retrieval (e.g., Voss et al., 2017,
TiCS; Wynn et al., 2020, PNAS). Moreover, brain activity related to memory processes is also linked to eye
movements (e.g., Kragel & Voss, 2022, TiCS), making a strong case for why the relationship between (visual)
perception and memory cannot be studied without taking eye movements into account.

The present work does, however, not incorporate the accumulating evidence of a strong relationship between eye
movements (being vital for visual perception), memory and neural activity.

We thank the Reviewer for raising this important and fascinating point. We would like to
clarify that the main prediction of our model is that images that are harder to reconstruct
receive deeper processing during encoding. Our model in its current form, does not
make specific predictions for or against the role of visual sampling via eye movement
during this process.

That being said, it is possible that this deeper processing could be realized (at least, in
part) via visual sampling behavior (e.g., more fixations on images with harder to
reconstruction representations). Consistent with this idea, prior work on memorability
and eye movements has found that both a larger number of fixations and higher
consistency in the fixation maps across individuals predict higher memorability scores
(Lyu et al., 2020, JoV; Bylinskii et al., 2015, Visual Cognition). In response to this
excellent point (and the relevant point raised below on the relationship between depth of
processing and eye movements), we have now added in discussion about this potential
relationship (added text in purple on Page 12 under the A candidate for exploring the
computational basis of the subsequent memory effect and active visual exploration
Section; also pasted below).

“Previous work has linked active visual exploration (e.g., eye movements) with successful
memory formation and brain activity (for reviews, see Voss et al., 2017; Ryan et al., 2020; Kragel
and Voss, 2022). Moreover, previous work demonstrated that images with larger numbers of
fixations and greater “fixation-map” consistency across individuals are more memorable
(Bylinskii et al., 2015; Lyu et al., 2020). Future work should explore the possibility that
reconstruction error, in the service of effectively modulating

depth-of-encoding of an image, might drive spontaneous visual exploration behavior and
modulate brain activity (e.g., potential regions of exploration include hippocampus,
frontoparietal regions and medial temporal lobe).”
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However, at an empirical level, the results we currently present in our manuscript readily
suggest that eye movement is unlikely to be the only mechanism linking our
computational account and memory performance. As shown in our Study 3 (Figure 5B),
the memory benefit of large reconstruction error can be observed at stimulus
presentation times as short as 84 and 167 milliseconds, which are durations not long
enough for more than one fixation (~200 ms on average according to a recent large
dataset [Wilming et al., 2017, Sci Data)). Therefore, we suspect that the deeper
processing includes not only the overt shift of attention through eye movements but also
other forms of selective attention, such as attention gain control that allows the
refinement and sharpening of the sensory representation. Future work can explore the
relative degree to which visual sampling via eye movements and more covert forms of
attention contribute to the link between reconstruction error and memory. However, this
topic is out of the scope for the current study.

Similar arguments can be applied to the author’s appraisal of the levels-of-processing account by Craik & Lockhart,
proposing that a memory trace is a by-product of the perceptual analysis of the incoming sensory signals and that
a ‘deeper’ analysis is associated with better retention in memory. The authors argue that previous accounts are
‘completely missing the automatic nature of perceptual processing.’ As outlined above, | am not convinced that
perception is automatic in nature. Rather, it is an active process that involves movement of the sensors.

We appreciate the Reviewer’'s emphasis on the active aspect of perception but we would
like to emphasize that ‘automatic’ is not equivalent to being ‘passive’.

By automatic, we mean the spontaneous and stimulus-driven nature of visual perception.
Thus, rather than drawing a contrast between being passive or active, we are primarily
concerned with the contrast between being spontaneous vs. being intentional. In the
current study, we are interested in how the selective retention of certain information in
memory, in addition to being influenced by the intention of the observer (e.g., being
instructed to pay attention to faces rather than scenes), could also be driven by
perceptual processing that is more stimulus-dependent (e.g., devoting more resources to
analyze what’s in a scene) and happens without the observer explicitly exerting deliberate
control. We believe eye movements can occur automatically or deliberately; so we would
consider those eye movements that occur automatically within the scope of
automatic/spontaneous processing.

In the revised manuscript, to clarify our view of perception and prevent
miscommunication to other readers, we made the following modification when we first
bring up the automaticity of perception (see Page 2,; also pasted below, added text in

10
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purple):

“To date, all empirical demonstrations of the level-of-processing effect rely on the use of an
orienting task (as reviewed in Cermak and Craik, 2014), completely missing the automatic (i.e.,
spontaneous and stimulus-driven) nature of perceptual processing.”

In the case of the levels-of-processing account, the authors propose that ‘a memory trace is a by-product of the
perceptual analysis of the incoming sensory signals and that a ‘deeper’ analysis is associated with better retention
in memory.’ Previous research has, however, shown that the relationship between eye movements and memory
performance is particularly strong for complex visual stimuli (e.g., Voss et al., 2017), which could, at least to some
extent, explain different ‘levels of processing’. On the basis of these arguments, | also do not agree that the
presented model can be a good candidate for exploring the neurocomputational basis of the subsequent memory

effect.

We thank the Reviewer for proposing this possibility, which is also discussed in the
corresponding new discussion paragraph mentioned above.

However, our perspective in that paragraph comes from a slightly different angle. In
particular, we think the present model can still provide important insights into the
neurocomputational basis of the subsequent memory effect, despite not explicitly
incorporating eye movements in its current form. Empirical work has demonstrated
compellingly the importance of hippocampal activity (both in terms of overall BOLD
activation measured in fMRI [e.g., Voss et al., 2011, PNAS] and theta oscillations
measured in intracranial EEG [e.g., Kragel et al., 2021, Sci. Adv.]) in guiding visual
exploration during encoding and thus enhancing subsequent memory performance.
However, the critical ‘why’ question still remains: why are heightened hippocampal theta
oscillations and thus more revisitation eye movements observed in some trials but not
others? We think that our model provides a potential answer to this critical question: That
reconstruction error might drive both active visual exploration behavior and modulate
neural activity, and thus lead to the observed patterns of memorability. More specifically,
we argue that the reconstruction error resulting from the compression of sensory signals
could (partially) inform this sampling process.

Finally, in an additional new discussion paragraph, we discuss how the reconstruction
error in the model can be refined to support richer patterns of visual active exploration
behavior. (see Page 12, purple text; also pasted below):

“Our model can also be extended to represent the reconstruction error with
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spatially-varying gradients, and thus generate predictions of how the depth-of-processing can be
modulated at finer-levels of granularity (covertly, or via a combination of covert processes and
eye movements).”

Together, | am not convinced that a novel model will provide fundamental insight into how perception and
memory interact, if the model does not take the fundamental relationships between visual sampling via eye
movements and perceptual processes into account.

We thank the Reviewer for these insightful and inspiring ideas! We hope that the
foregoing response helps to clarify our view of perception, the theoretical contribution of
our work to understanding the interface between perception and memory and how it
relates to the existing literature on visual sampling and memory.

Response to Reviewer #3

The authors investigated the interplay between perception and memory via memorability of images in an
interesting and innovative way. They fit a sparse coding model to activation patterns of a DCNN model trained for
image classification, and found that memorable images show larger reconstruction error.

We are delighted by the Reviewer’s positive assessment of our work.

I have the following main concerns for the approaches used in this study:

1- The reconstruction error is measured as the Euclidean Distance between the original activation vector and the
reconstructed activation by the SPC model. Previous studies (Jaegle et al. 2019) have shown that memorable
images evoke pattern activities with larger magnitude in DCNNs, and authors also mentioned this in the paper.
Then if the reconstruction error is not normalized by the magnitude of activation patterns, it is a misleading
measure. If the authors use the normalized MSE as the reconstruction error, they may find an opposite result, i.e.,
memorable images will have smaller reconstruction error or maybe even no significant difference between
memorable and forgettable images.

We thank the Reviewer for raising this concern. First, we would like to clarify that in our

12
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original manuscript, we did consider L2-Norm as a relevant measure extracted from the
DCNNSs, but ultimately chose distinctiveness (e.g., euclidean distance to nearest
neighbor) because in our dataset distinctiveness predicted memorability better than
L2-Norm (see Figure S2). In addition, we also found that L2-Norm is highly correlated
with distinctiveness (r = 0.95, see Figure S3). (Both Figures S2 and S3 were presented
in the original manuscript.)

To more directly address the Reviewer’s concern, we repeated all of our analyses using
the normalized MSE measure (as suggested by the Reviewer) and presented the results
below as Figures R1 and R2. Specifically, we normalized the reconstruction errors with
the L2-norm of the corresponding DCNN activation. As seen below, with this new
measure of reconstruction error, although there is quantitative changes in terms of the
contribution of specific layers, the pattern of results remains qualitatively similar, that is,
large reconstruction error still correlates with higher memorability and shorter response
times during retrieval (especially for the reconstruction errors from Layer 7, which we
focus on in our RSVP experiment in Study 3). These results further support the
conclusion that the observed relationship between reconstruction error and memory
strengths cannot be explained away by measures derived from vision-only models and
highlight the importance of compression-based reconstruction error in capturing the
transformation of sensory signals into memory traces.
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Figure R1. Pearson’s r between memorability and reconstruction error (normalized with L2 Norm of the
activation vector) and partial Pearson’s r after accounting for distinctiveness. Error bars represent 95%
confidence intervals from 1000 bootstrapping iterations. ***: p <.001, **: p <.01, *: p <.05.
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Figure R2. Pearson’s r between response times during retrieval and reconstruction error (normalized with L2
Norm of the activation vector) and partial Pearson’s r after accounting for distinctiveness. Error bars
represent 95% confidence intervals from 1000 bootstrapping iterations.

***:.p<.001, **: p <.01, *: p <.05. Note that partial correlation was only conducted for layers where the
full correlation was statistically significant.

We include these new results in the revised manuscript as Figs. S4 and S5, and refer to
them within the main text (see Page 4, footnote 4).

2- Previous studies have shown that memorable images are more object-centric images. This means that specific
units in the layers of model will be more responsive to these images and others not. Therefore, the way the authors
sampled 1000 elements of activation patterns from the high dimensional activations of the DCNN to train their
models seem suboptimal for memorable images compared to forgettable images (which are more texture- like
images). To have a fair training, the authors should first use a dimensionality reduction technique with an

independent set of images to reduce the dimension of activation patterns in each layer to 1000 and then use that
on their training with the Isola et al. dataset.

We thank the Reviewer for raising this important point. To address it, we re-trained the
SPC model exactly as suggested by the Reviewer and repeated the analysis with
memorability and response times. Specifically, for each of the 7 layers in the DCNN, in a
set of 8000 images randomly sampled from the Microsoft COCO dataset (Lin et al.,
2014, ECCV), we learned the transformation of top 1000 principal components. We then
applied the transformation to the activations evoked by the images in the Isola dataset

14
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and thus reduced the dimensionality of each image’s activation to 1000. The 1000 PCs
(instead of 1000 randomly sampled units) were then used for training the sparse coding
models and obtaining the reconstruction errors. We refer to this version of the model as
the PCA-SPC model.

On this model, we conducted the same set of analysis as we did in Studies 1 and 2,
including the full correlation and partial correlation analyses to account for the effect of
distinctiveness. Typically, PCA is seen as just another preprocessing step in common
data analysis and modeling pipelines, but in our case, because PCA is essentially a
compression method, it is theoretically consequential to incorporate it into the model.
Thus, for the sake of comprehensiveness and this theoretical concern, we also wished
to demonstrate that the observed relationship between the reconstruction errors of the
PCA-SPC model and memorability is not confounded by “the reconstruction error of
PCA” alone. Thus, in an additional partial correlation analysis, we account for this PCA
loss, which we quantify as the euclidean distance between the original DCNN activation
vector (with all units in a given layer) and the reconstructed vector by inverting the
transformation matrix and applying it to the reduced 1000-PC for each image.

As shown below in Figures R3 and R4 (also shown as Supplemental Figures 6 and 7),
although there is a change in terms of the contribution of specific layers, we were
delighted that all the results remained qualitatively similar (even with slightly stronger
effect sizes in some cases), that is, large reconstruction error still correlates with higher
memorability and shorter response times during retrieval. These correlations also survive
residualizing PCA loss.
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Figure R3. Pearson’s r between memorability and reconstruction error of the PCA-SPC model, partial
Pearson’s r after accounting for distinctiveness and partial Pearson’s r after accounting for PCA loss. Error
bars represent 95% confidence intervals from 1000 bootstrapping iterations. ***: p <.001, *: p <.05.
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Figure R4. Pearson’s r between response times during retrieval and reconstruction error of the PCA-SPC
model, partial Pearson’s r after accounting for distinctiveness and partial Pearson’s r after accounting
for PCA loss. Error bars represent 95% confidence intervals from 1000 bootstrapping iterations. ***: p <
.001.

It is important to emphasize that the main point of novelty of our paper is to demonstrate
the theoretical importance of the reconstruction error resulting from the compression of
sensory signals: we show that this reconstruction error goes beyond vision-only
computations implemented in a DCNN by providing a quantitative signal for
characterizing the interface between perception and memory. However, the SPC model
presented in the original manuscript is one instantiation of this theory, which we did not
attempt to optimize in terms of its architecture and certain hyperparameters that go into
its training — rather, it was a conscious decision to keep it as simple as possible (we did
not want our theory to depend on the specific choices we make).

From this perspective, we see the PCA-SPC model as an extension of this core theory,
and future work should more systematically explore optimal motifs for how the
compression-based reconstruction errors might be computed in the mind and brain. This
future work can focus on exploring the optimal architecture and sets of
hyperparameters, including the PCA-SPC model, variational autoencoders,
architectures with dynamic computational graphs, and spatially-varying reconstruction
errors (in response to R2’s insightful comments on eye-movements), among others.
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We now include the above results in a pair of new supplementary figures
(Supplementary figures 6 and 7) and refer to them in a new discussion paragraph on
Page 12 (text in purple; also pasted below):

“The present work explores only one way of computing compression-based reconstruction error

--- using SPC to compress 1000 randomly sampled DCNN units in a layer. As a result, what is compressed
in the model only partially captures what is in the DCNN activations. Refining this architecture, simply
by replacing the random sampling strategy with an additional compression block (via principal
component analysis) appears readily effective.”

3- Previous work by Boer and Potter 2018 has show that memorable images show enhanced recognition in
ultra RSVP paradigm, this means images that are easier to grasp quickly will be remembered and recognized
better. How the authors compare this with their finding in their RSVP experiment?

We thank the Reviewer for bringing up this highly relevant study. In fact, we believe
our results are perfectly consistent with the findings from Broers, Potter and
Nieuwenstein (2018, Psychon Bull Rev). In our RSVP experiment (Figures 5B and
5D), we also observe that the memory performance for images with large versus small
distinctiveness differ very early on — at the shortest presentation time we tested, 34
ms. This suggests that the effect of distinctiveness emerges very early on, consistent
with Broers et al. study.

Accordingly, we would anticipate that the divergence between memorable and
forgettable images at even shorter timescales (e.g., 13 ms and 27 ms in Broers et al.)
to be primarily driven by distinctiveness. However, the critical contribution of our study
is that as these likely primarily feedforward processes unfold, soon after, still rapidly
and just as spontaneously, there seems to be additional memory encoding guided by
the reconstruction error. This is synergistic with Broers et al., but suggests the
involvement of fundamentally different kinds of computations than they suspected,
certainly by 84 ms for images with large distinctiveness (and by 167 ms for images
with small distinctiveness), and may be even sooner.

We reflect this foregoing discussion in the revised manuscript (see purple text on
Page 11; also pasted below).

“We believe that the adaptive deployment of these perceptual mechanisms, alongside with purely
feedforward computations (as implemented in standard DCNNs as we tested here), can be temporally
mapped out with increasingly greater resolution. The RSVP results we presented in Study 3 are broadly
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consistent with a behavioral report finding that the difference between memorable and forgettable
images emerges at presentation times as brief as 13 ms (Broers et al., 2018). In our study, the effect of
distinctiveness also emerges at the shortest duration (34 ms) we tested on whereas the effect of
reconstruction error is only detectable at 84 ms and not before 34 ms, suggesting a temporal window
of a few 10s of milliseconds after encountering a stimulus in which additional perceptual mechanisms,
beyond feedforward processing, may be initially recruited. Future work should use behavioral
paradigms -- ultra-fast RSVP (Broers et al., 2018)} and others -- and computational implementations of
these adaptive perceptual mechanisms to uncover a precise temporal evolution of the encoding
processes that ultimately lead to traces of remembered or forgotten memories.”
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that the reviewer found our paper to have been improved.
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