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1 Preliminaries

We start off by introducing some formal notation and fundamental theorems in topology. This is going to be a lot of definitions,
so I apologize in advance for that.

1.1 Vectors

Definition: Magnitude

The magnitude of a vector is, intuitively, what we can think of as the length of that vector from the origin. It’s defined
as, Yxe R™:

n

1

Il = [1xl], = O x2)2
i=0

Definition: Distance

The distance between two vectors X,y is defined as Vx,y € R™:

dist(x,y) = |lx =yl

Definition: Epsilon-Neighborhood

The epsilon-neighborhood of a vector y € R" is defined Vx € R", € > 0 as the set:

N.(y) ={xeR":dist(x,y) < €}

1.2 Sets
Let S CR"

Definition: Interior and Boundary Point

Vx € R",x is an interior point of S, x € Int(S) <= Je >0 s.t. N (x) €S

Vx € R",x is a boundary point of S, x € Bndr(S), if Ve > 0, N.(x) contains a point in S and a point in S¢.

In other words, if there exists some small enough epsilon neighborhood of x which is entirely contained within S, then
x € Int(S). The opposite of this is a boundary point, that is for all epsilon neighborhood around x, x contains both a point in
S and a point outside of S. Note that a point cannot be an interior point and a boundary point simultaneously, by definition.

Definition: Open and Closed Set

S isopen if Yx € S, x € Int(S). That is, if S = Int(S).

S is closed if all boundary points of S are in S, i.e. if Bndr(S) € S.

To see some intuitive examples of open and closed sets, we can imagine subsets of a numberline
e The range [2,3] is closed in R, but not open.
e The range (2,3) is open, but not closed.
e The range [2, 3) is neither open nor closed.

o And finally, if we trivially consider S = R, then S is both open and closed, since it has no boundary points.



Definition: Bounded Set

S is bounded if 3¢ > 0 such that S € N,(0). In other words, if it’s sort of centered around the origin by some epsilon.
We can imagine this as saying that our set

Definition: Compact Set

S is compact if for any sequence {x'}?°, C S, then there exists a convergent subsequence {x"/}°°

21> and y € S such

that x*/ —y.

Proposition 1.1

For any S € R", S is open if and only if S is closed.

Proposition 1.1. Trivially, Bndry(S) = Bndry(S®). Also, each point in S is either Int(S) or Bndry(S) but not both. Finally,
S is open iff S = Int(S) which is true iff Bndry(S) C S¢ which is true iff Bndry(S¢) € S, i.e. S is closed. ]

Theorem 1.1

VS € R", nonempty, S is compact iff S is both closed and bounded.

Theorem 1.2

If S € R" is compact, and you have f : S — R continuous, then 3% € S such that Yx € S, f (¥) < f(x) and f(X) > f(x).

1.3 Problem Setting
We will typically work with problems of the following form: Suppose S CR", f : S — R. Define the problem P as:

min f(x) s.t. X€S

In this setting we call:
e f the objective function
o S the feasible region
o x the decision variables

The set S may contain equation constraints, and if x € S then we say that x is feasible. Some definitions:

Definition: Local and Global Minimum

If X € S satisfies 3¢ > 0 s.t. VX € N.(X)N S, f(X) < f(x), then X is a local minimum.
If X € S satisfies 3¢ > 0 s.t. VX € N.(X) NS, X #X, f(X) < f(x), then X is a strict local minimum.

If x € S satisfies Vx € S, f(X) < f(x) then we call X the global minimum,
If X € S satisfies Yx € S,x # X, f (X) < f(x), then X is a strict global minimum.

If X is a global min of f, then we call f (x) the optimal objective function value (oofv).

If Ve > 0,3x € S, such that f(x) < —e¢, then P is unbounded, and has no global min.



1.4 The Gradient and The Hessian

Definition: Gradient

Suppose S CR", S is open, and f : S — R is continuously differentiable. Then the gradient of f at any x € S is

5f(x)
0X,

5f(x)
[

Vi) = 7
8w

0X,

Definition: Hessian

Suppose S C R", S is open, and f : S — R is twice cont. diff. The Hessian of f atanyx € S is

2f(x) 5 f(x)
5x,6%;  5%,.6%,
V2f(x)= : _ :
2 8
6X,0X, 6X,0X,

This is a symmetric matrix!




2 Convexity

2.1 Taylor Series

We'll introduce Taylor Series in 1-dimension first, and then expand the definition to multiple dimensions. These theorems
and approximations will be essential for some of our methods much later on.

2.1.1 Taylor’s Theorem in 1-dim

Definition: k-th Order Taylor Polynomial

Suppose f : (a,b) — R is k-times cont. diff. for a non-neg integer k. Let X € (a, b).

Pe (3~ f () + f/(3)(x — %) + Zi!f”(fc)(x — x4+ %f(k)(fc)(x —x)

This is a Taylor Series expansion which approximates f (x) about x.

Theorem 2.1: Taylor’s Theorem

Suppose f : (a,b) — R is k + 1-times cont. diff. for some non-negative integer k, AND suppose X € (a,b). Then
Vx € (a, b), 3¢ € (x, x) such that

e (k) (5
£ = Pes() +Res (O = FO+ £ N — )+ D e+ B eyt
1 e kD)
+ ey - B

Where the last term here, Ry (&), is called the remainder.
Note that this is an equality, not an approximation as in the Taylor Polynomials

Now we want to scale up this theorem to higher-dimensional spaces, since we are often dealing with points in R" and
gradients rather than derivatives.
2.1.2 Scaling Taylor up to n-dimensions

Now, we want to scale this up to higher dimensions, so we can approximate multi-dimensional functions about a single point.
To do this, let’s start by noting the following:

Let S CR". For every linear function f : S — R we can say Yx € R", 3b € R", ¢ € R such that

fx)=c+bl(x—%)
i.e. we can translate the function to be X-centric. Note also that the gradient Vf(x) =b.

We can do the same for any quadratic function f : S — R, i.e. we can say Yx € R", 3A € R™", 3b € R", ¢ € R such that
T . 1 N -
f&X)=c+b' (x—x)+ E(X_X) A(x—Xx)

Note here that the hessian V2f(x) = A.

These translations allow us to begin building up a version of Taylor Approximations in n dimensions, eventually leading to a
multi-dimensional version of Taylor’s Theorem.

Definition: n-dimension Taylor Approximations

Zero’th Order Taylor Approximation:




Let S C R" be open. Also, f : S — Ris cont. and X € S.
Peo®) = £ (%)
is the zero’'th order taylor approximation of f about X.
First Order Taylor Approximation:
Let S CR" be open. Also, f : S — R is cont. diff. and X € S.
Py i(x)=f(®)+ Vf(X)(x—X)
is the first order taylor approximation of f about X, and is sometimes called the tangent hyperplane.
Second Order Taylor Approximation:
Let S CR" be open. Also, f : S — R is twice cont. diff. and X € S.
P = F)+ VFR(x—3) + 5 (=0T V2 @ (x— )

is the second order taylor approximation of f about X.

Now, as before, let S € R" be an open set, f : S > R, X, d € R", d # 0. Then, Va € R such that X+ ad € S, define

gxa(a) = f(X+ad)

Proposition 2.1: Gradients of g; 4

Assume f is cont. diff. Then

98 ¢ al0) = Vi (E+ad)d
oa””™

Assume f is twice cont. diff. Then
2

5
28 ¢ (@) =d"V2f(%+ad)d
62a°™

Definition: Descent Direction

If 35 >0suchthat0<a < f and

fE)>f(x+ad)ie. gzq4(0)> gza(a)

then d is a descent direction for f at X. Another way to write this is if f is cont. diff. and Vf(X)"d < 0 then d is a
descent direction for f at X

The direction of steepest descent is just —V f () because it minimizes V£ (%)7d for all d, where ||d|| = ||Vf (X)||.

\ J

Now, we have everything we need to build up a first and second order Taylor Theorem in n-dimensions.

Proposition 2.2: n-dimensional Taylor’s Theorem

Let f be continuously differentiable. Further, let x € S,d € R".




Then, Va>0 s.t. Xx+ade€S,3z< (X, X+ ad) s.t.

fE+ad)=f(x)+Vf(z) da

Let f be twice continuously differentiable, all else as above. Then:

F&+ad) = (&) + V() da+ %dTsz(Z)d

Note that we needed g because it is in the form (i.e. it takes in a single real) of the original Taylor Theorem, so we can use it to
prove a Taylor Theorem for f.

n-dim. Taylor’s Theorem. Let f be cont. diff., then by Taylor’s Theorem 3 a € (0, a) such that
gza(a) = gzq(0) + g)f(,d(a)a
Notice that, by the definition of gz 4, this is essentially saying that 3z € (X, X + ad) such that
fE+ad)=f(%)+Vf(z) da
We can repeat this for the second derivative, i.e. let f be twice cont. diff. then by Taylor 3b € (0, a) such that

g}’_(”d(b)boc2

8xala) = gza(0) + g)f(,d(O)a + T

Which again, implies 3z € (%, X + ad) such that
1
fE+ad)=fX)+Vf(X) da+ 5dTVZ’f(z)d
= P;1(x) + Ry 1(2)
|
This is generally as far as we’ll care to go, since we’ll rarely go beyond examining quadratic functions in the class. So now

we’ve achieved a Taylor Theorem which holds in R” for our function f. This will be important for proving conditions for
optimality and convexity, etc.

2.2 Conditions of Optimality

Before we dive into optimality and convexity, we need to cover two extremely important types of matrices when considering
optimization problems. Namely, positive definite and positive semi-definite matrices.

Definition: Positive (Semi-)Definite Matrices

Let A€ R™" be a symmetric matrix.
A is positive definite (PD) if Yd € R",d # 0, dTAd > 0.

A is positive semi-definite (PSD) if Yd € R",d # 0, d"Ad > 0.

\.

Theorem 2.2

Let A€ R™", symmetric. A is (PD / PSD) iff the eigenvalues of A are all (>0 / > 0).




Theorem 2.3: 1st order necessary condition of optimality

Let S € R" be an open set, f : S — R be continuously differentiable, and P : min f (x) s.t. X € S.

If X is a local min of P, then Vf(X) = 0.

Proof. The proof is just that if you do not have 0 gradient, then you have a descent direction (namely, d = —V f(x), in which
case you are not at a local minimum. ]

Theorem 2.4: 2nd order necessary condition of optimality

Let S € R" be an open set, f : S — R be twice continuously differentiable, and P : min f (x) s.t. x € S.

If X € S is a local min of P then V2f(X) is PSD.

Proof. Otherwise 3d € R*,d # 0, s.t. d'V2f(X)d < 0. Then Va > 0, 3z € (X,%X + ad) where
fE+ad)=f&)+ Vi da+ %dTVZf(z)daz

Note that V(%) da = 0 by the 1st order necessary condition.

Now, by the continuity of V2f, dTV2f(z)d < 0 for a > 0 small enough. This means d is a descent direction, which means %
is not a local min! u

Theorem 2.5: 2nd order sufficient condition of optimality

Let S CR" be an open set, f : S — R be twice continuously differentiable, and P : min f (x) s.t. X € S.

If X € S satisfies Vf(X) = 0 and V2f(X) is PD, then X is a strict local min of P.

Proof. Take any direction d, ||d|| = 1, and any a > 0 small enough. Then we can apply Taylor: 3z € (X,x + ad) s.t.
o o N 1. .12 2
fE+ad)=fF)+Vf () da+ Ed Vf(z)da
Note again that, since X is a local min, V(%) = 0. Additionally, by the continuity of V2f, we have that V2f(z) is also
PD when a > 0 is small enough, so no matter what your d is you will always increase the value of f is you move in that

direction, d, for a steps. Thus, X is a strict local min. [ |

It’s worth noting here that if V(%) = 0 and V2f () is PSD, then this does not imply X is a local min!. It is a necessary, but
not sufficient condition in that case e.g. consider f(x) = x>.

2.3 Convex Sets

Definition: Convex Set

S C R" is called convex if Yx,y € S,VA €[0,1], then Ax+ (1—A)y€S.

Proposition 2.3

Proposition: S C R" is convex iff Vk > 1, Yx,x®, . x® and VA,, A, ..., A, > 0 then

k
Z AxPes
i=1




Proof. The proof consists of showing that you can always break the sum down into sums of pairs, the lowest of which is in
the set S by the definition of convexity, and the rest which follow from induction. It’s a little messy, but a very simple proof.
I'm omitting the details for sanity’s sake. [ ]

Proposition 2.4

Suppose {S, },r is a collection of convex sets in R". Then N, S, is a convex set.

Definition: Convex Hull

For any set T € R", the convex hull of T, H(T) is defined as the intersection over S,
H(T)=nNS € {SCR"|T CS,S is convex}

i.e. it’s the smallest convex set containing T.

Proposition 2.5

2

For any integer k > 1, and some sequence x',x?,...,x* € R" the convex hull of that sequence is:

k K
H({x!, %2, ...,xk}) = {Zlixi P Ay e A = O,Zli = 1}
i=1 i=1

In other words, it’s the set defined by all possible weighted linear combinations of the elements of the sequence, such
that all the weights sum to 1.

Definition: Extreme point

Let S CR" be convex. We first show what an extreme point is not.

X is not an extreme point if Ix,y€ S, x#y,and 31 €(0,1) s.t.
Xx=Ax+(1-A)y

Otherwise, we say that X is an extreme point.

Equivalently, we can say that if X is an extreme point of S, then

Vx,yeS, and A €[0,1]if Ax+(1—-A)y=% = x=y=X

Intuitively, we can think of extreme points as points which are sort of on the boundary of our convex set S, and thus cannot
be represented as a combination of any other pairs of elements in the set (since creating such a pair would require a point
that was “past” the boundary).

10



2.3.1 Polyhedral Sets

We now move on to cover Polyhedral Sets. These sets have properties which will prove important for our optimization
problems. Generally, this is because we will consider constrants which take the form of polyhedral sets.

2.3.2 Hyperplanes and Halfspaces

Definition: Hyperplane and Halfspace

LetpeR",p#0.

We define a hyperplanes as precisely any set of the form:

{(xeR":p'x=a} st. peR",p#0,a €R
Note: Hyperplanes are always an n— 1 dimension subspace of R".
Similarly, we define a halfspace as precisely any set of the form:

{(xeR":p'x>a} st. peR",p#0,a€R

Let p € R",p # 0. Then we say that {x € R" : p’x = 0} is a hyperplane through the origin with a normal vector p. If we take
some X € R", then {x € R" : pT(x —%) = 0} is a hyperplane through % with normal vector p (as opposed to the origin).

Intuitively, you can think of a hyperplane separating a space R" in "half", and a half-space is all points on one "side" of the
hyperplane.

2.3.3 Polyhedral Sets

Definition: Polyhedral Set

A polyhedral set is an intersection of finitely many half-spaces.

Proposition 2.6

S C R" is a polyhedral set iff A€ R™", be R™ s.t. S ={x € R": Ax > b}.

Proof. We sketch the proof, for simplicity.

p® b
p® p@

Write A = . |,b= . |. Note that x satisfies Ax = b iff x satisfies
p(™ pm)

pWITx > p0) pOTy > p@ My > pm

which is exactly an intersection of hyperspaces.

Proposition 2.7

Polyhedral sets are convex

Proof. YA€ R™" b e R" consider the polyhedral set S = {x € R" : Ax > b}.
Then, for Vy,z € S,VA € [0, 1] we know that Ay > b, Az > b, and therefore
AAy+(1—-A)z)=AAy+(1—A)Az=Ab+(1—A)b=b = Ay+(1—A)z€S

11



2.3.4 Extreme Points

Theorem 2.6

Suppose A€ R™" = [AD|AP)| . |JAM] beR™ and S = {x € R" : Ax = b,x > 0}.
A b

Note that S is a polyhedral set! We can write it as {x eR": [Al|x>|-Db }
I 0

Then, for any X € S, X is an extreme point of S iff {A(i)})_(’ 40 is linearly independent.

{A(i)})_(_ £0 is the set of columns of A for which the corresponding component of X is non-zero.

Proof. (<=): Suppose youhaveX € S s.t. {A(i)}xb 4o Are linearly independent and suppose also that 3y,z€ S and A € (0,1)
such that X = Ay + (1 — A)z (i.e. assume that X is not an extreme point).

Then Vi where X;, =0 = 0 = Ay; + (1 — A)z;. Since A,(1—A) > 0 and y;,z; = 0 by membership in S, we know that
yi=2;=0.

Now, note that
A 1Xg A X+ F A X
Ay X1+ Ay 90Xy + ..+ Ay X,

=A(1)X1 +A(2)XZ +... +A(n)xn

An1Xy A 0%y + o+ AL X

Therefore,

b= Z )_(l-A(i) = Z yiA(i) = Z ziA(i)

i:%;#0 i:%;#0 i:X;#0
because both y, z are in S. However, by linear independence, this can only be true if Vi : X; # 0,X;, =y, =2, —= X=y =12,
by our previous result about the zero-components of X. Thus, X is an extreme point.

(= ): Suppose X €S s.t. {A(i)}x 40 is not linearly independent. Then,
IdweR'wW#0,andVi:w; #0 = X; #0 = X; >0 s.t. Aw=0
In otherwords, there exists a w € R" with the same non-zero components of X, such that Aw = 0.

Let € be small enough so that X =X+ ew > 0 and % =X—ew > 0. Because w Z‘é 0,%X# %, and since we chose epsilon small
enough, X, X > 0. Additionally, AX = A(X + ew) = Ax + 0 = b, and similarly for X. Therefore, both X,Xx € S.

%+ 32X = X is not an extreme point. [ ]

Finally, we have x = %

2.4 Convex Functions
2.4.1 The Epigraph

Definition: Convex Functions

Let S CR" be a non-empty, convex setand f : S - R
f is convex iff Vx,y € S, A € [0, 1] it holds that

fFAx+ 1 -Vy) < AfF @) +Q—D)f (y)

f is strictly convex iff Vx,y € S,x #y, A € (0,1) it holds that
fAx+(1—-2A)y) <Af(x)+(1-2A)f(y)

12



[ ]

In 2 dimensions this is essentially just saying that, for any secant line between 2 points, the function value has to be "under
the secant line".

Note a few properties of convex functions:
e f is convex iff —f is concave.
e Yc>0,cf is convex if f is convex

e the sum of convex functions is convex

Definition: Epigraph

Let S € R" be a convex, non-empty set, and f : S — R. The epigraph of f is defined as

X

Ep(f):{[ﬂ]eﬂ%”“:xes,ﬁ €R,p Zf(x)}

In 2 dimensions, you can sort of think of this as the area over the curve, or like the... air of a hilly 3-D landscape. It’s everything
above the function, if we added an extra dimension to help visualize our space.

Suppose S C R" is a convex, non-empty set and f : S — R. Then f is a convex function iff Ep(f) is a convex set.

The proof of this is omitted, but is rather trivial with respect to the definition of convex sets and functions.

2.4.2 The Support Theorem

Theorem 2.8: Support Theorem

S € R" non-empty, convex set. Let X € Bndr(S). Then 3 a hyperplane containing X € R" such that all of S is contained
in one of the two half-spaces.

Intuitively, we can think of this as follows: If a set of convex, then any of it’s boundary points define a tangent hyperplane which
contains the boundary point but does not split the set. In other words, the tangent hyperplane supports, or holds the set up.

Theorem 2.9

Let S € R" be a non-empty, open, convex-set, and let f : S — R be continuously differentiable.
Then

e fisconvexiff Yx,Xx €S, f(x) = f(X)+ Vf(X)(x—%)
e f isstrictly convex iff Vx,X €S, x # %, f(x) > f(X) + Vf(X)T(x—%)

This is basically showing us that the tangent hyperplane is the only possible candidate for supporting hyperplane on the boundary

of Epi(f).

Theorem 2.10

Let S € R" be a non-empty, open, convex set. Let f : S — R be twice continuously differentiable.

Then f is convex iff Yx € S, V2f (x) is Positive Semi-Definite(PSD).

Proof. (<=): Suppose V2f(x) is PSD for all points x € S. By Taylor Yx,X€ S

fR=fR+VfER) (x—%)+ %(x—X)Tvzf(z)(x—i)

13



where z is some point between X, X also in S, since S is convex. Now, note that the last term is > 0, since the Hessian is PSD.
Thus,

fEZf@®+ VR (x-%)
and so f is convex by Thm. 5.3.

(=): Suppose 3% € S s.t. V2f(X) is not PSD. Then 3 d € R" such that d” V2f(%)d < 0. Then, by continuity of V2f, there
exists an epsilon neighborhood around x such that Yz in this neighborhood, d” V2f(z)d < 0. For any a > 0 small enough
such that x =X + ad in this neighborhood, then by Taylor

F00 = F@+ VST =8+ 5 (x— 0V (D)%)
= )+ VF (0 (=8 + 3 (ad)! V*f (2)(ad)

=fX)+VfE)(x—%)+ %aszVZf(z)d
Note also that

a?2d"V3if(z2)d<0 = f(x) < f(X)+ Vf(X)(x—X)

so f is not convex, again by Thm 5.3. [ |

Let S € R" be a non-empty, open, convex set. Let f : S — R be twice continuously differentiable.

Then, if Vx € S, V2f(x) is PD, then f is strictly convex.

Proof. Again by Taylor, Yx,Xx € S

F00 = F@)+ V@& -9+ 3 x— D V2 (@)z—%)

As before, the last term here is strictly > 0, so f(x) > f(X) + Vf(X)(x —X), which shows that f is strictly convex. [ ]

Note: f strictly convex = Vx € S, V2f(x) is PD. It does imply that it’s PSD everywhere. To see a simple example, take x*. This
function is twice diff,, and strictly convex, but the second derivative at x = 0 is 0.

Theorem 2.12

Let S € R" non-empty, convex, open, and f : S — R be a convex, continuously differentiable function. Finally, let
P :minf(x), Xx€S.

Then X € S is a global minimum of P iff X is a local minimum iff it’s a stationary point.

(i.e. in a convex fn, if you are a local min, you are a global min).

Proof. First note if X is a global min, then it is a local min, which finally means it is a stationary point.

By convexity, and thm 5.3, Yx € S, f(x) = f(X) + Vf(X)(x —X). Since X is a stationary point, Vf(X)(x —X) is 0, and thus
VxeS, f(x) = f(X) = X is a global minimum.

Finally, note that if f is strictly convex, then the global min is strict as well. [ |

14



3 Linear Programming

Now we get into the first, general type of problem that we will be dealing with: Optimizing a linear function with linear
constraints.

3.1 Standard and Canonical Form

Definition: Standard and Canonical Form

Let A€ R™" beR™, ceR".

The Standard form of a linear program LP is:
minec’x
s.t. Ax=b, x>0
The Canonical form or Symmetric form of an LP is:

minc’x
s.t. Ax>b, x>0

Note that in either case, our variables are the components of x € R".

. J

Note that we can easily go between the two forms. The primary difference here is that Standard form expects Ax = b and
Canonical allows Ax > b.

e Standard to canonical (= — >): We've already seen how to do this when discussing Polyhedral Sets.

Ax=b—>|:A]x2b

—A

e Canonical to standard (= — =): This one is less obvious. We need to introduce a slack variable. Let’s take an example

in one dimension.
Aj 1%+ A 9%y = b — A1 1X; + A Xy — X3 = b

S.t. X1,X,,X3 >0

We call x5 our slack variable. We can make one of these for each of our m rows (constraints), and put them into a
vector called z, in the original problem. Thus, we can incorporate these to convert our canonical form into standard
form in the following way:

15



Other transformations we can make to get things into the correct form:
e maxc/x =min —c’x
e unsigned variable x; can be converted into x; —x,, where both x;,x, > 0.

e we can rearrange variables and columns, e.g.

X1 X
[AD 4@ A®]|x, | =[4® 4® AD]|x,
X3 X1
e We can perform basic row operations. Take an augmented matrix representing Ax = b, i.e. [A | b]. We can always

1. Multiply a row by non-zero scalar
2. Swap any 2 rows
3. Add a row to another

These row operations can be accomplished through multiplying the augmented matrix with invertible matrices (we can
always undo them).

None of these transformations change the solution of the original problem, so we’re free to change things up in these ways as
we please.

3.2 Basic Feasible Solutions
Let A€ R™™ beR™, ¢, x € R". Consider an LP in standard form:

mine’x
s.t. Ax=b,x>0

Definition: Basic Feasible Solution

WLOG assume that A is full row-rank. If it isn’t, we can row-reduce it to remove redundant constraints.

If we can write A= [B | N ] where B € R™™ is invertible, and B~'b > 0, then

SHEe

is feasible in LP and called a basic feasible solution (bfs).

We can additionally write ¢ = [Z’B

], and thus the objective function value of this bfs is
N

ofv(x) =c;B'b

In this scenario, we call B the basis, Xz the basic variables, and X the non-basic variables.

\. J

In general, if B € R™™ is a sub-matrix of A, say
B= [A(kl) | Ak | oAk | A(km)]

and B is invertible and B~'b > 0, then we can define an X € R" where Vi =1,...,m %; = (B™'b), and all other components
of X are zero. It’s obvious to see why this X is feasible in LB and thus constitutes a solution (not necessarily an optimal
solution in LP).

Note that any bfs is an extreme point of the feasible region of an LP To see this, simply notice that all of the basis columns (where
X; is non-zero) are linearly independent.
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3.2.1 Reduced Cost Coefficients

Continuing as above, let’s suppose X is a bfs of LP Then, WLOG we can write

_ _ [%]_[B7'D] _ [es
et 1 Ma[E]-[)
Remember, we can always re-arrange our rows and columns until we get to this point!

We can also take any other x and write it as x = [XB ], separating the components which multiply into the basis B and the
N

components which multiply by the other part of A, N. If x is feasible, Ax = b, then that means Bx + Nxy = b, which we can
rewrite as
Xz =B 1(b—Nxy) =%z —B 'Nxy

Thus, we can re-write the basic components of any x in terms of our bfs (x ), and the non-basic variables of x! Thus, any
feasible x consists of an xy > 0 such that x; = B~!(b—Nxy) > 0.

This is kind of like looking at the point x through the lens of Basis B, where our non-basic variables x, determine “how far” x is
from x.

All feasible points x can be enumerated like this. Such a point x has ofv
ofv(x) = c'x = ¢ x5 + ¢} xy
=c;B(b—Nxy) +¢xy

=cIB7'b+ (¢ —clB7'N)xy

Note that ¢, B™'b is the ofv of our bfs X.

Definition: Reduced Cost Coefficients

All notation as above.

Let x € R" be feasible in LB with ofv:
ofv(x) = ¢fB~'b+(c}, —cfB'N)xy

Then (¢!, —cfB™'N) =r, are called the reduced cost coefficients.

Each component of ry corresponeds to a component of the non-basic variables xy.

The variables of x; are now implicit, given x, and B.

Finally, note that from this equation we can get 5;;:: = ry. This rate of change corresponds to how the ofv of X increases or

decreases as we change xy.

Proposition 3.1

Let B be a basis of LP and assume that X denote the basic feasible solution for basis B.

If the reduced cost coefficients defined by x and B are all positive,
(cf,—ciB"'N)=r} >0

then your bfs X is optimal in LP

Proof. We provide a sketch of the proof
We can see every feasible point from the basis-lens of X. If our reduced cost coefficients are all positive that implies that
Vx feasible in LP , ofv(x) > ofv(X)

since x > 0 is a constraint on feasibility. So no other feasible point can have a lower ofv than our current bfs x. Thus, X is
optimal! |



3.3 The Simplex Method
3.3.1 The Simplex Tableau
Consider an LP in standard form, where A € R™" is rank m:

minc’x s.t. Ax=Db,
x>0

WLOG, A= [B | N ] where B = R™™ invertible. Since A is rank m, we can row-reduce to make this true.

Definition: Pre-Tableau

All notation as above.

The pre-tableau is the augmented matrix defined as:

1 =" J o] 1 - | O
PreT‘[o A |b]‘[o BIN | b]

. J

In essence, we can think of this augmented matrix as implying that there is some slack variable z € R s.t. z—c'x=0 (on
the top row), and asserting that Ax = b in all the other rows.

However, we are actually interested in Basic Feasible Tableaus in the simplex method. To convert this into basic form, we can
use the invertible matrix H € R™+1xm+1.

[1 B!
H _[0 B!

Which allows us to convert out Pre-tableau into a basic tableau:

Definition: Basic Tableau and Basic Feasible Tableau

All notation as above.

A Basic Tableau is any tableau of the form:

. _ _[1 0" —ct+¢BTIN | ¢zB'b
Baschableau_HxPreT—[0 I B-IN | B7'b

If B~'b > 0, then BasicTableau is called the Basic Feasible Tableau of basis B with basic feasible solution X = [);B]

In this case, we can rewrite the Tableau as:

1 0" —ry | ofv(x)
0 I .. | %

-1

Firsly, note that if B~'b > 0, then X = [B o

b] is feasible in LB making it a basic feasible solution and thus making the tableau
a basic feasible tableau).

From any basic tableau, we can derive a couple key things. We can write out 2, our “slack variable” for the objective function
value in terms of the non-basic components of x:

z— (¢, —cfB'N)xy =c/B'b
= z=c B 'b+(c, —c,B'N)xy

which (if B"'b > 0) is exactly the ofv(x) written our with respect to the ofv of the basic feasible solution x and the reduced

cost coefficients:
z = ofv(X) + ry Xy
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We can similarly write out the basic components of x using the non-basic components:

X =B 'b—B !Nxy =%; —B 'Nxy

Lastly, note that if the top row (not the scalars on either end) is < 0 in a basic feasible tableau, then our bfs is optimal
(because they represent the negated reduced cost coefficients).

3.3.2 Pivoting and the Simplex Method

The Simplex Method is a way to move from one Basic Feasible Tableau to another Basic Feasible Tableau with a few
guarantees. One guarantee is that the next BFT is, in fact, a basic feasible tableau as well. The other guarantee is that, as we
iterate, the objective function value of the bfs for the basic feasible tableau is always going down or staying constant. Thus,
the simplex method is a way of iterating through basic feasible solutions of an (LP), via their respective BFTs, until we find
the optimal BFS.

Let’s assume we start with some basic feasible tableau, representing a basic feasible solution.

InitBFT = | » s
m “lo A | b

Algorithm 1: The Simplex Method
Input: InitBFT
Output: The optmal bfs, X
CurrBFT « InitBFT;
while Top row —¢&T is not all negative do
Pick any non-basic column (non-identity column), A9, with top row value —¢; > 0;
if AU) < 0 then
L The problem is unbounded.® Exit;

. . b . Ao .
i* < arg min;e4 o 7> (e pick from the rows whose value 4, ; is positive);
>0 A

Row reduce CurrBFT to convert column A?) into the indentity column with a value of ¢; =0 above it?;
CurrBFT « new, row-reduced BFT;

O Why? x5 = b— XJAU) =0 as x; — 00. So, we can keep reducing our x; forever, and we’ll always have a feasible solution.
Additionally, because the —éjT >0 = ro < 0, then our ofv is either staying the same of decreasing as x; — co.

A : This new tableau is still a basic tableau! We still have the same identity property, we've just changed one of the identity
columns.

The result of one iterate of the simplex method is a basic feasible tableau with ofv going down.

Le. the new CurrBFT is a basic feasible tableau whose basic feasible solution, X, has ofv(x) lower than the previous
iterate’s bfs.

Proof. The previous column with identity where i* = 1 will no longer be an identity column. Any other columns with
identities will not be touched by the row operations (because those columns have 0 for rows i*. So the property of containing
an identity still holds for our tableau, and we can say the same for the top row. Thus, we still have a basic tableau.

Vi # i*, we now have that our new b; = b; — 7.-bi-. Note that in this term, we know b;,b;. > 0 and A;. ; > 0. Thus, if
i*,j >

A; <0, then we know that our new 131- >0.If Ai’ ; >0, then we know that /;’—i > ;i and thus Bi > 0. Therefore, the basic

iLj = - Y
L] ]
feasible solution for our new basis is feasible,
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i
Ai*’]‘

Bi* > 0 (by feasibility). This will always decrease if IA)i* > 0, otherwise we will stall (which is typically okay). [ |

Lastly, the new 2 = 2 + b". Note that ¢; < 0 (that's why we picked it), Ai*,j > 0 (again, that’s why we picked it), and

Note: If Bi* = 0, then your ofv will not go down for that iteration. This is called degeneracy or stalling. It is not uncommon to
experience stalling while running this algorithm. However, cycling is uncommon, and rarely happens.

If your (LP) is feasible, and the ofv has a lower bound, then the simplex method will terminate, and (LP) has a
solution at the bfs represented by the final BFT.

3.3.3 Big-M method

How do we pick the first basis in the algorithm? If we are not given a basis, we can create one. Let the original problem, B be:

minc’x
s.t. Ax=b,x>0

We can augment P to create an artificial basis. Choose M >> 0. Write P* as:

min[l\c/[]T["fv] st. [A ] 1][3]:1:,

Note that all the feasible solutions for the original LP are contained within the feasible solutions for this new LB since they
are obtained by setting w = 0. Since M >> 0, it will never be optimal to have a solution in this new (LP)* where w # 0, and
thus we should recover a solution that works equally as well for our original LR However, importantly, our augmented A
matrix already contains an identity in it, which constitutes as our fist basis!
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4 The Dual of Linear Programs

We have seen Linear Programs and how to solve them. Now we will look at the dual problem of a Linear Program.

Definition: Dual of the Canonical Form
Let A€ R™" beR™, c<R". A linear program in canonical form is of the form:
mine’x s.t. Ax>b,
x>0
Then the dual problem, DB takes the form:

maxb’y s.t. ATy <ec,
y=0

Definition: Dual of the Standard Form
Let A€ R™" b eR™ c<€R" A linear program in standard form is of the form:
minc’x s.t. Ax=Db,
x>0
Then the dual problem, DB takes the form:

maxb’y s.t. ATy <c

4.0.1 Equality across forms
As before, with the primary Linear Programming formulation, the 2 forms (canonical and dual) are equivalent to each other.
Suppose we have a linear program, LB in canonical form:

mine’x, s.t. Ax>b,
x>0

It can be converted into a standard form LP:

min[(c)] [’z‘] st. [A ] —1][:]:1),

With standard form dual problem, DP:
AT c
T
maxb'y s.t. [_I]ys [0]
Which is exactly the following DP in canonical form:

maxb’y s.t. ATy <ec,
y=0

The other direction is similar: Suppose we are given a linear program, LB in standard form:

mine’x s.t. Ax=b, x>0

. A b
mine’ X s.t. [—A]XZ[—b ,

x>0

The canonical form of this LP is:
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The dual of this problem is:

Which can be converted into standard dual form as:

maxb’(u—v) s.t. AT(u—v)<ec,
e
A"

Note: that the non-negativity constraints disappear for z because it is the difference of two non-negative vectors

We can simplify this by setting z = (u—v):

maxb’z s.t. ATz<c

4.0.2 The dual of the dual
Lastly, note that we can show the dual of the dual is the primal:
(LP) :minc’x, s.t. Ax>b, x>0
(Dual) :maxb’y, s.t. ATy<c, y>0
(Equivalently) :min—b"y s.t. —ATy>—c, y>0
(Dual) :max—c’z s.t. [-AT]Tz>—b,z>0

Ll

(Resolving) :minc’z s.t. Az>b.z>0

The last term here is exactly our original LP

4.1 Duality

Theorem 4.1: Weak Duality

Let LP be a lienar program, with a dual DP

If x feasible in LB and y feasible in DB then

ofvpp(¥) < ofvyp(X)

Weak Duality (standard form).
b'y =A%)y =x"ATy<x"c=c'x

The inequality holds by the feasability of ¥ in the dual, which states that ATy < c. ]

Weak Duality (canonical form).
b’y <(Ax)Ty=x"ATy<x"c=c"%

Theorem 4.2: Supervisor Principle

Let LP be a lienar program, with a dual DP

If x feasible in LB y feasible in DB and
ofvpp(y) = ofv;p(X)
then X and y are optimal in their respective problems.
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Proof. By weak duality. [ |

Theorem 4.3: Strong Duality

Let LP be a linear program.

If LP is feasible, and the objective function value is lower bounded then:
e The LP has a solution X
e The DP has a solution y
e ofvy,(y) = ofv,p(X).

Proof. Let A€ R™" (WLOG assume it is rank m), and b € R™, ¢ € R". Let LP be a linear program in standard form:

mine’x s.t. ATx=b,
x>0

Assume that LP has been solved to optimality with the simplex method, with the optimal bfs x as the solution, and basis B,
implying A= [B | N ] By optimality, rlff = c}\; - ch_lN > 0. The dual formulation of this problem is:

max y'b s.t. yTA> T

Consider y* = ¢ZB~'. Note that y'b = (¢! B~)b = ¢[(B~'b) = ¢’ k. Thus, if y is feasible, then it has ofv,,(¥) = ofv;,(X)
and by the Superisor Principle, ¥ must be optimal. If yA < c then y is feasible. This holds, because

yA=c!B'[B | N]=[c} | ¢B'N]<[c] | <]
Note: The inequality holds because the reduced cost variables show that ¢}, > ¢! B™'N.

Thus ¥ is feasible with ofv equal to ofv; ;(X) in the primal, and thus is optimal in DP. ]

4.1.1 Complementary Slackness

Definition: Complementarity

63 0

0 0
o 8
“lo'Y7 o
0 10

2 0

are complementary, since the non-zero entries of one correspond to zero entries in the other.
Ifx,y € R" s.t. X, y> 0, then x and y are complementary iff x"y = 0.

Theorem 4.4: Standard Form Complementary Slackness

Let LP be a linear program in standard form, with dual problem DP

If x feasible in LB y feasible in DP, then X is optimal in the primal, y is optimal in the dual iff X is complementary to
the dual slack of y, i.e.
%o L (c—A"9)50

Proof. As in the weak duality proof,
b'y=xAy<x'c=c'x
Note that X is optimal in LP and y is optimal in DP iff b”y = ¢! %. which is true iff the equality X" Ay = X" ¢ holds, which is
true iff X (c—ATy) = 0! [



Theorem 4.5: Canonical Form Complementary Slackness

Let LP be a linear program in canonical form, with dual problem DP.

If % feasible in LB, y feasible in DB % is optimal in LP and ¥ is optimal in DP iff X 1 c—A’y and y 1 Ax—b.

Proof.
b’y <(Ax)Ty=x"ATy<x"c=c"%

Similar to above, we need our inequalities to become equalities, which happens exactly when
o b'y=(4%)"y > (4&x—b)'y=0, and

o X'ATy=%"c—x"(c-A"§)=0

4.2 Duality and the Simplex Tableau

Recall the Simplex Method and Simplex Tableau from Linear Programs (§[3.3). The same construction can be used in solving
the dual problem, as well! Let LP be the following linear program:

minc’x s.t. Ax=Db,

x>0
Let B be a basis of LB with the basic tableau:
1 0 .. | ¢B'D
0 I .. | B

-1
0
necessarily feasible in the dual problem, either. However, our choices of X and ¥ vectors have the same objective function
value (by design). This means that a basic tableau for which both x and y are feasible has found the optimal solution for
both LP and DP in X and y, respectively.

and basic solution X = |: b]. Recall, additionally, that X is feasible iff X > 0. Set §* = ¢/ B~! € R™. Note that y is not

The items needed to a basic tableau to be optimal, with vectors x and ¥, is:
1. Feasability of x:
(a) Ax=b
(b) x>0.
2. Feasibility of y : yTA< c”
3. Equivalent ofvs: ¢’x =bTy
B7'b
0
satisfies this constraint always. Additionally, by definition of y and X, 4 is always true as well.

Notice that 1(a) is always true!. If B is a valid basis of A, then it holds that [B | N ] [ ] = b. Thus, the choice of X

Thus, solving the LP comes down to finding a basic tableau which satisfies (1b) and (2). (1b) is true precisely when
B7'b > 0. (2) is true precisely when the top row of the simplex is < 0. To see this, first notice that the top row is equal to
—c" +¢fB7'A=—c" +§"A. (You can verify this easily, by just reasoning through the values that are on the top row). Thus,
the top row is actually the negative dual slack ¢ —yTA. If this slack is > 0, then ¥ is feasible. Thus if the top row of the
tableau is < 0, then y is feasible in DP

Note: this also gives us a second way to think about the top row - it is both the rate of change of the ofv as you vary the non-basic
variables, and it is the negative of the dual slack.

This gives us 2 paradigms to operate in when solving an LP

1. If we have a basic tableau which is primal feasible, but not dual feasible, then we can use the primal simplex method
to move towards a basis which has dual feasibility, while maintaining primal feasibility.
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2. If we have a basic tableau which is dual feasible, but not primal feasible, then we can use the dual simplex method to
move towards a basis that is primal feasible, while maintaining dual feasibility.

4.2.1 Dual Simplex Method

The dual simplex method (Algorithm [2)) is very similar to the primal simplex method. Given any basic dual feasible tableau
(- <0)

BDFT=|:

Algorithm 2: The Dual Simplex Method
Input: InitBDFT
Output: The optmal bfs, x
CurrBDFT « InitBDFT;
while b is not > 0 do
i* < some row i S.t. Bi <0;
if Row i* of A, A:’i* > 0 then
L The the LP is infeasible.® Exit;

. . —C . . . A . .
j* « arg minjes, <o lr*fj, (i.e. pick from the columns, j, whose value A;. ; is negative);

CurrBDFT « Pivot on (i*, j*) (similar to simplex method), to obtain a new basic dual feasible tableau with an
identity column in column j*;

${ : Recall that I?)l-* < 0. However, if A:’i* > 0 then b cannot be < 0. Thus the problem is not feasible.
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5 Moving beyond linear problems
Most sections from now on will largely not make the assumption that the problems are linear.

5.1 Quadratic Programs

Another set of problems that we will be considering often are Quadratic Programs. Quadratic programs are often of the
following form:

Definition: Quadratic Program

Let Qe R™" ceR",x€R", and S CR".

A Quadratic Program, QB is of the form:

minx"Qx+c'x s.t. x€S

Note that the gradient and Hessian of this function f(x) = x"Qx + ¢ x are:

Vfx)=Qx+c
V() =Q
In general, we are going to consider problems where Q is positive definite or positive semi-definite. If a single eigenvalue
of Q is negative, then this problem is, in general, NP-Hard and thus very difficult to solve. Therefore, when we consider
quadratic problems, we will often be considering convex or strictly convex quadratics.
5.1.1 Existence and Uniqueness of solutions

Let’s consider a less general quadratic program. Let Q € R™*" be symmetric, positive definite. Let ¢ € R", x € R". Finally let
S C R" be a closed, non-empty set. Consider the problem, QP:

minx’Qx+c¢'x s.t. xS

Proposition 5.1

All notation as above.

There 3 a global minimizer of QP
Furthermore, if S is also convex, then the minimizer is unique.

Note: This last statement cannot be taken for granted. For example, the set S = {x : f(x) = 35} is a closed, non-empty set.
However, every point of S is a global minimal!.

Note: This problem definition covers a lot of problems that we’re interested in. For example, if S is a polyhedral set, then S is
closed and convex! Or if S is defined by a set of functions g; < 0 where all g; are convex and continuous then S is again a closed,
convex set.

Proof. Define f(x) =x"Qx+c'x. For anyd € R" s.t. ||d||, =1, and for any a € R let X = a *d.
fE) =x"Qx+c'x
=a?d"Qd+ ac’d

20( min A)az—llcllza
Aec(Q)

{ : The first term of the inequality is a special property of symmetric matrices and unit vectors. This value is bounded by the
max and min eigenvalues of Q, which in this case are always > 0, because Q is PD. The second term is due to the fact that
lc”d| < |le|| *||d|| = ||e|| and thus the minimum value of ¢'d = —||c]|.
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Note that this bound scales only by a. All other terms are constant. Additionally, the bound is dominated by a? + min A,
which is positive. Thus, for any arbitrary X, € S, 3a > 0 s.t. V|[x||, > a f(x) > f(X,). Then define

B={xeR":|[x|l, < a}

Note that is B is closed and thus BN S is closed. B is bounded, and thus BN S is bounded. Therefore, BN S is a compact,
non-empty set. We know that it’s non-empty because, at the very least, X, is in it!

Because B is compact and non-empty, we know that there must exist a global min of f on B, x*. Therefore, x* is a global min
of f on S, because Vx ¢ B, f(x) > f(x,) = f(x*). Thus a global min exists for f on S.

Finally, assume S is a convex set. Suppose 3 two global mins, x” and x” for f on S. Let
D={xeR": f(x) < f(x)}

Note that D N S is also a convex set, and thus the line segment [x’,x”] € DN S. Thus f is constant along the line segment,
which is a constradiction as f is strictly convex. Therefore, the global min of f on § is unique.

5.2 Frank-Wolfe Algorithm

This section will introduce one very simple algorithm for approaching general constrained optimization problems.

Let’s consider a very general problem, P:
min f(x) s.t. x€S

where
e f is cont. diff.
e Sisapolyhedreal set,e.g. S={x€R":Ax>b,x>0},S={xc€R":Ax=b,x>0},S ={xe€R": Ax =b}

The Frank-Wolfe Algorithm offers a very general solution to P Note: This is basically choosing which direction to step based

Algorithm 3: Frank-Wolfe Algorithm
Input: Problem (P)

Output: Solution x*

x(© « some initial guess ;

fori =0,1,... until a stopping criterion do
ce—Vi(xD);

Define LP® : mine’x s.t. X€S ;

20 « solution to LPW;

Define P : minae[o’ljf(az(i) +(1—a)x®);
aD — the solution to PW ;

X(+1 gDz 4 (1 — g)xD

on the “descent” level of the immediate gradient, as well as the boundaries of your feasible region S. So you choose the most
“promising” direction based on how far you can go and how much the gradient says you’ll decrease in that direction.

Note a few important things about this algorithm
e The problem LP® is a linear program which we’ve now seen how to solve now.
e The problem P is a 1-dim optimization problem, that can be easily solved, either analytically or numerically.

o At x the first-order approxation of f,
FE)~gx) = f(xD)+ VD) (x—x)
~ (/O =97 O ) + V)
= constant + ¢’ x

Thus, LP® is equivalent to minimizing g(x), which is like saying what x around x*) is minimal.
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6 The KKT Conditions

The KKT Conditions give us an important way to not only check points for optimality, but also to solve exactly for optimal
points in some scenarios. This section will derive the KKT conditions for general constrained optimization problems, and
then present them explicitly in a few examples.

6.1 Farkas’ and Gordon’s Theorems

In this section we will introduce 2 important theorems which will lead to the derivation of the KKT conditions.

Theorem 6.1: Farkas

Let A€ R™™ b e R™.

Then either
(1) 3IxeR" s.t. AXx=b,x>0
or
(2) IyeR™ s.t. bly>0,ATy<0
One of these must hold, and the other must be false, for any A, b

Proof. Consider the problem and it’s dual:

LP :min07x s.t. Ax=b,x>0
DP :maxbTy s.t. ATy <0

If (1) is true, then LP is feasible and the ofv = 0. Then, by weak duality, DP has no solution with ofv > 0. Then (2) is false.

If (2) is false, then since DP is feasible with vector y = 0, with ofv = 0, we know that this is the max ofv of the DP (by (2)
being false). Since the DP has a solution, then LP must also have a solution and be feasible (with ofv =0 ), and thus (1) is
true.

Theorem 6.2: Gordon

Let A€ R™™,

Then either:
(1) IxeR" s.t. Ax=0,x>0,x#0, or
(2) IyeR™ s.t. ATy <0

Proof. (2) being true <= Jy€R™, e >0 s.t. ATy + €1 < 0. We can rewrite this statement in matrix form:
3 [y] eR™! st [O] [y] >0,[AT | 1] [y] <0
€ 1]|e €

0
Note that this re-writing looks a lot like Farkas’ setup, where AT = [AT | 1] and b= [

1]. Thus, we can say that (2) is

true iff
A
AxeR", x>0, s.t. [IT]XZ[(l)]

which we can restate as A x € R" s.t. Ax=0,x > 0 and the coordinates of x sum to one, which is true iff x # 0 (since we
can arbitrarily scale x until it’s componenents summed to one without affecting the homogenous solution) which is when (1)
is false. Thus (2) is true iff (1) is false.
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6.2 Deriving the KKT Conditions
We will derive the KKT conditions by making a slow march through a series of propositions.

Let’s start by considering the problem B defined as:

min f(x) s.t. g,(x) <0,

g2(x) < 0:
gm(x) <0,
XeS
g1(x)
) g:(x) . .
where we write g(x) = . s.t. g:R" — R™, with constraints g(x) < 0.
8m(x)

Definition: Active Constraints

For any x € S, feasible in P, the active constaints are
Ay ={i: g(x)=0}

In other words, they are the constraints for which X is on the “boundary”.

Proposition 6.1: KKT Prop 1

Ifx € S, feasible (satisfies g), and is a local min of P, then there does not exist a direction d € R" which is simultaneously
a descent direction for f and all active constraints, g; s.t. i € A,.

Proof. If such a d exists then 3 a > 0 small enough such that

Vie A, gi(x+ad) < g;(x)=0
Vig Ay, gi(x+ad)~ g(x) <0

thus x + ad is feasible, and f(x + ad) < f(x) and thus x is not a local min.

Proposition 6.2: KKT Prop 2

v T
If x € S is feasible and a local min of P then 7 d € R” (direction, # 0), s.t. JTd < 0, where JT = [ f (x)]

Vg, (x)

Proof. Immediate consequence of prop 1, J represents the gradients of f and all active constrants A,, and if such a d exists,
then it is a descent direction for both f and all active constraints .A,. ]

Proposition 6.3: KKT Prop 3

— — —
If x € S, feasible, is a local min of P, then 3A >0, A #0, st. JA =0

Proof. This is equivalent to Prop 2, by Gordon’s Theorem. [ |
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Proposition 6.4: KKT Prop 4

If 3x € S, feasible, is a local min of P, then 3 [%] € R'™, non-zero, such that

[Vf(x) Vg, (x) .. ng(x)] [%}:0, S.t. Vi=1,...,m7igi(x)=0

Note that this is just a restating of Prop 3 where we include all constraints here (not just active ones), but if a constraint is

=
not active (say j is not active), then A ; must be zero.

Fritz-John is a re-statement of Prop 4, but utilizing the definition of the Jacobian:

Definition: The Jacobian

The Jacobian of g is defined as

Vgx)=[Vei(x) | Vg | .. | Vg,(®)]

Using the above definition and notes, we can rewrite Prop 4 as the Fritz-John Optimality Conditions:

Theorem 6.3: Fritz-John Optimality Conditions

s
If x € S, feasible in P, is a local min of P, then 3 A € R™, 8 €R s.t.

BVF(x)+ Vgx)A =0,
A Tg(x) =0,

and [%] >0,#0

Which we can similarly write as...

BYF(O+ ) Vg A =0,
i=1
&) =0,

m
=1

1

—_ = —
and B, A1, A 9,..., A, =0,butnot all 0

Again, there is no proof. This is just a re-statement of proposition 4, using the definition of a Jacobian. Finally, this leads us
to the KKT conditions...

Theorem 6.4: Karush-Kuhn-Tucker Conditions

Ifx €S, feasible in P is a local min of P and satisfies the "constraint qualifications" (cq) that {Vg;};c 4, are linearly
independent, then

— —
dA eR™ sit. VF(x)+Vgx)A =0,
—
2 Tg(x)=0,

N
and A >0

Proof. This follows from Fritz-John. The linear independence of {Vg;};c 4 forbids  from being 0. Thus, we can divide
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[%] /B which sets 3 = 1, and thus we only require that 7 > 0 (since > 0, the "but not all zero" constraint is already

satisfied). The 71- are called the KKT multipliers. [ ]

6.3 Using the KKT Conditions

We will now examine how our KKT conditions can apply to some problems that we’ve seen before, and how it can aid us in
solving these problems.

As a general formulation, define a problem P, as
min f(x) s.t. g(x)<0,x€S

where S is some open set, and f and all of our g;’s are continuously differentiable. By KKT, if x is feasible, and is a local min
of B and our constraint qualification (cq) is satisfied, then we have

—
Vix)+Vgx)4 =0,
—

ATg(x)=0,

—

A =0

Note: The constraint qualification that we used in the definition was that our active constraint gradients were linearly independent.
However, there are many types of constraint qualifications that we could use to satisfy the definition.

Now, we are interested in using these KKT conditions to find optimality, rather than just verify it. To see an example of this,
let’s revisit a simple linear program.

6.3.1 KKT Conditions for a Linear Program

Let A€ R™" b e R™, c e R". Lets define the following linear program B, with variables x € R":

mine’x s.t. Ax>b,
x>0

We can rewrite P as:
b

—A
. T <
minc X S.t. [_I]x+ [0] <0,

xeR"

This is now in the form we want! We have our g and our f for our KKT conditions, and our feasible region S = R", which is
a nice, open set. So suppose now that we have some local min X. What do the KKT conditions say about this point?

1. Firstly, we know what X is feasible:
AX

>b,
x>0

2. We also have that our KKT multipliers are > 0:

3. We have the complimentarity of our g and 7
T -
HE
2 —X

4. and lastly, we have the gradient constraints of KKT:

c+[-AT | —I] m =0
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From (2), we know that ¥,z > 0. From (3), we also see that 7 (b—Ax) = 0 and that z'% = 0. Finally, from (4) we see that
ATy +z = ¢, which we can rewrite as Z = ¢ —A”y. We have a lot of information about Z! We can use this to write it out of the
equation:

1. Feasibility, same as before

2. We substitute Z = x— ATy in, to get:

which is exactly dual feasibility of y!

3. and lastly, subbing it into the complimentarity condition, we get:
y' LAx—bandx Lc—ATy
which is exactly our LP complementary slackness!

4. the 4th condition gets written into all the other conditions, implicitly, by our substitution.

This is a translation for what the KKT conditions mean for us in a linear program! They are exactly the necessary and sufficient
conditions for optimality in a LP! Primal and Dual feasibility, and complementary slackness.

6.3.2 KKT Conditions for Quadratic Programs with Equalities

Let’s start with a simple quadratic problem formulation. Suppose Q € R™" is symmetric, PD., A € R™" ¢ € R",b € R™.
Define the quadratic program, QP as:

1
min EXTQX— c’x, sit. Ax=Db,

xeR"

We can rewrite the constraints into “KKT-friendly” form...

1
min =x'Qx—¢’x, s.t. Ax—b=0,
xeR"

where now we can say that Vf(x) = Qx—c, and Vg(x) = AT.

Note: here that we have equalities, where we typically require inequalities for KKT. We can easily convert this into inequalities, by

=
doing the <, > trick. This actually removes positive constraints on our A vector, since you have the subtraction of two positives
in the eventual formula. Thus, our KKT conditions are actually simplified. Additionally, we lose the complimentarity constraints,
since the constraints are always active.

Thus, the KKT conditions when x is feasible (Ax = b) and is a local min of QP are:

Qx—c+ATy=0
i.e. x e R" is a solution iff 3y € R™ s.t. [Q AT} [X] = [c]
A 0 ||y b
This big matrix enforces a few things
e Qx+ATy = (KKT condition)
e Ax = b (primal feasibility)

and that’s enough to find a solution! Additionally, this big matrix (M) is square, and in fact invertible, since Q is PD and we
can always make A full row-rank. So we can actually solve this exactly! Which gives us an x and y exactly! And since this is a
convex QB the solution is also a global min.
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6.3.3 A bit on Quadratic Programs with Inequalities

Let’s look at an example of a QP with inequality constraints. Let A€ R™" symmetric PD, b € R™non-zero, c € RZ :
1o T
mmax Ax, s.t. b'x+¢<0

Note that our f is convex (yay) and our g (we only have one!) is affine (yay). Moreover, the gradients are:
Vf(x)=Ax,Vg(x)=b#0

Let’s solve this problem by looking for KKT points. Since f is convex, then the KKT points are globally optimal! But, we have
to consider a couple cases. If g is active for a KKT point, or if g is not active. Let’s consider a KKT point where the constraint
g is not active. Then KKT only tells us that

Vi(x)=Ax=0 = x=0

If none of our constraints our active, then the only thing KKT has to tell us is that an optimal point is a stationary point,
which happens only when the gradient is 0. However... x = 0 is not feasible! And so, we must have an active constraint for
our KKT points for this problem. So, let’s look at when g is active, then. In this case, KKT gives us that

Ax+Ab=0,1>0,b'x+c=0
Well, we can solve this for x! A is invertible, since it’s PD, and thus we can write this out:

x =A"}(—Ab)
b’A }{(=Ab)+¢c=0

c
A=—— which is greater than 0, since A and A™! is PD.
bTA-1b &
f=—— Al
bTAb

which gives us a unique solution for x! Thus... KKT has given us an exact solution for this QP with a single inequality
constraint.
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7 Newton’s Method and Interior Point Methodology

7.1 Newton’s Method

Suppose we have a component-wise function F : R" — R", component-wise continuously differentiable. Suppose, additionally,
that we seek a “zero” or “root” of F, x* € R" s.t. F(x*) = 0. Then Newton’s Method gives us a way to solve for this x*.

Note: This comes up a lot in, say, unconstrained optimization, where we seek a point of a function where it’s gradient is zero.
Well, the gradient is a function from R"™ — R", so it fits into this design.

Newton’s method is outlined in Algorithm

Algorithm 4: Newton’s Method

Input: F : R" - R"

Output: x* s.t. F(x*)~0

k < 0;

x(© « some initial guess;

while F(x® % 0 do
Define G¥) : R" — R" to be a linear approximation of F about x©);
x*+1 js defined s.t. GV (x(k+1) = 0;

k—k+1
Fy
Fy
F is a component-wise function, of the form F = | . |, and we require that Vi F; : R" — R is continuously differentiable.
F

n

The G function is meant to be a linear approximation of F about x*). We know that we can use Taylor Series to approximate
this function. In particular, we’ll use the first-order approximation, since we know that F; is continuously differentiable, and
the approximation is linear. So, let’s define

Gi(x) = F;(x®) + VF (x*)(x —x®) ~ F;(x)

We can stack all of these up, such that:
T (4 (k
VFI(x)

VF, (x®
2 () (x—x") ~ F(x)

G(x) = F(x®) + .
VF! (=)

where we refer to the big matrix of gradients as the Jacobian of F, VFT (x®).

7.1.1 The Newton Direction

In the inner loop of Newton’s method we want to find x**) to be the vector such that 0 = F(x®)) + VFT (x®0)(xk+D) — k),

i.e. we want
—F(x(k)) — VFT(X(k))(X(kH) _x(k))

Note here that the, given the previous iterates x*, the Jacobian is a fixed matrix in R™", and —F (x)) is a fixed vector in
R", so we only need to solve for (x**1) —x()) which we can do by simply solving the linear system.
XD =x0 _ (v F(X(k))T)—l F(x®)

Note: Normally, we would just solve via computational methods, rather than actually trying to invert the matrix for an analytical
solution, since inverting the matrix is often very expensive.
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Definition: Newton Direction

All notation as above.

For any given iterate k + 1, with solution
XD = x® _ (v F(X(k))r)*l F(x®)
The Newton Direction,

~(VFE®)) T Fx®)

is the direction moved away from the last iterates solution, x*’

7.1.2 An application of Newton’s Method: 2nd order optimization

Suppose f : R" — R is twice continuously differentiable, and you are looking for the min or max of f. In this case, you are
looking for a stationary point of f, i.e. an x* € R" s.t. Vf(x*)=0. Notice that Vf : R" — R". And note that the Jacobian
of Vf is exactly V2f, the Hessian!

If we plug in our analytical solution at step i, then we have that
XD = xO _ (2§ (X(i)))—lv £(x®)

which gives us a way to optimize towards the min or max of a function using it’s Hessian.

7.2 Interior Point Methodology: Solving a Quadratic Program with Inequalities

In this section, we’ll see how to tackle a QP with inequality constraints using a modified version of Newton’s Method, called
Interior Point Methodology.

Suppose Q € R™" is sym, PD., and A € R™" is full row rank, b € R™,c € R". Let’s define the quadratic program QB in
standard form, as:

1
min ExTQx +clx s.t. Ax=b,

x>0

If Q had negative eigenvalues, this problem would be NP-hard. Additionally, note that Q being PD means that the hessian is PD as
well, and thus our function is strictly convex. Finally, note that A being full-row rank is without loss of generality, since otherwise
we could row-reduce to make it so.

Let’s start by re-writing our constraints as
Ax—b=0
—Ix<0

We already know that, since our function is convex, if our feasible region is closed, then there must exist a global min.
Additionally, we know that if the feasible region is convex, then the global min is unique. In our case, the feasible region is
closed, and convex, since it’s a polyhedral set. Thus, in this problem we know that we have a unique global min. Finally, since
A is full row-rank, this satisfies a constraint qualification. This means that a KKT point is necessary for a global min. We will
see later that, in fact, the KKT conditions are sufficient for global optimality, in this problem.

7.2.1 KKT Conditions of our problem
The KKT conditions of this QP look like:

o Qx+c+[AT | —1][Z]=0

e z>0
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e z'x=0

Note: We’ve broken up our KKT multipliers such that y € R™ correspond to the m constraints, and z € R" correspond to the
negative identity. Additionally, we have greatly simplified the conditions on y as explained in §

Now, we can compose both our primal feasibility constraints and our KKT conditions into one big function F : R""*" —
n+m+n
as

X Qx+c+ATx—1z
F(lyp)= Ax—b
z zZox

Now, observe that x* is feasible and a KKT point with KKT multipliers y*, z* iff

X*

F(|y"|)=0,x">0,andz" >0
Z*

The constraint Ax* = b is covered by the “middle chunk” of F, and x > 0 is just copied over. So we have primal feasibility,
above. Additionally, the first KKT condition is covered by the “top chunk” of F. The second condition is covered by the
“bottom chunk” of F (since every element of the dot product must be zero, as shown before). And the last condition is, again,
just copied over.

The Jacobian of F is:

22104
X Q A —I VFZ(')T
VFT( y ) — A 0 0 — ) c R(n+m+n)x(n+m+n)
Z diag(z) 0 diag(x)

vFn+m+n(')T

Note: Since Q is PD, A is full row rank, then if we assume that z and x are positive (> 0) vectors, then this gigantic matrix is
invertible.

Our problem is now in a form that looks nearly suitable for Newton! The only concern is the non-negative constraints on x
and z. We need a way to take Newton steps without breaking our positivity constraints.

7.3 Naive Newton

Recall that a single step of Newton’s method can be summarized in the following way (assuming the Jacobian is invertible):

XD x® x®7]  [x®
g | = [y | ZgTp( | y® F | y®
20+ 200 0] )

This is our newton iteration step, and as long as our X,z > 0, our Jacobian will always be invertible. However, in practice
we’ll never actually invert out Jacobian (it’s far too expensive). Instead we’ll typically just choose to solve the linear system:

x® x®k+D) x® <
viE( |y® g | |y | ) = —p( | y®
Q) Z0+D) ) 0]

Let’s rename this middle section, which are the variables that were solving for, to [ Ax*)  Ay®  Az®]. This represents
the variables in the linear system which we are going to be solving for. This changes our system into:

x(6) AxkD x(k)
vIiF y(k) Ay(k) =_F y(k)
7(K) Az 7(K)
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Note: This AF vector is exactly our Newton Direction (it’s what we will add to the next iterate).

However, we still cannot just apply Newton, because nothing about this Newton direction is guaranteed to keep x,z > 0. A
simple solution to this is the Naive Newton Algorithm (Algorithm [5).

Algorithm 5: Naive-Newton Algorithm
Input: F

Output: x*,y*,z*

[x0 y© 2] initialize a feasible guess;

for k =1,2,... until F| [x®) y® z(k)]) ~ 0 do

<) Ax®) <)
Solve VTF( y® Ay ): —ng/s(k)( y® );
0 Az® 0
L+ D) <) Ax®)
yED 1 —maxye | [y | +a® [ Ay® ] s.t. xk1), zk+1y > o,
Sk+1) 0 Az®
k—k+1;

In other words, naive newton will go as far as it can in the direction A such that positivity of x, z is maintained.

However, in practice this naive algorithm typically will fail to converge. "Naive Newton" will always have step sizes which are
too small and will often get stuck.

7.4 Interior Point Methodology

At a high level, the solution to Naive Newton’s failure is to try to “steer” towards the “inside” of the feasible region, while
moving towards the goal. We allow the complimentarity constraint to relax a bit while we attempt to optimize, allowing us
to make larger strides towards the root of F the other components of F, while additionally guiding our solution to a more
and more “complimentary” solution with respect to x and z. We'll formalize this below.

7.4.1 The Central Path

For all T > 0, we will define F, ; R"™+" — R™Mm*1 a9

X Qx+c+ATy—z
F(ly|)= Ax—b
Z zox—7l

\. J

What does this say? For a given root of F, we don’t quite have complimentarity in x, z. Namely, if FT([X y x)] =0, then
we have Vi x,z; = 7, and in particular that must also mean that x;,z; > 0. All of our components are > 0, and the Hadamard
product of each component is equal.

All notation as above.
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X X

If3|y| st. F(|Y|)in+em =0, AND x,z > 0, then
z z

XT XT
V1 >0, 3 unique vector |y, | s.t. F.(|y.|)=0and x,,z. >0
ZT ZT

Note: x, — X*,z, — z* solution to QP as T — 0

No proof.

This theorem is saying is that if we have a solution which solves the first 2/3rds of our problem (i.e. the complimentarity
between x and z does not hold, but everything else is satisfied), then for all T > 0, we have a solution which is jsut as good,
except the complimentarities of all components of x o z are equal but not 0.

Definition: Central Path

The Central Path is the set of solutions
{{x. %, z.]:7>0}

Intuitively, if we are “on” the central path, we might think of following it down the decreasing v direction, to approach
the solution where T = 0, which is exactly a solution to our original QP

7.4.2 Central Path Neighborhoods

Definition: Average Complimentarity

For some [x y z] € R™™" gt %,z > 0 we define the average complimentarity as

n
Definition: N, Neighborhood

For fixed parameter y € (0, 1), define

Ny()={[x vy z]eR™™":x2>0, |zox—pll, <yp}

This neighborhood is basically checking how far each complimentarity "violation" (i.e. each component of z o x is off of the
average complimentary violation 3). The smaller the gamma, the more you restrict the complimentarity of x and z to be
uniform across each component.

Note: Remember that if the first 2/3rds of F are equal to 0 and every component of z o X is exactly the average, then you're on the
central path! So you can think of N, as a space defined around the central path, whose size is controlled by y, although N, itself
says nothing about the feasibility of the other 2 /3rds of our function F.

Definition: N_,, Neighborhood

For fixed parameter § € (0, 1), define

N_Oo(5)={[x y z]eR”+m+":x,z>0, Vix;z; = 6B}

This neighborhood is much less restrictive than the N, neighborhood. This neighborhood only requires that each component
must violate their complimentarity by at least some fraction of 3, the average complimentarity.
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Note that, in this case, as our parameter 6 increases this neighborhood becomes tighter. It forces each component to be closer
to the average, meaning we’re closer to the central path as we also optimize for the rest of our constraints. As 6 — 0, this
neighborhood becomes less restrictive. Since we can have some components with very small complentarity violations, this allows
other components to compensate in drastic ways, which allows a much larger space of residents. Note again that this neighborhood
is not defined with the other values of F in mind. It it solely worried about the complimentarity and positivity of X and z.

7.4.3 Interior Point Algorithm

The algorithm is defined in|[6]

Algorithm 6: Interior-Point Algorithm

Input: €., €max St 0 < €min < €max < 1;

short step (N, neighborhood) or long step (N_., neighborhood);
y if short step or & if long step;

Output: x*,y*,z"

[xO ¥ 2O init. guess € N,(y) or € N_o,(5);

for k =1,2,... until F( [x®) y® z(k)]) ~ 0 do

€k < €min < €k < €max >
(k)T (k)
pl) — £,

M Ax()] {07 [ ax® <)
Ay® | « solution to V' F ( yo Ay® ) = —Fekﬂ(za( y® );
Az®) 0 Az® 0

D] ®) Ax]

YD | maxye [y | +a® [ Ay® | € Ny(y) or N_oo (6);
| 2+ | 0 Az® |
| ke—k+1;

Each Newton step is optimizing an F., where 7 = ¢, ) (The Jacobian is always the same, regardless of 7).

Notice that if €, is close to 0, then this is a basic Newton step with respect to our original QP. That is, we are taking a step in
the direction that finds a solution to the “top 2 chunks” of E as well as the “bottom chunk” of F. If €, is close to 1 then we
are not improving the complimentarity of z,x but rather we are only moving ourselves towards equivalent complimentarity
of all components of z o x (i.e. moving towards the central path) while still optimizing for the top “chunks” of F.

Note: Typically in practice, it is common to alternate €, between values close to 1 and close to O to alternate taking steps towards
complementarity and taking steps towards the “central path”.

This algorithm gives us a way to solve a QP with inequalities in the constraints using an iterative method.
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8 Matrix Games

We're going to shift focus for a few sections to talk about min-max games, and Lagrangian duality. This will tie in, in an
important way, to our notion of duality in constrained optimization problems.

8.1 Deterministic Matrix Games

In a matrix game, we're going to have two players:
e a row-player, who we’ll say is “me”
e a column-player, who we'll say is “you”

Here’s an example:

The rules of the game are: upon a choice of row and column, you give me the money equal to the amount in that matrix cell.
So I want to maximize the value, and you want to minimize it.

We're going to start with the deterministic case: there’s two cases to consider.
e me first (I pick rows): the problem then looks like max; min; M; ;

e you first (You pick cols): the problem then looks like min; max; M; ;.

In each of these cases, we both know what the other is going to pick given a choice of row or column. In other words, I know
what you will pick after I pick any column, because I know you want to minimize. So, in this case, I will always pick the 2nd
row, which maximizes (out of all possible rows) your choice. Thus, we say that the value of this game is —2 with arg(2, 3).

Now, if you go first, then you will certainly pick the 3rd row... because then the maximum choice for me is 5, and that is the
smallest value that you can present to me to pick from. Here, the value of the game is 5, with arg(3, 3).

Proposition 8.1: Weak Duality

maxmin M;; < minmax M;;
i j j i

or, in other words, going second is an advantage.

Proof. Let’s say that (i*, j*) is the arg for when I go first (max; min; M, ;). Let’s say that (i, j') is the arg for when you go

first, (min; max; M, ;). Then, we have that M;. ;. < M;. ; < My j

Why? Notice that M;. ;. and M;. ;; both have i*. Remember, that for the game where I went first, I picked i* first, knowing
that you would pick j* because it was the min. So j’ can’t possibly be better or you would have picked it!. And we can make
the same argument in the other direction! You picked j’ first, knowing that I would pick i’ to maximize the value. So (i*, j’)
can’t be bigger than (i’, j’) or, again, I would have picked it! [ |

8.2 Saddle Points

Definition: Saddle Point

A saddle point for M, (i*, j*), with value M;. .., is a point such that

J

Vl,] Mi,j* < Mi < Mi*,j

i

In other words, we’re at an equilibrium between the players.
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An example of this is:
20 2 9 -1
M=|11 13 10 12
-6 -8 7 15

Here, the saddle point is (i*, j*) = (2, 3). Why? Look at the options between both players, given this point. If I fix the row to
i*, then you don’t have any better choices than j* (your other options are 11, 13, or 12, and you want to minimize). But the
same goes for me... if you fix the column to j*, then I certainly don’t want to move off of i*.

Proposition 8.2

For any M, if (i*, j*) and (i’, j°) are both saddle points, then (i*, j’) and (i’, j*) are also saddle points, and they all
have the same value.

Proof. By definition of a saddle point, Vi,j M; j. < M. j < M;. jand V i, jM; y < M j < M, ;. Then,

J*
Mi/j/ S Ml'/,j* S Mi*,j* S Mi*,j’ S Mi/,j’

This is trivially true, since both (i’, ;") and (i*, j*) are saddle points. This sandwiching technique shows that everything here
is equal. Since they’re all equal, then they are all saddle points (by definition). |

Now, look at the matrix M with a saddle point above. Play the game where you go first, and then play the game where I go
first. Notice how, in both games, the optimal value for both of us to pick is actually the saddle point. And in fact... This is
always the case!

Theorem 8.1

For any M, max;min; M;; = min;max; M, ; iff there exists a saddle point, (i*,j*). Furthermore, (i*,j*) €

arg[ max; min; M; ;] & arg[min; max; M, ;].

i.e. if there is a saddle point, then it is the optimal choice for both players.

Proof. (<=) Suppose M;. ;. is a saddle point. By definition
M;. j» = min M, ; even if you choose, you will choose j* because it’s a saddle point
j

<maxminM;; (1) IfI am free to pick a row now, then I may pick something worse for you
i

< minmax M, ; (2) True by our proposition above.
j i

< maxM; ;. (3) Reverse argument of (1)
3

=M. j» Again, because it’s a saddle point. I'll always choose this

Thus, all of these inequalities are actually equalities. Notice that equality in (2) gives us that max; min; M; ; = min; max; M, ;.
Equality in (1) says that in the max; min; problem, picking i* is the best thing I can do. Equality in (3) says that, in the
min; max; problem, j* is the best choice you can make. By definition of saddle points, if I choose i* or you choose j*, the

final result will be (i*, j*).

This shows that, if you have a saddle point, then both games will converge to the same point, and that’s the best point that
either side can pick.

(=) Suppose (i’, j') € arg[max; min; M, ;] and that (i”, j) € arg[min; max; M; ;], and further that M;, ;; = M,
Then,

Je

Mi/,j’/ S Mi”,j/’ = Mi’,j’ S Mi//’j/ — Mi’/,j” = M M

o = ey
] L)

which implies that M;, ;. is a saddle point. [ |
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8.3 Probabilistic Matrix Games

In this game, I pick a row probability vector p, and you will pick a column probability vector q. We call these games
mixed-strategy games, where the deterministic case are called pure-strategy games.

For example, let’s say we have a matrix M,
10 -1 2 -9

1
One choice of pis p= | .2 |. One choice of q is q* = [.2 2 1 .6].
7

So the probabilities for each cell are
.02 .01 .01 .06
pq’ = |.04 .04 .02 .12
.14 .07 .07 .42

And the way we measure the “success”, in this game, is by the expected value. We can write this succinctly as E(p,q) =
T
p Mq.

Note that “pure-strategy” games are a particular instance of mixed strategies, e.g. we can only assign probabilities 1 and 0 to
rows or columns.

The 2 possible games that can be played are:

e “me-first”: max, ming E,;(p,q) - In this problem, I have the much more complicated problem. Your job is easy here.
Once you have my p, then all you have to do is pick a q which minimizes the expected value. But I have to work really
hard, because I have to consider what you’ll pick as I pick my p.

e “you-first”: ming max, Ey, (p, q) - Here, we have the opposite problem. Now, your job is the hard one, because you have
to consider what I will do after you pick.
8.3.1 Second Player Strategy

Let’s look at the example from above:

1
In “me-first”, if I pick p = [ .2 |, what would your q be?
7
1
Ey(l.2|,9= ql((.l)lo +.2(3)+ .7(—3)) + qz((.l)— 1+.2(6)+ .7(7))
7

+ qg((.l)z +.2(—2) + .7(5)) + q4((.1) —9+.2(0)+ .7(8))
= q;(—.5) + q(6) + q3(3.3) + q4(4.7)

So... if you want to minimize the equation what will you pick? You should just put all of your eggs in one basket! Ie., you
should choose q = [1 0 0 O]! This obviously minimizes the expected value.
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Proposition 8.3

In mixed-strategy matrix games, the second player can always have an optimal strategy that is “pure”. e.g.,
In “me-first™: e rrgn Ey(p,q) = 1L InJmZ pPiM,
L

In “you-first”: minmax E,;(p,q) = min max Z q;M;
P P a4 i £ ’
j

8.3.2 First-player strategy
We’ve seen that the second-player’s strategy is relatively trivial. However, how does the first-player go about picking their
vector? Well, it turns out that, for example in “me-first”, my strategy is the linear program:

maxgz S.t. V]; Zpimi,j =32,
i

Vi, p; =0,
ZPi =1

with variables p,z. What’s going on here? The last two constraints are just making sure that we keep p to be a valid
probability distribution. The top line is where the real magic is happening. Notice that, in this formalization, z is a value
which is below the weighted sum of each column, where the weights are our variables p. Since g is forced to be below each
column-sum, when we maximize z we are pushing up the minimum value of the column-sums. Remember that when “you”
are picking your q in this game, you will be picking the column with the minimum column-sum, weighted by my p. So my
goal is to find a p which maximizes z, the minimum column-sum value! So, we’ve sort of “built-in” your decision with z and
our desire to maximize it, and now all that’s left is to find a p which maximizes z. And this is a linear-programming problem!

Let’s rewrite this into a concise matrix form:
T T
o] [p M" —1][p][=0
max|y] 2] s[5 0 J2][25)

p >0
z || unrestricted

Let’s break this down a bit. The top row of our constrants is saying that M p > z1, which is exactly our earlier contraints.
It’s just assuring us that our weighted column-sum is greater than z. The bottom row just just assuring us that p sums to one.
And the second constraint is just making sure that our p is also not negative, but we have no constraint on z.

S e e g

—q <0
w || unrestricted

Here we’re just deciding to name our dual variable —q as opposed to q for naming convention. So think of —q as our regular dual
variable.

Let’s write out the dual of this problem:

Let’s rephrase this (decompose it a little and switch the inequalities with our negative).

minw s.t. Vi, quMi,,- sw,

J
2.9=1
i

Vj, q; >0
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and... of course, this is exactly the “you-first” strategy! So my best strategy in the me-first and your best strategy in the
you-first are dual problems! And what we have, given strong duality, is that these two problems have equal optimal objective
function values since they’re both feasible. So it actually doesn’t matter who goes first! By strong duality, both games have the
same value.

More formally:

Theorem 8.2

In mixed-strategy matrix games:
max min Ey;(p,q) = minmax E,,(p, q)
P q a p

Proof. By strong-duality! |
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9 Lagrangian Duality

Now we shift from Matrix Games to a very related concept, the Lagrangian problem. We will see the notion of saddle-points
from matrix game theory comes into play in this optimization problem, and then how it also ties into our KKT conditions.

9.1 The Lagrangian Function

Definition: The Lagrangian Function

Consider the problem P:
min f(x) s.t. gx)<0
XeS
SCR"Y, £,81,82--8n:S—R

Then, we define the Lagrangian function of P to be:

L(x,2)=f(x) +2"g(x)

=f®)+ D g

i=1

defined for all x € S,A € RY,.

In essence, we've sort of relocated our g into our objective function, and included these things called lagrangian multipliers (A )
into it.

Definition: Lagrangian ®-function

Vx € S, define
®(x) = sup L(x,A)

AERY,

Proposition 9.1

P is equivalent to
—
inf®(x) =inf sup L(x, A)
XES XES —
A €RY,

We can think about matrix games here: You are picking an x that tries to minimize this value, and I'm picking A which then
maximizes the value. We've used ® to sort of abstract “me” away from the equation, in other words I'm kind of like a black-box in
this scenario, and you’re picking X first.

Proof. For any x € S, if g(x) < 0 then £(x,1) = f(x) + ATg(x) < f(x), so ®(x) = f(x), since I will always set A = 0 in order
to maximize the equation.
If g(x) £ 0, say g;(x) > 0, then I will set A; = oo, which will make £(x,1) — c0, so ®(x) = co.

Thus, inf,.s ®(x) = P, since you will never ever choose an x which is not “feasible” by our original g restrictions. Thus, we
are basically still doing the same - you’re trying to find an x which minimizes f (x) but satisfies the constraints g(x). They’re
equivalent problems! |

9.2 The Lagrangian Dual

Now, let’s take a look at what the dual form of this looks like, where I get to pick A first: We can define a similar function as
before:



Definition: Lagrangian ©-function and Lagrangian Dual Problem

Where, VA € RT ) we define:
o) = insfﬁ(x, A)
XE

and we define the Lagrangian dual problem (DP):

sup ©(A) = sup infL(x,A)

AERD Aerm) X

Theorem 9.1: Weak Duality

If x, feasible in B A, feasible in DB then ofvyp(A,) < ofv;p(x,)

Proof. Notice that
O(A,) = inf L(x,4,) < L(x,,4,) < sup L(x,,A) = 2(x,)
X< A€RT,

We can see by similar arguments as we used in the game theory arguments earlier. In essence, £(x,,A,) is a value which has

a fixed x, and a fixed 7* (neither of which is necessarily optimal). This is obviously less than or greater than the sup or inf if
we allow the problem to consider all A € R  or all x € S or [ ]

Theorem 9.2: Supervisor Principle

If x, feasible in B A, feasible in DP s.t. ofvpp(A,) = ofvp(x,) then x, optimal in P and A, optimal in DP

For classes of problems where this happens, we say there is no duality-gap. If we have strict inequality (<) then we say that
there is a duality-gap.

9.3 Example: Linear Pogram

Let’s look at an example where this duality can occur: Suppose A€ R™", b € R™, c € R" such that:

P :minc’x s.t. Ax>b,x>0

9.3.1 A slightly unfair formulation
We want to compute the Lagrangian dual. We can phrase thisasb—Ax<0=g(x)and x> 0=x€S.

This is actually not a fair translation of the problem, since we are packing some of our restrictions (some g functions) into
restrictions on S instead (making it a closed set). There is a better way to do this, which we’ll see in a second.

We now have the Lagrangian function:

Vx>0,A€RY, L(x,A)=c"x+A"(b—Ax)
=ATb+(cf —ATA)x

What does the dual problem look like for this Lagrangian? Remember in the dual problem, I am choosing lambdas and trying
to maximize the overall function value sup®(A). Since A > 0, let’s see what our options are for A

e if ATA< ¢’ then (¢! —ATA) > 0, and since x > 0, then ©(A) = inf,~ £(x, 1) = A7 b since you will always choose x = 0
to minimize the function value.

o if A\TA £ cT then (¢! —ATA) £ 0 and now you can choose some component of x to be co which will make the whole
value of the function go to —o0. So, ©(A) = inf,5 o L(X,A) = —00
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So, essentially, the dual of the Lagrangian can be re-written as:
— - -5 —
sup©®(A)=max A 'bst. A'A<c, A >0
70

which is exactly the Dual Formulation of the original P (a linear program).

9.3.2 A slightly cleaner formulation

Now, let’s write this our more fairly.

P :minc’x s.t. [3] + [_I]XS 0,x € R"

Now, our S is an open set (R") and all of our constraints are packed into the g function, and this is a nicer way to write this
out.

. . . . €R™ . .
To write out the Lagrangian now, let’s write out our variables as A = [3; c ]R”] and now our Lagrangian looks like, Yx €

R,yeR™">0,z€R" > 0:

b

L(x,A) = ch+7LT( [0

] + [:[1‘] X) =c"x+y (b—Ax) +2"(—x) =y"b+ (" —y'A—z")x

As above,let’s break up our possible lambda values:
— —
o ifc!l —y'A—z=0then®( A1) =infz L(x, A)=y'b
o ifcT —y’A—z# 0 then @(7) = inf g L(X, 7) = —o0 (remember in this case X is not restricted to be positive).

And so the dual ultimately looks like
maxb’y s.t. ' —y'A=12z,y,2>0

which we can simplify, since, in this formulation, z only appears once and is only restricted to be positive, as:
maxb’y s.t. ¢’ —y'A>0,y>0
which we finally can simplify one more time to look like:
maxb’y s.t. Aly<ec,y>0

which is a very comfortable form of the dual of the LP :)

So we’ve seen that converting our linear programming problem into it’s Lagrangian form and solving the Lagrangian dual is
the same as solving the dual of the LP

9.4 Example: A quadratic program

Let’s look at another example: Suppose A€ R™" sym. PD, b € R" non-zero, ¢ € R, and
1 g T
P:mmix Ax s.t. b'x+¢<0
and we want to compute and solve the dual. Well, the lagrangian looks like
1
VXeRM,A >0, L(x,A) = EXTAx+ A(bTx+¢)

Now, note that
1
O(A) = inf =xTAx+ A(bTx+¢)
x€ER" 2
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this function is actually convex with respect to X. So once we pass in a given A, the minimization will just solve for the
x which is a global min of that function. And, since A is invertible (it’s PD) that means that we can directly solve for it
numerically. For a given A, the x that minimizes the langrangian is given as x = —AA"'b

We can just plug this into our original © function, then, to get
1
o) = E(—AA_lb)TA(—)LA_lb) + A(bT(—=2A7'b) +¢)
2(2
= EbTA_lb —A*b"A7'b+ Ac
and thus the (DP) looks like

—22
sup—bT A b + Ac
A0

if we set the derivative —Ab"A™'b + ¢ = 0 - A = g > 0 which is a unique global max, making the ofv to be %Tc—j_lb. So,
in this case, we have used the Lagrangian dual to exactly solve our system! It’s a pretty powerful tool!

9.5 Lagrangian Saddle Points
Definition: Lagrangian Saddle Point
xe€S, e RZ, are a saddle point of the Lagrangian if

VX S S, A €eRT [:()_(, ),) S(l) ,C()_(, i) S(Z) ,C(X, i)

>0’

Theorem 9.3: A

All notation as above.

%, A are a saddle point of Lagrangian iff
i) VxeSs, L£(x,A) < L(x,A) (i.e. ineq. 2 above)
i) g(X)<0

iii) ATg(x)=0

Proof. All we really need to show is that item (ii) & (iii) in the proof imply inquality (1) in the saddle point definition, since
inequality (2) is already satisfed by item (i) of the theorem.

So we need to show that g(X) < 0,A"g(X) =0 < VYA€ RT), L(X,A) < L(X,A).

(=) Suppose (1) in the definition holds( i.e. VA € R, f(X)+2A"g(x) < f(X) + A" g(X))

By way of contradiction, if 3i s.t. g;(X) > 0, then send A; = oo, and all other components to zero. Then we have just
provided a A that obviously contradicts (1). So this can’t be true, and g(x) < 0, which satisfies (ii).

Next, consider the case where A = 0. Since (1) is true, we can pick this lambda and it still must hold that
FE)+2ATg®) < fF(R) + A7 g(x)

and thus we have . .
fFERSfER)+ATgE) = 0< A g(x)

However, since A > 0 and g(X) < 0, then 0 < ATg(X) < 0, and thus A”g(%) = 0, and so (iii) holds as well.

( <) Suppose that (ii) and (iii) hold. We want to show that (1) holds. Let’s do that:

VAERD, LxA)=f®)+A"g(X) < f(X) = f(X)+ AT g(X) = L(X, )

which shows that (1) holds, which completes the proof.



Theorem 9.4: B

xeS, e RZ, are a saddle point of the Lagrangian iff X is a global min of P and A is a global max of P’s Lagrangian
dual DB and there is no duality gap.

Proof. (=) Suppose Xx€S,A € RZ, are a saddle point of Lagrangian. Then

L& A) = }i(lelgﬁ(x,)_t) by thm. A(i)
< sup inf £(x,A) by defs of sup and inf (3)
AeR], X€S
= ofvpp by def.
< ofvp by weak duality (4)
<f(x) x is feasible in (P) by Them. A(ii) so g(X) < 0 (5)
=fx)+ATg®) by Thm. A(iii)
= L(%, 1) (6)

which completes our squeeze play, meaning that all of the values considered in here are equal. This shows several things,
namely:

e X is optimal in (P) by equality in (5).

e A is optimal in (DP) by equality in (3).

e no duality gap by equality in (4).

e common oofv for (P) and (DP) is £(x, ) by (6).
so having a saddle point gives us all these nice things.

(<=) Suppose X € S optimal in (P), A optimal in (DP) and there is no duality gap.

oofvyp = )1‘2£ L£(x,A) since A optimal
< L(x,A) def of inf. (7)
=fE) +ATg®) def of £
< f(%) since 1 > 0,g(X) < 0. (8)
= oofv, since we said X is optimal

and finally, no duality gap implies that all of these are equal! Now, note that (7) implies Thm. A(i). The feasibility of X
implies Thm. A(ii). And finally equality in (8) implies Thm. A(iii). Thus, all of Thm. A’s conditions hold, and thus X, A are
saddle points of the Lagrangian. [ ]

9.6 KKT Conditions

Corollary 9.1

KKT conditions are sufficient for optimality in a convex program.
(No need for Constrant Qualifications!)

A convex program is defined as
(P): minf(x) s.t. gx)<0,x€S

where
e S C R" non-empty, open, convex
e f:S — R cont. diff. and convex
e Vi=1,2,...,mg;:S — R cont. diff. and convex.
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Proof. The sketch is as follows:

KKT conditions = Saddle Point by Thm. A <= Optimal by Thm. B

If %, A satisfy KKT conditions, that says the following:

g(x)<0,x€8S, primal feas. of X
and 1> 0 dual feasibility
and ATg(x) =0 complimentary slackness

and V£ (%) + VgEA=0

Thm A, on the other hand, characterizes a saddle point of £ as:
x€S,AeRY
Vx €S, LXK A) < L(x,A)
gx)<o0
ATg(®) =0

All we need to show, then, is that V£ (X) + 271:1 Vg (XA =0 = Vx €S, L(X,A) < L(x,A)
Note: f,g; convex functions = £(x,A) = f(x)+ Z:"zl A;g;(x) is also a convex function because A > 0.

Let’s take the V,L(x,A) = Vf(x) + 2?1:1 A;Vg;(x) and lastly note that if we plug % into it, then our KKT conditions say that
this is equal to 0. But if the gradient of our Lagrangian is O, then we are at a global min, by the convexity of all of our
functions. And thus, Vx € S, L(X,A) < L(x,A) [ ]

It’s worth noting again that, in this formulation, we needed no constraint qualifications! So we've seen that KKT conditions
are sufficient for global optimality, i.e. if we find a KKT point of P (when P is a convex program), then that is enough to
guarantee global optimality. What about for a non-convex program?

Let S by a non-empty, open set, and f, g; : S — R all be twice continuously differentiable. Consider the problem P:
min f(x) s.t. g(x)<0,x€S

Suppose also X € S is such that Vi € A; V2g;(X) is PD, V2f(X) is PD,

Remember that Aj represents the active constraints of X.

Then X being a KKT point = X is a local min of P

Proof. By continuity of S being open, egien values and g,3 € > 0 s.t. N.(X) € S and:
Vi¢ Az Yx € N.(X) then g(x); <0
Vi € A, Vx € N.(X) then V?g(x); is PSD
¥x € N_(X) then V£ (x) is PSD

Now, consider
P: minf(x) s.t. Vi€ Az g(x) <0
x € N_(X)

Firstly, note that if % is a KKT point of P, then it is a KKT point of P (by the complimentary slackness, the A; for the non-active
constraints are all 0 anyways).
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Now, notice that P is convex program!. N.(X) is an open, convex set, and all of our constraints have PSD hessians for all
X € N.(X). Thus, if X is a KKT point of P, then it is a global min of P, and therefore X is a local min of P, since P is a “small
local problem” within P.

So, we have now shown how to use local convexity (Positive Definiteness of active constraints and f at the point X) to show
that KKT points imply local minimality of more general problems (i.e. outside the range of convex programs).

Note that this “direction” of KKT points is a bit of a departure from our previous conversation of KKT points in earlier sections.
Remember earlier, we talked about how (with constraint qualifications), then x being a local min implied that you were a
KKT point. This meant that when we were solving for optimal points of our problem, we discarded all points that were not
KKT points. We can’t do that in this case!. Without Constraint Qualifications, we haven’t shown that all local or global min are
KKT points. So we need to be careful here.

9.7 A final example: A different quadratic program

This section is a slight tanget. We will see how we can use the Lagrangian dual to derive a dual problem of a quadratic
program with inequality constraints that is, in general, much easier to solve in practice than the original problem.

Consider a symmetric, Positive Definite matrix Q € R™", A€ R™" ¢ € R",b € R™ and the quadratic problem, QP:
o 1op T
mmix Qx+c' xst. Ax>b

Earlier, recall that we examined the KKT points of a Quadratic Program with equality constraints. Here we have inequality
constraints.. First, we need to convert our constraints into a friendly form:

gx)=b—Ax<0
Then, let’s write out the Lagrangian of this:
1
L(x,A) = EXTQX +efx+ATb—2TAx

defined for all x e R", A > 0.

Now, the dual of this problem is a supinf problem, of the form
m _ e lor T TH_ 4T
VAERZOG(M—XIG%QX Qx+c'x+A'b—A"Ax

This last term is fixed with respect to A (once we pass in lambda, it’s fixed). And it turns out that this function is convex in
X, because the Hessian (Q ) is PD. everywhere. Therefore the solution to the inf is a stationary point... we can simply set
Qx+c—ATA =0 and solve to get x = Q' (ATA — c). Thus, we can write ©(A) as

o) = %(AT)L —c)Q'(A"TA—c)+c" (Q_I(ATQL - c)) +ATb— ATA(Q—l (ATA— c))

= —%AT(AQ_lAT)A +A7 (b +AQ_1c) - %cTQ_lc

So, given any positive lambda, if we plug it into Theta, the above is the result that we will get. Thus, we can write the Dual
of the Quadratic Program (DQP) as:

max —%AT(AQ_lAT)A + AT(b +AQ_1C) - %cTQ‘lc st. A>0

Call M =AQ'A,v=b+AQ 'c,a = 1c"Q'c which are all constant.

Note that QP is a convex program. g; is affine, for all i, the hessian of f is PD., and our feasible region is closed and convex.
Additionally, we have a constraint qualification holding. Thus, we know that we have a KKT point and that the KKT point is
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the global min of this problem. In particular, this means that we have no duality gap, so QP and DQP are equivalent to each
other.

Now, note additionally that AQ AT is positive semi-definite:
Vz, 27AQ'ATz=y"Q 'y > 0
because of the positive definiteness of Q. If A is full row-rank, then Yz # 0, ATz # 0.

Note: We cannot just arbitrarily row-reduce A to make it full row-rank in this case, because we are dealing with inequalities!
Regardless, we can see that the objective function of DQP is convex.

Now, we know that the problems DQP and QP have equivalent solutions (there is no duality gap). We additionally can see
that solving DQP is similarly difficult to solving QB as they are both convex (or concave) quadratic programs. However, here’s
the punchline: The constraints for DQP are vastly easier to work with than the constraints of QP It is much, much easier to solve
problems in which we only need to maintain positivity rather than needing to maintain Ax > b. So the dual formulation, in
this case, gives us a much easier type of problem to solve.

In particular, there is a set of methods (which won’t be convered in these notes) that involve solving a problem by significantly
relaxing the problem’s constraints and then mapping the found solution back into the feasible region of the original problem.
This is much easier to do with the constraints of DQP than it is with the constraints of QP

While this is slightly tangential, since we don’t cover these methods, they are extremely popular in practice, and thus this
relation is worth nothing.
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10 Penalty and Barrier Methods

Now we’re going to examine a slightly different approach to solving these constrained optimization problems. Namely, we’re
going to frame them in such a way that we can view them as unconstrained optimization problems. The purpose of this, of
course, is to be able to use unconstrained optimization techniques for our constrained problems.

Let’s start by talking about penaly functions.

10.1 Penalty Functions

Definition: positive function

For any t € R let

It’s easy to see the point of this function. We only return the value of the function if it’s positive, i.e. greater than 0.

Now, let’s return to our traditional problem setting. Consider the problem, P:
min f(x) s.t. g(x) <0,
XeS

where S C R" is a non-empty set, and f, Vi g; : S — R are continuous.

Definition: Penalty Function

Assume you are given a positive integer y.

Then the penalty function is, for all x € S

a(x) =) pos(g;(x))"

i=1

This function is just concerned with the positive parts of g;(x), where the purpose of y is to almost emphasize that positive
part.

Note: Vx € S that a(x) =0 <= x feasible in P. So we can think of this as giving us a weight for each piece of g that is
infeasible, giving us a sense of how infeasible a given x is.

Note: if you pick y = 2 then the function is continuously differentiable. If you pick y = 3 then the function is twice continuously
differentiable. So you can pick and choose how differentiable your penalty function is.

Definition: Auxiliary Function and Problem

Assume you are given a positive scalar 3

The auxiliary function is, for all x € S,

W5(x) = f(x)+ B Y, pos(gi(x))"

i=1
=fx)+ B *a(x)
Wy is continuous, since f3 is finite.
Each auxiliary function gives us an optmization problem called the Auxiliary Problem defined as
Pg : min Wy (x),
s.t. X€S

which we’re interested in optimizing.




We can see here that if § = oo then solving this problem is essentially the same as solving the constrained problem. That’s
not quite applicable though, because if 8 is 0o, then our function is not continuous. However, that notion is the general idea
of this setup, (to punish infeasibility while we optimize).

Now, we have a simple algorithm sketch which we claim solves this problem: Note that our 8 = &* is growing each iteration.

Algorithm 7: Penalty Function Algorithm

Input: 6 > 1,7, tolerance T

Output: x that is “feasible enough”

for k =1,2,3,..., until termination condition do
X « solution to Auxiliary Problem Pg: ;

L Terminate if 6% x a(x) less than 7 ;

This is sometimes called the “exterior penalty function methodology” since most of the x being considered are oustide of the
feasible region of P

Theorem 10.1

All notation as above.

For all § > 0, suppose that the auxiliary problem Pg has a global min, which we name x4 . Suppose, also, that P
also has a global min, x,. Suppose further that {x4} 4., are contained in a compact subset of S (compactness here
just means closed and bounded). In particular, this implies that 3 a convergent sequence x5 — X €S as ff; — 00
(section|[1.2)).

Note: If S is compact, then all of the above happens! If S is compact, and we know that g(x) < 0 defines a closed set, then
the intersection of these sets if compact!

Then we have all of the following:
i) a) a(xp) decreases as f§ — co .
b) f(xg) increases as f — oo.
©) Wg(xg) increases as f — oo.
i) a(xg) > 0aspf — oo
i) supp.o¥p(xp) =limp 0o Vp(xp) = f (Xoo)
iv) X is a global min of P
v) Bra(xg) > 0asf — o0

We have 5 (or really, 8) things to prove here, which we’ll do in the order presented in the Theorem.

(i). To show (i), note that for any 0 < 3’ < ” then

f(xpn)+ B’ a(xp) > f(xp)+ B *alxg)

by definition of xg, and similarly
fxp)+B" xalxp) = f(xp) + "+ a(xgr)
again by definition of x4.. If we add these inequalities, this yields

(" )| alx)—alxp)) 2 0

We know that f” — 3’ > 0 and so the second term here must be > 0. Thus a(xg) decreases as f3 increases, as claimed in
(i.a). By (i.a) and inequality (*) we have

fxpn)+ B xa(xp) = f(xpn) + B’ % alxpn) = f(xp) + B x alxp)

Note the a(xg) in the first equation. We can say this because we know (from (i.a)) that a(xg ) > a(xg.), since B > . In
this form, we can cancel out the a(xg/) on either side, to obtain the inequality

f(xpr) = f(xp)
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which shows that f (xﬁ) increases as f3 increases, as stated in (i.b). Next note that:
\Pﬁ//(Xﬁ//) = f(Xﬂ//) + ﬁ// %k a(Xﬁ//)
> f(xpr) +B" s a(xp) + (B — B a(xp,) since p’ < p”
= f(Xﬂ//) + ﬁ/ k a(Xﬁ//)
>0 f(xp)+ B xalxp)
= \II//;} (Xﬁ')

which finally shows that W(x4) is increasing as f increases, as claimed in (i.c). [ |

(ii). For any € > 0, we claim that for every 8 such that

B> Z1f (rea) = £ (gl +2

then a(xﬁ) < e. Note that if we show that this claim holds, then this proves (ii), since by (ia) and the fact that epsilon is
arbitrary, then a(xg) — 0.

Suppose the above is not true, i.e.

1p st. fp> %lf(xoo)—f(xﬂzl)l +2and a(xg) > €

Then f(Xeo) = ¥p(Xoo) because X, is feasible, and thus has no penalty
> Wg(xp) Because Xg is optimal in Wp
= f(xg) + B * a(xp)
> f(x1)+ B * a(xg) because f (xg) increases as beta increases (ib)
> (%) +|f Xoo) — f(x1)] + 2€ by note below
> f(Xeo)

Note: This last inequality is due to the following arithmetic using our assumptions above:

Ba(xg)= ef > e+ §|f(xoo)—f(x1)| Fex2

This series of inequalities is a contradiction, showing that our initial claim is correct and thus (ii) holds. [ |

(iii) & (iv). Recall that a is a continuous function. Then, Xg — X as PBr — oo (by compactness), and (ii) together imply that
a(X) =0, i.e. x is feasible in P Then:

VB >0, f(Xoo) =¥p(Xeo) = Vp(x5) = f(Xe0) = zulgq/[j(xﬁ)
= f(Xeo) 2 ;Ulg‘l’(ﬁ(x/}) > f(xp,), Vk

(by the continuity of ) = f(Xe0) =W sup Yg(xp) = f(X) >® f(x00)
B>0

Note that we then must have equality throughout this last line. Equality in inequality (1) shows (iii) and equality in inequality
(2) shows (iv). [ |

(v). First, note that
Wg(xg) —f(x5) = B * alxp)
Now, recall that, as shown in (iii), the limg_, o, ¥5(Xg) = f (Xoo). Then, by (i.b) & (iv),
ﬁlirgof(xﬂ) =f(X) = f(Xeo) = Yp(xp) — f(Xp) = f(Xeo) = f(Xeo) =0 as f — 00
= Bralxg) > 0asf — o0

which finally shows (v). [ |
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Finally, we have now shown all the claims in the theorem, and thus the theorem is proven.

10.2 Barrier Methods

Lastly, we will be considering Barrier Methods of optimization, which are sometimed also called “interior penalty function
method”. Similar to penalty methods, this will be a way of fitting our constrained optimization problems into an unconstrained
setting. However, whereas in penalty methods we were largely considering points that were not feasible, or exterior, in
barrier methods we will find our way through feasible points, or interior points, until we find ourselves on the boundary of
our region.

Consider the problem P:
min f(x) s.t. g(x)<0

XeSsS

where S C R" is non-empty, and all functions f, g; are continuous.

Definition: Barrier Function

Define A : (—00,0) — R be a continuous, non-negative function such that
limA(t) = oo
t—0

A barrier function B : {x € S : g(x) < 0} — R is defined by

B(x) = > A(g;(x))
i=1

Note: As a g;(x) get’s closer to 0, the value of A(g;(x)) get’s closer to 0o. As we get closer and closer to the boundaries of our
region, the barrier value goes up.

Examples of A:

m

1
B(X) =— 2 @

and
m
B(x)=— . In(min{—g;(x),1})
i=1
Note: This last one, we can think of as having 0 value for each constraint whose value is more negative than —1, and otherwise
barrier values start to occur.

Definition: Barrier Auxiliary Function and Problem

Given any barrier function B and a scalar 3 > 0, the auxiliary function, ¥; : {x € S : g(x) < 0} — R, is defined by

Pp(x) = f(x) + 8+ B(x)

The auxiliary problem, then is defined as Py :

min ¥4 (x) s.t. g(x) <0
XxeS

Note: In this formulation, we have made our feasible region something of an open set. Now, we can utilize un-constrained
optimization techniques inside this set, since the Barrier Function will penalize us heavily for approaching the tips of our feasible
region. Then, as we dial down the [} parameter; we are allowed to approach the barrier.

This yields the Barrier Function Algorithm (Algorithm g).
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Algorithm 8: Barrier Function Algorithm

Input: Barrier Function B, § s.t. 0 < § < 1, positive tolerance T
Output: x* optimal in P
for k =1,2,3,... until terminate do

Define auxiliary problem Pg: and solve (using unconstrained optimization techniques);
X « solution to Pg ;

Terminate if % x B(x) is less than 7;

57



	Preliminaries
	Vectors
	Sets
	Problem Setting
	The Gradient and The Hessian

	Convexity
	Taylor Series
	Taylor's Theorem in 1-dim
	Scaling Taylor up to n-dimensions

	Conditions of Optimality
	Convex Sets
	Polyhedral Sets
	Hyperplanes and Halfspaces
	Polyhedral Sets
	Extreme Points

	Convex Functions
	The Epigraph
	The Support Theorem


	Linear Programming
	Standard and Canonical Form
	Basic Feasible Solutions
	Reduced Cost Coefficients

	The Simplex Method
	The Simplex Tableau
	Pivoting and the Simplex Method
	Big-M method


	The Dual of Linear Programs
	Equality across forms
	The dual of the dual

	Duality
	Complementary Slackness

	Duality and the Simplex Tableau
	Dual Simplex Method


	Moving beyond linear problems
	Quadratic Programs
	Existence and Uniqueness of solutions

	Frank-Wolfe Algorithm

	The KKT Conditions
	Farkas' and Gordon's Theorems
	Deriving the KKT Conditions
	Using the KKT Conditions
	KKT Conditions for a Linear Program
	KKT Conditions for Quadratic Programs with Equalities
	A bit on Quadratic Programs with Inequalities


	Newton's Method and Interior Point Methodology
	Newton's Method
	The Newton Direction
	An application of Newton's Method: 2nd order optimization

	Interior Point Methodology: Solving a Quadratic Program with Inequalities
	KKT Conditions of our problem

	Naive Newton
	Interior Point Methodology
	The Central Path
	Central Path Neighborhoods
	Interior Point Algorithm


	Matrix Games
	Deterministic Matrix Games
	Saddle Points
	Probabilistic Matrix Games
	Second Player Strategy
	First-player strategy


	Lagrangian Duality
	The Lagrangian Function
	The Lagrangian Dual
	Example: Linear Pogram
	A slightly unfair formulation
	A slightly cleaner formulation

	Example: A quadratic program
	Lagrangian Saddle Points
	KKT Conditions
	A final example: A different quadratic program

	Penalty and Barrier Methods
	Penalty Functions
	Barrier Methods


