arXiv:1807.10883v1 [math.DG] 28 Jul 2018

THE GRASSMANNIAN OF AFFINE SUBSPACES

LEK-HENG LIM, KEN SZE-WAI WONG, AND KE YE

ABSTRACT. The Grassmannian of affine subspaces is a natural generalization of both the Euclidean
space, points being 0-dimensional affine subspaces, and the usual Grassmannian, linear subspaces
being special cases of affine subspaces. We show that, like the Grassmannian, the affine Grass-
mannian has rich geometrical and topological properties: It has the structure of a homogeneous
space, a differential manifold, an algebraic variety, a vector bundle, a classifying space, among many
more structures; furthermore; it affords an analogue of Schubert calculus and its (co)homology and
homotopy groups may be readily determined. On the other hand, like the Euclidean space, the
affine Grassmannian serves as a concrete computational platform on which various distances, met-
rics, probability densities may be explicitly defined and computed via numerical linear algebra.
Moreover, many standard problems in machine learning and statistics — linear regression, errors-
in-variables regression, principal components analysis, support vector machines, or more generally
any problem that seeks linear relations among variables that either best represent them or separate
them into components — may be naturally formulated as problems on the affine Grassmannian.

1. INTRODUCTION

The Grassmannian of affine subspaces, denoted Graff(k,n), is an analogue of the usual Grass-
mannian Gr(k,n). Just as Gr(k,n) parameterizes k-dimensional linear subspaces in R", Graff(k, n)
parameterizes k-dimensional affine subspaces in R", i.e., A + b where the k-dimensional linear sub-
space A C R" is translated by a displacement vector b € R".

To the best of our knowledge, the Grassmannian of affine subspaces was first described in an
elegant little volume [20] based on Gian-Carlo Rota’s 1986 ‘Lezioni Lincee’ lectures at the Scuola
Normale Superiore. The treatment in [20, pp. 86-87] was somewhat cursory as Graff (k,n) played
only an auxiliary role in Rota’s lectures (on geometric probability). Aside from another equally brief
mention in [27, Section 9.1.3], we are unaware of any other discussion. Compared to its universally
known cousin Gr(k,n), it is fair to say that Graff(k,n) has received next to no attention.

The goal of our article is to fill this gap. We will show that the Grassmannian of affine subspaces
has rich algebraic, geometric, and topological properties; moreover, it is an important object that
could rival the usual Grassmannian in practical applicability, serving as a computational and mod-
eling platform for problems in statistical estimation and pattern recognition. We start by showing
that Graff(k,n) may be viewed from several perspectives, and in more than a dozen ways:

algebra: as collections of (i) Minkowski sums of sets, (ii) cosets in an additive group, (iii)
n x (k+ 1) matrices;

differential geometry: as a (iv) smooth manifold, (v) homogeneous space, (vi) Riemman-
nian manifold, (vii) base space of the compact and noncompact affine Stiefel manifolds
regarded as principal bundles;

algebraic geometry: as a (viii) irreducible nonsingular algebraic variety, (ix) Zariski open
dense subset of the Grassmannian, (x) real affine variety of projection matrices;

algebraic topology: as a (xi) vector bundle, (xii) classifying space.
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Graff(k,n) may also be regarded, in an appropriate sense, as the complement of Gr(k + 1,n) in
Gr(k + 1,n 4+ 1), or, in a different sense, as the moduli space of k-dimensional affine subspaces
in R™. Moreover one may readily define, calculate, and compute various objects on Graff(k,n) of
either theoretical or practical interests:

Schubert calculus: affine (a) flags, (b) Schubert varieties, (¢) Schubert cycles;

algebraic topology: (d) homotopy, (e) homology, (f) cohomology groups/ring;

metric geometry: (g) distances, (h) geodesic, (i) metrics;

probability: (j) uniform, (k) von Mises—Fisher, (1) Langevin—Gaussian distributions.
The main reason for our optimism that Graff(k,n) may be no less important than Gr(k,n) in
applications is the observation that common problems in multivariate data analysis and machine
learning are naturally optimization problems over Graff(k,n):

statistics: (1) linear regression, (2) error-in-variables regression, (3) principal component
analysis, (4) support vector machines.

In retrospect this is no surprise, many statistical estimation problems involve a search for linear
relations among variables and are therefore ultimately a problem of finding one or more affine
subspaces that either best represent a given data set (regression) or best separate it into two or
more components (classification).

In a companion article [39], we showed that in practical terms, optimization problems over
Graff(k,n) are no different from optimization problems over R", which is of course just Graff(0,n).
More precisely, we showed that, like the Euclidean space R"™, Graff(k, n) serves the role of a concrete
computational platform on which tangent spaces, Riemannian metric, exponential maps, parallel
transports, gradients and Hessians of real-valued functions, optimization algorithms such as steepest
descent, conjugate gradient, Newton methods, may all be efficiently computed using only standard
numerical linear algebra.

For brevity, we will use the term affine Grassmannian when referring to the Grassmannian of
affine subspaces from this point onwards. The term is now used far more commonly to refer to
another very different object [2] 12] 23] but in this article, it will always be used in the sense of
Definition B.Jl To resolve the conflicting nomenclature, an alternative might be to christen the
Grassmannian of affine subspaces the Rota Grassmannian.

Unless otherwise noted, the results in this article have not appeared before elsewhere to the best
of our knowledge, although some of them are certainly routine for the experts. We have written
our article with the hope that it would also be read by applied and computational mathematicians,
statisticians, and engineers — in an effort to improve its accessibility, we have provided more basic
details than is customary.

2. BASIC TERMINOLOGIES

We remind the reader of some basic terminologies. A k-plane is a k-dimensional linear subspace
and a k-flat is a k-dimensional affine subspace. A k-frame is an ordered basis of a k-plane and
we will regard it as an n x k matrix whose columns aq,...,qa; are the basis vectors. A flag is a
strictly increasing sequence of nested linear subspaces, Ay C A; C Ay, C ---. A flag is said to be
complete if dim Ay, = k, finite if k = 0,1,...,n, and infinite if K € NU{0}. Throughout this article,
a blackboard bold letter A will always denote a subspace and the corresponding normal letter A
will then denote a matrix of basis vectors (often but not necessarily orthonormal) of A.

We write Gr(k,n) for the Grassmannian of k-planes in R™, V(k,n) for the Stiefel manifold of
orthonormal k-frames, and O(n) := V(n,n) for the orthogonal group. We may regard V(k,n) as a
homogeneous space,

V(k,n) = 0(n)/ O(n — k), (2.1)
or more concretely as the set of n x k matrices with orthonormal columns. There is a right
action of the orthogonal group O(k) on V(k,n): For @Q € O(k) and A € V(k,n), the action yields
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AQ € V(k,n) and the resulting homogeneous space is Gr(k,n), i.e.,
Gr(k,n) = V(k,n)/ O(k) = O(n)/(O(n — k) x O(k)). (2.2)

So A € Gr(k,n) may be identified with the equivalence class of its orthonormal k-frames {AQ €
V(k,n):Q € O(k)}. Note that span(AQ) = span(A) for @ € O(k).

There is also a purely algebraic counterpart to the last paragraph, useful for generalizing to
k-planes in a vector space that may not have an inner product (e.g., over fields of nonzero char-
acteristics). We follow the terminologies and notations in [I, Section 2|. The noncompact Stiefel
manifold of k-frames is St(k,n). It may regarded as a homogeneous space

St(k,n) = GL(n)/ GL(n — k), (2.3)

or more concretely as the set of n X k matrices with full rank. There is a right action of the general
linear group GL(k) on St(k,n): For X € GL(k) and A € St(k,n), the action yields AX € St(k,n)
and the resulting homogeneous space is Gr(k,n), i.e.,

Gr(k,n) = St(k,n)/ GL(k) = GL(n)/(GL(n — k) x GL(k)). (2.4)

So A € Gr(k,n) may be identified with the equivalence class of its k-frames {AX € St(k,n): X €
GL(k)}. Note that span(AX) = span(A) for X € GL(k). The reader would see that orthogonality
has been avoided in this paragraph.

3. ALGEBRA OF THE AFFINE GRASSMANNIAN

We will begin by discussing the set-theoretic and algebraic properties of the affine Grassmannian
and introducing its two infinite-dimensional counterparts.

Definition 3.1 (Affine Grassmannian). Let k& < n be positive integers. The Grassmannian of
k-dimensional affine subspaces in R™ or Grassmannian of k-flats in R", denoted by Graff(k,n),

is the set of all k-dimensional affine subspaces of R™. For an abstract vector space V, we write
Graff;, (V') for the set of k-flats in V.

This set-theoretic definition hardly reveals anything about the rich algebra, geometry, and topol-
ogy of the affine Grassmannian, which we will examine over this and the next few sections.

We denote a k-dimensional affine subspace as A + b € Graff(k,n) where A € Gr(k,n) is a
k-dimensional linear subspace and b € R”™ is the displacement of A from the origin. If A =
[ay,...,a;] € R™* is a basis of A, then

A+b22{)\1(l1+"'+Akak+b€RnZAI,...,AkGR}. (31)

The notation A + b may be taken to mean (i) the Minkowski sum of the sets A and {b} in the
Euclidean space R", (ii) a coset of the subgroup A in the additive group R"™, or (iii) a coset of the
subspace A in the vector space R"™. The dimension of A + b is defined to be the dimension of the
vector space A. As one would expect of a coset representative, the displacement vector b is not
unique: For any a € A, we have A +b = A + (a + b). We introduce a simple map that will be
important later: the deaffine map

7 : Graff (k,n) — Gr(k,n), A+b— A (3.2)

takes any affine subspace to its corresponding linear subspace.

Let A + b € Graff(k,n). By our notational convention, span(A) = A and therefore the matrix
[A,b] € R+ defines the affine subspace A + b and we will call this its affine coordinates. If
in addition, we have A € V(k,n), i.e., an orthonormal basis for A, and we choose b, € R" to be
orthogonal to A with span(A) + by = A + b, then we call [A,by] € V(k,n) x R" an orthogonal
affine coordinates of A +b. Note that ATA = I, AThy = 0, and two orthogonal affine coordinates
[A, bg], [A, 0] € R+ of the same affine subspace A + b must have that A’ = AQ for some
Q € O(k) and by = by.



4 L.-H. LIM, K. S.-W. WONG, AND K. YE

We will also need to discuss the cases where k = oo and n = oo as they will be important in
Sections [ and B For each k € N, the infinite flag {0} C R C R? C --- induces a directed system

-+ C Graff(k,n) C Graff(k,n+1)C---, (3.3)

and taking direct limit gives
Graff(k, 00) == lim Graff(k,n),

which we will call the infinite Grassmannian of k-dimensional affine linear subspaces or infinite
affine Grassmannian for short. This parameterizes k-dimensional flats in R™ for all n > k and is
the affine analogue of the infinite or Sato Grassmannian Gr(k, oco) [30].

To be more precise, the direct limit above is taken in the directed system given by the natural
inclusions ¢, : Graff(k,n) — Graff(k,n + 1) for n > k. If A+ b € Graff(k,n) has affine coordinates
[A,b] € R+ then ¢, (A+b) = A’+b where A’ = span[ 4], b = [§],ie, A’+b € Graff (k,n+1)
has affine coordinates [4§] € RM+Dx(k+1) © Readers unfamiliar with direct limits may simply
identify [A,b] with [4 8] and thereby regard

Graff (k,n) C Graff(k,n + 1) and Graff(k, 00) = Uoo_k Graff (k,n).
It is straightforward to verify that the deaffine map 7 : Graff(k,n) — Gr(k,n) is compatible with

the directed systems {Graff(k,n)}o°, and {Gr(k,n)} 2, i.e., the following diagram commutes:

. Graff(k,n) —— Graff(k,n+1) —— ---

l | I l (3.4)

- —— Gr(k,n) — Gr(k,n+1) —— ---

Note that one advantage afforded by Graff(k, oo) is that one may discuss a k-dimensional affine
subspace without reference to an ambient space (although strictly speaking, points in Graff(k, co)
are k-flats in R* := lim R"™). The doubly infinite affine Grassmannian, which parameterizes affine
subspaces of all dimensions, may then be defined as the disjoint union

Graff (oo, 00) = Hzo_l Graff(k, 00).

This is the affine analogue of Gr(co,00), the doubly infinite Grassmannian of linear subspaces of
all dimensions, defined in [40], Section 5].

For the affine Grassmannian, two groups will play the roles that O(n) and GL(n) play for the
Grassmannian in Section 2l We defer the discussion to Section [] but will introduce the relevant
algebra here. The group of orthogonal affine transformations or orthogonal affine group, denoted
E(n), is the set O(n) x R™ endowed with group operation

(Q1,¢1)(Q2,¢2) = (Q1Q2;¢1 + Q1ca).

In other words, it is a semidirect product: E(n) = O(n) x4y R™ where J : O(n) — Aut(R") = GL(n)
as inclusion. The group of affine transformations or general affine group, denoted GA(n), is the
set GL(n) x R™ endowed with group operation

(X1,¢1)(Xg,¢9) = (X1 Xg, 01 + Xjc9).

In other words, it is a semidirect product: GA(n) = GL(n) x, R™ where ¢ : GL(n) — Aut(R") =
GL(n) is the identity map. GA(n) acts on R™ naturally via

(X,c) v=Xv+e, (X,c) € GA(n), ve R™

Clearly E(n) is a subgroup of GA(n) and therefore inherits this group action. We note that E(n)
has wide-ranging applications in engineering [10].
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4. DIFFERENTIAL GEOMETRY OF THE AFFINE GRASSMANNIAN

The affine Grassmannian has rich geometric properties. We start by showing that it is a non-
compact smooth manifold and then show that it is (i) homogeneous, (ii) reductive, and (iii) Riem-
mannian.

Proposition 4.1. Graff(k,n) is a noncompact smooth manifold with
dim Graff(k,n) = (n — k)(k + 1).

Proof. Let A + b € Graff(k,n) be represented by affine coordinates [4,by] = [ay,aq,...a, by] €
R (kD) where by is chosen so that b — by € A. Since A has rank k, without loss of generality, we
may assume that the k x k leading principal minor of A is nonzero.

Let U be the set of all X + y € Graff(k,n) whose affine coordinates [X,yq] have nonzero k x k
leading principal minors. Then U is an open subset of Graff(k,n) containing A+b. Each X+y € U

has unique affine coordinates [X, 7] € R"**+1 of the form
ro1 0 . 0 0 7
0 1 2 0 0
> 4] — 0 o . i 0
[X’y] T Bhg11 Tt o Praik Tkt
L ‘%n,l ':%n,Z jn,k Qn a

It is routine to verify that ¢ : U — RO=RGEHD X 44 sy [X,gj], is a homeomorphism and thus
gives a local chart for U. We may likewise define other local charts by the nonvanishing of other
k x k minors and verify that the transition functions ¢; o 5 L are smooth for any two such local
charts ¢; : U; — RORKE+) 5 — 1 2 To see the noncompactness, take a sequence in Graff(k,n)
represented in orthogonal affine coordinates by [A, mb] with m € N, A = [ay,...,a;] € V(k,n), and
0 # b € R™ such that AT = 0; observe that it has no convergent subsequence. O

The affine Stiefel manifold is defined to be the product manifold Vaff(k,n) == V(k,n) x R™. It
is a homogeneous space because of the following analogue of (2.1]),

Vaff(k,n) = E(n)/ O(n — k)

where E(n) is the orthogonal affine group E(n) introduce at the end of Section Bl We have the
following characterizations of Graff(k,n) as quotients of E(n).

Proposition 4.2. Graff(k,n) is a reductive homogeneous Riemannian manifold. In fact, we have
the following analogue of (2.2)),

Graff(k,n) = Vaff (k,n)/ E(k) =2 E(n)/(O(n — k) x E(k)).
Furthermore, Vaft(k,n) is a principal E(k)-bundle over Graff(k,n).

Proof. Since Graff(k,n) can be identified with an open subset of Gr(k + 1,7 + 1), the Riemannian
metric g, on Gr(k + 1,n + 1) induces a metric on Graff(k,n). Equipped with this induced metric,
Graff (k,n) is a Riemannian manifold. The group E(n) acts on Graff(k,n) by (Q,c) - (A +b) =
QA+ Qb+ c, where (Q,c) € E(n) = O(n) x R", A+ b € Graff(k,n), and Q - A = span(QA). It
is easy to see that E(n) acts on Graff(k,n) transitively and so Graff(k,n) = E(n)/ Staby 1, (E(n)),
where Staby ,(E(n)) is the stabilizer of any fixed affine linear subspace A+b € Graff(k,n) in E(n).
Now Staby;(E(n)) consists of two types of actions. The first action is the affine action inside the
plane A, which is E(k), while the second action is the rotation around the orthogonal complement
of A, which is O(n— k). Hence we obtain Stab,;(E(n)) = O(n—k) x E(k), and the representation
of Graff(k,n) as a homogeneous Riemannian manifold follows. Vaff(k,n) is a principal E(k)-bundle
over Vaff(k,n)/E(k) = Graff(k,n). O
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Let 7, : Vaff(k,n) = V(k,n) x R™ — V(k,n) be the projection. For any k < n, 7, commutes
with the deaffine map 7 in ([B.2):

Vaff(k,n) —*— V(k,n)

lﬂa lﬂ (4.1)

Graff(k,n) —— Gr(k,n)

where we view Graff(k,n), Gr(k,n), Vaff(k,n), V(k,n) as homogeneous spaces. One may define
V(k,00), the Stiefel manifold of orthogonal k-frames in R*°, as the direct limit of the inclusions
ty : V(k,n) = V(k,n+1), Q — [%2], and its affine counterpart as Vaff(k, 00) = V(k,00) x R,
the infinite affine Stiefel manifold. Taking direct limit of (4.1]), we obtain

Vaff (k, 00) —2— V(k, o0)

lﬂa lﬂ (4.2)

Graff(k,00) —— Gr(k,00)

The objects in ([A2]) are all Hilbert manifolds although we will not use this fact.

From a computational perspective, one would prefer to work with orthogonal objects like V(k,n)
and O(k) rather than affine objects like Vaff(k,n) and E(k). Roughly speaking, this is largely
because orthogonal transformations preserve norm and do not magnify rounding errors during
computations. With this in mind, we will seek to characterize the affine Grassmannian as an orbit
space of the orthogonal group in a Stiefel manifold.

Let A + b € Graff(k,n). Its orthogonal affine coordinates are [A4,by] € V(k,n) x R™ where
ATby = 0, i.e., by is orthogonal to the columns of A. However as by is in general not of unit norm,
we may not regard [A, by] as an element of V(k+1,n). The following variantl] is a convenient system
of coordinates for computations [39] and for defining various distances on Graff(k,n) in Section [§

Definition 4.3. Let A+b € Craff(k,n) and [A, by] € R**(*+1) be its orthogonal affine coordinates,
ie., ATA =1 and A"by = 0. The matrix of Stiefel coordinates for A + b is the (n + 1) x (k + 1)
matrix with orthonormal columns,

A by/+/1+|b HT
Yty = 0 05| € V(k+1,n+1).
o [o T2 ) € VFT LD

Two orthogonal affine coordinates [A, by, [A’,b)] of A + b give two corresponding matrices of
Stiefel coordinates Yy 1, Y4 ;. By the remark after our definition of orthogonal affine coordinates,
A= A'Q for some Q' € O(k) and by = bf,. Hence

v :[A bo/ 1_|_”b0”2]_[14/ by/ 1+”b/0H2] [Q/ 0}25/’ Q (4.3)
w0 Lo 1VIHTRIE] T Lo 1/ yTHIgE) Lo 1 T A |

where @ = [%/ (1)] € O(k 4+ 1). Hence two different matrices of Stiefel coordinates for the same
affine subspace differ by an orthogonal transformation.

There is also an affine counterpart to the last paragraph of Section 2] that allows us to provide
an analogue of Proposition without reference to orthogonality, useful for studying the affine
Grassmannian over a vector space without an inner product. The noncompact affine Stiefel manifold

Staff (k,n) may be defined in several ways:
Staff (k,n) = GA(n)/ GL(n — k) = (GL(n)/ GL(n — k)) x R" = St(k,n) x R",

where GA(n) is the general affine group in Section [3] and St(k,n) the noncompact Stiefel manifold
in Section

IDefinition F3 has appeared in [39] Definition 3.1]. We reproduce it here for the reader’s easy reference.
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Proposition 4.4. (i) Dimensions of the compact and noncompact affine Stiefel manifolds are
dim Vaff (k,n) = %k‘(2n —k+1), dim Staff (k,n) = n(k + 1).
(ii) Whether as topological spaces, differential manifolds, or algebraic varieties, we have
Graff (k,n) = Staff (k,n)/ GA(k) = GA(n)/(GL(n — k) x GA(k)),

i.e., the isomorphism is a homeomorphism, diffeomorphism, and bireqular map.
(iii) Staff(k,n) is a principal GA(k)-bundle over Graff(k,n).

Proof. The inclusion E(n) < GA(n) as a subgroup naturally induces the commutative diagram:

E(n) < » GA(n)

Vaff(k,n) = E(n)/ O(n — k) —— Staff(k,n) = GA(n)/ GL(n — k)

- -, (4.4)
Grafi (k,n) = Vaff(k, n)/ B(k) —2— Staff(k, n)/ GA(k)
Gr(k, n) = GL(n)/(GL(n - k) x GL(k))

where 7, and 7 are as in ([d.1l), 7, is the quotient map, and 7, is similarly defined as 7. The bottom
isomorphism is (2.4]), which is simultaneously an isomorphism of topological spaces, differential
manifolds, and algebraic varieties. ({l) follows from the quotient space structures: dim Vaff(k,n) =
dimE(n) — dim O(n — k) and dim Staff(k,n) = dim GA(n) — dim GL(n — k). For (i), it suffices to
show that the restriction

lrrqay 1 7THA) = 7o H(A)

is an isomorphism for every A € Gr(k,n), but this follows from the bottom isomorphism. (i)
follows from (i) as Staff(k,n) is a principal GA(k)-bundle on Staff(k,n)/ GA(k) = Graff(k,n). O

5. ALGEBRAIC GEOMETRY OF THE AFFINE (GRASSMANNIAN

We now turn to the algebraic geometric aspects, characterizing Graff(k,n) as (i) an irreducible
nonsingular algebraic variety, (ii) an Zariski open dense subset of Gr(k + 1,n + 1), and (iii) a real
affine algebraic variety of projection matrices. In addition, just as Gr(k,n) is a moduli space of k-
dimensional linear subspaces in R”, Graff(k,n) is a moduli space of k-dimensional affine subspaces
in R™, although we have nothing to add beyond this observation. In Section 6] we will discuss affine
Schubert varieties, an analogue of Schubert varieties, in Graff(k,n).

That Graff(k,n) may be regarded as a Zariski dense subset of Gr(k + 1,n + 1) is a noteworthy
point. It is the key to our optimization algorithms in [39]. Also, it immediately implies that
any probability densities [9] defined on the usual Grassmannian may be adapted to the affine
Grassmannian, a fact that we will rely on in Section [l

Theorem 5.1. (i) Graff(k,n) is an algebraic variety that is irreducible and nonsingular.
(ii) Graff(k,n) may be embedded as a Zariski open subset of Gr(k + 1,n+ 1),

j: Graff(k,n) - Gr(k+1,n+1), A+b—span(AU{b+e, 1}), (5.1)

where e, = (0,...,0,1)T € R*. The image is open and dense in both the Zariski and
manifold topologies.



8 L.-H. LIM, K. S.-W. WONG, AND K. YE

(i) Gr(k + 1,n + 1) may be regarded as the disjoint union of Gr(k + 1,n) and Graff(k,n); more
precisely,

Gr(k+1,n+1)=XUX" X =Graff(k,n), X°=Gr(k+1,n).

Proof. Substituting ‘smooth’ with ‘regular’ and ‘differential manifold’ by ‘algebraic variety’ in the
proof of Proposition 1] we see that Graff (k,n) is a nonsingular algebraic variety. Its irreducibility
follows from Theorem [TI] since Gr(k,n) is irreducible and all fibers of Graff(k,n) — Gr(k,n) are
irreducible and of the same dimension. We use ‘algebraic variety’ is used here in the sense of an
abstract algebraic variety, i.e., Graff(k,n) is obtained by gluing together affine open subsets.

The embedding j takes k-flats in R™ to (k + 1)-planes in R*™! ie., R®™ D A + b + span(A U
{b+e,41}) C R It maps R™ onto E,, == span{ey,...,e,} C R"™ whereey,...,e,, e, are the
standard basis vectors of R"*!. Linear subspaces A C R" are then mapped to j(A) C E,. Clearly
j is an embedding. We illustrate this embedding with the case k = 1, n = 3 in Figure [1l

A+b

T
FIGURE 1. Here our linear subspace A is the z-axis. It is displaced by b along the y-axis to
the affine subspace A + b. The embedding j : Graff(k,n) — Gr(k + 1,n+ 1) takes A 4+ b to
the smallest 2-plane containing A and b + e3, where e3 is a unit vector along the z-axis.

We set X := j(Graff(k,n)) C Gr(k + 1,n + 1) and set X to be the set-theoretic complement
of X in Gr(k +1,n+1). By (ii), X = Graff(k,n). By the definition of X¢, a (k + 1)-plane B €
Gr(k+1,n+1) is in X€if and only if B C E,,, which is to say that X¢ = Gry,1(E,,) = Gr(k+1,n).
Lastly we see that X is Zariski open because its complement X, comprising (k + 1)-planes in E,,,
is clearly Zariski closed. ([l

Henceforth we will identify
R" = {(21,...,2,,0)T e R .y, x, e R} (5.2)
to obtain a complete flag

{Q}QRlQR2Q...QRNQRN+1Q...

)

which was essentially what we did in the proof of Theorem Bl With such an identification, our
choice of e, ;1 in the embedding j in (5.]) is the most natural one.

It is often desirable to uniquely represent elements of Graff(k,n) as actual matrices instead of
equivalence classes of matrices like the affine, orthogonal affine, and Stiefel coordinate representa-
tions in Sections [3land @l For example, we will see that this is the case when we discuss probability
distributions on Graff(k,n) in Section [0 The Grassmannian has a well-known representation [27,
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Example 1.2.20] as the set of rank-k orthogonal projectiorE matrices, or, equivalently, the set of
trace-k idempotent symmetric matrices:

Cr(k,n) = {P € R"": PT = P? = P, tr(P) = k}. (5.3)

Note that rank(P) = tr(P) for an orthogonal projection matrix P. A straightforward affine ana-
logue of (5.3)) for Graff(k,n) is the following.

Proposition 5.2. Graff(k,n) is a real affine algebraic variety given by
Graff(k,n) = {[P,b] e R"™*"*V : PT = p2 — P, tr(P) = k, Pb=0}. (5.4)

Proof. Let A + b € Graff(k,n) have orthogonal affine coordinates [A, by] € R"*(*+1) Recall that if
A is an orthonormal basis for the subspace A, then AAT is the orthogonal projection onto A. It is
straightforward to check that the map A +b+— [AAT,by] is independent of the choice of orthogonal
affine coordinates and is bijective. O

We will call the matrix [P, b] € R™* (n+1) projection affine coordinates for A+b. From a practical
standpoint, we would like to represent points in Graff(k,n) as orthogonal projection matrices; one
reason is that such a coordinate system facilitates optimization algorithms on Graff(k,n) (see [39]),
another is that certain probability densities can be naturally expressed in such a coordinate system
(see Section []). Since [P,b] is not an orthogonal projection matrix, we introduce the following
variant

Definition 5.3. Let A + b € Graff(k,n) and [P,b] € R**("+1) be its projection affine coordinates.
The matrix of projection coordinates for A + b is the orthogonal projection matrix

_ [PABT/(BIP + 1) b/([BI2 +1)] | pmnxmr)
Fa = [ b/l +1) 1/l ) <8 '

Alternatively, in terms of orthogonal affine coordinates [A, by € R (k+1)

Py = [AAT + bobg /(0o + 1) bo/([[bol|* + 1)} € RvHDx(n+1).
* by /([lbol* + 1) 1/(llboll* + 1)

It is easy to check that P, is indeed an orthogonal projection matrix, i.e., Pg b= Paye = Py
Unlike Stiefel coordinates, projection coordinates of a given affine subspace are unique.

6. SCHUBERT CALCULUS ON THE AFFINE GRASSMANNIAN

We will show that basic aspects of Schubert calculus on the Grassmannian [21] could be readily
extended to an “affine Schubert calculus” on the affine Grassmannian, with affine analogues of flags,
Schubert varieties, Schubert cycles [31]. As is the case for (co)homology of the Grassmannian, the
materials in this section will be important for our (co)homology calculations in Section [[.2} what
is perhaps more surprising is that our study of distances between affine subspaces of different
dimensions in Section B3] will also rely on affine Schubert varieties.

In this paragraph, we briefly review some basic terminologies and facts in Schubert calculus for
the reader’s easy reference. The Schubert variety of a flag Ay C --- C A, in R” is a subvariety of
Gr(k,n) defined by

QA ..., Ay) = {B € Gr(k,n) :dim(BNA;) >4, j=1,...,k}.
It is a standard fact [21], Proposition 4] that
(A, ..., Ay) = Q(By,...,By) if dimA; =dimB,, j=1,....k. (6.1)
2A projection matrix satisfies P? = P and an orthogonal projection matrix is in addition symmetric, i.e., PT = P.

Despite its name, an orthogonal projection matrix P is not an orthogonal matrix unless P = I.
3Definition [53] has appeared in [39] Definition 3.4]. We reproduce it here for the reader’s easy reference.
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So when the choice of the flag is unimportant, we may take it to be R% C ... C R% and denote
the corresponding Schubert variety by Q(dy,...,d;). The ‘= in (6.1 may be taken to either
homeomorphism of topological spaces or biregular isomorphism of algebraic variety but it cannot
in general be replaced by ‘=" — two different flags of the same dimensions determine different
varieties in Gr(k,n). The following properties [I8 28] of Schubert varieties are also well-known.

Facts 6.1. (i) The dimension of a Schubert vam’ety s given by
dim Q(dy, ..., d Zd—— (k+1).

(ii) The cycles determined by Schubert varieties of dimension i form a basis for the ith homology
group H;(Gr(k,n),Z,) and cohomology group H'(Gr(k,n),Zs), which are isomorphic and

Hi(Gr(kvn)7Z2) = HZ(GI‘(]C,H),ZQ) = Zglv

where r; is the number of Schubert varieties of dimension i. Here Ly = 7/27.
(iii) The collection of Schubert varieties in Gr(k,n) over all flags of length k in R™ gives a cell
decomposition for Gr(k,n).

We will now introduce an affine analogue of the Schubert variety in the affine Grassmannian
using an affine flag, i.e., an increasing sequence of nested affine subspaces.

Definition 6.2. Let Ay +b; C --- C A, + b, be an affine flag in R™. The corresponding affine
Schubert variety is a subvariety of Graff(k,n) defined by

U(Ay +by,..., Ap+by) == {B+ce Graff(k,n) : dim(B+c) N (A; +b;)) >4, j=1,...,k}.
We first show that the affine flag may always be chosen such that by =--- = b,.

Lemma 6.3. For any affine flag A, + by C --- C A, + by, there exists a displacement vector
b€ R" such that A; +b; = A; +b, j=1,..., k. Thus every affine Schubert variety is of the form
V(A +b,...,A,+0).

Proof. Let —b be any element in A; + b;. By definition, —b € A; +b;, j =1,...,k. Sob; € A; +b.
Therefore A; +b; =A; +b,j=1,... k. O

It is straightforward to derive an analogue of (G.1I).

Proposition 6.4. For any two affine flags Ay +bC --- CAp+b and By +¢c C --- C By + ¢ where
dimA; =d; =dimB;, j=1,...,k, we have

WAL +b,...,AL+b)=TU(B, +c...,B,+0),
and so we may write W(dy,...,d;) when the specific affine flag is unimportant.
Proof. There is a general affine transformation (X,y) € GA(n) such that
(X,y)- (A +0)=X(A) +Xb+y=B,+c, j=1,...,k,

ie, X(A;) = B; and Xb+y = c. The existence of X € GL(n) is guaranteed by the transitive
action of GL(n) on (linear) flags of fixed dimensions (dy,...,d;). We then set y := ¢ — Xb. O

We also provide an analogue of Fact [G.1I[H), whose proof is somewhat more involved.

Theorem 6.5. The dimension of an affine Schubert variety is

dim U(dy, ..., dy Zd —Ll) +(dy —1).
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Proof. Let j be the embedding in (5.1)). We will determine the dimension of j(¥(d;, ..., d})), which
is clearly the same as that of ¥(dy,...,d;). We claim that

G(U(dy,. .. dy)) = Qdy,dy +1,...,dy, + 1) N j(Graff (k, n)). (6.2)

Since Q(dy,dy +1,...,d; + 1) is an irreducible subset of Gr(k + 1,n + 1) and j(Graff(k,n)) is an
affine open subset of Gr(k + 1,n + 1), we obtain the required dimension via

dimj(¥(dy,...,dy)) =dimQ(dy, dy +1,...,dp + 1)

k k
=y + 3y - EEEED sy EEED g, ),
i=1 1=1

where we have used Fact [6.I() for the second equality.

It remains to establish (62). Let A +b C Ay +b C -+ C A, + b be an affine flag with
dim(A; +b) =d;, i =0,1,...,k where we set dy :=d; — 1.

Let B+ce€ W(A; +0b,...,A; +b). As dim(A; +b) N (B +¢) > 1, there is some —x contained in
both A; + b and B + ¢. Since A; +bC --- C A, + b, we have

A+b=A+2, B+c=B+u, 1=1,... k. (6.3)
Therefore, for any i = 1,...,k,
dimjiB+c¢)Nj(A;+b) =dimjB+2)NjA; +z) =dimB+c)N(A;+b) +1>i+1.
Since j(Ag + b) is a codimension-one linear subspace of j(A; + b), we also have
dimjB+c¢)Nj(Ag+b) >dimjiB+c)NjA+b)—1>1.
Hence we must have
JB+c) € Q(Ag+b),j(A; +b),..., (A + b)) Nj(GCraff(k,n)).

This shows the “C” in (6.2)).
Conversely, let j(B + c) € Q(j(Ag +b), j(A; +b),...,j(A; +b)). On the one hand, we have

dim j(B + ¢) N j(A; +b) > i + 1;
and on the other hand, since j is an embedding, we have
J(B4c)N(A;+b)) =j(B+c)nj(A; +b),
for any i = 0,1,..., k. Therefore, we have
dimB+c)N(A; +b) =dimjB+c)Nj(A;+b) >i+1, i=0,1,... k.
In other words, B+ c¢ € W(A; +,...,A; +b). This shows the “2O” in (6.2]). O

In Section [.2] we will give the affine analogues of Facts [EIi[) and (@) as Theorem [7 and
Proposition [T.8] respectively.

There are two affine Schubert varieties that deserve special mention because of their importance
in our metric geometry discussions in Section B3] and, to a lesser extent, also the probability
discussions in Section [

Definition 6.6. Let A + b € Graff(k,n) and B + ¢ € Graff(l,n) where k¥ < [ < n. The affine
Schubert varieties of [-flats containing A + b and k-flats contained in B 4 ¢ are respectively

U, (A+b)={X+yeGraff(l,n) : A+ b C X +y},

(6.4)
U_(B+c)={Y+zeGraff(k,n) : Y+ 2 C B +c}.
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The nomenclature in Definition is justified as W, (A +b) is the affine Schubert variety of the
affine flag
{0} =Ag+byCA +b, C--CAL+b, =A+bC - C A+, (6.5)
where Ay ; + b, ; is an affine subspace of dimension n — I+ (k+1i),i=1,...,l—k; and V_(B+¢)
is the affine Schubert variety of the affine flag

{O}Z:Bo‘i‘COgBl‘i‘Clg"'gBk+Ck::B+C (66)

where B; + ¢; is an affine subspace of dimension [ —k + 7,7 =1,...,k.
We next discuss the geometry of these sets, starting with the observation that W, (A +b) is
isomorphic to a Grassmannian and ¥_(B + ¢) is isomorphic to an affine Grassmannian.

Proposition 6.7. Let A + b € Graff (k,n) and B + ¢ € Graff(I,n). Then
UV, (A+b)=Gr(n—Il,n—k) and ¥_(B+c)= Graff(k,l)
as Riemannian manifolds and algebraic varieties. In particular, we have
dmV, (A+b)=n-0)(1—-k), dmV_B+c)=(k+1)(—k).

Proof. We first observe that the map ¢ : UV, (A +b) — Q (A), X+y — X+ y -0, is well-
defined since A C X+ y — b by our choice of X+ y. Also, ¢ : Q,(A) - UV, (A+b), X — X+,
is the inverse of ¢ and so it is an isomorphism. Together with [40, Proposition 21|, we obtain
the first isomorphism W (A +b) = Q (A) = Gr(n — [,n — k). For the second isomorphism,
consider ¢’ : W_(B + ¢) — Graff;,(B), Y + 2z — Y + z — ¢, which is well-defined since Y + z — ¢
is an affine subspace of dimension k in B. Its inverse is given by ¢’ : Graff,(B) — V_(B + ¢),

Y+ 2z~ Y+ z+ ¢ and so it is an isomorphism. The required isomorphism then follows from
U_(B+ c¢) = Graff,(B) = Graff(k,1). O

The asymmetry in Proposition [6.7]is expected. ¥, (A +b) is a Grassmannian of linear subspaces
since all affine subspaces containing A + b can be shifted back to the origin by the vector b. In
the case of W_(B + c¢), shifting B + ¢ back to the origin by ¢ and then taking all affine subspaces
contained in B still gives a Grassmannian of affine subspaces. As a sanity check, note that the
dimensions in Proposition agree with their values given by Theorem with respect to the

affine flags (6.5]) and (6.6)).
We also have the following analogue of Proposition that allows us to regard W, (A + b),

U_(B + ¢) as subsets of n x (n + 1) matrices.
Proposition 6.8. The affine Schubert varieties W, (A + b) and ¥_(B + ¢) are isomorphic to real
affine algebraic varieties in R™ ") given by
U (A4b)={[P,d e R*"D . pT— P2 = p Pd=0, tr(P) =1, j(A+b) Cim([P,d])},
U_(B+c)={[P,d e RO . pT = p2— P Pd=0, tr(P) =k, im([P,d]) C j(B + ¢)}.

7. ALGEBRAIC TOPOLOGY OF THE AFFINE GRASSMANNIAN

We will determine the homotopy groups and (co)homology groups/rings of Graff(k,n). With
this in mind, we begin by proving yet another characterization of Graff(k,n), namely, it is a vector
bundle — in fact it is the universal quotient bundle of Gr(k,n).

Recall that if S is a subbundle of a vector bundle £ on a manifold M, then @ is called the
quotient bundle on M of E by S if there is a short exact sequence of vector bundles

0=-S—-E—-Q—0. (7.1)

Recall also that the tautological bundle over Gr(k,n) is the vector bundle whose fiber over A €
Gr(k,n) is simply A itself. One may view this as a subbundle of the trivial vector bundle Gr(k,n) x
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R™. If S is the tautological bundle and F is the trivial bundle in (Z]), then the quotient bundle @
is called the universal quotient bundle of Gr(k,n) [15], 26].

Theorem 7.1. (i) Graff(k,n) is a rank-(n—k) vector bundle over Gr(k,n) with bundle projection
7 : Graff(k,n) — Gr(k,n), the deaffine map in (3.2).
(ii) Graff(k,n) is the universal quotient bundle of Gr(k,n),

0— S — Gr(k,n) x R" — Graff(k,n) — 0 (7.2)
where S is the tautological bundle.

Proof. In affine coordinates, the deaffine map 7 : Graff(k,n) — Gr(k,n), A+b+— A takes the form
T(lag, ..., a5,b0]) = [aq,...,a;] where a;’s and b, are chosen as in the proof of Proposition ETl
Notice that the fiber 771(A) for A € Gr(k,n) is simply R"/A, a linear subspace of dimension n — k.
Local trivializations of Graff (k, n) are obtained from local charts of Gr(k,n) by construction. Hence
Graff(k,n) is a vector bundle over Gr(k,n). Moreover we have ¢ : Gr(k,n) x R" — Graff(k, n),
(A,b) — A +b. Tt is straightforward to check that ¢ is a surjective bundle map and the kernel of ¢
is the tautological vector bundle S over Gr(k,n), i.e., we obtain the exact sequence in (7.2]). This
shows that Graff(k,n) is the universal quotient bundle. O

Throughout this section, we write Zy = Z/27.

7.1. Homotopy of Graff(k,n). When Graff(k,n) is regarded as a vector bundle on Gr(k,n) as
in Theorem [TII(il), the base space Gr(k,n) is homeomorphic to the zero section, which is a strong
deformation retract of Graff(k,n). Hence Gr(k,n) and Graff(k,n) have the same homotopy type
and so

7, (Graff (k,n)) ~ 7,.(Gr(k,n)), r€N.
From the list of homotopy groups of Gr(k,n) in [37, Section 10.8], we obtain those of Graff(k,n).

Proposition 7.2. Graff(k,n) is homotopy equivalent to Gr(k,n). Therefore
(i) forn>k+2 and 0 < k <n/2,

Z ifk=1,n=2,
Zq  otherwise;

71 (Graff (k,n)) ~ {

(ii)) for0 <k <n/2 and 2 <r <n—2k,

Z  ifr =0,4 mod 8,
7, (Graff (k,n)) ~ < Zy if r = 1,2 mod 8,
0 ifr=23,56,7mod 8.
Since the deaffine map 7 in ([8.2]) is a bundle projection by Theorem [TII(), it is straightforward

to take direct limits in (3.4]) and extend Proposition to the infinite Grassmannian via the
commutative diagram (£.2)). This also shows that Graff(k,c0) is a classifying space [19].

Corollary 7.3. Graff(k,oo) is homotopy equivalent to Gr(k,o0). Therefore
71 (Graff (k, 00)) ~ Zy;
and forr > 2,
Z if r =0,4 mod 8,
7, (Graff (k,00)) ~ ¢ Zy if r = 1,2 mod 8,
0 ifr=3,56,7modS8.
Moreover, Graff(k,co) is the classifying space of O(n) and GL(n) with total space Vaff(k, o).
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7.2. Homology and cohomology of Graff(k,n). We show that the affine Schubert varieties in
Section [@ play a role for the (co)homology of Graff(k,n) similar to that of Schubert varieties for
Gr(k,n).

Let A C --- C A, be a flag in R™. For any b € R", the deaffine map 7 : Graff(k,n) — Gr(k,n)
in (B.2)), when restricted to W(A; +b,...,A; +b), defines a map

Tt WA+ b, AL +0) = QA ... AL, A+Db— Al
For any fixed b € R", it has a right inverse
S QA AL > U(A + b, AL +D), A A+
Lemma 7.4. Let A{ C --- C Ay be a flag in R™ and b € R™. Then the following diagram commutes:

\IJ(Al + b, . ,Ak =+ b) —> T_I(Q(Al, e ,Ak)) —> Graff(k;,n)

= E | (73)

Q(Al, e ,Ak) > Gr(k, n)

Proof. The only point in (7.3]) that needs verification is the inclusion W(A; + b,..., A, +b) C
T H QAL ... Ay)). Let B+c € W(A;+b,...,Ap+b). Then dim(A;+b)N(B+c) >j,5=1,... k.
We need to show that dimA; "B > j, j = 1,...,k. By the same argument that led to (6.3)), we
may choose an z € R"™ so that

Aj+b=A+z, Bt+c=B+ux, j=1,... k.
Therefore
dim(A; +z) N (B + ) = dim(A; +b) N (B +c) > j
and thus dimA; NB > j, 7 =1,... k. d

To obtain a more precise relation between W(A; +b,...,A; + b) and T_I(Q(Al, . ,Ak)), we
show that the fibers of 7, are contractible.

Lemma 7.5. Let Ay C--- C Ay be a flag in R™, B € Q(A,,...,A;), and b € R". Then
7, '(B) = {B + c € Graff(k,n) : dim(B +¢c) N (A; +b) >4, j=1,...,k}
18 convex and therefore contractible.

Proof. We first define an auxiliary set
C(B,b) ={ceR":B+ce 7, '(B)}

:{ceandim(B—l—c)ﬂ(AJ—kb)zj,jzl,...,k} (7.4)
If c € C(B,b), then c+b € C(B,b) for any V' € B. Moreover, B+c¢ =B+ if and only if ¢ —c € B.
So we have a homeomorphism

C(B,b)/B = 7, (B), (7.5)

where the left-hand side is regarded as a subset of the quotient vector space R™/B. So the convexity
of 7,1 (B) would follow from the convexity of C'(B,b) in R".

We remind the reader that if A € V(k,n) is an orthonormal basis for A € Gr(k,n), then
A =im(A) =ker(I — AAT). Let B € V(n,n—k) and A; € V(n — d;,n) be orthonormal bases of B
and A respectively, j =1,...,k. So

B={ycR":(I-BB")y=0}, A;j={ycR":(I—-A;A})y=0},
and so
Btc={yeR":(I-BB")(y—c)=0}, A;j+b={yecR":(I—-A;A})(y—b) =0}, (7.6)
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for j =1,...,k. Hence by (Z4) and (.4,
C(B,b) = {c € R" : solution space of (7.6)) has dimension > j, j =1,... ,k}.

With this characterization of C'(B,b), convexity is straightforward: Let ¢, cy € C(B,b) and yq,y9 €
R"™ be such that

(I-BB")(y; —c;) =0, (I—-A;A))(y;—0)=0, j=1,....k i=12 (7.7)
For any t € [0,1], ¢, = te; + (1 — t)eg and y;, = ty; + (1 — t)yy clearly also satisfy (7.7). O
This leads us to the following relation between W(A; +b,..., A, +b) and 771 (Q(A, ..., Ap)).

Theorem 7.6. The image sb(Q(Al, - ,Ak)) is a strong deformation retract of W(Aq+0b,... AL+
b). In particular, V(A; +b,..., A, + b) is homotopy equivalent to 7+ (Q(Al, ... ,Ak)).

Proof. s : Q(A, ..., AL) = W(A, +0b,...,AL+Db) is a section of 73, i.e., 7,05, = 1. Hence it suffices
to prove that the fiber 7, ' (B) deformation retracts to s,(B) for each B € Q(Ay,...,A;) but this is
trivially true since 7, '(B) is contractible by Lemma [TH] O

By virtue of Theorem [Z.6] we deduce next that the affine Schubert varieties form a natural basis
for the (co)homology groups of Graff(k,n). In this context, the (co)homology classes determined
by affine Schubert varieties are called affine Schubert cycles.

Theorem 7.7. Affine Schubert cycles form a basis for the (co)homology groups of an affine Grass-
mannian. In particular,

H,(Graff (k,n), Zy) ~ H'(Graff (k,n), Z,) ~ Z&,

where r; is the number of partitions of the integer i with at most k parts. We also have a graded
ring isomorphism

H* (Graff (k, 00), Zy) ~ Zs|xy, . . ., x5 5*.

Proof. By Fact [6.]({l), since 7 is a homotopy equivalence, the collection of T_l(Q(Al, e ,Ak))
over all i-dimensional Schubert varieties Q(Aq,...,A;) form a basis for the ith (co)homology group
of Graff(k,n). Therefore, by Theorems and [Z.6] the j-dimensional affine Schubert varieties
U(A; +0b,...,A, +b) form a basis for the (j — dy + 1)th (co)homology group of Graff(k,n).

For the cohomology ring, the homotopy equivalence between Graff(k, o) and Gr(k, c0) in Corol-
lary T3l gives H*(Graff (k, 00), Zy) =~ H*(Gr(k, 00), Zy). That H (Graff (k,n), Z,) ~ Z5' is a standard
result [28, 26 [§]. O

We stated Theorem [T.7l with Z, coefficients for simplicity but in the same manner we may obtain
H*(Graff(k, ), Z) and H*(Graff (k, 00), Q) in terms of characteristic classes using the corresponding
results for Gr(k, oo) in [0, 33, [7] and [35] respectively.

We conclude this section with a cell decomposition of Graff(k,n), which is not given by affine
Schubert varieties but by preimages of Schubert varieties.

Proposition 7.8. The collection of preimages 7! (Q(Al, e ,Ak)) over all flags in R™ of length k
gives a cell decomposition of Graff(k,n).

Proof. By Theorem [T.1], Graff(k, n) is a vector bundle over Gr(k,n) with 7 : Graff(k,n) — Gr(k,n)
the bundle projection. By Fact G.II[l), the collection of Q(A,...,A;) over all flags of length k
provide a cell-decomposition of Gr(k,n). So the required result follows. O
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8. METRIC GEOMETRY OF THE AFFINE GRASSMANNIAN

We have two goals in this section. The first is to extend various distances defined on Grass-
mannian to the affine Grassmannian, the results are summarized in Table [[l— these are distances
between affine subspaces of the same dimension. Following our earlier work in [40], our next
goal is to further extend these distances in a natural way (using the affine Schubert varieties in
Definition [6.6]) to affine subspaces of different dimensions.

8.1. Issues in metricizing Graff(k,n). A reason for the widespread applicability of the usual
Grassmannian is that one has concrete, explicitly computable expressions for geodesics and dis-
tances on Gr(k,n). In [II 11l B8], these expressions were obtained from a purely differential geo-
metric perspective. One might imagine that the differential geometric structures on Graff(k,n) in
Propositions 1] 2], or Theorem [7.1] would yield similar results. Surprisingly this is not the case.

A more careful examination of the arguments in [Il IT], B8] for obtaining explicit expressions
for geodesics and geodesic distances on V(k,n) and Gr(k,n) reveal that they rely on a somewhat
obscure structure, namely, that of a geodesic orbit space [3, 14]. In general, if G is a compact
semisimple Lie group and G/H is a reductive homogeneous space, then there is a standard metric
induced by the restriction of the Killing form on g/h where g and h are the Lie algebras of G and
H respectively. With this standard metric, G/H is a geodesic orbit space, i.e., all geodesics are
orbits of one-parameter subgroups of G. In the case of Gr(k,n) = O(n)/(O(n — k) x O(k)) and
V(k,n) = O(n)/ O(n — k), as O(n) is a compact semisimple Lie group, Gr(k,n) and V(k,n) are
geodesic orbit spaces. Furthermore, as O(n) is a matrix Lie group, all its one-parameter subgroups
are given by exponential maps, which in turn allows us to write down explicit expressions for the
geodesics (and thus also the geodesic distances) on Gr(k,n) and V(k,n). The difficulty is seeking
similar expressions on Graff(k,n) = E(n)/(E(n — k) x O(k)) is that it may not be a geodesic orbit
space since E(n) is not compact.

What about the vector bundle structure on Graff(k,n) then? If E is a vector bundle over a
Riemannian manifold M, then the pullback of the metric on M induces a metric on E. Nevertheless,
this metric on F is uninteresting — by definition, it disregards the fibers of the bundle. In the
context of Theorem [Tl this is akin to defining the distance between A + b and B + ¢ € Graff(k,n)
as the usual Grassmann distance between A and B € Gr(k, n).

We will turn to the algebraic geometric properties of Graff(k,n) in Theorem [5.1] to provide the
framework for defining distances with explicitly computable expressions, first for equidimensional
affine subspaces and next for inequidimensional affine subspaces.

8.2. Distances on Graff(k,n). The Riemannian metric on Gr(k,n) yields the following well-known
Grassmann distance between two subspaces A, B € Gr(k,n),

_ ko912
dGr(k,n) (Av B) - <Zi:1 91) ) (81)
where 60, ..., 6, are the principal angles between A and B. This distance is easily computable via

SVD as #; = cos~!0;, where o, is the ith singular value of the matrix A™B for any orthonormal

bases A and B of A and B [13], [40].

By Theorem B.I(ii), we may identify Graff(k,n) with its image j(Graff(k,n)) in Gr(k+1,n +
1). As a subset of Gr(k + 1,n + 1), Graff(k,n) inherits the Grassmann distance dg;(g41,n41) O0
Gr(k 4+ 1,n 4+ 1), giving us the distance in Theorem [R] that can also be readily computed using
svD. We will show in Proposition B4] that this distance is in fact intrinsic.

Theorem 8.1. For any two affine k-flats A + b and B + ¢ € Graff(k,n),

derati (k) (A + b, B + ¢) = dae(is1,n41) (J(A + ), 5 (B + ¢)),
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where j is the embedding in (B1I), defines a notion of distance consistent with the Grassmann

distance. If
v = |A b/ kol V. B cy/v/1+ |lcol?
SR (RS VAVAE I R B0 1T+ el

are the matrices of Stiefel coordinates for A + b and B + ¢ respectively, then

k+1 1/2
dGraff(k,n) (A +b,B + C) = (Zizl 612> ) (82)
where §; = cos™! o; and o; is the ith singular value of Y Yg. . € R+ x(k+1)
Proof. Similar to [39, Theorem 4.2] O

It is not difficult to see that the angles ¢;,...,0;,; are independent of the choice of Stiefel
coordinates. We define the following affine analogues of principal angles and principal vectors of
linear subspaces [5, [13], 40] that will be useful later.

Definition 8.2. We will call ; the ith affine principal angles between the respective affine sub-
spaces and denote it by 6;(A 4+ b,B + ¢). Consider the svD,

Y Yase = USVT (8.3)
where U,V € O(k + 1) and ¥ = diag(oy,...,0441). Let
YarsU = [P1s- s Prgals YerV = g1, s gl

We will call the pair of column vectors (p;,q;) the ith affine principal vectors between A + b and
B+ c.

We next show that the distance in Theorem [B.]is the only possible distance on an affine Grass-
mannian compatible with the usual Grassmann distance on a Grassmannian. On any connected
Riemannian manifold M with Riemannian metric g, there is an intrinsic distance function d,; on
M with respect to g,

dyr(x,y) = 1inf{L(y) : v is a piecewise smooth curve connecting x and y in M }.

Here L(v) is the length of the cruve 7 : [0,1] — M defined by

IO = [ Vs ().
0= [ = [

For a connected submanifold of N C M, there is a natural Riemannian metric gy on N induced
by g and therefore a corresponding intrinsic distance function,

dy(x,y) == 1inf{L(y) : v is a piecewise smooth curve connecting x and y in N}.

On the other hand, we may also define a distance function d,;|y on N by simply restricting
the distance function dj; to N — note that this is what we have done in Theorem [RI] with
M = Gr(k +1,n +1) and N = Graff(k,n). In general, dy;|y # dy. For example, for N = S?
embedded as the unit sphere in M = R?, the two distance functions on S? are obviously different.
However, for our embedding of Graff(k,n) in Gr(k + 1,n + 1), the two distances on Graff(k,n)
agree.

Proposition 8.3. Let K be a closed submanifold of codimension at least two in M and let N be
the complement of K in M. Then dyf|y = dy-

Proof. We need to show that for any two distinct points =,y € N, dy;(x,y) = dx(z,y). By defini-
tion of d; and dj it suffices to show that any piecewise smooth curve v in M connecting x,y can be
approximated by a piecewise smooth curve in N connecting x,y. The assumption on codimension
implies that z,y € N is connected by a piecewise smooth curve in N. The transversality theorem
[17, Theorem 2.4] then implies that v can be approximated by curves in N connecting z and y. O
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Proposition 8.4. The distance dgya(k,n) in Theorem[8.1 is intrinsic with respect to the Riemann-
ian metric on Graff(k,n) induced from that of Gr(k + 1,n +1).

Proof. By Theorem [5.1] the complement of N = Graff(k,n) in M is Gr(k+ 1,n) and has codimen-
sion k + 1 > 2. Hence Proposition R3] applies. O

At this point, we believe we have provided sufficient justification to call the distance in ([82]) the
Grassmann distance on Graff(k,n). We next determine an expression for the geodesic connecting
two points on Graff(k,n) that attains their minimum Grassmann distance. There is one caveat
— this geodesic may contain a point lying outside Graff(k,n) as it is not a geodesically complete
manifold.

Lemma 8.5. Let A+ b,B + ¢ € Graff(k,n) and let

Yioy = A bo/\/HboH2+1] Yo, = [B co/ v/ lleol* +1
0 1/v/lboll* +1 0 1//lel*+1

be their Stiefel coordinates. If Y, ,Yg, is invertible, then there is at most one point on the distance
minimizing geodesic in Gr(k+1,n+1) connecting A+b and B+ c which lies outside j(Graff(k‘, n))
Here j is the embedding in (B5.1)).

Proof. Let U € O(k + 1) and the diagonal matrix ¥ be as in ([83]). Let © = diag(6y,...,0,.1) =
cos~' ¥ be the diagonal matrix of affine principal angles. By [I] the geodesic ~ : [0,1] — Gr(k +
1,n + 1) connecting j(A + b) and j(B + ) is given by v(¢) = span(Y, ,U cos(t©) + Qsin(t0)),
where @ € O(k + 1) is such that the RHS of

(I = YooY ) Yere(YiYaie) ' = Qtan(0))UT

gives an SVD of the matrix on the LHS. Let the last row of U and @ as [ug1q1,..., U1 g+1)" and
[@k+1.1- - -+ Qks1 k1) Tespectively. Then y(t) € Gr(k + 1,n+ 1) \ j(Graff(k,n)) if and only if the
entries on last row of y(t) are all zero, i.e.,

Up 11, cos(80;)
VIbl2+1

for alli=1,...,k+ 1. So at most one point on = lies outside Graff(k,n). O

+ @y, 8in(t0;) = 0,

Corollary 8.6. Let A +b and B + ¢ € Graff(k,n). The distance minimizing geodesic 7 : [0,1] —
Graff(k,n) connecting A + b and B + ¢ is given by

y(t) =571 (span(Yy U costO© + QsintO)), (8.4)
where Q,U € O(k + 1) and the diagonal matriz © are determined by the SVD
(I = Yoo Yiip) Vese(YiipYore) ' = Qtan ©)UT,

The matriz U is the same as that in [83) and © = diag(y,...,0,,1) is the diagonal matriz of
affine principal angles. v attains the distance in [82) and its derivative at t = 0 is given by

v (0) =j1(QOUT). (8.5)

The Grassmann distance in (81]) is the best known distance on the Grassmannian. But there
are in fact several common distances on the Grassmannian [40, Table 2] and we may extend them
to the affine Grassmannian by applying the embedding j : Graff(k,n) — Gr(k + 1,n + 1) and
emulating our arguments in this section. We summarize these distances in Table [II
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TABLE 1. Distances on Graff(k, n) in terms of affine principal angles and Stiefel coordinates.
The matrices U,V € O(k + 1) in the right column of Table [I] are the ones in (83).

Affine principal angles Stiefel coordinates
Asimov Graﬁ(k oy (A +b,B+c) =0, cos MY Vel
Binet-Cauchy Graﬁ(k (A +0,B+c) = ( ~ 1 cos 91,)1/2 (1= (det Yy, Y5y.)?)L/2
Chordal Gmﬁ(k (A +bB+o) = (DI sin0,) v LYYy — YorYaiellr
Fubini-Study Graﬁ(k A +b,B+c) =cos™! (HkJrll cos 9-) cos™|det Y, Vi |
Martin 0ot oy (A + b, B+ ) = (1ogn 11/ cos? 6, ) Y Cologdet YT W Yaro)/?
Procrustes  df o (A +0,B+c) =2 (zj”f sin? (6 /2)) Y YU — VeVl
Projection AT vaft (k.m) (A +b,B+c)=sinb IYats Yy — YercYe oo
Spectral A vaft (k.m) (A+b B+ c) =2sin(0,,/2) 1YarsU — Y Vo

8.3. Distances on Graff(co,00). The problem of defining distances between linear subspaces of
different dimensions has recently been resolved in [40]. We show here that the framework in [40]
may be adapted for affine subspaces. This is expected to be important in modeling mixtures of
affine subspaces of different dimensions [32]. The proofs of Lemma [R7], Theorems B8 and are
similar to those of their linear counterparts [40, Lemma 3, Theorems 7 and 12| and are omitted.

Our first observation is that the Grassmann distance (82) on Graff(k,n) does not depend on
the ambient space R™ and may thus be extended to Graff(k, o).

Lemma 8.7. The value dgyasi(kny(A + b,B + ¢) of two k-flats A + b and B + ¢ € Graff(k,n) is
independent of n, the dimension of their ambient space. Consequently, dgrafi(k,n) induces a distance
dGrafi(k,00) 0 Graff(k, o).

Our second observation is that for a k-dimensional affine subspace A + b and an [-dimensional
affine subspace B + ¢, assuming k < [ without loss of generality, (i) the distance from A + b to the
set of k-dimensional affine subspaces contained in B + ¢ equals (ii) the distance from B + ¢ to the
set of [-dimensional affine subspaces containing A 4+ b. Their common value then defines a natural
distance between A + b and B + c.

Note that (i) is a distance in Graff(k,n) whereas (ii) is a distance in Graff(l,n). Furthermore,
the set in (i) is precisely W, (A 4 b) and the set in (ii) is precisely ¥_ (B + ¢) — the affine Schubert
varieties introduced in Definition 6.6l

Theorem 8.8. Let k <1 <n. For any A + b € Graff(k,n) and B + ¢ € Graff(l,n), the following
distances are equal,

dGraH(k,n) (A + bv \P—(B + C)) = dGraH(l,n) (B +c \Ij—i-(A + b))7 (86)

and their common value 6(A + b,B + ¢) may be computed explicitly as

S(A+bB+c) = (Z

The affine principal angles 0y, ..., 0,5,(5,1)41 are as defined in Theorem B.I] except that now they
correspond to the singular values of the rectangular matrix

;
YT oya. = |4 bo/VIE bl B co/ VI llcol| o peernxatn
AR 0 1/y/T+0l2] [0 1/y/T+ el '

1/2

min(k,l)+1
(h+ 0.(A+5.B+0)) " (8.7)

i=1
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Like its counterpart for linear subspaces in [40, Theorem 7], § defines a distance between the
respective affine subspaces in the sense of a distance of a point to a set. It reduces to the Grassmann
distance dgrag(r,n) in B.2) when dimA = dimB = k.

Our third observation is that, like dgrag(k,n), the distances in Table [l may be extended in the
same manner to affine subspaces of different dimensions.

Theorem 8.9. Let k <1 <n. Let A+ b e Graff(k,n), B+ c € Graff(l,n). Then
d*Graff(k,n) (A +0, \Il—(IB% + C)) = d*Graff(l,n) (B t+, \Il-i-(A + b))
for x =, Bk, u,m, p,0,¢. Their common value 6*(A + b, B + ¢) is given by:

k+1 1/2

YA +b,B+c) =01, 5ﬁ(A+b,IB%+c):(1—H_71 cosQGi) ,

T . k+1 1 1/2

5™(A +b,B + ¢) = sin Oy, 1, &%A+ﬁJB+c):(ngIﬁlC%2@) ,

k+1
07(A+b,B+c) =2sin(0;,,/2), §?(A+b,B+c)=cos! (H_il cos Hi),

k+1 1/2 k+1 1/2

Wm+@B+@:(z;ﬂ$ﬁ@), M%+@B+@:@§::$ﬁ@ﬂ» ,
where 01, ...,0,1 are as defined above.

Like the ¢ in Theorem [R8] the 6*’s in Theorem are distances in the sense of distances from
a point to a set, but they are not metrics. The doubly infinite Grassmannian of linear subspaces
of all dimensions Gr(oco, c0) has been shown to be metrizable [40, Section 5| with respect to any of
the common distances between linear subspaces.

Our last observation is that Graff (oo, c0) can likewise be metricized, i.e., a metric can be defined
between any pair of affine subspaces of arbitrary dimensions. The embedding j : Graff(k,n) —
Gr(k + 1,n + 1) induces an embedding of sets j,, : Graff(oco,00) — Gr(oo,0). So Graff(co, 00)
may be identified with j (Graff (0, oo)) and regarded as a subset of Gr(oo,00). It inherits any
metric on Gr(oco,00): If A+ b and B + ¢ are affine subspaces of possibly different dimensions, we
may define

*Graff(oo,oo) (A +0,B + C) = d*Gr(oo,oo) (jOO(A + b)thO(B + C))’
Er(oo,oo)
Grassmann, chordal, and Procrustes distances.

for any choice of metric d on Gr(oo,00). For example, the metrics in Table [2] correspond to

TABLE 2. Metrics on Graff(oo, c0) in terms of affine principal angles and k& = dim A, | = dim B.

. 1/2
Grassmann metric  dgraf(o,00) (A + 0, B +¢) = (|k —1|n%/4+ Z:.n:l;’(kﬂ’lﬂ) 912)
1/2

Chordal metric Asratt(00,00)

. 1
ﬂA+&B+d:(m-u+222¥“”“%m%@ﬂ»

(A+@B+@:(m—u+zﬁ$“““%m%J
/2

: o
Procrustes metric dGmf_f(oo_’OO

9. PROBABILITY ON THE AFFINE GRASSMANNIAN

To do statistical estimation and inference with affine subspace-valued data, i.e., with Graff(k,n)
in place of R™ = Graff(0,n), we will need reasonable notions of probability densities on Graff(k,n).
We introduce three here: uniform, Langevin (or von Mises—Fisher), and Langevin—Gaussian.

The Riemannian metric on Gr(k,n) that induces the Grassmann distance in (81]) also induces
a volume density dv; ,, on Gr(k,n) [27, Proposition 9.1.12] with

ol(Gr(k,n)) = - (" iz
Vo l(G (k, )) - /Gr(k,n) ‘d’}’k,n’ = <k‘> (H?:1 wj) (H;L:_f wj)7 (91)




THE GRASSMANNIAN OF AFFINE SUBSPACES 21

where w,, = 7"/2/T'(1 + m/2), volume of the unit ball in R™. A natural uniform probability
density on Gr(k,n) is given by dyy, ,, == Vol(Gr(k:,n))_l|d7k’n|.

By Theorem [5.11(ii), Graff (k,n) is a Zariski open dense subset in Gr(k+1,n+1) and we must have
Ht1,m+1 (Graff(k,n)) = 1. Therefore the restriction of i1 ,,+1 to Graff(k,n) gives us a uniform
probability measure on Graff(k,n). It has an interesting property — a volumetric analogue of
Theorem B8 The probability that a randomly chosen [-dimensional affine subspace contains A +b
equals the probability that a randomly chosen k-dimensional affine subspace is contained in B + c.

Theorem 9.1. Let k < | < n be such that k+1 > n. Let A+ b € Graff(k,n) and B+ ¢ €
Graff(l,n). The relative volume of U, (A + b) in Graff(l,n) and V_(B + ¢) in Graff(k,n) are
identical. Furthermore, their common value does not depend on the choices of A+ b and B + ¢ but
only on k,l,n and is given by

L+ D)n— k) T @

(n+ D= RTTZ, pwy

111 (P4 (A +0) = 11 (P-(B+¢)) =

Proof. By Theorem [5.[ii), we have
n+1 H;Lill Wi

k+ 1) (T2 @) (T =1 w))

Vol (Graff (k,n)) = Vol (Gr(k + 1,n+ 1)) = <

By Proposition 6.7, we have

n—k H;L:_f W
Vol(\I/+(A+ b)) = Vol(Gr(n l,n k)) = <n B l> (H;:{ wj) (Hg_:li wj),
I+ 1) I w;
bt 1) (155 wy) (T2 @)
Dividing Vol (¥, (A+b)) and Vol(¥_(B+c)) by Vol(Graff(l,n)) and Vol (Graff(k,n)) respectively
completes the proof. O

Vol(¥_(B + ¢)) = Vol(Graff(k,1)) = <

In the following we will use the projection coordinates in Definition[5.3l By embedding Graff(k,n)
as a subset X = j(Graff(k,n)) C Gr(k+1,n+1) as in Theorem 5.IJii) and noting that X is an open
dense subset, we have p(X) = 1 for any Borel probability measure x on Gr(k + 1,n+ 1) (and that
u(X€) =0). Hence Graff(k,n) inherits any continuous probability distribution on Gr(k+1,n+ 1),
in particular the Langevin distribution [9)].

Definition 9.2. The Langevin distribution, also known as the von Mises—Fisher distribution, on
Graff (k,n) is given by the probability density function

1
Pl 19 = R G 0 0+ 1:9)

for any A + b € Graff(k,n). Here S € RO*+D>(+1) is symmetric and | F; is the confluent hyperge-
ometric function of the first kind of a matrix argument [22].

exp (tr(SPyyyp))

1F1(a;b;.5) has well-known expressions as series and integrals and may be characterized via
functional equations and recurrence relations. However, its explicit expression is unimportant for
us — the only thing to note is that it can be efficiently evaluated [22] for any a,b € C and symmetric
= (C(n-i-l)x(n—i-l)‘

Roughly speaking, the parameter S € R may be interpreted as a ‘mean direction’
and its eigendecomposition S = VAVT gives an ‘orientation’ V' € O(n + 1) with ‘concentrations’
A =diag(Aq,...,A,;1). In some sense, the Langevin distribution measures the first-order ‘spread’
on Graff(k,n). If S = 0, then the distribution reduces to the uniform distribution but if S is ‘large’

(n+1)x(n+1)
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(i.e., |A\;|’s are large), then the distribution concentrate about the orientation V. It may appear
that a ‘Bingham distribution’ that measures second-order ‘spread’ can be defined by

1
fB(PA-i-b ’ S) . 1F1(%(k‘—|—1); %(n+1);5
on Graff(k,n), but this is identical to the Langevin distribution as tr(PSP) = tr(SP?) = tr(SP)
for any projection matrix P.

The Langevin distribution treats an affine subspace A + b € Graff(k,n) as a single object but
there are occasions where it is desirable to distinguish between the linear subspace A € Gr(k,n) and
the displacement vector b € R™. We will show how a probability distribution on Graff(k,n) may be
constructed by amalgamating probability distributions on Gr(k,n) and R™ (or rather, R*~*, as we
will see). First, we will identify Gr(k,n) and Graff(k,n) with their projection affine coordinates,

i.e., imposing equality in (5.3]) and (5.4)),
Cr(k,n) = {P € R™": PT = P? = P, tr(P) = k},
Graff(k,n) = {[P,b] € R™*("*V . P € Gr(k,n), Pb=0}.

) exp (tr(PatsSPyysp))

We will define a marginal density on the linear subspaces, and then impose a conditional density
on the displacement vectors in the orthogonal complement of the respective linear subspaces.

For concreteness, we use the Langevin distribution f7,(P | S) on the linear spaces P € Gr(k,n).
Conditioning on P, we know there exists @ € O(n) such that ker(P) = {b € R" : Pb = 0} =
QE,_; = R"* where E,_; := span{eq,...,e,_,} € R"1. We may use any probability distri-
bution on ker(P) = R™* but again for concreteness, a natural choice is the spherical Gaussian
distribution with probability density fao(z | 02) == (2r0%)~(=%)/2 exp(—||z|]?/202). The condi-
tional density on ker(P) is then

2
fa(b| P,o?) = _ exp <— 16l > (9.2)

(2mo2)n—k 202

for any b € ker(P). Note that Qb = [¥] where ' € R"* and since [|b]| = [|QTb|| = ||V/]], it is
fine to have b instead of V' appearing on the RHS of (0.2). The construction gives us the following
distribution.

Definition 9.3. The probability density function of the Langevin—Gaussian distribution on Graff (k, n)
is fra([Pb] | S,0%) == fr.(P | S)fa(b| P,o?), ie.,

o 1 _ o
fLG([P7 b] ‘ S,O’ ) = lFI(%k7 %n’ S) (27-‘-0-2)11—]6 exXp tr(SP) 20_2 )

where S € R™" is symmetric and o2 > 0.

10. STATISTICS ON THE AFFINE GRASSMANNIAN

This section bears little relation to Section [l Instead of considering statistical analysis of affine
subspace-valued data, we argue that the affine Grassmannian is hidden in plain sight in many
standard problems of old-fashioned statistics and machine learning.

Statistical estimation problems in multivariate data analysis and machine learning often seek
linear relations among variables. This translates to finding an affine subspace from the sample
data set that, in an appropriate sense, either best represents the data set or best separates it into
components. In other words, statistical estimation problems are often optimization problems on the
affine Grassmannian. We present four examples to illustrate this, following conventional statistical
notations (n, p, X, 3, etc).
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Example 10.1 (Linear Regression). Consider a linear regression problem with X € R"*P, a design
matrix of explanatory variables, and y € R™, a vector of response variables. Let 1 =[1,...,1]" € R"

and e,,; = [0,...,0,1]7 € RPFL. Set X = [X,1] € R™@*D) and define the affine subspace
{[57.] € RPT' : 2 € RP} + B,, 16,41, chosen so that B = [8,Bp41]" € R™™ minimizes the sum

of squared residuals | X3 — y||2. Then 8 € R is the vector of regression coefficients. The affine
subspace may be written as

span( [é’}}) + Bpr1€p41 € Graff(p,n + 1)

where I, is the p x p identity matrix. It best represents the data (X,y) in the sense of linear
regression. This description corresponds to how one usually pictures linear regression — drawing
an affine hyperplane through a collection of n scattered data points (z;,7;)T € RP x R = RPFL
where x; is the ith row of X and y; is the ith entry of y, i =1,...,n.

Example 10.2 (Errors-in-Variables Regression). We follow the same notations as in the above
example. Here we concatenate the explanatory variables and response variable and assign them
equal weights. The best-fitting affine subspace of the data set {(x;,y;)7 € RPT1 : z; € RP, v, €
R, i =1,...,n} in this case is given by

span(w) + b € Graff(1,p + 1)

where w,b € RP*! are the minimizer of the loss function Y ||(I — ww")((x;, y;)T — b)||% subject
to w'™ = 0, and may be obtained by solving a total least squares problem.

Example 10.3 (Principal Component Analysis). Let T = %XTll € R? be the sample mean of a
data matrix X € R™*? so that X = X — 17" is mean-centered. For k < p, the kth principal subspace
is span(Zy,), a k-dimensional linear subspace of R? such that Z;, € RP** maximizes tr(Z] X X Z},),
subject to Z; Z), = I;.. The affine subspace

span(Z;,) + T € Graff(k, p)

captures the greatest k-dimensional variability in the data X. The k largest principal components
of X are defined successively for k = 1,...,p as orthonormal basis of span(Z},).

Example 10.4 (Support Vector Machine). Let {(z;,v;) : x; € RP, y, = £1, i = 1,...,n} be a
training set for binary classification. The best separating hyperplane is given by w'z — /3 = 0, where
(w, ) € RP x R can be found by minimizing ||w| subject to y;(w'x; —b) > 1 for alli =1,...,n.
In other words, the best separating hyperplane is the affine subspace

ker(w') + 81 € Graff(1, p).

These four examples represent a sampling of the most rudimentary classical examples. It is
straightforward to extend them to include more modern considerations. We may incorporate say,
sparsity or robustness, by changing the objective function used; or have matrix variables in place of
vector variables by considering affine subspaces within other vector spaces, e.g., with S™ or R™*"
in place of R™.

These simple examples may be solved in the usual manners with techniques in numerical lin-
ear algebra: least squares for linear regression, singular value decomposition for errors-in-variables
regression, eigenvalue decomposition for principal component analysis, linear programming for sup-
port vector machines. Nevertheless, viewing them in their full generality as optimization problems
on the affine Grassmannian allows us to treat them on equal footings and facilitates development of
new multivariate statistics/machine learning techniques. More importantly, we argue that the pre-
vailing approaches may be suboptimal. For instance, in Example [[0.3] one circumvents the problem
of finding a best-fitting affine subspace with a two-step heuristic: First find the empirical mean of
the data set T and then mean center to reduce the problem to one of finding a best-fitting linear
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subspace span(Z). But there is no reason to expect span(Z) + T to be the best-fitting affine sub-
space. In [39], we developed various optimization algorithms — steepest decent, conjugate gradient,
Newton method — that allow us to directly optimize real-valued functions defined on Graff(k,n).

We would like to highlight another reason we expect the affine Grassmannian to be useful in
data analytic problems. Over the past two decades, parameterizing a data set by geometric struc-
tures has become a popular alternative to probabilistic modeling, particularly when the intrinsic
dimension of the data set is low or when it satisfies obvious geometric constraints. In this case,
statistical estimation takes into account the intrinsic geometry of the data, and the deviation from
the underlying geometric structures is used as a measure of accuracy of the statistical model. The
two most common geometric structures employed are (a) a mixture of affine spaces [16], 24, 25] and
(b) a manifold, which often reduces to (a) when it is treated as a collection of tangent spaces [30]
— in fact, the first manifold learning techniques 1SOMAP [34], LLE [29], and Laplacian Eigenmap
[4] are essentially different ways to approximate a manifold by a collection of its tangent spaces.
This provides another impetus for studying Graff(k,n), which parameterizes all affine spaces of a
fixed dimension in an ambient space; Graff(k,c0), which parameterizes all affine spaces of a fixed
dimension; and Graff(co, 00), which parameterizes all affine spaces of all dimensions.
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