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ABSTRACT

The global dimensionality of a neural representation manifold provides rich insight
into the computational process underlying both artificial and biological neural
networks. However, all existing measures of global dimensionality are sensitive
to the number of samples, i.e., the number of rows and columns of the sample
matrix. We show that, in particular, the participation ratio of eigenvalues, a popular
measure of global dimensionality, is highly biased with small sample sizes, and
propose a bias-corrected estimator that is more accurate with finite samples and
with noise. On synthetic data examples, we demonstrate that our estimator can
recover the true known dimensionality. We apply our estimator to neural brain
recordings, including calcium imaging, electrophysiological recordings, and fMRI
data, and to the neural activations in a large language model and show our estimator
is invariant to the sample size. Finally, our estimators can additionally be used to
measure the local dimensionalities of curved neural manifolds by weighting the
finite samples appropriately.

1 INTRODUCTION

How does a population of a million neurons encode an input or stimulus? This question is central in
neuroscience and machine learning (ML). In a standard geometric view, the population response to a
stimulus is a vector in a high-dimensional space whose axes are individual neurons’ activation levels.
Varying the stimulus forms a set of representations, a neural manifold, in this space. A basic question
in this framework is: what is the dimensionality of that manifold? Although fundamental, many
dimensionality estimators are sensitive to sample size (the number of stimuli and recorded neurons)
and to measurement noise. Local (intrinsic) dimensionality estimators exist that are invariant to
sample size, such as the TwoNN method, but they cannot measure global dimensionality, and they are
often highly sensitive to noise (Facco et al., 2017; Denti et al., 2022). Despite the long history and
proven utility of global dimensionality in neuroscience and ML, there is no estimator that is resistant
to both finite sample size and noise (Mineault et al., 2024). We aim to close this gap.

Global dimensionality, understood as an effective rank given by the number of nonzero or effectively
nonzero singular values of a data matrix, provides rich insights. It has been used to understand
computation in brains and deep networks, to quantify classification (Chung et al., 2018; Cohen et al.,
2020; Sorscher et al., 2022) and regression performance (Zhang, 2002; Caponnetto and De Vito,
2007; Bach, 2013), to train linear probes in artificial neural networks (Shah et al., 2025), and to design
brain—computer interface (BCI) decoders (Willett et al., 2021; Menendez et al., 2025; Willsey et al.,
2025). Cohen et al. (2020), Chou et al. (2025), and Sorscher et al. (2022) relate global dimensionality
to the linear separability of manifolds and observe that dimensionality tends to decrease across
successive processing stages in both the convolutional neural network and visual cortex, which
improves linear separability. Estimating global dimensionality is also useful for interpretability
research in large language models (LLMs). For example, linear probes applied to intermediate LLM
layers can reliably classify harmful versus non-harmful content (Shah et al., 2025; Kantamneni et al.,
2025; Smith et al., 2025), so tracking global dimensionality across layers yields important insights
for Al safety and interpretability (Shah et al., 2025). In BCI, it is a standard practice to estimate
the global dimensionality of neural activations to first understand the encoding scheme of the motor
cortex and utilize this insight to guide the design of BCI decoders (Willett et al., 2021; Menendez
et al., 2025; Willsey et al., 2025). Beyond these applications, analyzing global dimensionality has
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long been a staple in neuroscience, ML, genomics (Pocrnic et al., 2016), and behavior science Woo
et al. (2023) for characterizing collective behavior in large systems.

Global dimensionality estimated from finite data is systematically biased. In neuroscience, the
observed activation matrix has shape P x () (stimuli x neurons) and is effectively a random submatrix
of a much larger, unobserved matrix. One can present only a small subset of stimuli and record
only a subset of neurons. Counting “significant” singular values of the observed matrix, or of its
covariance, is highly sensitive to the available numbers of rows and columns, a widely noted challenge
across many fields (Woo et al., 2023; Pocrnic et al., 2016; Lehky et al., 2014; Mineault et al., 2024).
Common workarounds include subsampling to produce saturation curves that are checked visually
as the matrix approaches the full dataset size (Woo et al., 2023), and ad-hoc extrapolation when
saturation is not observed (Lehky et al., 2014).

We address this problem with a principled estimation-theoretic approach. We correct the finite-
sample bias of a widely used global dimensionality metric, the participation ratio (PR) of covariance
eigenvalues. The PR is a soft count of nonzero singular values and is widely used in neuroscience
and machine learning (Menendez et al., 2025; Meissner-Bernard et al., 2024; Fortunato et al., 2024;
Harvey et al., 2024; Beiran et al., 2023; Niemeyer et al., 2022; Susman et al., 2021; Gao et al., 2017;
Rajan et al., 2010; Kirsanov et al., 2025; Schrage et al., 2024; Kuoch et al., 2024; Yerxa et al., 2023;
Sorscher et al., 2022; Fort et al., 2022; Mel and Ganguli, 2021; Cohen et al., 2020; Harvey et al.,
2024). However, just like other global dimensionality estimators, the existing PR estimators exhibit
substantial finite-sample bias (Recanatesi et al., 2022; Menendez et al., 2025). Here, we present a
bias-corrected estimator of PR by deriving the unbiased estimators of the numerator and denominator
of PR. We also provide an extension that removes the bias contributed by noise, and a variation
that measures local dimensionality, which is resistant to noise, unlike the existing popular local
dimensionality estimator, TwoNN (Denti et al., 2022).

2 DEFINITIONS AND PROBLEM SETUP

Here, we provide an informal formulation of the problem setup. A more rigorous and thorough
problem formulation is presented in the Supplementary section Sec. A.

2.1 REPRESENTATION MATRIX

In neuroscientific and ML experiments, the neural representation data takes the form of a matrix
® € RP*?, where each row represents an input (stimulus), and each column represents a single
feature (neuron). We assume that the neural activation ®,, is given by a hypothetical map ¢ that
maps an input x; and a parameter w,, that parameterizes the neuron:

q)ioz :(b(xiawa) (1)

As it will be evident later, our dimensionality estimator is agnostic of ¢ and the distributions of z;
and w,. Nonetheless, we define this generative process to establish a clear mental framework.

2.2 PARTICIPATION RATIO

We are interested in measuring the dimensionality of the activation matrix in the limit where the

number of neurons and inputs approach infinity. Let us denote the matrix in this limit as ®(°°)

RP%Q™) yhere P(>) Q(>*) — 0. A dimensionality measure should quantify how many non-

zero eigenvalues the covariance matrix K(°°) = Q(loo) ®(>)®(>)T has. In the most strict sense, this

is given by the rank of K(°°). However, the rank is sensitive to small eigenvalues that one might want
to ignore. Therefore, a softer count of eigenvalues, participation ratio (PR) -, has become a popular
measure of dimensionality, which is defined as the following:

where {);} is the set of all eigenvalues of K(°), Suppose D number of the eigenvalues all take a
single value c, and the rest are all zero. In this case, v is D, which equals the matrix rank. However, if
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there is an additional small eigenvalue ¢, then the PR changes only by a small amount vy ~ D + O(e),
whereas the matrix rank abruptly becomes D + 1. Therefore v, forms a lower bound on the matrix
rank. It has been shown that 7o number of the largest eigenvalues typically explain 70-80% of the
variance in the data (Gao et al., 2017).

We introduce equivalent ways of expressing the PR, which will be useful in the later sections. We use
the fact that the sum of the eigenvalues of a positive semi-definite matrix is given by its trace, and the
sum of the squares of the eigenvalues is given by the trace of its square:

r <K<°<>)) <fa?‘/?}>
( Pleo)2 1,
e = L where o2, = 20 () 9l

P e (KER) T (Y
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and (-} is a notation for averaging over all free indices, e.g.
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)
< ””> # of summands ; Z iglr:

The second equality is obtained by simply expanding the matrix notation in terms of the activations,
e.g. <IJ( ) = = ¢(x;, wq ). We normalize both terms so they are O(1).

We consider the case where each column (neuron) is centered before computing the dimensionality,

. . . . . . . . (o0
which is a common practice in neuroscience and ML. Consider a neural manifold in R% " where
each point in the manifold is a row vector of ®(>). This centering operation simply shifts the
manifold such that its center of mass is at the origin. The dimensionality ~y of the centered manifold
is given by

(@)

2
I
S [BS

where

_ [/ =ap —af ap
A= <”m‘jj> -2 <”iz‘jl> + < zylr> , and

B = <@;’j‘fj> —2 <77$§z> + <ﬁf‘ﬁr> .

Note that we use the notation 7 to refer to the uncentered dimensionality, and ~y to refer to the
centered dimensionality. We study + for the rest of the paper.

2.3  SAMPLE MATRIX AND NAIVE ESTIMATOR

The sample activation matrix ® € RP*€ is a random submatrix of ®(°), obtained by selecting the
P rows and Q columns of ®(°) independently and uniformly at random, and then collecting the
entries at the intersections of the selected rows and columns. In most neuroscience experiments,
one can only observe a subset of neurons in a given brain region, which corresponds to the column
sampling. In both neuroscience and ML experiments, one can only present a subset of stimuli (e.g., it
is impossible to present all possible natural images), which corresponds to the row sampling. In terms
of the generative process defined in Eqn. 1, the sampling of the submatrix is equivalent to sampling

P stimuli {2;}7 | and Q neuronal parameters {wq}?_,

Currently, in the literature, the PR is commonly estimated by simply substituting ®(>) with ® in
Eqn. 2:
A
Ynaive = %a 3)

naive

where
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Anaive = <vlo;jﬁ7> -2 <U3?l> + <’Uij?r> s Bnaive = <UZ€]> -2 <’U?j§l> + <U?j?r>

and

Uiajil = q)ia(bja(pkﬂ(blﬁ-

Note that the only difference between Eqn. 2 and Eqn. 3 is that the Eqn. 3 is computed on the
submatrix ®, whereas Eqn. 2 is computed on the true matrix ®(°) However, this naive estimator is
very sensitive to the number of observed neurons () and stimuli presented P. In the next sections, we
identify the source of the sample-size-sensitive bias in this estimator, and then propose our estimator
that corrects the bias.

3 BIAS IN NAIVE ESTIMATOR

Although the simple substitution in 7,y 1S intuitive, it leads to a heavily biased estimation of ~y. This
is because both the numerator and denominator of vp,;ve are biased estimates of the numerator and
denominator of y: Eg [Anaive] # A and Eg [Braive] 7 B where Eg [] denotes the average over the
independent uniform sampling of the submatrix. In fact, each term in Ap,ye (Or Byaive) is a biased
estimate of a corresponding term in A (or B). For example, Eg [<1}zf j>] #* <17?£ j>, which are
the first terms of Ap,ve and A. If we write this inequality explicitly in terms of the matrix entries
D, = d(z;,wy), we have

1 2
Eo | gz 2 2 Ot wa) 0(j, ws)” | #Be (o, w)?] ",
ij af
where E;, ,, [-] denotes the average over the distributions of x and w. Consider decomposing the sum
in the LHS into the terms where none of the indices coincide, and the rest:

P%Qzﬂﬂp Z Z (i, wa)?P(x), wg)? + rest
i#j aB

Moving the expectation inside the sum over unequal indices, for the first term, we have
Eo [¢(zi, wa)?¢(xj,ws)?] for i # j and o # B. However, since the row sampling and
column sampling are both independent, ¢(x;,-) and ¢(x;,-) are independent for i # j, and
¢(-,wy) and ¢(-,wg) are also independent for av # (. Therefore, the first term factorizes to
Eo [¢(zi,wa)?] Ee [¢(z, ws)?], which is simply E, ., [¢(z, w)?] ? the quantity we want to esti-
mate. However, the “rest” term is non-zero, i.e. Eg [rest] # 0, contributing to the bias. Note that
in the “rest” term, the indices in ¢(z;, wq)?¢(x;,wg)? are not all unequal, making ¢(x;, w,)? and
¢(mj, wg)2 correlated, so the expectation cannot be factorized, contributing as bias.

4 BIASED-CORRECTED GLOBAL DIMENSIONALITY ESTIMATOR

Having identified in the previous section that overlapping indices in a sum contribute to the bias
in each term of A jve (OF Bpave), We now know that unbiased estimators of A and B can be found
by simply averaging over unequal indices. Let us first define a notation for averaging over unequal
indices for both rows and columns:

N A S S
il [yom — # of summands iglr:
%,7,0,7 all distinct a5 3

Then, our unbiased estimators of A and B are

Apoy = <09@-> —2<v95> + <v-a-6> , and
both "9 /[ both ELYAN G0 [ ot
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— /. oB op op
Brom = <Uijij>both -2 <Uijjl>both + <U”l7‘>b0th'

Finally, we define our estimator for the true dimensionality as simply the ratio of Ay and Bpow:

Note that even if X and Y are unbiased estimators of X and Y, X / Y is a biased estimate of X /Y.
The ratio operation introduces a small but inevitable bias, which cannot be reduced further in a
straightforward manner (see Sec. D). In general, however, the bias contributed by the ratio operation
is negligible compared to that contributed by biases in the numerator and denominator. We provide a
detailed theoretical analysis of the bias and variance of these estimators in Sec. D.

If one desires, one can only correct the bias contributed from row sampling by summing over unequal
row indices, but still summing over all column indices. This could be useful if one has full observation
of neurons, but the inputs are sampled. In a similar manner, one can only correct the bias contributed
by column sampling. We refer to these estimators as ;ow and o1, respectively.

4.1 NOISE CORRECTION

In many scenarios, the sample matrix is corrupted by an additive or multiplicative noise. This
is inevitable in neural recordings. We show that we can correct the bias from the additive or
multiplicative noise (or both simultaneously), as long as two sample matrices are obtained over two
trials for fixed sets of stimuli and neurons. An alternative naive approach would be to perform [V trials
and take an element-wise average of the /N sample matrices, before passing it to the dimensionality
estimator. However, performing multiple trials is typically expensive, and the bias contributed by the

noise would be O (1 / VN ) with this naive method. In contrast, our method, inspired by Stringer
et al. (2019), only requires N = 2 trials, and the bias contributed by the noise is O (1/P + 1/Q),

much more efficient than the alternative method. There, we assume the sample matrix in ¢-th trial is
generated by

j;) = @, wa) + (i, wa, )
where ¢, is sampled independently across trial. If n(x;, wa, €;) = €:¢(x;, ws ) and €, is zero-mean,
then this models multiplicative noise: @EQ =1+ €) d(zi, wy).
af
ik
®M) and &) are the sample matrices from two trials. The rest of the calculation can be performed
as explained in the previous section to obtain the dimensionality estimates.

To correct for the bias due to noise, we can simply redefine v;/;, as v? L <I>(1)<I>§-?<I>,(€1g<1>l(é) where

ijk 1Y

4.2 WEIGHTED DIMENSIONALITY

Real-life datasets often have outliers that one might want to ignore or downweight when measuring
dimensionality. Suppose S = {si}le is a set of scaling factors, each of which determines how much

we want to weight a given neural response. We now define a weighted sum notation:

B
< af >5 _ D it jtitr doastp SiSiSISIUL,
G foom T Q(Q — 1) D ittty SiSiSISr

Then the weighted dimensionality is given by

S S S
0, 200 + (050
v — 2( V.= + (v, !
< 37 / both 43/ ot Gl [ both

S S S
af af af
v —2<vu-> —|—<v.» >
< ”“>both 33/ poth Wl [ poth

One can also estimate the local dimensionality, i.e. intrinsic dimensionality, around a given point in
the representation space by assigning large weights to the neighboring points and small weights to
distant points. In conjunction with the noise correction method explained above, our local dimension-
ality estimator is resistant to the additive/multiplicative noise, unlike popular local dimensionality
estimators (see Sec. 5).

S .
Yooth =
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4.3 IMPLEMENTATION

The main challenge in implementation is in performing the sum over unequal indices. Vectorizing
or parallelizing the sum is highly non-trivial. Consider, for example, a sum of the following form,
itk Wijk for some tensor u. To vectorize this sum, one needs to express it in terms of a regular
sum that sums over all indices. After some algebra, the unequal sum can be expanded as:

E Uijk = E Uijk — g Wiij — E Uijj — E Uiji + 2 E Ui

i#j#k ijk ij ij ij i
where now the vectorized calculation is possible for each sum on a computer. One can simply use the
einsum subroutine for each sum. In our case, we have a set of 4 indices that need to be unequal, and

another set of 2 indices that also need to be unequal, which makes the expanded forms too long to be
presented in the main text. The implementable expressions of our estimators are provided in Sec. A.

4.4 SYNTHETIC DATA

We first verify our estimator on synthetic data by testing how quickly different estimators converge to
their true dimensionality. Here, we considered the following noisy linear generative process:

(I)ioc =T; - Wq + €in (4)

We sample @ feature variables {w, }<_, and P inputs {z;}£_, independently from A/(0, I;), and the
noise term {¢;, } from A'(0, 02) to form a P x () sample matrix ®. In the limit when P, Q — oo, the
true, noise-free, PR should approach d, which we refer to as the true dimensionality -y for this setup.
Note that a finite size ® obtained by the above process can be seen as a random, noisy submatrix of
an underlying infinite matrix.

—Y
Ynaive
yrDW
Yeol
Yboth

Figure 1: Different dimensionality estimates of the linear model with d = 50 and noise variance
2
o =0.2.

We find that our estimator 7,0, 1S able to recover the true dimensionality across wide ranges of finite
P and @ (Figure 1). Note that our estimator did not require any information about the distributions
of = and w, or the map ¢. We do observe very small bias in our estimator when P or () is very small,
due to the nonlinear effect of taking the ratio of unbiased estimators, as described earlier in Section 4.
However, this bias is negligible compared to the bias in the other estimators.

4.5 BRAIN DATA

In real data scenarios, the population dimensionality v is unknown, and we can only assess the
estimators’ performance based on how quickly they converge to the dimensionality calculated using
the entire dataset. Here, we test our estimator on multiple real neural datasets, all using natural image
stimuli:

1. Mouse V1 recorded with calcium imaging Stringer et al. (2019)

[\

. Macaque V4 recorded with microelectrode arrays (local field potential; LFP) Papale et al.
(2025)

3. Macaque IT recorded with microelectrode arrays (spike-sorted) Majaj et al. (2015)
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4. Human IT fMRI data Hebart et al. (2023)

By subsampling from each dataset, we vary the number of neuronal units' () or the number of natural
images P, and apply the dimensionality estimators. In Figure 2, we report our results as a function of
the number of subsamples sampled from the full dataset.

V1 - Calcium imaging [Stringer et al. (2019)] IT - Electrodes (spike-sorted) [Majaj & Hong et al. (2015)]
Q=5424 P=2800 Q=66 P=3200
100 4, 100 4 3se BN
15.0 15.0
R e WW
P 80 W 125 12.5
—&— Vnaive IOO@BBBBBBBEIOO
60 = Yrow ' :
= Yeor
7.5 7.5
20 4= Vboth
1000 2000 2500 5000 7500 1000 2000 3000 50 100
P (Images) Q (ROIs) P (Images) Q (Spiking units)
V4 - Electrodes (LFP) [Papale et al. (2025)] IT - fMRI [Hebart et al. (2023)]
Q=153 P=22248 Q=2232 P=9840
220 A 220
18 18 {34 200
aaalamanaRaRans W%
16":":"3222: 16 180
14 14 160
12 12
140
10 10
120 120
10000 20000 100 200 2500 5000 7500 10000 1000 2000 3000
P (Images) Q (Electrodes) P (Images) Q (Voxels)

Figure 2: Dimensionality estimates on four different neural recording datasets for varying number of
stimuli P, and neural activation units @), by subsampling from the full dataset. Top left: Mouse V1
(Stringer et al., 2019); Top right: Macaque IT (Majaj et al., 2015); Bottom left: Macaque V4 (Papale
et al., 2025); Bottom right: Human IT (Hebart et al., 2023).

Most notably, the empirical mean of ., 1S consistently least sensitive to the number of samples,
compared to that of the other estimators (Figure 2). Note that when varying the number of rows P,
the 70w that corrects the bias due to row sampling is practically invariant, but it is sensitive to @
(Figure 2). The opposite is true for ~y.o;. Finally, Ynaive is sensitive to both P and ) and is the most
biased. These results indicate that our estimator is useful regardless of neural recording modality and
can capture the underlying dimensionality with a relatively much smaller number of samples.

4.6 ARTIFICIAL NEURAL NETWORKS

We also apply our estimator to artificial neural networks. In this case, one has access to the entire
population of neurons; hence, correcting for overlapping column indices should not make any
difference. However, there may be input-limited cases where only a few exemplars of a particular
class can be accessed.

Here, we consider this case for evaluating the dimensionality of hidden layers of large language
models (LLM). We use the FLORES+ dataset NLLB Team et al. (2024) for multilingual machine
translation and extract representations from the hidden layers of a pretrained L1ama3 base model
Grattafiori et al. (2024). The FLORES+ dataset contains 483 sentences translated to over 200
languages. Here, we picked 9 languages (see Sec. C for details) and extracted their hidden layer
representations from the LLM. Since sentences have different lengths, we use the representation of
the last token of each sentence. In Fig. 3, we report the average dimensionality across all languages
against the input sampling ratio.

'They are either ROIs (calcium imaging), spiking units (Ephys), electrodes (Ephys), or voxels (fMRI).
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Figure 3: Estimating the task dimensionality of LLM features for different languages. a) We calculate
the dimensionality of the last layer for each language separately and report its average as a function
of the input sampling ratio. In this example, all layers have () = 4096 dimensional representations,
and each language has a total of P = 483 sentences. The error bars represent the standard deviation
for 50 random draws. b) The dimensionality profile across layers when the sampling ratio is 0.1
(P = 48).

Since we fix the number of neurons and subsample the inputs only, we expect column correction to
have a tiny effect compared to row correction. In Fig. 3a, we indeed observe that v, performs as
poorly as the naive estimator and that 7., performs as well as our estimator.

Next, we show how the average dimensionality changes from layer to layer in Fig. 3b when the
sample size is small. While the naive estimator significantly underestimates the dimensionality, it
preserves the overall profile of dimensionality across layers. However, our estimator reveals more
fine-grained features of the layerwise dimensionality that are hidden otherwise. We provide additional
details about our experiments in Sec. C.

Finally, we would like to comment on the interesting behavior in Fig. 3b, where the dimensionality
increases towards the mid-layers and decreases again. This behavior was observed previously
Valeriani et al. (2023) and was recently reported in Skean et al. (2025) by using matrix-based entropy
measures Giraldo et al. (2014), which includes the logarithm of the dimensionality as a special case.
It would be interesting to see if our estimator can be extended to these more general measures in
future work.

5 EXTENSION: LOCAL DIMENSIONALITY ESTIMATION

In the earlier section, we described the procedure of weighing samples based on importance. Here
we demonstrate that one can extend this framework to measure local dlmensmnahty of a manifold,

adopting a method inspired by Recanatesi et al. (2022). From a given data point <I> o (an arbitrary row
vector of ®), one can measure the distance to the rest of the data points in a manifold dataset. One
can then discard the data points that are further than some predefined distance r, by giving them zero
weights and giving the points inside the local ball radius of r uniform weights. The resulting weighted

dimensionality estimate is denoted ;%! (<I> 0 r) . One can obtain the average local dimensionality

— —
of a given manifold by taking the average of ! (<I> 05 r) over all available ®(’s:

IOCd] loml
Yootn (1) = Yoot | Pis T

where ®; . denotes ith row vector of ®. In our experiments, we use the Mahalanobis distance with a
local metric. See Sec. E for a formal definition of the local dimensionality estimator and distance

metric. One can similarly define 7% (1), 410! (1), and 405! ().

To confirm that our estimator can indeed capture the true local dimensionality, we test it on a
synthetic dataset. The synthetic dataset is created using a random Fourier feature (RFF) model whose
covariance kernel converges to the radial basis function (RBF) kernel in the limit where the number
of features (neurons) approaches infinity. A noisy RFF model is defined as

oz, {w,b}) = sin(x - w +b)
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where w € R? is sampled independently from a normal distribution N (0,14), b is sampled inde-
pendently from a uniform distribution &/ (—/2,7/2). The data matrix ® € RP*? is created by
presenting P number of inputs (x’s) sampled from N (0, azId) to @ number of random features,
such that for a trial ¢, <I>£2 = ¢(zi, {Wa, ba}) + € o, Where €; o ¢ is the noise term. We emphasize
that the noise term ¢; ,, ¢ is sampled independently across all ¢, e, and ¢ from A (0, 062). In the limit
of infinite P and @, the true noise-free local dimensionality of the -dimensional representation
manifold should approach d.

a. Random Fourier features b. V15-0Electrodes (LFP) [Papale et al. (2025)]
TwoNN
2157 True local dim. 240
T = Vi T
2 101 —H v £°%
c 10 c
Q Q
€ £ 20 A
5 . 5 —
S 5440t 104
o o
.} -
0_
12 14 16 11 12 1.3 1.4
r: Local ball radius r: Local ball radius

Figure 4: a. Estimating the local dimensionality of the random Fourier feature model using TwoNN,
~local (1), and {24! (1), while varying the radius of the local ball for the latter two estimators. Signal-
to-noise ratio is approximately 3.33 (o, = 0.3). b. Estimating the local dimensionality of the

macaque V1 LFP measured with electrode arrays (Papale et al., 2025).

We find that our local dimensionality measure 7% (r) recovers the true local dimensionality d

despite the presence of noise as we decrease the local ball radius to the smallest allowable length
(Figure 4). The smallest radius is determined by requiring that at least four data points lie inside a local
ball. Recall that our estimator requires at least four distinct indices, so four is the minimum allowed
dataset size. In contrast, the widely adopted local dimensionality estimator TwoNN significantly
overestimates the local dimensionality due to its susceptibility to noise. The naive local estimator
~local (1) also fails to recover the true dimensionality, since it underestimates when there are only a
small number of samples in a local ball. This highlights the need to correct for bias due to the small
sample size, especially when measuring local dimensionality.

We also apply the local dimensionality estimators to the real brain dataset, V1 LFP measurements
from macaque (Papale et al., 2025). We find that the estimate from our estimator %% (r) in the
small radius limit is much smaller than the TwoNN estimate (Figure 4).

6 DISCUSSIONS

In this paper, we resolve the timely issue of the sensitivity of the global dimensionality estimator
to the sample size and measurement noise. To this end, we correct the bias in the PR, a popular
measure of global dimensionality. We then apply our estimators to a synthetic dataset, real neuronal
datasets of various recoding modalities, and a large language model representation, to show that our
estimator is indeed resistant to the sample size. As extensions, we also show how we can measure
local dimensionality using our dimensionality estimators.

7 LIMITATIONS

For measuring local dimensionality, our estimator v°% (r) is computationally more expensive

compared to TwoNN, since it needs to be swept across a range of local ball radius r so that one
can inspect the convergence 7i%%!(r) in the small r limit. However, the computation can be easily
parallelized over multiple threads.
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A DERIVATION OF BIAS CORRECTED ESTIMATORS OF DIMENSIONALITY

A.1 DEFINITIONS
KERNEL INTEGRAL OPERATOR

We assume there are latent variables,  and w, associated with stimulus and neuron, respectively. To
model the sampling of stimulus, we assume there is a distribution py over the set X" of all stimulus
latent variables. Similarly, to model the sampling of neurons, we assume there is a distribution pyy
over the set WV of all neuron latent variables. Then, we assume the entry of the sample matrix is given
byamapo: X x W — R

D = ¢(mi7wa)~ (S1)

We let P and () denote the number of sampled stimuli and neurons in this paper, i.e. ® € RF*%,
Assume ¢ is square-integrable with respect to py and pyy. Now, define the associated kernel functions

k(z,2") = /dpw(w) d(z,w)p(z',w), and (S2)

k(w,w") = /d,o;((x) d(x, w)p(x,w'). (S3)
There is a kernel integral operator that is associated to k, T} : £2(px, X) — L2(px, X), defined as

10f = [ dps(a) KC0) (o). (s4)

Ty, is a trace operator and is analogous to the population covariance matrix Ky introduced earlier.
The tuple (¢, px, pyv) uniquely defines a generative process of data.

PARTICIPATION RATIO
The eigenvalues {\;}72, of T}, are implicitly defined by

where e; € L2(px, X), and {e; }$°, forms an orthonormal set. There are a countably infinite number
of eigenvalues. Then, the participation ratio of these eigenvalues is defined as

_ ()T ([ dpa(a) k(z,2)
Yo A2 [dpx(x)dpx(y) k(x,y)?

We refer to ~ as the true effective dimensionality of 7}. If n number of \;’s take a constant value ¢
and the rest are 0, then the participation ratio is n, matching the definition of rank. However, if we
decrease one of the positive eigenvalues to be smaller than c (but still positive), then the participation
ratio is between n — 1 and n, reflecting the fact that the dimensionality is effectively slightly less than
n. Therefore, the participation ratio forms a lower bound on the rank, and is “softer” than the rank.

2 2

(S6)

Typically, the participation ratio is computed on the eigenvalues {7, } of a sample covariance matrix
K = $<I><I>T:
o0 2
Fo = (Xizim) _ (K (S7)
Yo w(K2)

A.2 CENTERED KERNEL

Suppose k.(x, y) is a centered kernel, where activations for each neuron is centered:

k(s ;) = / dyyp(w) ba(z, ) a(y, )
where

bula,w) = Bz, w) — / dpx(2) $(z w).
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Similarly, k.(z,y) is another centered kernel, where activations for each stimulus is centered:

el ;) = / dyop(w) by (2, )y (y, w)
where

or(z,w) = d(z,w) — /dpw(z) o(z, 2).

Before centering, it did not matter whether we computed the dimensionality with k or k:

([ dpx(z) k(z,x))° (f dpy(w) fﬂ(ﬂuw))?

T [dpx(x)dpx(y) k(z,9)? [ dpw(w)dpw (u) k(w, u)?

Not only the ratio, but also the numerators and denominators of the two expressions match respectively.
However, the centered dimensionalities are different

ﬁtask 7& ,?neuron’ where

,?task _ (f de(‘r) kc(l',x))z
f dp/\’ (a:)dp;((y) kc(x, y)2 7

. (f dpw (w) %C(wa w))2
and ,yneur(m — _ .
J dpw (w)dpy (u) ke(w,u)?

For now, let us focus on the numerator and the denominator of 4k, Note that the numerator can be
expressed in terms of the original kernel £ as:

A ( / dpx(2) kc<x7w))2

= ([ donta) k(x,m)z—z [ aoxte) bw,o) [ dpt@rpeot e+ ([ dort@aneto) o)

The denominator can be expanded as:

2

B / dpx(@)dpa (y) ke(z, y)?
_ / dpa()dpx(y) k(x,y)>—2 / dpa(@)dpa (y)dpa (=) k(m,z>k<z7y>+( / dpzx (@)dpx (y) W’y))

A.3 DERIVATION OF THE ESTIMATORS

The goal is to derive an unbiased estimator of each one of the six terms (five unique terms) above.
The five unique terms are

. ( [ doat k(x,m) - 2 [dprlo) M) [ dprl)onoly) bay),
3= /dp;((x)dp;((y) k(x,y)?, = /dp;((x)dp;((y)dp;((z) k(x, 2)k(z,y),

2
wd = ( [ dpelalinetn) o))
With these terms, the numerator of 4'** is

A=t —20% +4°,
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and the denominator is

B =1 —2f*

Consider £° as an example. We start with deriving a naive biased estimator, since it is easiest.

thoive = P2Q2 ZZd) Tiwe )> fjwﬁ)Q

ij af
We arrived at the above by simple derivation:
2

P2 Qe = (Ti(K))* = [ YN @2, (S8)
P IILATEDDILA LSBT IO
ij af ij aB ij of
The reason ¢ . . is biased, i.e. £ # <tndwe> where (-) is the average over all submatrices, is the

following:

ij ap

szz (Z Z < B(riwa)?o(vwg) > Z Z < Tiwa)? xlwﬂ)2>

#23 (dlawaotasua®) + T (bl )

7)o
(P-1)(Q-1) 2 Q-1 2
U9 e, + gt (k)

+ PP;Q <l§:(w,w)2>wwpw + % <¢(x w

<tr11a1ve>q> <P2Q2 Z Z ol xzwa l‘j’LUB)2>
{zi}{wa}

*) (10)
TP x W PW

Note that in the first term, (k(z, .Z‘)>i~p = {1, so the leading order term in (¢ is unbiased.

na1ve>q>
However, the rest of the terms contribute to O (? + §> bias. This shows that we can derive the

unbiased estimator by simply summing over disjoint indices, and normalizing by the number of
summands:

t&olh = P(P— Z Z o( fzwa ;ijﬁ)Q.

lij a#p

Then we have (ti.,) *= t'. Applying the same logic to all five terms #*, 2, £3, %, and °, we arrive
at the following unbiased estimators:

téOth:P(Pfl ZZU”N’

) Z 7
1
2
tbolh_P(P_l) (P Z Zvlljl7
) oz
3
tboth_P(P_l ;o;vzﬂja
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1
toon = PP—1)(P— Z Z Yijji>

175]751 a#f

s 1
tbmh’P(P—1)(P—2)(P—3 Z Z Yijir:

Zséﬁélsér a#p
where

®2a®ja®kﬁ®lﬁ

LJlT‘ T

The remaining challenge is computing the sums over disjoint indices. The implementation is
challenging, since computing this sum over a loop can be slow on a computer. Therefore, one needs
to re-express a disjoint sum into a linear combination of regular sums. For example:

E T i = E Tij — E ;.
i#j i i
This becomes non-trivial as the number of indices increases. Consider An example with three indices:

Z Tijk = Z ngk — (1 — (5;€) (1 — 5jk)

i#j#k .5,k
= Z szk ]k - 5 6ij + 267,]k>
.3,k
— Z Tijk — Z Tij5 — Z Tiji — Z Tiig +2 Z Tiig-
1,5,k 4,5,k

Using this technique, we find that the terms can be expanded into the following. Let

1 a
Tijkl = m Z Uij?r = Q Z zylr szjlr

a#B
then
g Dij Tiigg — 2 Tiiii
both P (P _ 1) ?
o it Mgt = 23045 Tidgs — iy Tivgg 220, i
both — P(P—l)(P—Q) )
w3 iy Tigig — 2 T
both P (P _ 1) ’
P Zijl Tijjl — 2 Zij Tidig — Zu Tijij + Z 27’zm and
both —
P(P—1)(P-3)
5 D ijim Tiglm — 2241 (risji + 2rijj1) + > (riijj + 8rijjj + 2rijiz) — 6 2, Tiiii
both P(P-1)(P—-2)(P-3) '

Finally, the unbiased estimators of the numerator and the denominator of 4, are
1 2 5
Aboth = tpon — 2lporn + tpon:  and
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_ 43 4 5
Broth = thotn = 2thon + Lhorn-
By simply taking the ratio of these unbiased estimators, we obtain our dimensionality estimator

'Y Aboth
both = .
Boon

Deriving Ao and By can be achieved by simply summing over the columns with the regular sum,
but the rows with disjoint indices: Let

Ukl QQ Z lle

Then,
tl _ ij rn]] Tmm
o P(P-1)
t2 _ Zijl Tgijl 2 Zz] 377 le 57 + 2 Zz rzzzz
row P(P-1)(P-2) ’
B _ Zij r;jij =D i Thii
o P(P-1)
t4 _ Zijl T;j_;l 2 Zz] 141] Zzg 1517 + Z 2ruu and
P(P-1)(P-3) |
5o 2 iitm Tijim — 22251 (rgijl + 2T;jjl) +>25 ( tijs T 8Tt 27”2;@';‘) =6 i
row P(P—-1)(P—-2)(P-3) '

Then the row-corrected estimators are given by

2 5
ATOW row 22frow + trow ’

BTOW - trow 27‘Lilow + t?ow7 and

— ArOW
“Yrow B

Trow
Simiarly, Aq and B can be achieved by simply summing over the rows with the regular sum, but
the columns with disjoint indices:

col P2§ rll]j’
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col P3 E :n]ﬂV

1,5,

col P4 E Tijlr-

©,7,0,r

Note that the unbiased estimators for 4peuron are given by redefining v
simply compute everything with the transposed data matrix.

as @] @1 @] <I>lﬂ, ie.

1jlr ot jo

All the estimators can be straightforwardly implemented using the einsum operation. We use the
einsum function provided in JAX.

B RECONCILING REPRESENTATIONAL SIMILARITY WITH DIMENSIONALITY

Consider a set of data matrices {CIJ(Z) } of the same number of rows ®(9) € RP*QiV;. Concatenate
i=1

the matrices as:

o, — [q)(l) o2 ... ‘I’(”)} c RPXZL, Q

Then the covariance matrix of the concatenation is given by

1 " ,
K= —=i—®.0] =) K",
Zi:l Qi Z

. 1 .
where K = —0@We®T and r; = #
Qi Zk:1 Qk

The numerator of the dimensionality of the concatenated representation is

2
n

2
1 . "1 .
. 7 (i) _ L (i)
Tr § riK = Z}ﬂ:rl PTr(K ) \

=1

and the denominator is

1 : 1 .
ﬁTr Z TiK(l) = ﬁ Z riTjTI' (K(l)K(J))

ij
Consider the inverse participation ratio of the eigenvalues of the covariance of the concatenated

matrix:

n

1 1 1 1
— = . ZTQPZ (K()2>+Zrzr]7Tr<K()K(J)>

Tjoint (Z?Zl rl%Tr (K(l))) i=1 i)
Note that

GEA (K( )) 1 @) = L )2 )2) CKA L)
ST (K02) = 2 and T (KOKO) = 25T (KO2) Tr (K 0)2) CKA
Vi
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e (K@) e [T (K02) T (K02)

Z S npTr (KO) % +Z

CKA9)
’Y N Yi . n 1 2
joint i—1 i (E [ rl?Tr(K(l)))

Let us define

2
ri L Tr (Km)
Ri = rmy
21T PTr (K(l))
Then,

1 2 Kj RiKj (i,5)
= — + —2CKAY"Y/,

Yjoint Yi?Vg

i=1

To interpret the resulting expression, «; simply encodes how much variance is in one representation
relative to the overall variance, ~; encodes the dimensionality, and CKA is the only term that is
sensitive to the alignments of the representations.

To build intuition, consider the following example. Suppose all representations have unit variance

P%;)”‘bH% = LTr (K (i)) = 1 and there are equal number of data for all representations, i.e.

Q1 =0Q; = = @, which are reasonable assumptions. In that case, r; = %,

4 and therefore

and k; = n% for all

CKA)

_nzz QZ

“Yjoint i i ’YJ

Now, in addition, suppose all representations have the same dimensionality. Then,

1 11 11 -
=—— 45— CKAW.
Yjoint n i n=7i

Note that the first term is of O (%) whereas the second term is of O (1) if CKA®) s positive

and finite. Therefore, if there is significant alignment amongst the presentations, i.e. CKAU) =
O(1) Yi, j, then ~joinc is of O (1). This means that adding more representations does not blow up the
joint dimensionality if there are order 1 alignments between all pairs. However, if all representations

are othogonal, i.e. CKA9) = 0, then Yioint = 17y = O(n).

B.1 EXCESS DIMENSIONALITY

If all representations are aligned such that CKA) = 1, then

Ki
7a11gn Z \/;

If all representations are orthogonal such that CKA®7) = 0, then

n
1 Rj

Yi

“Yortho im1

Then the difference between Yjoin, and *yajign, normalized by 7joint, is given by
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Yjoint — 7Yalign
ExD = -22—=%
Yjoint
-1— Yalign
Yjoint
where

“Yalign _ 1 i: Ki + Kikj CKA(i’j)

Yjoint (Z" \/?1)2 — Vi vy ViV
=1 Vi

Consider the limit where n — co. Then, 1 — ExD converges to a weighted average of CKAs:

Rikj (1.9)
Yalign . Zi?&j Vi CKA

.. KiKj
Yjoint El 25

1 —-ExD =

There exists an expression that recovers the weighted average exactly for finite n. This expression
can be written in terms of the inverse participation ratio:

1 -1 o Kikj CKA('L'J')
Vjoint ~ Yortho o 2176] YiVj

-1 i —
Vatign — o

align ortho Ez;éj Yivi

C EXPERIMENTAL DETAILS

We provide all our code and necessary data to produce the figures with our supplementary material.
Here, we provide additional results from our experiments.

C.1 NEURAL DATA EXPERIMENTS
In all our experiments, we computed the dimensionality of subsampled activations over many
iterations (Stringer: 50, MajajHong: 500, TVSD: 250, and ThingsFMRI: 50).

Here, we show that the bias in our estimator arises from the nonlinear nature of the division operation
used in computing dimensionality. Note that the dimensionality is defined as the ratio between A
and B as in Eq. (2). In Fig. S1, the first row shows our estimator when dimensionality is calculated

by averaging the ratio, <%>, while the second row shows the ratio of the averaged numerator and

denominator, %. While our estimator gives unbiased estimators of A and B separately, it remains
biased for dimensionality.

C.2 LLM EXPERIMENTS
For our experiments, we use the pretrained Llama 3 base model from Grattafiori et al. (2024). We
extract its hidden representations on nine different languages from the Flores dataset NLLB Team et al.

(2024): English, French, Japanese, Korean, Russian, Ukranian, Turkish, Kazakh,
and Greek.

D BIAS VARIANCE ANALYSIS

Here we quantify the bias and variance of the Ypaive and Yporn, in the context where both the rows and
columns are sampled. P and () are the number of sampled rows and columns, respectively. We will
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Figure S1: Bias due to nonlinearity in the definition of dimensionality.

ignore the centering operation for simplicity. We start by considering the general behavior of the ratio
of estimators.

Suppose A is an unbiased estimate of ¢ and B is an unbiased estimate of b. Suppose ¢ 4 and 5 are
the biases of A and B, respectively, e.g. 54 = (A) — a, 04 and 0% are the variances of A and B,
respectively, and o 4 g is the covariance of A and B. Then the following are the bias and variance of
A/ B as an estimator of a/b, up to the first-order approximations:

. A a (1 1 1 1
bias (B) ~ (a5A - 353 - (0aB +640B) + 02 (0123 + 5?3))

A\ a® (1 , 1, 1
var E Nb? a720-A+b720-B_2@0.AB

In our case, a = (k(w, x)>2 and b = (k(z,y)?)

bias (A> ~ 04 0B B oAB + 0498 0%+ 6%
<k(a:,x)>2 <k(x,y)2> <k(x,x)>2 <k(:c,y)2> <k(a:,y)2>2
A 9 02A 0]23 OAB
var [ = | = 7+ 5 — 2 2
(B> K <k(3:,x)> <k(w,y)2> <k(x,x)> <k(m,y)2>

D.1 NAIVE ESTIMATOR

We have the following for the naive estimator Yyajye:
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%= ((k(x,yfk(y,zf) - <k<w7y>2>2) + % (<‘5<w7“>2’~“(“’”>2> B <’5<w’“)2>2>

Plugging the above into the earlier expressions, the bias and variance of the naive estimator are given
by

Py Qd
var (Ynai )zﬁ—; (i}—&—c—Zc/) +4222 (11;+5_25’> —2y(y—-1) (P +é>
where
) <<k(x,y)2>i>y (ke 0)
(k(z,9)%). (k(z,9)%) (k(w,z))
. < k(w, u)? i>u . <l~c(w,u)2/;(w,w)>
(kw2 (k(w,w)*) (kw,w))
ey (kww)
V= (k(z,2)?) d v= <l§;(w,w)2>

D.2 OUR ESTIMATOR

We have the following for the naive estimator Yyoth:

04=0

op =0
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OAB =

<<k($,y)2/€(x,x)> (k(z,z)) — <k‘(x,y)2> <k($,x)>2>
+ % (</~€(w,u)2k(w,w)> <l§:(w,w)> — <k’(x,y)2> <k:(3:,x)>2>

ol e

= % <<k(x,x)2> <k(az,m)>2 — <k(m,x)>4> + % (</~c(w,w)2> <l~€(w,w)>2 - <k(x,x)>4)

2 % (<k<x7y)2k(y7z)2> _ <k(x,y)2>2> + % (<1%(w,u)21%(u,v)2> - <k‘(x,y)2>2)

Plugging the above into the earlier expressions, the bias and variance of our estimator are given by

bias (Ypom) & 4 (113 (c=d)+ % (¢— 6’)) , and

2 2
gl 1 / i L. =
~4-— | — -2 4-— | = -2 .
var (Yoth) (qp—kc c)-i— ; <¢+C c)

D.3 COMPARISON OF THE BIAS OF Yyarve AND Ygorn

In summary, we have the following for the biases:

bias (Ynaive) = 47 (Jlj (c=¢) +22(5—a’)> —y(y-1) (131¢+Qlw> +0 ((113+22)2>

1 1

and  bias (o) = 4 (113 (c=¢)+ é (e 5l)) +0 ((P * Q>2>

Note that the first terms 4~y (% (c=d)+ é (c—¢@ )) in bias (Ygaive) is entirely the leading order

term of bias (ypom ). This means that the second term v (y — 1) (P%b + le/?) is the additional bias in

Ynaive- Here we show that the first term is often small, and the second term tends to be large, which is
removed in bias (pom ). Let us inspect the term ¢ — ¢’ that contributed to the bias in Ype:

<<k(x,y)2>i>y <k(x,y)2k(x,x)>wy
(g, (ka?),, (k@.),’

If <kz(x, y)2>m is constant for all y, then ¢ = 1. This is also when ¢’ = 1. Therefore, when <k(x, y)2>$
is constant,

c—c =0.
Note that <k(:v, y)2>INpX is constant for all y, if the kernel and data distribution are matched by a
global symmetry (rotational or translational). For example, consider any dot-product kernel of the

form
k(z,y) =h(z-y)

where h : R — R, with z and y sampled uniformly from a unit sphere. Then ¢ — ¢’ = 0, so the
bias in our estimator is dramatically smaller than that of the naive estimator. Similarly, consider any
translation-invariant kernel of the form
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k(z,y) = h(z —y)
with z and y sampled from a translation-invariant distribution, e.g. uniform measure on a torus. Then
/
c—c =0.

E LOCAL DIMENSIONALITY ESTIMATION

The sample neural manifold is simply the set of row vectors of the sample matrix ®:

~ P
M= {di},_,
where ¢; € R? is the ith row vector of ®. Suppose the distance metric defined in the sample

representation space R? is denoted as d (-, ). Define the ball in the representation space centered
around ¢ € R¥ with radius r:

B(go,r) = {p € M|d(¢,¢0) <r}.

Let Yhotn (S) denote a dimensionality measured on a finite set S of sample representations in RC.
Then, the local dimensionality estimate for a radius 7 is defined as

oo (7) Z Yoot (B(do,7)) -

doEM

Now, let us define the distance metric. For two representation vectors ¢, ¢o € R, the squared
Mahalanobis distance is defined as:

— — — — T — —
(6, 60) = (& — do) M (6 — o)
where M 1is a positive-definite metric. We want to preferably select representation along the tangent
directions of ¢ so that we faithfully capture the local dimensionality. We estimate a local repre-
sentation metric by X (qbo), the covariance of the k-nearest neighbors of ¢y. Then we define M as

) ((EO)T, the pseudoinverse of X ().
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