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Abstract. We present an explicit formula for angles between two subspaces of
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1. Introduction

The notion of angles between two subspaces of the Euclidean space R? has been studied
by many researchers since the 1950’s or even earlier (see [3]). In statistics, canonical (or
principal) angles are studied as measures of dependency of one set of random variables on
another (see [1]). Some recent works on angles between subspaces and related topics can
be found in, for example, [4, 8, 12, 13, 14]. Particularly, in [13], Risteski and Trencevski
introduced a more geometrical definition of angles between two subspaces of R? and explained
its connection with canonical angles. Their definition of the angle, however, is based on a
generalized Cauchy-Schwarz inequality which we found incorrect. The purpose of this note
is to fix their definition and at the same time extend the ambient space to any real inner
product space.

Let (X, (-,-)) be a real inner product space, which will be our ambient space throughout
this note. Given two nonzero, finite-dimensional, subspaces U and V of X with dim(U) <
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dim(V'), we wish to have a definition of the angle between U and V' that can be viewed, in
some sense, as a natural generalization of the ‘usual’ definition of the angle (a) between a 1-
dimensional subspace and a g-dimensional subspace of X, and (b) between two p-dimensional
subspaces intersecting on a common (p — 1)-dimensional subspace of X.

To explain precisely what we mean by the word ‘usual’, let us review how the angle is
defined in the above two trivial cases:
(a) If U = span{u} is a 1-dimensional subspace and V' = span{vy, ... ,v,} is a ¢-dimensional
subspace of X, then the angle 6 between U and V is defined by

2
cos? 0 = % (1.1)
[l [l ||
where uy denotes the (orthogonal) projection of w on V and ||-|| = (-, -)2 denotes the induced
norm on X. (Throughout this note, we shall always take 6 to be in the interval [0, 7].)
(b) If U = span{u, ws, ... ,w,} and V = span{v,ws, ... ,w,} are p-dimensional subspaces of
X that intersects on (p — 1)-dimensional subspace W = span{ws, ... ,w,} with p > 2, then

the angle 6 between U and V' may be defined by
1,12
2 (ui, viw)
cos ) = ————— 1.2
iy Pl 7 2

where uij, and v, are the orthogonal complement of u and v, respectively, on W.
One common property among these two cases is the following. In (a), we may write
u = uy + upz where uj; is the orthogonal complement of u on V. Then (1.1) amounts to

2 luvl?
cos” f =
Jul?

which tells us that the value of cos 6 is equal to the ratio between the length of the projection
of uw on V and the length of u. Similarly, in (b), we claim that the value of cosf is equal
to the ratio between the volume of the p-dimensional parallelepiped spanned by the projec-
tion of u,ws,... ,w, on V and the volume of the p-dimensional parallelepiped spanned by
U, W, ... , Wp.

Motivated by this fact, we shall define the angle between a p-dimensional subspace
U = span{us,... ,u,} and a g-dimensional subspace V = span{vy,...,v,} (with p < ¢)
such that the value of its cosine is equal to the ratio between the volume of the p-dimensional
parallelepiped spanned by the projection of wy,...,u, on V and the p-dimensional paral-
lelepiped spanned by wuq, ... ,u,. As we shall see later, the ratio is a number in [0, 1] and is
invariant under any change of basis for U and V, so that our definition of the angle makes
sense.

In the following sections, an explicit formula for the cosine in terms of u,,... ,u, and
v1, ... ,v, will be presented. Our formula serves as a correction for Risteski and Trencevski’s.
As a consequence of our formula, a generalized Cauchy-Schwarz inequality is obtained. An
extension to the case where the subspace V' is infinite dimensional, assuming that the ambient
space X is infinite dimensional, will also be discussed.
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2. Main results

Hereafter we shall employ the standard n-inner product (-, -|-,...,-) on X, given by

(xo,21) (w0,2) ... (To,Tp)

<l’2, ZL'1> <.CC2, 1"2> ce . <$2, 'In>
(xo, 1|To, ... Tp) 1= : : . : ,

<xn,:c1) <:1:n,w2) P )

and the standard n-norm ||zy, @s, ... , @,| = (z1,21|7s, ... ,2,)2 (see [6] or [10]). Here
we assume that n > 2. (If n = 1, the standard l-inner product is understood as the
given inner product, while the standard 1-norm is the induced norm.) Note particularly
that (z1,z1|2e,... ,x,) = det[(x;, ;)] is nothing but the Gram’s determinant generated by
x1,T9, ..., T, (see [5] or [11]). Geometrically, being the square root of the Gram’s deter-
minant, ||z1,...,2,|| represents the volume of the n-dimensional parallelepiped spanned by
T1yeono Ty

A few noticeable properties of the standard n-inner product are that it is bilinear and
commutative in the first two variables. Also, (zo,z1|z2, ... ,2n) = (zo, x1|Tiy, ... ,x;,) for
any permutation {is,...,i,} of {2,... ,n}. Moreover, from properties of Gram’s determi-
nants, we have ||zy,...,z,| > 0 and ||z1,... ,2,|| = 0 if and only if xy,... ,z, are linearly
dependent.

As for inner products, we have the Cauchy-Schwarz inequality for the n-inner product:

(o, m1|@a, ..., 20)? < @0, @2, - wn|P|@1, @ P
for every xg,x1,... ,x,. There is also Hadamard’s inequality which states that
[z, s anll < flaal - [l

for every x1,... ,x,.

Next observe that (zg, x1+x)|z2, ... ,2,) = (xg, x1|2e, ... ,x,) for any linear combination
xh of x9,... ,x,. Thus, for instance, for i = 0 and 1, one may write z; = x} + x;-, where x}
is the projection of x; on span{xs,... ,x,} and z; is its orthogonal complement, to get

(xo, T1|T2, ..., 2p) = (27, 07|20, . .., 2) = (27, 27|22, . . ., 20|

(Here ||z, . .. , z,|| represents the volume of the (n—1)-parallelepiped spanned by zs, . .. , x,.)

Using the standard n-inner product and n-norm, we can, for instance, derive an explicit
formula for the projection of a vector x on the subspace spanned by x,... ,z,. Let z* =
> r_; iy be the projection of x on span{zy,... ,z,}. Taking the inner products of z* and
x;, we get the following system of linear equations:

Zak<xk,xl> = (z",z) = (z,x), l=1,... n
k=1

By Cramer’s rule together with properties of inner products and determinants, we obtain

<JI, xk|xi2(k)7 e 7xin(k)>

H.ﬁCl,.’L'Q, Ce ,.’ﬂn“2

where {is(k),... i (k)} ={1,2,... ,n}\{k}, k=1,2,... ,n.

. —

)
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2.1. The claim and its proof

We claim in the introduction that the cosine of the angle 6 between the two p-dimensional
subspaces U = span{u,wy, ... ,w,} and V = span{v,ws,... ,w,} defined by (1.2) is equal
to the ratio between the volume of the p-dimensional parallelepiped spanned by the projec-

tion of u,ws,... ,w, on V and the volume of the p-dimensional parallelepiped spanned by
U, Wy, ... ,w,. That is,
2
Uy, Wa, ... , W
cos2 O — H Vv, W2 > pH2 :
Hua wa, - - - 7wp”

where uy denotes the projection of u on V.
To verify this, we first observe that 6 satisfies

(u, v|ws, . .. ,wp>2

2
cos“ f = .
|w, wa, ... w2 |lv, wa,. .. ,wyl?

Indeed, writing v = uy + uﬁ, and v = vy + vﬁ, (where uy, and vy, are the projection of u

and v, respectively, on W = span{ws, ... ,w,}), we obtain
(v w)® (o) el (i o)
[, wa, o wplPllo,wa, w1 (g P lvgg P llwe, - wpl* (g [P o1
as stated.

Suppose now that uy = av + > 7_, frwy. In particular, the scalar « is given by

_ <U,'U|'lU2, Ce ,wp>
[0, w2, ..., wyl|?
Then, we have
2
U, v|wsy w
HuVa Wa, . - - 7wP“2 = <u’ ’LLV|'LU2, Y ,’U)p> - CK<U,'U’U)27 o ’wp> N <||;)7,l|1]27 7 7;‘Upﬁ>2
Hence, we obtain
v, ws, w2 (w,vjws, .. wy)? ~ cos20
|lw, wa, ... wy||? |w, wa, ... w2 ||lv, wa, . .., wy|? ’

as expected.

2.2. An explicit formula for the cosine

Using the standard n-norm (with n = p), we define the angle 6 between a p-dimensional
subspace U = span{us, ... ,u,} and a ¢g-dimensional subspace V = span{vy,...,v,} of X
(with p < q) by

cos2 0 — [projyus, . .. aprOjVup||2
[EZ P |

, (2.1)
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where proj,u;’s denote the projection of u;’s on V.
The following fact convinces us that our definition makes sense.

Fact. The ratio on the right hand side of (2.1) is a number in [0,1] and is independent of
the choice of bases for U and V.

Proof. First note that the projection of u;’s on V' is independent of the choice of basis for
V. Further, since projections are linear transformations, the ratio is also invariant under any
change of basis for U. Indeed, the ratio is unchanged if we (a) swap u; and u;, (b) replace v;
by u; + au;, or (c¢) replace u; by au; with a # 0.

Next, assuming particularly that {ui,... ,u,} is orthonormal, we have |juy,... ,uyl =1
and [|projyuy, ... ,projyu,|| < 1 because ||projyuw;|| < ||w]| = 1 for each i = 1,... ,p.
Therefore, the ratio is a number in [0, 1], and the proof is complete. O
From (2.1), we can derive an explicit formula for the cosine in terms of us,...,u, and
U1, ... Uy, assuming for the moment that {vy,... ,v,} is orthonormal. For each i =1,... ,p,

the projection of u; on V' is given by
projyu; = (u;, v1)v1 + - - - + (Us, V)V,

So, for 7,7 =1,... ,p, we have

q
(projy u;, projyu;) = Z<uz; ) (U, V) -
k=1

Hence, we obtain

q

|projyus, . . . , projyu,||* = det [Z(ul, vk)<uj,vk>} =det(MM™)
k=1

where M := [(u;, v¢)] is a (p X ¢) matrix and M7 is its transpose. The cosine of the angle 6
between U and V' is therefore given by the formula
det(MMT)

2
= """ )
08T et (g, uy)]

(2.2)

If {u1,...,u,} happens to be orthonormal, then the formula (2.2) reduces to
cos?f = det(MM™T).

Further, if p = ¢, then det(M M7T) = det M -det M™ = det® M. Hence, from the last formula,
we get cos = | det M|.
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2.3. On Risteski and Trancevski’s formula

The reader might think that the angle defined by (2.1) is exactly the same as the one formu-
lated by Risteski and Trencevski ([13], Equation 1.2). But that is not true! They defined the

angle 6 between two subspaces U = span{uy, ... ,u,} and V = span{vy,... ,v,} with p <g¢
by
det(MM™

cos’ 0 = et( ) , (2.3)

det[(w;, u;)] - det[(vy, vy)]

by first ‘proving’ the following inequality ([13], Theorem 1.1):
det(MM™) < det[{u;, u;)] - det[(vg, v;)], (2.4)
where M := [(u;, vx)]. However, the argument in their proof which says that the inequality
is invariant under elementary row operations only allows them to assume that {u;,... ,u,}
is orthonormal, but not {vy,... ,v,}, except when p = ¢. As a matter of fact, the inequality
(2.4) is only true in the case (a) where p = ¢ (for which the inequality reduces to Kurepa’s
generalization of the Cauchy-Schwarz inequality, see [9]) or (b) where {vy,... ,v,} is or-

thonormal. Consequently, (2.3) makes sense only in these two cases, for otherwise the value
of the expression on the right hand side of (2.3) may be greater than 1.

To show that the inequality (2.4) is false in general, just take for example X = R3
(equipped with the usual inner product), U = span{u} where u = (1,0,0), and V =
span{vy, va} where v; = (3, 3,0) and v, = (3, —3,3). Acoording to (2.4), we should have

(u, v1)? + (u, v2)? < JJul®[Jor, oo
But the left hand side of the inequality is equal to

(u, 7J1>2 + (u, 112)2 = -+

1
27

o |
o |

while the right hand side is equal to

3

ull® (o [|va|* = (o1, v2)?) = 5

This example shows that the inequality is false even in the case where {us,... ,u,} is or-
thonormal and {vy,... ,v,} is orthogonal (which is close to being orthonormal).
2.4. A general formula for p =1 and q = 2

Let us consider the case where p = 1 and ¢ = 2 more closely. For a unit vector v and an
orthonormal set {vy,v2} in X, it follows from our definition of the angle 6 between U =
span{u} and V = span{vy, vy} that

cos? 0 = (u,v)* + (u,v2)* < 1.
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Hence, for a nonzero vector u and an orthogonal set {v1,v2} in X, we have

2 2
Cosze_<L,L> +<L,&> _
[ull” Jlon [ul” Jlva]

Thus, for this case, we have
(u, 01)[[va|* + (w, v2)[Jor]* < [l [for, va|?,

where ||v1, v2||? = ||v1|?||v2]|? is the area of the parallelogram spanned by v; and vs.

More generally, suppose that u is a nonzero vector and {vy, vy} is linearly independent,
and we would like to have an explicit formula for the cosine of the angle 6 between U =
span{u} and V = span{v;,ve} in terms of u,v; and v,. Instead of orthogonalizing {v,vs}
by Gram-Schmidt process, we do the following. Let uy be the projection of w on V. Then
uy may be expressed as

~ (u,v1]v) (u, vo|vy)
uy

T sl (o2

where (-,-|-) is the standard 2-inner product introduced earlier. Now write u = uy + ug:
where uy> is the orthogonal complement of w on V. Then

s ) — HUVH; _ (u7uZ> _ (wu)(u, 01|022> + <u,v22><u,vz!v1>_ (25)
] [l [ll?[lvr, vall

Consequently, for any nonzero vector u and linearly independent set {vi,v2}, we have the
following inequality

(u, v1) (u, v1|va) + (u, v2) (u, valor) < Jlul?|log, ve||*. (2.6)

Here (2.5) and (2.6) serve as corrections for (2.3) and (2.4) for p =1 and ¢ = 2.

The inequality (2.6) may be viewed as a generalized Cauchy-Schwarz inequality. The
difference between our approach and Risteski and Trencevski’s is that we derive the inequality
as a consequence of the definition of the angle between two subspaces, while Risteski and
Trencevski use the ‘inequality’ to define the angle between two subspaces. As long as p = ¢
or, otherwise, {vy,...,v,} is orthonormal, their definition makes sense and of course agrees
with ours.

2.5. An explicit formula for arbitrary p and q

An explicit formula for the cosine of the angle # between a p-dimensional subspace U =

span{ug, ... ,u,} and a g-dimensional subspace V = span{vi,...,v,} of X for arbitrary
p < q can be obtained as follows.
For each @ =1, ... | p, the projection of u; on V' may be expressed as

q
projyu; = E QiU
k=1
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where

(i, Vi|Viy (s - - - ’”iq(k)>
Hvla V2, ... 7UqH2

Qi =

with {ia(k),... ,i,(k)} ={1,2,... ,¢} \ {k}, k=1,2,...,q. Next observe that

q
(projy us, projyu;) = (us, projyu;) = Zajk<ui7vk>
k=1

fori,j =1,...,p. Hence we have
q q
>ooaqglur,vk) oo Y apr(ug, vg) i
Iproj | e S det(MMT)
Projy s, . .. , Projyu,||* = : : ="
Jv JvUp , , 01, ., vg||??
>oonp(Up, vk) oo D (U, Ug)
k=1 k=1
where
M = [(u;,v5)] and M := [(uis Vi |Vig k) - -+ 5 Vig (k) (2.7)
with iy(k), ... ,i,(k) as above. (Note that both M and M are (p x ¢) matrices, so that M MT
is a (p X p) matrix.) Dividing by ||u1, ... ,u,|*, we get the following formula for the cosine:
det(MM™
cos? 0 = et( ) (2.8)

det[(u;, u;)] - det?[(vg, vi)]’

which serves as a correction for Risteski and Trencevski’s formula (2.3). Note that if {v,
., Vg } is orthonormal, we get the formula (2.2) obtained earlier.
As a consequence of our formula, we have the following generalization of the Cauchy-
Schwarz inequality, which can be considered as a correction for (2.4).

Theorem. For two linearly independent sets {uy, ... ,u,} and {vy,... ,v,} in X withp < ¢,
we have the following inequality

det(MM7T) < det[(u;, u;)] - det?[(vg, vi)],

where M and M are (p x q) matrices given by (2.7). Moreover, the equality holds if and only
if the subspace spanned by {uy, ... ,u,} is contained in the subspace spanned by {vy, ... ,v,}.

Proof. The inequality follows directly from the definition of the angle between U = span{u,

.yupt and V = span{vy, ... ,v,} as formulated in (2.8). Next, if U is contained in V', then
the projection of u;’s on V' are the wu;’s themselves. Hence the equality holds since the cosine
is equal to 1. If at least one of w;’s, say u;,, is not in V', then, assuming that {us,... ,u,} and
{v1,...,v,} are orthonormal, the length of the projection of u;, on V" will be strictly less than
1. In this case the cosine will be less than 1, and accordingly we have a strict inequality. [



H. Gunawan et al.: A Formula for Angles between Subspaces ... 319

3. Concluding remarks

As the reader might have realized, the formula (2.1) may also be used to define the angle
between a finite p-dimensional subspace U and an infinite dimensional subspace V' of X,
assuming that the ambient space X is infinite dimensional and complete (that is, X is an
infinite dimensional Hilbert space).

In certain cases, an explicit formula for the cosine can be obtained directly from (2.1).
For example, take X = ¢2, the space of square summable sequences of real numbers, equipped
with the inner product

(w,y) == w(m)y(m), == (x(m)), y=(y(m)).
m=1
Let U = span{uy,us} where u; = (u1(m)) and us = (uz(m)) are two linearly independent
sequences in ¢2, and V := {(z(m)) € * : x(1) = z(2) = z(3) = 0}, which is an infinite
dimensional subspace of ¢2. Then, for i = 1,2, the projection of u; on V is
projyu; = (0,0,0,u;(4), u;(5), u; (6),...).
The square of the volume of the parallelogram spanned by projyu; and projyus is

| projyus, projy us H2 = det[{projy us, projvuj>]

_ i uy (m)? - i uy(m)? — (i Ul(m)u2(m)>2'

Meanwhile, the square of the volume of the parallelogram spanned by u; and us is

oo oo [e.e] 2
s, gl = det{fus, ug)] = Y wr(m)? - 3 wa(m)? = (3 wa(muz(m))
m=1 m=1 m=1
Hence, the cosine of the angle § between U and V' is given by
o.9] o0 [ele] 2
Zm:4 Uy (m)2 ’ Zm:4 Uz (m)2 - (Zmzll Uy (m)u2 (m))
o] o0 [e%) 2"
ZmZI Uy (m)2 ’ ZmZI u2(m)2 - (ZmZI Uy (m)u2(m))

In general, however, in order to obtain an explicit formula for the cosine in terms of the
basis vectors for U and V', we need to have an orthonormal basis for V' in hand. (Here an
orthonormal basis means a maximal orthonormal system; see, for instance, [2].) In such a
case, the computations of the projection of the basis vectors for U on V' (and then the square
of the volume of the p-dimensional parallelepiped spanned by them) can be carried out, and
an explicit formula for the cosine in terms of the basis vectors for U and V' can be obtained.

As the above example indicated, the formula will involve the determinant of a (p X p)
matrix whose entries are infinite sums of products of two inner products. If desired, this
determinant can be expressed as an infinite sum of squares of determinants of (px p) matrices,
each of which represents the square of the volume of the projected parallelepiped on p-
dimensional subspaces of V. See [7] for these ideas.

cos? @ =
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