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Lecture 9 QOutline

Linear Functions
Linear Representation of Matrices
Analytic Geometry in R": Lines and Hyperplanes

© 000

Separating Hyperplane Theorems

@ Back to vector spaces so that we can illustrate the formal connection between
linear functions and matrices.

@ This matters for a lot calculus since derivatives are linear functions.

@ Then some useful geometry in R”.

Announcements:
- Test 2 will be tomorrow at 3pm, in WWPH 4716, and there will be recitation at
Ipm. The exam will last an hour.




Linear Transformations

Definition

Let X and Y be two vector spaces. We say T : X — Y is a linear transformation if
T(a1xy + agxy) = a1 T(x1) + a2 T(x2) Vxi,x2 € X, a3, €R
Let L(X, Y) denote the set of all linear transformations from X to Y.

e L(X,Y) is a vector space.

Example
The function T : R" — R™ defined by T(x) = Ax, with A s linear:

mxn

T(ax + by) = A(ax + by) = aAx + bAy = aT (x) + bT (y)




Linear Functions

An equivalent characterization of linearity
[: R" — R™ is linear if and only if

@ for all x and y in R”,
I(x+y) = I(x)+ I(y)
and

@ for all scalars A,

I(Ax) = M(x)

@ Linear functions are additive and exhibit constant returns to scale (econ
jargon).
@ If /is linear, then /(0) = 0 and, more generally, /(x) = —/(—x).



Compositions of Linear Transformations

The compositions of two linear functions is a linear function
Given R e L(X,Y) and S € L(Y,Z), define SoR: X — Z.
(]
(SoR)(axi + fx2) = S(R(ax;+ 8x7))
= S(aR(x1) + BR(x2))
= aS(R(x1)) + BS(R(x2))
= a(SoR)(x1) + B(S o R)(x2)

so SoR e L(X, Z).

@ Think about statement and proof for the equivalent characterization of
linearity.



Kernel and Rank

Definition

Let T € L(X, Y).
@ Theimageof TisIm T = T(X)={y € Y :y= T(x) for some x € X}
@ The kernel of T isker T ={x e X : T(x) =0}
@ The rank of T is Rank T = dim(Im T)

dim X, is the cardinality of any basis of X.

@ The kernel is the set of solutions to T(x) =0

@ The image is the set of vectors in Y for which T(x) =y has at least one
solution.

o Exercise: prove that T € L(X, Y) is one-to-one if and only if ker T = {0}.

Theorem (The Rank-Nullity Theorem)

Let X be a finite-dimensional vector space, T € L(X,Y). ThenIm T and ker T
are vector subspaces of Y and X respectively, and

dim X =dimker T + Rank T




Invertible Linear Functions

Definition

T € L(X,Y) is invertible if there exists a function S : Y — X such that
S(T(x)) = x V¥xeX
T(S(y) = vy VWyey

Denote S by T71.

In other words, T is invertible if and only if it is one-to-one and onto.

@ This is the usual condition for the existence of an inverse function.

@ The linearity of the inverse function follows from the linearity of T.

If T € L(X,Y) is invertible, then T~1 € L(Y,X); that is, T~ is linear.

Problem Set 9. O




From Linear Functions to Matrices

e /:R" — R™ is linear if and only if (i) /(x +y) = /(x) + /(y) and
I(Ax) = Al(x).

Any linear function is described by a matrix.

o Compute I(e;), where e; is the ith component of the standard basis in R".
@ For each e;, I(e;) is a vector in R™, call it a;.
@ Form A as the square matrix with ith column equal to a;.

@ By construction, A has n columns and m rows and therefore f(x) = Ax for all
X.

v

@ Next, apply this procedure to any linear basis of a vector space.

@ Using this observation, we derive a conection between composition of linear
functions and multiplication of matrices.



Linear Transformations and Bases

If X and Y are vector spaces, to define a linear transformation T from X to Y, it
is sufficient to define T for every element of a basis for X.

o Why?

o Let V be a basis for X. Then every vector x € X has a unique representation
as a linear combination of a finite number of elements of V.

Theorem

Let X and Y be two vector spaces, and let V = {vy : A € A} be a basis for X.

Then a linear function T € L(X,Y) is completely determined by its values on V/,
that is:

@ Given any set {yx: A€ A} C Y, 3T € L(X, Y) such that

T(V)\) =Y VAeAN
@ IfS, T € L(X,Y) and S(va) = T(vy) forall X\ € A\, then S =T.




Linear Transformations and Bases

Proof

Proof of 1. If x € X, x has a unique representation of the form

n
x:g Qivy, ai#0i=1,...,n
i=1

o Define T(x) =", ajyx
@ Then T(x) € Y and you will show that T is linear as an exercise.

Proof of 2. Suppose S(vx) = T(vy) for all A € A. We need to show that S = T.
o Given x € X,

S (ia;w\) = ia,s (va,;) Za T (vy,) (Z a,vA>

= T(x)
soS=T. O




Isomorphisms

Definitions

Two vector spaces X and Y are isomorphic if there is an invertible T € L(X, Y)
T is then called an isomorphism.

.

Isomorphic vector spaces are essentially indistinguishable
If T is an isomorphism it is one-to-one and onto:
@ Vxi,xp € X, there exist unique y1,y> € Y s.it. y1 = T(x1) and yo, = T(xp)
o Vy1,y2 € Y, there exist unique x;,x; € X s.t. x; = T *(y;) and
x2 = T7}(y2)
@ moreover, by linearity
T(ax; + fBx2) = ay1 + By, and T (ay1 + By2) = ax; + fx;

Two vector spaces X and Y are isomorphic if and only if dim X = dim Y.




Coordinate Representation of Vectors

By the previous theorem, any vector space of dimension n is isomorphic to R”.
What's the isomorphism?
@ Let X be a finite-dimensional vector space over R with dim X = n.

@ Fix a basis V = {vy,...,v,} of X, then any x € X has a unique
representation x = Z};l B;v; (so the 3; are unique real numbers).

@ Define the coordinate representation of x with respect to the basis V' as

A1
crdy (x) = : €R"
B
@ By construction

1 0 0
0 1 0
crdy(vi) = | crdy(vp) = | w.oocrdy(vy) = |
0 0 0
0 0 1

@ crdy is an isomorphism from X to R” (verify this).



Matrix Representation

@ Suppose T € L(X,Y), where X and Y have dimension n and m respecively.
Fix bases V = {v1,...,v,} of X and W = {wy,...,wp} of Y.

@ Since T(vj) € Y, we can write

T(Vj) = Z QW
i=1

@ Define
Qir o Qrp
MtXW,V(T) =
am1 - Omn
e Each column is given by crdw (T (v;j)), the coordinates of T (v;) with respect to
w.
@ Thus any linear transformation from X to Y is equivalent to a matrix once

one fixes the two bases.



Matrix Representation

Example
X=Y=R? V={(10),(0,1)} W={(1,1),(-1,1)}
o Let T be the identity: T(x) = x for each x.

10

o Notice that Mtxy v(T) # < 01

>. Mtxyw v(T) is the matrix that

changes basis from V to W.
vV = (170) = ()[11(17 ].) + 0121(71, 1)

a1p — a1 =1 and a1 +ax; =0

@ How do we compute it? 20m =1, an = % hence oz; = _%
' v2 =(0,1) = a12(1,1) + anp(—1,1)

a1 — o =0 and a1+ =1
20(12 = ]., a1 = % hence Aoy = %

@ So Mtxw, v (id) = < _11//22 1;3 )




Matrices and Vectors
e Given T € L(X,Y), wheredmX =nanddimY =m, and V = {vy,...,v,}

and W = {wy,...,wp,} are bases of X and Y respectively.
1
Q1 Qap 0
o We built: Mitxw v(T) = : : and crdy (v1) =
Am1 -0 Omp 0
o Clearly: 1
Qi1 v Qi 0 Qi1
Om1 Omn O am1
e Thus

Mtxw v(T) - crdy(v;) = crdw (T (v;))
@ and more generally
Mtxw v(T) - crdy(x) = crdw (T (x)) Vx € X

REMARK: Multiplying a vector by a matrix does two things
@ Computes the action of the linear function T

@ Accounts for the change in basis.




Matrices and Linear Transofrmations are Isomorphic

Theorem

Let X and Y be vector spaces over R, with dim X = n, dimY = m. Then

L(X,Y), the space of linear transformations from X to Y, is isomorphic to M pxp,

the vector space of m X n matrices over R.

IfV ={v1,...,v,} is a basis for X and W = {ws,...,wp,} is a basis for Y, then
MtXW’\/ S L(L(X, Y),Man)

and Mtxy v is an isomorphism from L(X,Y) to Mpx,.

@ This is mostly the consequence of things we already know about
dimensionality once you realize the relationship between matrices and linear
transformations.

@ Note that X and Y are general vector spaces, but they are isomorphic to
matrices of real numbers.



Summary and lllustration

o Let T € L(V, W), where V and W are vectors spaces over R with dim V = N and
dim W = M, and fix bases {v1,...,vy} of V and {wy,...,wy} of W.

@ Any v € V can be uniquely represented as v = ZLVZI XaV, (the x,s are unique).

e Any T(v) € W is uniquely represented as T(v) = Zﬂzl YmWp, (the yn,s are unique).

@ Since T(v,) € W for each n, T(v,) = Zm 1 3nmWn (where the a,ns are unique).
@ Thus:

N N M M N
ZYme =Tl anvn =2 0T =D %0 > anmWim = > (3 Xn2mn)Wim
n=1 m=1

n=1 m=1 n=1
@ Therefore, N

Ym = E Xpanm for all m
n=1

o Lety=(y1,.,ym) € RM x = (x1,..,xy) € RY, and A = [a,,] (the m x n matrix
with m, n entry given by the real number a,,,); then, we have
y = Ax
@ In words: the matrix of real numbers A represents the linear transformation T given
the bases {v1,...,vy} and {wy,...,wy}.

o there is one and only one linear transformation T corresponding to A.
o there is one and only one matrix A corresponding to T.



Matrix Product as Composite Transformation

Suppose we have another linear transformation S € L(W, Q) where Q is a vector
space with basis {qi,...,q,}.

Let B = [bjy] be the J x M matrix representing S with respect to the bases
{wi,...,wyn} and {qi,...,q,} for W and Q, respectively.

Then, for all m, S(wy,) = Zle bimQq;.

SoT:V — Q is the linear transformation So T(v) = S(T(v)).
Using the same logic of the previous slide:

M
S(T(Vn)) = S(Z anmwm)

SoT(v,) =
m=1
M J J M
= Z anmS Wm = Z anm Z meqJ = Z(Z bjmamn)qj
m=1 Jj=1 j=1 m=1
Therefore
’ S0 T(v,) Z Cjnqj
where M
Gn = bjmamn for j=1,...,J
m=1

Thus the J x N matrix C = [¢j,] represents So T.
What is C? The product BA (check the definition of matrix product).



Analytic Geomtetry: Lines

@ How do we talk about points, lines, planes,... in R"?

Definition

A line in R" is described by a point x and a direction v. It can be represented as
{z € R" : there exists t € R such that z = x + tv}

o If t €[0,1], this is the line segment connecting x to x + v.

REMARK

Even in R” two points still determine a line: the line connecting x to y is the line
containing x in the direction v.

@ Check that this is the same as the line through y in the direction v.



Analytic Geomtetry: Hyperplanes

Definition

A hyperplane is a set described by a point xo € R” and a normal direction of the
plane p € R”, p # 0. It can be represented as

{zeR":p-(z—x) =0}.

@ A hyperplane consists of all the z such that the direction z — xq is orthogonal
to p.

@ Hyperplanes can equivalently be written as p-z = p - xo (and if xo = 0 this is
p-z=0)

@ In R? lines are also hyperplanes. In R3 hyperplanes are “ordinary” planes.

REMARK
Lines and hyperplanes are two kinds of “flat” subsets of R".
@ Lines are subsets of dimension one.
@ Hyperplanes are subsets of dimension n — 1 or co-dimension one.

@ One can have flat subsets of any dimension less than n.




Linear Manifolds

@ Lines and hyperplanes are not subspaces because they do not contain the
origin. (what is a subspace anyhow?)

@ They are obtained by “translating” a subspace: adding the same constant to
all of its elements.

Definition
A linear manifold of R" is a set S such that there is a subspace V on R” and
xo € R” with

S=V+{x}={y:y=v+x for someve V}

@ Lines and hyperplanes are linear manifolds (not linear subspaces).



Lines

Here is another way to describe a line.

Given two points x and y in R”, the line that passes through these points is:
{zeR":z=x+ t(y — x) for some t}.
This is called “parametric” representation (it defines n equations).

Example
Given y,x € R?, we find a line through them by solving:
V41 :X1—|—t(y1 —Xl) and V) :X2+t(y2 —Xz).

Solve the first equation for t and substite out:

22:x2+(y2_X2)(21_X1) of  z =272

n—xi yi—xi

This is the standard way to represent the equation of a line (in the plane) through
(x1, %) with slope (y2 —x2)(y1 — x1).

(21 — Xl) .




Lines

Given two points x and y in R”, the line that passes through these points is:
{zeR":z=x+t(y —x) for some t}.
This is called “parametric” representation (it defines n equations).

@ The parametric representation is almost equivalent to the standard
representation in R?.

@ Why almost? It is more general since it allows for lines parallel to the axes.
@ One needs two pieces of information to describe a line:

e Point and direction, or
e Two points (you get the direction by subtracting the points).



Hyperplanes

@ How does one describe an hyperplane?
@ One way is to use a point and a (normal) direction
{zeR":p-(z—x) =0}

1

@ Another way is to use n points in R", provided these are in “general position.’

@ You can go from points to the normal solving a linear system of equations.



How to Find an Hyperplane when n=3

In R3 an hyperplane is a ‘plane’ and one can describe it using three points.

Example
Given (1,2,-3),(0,1,1),(2,1,1) find A, B, C, D such that
Axi + Bxo + Cx3 = D

A + 2B - 3C = D
@ Solve the following system of equations: B + C = D

2A. + B + C = D
e This yields (A, B, C,D) = (0,.8D, .2D, D).

Hence, if we find one set of coefficients, any non-zero multiple will also work.

Hence an equation for the plane is: 4x, + x3 = 5 (check that the three points
actually satisfy this equation).




Describing Hyperplanes with Normals

@ Given some points, look for a normal direction.
o A normal direction is a direction that is orthogonal to all directions in the plane.
e A direction in the plane is a direction of a line in the plane.

@ Hence, we can get such a direction by subtracting any two points in the plane.

Given (1,2,-3),(0,1,1),(2,1,1) find a two dimensional hyperplane
@ It has two independent directions.

@ One direction comes from the difference between the first two points:
(1,2,-3)—(0,1,1) = (1,1, —4).

o The other can come from the difference between the second and third points
(0,1,1) — (2,1,1) = (—2,0,0).

e We can now find a normal to both of them.

@ That is, a p such that p # 0 and
p-(1,1,-4)=p-(-2,0,0)=0
e any multiple of (0,4, 1) solves this system of two equations and three
unknowns.
@ Hence, the equation for the hyperplane is
(0,4,1) - (x1 — L, xx —2,x3+3)=0




Separating Hyperplanes and Convexity

Consider two sets X and Y in R” which do not interserct.

A hyperplane in R" is expressed as p - x = ¢ where x € R", p # 0 is in R”,
and c € R.

@ Under what conditions can we find an hyperplane that divides the space in
two, each side containing only one of those sets?

@ Draw a few pictures.

@ The following is a minimal condition sets have to satisfy to make separation
possible.

Definition

X CR" is convex if Vx,y € X and Va € [0, 1] we have
ax+ (1 —a)y e X




Separating Hyperplane Theorem

@ Start with the simpler case of separate a point from a set.

Theorem (Separating Hyperplane)

Given a nonempty, closed, convex set X C R" and x € R", with x ¢ X, There
existsap € R",p#0, and a c € R such that

XC{yeR":p-y>c}

and
p-x<c
@ That is,
Py=c
defines a separating hyperplane for X: it leaves all of X on one side and x on
the other.

@ Without loss of generality, one can normalize the normal to the separating
hyperplane.

e That is, we can assume that ||p|| = 1.



Proof of the separating hyperplane theorem in 9(41 for you) steps
Consider the problem of minimizing the distance between x and X. That is: find a
vector that solves min,ex ||x — y||.

@ X is nonempty, so we can find some element z € X. While X is not

necessarily bounded, without loss of generality we can replace X by
{y e X :|ly = x|| < |lz—x||}. This set is compact because X is closed.

@ The norm is a continuous function. Hence there is a solution y*.
Q Letp=y*—x. Sincex¢ X, p#0.
Q Letc=p-y*. Sincec—p-x=p-(y"—x) = Hp\2, therefore ¢ > p - x.
@ We need to show ify € X, then p-y > c.
@ Notice how this inequality is equivalent to
(" —x)-(y—y) =0
@ Since X is convex and y* solves the minimzation problem, it must be that

* 2
[ty + (1 = t)y” —x||

is minimized when t = 0.

@ Since the derivative of ||ty + (1 — t)y* — x| is non-negative at t = 0, the
first order condition will do it.

@ Check that differentiating ||ty + (1 — t)y* — x||* (as a function of t) and
simplifying yields the desired inequality.



Extensions

o If x is in the boundary of X, then you can approximate x by a sequence x
such that each x4 ¢ X.
e This yields a sequence of px, which can be taken to be unit vectors, that satisfy
the conclusion of the theorem.
o A subsequence of the px must converge.
e The limit point p* will satisfy the conclusion of the theorem (except we can
only guarantee that ¢ > p* - x rather than the strict equality).

@ The closure of any convex set is convex.

e Given a convex set X and a point x not in the interior of the set, we can
separate x from the closure of X.

@ Putting these things together...



A Stronger Separating Hyperplane Theorem

Theorem (Supporting Hyperplane)

Given a convex set X C R" and x € R", x. If x is not in the interior of X, then
there exists p € R",p # 0, and ¢ € R such that
XCc{yeR"|p-y=c}
and
p-x<c

@ Other general versions separate two convex sets. The easiest case is when the
sets do not have any point in common, and the slightly harder is the one in
which no point of one set is in the interior of the other set.

o Let A, B C R" be nonempty, disjoint convex sets. Then there exists a nonzero
vector p € R" such that
p-a<p-b VaeAbeB

@ The separating hyperplane theorem can be used to provide intuition for the
way we solve constrained optimization problems.

@ In the typical economic application, the separating hyperplane’'s normal is a
price vector, and the separation property states that a particular vector costs
more than vectors in a consumption set.



Tomorrow

Calculus

Q Level Sets

@ Derivatives and Partial Derivatives
@ Differentiability

@ Tangents to Level Sets



