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This paper introduces an embedding to visualize high-dimensional Grassmannians on the Poincaré disk,

obtained by minimizing the KL-divergence of the geodesics on each manifold. Our main theoretical result
bounds the loss of our embedding by a log-factor of the number of subspaces, and a term that depends on the
distribution of the subspaces in the Grassmannian. This term will be smaller if the subspaces form well-defined
clusters, and larger if the subspaces have no structure whatsoever. We complement our theory with synthetic and
real data experiments showing that our embedding can provide a more accurate visualization of Grassmannians

than existing representations.

1 INTRODUCTION

Subspaces are a cornerstone of data analysis, with ap-
plications ranging from linear regression to principal
component analysis (PCA) Knudsen (2001); Jansson
and Wahlberg (1996); Vaswani et al. (2018), low-rank
matrix completion (LRMC) Dai et al. (2011); Vidal
and Favaro (2014), computer vision Cao et al. (2016);
Chen and Lerman (2009); Hong et al. (2006); Lu and
Vidal (2006), recommender systems Koohi and Kiani
(2017); Ullah et al. (2014); Zhang et al. (2021), classifi-
cation Sun et al. (2015); Ahmed and Khan (2009); Xia
et al. (2017), and more Van Overschee (1997); Mevel
et al. (1999). However, there exist few tools to visual-
ize the Grassmann manifold G(m,r) of r-dimensional
subspaces of R™. Perhaps the most intuitive of such
visualizations is the representation of G(3,1) as the
closed half-sphere where each point in the hemisphere
represents the 1-dimensional subspace (line) in R that
crosses that point and the origin (see Figure 1). While
intuitive, this visualization bears certain limitations.
First, this representation wraps around the edge, so
geodesic distances can be deceiving. For instance, two
points (subspaces) that may appear diametrically far
may in fact be arbitrarily close (see Figure 1). But
more importantly, the main caveat of this semi-sphere
representation is that it is unclear how to generalize it
tom > 3 orr > 1, which makes it quite restrictive, spe-
cially for analysis of modern high-dimensional data.
Motivated by this gap, we propose visualizing a
collection of points in the Grassmannian (subspaces)
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Figure 1: Classical 3D Representation of the Grassmannian
G(3,1). Each point represents the subspace U; that connects
that point to the origin. This representation wraps around the
edge. Two points (subspaces) that appear diametrically far
w.r.t. the geodesic distance on the hemisphere (dy (U;,U;))
are in fact close w.r.t. the geodesic distance on the Grassman-
nian (dg (U;,U;); see (1)). An intuitive way to see this is to
extend the lines to the opposite side of the hemisphere and
compute their smallest angle.

through an embedding onto the Poincaré disk D C R?.
This embedding, which we call GrassCaré, is inspired
by the well-known t-Distributed Stochastic Neighbor
Embedding (t-SNE), which is widely used to visualize
high-dimensional data (in R™) on the R? plane while
preserving Euclidean distances in R™ Van der Maaten
and Hinton (2008). The main difference between the
t-SNE and our GrassCaré embedding is that the latter
maps points in G(m,r) onto I while preserving the
geodesics on the Grassmannian as much as possible.
This allows to keep an accurate global representation
of the Grassmannian in a unit circle while at the same
time retaining any local structures. Our embedding
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is obtained by minimizing the Kullback-Leibler (KL)
divergence between the geodesics on the Grassman-
nian and the Poincaré disk using Riemannian gradient
descent. Our main theoretical result shows that the
loss of our embedding (measured in terms of the KL-
divergence with respect to (w.r.t.) the Grassmannian
geodesics) is bounded by a log-factor of the number of
subspaces, and a term that depends on the distribution
of the subspaces in the Grassmannian. This term will
be smaller if the subspaces form well-defined clusters,
and it will be larger if the subspaces have no structure
whatsoever. In words, this result shows that under
reasonable assumptions, our embedding can be an ac-
curate representation of the Grassmannian. Equipped
with this result, we believe that the GrassCaré em-
bedding can be a powerful tool for subspace tracking,
classification, multi-dataset analysis, and any applica-
tion where there is an interest in visualizing subspaces.
This paper should be understood as a first introduction
of our embbedding method, a development of funda-
mental theory, and an exploration of its performance
on canonical datasets.

Paper Organization. In Section 2 we discuss several
applications of our GrassCaré embedding. Section
3 briefly summarizes related work. In Section 4 we
introduce the main formulation that determines our
embedding, together with the gradient steps for the
optimization. Section 5 presents our main theorem,
bounding the loss of our embedding, followed by its
proof. Finally, in Section 6 and 7 we demonstrate the
applicability of our GrassCaré embedding on real and
synthetic data, we compare it to naive alternatives, and
we discuss its advantages and limitations.

2 APPLICATIONS

Our GrassCaré embedding could be a valuable tool in
the following applications:

Subspace Clustering: aims to cluster a collection of
data points x € R™ lying near a union of subspaces
Parsons et al. (2004). Equivalently, the goal is to
find a union of subspaces that approximates a high-
dimensional dataset. This method has applications in
motion segmentation Yang et al. (2008); Vidal et al.
(2008), face clustering Elhamifar and Vidal (2013),
data mining Agrawal et al. (1998), time series Ba-
hadori et al. (2015), and more. As we show in our
experiments, our GrassCaré embedding can aid ana-
lyzing the results of a subspace clustering algorithm
beyond a simple accuracy metric, providing insights
and summaries about the clusters characteristics and
relationships. It can also be a valuable tool for debug-
ging and understanding algorithmic performance. In
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fact, analyzing and understanding a subspace cluster-
ing algorithm is what initially motivated this paper.
Low-Rank Matrix Completion: aims to recover the
missing entries of a low-rank matrix X Recht (2011).
This is equivalent to finding the low-dimensional row
and column spaces of X. Some applications of LRMC
include recommender systems Kang et al. (2016), im-
age processing Ji et al. (2010), drug discovery Zhang
et al. (2019), and electronic health records (EHR) Lee
et al. (2010). As we show in our experiments, our
GrassCaré embedding can help analyze the algorith-
mic behavior of LRMC methods as they make opti-
mization steps to complete X, showing proximity to
the target, convergence, step sizes, and patterns as they
move through the Grassmannian.

Subspace Tracking: aims to constantly estimate a
subspace U; that changes over time (moves in the
Grassmannian), based on iterative observations x, € Uy
Vaswani et al. (2018); He et al. (2011); Xu et al. (2013).
This model has applications in signal processing Stew-
art (1998), low-rank matrix completion Balzano et al.
(2010), and computer vision He et al. (2011), where,
for example, one may want to estimate the subspace
corresponding to the moving background of a video.
Here our GrassCaré embedding can be used to track
the subspace path as it moves through the Grassman-
nian. This could provide insights about the subspaces’
behavior: moving speed and distance, zig-zag or cy-
cling patterns, etc.

Multi-Dataset Analysis. Principal Component Analy-
sis (PCA) is arguably the most widely used dimension-
ality reduction technique, with applications ranging
from EHR Lee et al. (2010) to genomics Novembre
et al. (2008); Song et al. (2019) to vehicle detection
Wu and Zhang (2001); Wu et al. (2001). In a nutshell,
PCA identifies the low-dimensional subspace that best
approximates a high-dimensional dataset. In modern
situations, several of these datasets may be distributed
or related in some way. For instance, the EHRs of
a population of certain location could be tightly re-
lated to those of another. However, due to privacy
concerns, security, size, proprietorship, and logistics,
exchange of information like this could prove chal-
lenging if not impossible. The principal subspaces,
however, could be efficiently shared without many of
these concerns, potentially providing new informative
insights. Our GrassCaré embedding could provide a
visualization tool to analyze the relationships between
related datasets like these, potentially revealing simi-
larities, clusters and patterns.



3 PRIOR WORK

To the best of our knowledge, general visualiza-
tions of Grassmannians have been studied using Self-
Organizing Mappings (SOM) Kirby and Peterson
(2017), which were introduced first for general dimen-
sionality reduction Kohonen (1982, 1990, 1998, 2013).
The extension of SOM to Grassmannians iteratively
updates points on a 2D index space to find the best
arrangement, such that points that are neighbors in the
Grassmannian are still close in the embedding. How-
ever, SOM present several limitations. For instance,
like most neural networks, they require large datasets,
which may not always be available in practice. They
also suffer of large parameter spaces, and are quite
difficult to analyze, making it hard to derive theoreti-
cal guarantees about the accuracy of their embeddings.
It is worth mentioning that there are numerous meth-
ods for general high-dimensional data visualization,
including umapMclnnes et al. (2018), LargeVisTang
et al. (2016), Laplacian eigenmaps Belkin and Niyogi
(2001, 2003), isomap Tenenbaum et al. (2000), and
more Liu et al. (2016); Engel et al. (2012); Ashokku-
mar and Don (2017); Kiefer et al. (2021). However,
since these embeddings are not compact, they are not
appropriate to represent the Grassmannian.

Another more suitable alternative are the Grass-
mannian Diffusion Maps (GDMaps) dos Santos et al.
(2020) introduced as an extension of Diffusion Maps
Coifman et al. (2005). GDMaps consist of two seper-
ate stages. The first stage projects the given data point
(i.e. vector, matrix, tensor) onto the Grassmannian us-
ing a singular value decomposition. The second stage
uses diffusion maps to identify the subspace structures
on the projected Grassmannian. Although the embed-
ding can be quickly generated, it is unfortunately less
accurate than other methods in this paper. On the other
hand, Stochastic Neighbor Embeddings (SNE) were
first presented by Hinton and Roweis in Hinton and
Roweis (2002). It formed the basis for t-SNE, which
was introduced later by Maaten and Hinton in Van der
Maaten and Hinton (2008). Both algorithms minimize
the KL-divergence between the distributions represent-
ing the probability of choosing the nearest neighbor on
the high and low dimensional spaces. These embed-
dings have become some of the most practical tools
to visualize high dimensional data on Euclidean space.
However, Euclidean distances are poor estimators of
geodesics of Grassmannians, so a direct application of
these methods would result in an inaccurate represen-
tation of subspaces arrangements.

Motivated by these issues we decided to explore the
use of the Poincaré disk, which has recently received
increasing attention for high-dimensional embeddings
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Nickel and Kiela (2017); Klimovskaia et al. (2020).
Intuitively, the Poincaré disk is a 2D hyperbolic geo-
metric model, usually displayed as a unit circle where
the geodesic distance between two points in the disk
is represented as the circular arc orthogonal to the unit
circle Goodman-Strauss (2001), which corresponds to
the projection of the hyperbolic arc of their geodesic
(see Figure 2 to build some intuition). This unique
feature brings several advantages for serving as the
embedding space for Grassmannian. First, since these
hyperbolic arcs get larger (tending to infinity) as points
approach the disk boundary, the Poincaré disk is an
effective model to accurately represent the global struc-
ture of complex hierarchical data while retaining its
local structures. Specifically, the Poincaré disk can
be viewed as a continuous embedding of tree nodes
from the top of the tree structure, where the root node
is at the origin, and the leaves are distributed near
the boundary. So, it is naturally suited to represent
hierarchical structures. This is suitable to represent
structured clusters, where the points from the same
cluster can be regarded a branch of the tree, because
they share a similar distance to other clusters. Sec-
ond, the hyperbolic disk has a Riemannian manifold
structure that allow us to perform gradient-based opti-
mization, which is crucial to derive convergence guar-
antees, and for parallel training of large-scale dataset
models. Finally, our main result showing the accuracy
of our embedding enables efficient clustering using the
Poincaré low-dimensional representation. That is, in-
stead of clustering subspaces on the high-dimensional
dataset, the clustering method can be performed on the
mutual distances acquired from the embedding, with
the knowledge that the embedding would represent the
high-dimensional subspace accurately enough.

4 SETUP AND FORMULATION

In this section we present the mathematical formula-
tion of our GrassCaré embedding. To this end let us
first introduce some terminology. Recall that we use
G(m,r) to denote the Grassmann manifold that con-
tains all the r-dimensional subspaces of R™. For any
two subspaces U, U, € G(m,r), the geodesic distance
between them is defined as:

T
de(U;,Uj) := \/Z arccos2oy(U]U;), (1)
(=1

where U;, U; € R™" are orthonormal bases of U;, Uj,

and o/(+) denotes the /" largest singular value. As for
the embedding space, recall that the Poincaré disk D is
the Riemannian manifold defined as the open unit ball
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Figure 2: Geodesics in the Poincaré disk D. The geodesic
distance dp (p;,p;) is given by the Euclidean length of the
hyperbolic arc between p{ and p!, and is often depicted in
the disk by the arc between p; and p; (and similarly for
dp(p,spy))- Points closer to the disk’s boundary will be
projected higher on the hyperbolic space, resulting in larger
distances (see (2)). In words, distances near the edge are
larger than they appear.

in R? equipped with the following distance function
between two points p;,p; € D:

dp(p;,p;) = arcosh 1+2%
— T InP0-TnP )
)

Notice from (2) that the geodesic distance in the disk
is amplified smoothly as p; or p; move away from
the origin. Intuitively, this means that an arc of the
same Euclidean length in the disk represents a larger
geodesic distance (tending to infinity) as it approaches
the edge of the disk. In other words, distances near the
edge of the disk are larger than they appear (see Figure
3 to build some intuition). Conversely, distances at
the center of the disk are smaller than they appear.
This allows to plot denser regions of the Grassmannian
with higher granularity (thus retaining local structure)
while at the same time keeping an accurate global
representation of the Grassmannian inside an open
circle.

To find our embedding, we will mimic the sym-
metric SNE approach in Van der Maaten and Hinton
(2008). That is, we will first compute a probability
matrix Pg € [0, 1]N*N whose (i,j)™ entry represents
the probability that U; is chosen as a nearest neighbor
of Uj, which is equal to zero if i = j, and for i # j is
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given by:

Pols 1 exp(—dg(U;,Uj)*/2%)
BTN Yisi exp(—da (Ui, Ux)?/27))
s exp(—de(Uj, Ui)?/27)
2N Yyzjexp(—da (U, Ux)?/2%))

where 7; is adapted to the data density: smaller values
for denser regions of the data space. In our experi-
ments, we choose it to be the variance of distances
from point i to other points. Next we create the proba-
bility matrix Pp € [0, 1NN, whose (i,j)™ entry repre-
sents the probability that point p; in our embedding D
is chosen as a nearest neighbor of point p; € I, which
is equal to zero if i = j, and for i # j is given by:

~exp(—dn(p;,p;)*/B)
~ Yusexp(—dn(py,py)?/B)

where B > 0 (usually set to 1 or 2) controls the em-
bedding’s scattering Klimovskaia et al. (2020). The
larger B, the smaller variance in the probability matrix
Pp. In practice, we did not notice much variability
in our results as a function of this parameter. Thus,
following standard practice Klimovskaia et al. (2020),
we pick B = 1. Our goal to obtain the embedding is
to maximize the similarity between the two distribu-
tions Pg and Pp, which we do by minimizing their
Kullback-Leibler (KL) divergence:

[Pgij
= %[Pg]ij log [PD]; .

Since Pg is a constant given {U;}, this is the same as
minimizing the following loss

L= —Z[PG]ij log[Ppj;-

3)

[Poljj

“)

KL(Pg|[Pp)

To minimize this loss over the Poincaré disk D we
will use Riemannian Stochastic Gradient Descent
Bonnabel (2013), which updates pf“ according to:

pi™t — R(pl—mViL), 5)

where 1 > 0 is the step size (set as 11 = 1 in the im-
plementation), V; L denotes the Riemannian gradient
of L w.r.t. p;, and R denotes a retraction I from the
tangent space of p; onto ID. It is easy to see that

Vit = 5 (el [Poly)(1-+do(ri.p))
J

~dp(p;,p;) Vidn (p;,p;),  (6)

'A mapping R from the tangent bundle 7 to the mani-
fold M such that its restriction to the tangent space of M at
p; satisfies a local rigidity condition which preserves gradi-
ents at p;; see Chapters 3 and 4 of Absil et al. (2009) for a
more careful treatment of these definitions.



where the gradient of dp w.r.t. p; is given by:

4 <ij|2—2<pi7pj>+1 ._pj>

Vido(p:.p) =

ld]D)(pth) bm (,12 1 a
Here a = 1 — [[p;|[*>, b = 1—||pj|[*, and ¢ = 1+
;2,7 |Ipi — |?. Finally, the retraction step is given by

) 1— ) 2)\2
R(p; —mViL) = proj <pi —n(Hf”)ViL) ,

where

. pi/(llpill +¢€) if flpill =1
oroi(p:) = { e+ if il
p; otherwise,

and € is a small constant number; in our experiments
we set this to 1077,

In our implementation we use random initialization
for the points in the embedding. We point out that ini-
tialization is crucial for t-SNE. This is because t-SNE
is generally used to embed points in the Euclidean
space, which is open. In contrast, the Grassmannian
is spherical and compact, and hence, we observed that
varying initialization resulted in similar/equivalent em-
beddings of the Grassmannian, observed from differ-
ent angles. This is further demonstrated in our exper-
iments section (Figure 5), where the average loss of
GrassCaré over 100 trials varies very little in compari-
son to all other embeddings, showing that besides this
point-of-view difference, our results do not depend
heavily on the initialization. The entire embedding
procedure is summarized in Algorithm 1.

Algorithm 1: GrassCaré.

Input: A collection of subspaces {U;,Us,...,Uy} €
G(m,r).
Output: A collection of points {p;,p,,...,py} in the
Poincaré disk .
Parameter: f € [1,2],e < 1077
Construct Pg according to (3)
Randomly initialize py,py,...,py € D
repeat
Construct Pp according to (4)
foric [1,N] do
Compute KL-loss gradient V; L as in (6)
Update point p; according to (5)
end for
until Converge

S MAIN THEORETICAL RESULTS
AND PROOFS

First observe that convergence of our embedding fol-
lows directly by now-standard results in Riemannian
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optimization (see e.g. Proposition in Adams et al.
(1996)). In fact, local convergence of our embedding
follows directly because our Riemannian steps are
gradient-related Adams et al. (1996). Our main theo-
retical result goes one step further, bounding the loss
of our embedding by a log-factor of the number of
subspaces, and a term that depends on the arrange-
ment of the subspaces in the Grassmannian. This term
will be smaller if the subspaces form well-defined
clusters, and larger if the subspaces have no structure
whatsoever. Intuitively, this result shows that under
reasonable assumptions, our embedding can provide
an accurate representation of Grassmannians.

Theorem 1. Suppose N > 3. Define Y := min;;
and I := max;y;. Let {Uj,..., Uk} be a partition
of {Uj,...,Ux} such that | Uy | > ng > 1 Vk. Let

1
5= —— dg (U, U;
oy TR, c(U;, 1),
1
A= —— min d@(Ui,Uj).

\/Zr‘ Ujety, Ujety:
kAl
Then the optimal loss of GrassCaré is bounded
by:
527A2
L < logD+ =———,
* T Bk —D)

where

D := N(ng — 1) +N(N —ng)
-exp (—arcosh2 (1 + 2815%4“) /B) . (D

In words, Theorem 1 requires that the subspaces
can be arranged into clusters of size nx > 1 such that
the intra-cluster distances are smaller than ﬁﬁy, and
the outer-cluster distances are larger than V2AD (see
Figure 3). Notice that this can always be done as long
as N > 3. However, depending on the arrangement, &
could be too large or A too small, resulting in a loose
bound. Ideally we want a small d and a large A, so that
the subspaces form well-defined clusters and 2 g
small, resulting in a tighter bound.

Proof. Theorem 1 follows by a similar strategy as in
Shaham and Steinerberger (2017), which essentially
bounds the optimal loss by that of an artificial embed-
ding. In our case we will use an embedding that maps
{U,..., Ux} to K points uniformly distributed in the
circle of radius 1/2, i.e., p; = p; for every U;, U € U
(see Figure 3). This way, for any subspaces U;, Uj in
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Figure 3: Left: Theorem 1 requires that the intra-cluster dis-
tances are smaller than v/28y, and the outer-cluster distances
are larger than +/2AT". Right: Example of the artificial em-
bedding (with K = 5) in the proof of Theorem 1, which maps
all subspaces in cluster Uy to the same point in the circle of
radius 1/2.

different clusters Uy, Uy, the geodesic distance of their
embeddings on the Poincaré disk is upper and lower
bounded by

2
22 > <1+0'752> > dp(p;,p))

2sin(n/K)
> h{l+——5—] = .
> arcos ( + 0,752 )

It follows that the (i,j)™ entry of Pp is bounded by

exp(—dn(p;,p;)*/B)
Yz exp(—dp(py.p;)?/B)
exp(—dp(p;,p;)*/B)

N(ng — 1) +N(N —ng ) exp(—D2/B)’
where the denominator is precisely D as defined in (7).
Now, if U; and U; are in the same cluster Uy, the bound
in (8) simplifies to 1/D. Otherwise, it simplifies to
exp(—2.22/B)/D. Plugging these bounds in the loss,
we see that:

LF < Y

i,j in same cluster

[Pplij :=

®)

[PG}ij IOgD

+ )y [Pglij(2.2% /B +log D)
i,j in different clusters
<logd+ ¥ [Pgli(22/B). ©)

i,j in different clusters
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Next notice that if U;, Uj are not in the same cluster,

Pels 1 exp(=dg(U;,Uj) )2/2%)
ST ON Yy exp(—da (Ui, Up)?/27)
0 exp(—da(Up U /2¢)
2N Y4 exp(—dg (Uj, Ux) /2Yj2)
1 e’Az
<7
NZkyéleXp( dG(Ui7Uk)2/Zyi2)

1 e_A2

+ -
2N Y 4jexp(—da (Uijk)z/ijz)
1 e_A2
< -
N N(nk — 1)6_5

Plugging this into (9) we obtain the desired result. [

6 EXPERIMENTS

Recall that the main motivation of this paper is to de-
velop a novel method to visualize Grassmannians of
high ambient dimension. Our bound above describes
the theoretical accuracy of our embedding. We now
present a series of experiments on real and synthetic
datasets to analyze its practical performance. In par-
ticular, we will test on normal simulated data, and
one canonical datasetTron and Vidal (2007). These
datasets have moderately high ambient dimension (i.e.,
many features), but low intrinsic dimension (i.e., lie
in a low-dimensional subspace). In other words, these
datasets would fit in high-dimensional Grassmannians
of low-dimensional subspaces. We believe that these
well-studied datasets are a perfect fit for our setting,
and convenient for an initial exploration and compari-
son against existing baselines.

Comparison Baseline. To evaluate the effectiveness
of our method we used t-SNEVan der Maaten and Hin-
ton (2008), GDMaps dos Santos et al. (2020), and a
naive visualization based on the most common dimen-
sionality reduction technique: Principal Components
Analysis (PCA). To this end we first vectorize (stack
the columns of) each orthonormal basis Uj into a vec-
tor u; € R™. Next we concatenate all vectors u; into
a matrix of size mr X N, on which we apply PCA. In
this naive PCA (nPCA) visualization, the subspace
U; is represented in the (x,y) plane by v; € R?, the
coefficients of u; w.r.t. the leading principal plane V.
Clustering Synthetic Data. In our synthetic experi-
ments we study our embedding when the subspaces are
uniformly distributed among K clusters. To this end we
first generated K centers in the Grassmannian G (m, 1),
each defined by a m x r matrix Cx with i.i.e. standard
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Classic 3D

GDMaps

t-SNE GrassCaré

Figure 4:  Visualizations of clusters in G(3,1)

representation of the Grassmannian.

with 4 clusters.
nPCA and even the 3D representation display Clusters 1 and 2 (cyan and yel-

GrassCaré produces a more accurate

low) nearly diametrically apart. In reality they are quite close, as depicted by GrassCaré.

normal entries whose columns are later orthonormal-
ized. Then for each k we independently generate ny
subspaces, each spanned by a basis U; whose entries
are equal to those of Ci plus i.i.d. normal random vari-
ables with variance 62. This will produce K clusters
in G(m, ), each with ny subspaces. The smaller G, the
closer the subspaces in the same cluster will be to one
another, and vice versa.

In our first experiment we study a controlled setting
where we can actually visualize the low-dimensional
Grassmannian G(3,1), and compare it with our em-
bedding on the Poincaré disk. We hope that this ex-
periment provides a visual intuition of how points are
embedded in higher-dimensional cases. To this end
we generated ng = 50 subspaces per cluster (m = 3,
r=1), and we set ¢ = 0.1, which produced visually
well-defined cluster clouds. Figure 4 shows some re-
sults for K = 4 clusters (see Figure 9 in the Appendix
for additional values of K). At first glance it might
appear like our GrassCaré embedding is not too dif-
ferent from the other approaches, especially as t-SNE
and nPCA seems to be doing a decent job displaying
the clusters. However, a more careful look reveals that
t-SNE clearly agglomerates several pairs of clusters,
while the GrassCaré can separate them nicely.

In particular, notice that in Figure 4, both nPCA
and even the classic 3D representation fail to show the
true local structure of the Grassmannian that the Grass-
Caré plot reveals. To see this pay special attention to
the cyan and yellow clusters. Based on the first two
rows (classic 3D representation and nPCA) these clus-
ters would appear to be nearly diametrically apart (in
the 3D representation, the cyan cluster is in the back
side of the hemisphere). However, computing their
geodesics one can verify that the subspaces that they
represent are in fact quite close in the Grassmannian.
An intuitive way to see this is to extend the lines to
the opposite side of the hemisphere and compute their
smallest angle, or to remember that in the 3D repre-
sentation, the hemisphere wraps around the edge (see
Figure 3). In contrast, our GrassCaré plot accurately
displays the true global structure of the Grassman-

nian, mapping these two clusters close to one another.
Also notice that the embeddings are plotted with equal
scale on horizontal and vertical axis. The GrassCaré
makes a better use of the visual space, spreading all
data more broadly while at the same time keeping the
clusters well-defined. In contrast, GDMaps has much
less range on the horizontal axis, which makes it look
like a straight line and not be able to display the full
information. More examples for different values of K
are presented in the Appendix.

The previous experiment shows the qualitative su-
periority of the GrassCaré embedding over alternative
embeddings in the low-dimensional case m = 3 and
r = 1 (where no vectorization is needed for nPCA). In
our next experiment we will show in a more quanti-
tative way that the advantages of GrassCaré are even
more evident in higher dimensional cases. First notice
that the classic 3D representation only applies to the
case m = 3, r = 1, and there is no clear way how to
extend it to higher dimensions. On the other hand, re-
call that for r > 1, nPCA requires vectorizing the bases
Ui, which will naturally interfere even more with the
structure of the Grassmannian. To see this consider:

1 0 0 1
U= 1[0 1 and U = |1 0
00 00

While both span the same subspace in G(3,2), the Eu-
clidean distance of their vectorizations is large, which
would result in distant points in the nPCA embed-
ding. t-SNE and GDMaps present similar inaccuracy
behavior. To verify this we generated subspaces in
the exact same way as described before (with K = 3,
ng = 17, and different values of m and r), except this
time we measured the quality of the visualization in
terms of the representation error, which we define
as the Frobenius difference between the (normalized)
distance matrices produced by the subspaces in the
Grassmannian and the points in each embedding. In
the case of GrassCaré, distances in the embedding are
measured according to the Poincaré geodesics, so the
representation error of the GrassCaré embedding will
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Figure 5: Representation error of GrassCaré (this paper) and other methods for high-dimensional Grassmannians G(m,r).

be measured as:

2

D) =),

i

where Zé =Yij d(é (U;,U;) and Z]%) =Yij d]%) (pi, pj) are

normalization terms. Similarly, since the distance that

all other embeddings aim to minimize is Euclidean,

the representation error of the other embeddings will
be measured as:

=X

i

2
(dG(Uiij)_dD(pivpj)> 0)
/el Zn

82 (V) <dG (UIVUJ)

/el

where ZZ = Y ;||vi — vj||* is a normalization term.
The results of 100 trials are summarized in Figure 5,
which confirms the superiority of our GrassCaré em-
bedding, and the loss of structure of the naive approach.
The computation time is also summarized in Figure 10
in the Appendix.

Subspace Estimation from Incomplete Data. In our
next experiment we apply our GrassCaré embedding
to visualize the path of subspaces produced by the
subspace estimation algorithm known as GROUSE
(Grassmannian Rank-One Update Subspace Estima-
tion) Balzano et al. (2010). The applicability of this
algorithm ranges from online video analysis (to track
the subspace of the background in real time) to sub-
space clustering Parsons et al. (2004) and low-rank
matrix completion (LRMC) Balzano et al. (2010). In
the latter, the algorithm receives a subset of the entries
of a data matrix X € R™*" whose columns lie in an
unknown subspace U* € G(m,r), and the goal is to
estimate U*. To this end GROUSE starts with a sub-
space estimate Uy € G(m,r), and iteratively #ilts it in
the direction of a column of X, producing a sequence
of subspaces Uy, ..., UN.

To emulate this setup we first generate true and
initial subspaces with bases U*, Uy € R™" with
i.i.d. standard normal entries. Next we generate
a coefficient matrix ® € R™" with i.i.d. standard
normal entries, so that X = U*® is rank-r. Then
we run GROUSE using a fraction Q of the en-
tries of X, selected uniformly at random. We store
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each of GROUSE’s steps, and visualize their path
Ug, Uy, ..., Uy (together with the target U*) using our
GrassCaré embedding, nPCA, GDMaps, and t-SNE.
Figure 6 shows sample plots when m = 200, r = 5,
Q = 0.7 (corresponding to 30% missing data; both
cases share the same initialization), and n = N = 50
(corresponding to the case where GROUSE only it-
erates once over each column). Here once again
the GrassCaré plot shows a richer depiction of the
subspaces and a better usage of the available visual
space. From the GrassCaré plot we can clearly vi-
sualize each separate path, and see that, as expected,
the full-data estimate gets much closer to the target
than the missing-data estimate (and much faster). In
contrast, the paths in the nPCA plot are hardly dis-
tinguishable and misleading, showing the opposite of
the truth: an incomplete-data estimate much closer to
the target than the full-data estimate. To verify once
again (beyond our visual interpretation) that the Grass-
Caré embedding is much more representative of the
true distribution of subspaces in the Grassmannian, we
measured the distance of each iterate to the target, in
the Grassmannian and in each embedding. The nor-
malized results are in figure 7. They show that the
trajectories in the GrassCaré embedding mimic closely
those in the Grassmannian. In contrast, the nPCA em-
bedding can be quite misleading, showing in fact an
opposite representation, with distances in the embed-
ding growing over iterations, while in reality they are
decreasing in the Grassmannian.

Motion Segmentation. In our final experiment we
use our GrassCaré plot to visualize the subspaces
describing moving objects in videos from the Hopkins
155 dataset Tron and Vidal (2007). This dataset
contains the locations over time of landmarks
of several moving objects (e.g., cars, buses, or
checkerboards) in 155 video sequences. Recall that
the stacked landmarks of each rigid object over time
approximately lie in a 4-dimensional subspace Tomasi
and Kanade (1992); Kanatani (2001). So for our
experiment we split all landmarks of the same object
in groups of 5 (if at any point there were fewer than
5 landmarks left, they were discarded), and for each
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Figure 6: Visualization of the path generated by GROUSE
using nPCA, GDMaps, t-SNE, and GrassCaré (this paper).
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Figure 7: Distance to target (in the Grassmannian and its
embeddings) of the sequence generated by GROUSE.

group we performed a singular value decomposition

to identify its 4-dimensional principal subspace U;.

Figure 8 shows the embedding of the subspaces of all
groups, color-coded by object. Notice that GrassCaré

displays the subspaces of the same object nearby.

This is consistent with theory, as they represent
slightly noisy versions of the subspace describing the
object’s trajectory. Notice the higher variance in the
yellow cluster, which is consistent with its landmarks,
corresponding to several trees, cars, and pavement, as
opposed to just one rigid object. But not only that.
From the GrassCaré embedding we can also analyze
the trajectories themselves, and their relationships.
For instance, in the traffic plot we can see that the
green and red clusters (corresponding to the moving
car and van) are close to one another, indicating that
their trajectories resemble each other. In contrast,
these clusters are farther from the yellow one, which
matches our observation that the trajectories of the

Visualizing Grassmannians via Poincare Embeddings
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Figure 8: GrassCaré embedding for two motion sequences
of the Hopkins155 dataset.

moving car and van are quite different from
the nearly static background.

7 CONCLUSIONS AND
LIMITATIONS

This paper presents an embedding method of Grass-
mannian points on a 2-d disk with lower representation
error and a more effective distribution over the visual
space. We believe GrassCaré will be a powerful tool
for visualizing subspaces extracted from high dimen-
sional real-world data, and that it will help researchers
analyze both local and global structures (e.g., paths and
clusters). In our experiments, GrassCaré is marginally
slower than t-SNE and GDMaps. This is because com-
puting distances in the Poincaré disk requires slightly
more calculations than in Euclidean space. However,
we believe this price is worth it for two reasons. First,
GrassCaré outputs a more accurate visual representa-
tion. In fact, as shown by our main theoretical result,
the representation loss of GrassCaré is lower bounded
under mild assumptions. This can be verified in Fig-
ure 5. Second, GrassCaré make a better use of space
within the unit circle, which eliminates the visual mis-
leading effect of different axis scales, like GDMaps
does.
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APPENDIX
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Figure 9: Alternative visualizations of clusters in G(3,1). GrassCaré produces a more accurate representation of the
Grassmannian, e.g., the case of K = 4 clusters, where nPCA and even the 3D representation display Clusters 1 and 2
(cyan and yellow) nearly diametrically apart. In reality they are quite close, as depicted by GrassCaré. See discussion for
details.
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Parameter GrassCaré | t-SNE | nPCA | GDMaps
m=>50;r=35 59.71s 15.77s | 0.04s 0.09s
m=150;r =20 59.40s 16.5s 0.03s 0.11s
m=100;r =5 60.03s 16.26s | 0.03s 0.10s
m = 100;r =20 77.16 23.10 | 0.05 0.16

Figure 10: Representation error of GrassCaré (this paper) and other methods for high-dimensional Grassmannians G(m,r).
The experiments were performed on GoogleColab pro version with cpu.
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