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The collective behavior of a large number of degrees of freedom can be often described by a handful of
variables. This observation justifies the use of dimensionality reduction approaches to model complex
systems and motivates the search for a small set of relevant “collective” variables. Here, we analyze
this issue by focusing on the optimal number of variable needed to capture the salient features of

a generic dataset and develop a novel estimator for the intrinsic dimension (ID). By approximating
geodesics with minimum distance paths on a graph, we analyze the distribution of pairwise distances
around the maximum and exploit its dependency on the dimensionality to obtain an ID estimate. We
show that the estimator does not depend on the shape of the intrinsic manifold and is highly accurate,
even for exceedingly small sample sizes. We apply the method to several relevant datasets from image
recognition databases and protein multiple sequence alignments and discuss possible interpretations
for the estimated dimension in light of the correlations among input variables and of the information
content of the dataset.

Continuous advancements in technologies involved in data acquisition together with fast growing computa-
tional capabilities, data transfer rates and storage capacities are providing access to volumes of data of unprece-
dented size in the most diverse fields of human activity'. These developments hold promise to make accessible
to empirical analysis the rules governing these phenomena, giving unprecedented opportunities for modeling
these complex systems, typically characterized by a large set of properties or attributes. However, from a practi-
cal standpoint, any successful modeling and predictive strategy relies necessarily on a mathematical description
that utilizes a parsimonious number of relevant variables. How to obtain such a “dimensionality reduction” is
currently the object of intense theoretical investigations in the field of data analytics®. Preliminary to this task is
a fundamental question: how many variables are needed to capture the salient features of the system’s behavior?
Finding a definite answer to this somewhat ambiguous question is crucial to devise unsupervised strategies able
to provide data representations that are minimally redundant, yet as faithful as possible.

One of the most widely adopted approaches to address this problem is to define an appropriate cost func-
tion and detect a change in its trend as more variables are used to describe the data points. Spectral techniques
like Principal Component Analysis®, Multidimensional Scaling?, Laplacian Eigenmaps® and their respective
non-linear extensions, Locally Linear Embedding®, Isomap” and Diffusion Maps® find the best low dimensional
projection of the data by minimizing a cost function that is essentially a projection error. In all these cases, the
optimal number of variables can be inferred a posteriori from discontinuities or changes of slope in the eigenval-
ues profile. In spite of its simplicity, this approach is plagued by unavoidable ambiguities related to the detection
of “jumps” or “knees” in a function (the spectrum) defined over a discrete set of values.

An alternative point of view is based on the interpretation of the data points as samples from a
high-dimensional geometric shape, or “intrinsic manifold”. Then, the optimal number of variables can be intu-
itively identified with the dimension of the linear space tangent to this manifold at each point. Several methods
generalize these concepts to estimate the topological or “intrinsic” dimension (ID) of generic datasets. This is
done through local and global methods, which exploit the information contained in the neighborhood of each
point®'2 and in the whole dataset!®, respectively. The latter were originally introduced to estimate the fractal
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dimensions of strange attractors in dynamical systems. In particular, the so-called correlation dimension, which
estimates the topological dimension of a set from the scaling behavior of the number of neighbors in the limit of
small distances, has been widely applied to ID estimation due to its computational efficiency'*. Importantly, these
estimations can be used to gauge the information content of a dataset, due to the linear relation with Shannon
entropy'>®. In spite of their usefulness, these methods suffer from severe limitations: to probe the local proper-
ties of the manifold, the scaling behavior has to be characterized at distances that are short compared to its linear
size, yet large enough to get reliable statistical estimates. These conflicting requirements restrict the application of
these methods to datasets with a number of points larger than what is usually available!”.

Herein we overcome this limitation and show that the probability distribution of graph distances can be used
to obtain an ID estimate that appears to be robust with respect to the presence of noise, limited statistical sam-
pling and possible changes in the metric definition. After introducing the major theoretical aspects and discussing
challenges and pitfalls of ID estimation, we show how our approach can alleviate the “curse of dimensionality” for
high-dimensional cases. Finally, we apply this approach to heterogeneous datasets such as face and a hand-writing
databases used in image recognition and to a protein multiple sequence alignment (MSA). We discuss how a
robust ID estimation can be used to gauge the complexity of a dataset and possibly constrain effective models.

Results and Discussion

Theoretical Framework. Datasets can be conceived as samples from high dimensional probability distri-
butions defined on metric spaces. Usually the variables used to identify each datum of the set are not statistically
independent. From a geometrical perspective this means that the support of this probability distribution is a
subset of the entire metric space that can be parameterized using a relatively small number of variables. A useful
concept to characterize this number is the topological dimension. This generalizes the notion of dimension of
a linear space (i.e. the number of linearly independent vectors needed to describe each point as a linear com-
bination) providing a characterization which is topologically invariant and is left unchanged, in particular, by
non-linear transformations of the coordinates used to describe the points of the dataset. If one envisions the data
points as lying on a manifold embedded in a higher dimensional metric space, then the topological dimension
does not depend on the particular embedding chosen. For most metric spaces, the topological dimension coin-
cides with the Hausdorff dimension, which in turn is estimated by the box-counting dimension*®. This is based
on the fact that if a metric space of dimension D is contained in a space of larger dimension M, then the number
of M-dimensional boxes that are occupied by data points scales with the linear size of the boxes as rP. Finally,
the box-counting dimension can be lower-bounded by the correlation dimension'?, which considers the scaling
behavior of the number of neighbors within a given cut-off distance (rather than that of the occupied boxes) in
the limit of infinitesimal distances:

D= limM,

r—0 Inr (1)
where C(r) is the cumulative distribution function of pairwise distances. Intuitively, Eq. 1 conveys the notion
that in the limit on small length-scales (r — 0) the manifold is homeomorphic to a Euclidean space in which
the volume of a sphere (proportional to C(r)) scales as rP. For set of finite cardinality, the difference between the
box-counting and the correlation dimensions is negligible, however calculation of the latter is computationally
more efficient and, compared to the former, it requires less data points to get the same accuracy.

The most crucial issue in estimating the correlation dimension is represented by the accuracy with which C(r) can
be evaluated. In practice, for a finite set of N independent and identically distributed data points Q=x,,x,, ..., Xy,
C(r) is estimated by the correlation sum:
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where H(x) is the Heaviside function, §(x) is the delta function and p (%) estimates the probability distribution
of pairwise distances, i.e., limy_,  E [_f)N (x)] = p(x). Since one is interested in the limit r — 0, the correlation
dimension depends crucially on an accurate estimation of the probability distribution function at small
length-scales, which is where the p(r) acquires exceedingly small values. In other words, in choosing the range of
values over which the properties of the C(r) have to be analyzed, two seemingly conflicting criteria have to be
satisfied: the length-scales have to be small in order to capture the asymptotic behavior, yet large enough to sam-
ple correctly the probability function. It has been previously shown that this leads to the requirement that the

D
number of points needed for the estimation grows exponentially with the system ID | N ~ 107 |". In practice,

insufficient sampling leads to a systematic underestimation of the ID. Solutions to this problem have been so far
focused on heuristic approaches to characterize empirically the sample-size dependent bias for each
dimension'.

To better discuss these issues it is convenient to recast the original definition of the correlation dimension in
Eq. 1 in terms of a multiscale Intrinsic Dimension function D(r), conveying the scaling behavior of neighbors as
a function of the probe radius r:
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Figure 1. Multiscale description of the intrinsic dimension of a dataset of 10* points distributed on a

unit square with noise (uniformly distributed in the interval [—0.05:0.05]) on the normal axis. (A) The

log C(r) vs log r plot reveals two linear regions with slope 3 and 2, highlighted by the two lines (blue and red,
respectively) tangent to the black curve. (B) Profile of D(r) showing the effect of the noise (inset) and the decay
due to the presence of the boundaries.

D — limdln C(r) _ limdln C(r) L,
r—0 dlnr r—0 dr
= limM - r=1imD(r).
r—»OC(T’) r—0 (3)

While a significant effort has been thus far devoted to the accurate determination of the best fit of the first
linear region of the log C(r) vs logr curve'*'*?, Eq. 3 suggests that one could characterize D(r) over the entire
range of distances and estimate the ID by extrapolating the value of this function at = 0. Since D(r) depends
essentially only on p(r), this amounts to studying the properties of the probability function p(r). In what follows
we will show that the properties of p, (r) at intermediate length-scales, i.e. where the estimate of the probability
function is most accurate, can be conveniently used to obtain a reliable estimate of the ID.

Practical Aspects and Limitations of Intrinsic Dimension Estimation. Before delving into the
details of the analysis of the p(r), we will characterize the major factors that determine the trend of the D(r) at
different length-scales.

Intrinsic dimension at different scales: the effects of noise and boundaries. ~An important point, preliminary to any
ID estimation, concerns the notion of “true” intrinsic dimension. The concept of ID is indeed inextricably linked
to that of “relevant” spatial resolution. To illustrate this aspect of the ID, we analyzed a set of points sampled from
a planar shape (i.e. two-dimensional) to which we added a three-dimensional noise with amplitude smaller than
the shape linear dimensions.

Specifically, we considered a set of 10* points uniformly distributed on the surface of a unit square with a
uniformly distributed noise on the orthogonal axis with a total width of 0.01 (Fig. 1). Two linear regions with
different slopes (respectively 3 and 2) are apparent in the log C(r) vs logr plot in Fig. 1A. Straightforward appli-
cation of Eq. 1 results into an ID of 3, i.e. the noise is considered as genuine variance; on the other hand, these
three degrees of freedom are not equally relevant, thus the intuitive guess suggests that the set of points is best
described by a two-dimensional shape. Using the function D(r) introduced in Eq. 3, we can avoid this ambiguity
by characterizing the dimension at all length scales (see Fig. 1B): it is worth noting that neither a dimension 3 nor
2 are wrong estimates, rather they reflect two different aspects of the dataset, depending on the specific resolution
one is interested in.

Figure 1 shows also another crucial aspect that results from the finiteness of the sample: the presence of a set
of frontier (or boundary) points affects significantly the behavior of the D(r). Specifically, since the estimation of
the ID depends on the scaling of the number of neighbors with the distance, points close to the frontier contribute
less to the cumulative distribution function than those from the bulk. This underestimation, which affects the
scaling exponent, is present at all length-scales and increases with r. Accordingly, already at short distances D(r)
starts to decrease monotonically, visibly departing from the value of 2. Thus, depending on its topology, a real
dataset might show a different trend compared to the fully translationally invariant case of an infinite system.

High-dimensional metric spaces: the curse of dimensionality. 'The boundary effects described above are even more
pronounced for high-dimensional data, since the number of points missing from the neighborhood of the fron-
tier scales exponentially with the ID222, Indeed, since p(r) ~ rP~" the probability of observing two points at
distance r < 1 becomes increasingly small as the ID increases. Here we find that the major consequence of the
curse of dimensionality is that the smallest sampled distance increases with the ID. Thus the estimate relies on the
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Figure 2. Curse of dimensionality. Insufficient sampling of short distances determines systematic underestimation
of the ID. (A) D(r) of a ten-dimensional hypercube (10* and 10° points, black and red squares, respectively);

dashed lines report the ID estimated (referred as GP value) using the approach described in ref. 33. Blue dots and
dashed line refer to the D(r) of a ten-dimensional sphere sampled numerically (10* points, blue dots) or calculated
analytically (blue dashed line). (B) D(r) of spheres of increasing dimensionality sampled numerically (10* points,
dots) or calculated analytically (dashed lines).

evaluation of the D(r) over a range of distances for which the boundary effects are already significant. Importantly,
this effect becomes more and more pronounced as the number of points is decreased.

To illustrate this concept we calculated the D(r) for a ten-dimensional hypercube by randomly sampling either
10° or 10* points: compared to the former, last case enables an accurate sampling of shorter distances, i.e. those
where the D(r) is closer to its small-distances limit (Fig. 2A). This trend explains the sample-size effect observed
in ref. 14 in which it was noted that decreasing the size of the sample results in lower values of ID, estimated by
log — log fitting procedure. To get an accurate picture of the trend of the D(r) in the limit of large samples, we
compared these numerical experiments to a theoretical prediction of the D(r). Since the calculation of the dis-
tance probability distribution of a hypercube of dimension higher than 5 is a hard and unsolved problem?, we
characterized the case of a ten-dimensional sphere (or ball) of radius 1, whose distance probability distribution
is known?* (blue line in Fig. 2A) and we compared it with the estimate from 10* randomly chosen points (blue
dots in Fig. 2A). In Fig. 2B we extend this comparison to higher-dimensional spheres: by keeping the number
of points constant, increasing the ID has the effect of making an increasingly large range of distances devoid of
observations. In all the cases it is apparent that points lie on the D(r) profile obtained analytically, which for r— 0
tends to the correct ID.

Despite these limitations, the D(r) in Fig. 2A shows a remarkable property that could be exploited to cir-
cumvent the aforementioned curse of dimensionality: the D(r) of the ten-dimensional cube and sphere appears
“parallel” over a large range of values of r. Thus, despite the fact that their supports have different geometries, the
probability distribution functions of the ten-dimensional cube and of the ten-dimensional spheres are extremely
similar in the intermediate range of distances, provided that the variable r is appropriately rescaled. This observa-
tion raises the possibility that the probability distribution at intermediate length-scales, i.e. in the most sampled
region, might bear relevant information about the dimension of its support.

Effect of the curvature of the manifold. Unfortunately, in the most general case, the distance distribution is not
independent of the geometry of its support. Indeed, the intrinsic manifold can show a non-vanishing local curva-
ture and it could be, in some cases, extremely crumpled. In such scenario, ensuing from a non-linear relationship
between the features used to classify the points of a dataset (i.e. the embedding space) and the “true” intrinsic
variables, the probability distribution of the distances can show a complex multimodal structure. We use two
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Figure 3. Profile of the D(r) calculated using input-space distances (central panels) and the geodesic ones
(right column) for the Swiss roll (top panels) and a 10-Mabius strip (bottom panels). Graphical representations
are in the left panels. For the 10-Mdbius strip, a dataset with six-dimensional uniformly distributed noise is

also shown (red lines). The geodesic cases are compared with the profiles of their isometric geometric shape,
respectively a rectangle and the lateral surface of a cylinder (blue lines). Note how the use of geodesic distances
implies a monotonic behavior of the D(r) even in presence of a non-vanishing curvature of the manifold.

folded shapes to discuss this effect: the Swiss roll” and the 10-Mgbius strip'!, a non-orientable two-dimensional
surface obtained by twisting 10 times the M&bius strip (Fig. 3). For both datasets we randomly generated 2 x 10*
points; in the case of the 10-Mobius strip, we studied also the effect of a uniformly distributed six-dimensional
noise in the interval [—0.05; 0.05].

For both the shapes, the D(r) provides the correct estimate of the ID at short distances, but it shows a complex
trend with several local maxima at intermediate distances. Intuitively, a maximum can be associated with the typ-
ical length enabling “short-circuits” in a bend of the manifold. Around these values of r, the number of neighbors
of each point increases faster than normal, hence the presence of a peak in the D(r). The behavior is particularly
complex at large length-scales, where the growth rate of the number of neighbors is also affected by the presence
of the boundaries.

Thus, despite the appeal of analyzing the scaling of the number of neighbors in the most sampled regions,
the probability distribution function might be extremely complex at these length-scales with trends reflecting
the peculiar geometry of each dataset. This involved picture could be simplified if an intrinsic description of the
manifold were available. In other words, the probability distribution of the distances would likely be simpler if
geodesic distances were used instead of Euclidean distances in the embedding space.

Reliable and Robust ID Estimation Using Graph Distances. We built on all the observations discussed
above to devise a strategy to estimate the ID of a generic dataset in a reliable and robust fashion. Specifically,
we exploited the property of geodesic distances of being “shape-aware”, i.e. of measuring the length of paths
completely contained in the manifold, to analyze the scaling behavior of the distance probability distribution at
intermediate length-scales. In what follows we will show how, in analogy with previous studies’, one can obtain
approximate geodesic distances without prior parameterization of the intrinsic manifold. Then we will show that,
upon a global rescaling of the distances, the probability distributions are essentially invariant under a large class
of isometries. This property will prove crucial to identify a general criterion to estimate the ID that is independent
of the specific geometry of the intrinsic manifold.

One of the most straightforward approaches to approximate “intrinsic” geodesic distances using the “extrin-
sic” distances calculated in the embedding space is to identify the neighborhood of each point in which the two
distances can be confused. In this way, each point is connected to a small set of neighbors through a segment of
known length and hence, thanks to the transitivity of this relationship, to the entire set of points. The geodesic
distance can be thus approximated by the shortest path connecting any two given points. In practice, the graph is
generated by connecting each point to its k nearest neighbors.

Application of this distance definition to the Swiss roll and 10-Mobius strip (right panels of Fig. 3), produces
a profile of the D(r) more akin to the flat shapes analyzed above, thereby effectively “unfolding” these crumpled
manifolds. In particular, using graph distances, the Swiss roll and the 10-MG6bius strip turn out to be isometric to
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Figure 4. Robust ID estimation for different datasets (A) through (C). Different shapes with the same
dimension (D=5, 10, 20), show very similar profiles in the log p(r) —logr plot provided that the positions of
the maxima of the p(r) are aligned. (D) Robustness with respect to a reduced sample size; profiles of a ten-
dimensional hypercube at decreasing number of sampled points, for N = 10* (blue), 10* (red), 10 (cyan). In all
the case All the profiles are compared with the (D + 1)- (red dashed lines) and (D — 1)-dimensional cases (green
dashed lines).

the surfaces of a rectangle and a cylinder, respectively. A pleasing consequence of this distance definition observed
in the case of the noisy strip (red line in Fig. 3) is that the D(r) is seemingly oblivious of the high-dimensional
noise at short length-scales, which gets effectively filtered out.

In these two cases we analyzed, we noticed that the D(r) calculated from graph distances shows a pronounced
local minimum at short distances. This minimum is a manifestation of a discontinuity of the distance function
across the boundary separating the k and the k+ 1 nearest neighbors, resulting in a poor estimation of the p(r) in
that region (see also Fig. S1). The cumulative distribution function turns out to be affected at all length-scales by
this local anomalous scaling of the number of neighbors, hence the use of graph distances introduces unavoida-
ble inaccuracies in the estimated D(r). However, Eq. 3 shows that p(r) can bear the same information about the
dimension as D(r). Thus we focus on p(r), which, around the maximum, is not affected by the sampling fluctu-
ations occurring at short distances. Finally, since the ID of a shape is independent of its linear dimensions, two
probability distributions should correspond to the same ID if they coincide up to a global rescaling of the variable
ror, in the log p(r) vs log r plane, up to a translation of the x-axis.

We thus analyzed the p(r) estimated from 10* points sampling D-dimensional hypercubes, spheres, Gaussian
distributions and the surface of (D + 1)-dimensional spheres (hereafter referred to as D-dimensional hyper-
spheres). In the latter case we used the theoretical geodesic distance between the points instead of the graph
distance; in all the other cases, the Euclidean distance calculated in the embedding space is already the geodesic
distance. Figure 4 reports the results for D=5 (A), D= 10 (B) and D =20 (C). Remarkably, while at large dis-
tances p(r) is highly dependent on the geometry of the support, for distances shorter than ry,x (the position of
the maximum) all the probability distributions corresponding to a given dimension D follow the same trend,
regardless of their geometric support. High-dimensional cases (D = 20) show larger spread of the probability
distributions.

To provide a more quantitative characterization of the relationship between ID and the properties of the p(r),
we analyzed the curvature of the probability distribution of distances, performing a Gaussian fit on the left side of
the distribution maximum. We investigated IDs up to D= 20, i.e. the range from small to moderately high dimen-
sions. Intuitively, the probability distributions are expected to be similar at short distances, where they all share
the same power-law behavior, distinctive of each given dimensionality; unfortunately in this range the distance
distribution is affected by the aforementioned discontinuity between input-space distances and graph ones. Thus,
we decided to find the best fit of a quadratic function in the logp(r) vs r plot in the range r € [ryax — 28 Tyaxh
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H-CUBE | SPHERE |GAUSSIAN | H-SPHERE H-CUBE | SPHERE | GAUSSIAN | H-SPHERE

ID| R | Dy | R | Dy | R |Dy| R | Dy |EQ5/ID| R | Dy | R | Dy | R | Dy | R | Dy |Eq.5
N [ (R N ) N 11| 527 | 112 | 544 | 119 | 487 | 103 | 510 | 11.0 | 5.13
2 | 200| 19 | 205 | 19 | 210 [20]217 | 20 | 216 | 12| 554 | 125 | 574 | 13.1 | 505 | 111 | 5.34 | 120 | 537
3 | 263| 28 | 260 | 29 | 266 |3.0| 264 | 3.0 | 261 | 13| 580 | 136 | 6.03 | 144 | 527 | 12.0 | 556 | 13.0 | 559
4 | 287 37 | 292| 38 | 295 [ 39301 | 40 | 3.03 | 14| 603 | 147 | 632 | 157 | 546 | 129 | 578 | 140 | 581
5 329 46 | 334 48 | 327 | 48[337| 50 | 341 | 15| 626 | 158 | 657 | 17.0 | 565 | 13.8 | 599 | 149 | 6.01
6 |369| 57 | 374 ] 59 | 361 |58]371] 60 | 375 | 16| 648 | 17.0 | 6.84 | 18.4 | 5.80 | 145 | 6.18 | 16.0 | 6.22
7 | 406 68 |412| 7.0 | 386 | 67| 402 | 7.0 | 406 | 17 | 668 | 181 | 7.10 | 197 | 601 | 155 | 638 | 17.0 | 641
8 | 440 79 | 448 | 82 | 411 | 75| 431 | 80 | 436 | 18| 688 | 191 | 7.33 | 21.1 | 6.16 | 163 | 658 | 180 | 6.60
9 | 471| 90 | 481 | 94 | 438 | 85| 459 | 90 | 463 | 19| 7.11 | 204 | 7.56 | 224 | 635 | 17.2 | 6.76 | 19.0 | 6.79
10 | 501 | 102 | 5.13 | 106 | 461 | 9.3 | 4.85 | 10.0 | 489 | 20 | 7.29 | 215 | 7.81 | 23.7 | 651 | 18.1 | 693 | 20.0 | 6.97

Table 1. R and Dy, values for different supports of the distribution of 10000 points with dimensions
between 2 and 20. In the last column we report the theoretical value of R for the D-hypersphere as calculated
from Eq. 5.

where s is the standard deviation of the distribution (see also Fig. 4). Then the curvature a is equal to r .y /207,
where o is the standard deviation of the best approximating Gaussian distribution. Table 1 reports the values of
the ratio (R = ryax/0 = ~/2a) for the datasets discussed above. Especially for ID up to 10, which are most useful
for dimensionality reduction purposes, these results support the notion that the profile of the p(r) around the
maximum (and in particular its curvature) conveys information about the ID and is mostly independent of the
geometry of the support, provided that geodesic distances are used to generate such distribution.

We exploit this feature to approximate the distance distribution of a generic dataset with the distribution of
geodesic distances calculated for the unitary D-dimensional hypersphere. We thus obtained the analytic distribu-
tion, which shows a simple dependence on D:

pr)==C sinD_l(r), (4)

where C is the normalization constant. Equation 4 can be used to estimate the ID (D) via least-square fit in
which D is a free parameter, after rescaling the distances r by the factor 2ry;,x/7. Equivalently, by analyzing the
root mean square deviation (RMSD) between the observed distribution and the one of a D-dimensional hyper-
sphere as a function of D, the ID can be defined as the global minimum (D,,,;,) of this function (see Fig. 5). In
Table 1 we report the results of the fit for the different geometrical shapes, showing again a satisfactory agreement
with the corresponding ID.

Equation 4 provides also a direct way to relate the ratio R with D (see Supplementary Information, SI for the
derivation):

R=DMX o T DT 4 ——,
o 2 6/D — 1 (5)

which is fully consistent with the ratio R computed on the sampled distributions, as shown in the last column of
Table 1. This relation shows that, in principle, D can be calculated if R is known using, for instance, this approxi-
mate identity whose derivation is shown in the SM:
2 2
prx B
’ 6 (6)
Even if these results are in principle valid only for a D-hypersphere distribution, on the basis of the compari-
sons reported in Table 1, we expect them to be generalizable to the generic dataset. In the SI we report analogous
calculations for a multivariate Gaussian density distribution (Table S1). Importantly, the results show that the
leading terms in the expansion of D as function of R are very similar.
It is important to stress that this strategy to characterize the ID requires few data points: Fig. 4 and Table S2
and Table S3 in SI show that already 1000 or even 100 points can be sufficient to distinguish the behavior of a
ten-dimensional or even a twenty-dimensional metric space. These numbers should be compared with the num-

ber of points needed to obtain a reliable estimate of the correlation dimension when Eq. 1 is used': N ~ 10% ie.
10° and 10'° points for a ten-dimensional and twenty-dimensional space, respectively. This is possible because the
analysis focuses on the maximum of the probability distribution rather than on its tails and this makes the estima-
tion extremely robust to statistical fluctuations. Finally, in the case of datasets with non constant curvature, a
crucial point is related with the accuracy with which a sequence of chords approximates a geodesic. A heteroge-
neous curvature usually involves high spatial frequency features that require a large number of points to be cor-
rectly sampled. If the number of points is sufficient to effectively reconstruct the manifold, the method provides
an accurate estimate of the ID even in presence of a non constant curvature. Otherwise the reconstruction pro-
duces shortcuts that lead to an overestimates of the ID. In Fig. S2 and Table S4 in the SI we show empirically that
the dimension of a surface with non-constant curvature (z(x, y) = [cos(wax) + sin(may)]/2, with x and y sampled
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Figure 5. Comparison between the determination of the ID based on the D(r) analysis calculated using
input-space distances (central panels) and the one based on the D, fitting procedure from Eq. 5 using
geodesic distances (right panels) for three dataset (Isomap face, MNIST database and MSA for top, middle
and bottom rows, respectively). A graphical representation of the three datasets is provided in the left panels.
While the D(r) analysis provides ambiguous or erroneous estimates, exploiting the geodesic distances reveals

a well defined dimensionality for the datasets, as shown by the minimum in the root mean square deviation
(RMSD) between the observed distribution of geodesic distances and the one relative to D-dimensional
hypersphere as a function of D. For the MNIST dataset geodesic distances are calculated also using the tangent
distance (blue line). See also Fig. S2 in SM.

uniformly from the [—1, 1] interval), can be accurately estimated by our method even for relative high spatial
frequency (a < 6) and limited sampling (1000 points).

Intrinsic Dimension of Complex Datasets. Summarizing the concepts discussed above, the estimation
of the ID of a dataset relies essentially on the following two tasks:

 Calculation of the graph distance for all the distinct pairs of points in the dataset, i.e. definition of the set of k
nearest neighbor for each point and use of the resulting connectivity graph to find the shortest path between
any two points.

o Least-square fit of the left side of the resulting graph distance probability distribution using as a model the
distribution of geodesic distances of a D-hypersphere (see Eq. 4). This allows us to estimate the ID through
the parameters Dy, D,,;,. Complementary to this approach is a Gaussian least-square fit to determine the
parameter R to be used in Eq. 6 or compared to the values in Table 1.

The parameter k should be small enough to avoid “shortcuts”, i.e. chords much shorter than the corresponding
geodesics, which by compromising a correct reconstruction of the manifold result in an overestimation of the ID.
On the other hand, k has to be large enough to include as many points as possible into a single fully connected
graph. In analyzing the Swissroll and Isomap face datasets we used the same parameters as in ref. 7 (k=7 and
6, respectively), in order to compare the results quantitatively. However, we note that for all the datasets our
approach is highly robust with respect to changes in the value of k (see Table S5 in SI).

We used this approach to estimate the ID of three complex datasets: the Isomap faces database, the hand-
written “2”s dataset from the MNIST database’, and a multiple sequence alignment (MSA) of protein sequences
encoding for voltage sensor domains from different proteins and organisms?.

The first one is a collection of 698 images of a sculpture face embedded in a highly redundant 4096-dimensional
space (the brightness values of 64 x 64 pixels), obtained by changing three degrees of freedom (rotation around
the horizontal and vertical axes and lighting conditions). As we can see from the upper panels of Fig. 5, the cor-
relation dimension, calculated using the Euclidean in the embedding space, shows the combination of two of
the effects discussed above: while short length-scales are affected by high-dimensional noise, the intermediate
ones show the effect of the manifold curvature. This has the effect of artificially increasing the growth rate of the
number of neighbors: pairs of points might be close to one another in the embedding space (and thus considered
neighbors) even when the length of the geodesic path connecting them is large. Accordingly, several previous
estimates described the system as 4-dimensional’®2%2, By contrast, the use of the graph distance (Fig. 5, top
right panel, k=6, and Fig. S2) allows one to characterize the Isomap face database as basically isometric to a
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Figure 6. Semi-logarithmic plot of probability distribution of graph distances for real datasets. (A) The Isomap
face database displays the profile typical of a three dimensional manifold, i.e. it is isometric to a parallelepiped with
two edges longer than the third one. For comparison, also the two-dimensional behavior of a Swiss roll is shown
together with its isometric rectangle. (B) The MNIST database for handwritten “2”s (black triangles, using Euclidean
distance for constructing the neighbors graph) and the MSA (orange triangles, using Hamming distance) display
both a profile typical of a 5-dimensional shape.

three-dimensional parallelepiped. This isometry is more evident by looking at semi-logarithmic plot of the prob-
ability distribution of the graph distance (Fig. 6A). For comparison, we report also the profile of the Swiss roll
and of its isometric rectangle. Importantly, the quantitative analysis of the curvature of the distribution gives a
consistent result: ry,x/0 = 2.4, corresponding to D = 2.8 fitting Eq. 4.

The second dataset consists of 1032 images of 28 x 28 pixels (784-dimensional vectors, with 8-bit grayscale
values) from the test-set of the MNIST database. In this case the ID is unknown, but previous estimates predicted
it between 12 and 1412, We used two different input-space distances to perform our analysis (k=3 in both con-
structed neighbors-graph): the Euclidean, in order to better compare with the two previous estimates and used
in Figs 5 and 6, the tangent distance, a metric specific for image recognition?” and used in ref. 7. The profile of
the correlation dimension of the input-space distances resembles the one typical of a high-dimensional system
(Fig. 2). In particular, the asymptotic value for the input-space distance is consistent with the previously reported
estimates (12-14). The graph distance, built on the Euclidean one, instead reveals a much lower ID: the ratio
R=13.30 is consistent with an ID estimate of 5, as confirmed also from the D,,;, in Fig. 5). Looking at Fig. 6 the
profile is superimposed to the one of a five-dimensional hypercube also at large distances, consistently also with
the Dy, value of 4.8 (see Table 1). Interestingly, when the graph is built on the tangent distance (Fig. S3), designed
to better capture invariances between images, the dataset displays a slightly lower variability (R=3.02, D,,;,=4,
Dy, =3.9), showing how the choice of the metric can be important to reduce noise effects and to determine the
topological characteristics of a system.

Finally, we analyze an MSA of 6651 protein sequences, coding for the voltage sensor domain?. The MSA is a
collection of strings containing 114 symbols from the alphabet of 20 natural aminoacids plus the gap/insertion
symbol. In spite of the lack of a natural embedding space for these data points, a pairwise distance can be defined
through the Hamming distance, measuring the number of edits needed to obtain one sequence from another.
In this case, the low-dimensional intrinsic manifold can be interpreted in terms of allowance for mutations: a
specific evolutionary pressure continuously selected viable sequences from the set of naturally occurring ones,
thereby greatly limiting the variability observed in extant genes. Specifically, this selection might have resulted in
alack of variation at specific positions (absence of degrees of freedom) or in a correlated variation across different
positions (a restriction constraining two or more degrees of freedom)?. Both the mechanisms are expected to
result in a relatively low ID. The dataset is also particularly interesting because of its inhomogeneity and sparsity.
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Indeed the number of edits connecting each sequence to its closest related one, i.e. the nearest neighbor dis-
tance, varies considerably from sequence to sequence. This can reflect inherent differences in the evolutionary
pressure acting on the genes, or result from the inevitably inhomogeneous selection of organisms and species to
be sequenced. The D(r) calculated for this dataset and shown in Fig. 5, bottom central panel reveals a complex
structure of the intrinsic manifold. There is a sudden drop from the value of the D(r) at short distances (2-3 edits
of difference) to a plateau value that persists up to a number of edits approximately equal to half of the sequence
length. Beyond these values of distance, the D(r) shows a pronounced peak implying a large estimated value of
the ID. By analogy with the cases of the Swiss roll and of the 10-M&bius strip, we interpret this local maximum as
a signature of the non-flat nature of the intrinsic manifold. The use of the graph distance in this context appears
as a natural choice: joining nearest neighbors is the simplest approach to generate a phylogenetic tree, a structure
that allows one to reconstruct the history of duplication events giving rise to extant genes and thus to infer “evo-
lutionarily viable” paths connecting any two of them. These “geodesics” implicitly define the intrinsic manifold
and suggest the intriguing interpretation of the ID as the number of “easy axes” on a fitness landscape. The graph
distance distribution describes the MSA as a 5-dimensional manifold, meaning that the relevant variation of this
dataset could be, in principle, reproduced faithfully by 5 explanatory variables (Fig. 5, bottom-right panel, and
Fig. 6B, orange up-triangles), consistently with the values ry4x/0 = 3.48 and Dy, of 5.4 (k=5 for a total of 6084
connected nodes).

The case of the MSA illustrates an important aspect of the ID estimation: even in those cases for which no intu-
itive interpretation of the embedding space is available, the distribution of graph-distances provides already a use-
ful insight on the inherent complexity of the system that generated the dataset. Importantly, the notion of intrinsic
dimension allows us to apply one of the most widely used non-linear dimensionality reduction approaches to the
case of the MSA in a completely parameter-free fashion. Specifically, we generated a 5-dimensional embedding
of the MSA dataset using Isomap. To investigate the biological meaning of the latent variables corresponding to
the five dimensions, we performed a supervised classification of the datapoints and characterized the biological
property each direction is able to discriminate. To this end, we used k-means in the 5-dimensional space to cluster
datapoints and transferred the Swiss-Prot functional annotation (available for a small subset of sequences) to the
respective clusters (Table S6 in SI). The optimal number of clusters (8) was chosen by maximizing the average
silhouette score.

The first remarkable result is that all the sequences with the same functional annotation are consistently
grouped together in the same cluster, allowing an unambigiuous labeling of the datapoints. Each of the five
dimensions describes a specific inter-cluster separation vector and is crucial to obtain the optimal partitioning
resulting from k-means (Fig. S5). While the second component discriminates potassium channel families (in par-
ticular ligand-modulated CNG, HCN and plants potassium channel from the others, see Fig. S4A), the projection
along the first and third dimension is seemingly the most informative one (Fig. 7). Even though the voltage sensor
domain (VSD) is not directly responsible for ion selectivity, the first dimension (x-axis) separates unambiguously
the VSD of potassium channels from the others (calcium, sodium and proton channels), recapitulating an early
differentiation event already characterized through phylogenetic approaches using whole gene sequences®. The
third dimension (y-axis) adds important phylogenetic information to this picture: the right panel of Fig. 7 shows
a clear separation between Archaea-Bacteria sequences and Eukaryota ones, thus the corresponding latent var-
iable enables a classification based on the domain of life rather than selectivity. Interestingly, the small left tail of
Eukaryota distribution is constituted by proton channels (Hv1), which show the closest homology with sodium
bacterial channel®. Also within the other cation channels groups we observe the same phylogenetic directionality
on y-axis, finding first the archaeal/bacterial potassium channels and then the more specialized BK and Kv ones
and, on the other side, the bacterial sodium channels are followed by CatSper, TPC, Fungi calcium and Ca/Na
eukaryotic channels. This projection, obtained through the use of Isomap and informed by an accurate estimate
of the intrinsic dimension, shows great potential as a tool to visualize and analyze MSAs, an issue that we will
investigate further in future work.

Data Availability. A python code implementing the method has been made publicly available by the authors
at the following URL https://github.com/dgranata/Intrinsic-Dimension.git.

Conclusions

In this work we addressed the fundamental question of how many variables are sufficient to describe the salient
features of a dataset. Following an approach developed in the context of dynamical systems and later extended
to data analytics’*-*2, we adopted a geometric perspective and characterized the dataset as a metric space and the
number of variables as its topological dimension. The novel aspect of our approach lies in in the use of globally
rescaled k-neighbor graph distances to characterize the probability distribution of distances between points lying
on the intrinsic manifold. By approximating geodesics, graph distances are oblivious of the extrinsic curvature
of the manifold (determined by possible non-linear relations between the relevant variables and the input-space
ones) and thus are easy to analyze and interpret also when the intrinsic manifold is extremely crumpled. We take
advantage of this property to study the distance probability distribution at all length-scales rather than extrapo-
lating the r — 0 limit, as done in previous methods. This allows us to circumvent the problems related to the lack
of statistical sampling at short distances (the curse of dimensionality) that usually prevent a reliable and robust ID
estimation. Importantly, thanks to the invariance of the graph connectivity for local affine transformations, the
resulting distance distribution is approximately topologically invariant and turns out to reflect mostly the dimen-
sionality of the intrinsic manifold. This robustness allows one to exploit the isometry between any given dataset
and a reference D-dimensional geometric shape. Thus the intrinsic dimension can be identified by comparison
with known cases using a least squares fit.
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Figure 7. Two dimensional projection of the five-dimensional Isomap embedding of the voltage sensor
domain MSA. Points are grouped according to a k-means clustering and colored according to cluster labels.
The x-axis reports the first component of the embedding and separates potassium channels from other

cation channels (bottom horizontal panel). The y-axis reports the third component which informs about the
phylogenetic history of the VSD (left vertical panel). See also Fig. S5 for other projections and Table S6 for the
color label and the functional annotation of the different clusters.

We used this approach to characterize the intrinsic dimension of complex datasets of diverse nature: folded
geometrical shapes, sets of images of a sculpture and of handwritings, and a protein multiple sequence alignment.
In the first cases we found results completely consistent with the correct values. For the handwritings images, we
show how the previously reported IDs are likely to be overestimates of the correct intrinsic dimension. Finally,
we discussed how, in the case of the MSA, the ID estimation based on graph distances provides valuable insight
into the complexity of the dataset, even in absence of a well defined embedding space, and suggests intriguing
evolutionary interpretations for the intrinsic manifold. The last example illustrates also how the ID can be used
to characterize the extent of correlations in a dataset. This raises the possibility of using this ID estimation as an
unsupervised criterion to choose the number of parameters of a probabilistic model in a statistical inference
framework®. This application is of crucial relevance in the context of data analytics: often the number of obser-
vation is not sufficient to get a reliable estimate of parameters in a full high dimensional model (under-sampling
regime). In these cases, which constitutes the current challenges in the “Big Data” field, a non-redundant descrip-
tion of the data points can render statistical inference feasible.

Beyond the relevance of evaluating a priori the number of the“true” variables of a system, given the direct
relation between the ID and the Shannon entropy!>!¢, can be used to evaluate a posteriori the faithfulness of a
dimensionality reduction procedure. Indeed, if one interprets the latter as a data compression procedure, then
the relative entropy (or Kullback-Leibler divergence) between the original distribution and that obtained in the
projected space quantifies the information lost in the process. Our method allows us to characterize this aspect
quantitatively by using, as proxies for Shannon entropy, the parameters R and Dy;,. Importantly, in a comparative
context, this allows to contrast complex datasets with the ultimate goal of highlighting similarities and differences.

References
1. Chen, M., Mao, S. & Liu, Y. Big data: A survey. Mobile Networks and Applications 19, 171-209, doi: 10.1007/s11036-013-0489-0
(2014).
2. van der Maaten, L. ]., Postma, E. O. & van den Herik, H. J. Dimensionality reduction: A comparative review. Journal of Machine
Learning Research 10, 66-71 (2009).
. Jolliffe, I. Principal component analysis (Wiley Online Library), doi: 10.1007/b98835 (2002).
. Cox, T. E & Cox, M. A. Multidimensional scaling (CRC Press), doi: 10.1201/9781420036121.ch2 (2000).
5. Belkin, M. & Niyogi, P. Laplacian eigenmaps for dimensionality reduction and data representation. Neural computation 15,
1373-1396, doi: 10.1162/089976603321780317 (2003).
6. Roweis, S. T. & Saul, L. K. Nonlinear dimensionality reduction by locally linear embedding. Science 290, 2323-2326, doi: 10.1126/
science.290.5500.2323 (2000).

TN

SCIENTIFICREPORTS | 6:31377 | DOI: 10.1038/srep31377 11



www.nature.com/scientificreports/

7. Tenenbaum, J. B, de Silva, V. & Langford, J. C. A Global Geometric Framework for Nonlinear Dimensionality Reduction. Science
290, 2319-2323, doi: 10.1126/science.290.5500.2319 (2000).
8. Coifman, R. R. & Lafon, S. Diffusion maps. Applied and computational harmonic analysis 21, 5-30, doi: 10.1016/j.acha.2006.04.006
(2006).
9. Fukunaga, K. & Olsen, D. An Algorithm for Finding Intrinsic Dimensionality of Data. IEEE Transactions on Computers C-20,
176-183, doi: 10.1109/t-¢.1971.223208 (1971).
10. Pettis, K. W, Bailey, T. A, Jain, A. K. & Dubes, R. C. An Intrinsic Dimensionality Estimator from Near-Neighbor Information. IEEE
Transactions on Pattern Analysis and Machine Intelligence PAMI-1, 25-37, doi: 10.1109/tpami.1979.4766873 (1979).
11. Hein, M. & Audibert, J.-Y. Intrinsic dimensionality estimation of submanifolds in R d. In Proceedings of the 22nd international
conference on Machine learning - ICML 05 (Association for Computing Machinery (ACM), doi: 10.1145/1102351.1102388 (2005).
12. Costa, J. A. & Hero, A. O. Determining Intrinsic Dimension and Entropy of High-Dimensional Shape Spaces. In Statistics and
Analysis of Shapes 231-252 (Springer Science Business Media), doi: 10.1007/0-8176-4481-4_9 (2006).
13. Grassberger, P. & Procaccia, I. Measuring the strangeness of strange attractors. Physica D: Nonlinear Phenomena 9, 189-208. doi:
10.1016/0167-2789(83)90298-1 (1983).
14. Camastra, F. & Vinciarelli, A. Estimating the intrinsic dimension of data with a fractal-based method. IEEE Transactions on Pattern
Analysis and Machine Intelligence 24, 1404-1407, doi: 10.1109/tpami.2002.1039212 (2002).
15. Theiler, J. Estimating fractal dimension. JOSA A 7, 1055-1073, doi: 10.1364/JOSAA.7.001055 (1990).
16. Costa, J. & Hero, A. Geodesic Entropic Graphs for Dimension and Entropy Estimation in Manifold Learning. IEEE Trans. Signal
Process. 52, 2210-2221, doi: 10.1109/tsp.2004.831130 (2004).
17. Eckmann, J.-P. & Ruelle, D. Fundamental limitations for estimating dimensions and Lyapunov exponents in dynamical systems.
Physica D: Nonlinear Phenomena 56, 185-187, doi: 10.1016/0167-2789(92)90023-g (1992).
18. Mandelbrot, B. B. The Fractal Geometry of Percolation Polymers and Almost Everything Else. In Statistical Mechanics and Statistical
Methods in Theory and Application 331-342 (Springer US), doi: 10.1007/978-1-4613-4166-6_15 (1977).
19. Kalantan, Z. & Einbeck, J. On the computation of the correlation integral for fractal dimension estimation. In 2012 International
Conference on Statistics in Science Business and Engineering (ICSSBE) (IEEE), doi: 10.1109/icssbe.2012.6396531 (2012).
20. Mo, D. & Huang, S. H. Fractal-Based Intrinsic Dimension Estimation and Its Application in Dimensionality Reduction. IEEE
Transactions on Knowledge and Data Engineering 24, 59-71, doi: 10.1109/tkde.2010.225 (2012).
21. Guckenheimer, J. Dimension estimates for attractors, doi: 10.1090/conm/028/751994 (1984).
22. Smith, L. A. Intrinsic limits on dimension calculations. Physics Letters A 133, 283-288, doi: 10.1016/0375-9601(88)90445-8 (1988).
23. Philip, J. The distance between two random points in a 4-and 5-cube (KTH mathematics, 2008).
24. Tu, S.-J. & Fischbach, E. Random distance distribution for spherical objects: general theory and applications to physics. Journal of
Physics A: Mathematical and General 35, 6557-6570, doi: 10.1088/0305-4470/35/31/303 (2002).
25. Palovcak, E., Delemotte, L., Klein, M. L. & Carnevale, V. Evolutionary imprint of activation: The design principles of VSDs. The
Journal of General Physiology 143, 145-156, doi: 10.1085/jgp.201311103 (2014).
26. Kégl, B. Intrinsic dimension estimation using packing numbers. In Becker, S., Thrun, S. & Obermayer, K. (eds.) Advances in Neural
Information Processing Systems 15, 697-704 (MIT Press, 2003).
27. Keysers, D., Dahmen, J., Theiner, T. & Ney, H. Experiments with an extended tangent distance. In Proceedings 15th International
Conference on Pattern Recognition. ICPR-2000 (IEEE Comput. Soc, doi: 10.1109/icpr.2000.906014 (2000).
28. Morcos, E. et al. Direct-coupling analysis of residue coevolution captures native contacts across many protein families. Proceedings
of the National Academy of Sciences 108, E1293-E1301, doi: 10.1073/pnas.1111471108 (2011).
29. Kulleperuma, K. et al. Construction and validation of a homology model of the human voltage-gated proton channel hhvl. The
Journal of General Physiology 141, 445-465, doi: 10.1085/jgp.201210856 (2013).
30. Camastra, F. & Staiano, A. Intrinsic dimension estimation: Advances and open problems. Information Sciences 328, 26-41, doi:
10.1016/j.ins.2015.08.029 (2016).
31. Rozza, A., Lombardi, G., Ceruti, C., Casiraghi, E. & Campadelli, P. Novel high intrinsic dimensionality estimators. Machine Learning
89, 37-65, doi: 10.1007/s10994-012-5294-7 (2012).
32. Ceruti, C. et al. Danco: An intrinsic dimensionality estimator exploiting angle and norm concentration. Pattern Recognition 47,
2569-2581, doi: 10.1016/j.patcog.2014.02.013 (2014).
33. Camastra, F. Data dimensionality estimation methods: a survey. Pattern Recognition 36, 2945-2954, doi: 10.1016/s0031-
3203(03)00176-6 (2003).

Acknowledgements

The authors are in debt with Michael Klein, Gevorg Grigoryan and Osvaldo Zagordi for precious suggestions
about the manuscript and many stimulating scientific discussions. This work was supported by National Science
Foundation through grant ACI-1614804 (V.C.) and by the National Institutes of Health, National Institute for
General Medical Sciences through grant P01-GM55876.

Author Contributions
D.G. and V.C. designed and performed the research, wrote the manuscript text, prepared the figures and reviewed
the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Granata, D. and Carnevale, V. Accurate Estimation of the Intrinsic Dimension Using
Graph Distances: Unraveling the Geometric Complexity of Datasets. Sci. Rep. 6, 31377; doi: 10.1038/srep31377
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:31377 | DOI: 10.1038/srep31377 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Accurate Estimation of the Intrinsic Dimension Using Graph Distances: Unraveling the Geometric Complexity of Datasets
	Introduction
	Results and Discussion
	Theoretical Framework
	Practical Aspects and Limitations of Intrinsic Dimension Estimation
	Intrinsic dimension at different scales: the effects of noise and boundaries
	High-dimensional metric spaces: the curse of dimensionality
	Effect of the curvature of the manifold

	Reliable and Robust ID Estimation Using Graph Distances
	Intrinsic Dimension of Complex Datasets
	Data Availability

	Conclusions
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Accurate Estimation of the Intrinsic Dimension Using Graph Distances: Unraveling the Geometric Complexity of Datasets
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31377
            
         
          
             
                Daniele Granata
                Vincenzo Carnevale
            
         
          doi:10.1038/srep31377
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep31377
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep31377
            
         
      
       
          
          
          
             
                doi:10.1038/srep31377
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31377
            
         
          
          
      
       
       
          True
      
   




