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Dear Dr. Prat-Carrabin,

Thank you once again for your manuscript, entitled "Efficient coding of numbers explains decision bias
and noise", and for your patience during the peer review process.

Your Article has now been evaluated by 2 referees. We also solicited signed comments from
Christopher Summerfield, the senior author of Ref [6], to which your work is directly related. You can
find all comments at the end of this letter. Please note that signed comments do not function as
reviews. The authors of signed comments are asked to comment solely on methodological aspects of
your work, as well as on the extent to which their work is accurately represented in your manuscript.
Decisions on whether to reject a manuscript or invite a revision are based on the feedback of our
independent reviewers. However, if a decision to invite a revision is made, signed comments inform
our requests for necessary revisions.

Although there is disagreement among our two independent reviewers about the suitability of the
paper for publication, there is consensus that the topic is of high importance. 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.
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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 prioritised 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, Reviewer 1 raises quite substantial concerns about the accuracy of the model and its
interpretation, the empirical fit of the experimental data to the model’s predictions, and the strength
of the experimental design. Your revision must carefully address each of these points. Importantly,
Reviewer 1 requests that you complete a simulation that comprises the complete encoding-decoding
process, in order to be able to provide sufficiently strong evidence for your conclusions. We ask that
you carry out this additional work.

Second, Reviewer 2 also questions the interpretation of the results, as well as the strength of the
motivation for the experiment and the fit between experimental data and the model. Your revision
must address each of these concerns, including new analyses as necessary.

We also request that you incorporate the suggestions made in the signed comments for enhancing the
justification for the modeling approach, the assessment of the experimental results (including
considering alternative measures of model comparison) and the interpretation of the model’s
predictions.

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. I have also attached a template manuscript file that exemplifies our policies and
formatting 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 6 months. We
understand that the COVID-19 pandemic is causing significant disruptions which may prevent you
from carrying out the additional work required for resubmission of your manuscript within this
timeframe. If you are unable to submit your revised manuscript within 6 months, please let us know.
We will be happy to extend the submission date to enable you to complete your work on the revision.

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. 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:
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[REDACTED]

<strong>Note:</strong> 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,
Aisha

Aisha Bradshaw
Editor
Nature Human Behaviour

Reviewer expertise:

Reviewer #1: computational neuroscience, decision models, perception

Reviewer #2: computational neuroscience, decision models

Signed comments: Christopher Summerfield

REVIEWER COMMENTS:

Reviewer #1:
Remarks to the Author:
The paper presents experimental and modeling results of how humans estimate the average of a
sequence of symbolic number stimuli. Using a similar psychophysical task, previous work has shown
that humans are overweighing larger numbers when making a binary decision about the averages of
two symbolic number streams. That study argued that overweighing occurs because it is beneficial
with regard to late noise in the decision process. In the current paper, the authors alternatively argue
that the underlying non-linear transformation is due to efficient coding, i.e. d to the statistics of the
numbers stream. By experimentally varying these statistics (i.e. the prior distributions), the authors
show - via a specific model analysis - that the encoding accuracy changes in a way that is loosely
consistent with an efficient coding prediction.
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While testing averaging behavior for different prior distributions is a welcome addition to the empirical
body of studying number perception and representation, (a) the encoding-decoding model analysis is
partially incorrect and misleading in suggesting that it can account for the data, and (b) the
experimental support for the paper's main argument of efficient number coding is not particularly
strong. As a result, the scientific evidence provided by the paper is limited. What follows is a more
detailed discussion of these concerns.

(a) Encoding-decoding model analysis

Two types of models are tested. The first class is essentially a signal detection theory (SDT)
description of the data by means of a simple Gaussian decision model (Eq. 2 in its most general form).
Such analysis is useful because it allows to test how noise and bias parameters would need to co-vary
in order to explain the data. Consistent with previous work, the authors find that bias and noise need
to vary with the absolute value of the number but also that they are different under the different prior
conditions. One might question the strong Gaussian assumptions that are made, which are a particular
problem for the efficient coding hypothesis as this assumes a warped representation, but as a first
approximation it is acceptable.

My main concerns are with the second type of model, the encoding-decoding model. First of all, the
authors repeatedly refer to this model as combining efficient coding with optimal inference (decoding).
This is not correct because their chosen maximum-likelihood estimator (MLE) is *not* an optimal
decoding model (see Simoncelli 2009 for a short but insightful discussion about optimal estimation). A
statistically optimal estimator is necessarily defined with regard to an optimization criterion (i.e. cost
function). In contrast to a Bayesian decoder, however, the MLE is not specified with regard to any
aspect of the performance; it is a functional estimator very much like a linear estimator.

Secondly, the formulation of the MLE model is misleading and would not hold up in a simulation
validation attempt. What I mean is that the authors derive a relationship between bias and variance of
an MLE at very low n (number of samples, i.e. very high noise) that is specified *up to a constant*.
The author treat that constant as a free parameter, which it is not because the bias and the variance
of an MLE are defined on an absolute level for any specific encoding model. As a result, the free
parameter seemingly allows the MLE decoder to fit the data while in reality, operating on an actual
encoding stage, I strongly suspect that the MLE will either require too much noise in the encoder in
order to fit the bias or will be able to fit the noise but not the bias.

The authors may disagree. If so, running a simulation of their proposed encoding-decoding model in
its *entirety* should be conclusive. That is a simulation that comprises the complete
encoding-decoding process. That starts with assuming a noise level according to efficient coding or
whatever one likes to assume, then computing the likelihoods and the MLEs for both number streams
on *every trial*, and finally comparing them and making a binary decision. Repeating this 10000
times should provide enough synthetic data to be compared with the experimental data. This is a
simple exercise that does not require much work.
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It would be very surprising if this simulation would match the data because the bias magnitudes one
will get with the MLE for the level of noise that is necessary to match the psychometric curve of the
decision behavior will likely be far too small compared to the experimentally observed biases. Or in
other words, there is no noise function that can jointly explain bias and variance with the MLE
decoding model.

It is thus no coincidence either that, to the best of my knowledge, there are no examples in the
literature that explain perceptual and cognitive biases with a MLE decoding model whereas the
Bayesian estimation/decision framework has been so successful in that regard. The experimentally
measured bias and noise levels strongly suggest that humans use prior information in their decoding
process in an (approximately) Bayesian way.

This, ultimately, also raises the question of why the authors felt compelled to use the MLE decoder
instead of an optimal Bayesian estimator, in particular given that the latter already has demonstrated
that, in combination with an efficient encoder, it can explain perceptual averaging behavior (line
orientations, Wei/Stocker 2015). At least, the authors should provide some insight into their choice.

(b) Limited empirical support

Figure 4 seems to provide the main support for the paper's conclusion that encoding precision of
numbers follows an efficient coding scheme. However, the extracted Fisher information does not
particularly well match the experimental prior as would be expected under an efficient coding regime,
in particular for the uniform prior condition. While the authors mention in passing a couple of reasons
(Discussion) a more convincing attempt to explain the discrepancy would have been desirable.

Furthermore, inter-subject variability often provides insight with regard to certain assumptions of the
model. Here, for example, the general assumption was that subjects quickly learned the overall prior
distributions. However, that might no have been the case for all subjects. Showing and analyzing
individual subjects data would reveal this.

The particular choice of the psychophysical experiment also requires some motivation and rationale.
As the apparent intention was to test the efficient coding hypothesis for number representations,
would a more direct estimation task not have been a better choice as it would have allowed the direct
observation of estimation biases and encoding distortions? Why this task as it also requires to assume
a decision stage?

Overall, the presentation of the work is disconnected from most of the well established experimental
and theoretical literature. Together with the main concerns listed above, this makes judging the
scientific contribution of the work difficult.

5



References:

Simoncelli, E.P. (2009), Optimal Estimation in Sensory Systems, in: The New Cognitive Neuroscience,
Gazzaniga, M., MIT Press

Reviewer #2:
Remarks to the Author:
Suppose you're given two sets of 5 numbers, and you're asked to report which has the higher sum.
Suppose also that the numbers appear rapidly, so you don't have enough time to memorize them, let
alone perform the sum perfectly. Instead, you have to store a noisy estimate of the numbers, and
then estimate their sum. This paper focuses on the question: how much bias and noise should you add
when you store the numbers?

The answer they propose is that you base the noise you add on the probability of a number appearing,
which is the optimal strategy given a finite capacity. Surprisingly (at least to me), subjects do
something like that (see Fig. 3). However, there are important deviations from this strategy. In
particular, the most striking thing about Fig. 3a is that the subjects add the least amount of noise at
the empirical mean of the numbers. Moreover, for the bias, there tends to be an inflection point at the
empirical mean.

Overall, I believe this paper is an interesting addition to the literature. My main quibble is with the
authors' interpretation: the two observations in the previous paragraph suggest that the subjects
noise model is driven by the empirical mean, in a way that may be even more important than the
distribution of the numbers.

I also liked the authors' hypothesis that the bias is driven by the derivative of the noise (Eq. 6).
However, to me the fit is not that good; compare solid and dashed lines in Figs. 3b and 4.
Finally, the authors state that the curves in Fig. 2C are nonlinear. Given this is noisy data from human
experiments, I would categorize them as very linear. So this does not seem like great motivation for
the study.

I have several suggestions:

1. The authors need to admit that their data is highly consistent with the hypothesis that the subjects
are coding numbers near the empirical mean with the highest precision. It would be nice if they could
come up with a potential explanation for this. But even if they can't, it's important to point this out as
a possibility (unless they have a way to rule it out). It may be one of the most interesting aspect of
the data.
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2. The authors imply that data supports their model in Eq. 6. I think they need to be clear that there's
qualitative, but not quantitative, agreement.

3. Using the nonlinearity of the curves in Fig. 2C seems like a bad way to motivate the work. And it's
not needed; there are lot of things to explain besides that. I would suggest downplaying this aspect of
the data.

4. The authors don't comment on the fact that after coding the numbers, computing the sum is a
noisy operation. This would have the effect of adding more or less constant noise to, e.g., the
denominators on the right hand sides of Eqs. 1 and 2. I would think it should be taken into account in
the model, although I suspect it will have a small effect.

Signed Comments from Christopher Summerfield
Remarks to the Author:
This is a clever, elegant and well-written paper that offers a mathematically interesting account of a
behavioural phenomenon recently described by [Spitzer et al 2017; I was the senior author on that
paper]. The work builds off the earlier finding (replicated here) that when averaging and comparing
interleaved streams of numbers, humans tend to exhibit a curious nonlinear weighting of the
information that is nevertheless is reward-maximising under the assumption that decisions are
irreducibly noisy. The previous paper thus emphasises that transforming input information in a
particular way renders it to robust to decision noise; the current paper reframes this argument,
suggesting that the same effect could be due to a combination of noise and bias in numerical
encoding, with a specific relationship between noise and bias that can be understood if participants are
optimally decoding each numerical estimate using MLE with appropriate bias correction. Not only is a
very interesting and elegant explanation for the effect described in Spitzer [2017], but the authors
also take their theory a step further, testing it under manipulations of the prior density of number.
They find that (broadly) their model accounts for the new data. In my view, the experiments are
rigorously designed and executed, the model is interesting and fits the data well, and the paper
explains complex concepts in a way that will be approachable for a generalist audience. As such, it is
work which meets the high standards expected at NHB. I have a few questions and caveats:

1/ My first question was one of clarification. In the first modelling section, in which the authors simply
try to fit the data, the authors chose polynomials as linking functions m(x) and s(x) to describe the
relationship between numerical magnitude and the bias/variance of the encoding distribution. This
choice follows naturally from the form of the weighting function both here and in Spitzer (2017) but I
wondered how critical it was for the author’s findings, in particular in the case of the MLE model in
which there is a (lawful) restriction imposed on the relationship between m(x) and s(x). Spitzer and
colleagues used a sign-conserving power function instead. I thought that perhaps other readers would
be curious as to whether the reported finding depended on this choice.

2/ The authors report BIC as a metric of model comparison. Whilst I know this is standard in the
literature I (personally) always feel more comfortable a) with a random- rather than fixed-effects
analysis of model evidence, such as that provided by Bayesian model comparison [e.g. Stephan et al
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2009, Neuroimage], and b) with crossvalidation as a way to penalise complexity. I do not disbelieve
the authors, but I would be even more convinced if their model comparison exercise survived this
additional test.

3/ A discussion point. I agree that the model is elegant and nicely motivates the observed form of the
weighting function via a (potentially) different (and in my view equally compelling) interpretation as
that provided in Spitzer (2017). I should point out, however, my very strong suspicion (backed up by
simulations conducted alongside that paper but not published) that the Spitzer account – in which the
transducer adapts to account for noise at decoding - makes exactly the same prediction for the
variable priors experiment. This set me wondering what (if any) result would actually allow us to
distinguish the two accounts, except by appeal to parsimony and/or some ad hoc notion of a priori
plausibility. I have to say that if pushed, I think it very likely that there is noise both at encoding and
at integration/decoding. The latter is motivated by the fact that we know well that the length, timing,
and variability of the sequence strongly impact performance over and above the encoding of any
particular item (see, for example, Drugowitsch 2016 Neuron; Herce-Canstanon 2019 Nat Comm).
These variables seem incontrovertibly to impact the cost of *combining* information that is already
encoded rather than the cost of encoding information per se, i.e. to push around noise that follows
encoding (as would reasonably be captured by the noise term in Spitzer). In the authors’ data, this
would be shown (for example) by differences in weighting attributable to samples where there was a
switch from one category to the other, or samples that differed from their predecessor by a greater
magnitude, all effects which we have described before in previous papers. I would be astonished if
these effects were not present in the current paper. That being said, Spitzer et al assume that
encoding is noiseless. This is a convenience, but it is almost certainly not the case – we know that
there is encoding noise even for symbolic number, because (for example) reaction times vary with
numerical proximity in magnitude comparison tasks.

So here is my request: that the authors either 1) give more consideration to discussing these matters;
2) highlight manipulation or manipulations that they believe might distinguish these accounts, and/or
3) consider capitalising on their dataset to ask whether it is really the case that there is zero cost to
combining potentially disparate numbers (in fact, to combining 4 digits every 500ms).

Author Rebuttal to Initial comments
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Decision Letter, first revision:

13th April 2021

Dear Arthur,

Thank you once again for your revised manuscript, entitled "Efficient coding of numbers explains
decision bias and noise," and for your patience during the peer review process.

Your manuscript has now been evaluated by the same 2 reviewers who saw the original version of
your work. You will find their comments included at the end of this letter. Although the reviewers
continue to find your work to be of interest and indicate that it is in many ways improved over the
original version, they also raise some important remaining concerns. We remain very interested in the
possibility of publishing your study in Nature Human Behaviour, but would like to consider your
response to these concerns in the form of a revised manuscript before we make a decision on
publication.

In particular, the reviewers highlight several technical concerns that must be addressed, including
Reviewer 1’s comments about the parameterization of the estimate distributions and Reviewer 2’s
concerns about figure construction/presentation and the number of samples in Equation 3. Reviewer 2
also highlights a general concern about the clarity and organization of your manuscript. As you revise,
we ask that you ensure that the aims and logic of your study are clearly presented from the
beginning.

Finally, your revised manuscript must continue to comply fully with our editorial policies and
formatting requirements. Failure to do so will result in your manuscript being returned to you, which
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will delay its consideration. To assist you in this process, I have attached a copy of our 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.

In sum, we invite you to revise your manuscript taking into account all reviewer and editor comments.
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.

We hope to receive your revised manuscript within four to eight weeks. We understand that the
COVID-19 pandemic is causing significant disruption for many of our authors and reviewers. If you
cannot send your revised manuscript within this time, please let us know - we will be happy to extend
the submission date to enable you to complete your work on the revision.

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. 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]

<strong>Note:</strong> 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.

We look forward to seeing the revised manuscript and 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 these
revisions further.

Sincerely,
Aisha

Aisha Bradshaw
Editor
Nature Human Behaviour
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Reviewer expertise:

Reviewer #1: computational neuroscience, decision models, perception

Reviewer #2: computational neuroscience, decision models

REVIEWER COMMENTS:

Reviewer #1:
Remarks to the Author:
The manuscript has substantially improved. The change to a Bayesian decoder model led to an
improved model account of the data, and the individual subject analysis provided statistical support
for the proposed model hypothesis. Also it is indeed remarkable that the efficient-coding /
Bayesian-decoding model originally introduced by Wei and Stocker seems to generalize to the
perception of higher-level, symbolic variables such as numbers.

One remaining concern is that for the parametrization of the estimate distributions the authors
assume the variance of the estimates to be inversely proportional to Fisher information (Eq.5). That
contradicts the Cramer-Rao bound for biased estimators. Although it might be that treating the
estimator like an unbiased one is not a terrible approximation in the particular case, it is a theoretical
mismatch given that the paper is about estimation biases. At least, this needs to be discussed (see
also the discussion in Wei/Stocker 2017).

References:

Wei, X.X. and Stocker, A.A. (2017), Lawful relation between perceptual bias and discriminability, PNAS

Reviewer #2:
Remarks to the Author:
I'm mainly happy with the paper, although I would say that it could be a lot clearer -- it took several
reads to figure out what was going on. As far as I can tell, the authors do the following:

They consider two models for P(\hat{x}|x), the distribution of the encoded numbers given the true
numbers. The first is

P(\hat{x}|x) ~ N(m(x), s^2(x)).
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The second is given in Eq. 5.

It would be very nice if they told us that from the start; starting on line 170, I was mystified until I
went back and forth several times. It would have been a lot nicer if they had said: "we're going to
derive P(\hat{x}|x) from an optimal coding perspective, and here's how we're going to do it".

So my main comment is: be a lot more clear about the organization of the paper! Also, presumably
the main point of the paper is that both m and s^2 are functions of x, and presumably the fact that
the model in Eq. 5 fits better is a secondary point? Which is pretty much what the author say in the
intro, but a lot of the paper is devoted to the efficient coding model, and gradually my view shifted so
I thought that was the main point. Which was confusing. The authors might want to keep this in mind
when writing the paper. Or not -- up to them.

And now some more minor comments.

1. I'm guessing all the figures are averaged over all the subjects. Was the data fit to individual
subjects, and then averaged? Or was all data combined and then fit? This should be stated up front, in
the main text (I think it's implied that they're combined in Methods, but I'm not sure). It should also
be in every figure caption, as it's important. (Sorry if this was mentioned and I missed it.) And if the
data was fit to individual subjects and averaged, it would be nice to see individual subject data.

2. The relationship between I(x) and \tilde{pi}(x) should be derived, as should Eq. 5. Neither are
hard, but Eq. 5 appears especially mysterious until you write down some equations. I personally would
put them in the main text, but at the very least they should be in Methods.

3. For the model starting on line 170, it looks like n samples r_i are drawn. This increases the Fisher
information by a factor of n. That factor should be included in the equations. Presumably it's an
unimportant scale factor, but I believe the equations are wrong without it.

In Fig. 3a and b, the numbers on the y-axis seem way too big. For instance, in the left panel b, the
bias is 200 when x = 100, meaning 100 comes out as 300 in the subjects' heads. I would be shocked
if that were true. s(x) also seems too big. It's between 50 and 100, but, from Fig. 1, I get, under a
constant variance model,

Var(<X_R> - <X_G>) approx 100 (from Fig. 1)
Var(<X_R> - <X_G>) approx (10/25) s^2 (constant variance model)
==> s approx sqrt(25*100/10) approx 15.

However, in the Fig. 3a, sigma(x) is never below 15. Is it a units problem? Or did I make some kind of
mistake?

Author Rebuttal, first revision:
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Decision Letter, second revision:

8th September 2021

Dear Dr. Arthur,

Thank you once again for your revised manuscript, entitled "Efficient coding of numbers explains
decision bias and noise," and for your patience during the peer review process.

Your manuscript has now been evaluated by our 2 reviewers, and their comments are included at the
end of this letter. You will see from their comments that the reviewers find your manuscript to be
improved over the previous version, but they also highlight potentially substantial remaining issues.
We remain interested in the possibility of publishing your study in Nature Human Behaviour, but you
must comprehensively address these points in a final opportunity for revision before we can make a
decision on publication.
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In particular, Reviewer 2 raises ongoing concerns about the bias and its implications for the
conclusions drawn. After receiving these reviews, we followed up with the reviewers to request
additional information about this concern and detail on the nature of the problem, and you will find
additional comments from Reviewer 2 included below. Your revision must thoroughly address these
comments and concerns.

Additionally, 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 copy of our 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.

In sum, we invite you to revise your manuscript taking into account all reviewer and editor comments.
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.

We hope to receive your revised manuscript within four to eight weeks. We understand that the
COVID-19 pandemic is causing significant disruption for many of our authors and reviewers. If you
cannot send your revised manuscript within this time, please let us know - we will be happy to extend
the submission date to enable you to complete your work on the revision.

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. 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]

<strong>Note:</strong> 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.

We look forward to seeing the revised manuscript and 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 these
revisions further.

Sincerely,
Aisha
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Aisha Bradshaw, PhD
Senior Editor
Nature Human Behaviour

Reviewer expertise:

Reviewer #1: computational neuroscience, decision models, perception

Reviewer #2: computational neuroscience, decision models

REVIEWER COMMENTS:

Reviewer #1:
Remarks to the Author:
I understand and appreciate the authors' explanations regarding the approximation of the variance.
Nonetheless, there is still a somewhat uncomfortable feeling for using large n limit approximations
(which is equivalent to an unbiased estimator) when the entire study is about accounting for the
reportedly large biases (and thus low n) in human number averaging.

However, I can agree with the current version of the manuscript as it clearly indicates in its main body
that the variance is approximated and provides a full explanation and justification of the
approximation in its Methods section.

Reviewer #2:
Remarks to the Author:
I'm again pretty happy with the paper. Although I'm still a bit skeptical about the bias. Given that the
range is 10-100, I would be shocked if the subjects ever say the average is above 100 or below 10.
Especially since they can learn the downward versus upward prior in one session. I'm guessing the
subjects weren't asked what the average was, but maybe this is known from other studies? The
authors should definitely be clear what this means: the subjects would have to occasionally think the
average is as high as 300, and also occasionally think it's negative.

Further comments from Reviewer 2:
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The bias they predict is, I think, way too large: if you only saw numbers in the range 1-100, I don't
think you would ever say the average is greater than 100 or less than 1, whereas their bias went as
high as 300, and it could be negative (I forget by how much).

However, to figure out exactly what that means for the model would require a detailed look at exactly
what they did. It's certainly possible that the bias is off but all other conclusions are correct.
Alternatively, the fact that the bias is too large may mean that everything they conclude is incorrect.
Or somewhere in between.

I suggest you ask the authors to provide a thorough explanation for the bias, and explain why they
think their conclusions are correct when the bias is clearly way too large.

Author Rebuttal, second revision:
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Decision Letter, third revision:

8th February 2022

Dear Arthur,

Thank you for submitting your revised manuscript "Efficient coding of numbers explains decision bias
and noise" (NATHUMBEHAV-20029220C), and for your patience while waiting for a decision. It has
now been seen by one of the original referees and their comments are below. As you can see, the
reviewers find that the paper has improved in revision. We will therefore be happy in principle to
publish it in Nature Human Behaviour, pending minor revisions to comply with our editorial and
formatting guidelines.

We are now performing detailed checks on your paper and will send you a checklist detailing our
editorial and formatting requirements within two weeks. Please do not upload the final materials and
make any revisions until you receive this additional information from us.

Please do not hesitate to contact me if you have any questions.

Sincerely,
Aisha

Aisha Bradshaw, PhD
Senior Editor
Nature Human Behaviour

Reviewer #2 (Remarks to the Author):

I would like to thank the authors for their detailed response. And now I'm totally happy with the paper.
I'm sorry for the extra effort that I caused. But at least you found a mistake, so hopefully it was worth
it.
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Final Decision Letter:

Dear Arthur,

We are pleased to inform you that your Article "Efficient coding of numbers explains decision
bias and noise", has now been accepted for publication in Nature Human Behaviour.

Please note that Nature Human Behaviour is a Transformative Journal (TJ). Authors whose
manuscript was first submitted on or after January 1st, 2021, may publish their research with us
through the traditional subscription access route or make their paper immediately open access
through payment of an article-processing charge (APC). Authors will not be required to make a
final decision about access to their article until it has been accepted. IMPORTANT NOTE:
Articles submitted before January 1st, 2021, are not eligible for Open Access publication. Find
out more about Transformative Journals

Authors may need to take specific actions to achieve compliance with funder and
institutional open access mandates. If your research is supported by a funder that requires
immediate open access (e.g. according to Plan S principles) then you should select the gold OA
route, and we will direct you to the compliant route where possible. For authors selecting the
subscription publication route, the journal’s standard licensing terms will need to be accepted,
including self-archiving policies. Those licensing terms will supersede any other terms that the
author or any third party may assert apply to any version of the manuscript.

Once your manuscript is typeset and you have completed the appropriate grant of rights, you will
receive a link to your electronic proof via email with a request to make any corrections within 48
hours. If, when you receive your proof, you cannot meet this deadline, please inform us at
rjsproduction@springernature.com immediately. Once your paper has been scheduled for online
publication, the Nature press office will be in touch to confirm the details.

Acceptance of your manuscript is conditional on all authors' agreement with our publication
policies (see http://www.nature.com/nathumbehav/info/gta). In particular your manuscript must
not be published elsewhere and there must be no announcement of the work to any media outlet
until the publication date (the day on which it is uploaded onto our web site).
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If you have posted a preprint on any preprint server, please ensure that the preprint details are
updated with a publication reference, including the DOI and a URL to the published version of
the article on the journal website.

An online order form for reprints of your paper is available at
https://www.nature.com/reprints/author-reprints.html. All co-authors, authors' institutions and
authors' funding agencies can order reprints using the form appropriate to their geographical
region.

We welcome the submission of potential cover material (including a short caption of around 40
words) related to your manuscript; suggestions should be sent to Nature Human Behaviour as
electronic files (the image should be 300 dpi at 210 x 297 mm in either TIFF or JPEG format).
Please note that such pictures should be selected more for their aesthetic appeal than for their
scientific content, and that colour images work better than black and white or grayscale images.
Please do not try to design a cover with the Nature Human Behaviour logo etc., and please do not
submit composites of images related to your work. I am sure you will understand that we cannot
make any promise as to whether any of your suggestions might be selected for the cover of the
journal.

You can now use a single sign-on for all your accounts, view the status of all your manuscript
submissions and reviews, access usage statistics for your published articles and download a
record of your refereeing activity for the Nature journals.

To assist our authors in disseminating their research to the broader community, our SharedIt
initiative provides you with a unique shareable link that will allow anyone (with or without a
subscription) to read the published article. Recipients of the link with a subscription will also be
able to download and print the PDF.

As soon as your article is published, you will receive an automated email with your shareable
link.

In approximately 10 business days you will receive an email with a link to choose the
appropriate publishing options for your paper and our Author Services team will be in touch
regarding any additional information that may be required.
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You will not receive your proofs until the publishing agreement has been received through our
system.

If you have any questions about our publishing options, costs, Open Access requirements, or our
legal forms, please contact ASJournals@springernature.com

We look forward to publishing your paper.

With best regards,
Aisha

Aisha Bradshaw, PhD
Senior Editor
Nature Human Behaviour
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