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Subject: Applied and Computational Mathematics

e School: Mathematics and Statistics

e Module coordinator: Dr Lennon O Naraigh
e Credits: 5

o Level: 4

e Semester: Spring

This module introduces students to the mathematical techniques that form the cornerstone of Ma-
chine Learning. Students will first of all study in depth the key concepts in continuous optimization
(unconstrained, constrained, and global), before going on to apply these concepts to common algo-

rithms in Machine Learning.

Topics covered: Steepest-Descent and Newton-type methods, including analysis of convergence,
Trust-region methods, including the construction of solutions of the constrained sub-problem. Nu-
merical implementations of standard optimization methods. Necessary first-order optimality condi-
tions. Introduction to Global Optimization, to include a discussion on Simulated Annealing. Applica-
tion of optimization techniques through worked examples in Python. Examples may include: Linear
Regression, Matrix Completion and Compressed Sensing, Support Vector Machines, and Neural

Networks.
What will | learn?

On completion of this module students should be able to

1. Formulate standard optimization techniques in continuous optimization, understand the con-
vergence criteria, and implement these methods from scratch;

2. Understand the first-order necessary conditions for optimality in constrained optimization, be
able to solve simple problems by hand

3. Understand the need for global optimization, implement a simulated-annealing algorithm

4. Using Python programming, apply optimization techniques to problems in Machine Learning
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Topics covered: Steepest-Descent and Newton-type methods, including analysis of convergence,
Trust-region methods, including the construction of solutions of the constrained sub-problem, Non-
Linear Least Squares, including the Levenberg-Marquardt method. Numerical implementa-
tions of standard optimization methods. Constrained optimization with equality and inequality
constraints, examples motivating the introduction of the Lagrange Multiplier Technique.
Necessary first-order optimality conditions, including a derivation of the Karush-Kuhn-
Tucker conditions. Farkas’s lemma and the Separating Hyperplane Theorem. Introduction

to Global Optimization, to include a discussion on Simulated Annealing.

On completion of this module students should be able to

1. Formulate standard optimization techniques in continuous optimization, understand the con-
vergence criteria, and implement these methods from scratch;

2. Implement the same methods using standard software packages, understand when these meth-
ods will work well and when they won't;

3. Understand the first-order necessary conditions for optimality in constrained optimization, be
able to solve simple problems by hand

4. Sketch the proof of the Karush-Kuhn-Tucker conditions

5. Understand the need for global optimization, implement a simulated-annealing algorithm
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Chapter 1

Introduction to Optimization

Overview

We introduce the key concepts in Optimization. We also explain the rationale for studying the topic,

in the context of Data Science.

1.1 Why optimization?

Optimization is at the heart of many of the techniques in Machine Learning, this is a solid rationale
for studying optimization in the context of Data Science. In this module, we are going to look at the
theoretical underpinnings for the main methods in (continuous) Optimization. Why should we look
at the theory? This is a fair question, when languages such as Matlab and Python contain many
optimization algorithms that can be coded up in a couple of minutes. Yet the answer to the question
is already contained in this statement — these codes are ‘black boxes’, without understanding the
rudiments of what is in these black boxes, we run the risk of GIGO — this idea is also what is going
on in the background in Figure [1.1 So for these reasons, it is important to understand the theory

of what is in these black boxes, in these optimization algorithms.

The module is broken into two parts:

e First 7 weeks — we look at the mathematical theory of continuous optimization, including both
local optimization and global optimization.

e Remaining 5 weeks:

— We look at the implementation of the various optimization techniques in Machine-
Learning algorithms (ACM40990)
— We look at the theory of constrained optimization (ACM41030)

1



2 Chapter 1. Introduction to Optimization

Substantive
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http://drewconway.com/zia/2013/3/26/the-data-science-venn-diagram

Figure 1.1: Without mathematical knowledge of what is going on in optimization algorithms, blind
application of those algorithms can lead us into the ‘danger zone'.

1.1.1 Wider Context

Optimization is used more widely in Industry but also is a key concept in understanding natural

phenomena. In industry, Optimization is used, e.g.

e Investment — portfolio managers try to minimize the risk of a portfolio while seeking a high
rate of return;

e Manufacturing — managers try to maximize output while keeping input costs down.

In nature, systems tend to a state of minimum energy (equilibrium). For instance, soap films tend
to a configuration of minimum surface area, thereby minimizing energy. Rays of light follow paths
that minimize the travel time. In these cases, optimization can be used to convert these general

principles into sets of equations and hence, to make predictions.

1.2 Terminology
The following is absolutely basic terminology, which will be used throughout the module:

e x € R" is the vector of variables, also referred to as the unknowns or parameters.

e | is the objective function (or cost function or penalty function). The objective function is
a scalar-valued function of x; we seek a minimum or a maximum value of f.

e ¢; are constraint functions, these are scalar functions of @ that define certain equations (or

inequalities); the unknown vector & must satisfy these equations or inequalities.
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Using ths notation, the generic optimization problem to be studied in this module is:

_ _ c(x) =0, i1€€&,
min f(x) subject to (1.1)
welk ci(x) >0, ieT.

Here, £ and 7 are sets of indices for equality and inequality constraints, respectively.

Example: Consider the problem:

. 2 2 . .T% — T3 < O?
min(x; — 2)° 4 (x2 — 1)° subject to (1.2)
1+ T2 S 2.

We identify = € R?, @ = (21, 72)”. The objective function is:
f(il?) = (1’1 — 2)2 + (1'2 — 1)2
The constraint functions can be written as:
c1(x) —22 4+ 19
C(il:) — g s
ca(x) —T1 — T2+ 2
hence £ = 0, and Z = {1,2}.

The solution can be determined graphically from Figure[I.2] Clearly, the solution is:

Figure 1.2: Graphical interpretation of the Optimization Problem (OP) (|1.2)

e As close as possible to the zero level set of f, which is the centre of the family of circles shown
in the figure (hence the point (2,1));
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e Inside the feasible region

Therefore, the required minimum is at the intersection of the curves

and z := y for easy notation, and we solve for ¢;(z,y) = ca(x,y):

2

y=x°, y:2—x:>x2:2—x,

c1 and ¢. We take 1 ==z

hence 22 4+  — 2=0. The quadratic formula (positive branch) then yields x = 1, and y = 2 — z,

hence y = 1, hence finally:
z, = (1,1)".

This solution is checked numerically using Matlab (see listings below):

function x_star=opl()

x0=[1;1];

fval=@myfun;

nonlcon=@mycon;

O N OB W N

A=[1,1];
b=2;

-
o ©

-
-

x_star fmincon (fval ,x0,A,b,[].,[].[].[].nonlcon);

o
[ )

function y=myfun(x)
y=(x(1)=2)"2+(x(2)—-1)"2;

=
oD

end

=
~N o

function [c,ceq] = mycon(x)
c = x(1)"2 —x(2);
ceq = [];

N e
S © ©

end

NN
N =

Definition 1.1 The feasible region is the set of all points satisfying the constraints.

Remark: For inequality constraints, the feasible region is the area between the constraint boundaries.

Notation: We denote the solution of the optimization problem by x,.

Example: A chemical company has the following set-up:

e 2 factories F| and F5;
e 12 retail outlets Ry, Ry, -+ , Rys.

Furthermore,
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e Each factory F; can produce a; tons of product per week (the capacity of plant F}).

e Each retail outlet R; has a known weekly demand b; tons of product.

Let x;; denote the number of tons shipped from factory F; to retail outlet 1?; per week. Also,
let ¢;; be the cost of shipping one tone of product. Write down the optimization problem for

minimizing the shipping cost.

Solution: The cost function is the cost of shipping z;; tons at cost ¢;; from factory i to retail outlet

J, summed over all 7 and j:

f= Zz$ij0ij~ (1.3a)

i=1 j=1

But there are constraints:

e Factory i:

12
Z:cij < a;, foralli=1,2; (1.3b)
j=1

o Retail outlet 7 — meeting the demand:

2
ZIU = bj, (13C)
i=1

or exceeding the demand:

2
Zwij > bj, (13d)
i=1

e Positivity:
xi; > 0, forall:=1,2, and forall j=1,---,12. (1.3e)

Notice that we can re-write the array z;; as a 2 x 12 = 24 vector . Thus, the cost function and
constraint functions are linear functions in & € R?*, and hence, OP (23.19) is an example of linear

programming.

1.2.1 Continuous versus discrete optimization

Often, instead of seeking a solution of mingcrn f(x), we are interested in optimizing over & € Nj

or even over € {0, 1}". Here, we are using the notation Ny = {0, 1,2,---}. Examples:

e x € N{: x; is the number of power plants of type ¢ that the grid operator should construct

over the next five years, i € {1,2,--- ,n};
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e x € {0,1}": x; is a binary variable, and indicates whether or not a factory should be located

in city 7.

These are both examples of linear programming, which is a type of discrete optimization.
We mention discrete optimization here for completeness, however, the focus of this course is on
continuous optimization, where we solve OP ([1.1]).

1.2.2 Global versus local optimization

We will focus a considerable effort on understanding so-called steepest-descent algorithms (SD) for
solving OP . SD algorithms are good for finding a single solution of the OP — hence, a local
minimum. In practice, it is difficult (e.g. in a high-dimensional OP) to know if the computed
minimum is a global minimum. For so-called convex problems, there is a unique minimum,
hence, any computed minimum is the unique global minimum. For this purpose, we have to define
convexity. As well as looking at SD-type algorithms, in the later part of the course, we will also look

at metaheuristic algorithms for computing the global optimum.

1.3 Convex sets

Convexity is the fundamental concept in Optimization.

Definition 1.2 Let S C R". S is called a convex set if a straight line segment joining any two

points in S is itself contained entirely in S.

In symbols, S is convex if, for each & and y in S, the line segment
wt+(1-t)y, te[01],

is contained entirely in S.

See Figure[1.3

1.3.1 The Unit Ball

Theorem 1.1 The unit ball is a convex set:

B ={z e R"|||lz|; < 1}.
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ConVEX NoT (enVEX

Figure 1.3: Different convex and non-convex sets

Proof: To prove this statement, we require prior knowledge of linear algebra and dot products.

We take the dot product to be the usual dot product on R", we will sometimes use ‘angle bracket’

i=1

Then, the L? norm of a vector is denoted by ||z||% and is given by:

notation for this:

n
lzll =) 2f = {x,@).
=1

Therefore, we can verify that the unit ball is a convex set as follows. For, let & and y both be in

B. Then consider the path
xz(t) =xt +y(1—1), t € [0,1].

We compute:
(@(t), z(t)) = (z, 2)t* + 2t(1 — t) (@, y) + (y, y)(1 - t)*.

Here, we have used the distributivity properties of dot product. We now use the Cauchy—Schwarz

inequality, along with (x,x) <1 and (y,y) < 1:

(@(t),z(t)) < (D +2t(1—t)(z,y) + (1 - 1)*(1),
t2+ 2t(1 — t)||z[fa]lyll + (1 — 1),
2 2t(1—t)+ (1 —t)%
22t — 2t 41— 2t + 12,

1.

INIA A
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Hence, (x(t),x(t)) <1, hence z(t) € B. |}

1.3.2 Polyhedra

Theorem 1.2 Any polyhedron, i.e. any set defined by linear constraints, e.g.
S ={x € R" Az = b, Cx < d},

where A and C' are matrices of appropriate dimensions, and b and d are vectors, is a convex set.

The proof is left as an exercise.

1.4 Convex Functions

Definition 1.3 Let f: (S C R") — R be a function. f is a convex function if:

1. S is a convex set;

2. The following relation holds:

fte+ (1 —t)y) <tf(x)+(1—-1t)f(y),

for all t € [0,1] and for all x and y in S.

1.4.1 Linear Functions
Theorem 1.3 Let S = R"™. Then the linear function
f(x) = (b,x) +a,

is a convex function, here b is a constant vector and « is a constant scalar.

1.4.2 Quadratic Functions

A key example of a convex function in Optimization is the quadratic function. Again, let S = R",
and consider:
f(x) = (x, Hx), (1.4)

where H € R" is a symmetric positive semi-definite matrix.
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Theorem 1.4 f(x) in Equation (1.4)) is a convex function.

Proof: Let  and y be vectors, and consider the line segment xt + y(1 — t), where € [0,1]. We

compute:

fx+(1—-ty) = ({x+(1—-t)y,tHx+ (1 —1t)Hy),
= ¥z, Ha) +2t(1 — t)(x, Hy) + (1 — t)*(y, Hy),  (*)

Consider also:

tf(®) + (1 =1)f(y) = t(x, Hz) + (1 = )(y, Hy).  (+*).
Now take (x) — (s):

(%) — (xx) = —t(1 —t){(x, Hx) + 2t(1 — t){(x, Hy) — t(1 — t)(y, Hy),
= t(1—t)[—(z, Hx) + 2(x, Hy) — (y, Hy)],
= —t(1-t)[(z, He) — 2(z, Hy) + (y, Hy)],
— )@y H (@)

~—— ~~

pos pos

= <0.

Hence, (%) < (xx), hence

fltx + (1 =t)y) <tf(x)+(1—-t)f(y). |

1.5 Optimization Algorithms

In this course, we are focused on solving the OP ([L.1]), which is a continuous problem. We will be
solving problems in high-dimensional spaces, such that the graphical method employed for OP is
not useful. In these cases, a numerical optimization method is required. Such numerical optimization
methods tend to be iterative, that is, they involve an initial guess, an improved guess, which
becomes the new initial guess, which is then used to generate a new improved guess and so on. The
improved guess is computed using properties of the cost function and the constraints — generally
the derivative of the cost function (and sometimes the second derivative). If the distance between
successive guesses goes to zero (in the sense of the L? norm) as the number of iterations goes to
infinity, the method is said to converge. Besides convergence, we will look for the following ‘good’

properties in an optimization method:
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e Robustness — the method should be reliable for a wide class of problem and for a wide class
of initial guesses.

e Efficiency — the method should not require ‘excessive’ computer time or storage.

e Accuracy — the method should be able to identify a solution with precision, without being too

sensitive to errors in the data or to arithmetic rounding errors.



Chapter 2

Fundamentals of Unconstrained

Optimization

Overview

We look at the solution of optimization problems in the cases of continuously differentiable cost
functions. We formulate necessary and sufficient conditions at optimality in terms of the derivatives

of the cost function.

2.1 Definitions

We start with some definitions. We have in find the following OP:
i R".
min f(z),  SC
The solution x, is written as:
x, = argmin ¢ f(x), S C R™

and we characterize the possible solutions of the OP as follows.

Definition 2.1 (Minimizers)

e x. is a Global Minimzer if

f(x.) < fly), for all y € S.

11
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e x, is a Local Minimzer if there exists a neighbourhood A/ C S such that
fl@) < fly), forally €.

Here, by a neighbourhood, we mean a non-empty, open set.

e x, is a Strict Local Minimzer if there exists a neighbourhood N C S such that
@) < fly), forally e N,y #a..

Example: The constant function f(x) = 1, @ € R". Hence, every « € R" is a local minimizer. But

consider f(x) = (z —2)*, z € R. Here, f(x) has a strict local minimizer.

e x, is an Isolated Local Minimizer if there exists a neighbourhood N of x, such that z, is

the only local minimizer in V.

Example: The function
atcos(1/x) + 22, x #0,
flx) =
0, x =0,
is twice continuously differentiable and has a strict local minimizer at x, = 0. However, there are
strict local minimizers at many nearby points z;, and we can label these points so that z; — 0

as j — oo. This is a (pathological) example of a function with a strict local minimum that is not

isolated.

2.2 Necessary Conditions

We derive the necessary conditions for optimality in the case of f : (S C R) — R. We then
generalize by analogy to f : (S C R") — R, with n > 1. The starting-point is Taylor's Remainder

Theorem:

Theorem 2.1 Let f : R — R be continuous function with a continuous first derivative. Assume
h > 0. Then, there exists an n € (0, h) such that:

flx+h)=f(x)+ f(x+n)h,  nec(0,hn).

Furthermore, if f is twice differentiable, with a continuous second derivative, then for a given h > 0,

there exists an n € (0, h) such that:

fle+h) = flx)+ f(@)h+ 5" (x+nh*  ne(0h).



2.2. Necessary Conditions 13

The idea now is to construct a necessary condition for x, to be the solution of the optimization

problem:

T, = argmingp f(x) (2.1)

(here, we are taking S = R for simplicity. As such, we assume that z, exists, and see what conditions

f has to satisfy at z,.

Theorem 2.2 (First-Order Necessary Condition) Let x, be the solution of the OP (2.1]) (local

minimum). Then f'(z.) = 0.

Proof: Assume for contradiction that f'(x.) # 0. Look at the case where f’(z.) < 0. Then by
continuity, there is a neighbourhood I = (z, — d, 2, + 9) (with 6 > 0), such that

f'(z) <0, el
Now consider z = x, + h, where |h| < d, but h is otherwise not specified. By Taylor's Theorem,
f(x) = flz) + fma+n)h,  [nl <|h| <0

Thus, f'(z« +mn) < 0. As h is not specified, we can choose it to be h = —kf'(x, + 1), where k is

a positive constant, such that

f@) = fz.) = kIf (@ + ),
thus, f(z) < f(z.), which contradicts the fact that f(x.) is a local minimum. Thus, f'(z,) =0. |}
Theorem 2.3 (First-Order necessary condition, R™) Let x. be the solution of the OP

x, = argminf(x), x € R".

Then V f(z.) = 0.

Theorem 2.4 (Second-Order Necessary Condition) Let z. be the solution of the OP (2.1
(local minimum). Then f"(z,) > 0.

Proof: Again, assume for contradiction that f”(z.) < 0. Then, f”(xz) < 0 in a neighbourhood
I = (xy— 0,2+ ) (with § > 0). By continuity,

f(z) <0, rel



14 Chapter 2. Fundamentals of Unconstrained Optimization

As before, consider x = x, + h, where |h| < 0 but h is otherwise not specificied. By Taylor's

Theorem with f/(x,) = 0, we have;
f(@) = flo) + 3 f (@ +mh* ol < [p] <0
Here, f"(x.+n) <0, hence f(z) < f(x.), which is a contradiction, hence f”(z.) > 0. |
Theorem 2.5 (Second-Order necessary condition, R") Let x, be the solution of the OP
x, = argminf(x), x c R"

Then the Hessian matrix H, with entries

0 f
Hij n <(‘3x28x])m*

is positive semi-definite.

We now define sufficient conditions on f(x.) which guarantee that x, is a local minimizer. Again,

we prove the result in 1D and then extend by analogy to higher dimensions.

Theorem 2.6 (Second-Order Sufficient Condition) Suppose that f is twice differentiable with
continuous second derivative, and that f'(x.) = 0 and furthermore, that f"(x,) > 0 (strict). Then

x4 Is a strict local minimizer of f.

Proof: Because f”(x.) > 0, by continuity, there is an interval I = (z, — 0,2, + 0) (with § > 0),
such that f”(z) > 0 for all x € I. For each z € I, we write © = x, + h, where |h| < §, and we

have:
f(@) = fle) + 5 (@ +m)h?,  |nl <|h] <.

Here, f"(z.+n) > 0, hence, f(x) > f(x.) for all € I, hence, x, is a strict local minimizer. |}

Theorem 2.7 (Second-Order sufficient condition, R") Suppose that f is twice differentiable
with continuous second derivative, and that V f(x.) = 0 and furthermore, that the Hessian matrix

H is positive-definite. Then x, is a strict local minimizer of f.

The reason for breaking up the conditions into necessary and sufficient like this is to handle de-
generate points — for instance, there are local minima that have f/'(x) = 0 but f”(z) = 0 also,
meaning the second-derivative test is inconclusive. E.g. f(z) = x*. However, if we deal with convex
functions, we don't have to worry about the second derivative test at all. And we already know from
Chapter [2] that global and local minizers are one and the same for such functions. We prove these

facts now, going straight to the case where f : R” — R.



2.2. Necessary Conditions 15

Theorem 2.8 When f is convex, any local minimizer x, is a global minimizer of f. If, in addition,

f is differentiable, then any stationary point x, is a global minimizer of f.

The proof comes in two parts. For the first part, we want to show that a local minimizer really is a
global minimizer. To do this, assume for contradiction that x, is a local minimizer but that there

is another y € R” that is the global minimizer, thus

fly) < flz.).
We now construct a line segment joining these points:
x(t) =ty + (1 — t)x,, t €0,1],
such that (0) = x,, and x(1) = y. By convexity,

fla(t) < tf(y)+ 1 =1)f(x.),
< tf(@a) + (1= 1) f (),
= [f(=.).

Thus,
f(x() < f(.),

and the inequality is strict. Refer to Figure 2.1, and consider the neighbourhood A around ..

Introduce: Any such neighbourhood will contain a part of the line segment x(¢), and we call this

gxﬁﬁw’;}

'Y
L ]

Figure 2.1: A line segment joining two putatively minima
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N, ={z)|t € [0,1]} NN

Hence:

flz) < f(z.), xcN..

which is a contradiction, since x, is a local minimum. Therefore, we conclude that x, and y are

one and the same, i.e., a global minimizer.

For the second part, we proceed as follows. For any y we have:

0 = (y—=m) Vi),
T
d
= 3 (s + t(y — w*))‘tzo’
@ f@ oty — ) — ()
t10 t ’
S (VIR (LAES (:5)
t10
= fly) — f(=zs),

hence

flz) < f(y),

for all y. Therefore, we conclude that ., is a global minimizer. |

Remark: The limit denoted by the (x) in the above string of relations is a limit from above. The

reason for this is that we have to work with ¢ > 0, to preserve the direction of the inequalities.

2.3 Model Problem

In unconstrained optimization (especially convex optimization), every differentiable cost function
‘locally looks quadratic’, that is, in the neighbourhood of the solution @, = argminf(x), the cost
function ‘looks like a quadratic’. For this reason, quadratic cost functions form an important model

problem in optimization, and we study the quadratic problem here:
f(@) =c+ (a,z) + 5(x, Bx). (2.2)

Here, ¢ is a constant scalar, a is a constant vector in R", and B is a constant n X n matrix;

importantly, B is assumed to be positive definite.
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Theorem 2.9 The minimizer of Equation (2.2)) is

x, = —B 'a.

Proof: We re-write the cost function using index notation:
f(ﬂfl, s ,In) =c—+ a;x; + %Bl-j:cl-xj,

where summation over repeated indices is assumed. The first-order optimality condition is 0 f /0y, =
0 for all k € {1,2,--- ,n}, hence:

ap + %(Bkz + sz)l’z = 0.
As B is symmetric matrix, this becomes:
Qg + Bikl’i = 0,

hence
T, = —B_la,

and the inverse exists since B is positive-definite. The hessian of the cost function is clearly:

0 f
83@0@

= B,; = Const.

As B is positive-definite, the second-order optimality condition can be used to conclude that x, is

a minimum.

Remark: By substituting , = —B~'a back into the cost function, the minimum can be evaluated

as:

fmin =C— %(aaB_1a>'

Notice, if ¢ <0, then fi, is negative.

2.3.1 When B is no longer positive definite

The model problem can be extended to cases when B is not positive definite: slightly weaker results
can be obtained in the case when B is positive semi-definite. This shows the importance of stating
assumptions very clearly when formulating and solving an optimization problem. As such, we have

the following theorem:
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Theorem 2.10 Let f be the quadratic function defined by
f(m) =c+ <a,m> + %(:B, Bm)?
where B is any symmetric matrix. Then the following statements are true:

1. f attains a minimum if and only if B is positive semi-definite and a is in the range of B. If
B is positive semi-definite, then every p satisfying Bp = —a is a global minimizer of f.

2. f has a unique minimizer if and only if B is positive definite.

We look at Part 1. We start with the “if” statement, that is, we assume that B is positive semi-
definite and that a is in the range of B. Then, there exists a € R" such that B = —a. For all

w in R", we have:

fle+w) = f—i—(a,a:—i—w)—l—%(a:—l—w,B(:c—l—w)),

Continuing thus, we have:

fle+w) = f(x)+ (a,w)+ ;[ (a,w) — (w,a)] + (w, Bw),
= f(z) + 5(w, Bw),
> flx).

Thus, f(x 4+ w) > f(x) for all w € R™, hence « is a minimizer of f.

For the other way around, assume that x is a minimizer of f. Then, by the first-order optimality
condition (Theorem , Vf =0, hence Bx +a = 0, hence Bx = —a, hence a is in the range
of B. Also, by the second-order optimality condition (Theorem [2.4), B is positive-semi-definite.

For Part 2, we start with the “if” statement and assume that B is positive definite. Then, the

non-strict inequality in Part 1 are replaced with strict ones, e.g.

(w, Bw),

N |+

fle+w) = f(x)+ (a,w)+ 5[ (a,w) — (w,a)] +
+

Hence, « is a strict minimizer. For the “only if" statement, assume that f has a unique minimizer

(call it ©). We are left with the possibility that either B is positive definite, or B is not positive
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definite. Assume for contradiction that B is not positive definite. Then we can find a non-zero

vector w such that Bw = 0. Thus
fl@+w) = f(2) + L (w, Bw) = f(z) +0,

thus,  + w is also a minimizer, which contradicts the uniqueness assumption. Thus, B must be

positive definite. |

2.4 A note on norms

In the previous example, the usual inner product on R™ appears in the construction of the quadratic

function (2.2)), e.g.

n

<CL, Q3> = Z a;x;.

=1

This then leads to the equally ‘natural’ L? norm on R",

n

|2l = (@.x) =) a7,

i=1

In this book, we work almost exclusively with the L? norm. This is to take advantage of the

Cauchy-Schwarz inequality:

(a,z) < lallaf|2[],. (2.3)
However, all norms in a finite-dimensional space are equivalent. That is, if | have two norms || - || p
and || - ||, there exist positive constants ¢; and ¢ such that
allzllr < llzllg < el p, for all x € R".

For instance, if we look at the L'-norm

n
1 = Z |il,
i=1

then by Cauchy-Schwarz with @ = (|z1],--- ,|z,|) and @ = (1,1,--- , 1), we have:

hence

llly < Va2
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But it is immediately obvious that e.g. ||z||? > ||z||3, hence

lzllz < [lzlls < Valz|2

establishing the equivalence of the L'-norm and the L?-norm.

2.5 Take-home Message

Our results so far are based on basic Calculus and Linear Algebra, and they provide the foundations
for unconstrained optimization algorithms for smooth cost functions. In one way or another, the
continuous optimization algorithms that we will study are based on trying to find a point where V f

vanishes.



Chapter 3

Line Search Methods

Overview

In this chapter, we look at Line Search methods.

3.1 Preliminaries

Line Search methods refer to a family of different methods to solve the continuous (unconstrained)
optimization problem

@, = arg min g pn f ().

The methods use information about the gradient of the cost function to construct a sequence of
guesses that converges to the solution of the OP. As such, these are iterative methods: they start
with a ‘reasonable’ initial guess xy, and a sequence of iterates is produced, {x;};>,, such that

T, — x, as k — 0o. In these methods, x, is obtained from x;, e.g.
Tkt+1 = Tk + Sk,

where s usually depends on V f(x;) and sometimes on higher derivatives as well. In all of the
Line Search Methods, s is broken up into a ‘step length’ «j and a search direction p;, where
Py, is (usually) a unit vector (but not in the Newton method). When py is a unit vector (chosen
appropriately), then the step length «y is computed by solving a 1D optimization problem at each
iteration step:

a = argmin,. o f(xr + apy). (3.1)

21
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Figure 3.1: Basic idea behind the SD method

3.2 Steepest-Descent Method

We look at the cost function at iteration k. We wish to update @y by ;1 = ) + ap, where p is

to be determined. By Taylor's theorem (exact), we have:
82

of
flai +ap) = f(mr) + apig (k) + pipja’
The rate of change of f along p is the directional derivative p - Vf(x;). We want to make this
change as large and as negative as possible, that way will minimize the cost function and get to x,
as fast as possible. As such, we make p - V f(x) as large and as negative as possible, bearing in

mind that ||p||2 = 1. Hence, we take:

_ V()
P= N @l

This is the direction of steepest descent (SD). It is also the direction that is orthogonal to the
level sets of f = Const. The idea behind the SD method is shown in Figure 3.1} The basic idea of

the algorithm is shown below in Algorithm 1.
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Algorithm 1 Outline of SD Method
Choose x (sufficiently close to the solution x.).

for k=0,1,2,--- do

Compute the steepest descent direction py.

Choose the stepsize oy, (somehow, e.g. Equation ((5.1)))
Write s, = apy.
Set Tp+1 = Ty + S

end for

3.3 Newton Method

For the Newton Method, we start with a local approximation of f(x) at @ = x; + p:

2

[z, +p) = f(xx) +P¢§—£(wk) + %Pipjwaj;j(wk)-

Now, we think of f(x}) as fixed (with a; = (9f/0x;)(xx) and B;; = (9% f/0x;0x;)(xy), and we

look at the following function of p:
mi(p) = ¢+ a;ip; + %piijij

Here, p is a variable, and we seek to minimize m,. We take V,m; = 0 to obtain:

a; = — Z Bijpj~
j=1

Assuming the matrix B;; is invertible (we actually require more than this), we get:

pi=— (B )y

j=1

hence, the descent direction (and step length) is given as:

Pe = —B (@) V f ().

Notation: We use p for the Newton descent direction, py = —B~!(x;,)V f(xy).



24 Chapter 3. Line Search Methods

Algorithm 2 Outline of the Newton Method
Choose x (sufficiently close to the solution x.).

for k=0,1,2,--- do

Compute the Newton Direction by inverting the Hessian:

Pr = —Bfl(a:k)Vf(a:k)

Notice the stepsize in ‘pure’ Newton is oy = 1.
Write s, = aipy.
Set xp 1 = Tk + Sy

end for

3.3.1 Positive-Definite Property

Actually, for the Newton method to work, a sufficient condition is that B be positive-definite: if B

is positive-definite, then it is invertible, furthermore,

of
ox;

1

flzy +tpr) = f(wk)thZ(Pk)z‘ (xx) + O(t?),

= f(xg) — tz [Z (B—l)ij aa_;](wk)] gj; (z1) + O(t?),

= flar) —t(Vf (@), B~ (zi) V f (1)) +O(t),

J/

~
Negative

hence, for t sufficiently small,
[ +tpr) < f(xw),

thus, for t sufficiently small, going off in the direction given by the Newton method reduces f.

3.3.2 Quadratic Convergence

There are several advantages to the Newton step over the standard steepest-descent method:

e Step length is provided, no need to solve the sub-problem [5.1]
e Simple criterion for the method to work (positive-definite Hessian).

e Quadratic convergence
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We illustrate what quadratic convergence means in the context of a 1D example, and we look at

the general case in R” later in Chapter |§| As such, we look at

- f'(xx)
Lh41 = Tk — Py (32)

which converges to z,, with f'(x,) = 0. We let ¢, denote the error in the iterative process at iterate

k:

€ = Ty — Tk,
€+l = Tx — Tg41-
Substitute into Equation ((3.2):
S'(@r)
Ly — €1 = LTy — € — f”( ) (33)
or: )
Tk
We have:

f/(xk) = f/<33* - Ek) :M— Ekf//(.%’k) + %ekf”/(x*) 4+
and similarly,

[ (@e) = [ — &) = () = [ (@ )ee + -

We substitute these expansions into Equation ((3.4)):

—Ekf”(l‘k) -+ %ka/”(x*) + ..

€k+1 = € + f”( ) f’”(x*)ﬁk 4+
_ 12 fMes) oo
_ . 1 €k IED) +
— €k €k 7 () )
L 1-— (s )Ek + -
Binomial Thm [ 2 fm( ) f’”(if*)
€ — €k F7(zr) + - + f,/(x*)€k+ )
f///(a:*) 1 2f///(x*) 3
- S f”(x*) R I () +O((@))]

_ L) s
= K — 6K — 5€ f(x*>+0<(k:))

Hence,

/(a.)

€1 = T2 () [ex]” + O ((r)?)
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and it is equally valid to write:

f”/(xk

e = J" ()

~—

[ex]* + O ((ex)?) -

Thus, we obtain quadratic convergence, e.g. if the error at iterate k is 0(10_4), then the error at
the next iterate is O(107®), and then at the next level O(107%), which is machine precision in three

steps.

There are also drawbacks to the Newton method:

e Requires computation of the Hessian at each iteration.

e Requires inversion of the Hessian at each iteration O(n?).

3.4 Secant Methods

To address the drawbacks of the Newton method, people use secant methods. These can be easily

understood in the context of the 1D problem, by Taylor expansion:
[y, + 6x) = f(xy) + [ (2x)0x.

If we take dx = x4 1 — wy, this gives

f(ann) = (@) = () [we — - (3.5)

Call

Y = f/($k+1) - f’(m% Sk = Th4+1 — Tk-

Thus, a numerical approximation for the 1D Hessian is:

f”(xk) ~ yk/Sk-

In n dimensions, the equivalent expression to Equation ({3.5) is:

Vi(@e) — Vi(xr) = B(xr) (T — 1)
or

We write this more precisely as:
Yr = Bry18k, (3.6)
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where the matrix By, is the approximation to the Hessian.

Algorithm 3 Outline of Secant Method

Choose x (sufficiently close to the solution x.).
for k=0,1,2,--- do
Compute the descent direction by solving Bypy, = —V f(x)) (somehow!).
Choose the stepsize oy, (somehow!).
Write s, = apy.
Set 1 = T + Sk
Update yr = V f(xx+1) — Vf(xr) and update By .

end for




Chapter 4

The BFGS and Barzilai—-Borwein Methods

Overview

In this chapter, we study the BFGS formula in detail. Towards the end of the chapter, we also

showcase another simple method called the Barzilai-Borwein method.

4.1 Review

We start with a review of the Secant Method from Chapter [3| For the 1D problem where we wish

to solve f'(x,) = 0, we construct a sequence of iterates, where
[z, + 0x) =~ f(x1) + f"(xp)d.
If we take 0z = x4 1 — wy, this gives
f(@irr) = f(@e) = [ (@) [2re1 — ). (4.1)

Call

Y = f’($k+1) - f’(ﬂﬂk), Sg = Tg41 — Tk-

Thus, a numerical approximation for the 1D Hessian is:

[ () = yi/ s

In n dimensions, the equivalent expression to Equation (4.1)) is:

Vi(@r) — V(xr) = B(xr) (T — 1)

28
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or

Yr ~ B(xy)sy.

We write this more precisely as:
Y — BkHsk, (42)

4.2 BFGS Formula

Equation (4.2)) is an equation for the unknown matrix By.1. There are n x n unknowns and only n
equations, so there can be a solution only in some approximate sense. In the BFGS formula, By

is approximated by By and two matrices, built out of the only thing we have:
Y, By sk
These are n x 1 column vectors. So we build the new matrix as follows:
Biy1 = By + aypy! + B(Brsi)(Brsi)”, (4.3)

where now y,y? is an array of size (nx 1) X (1 xn) = nxn, and the same for (Bys;.)(Bgsy,)”. Here

also, a and f3 are scalars to be determined. We do this simply by imposing the secant condition ({4.2)).

Theorem 4.1 The following are the values of « and (3 in the BFGS method:

1 1
= -, o = .
(sk, Bl 'si) (Y, Sk)

Proof: The proof is by direct computation. We take the approximation (4.3) for Bj.1 and we
impose the secant condition (4.2). This gives:

Yr = Briisg,
= [By + aywy;, + B(Bisk)(Bisi)"] sk,
= Bys; + aykygsk + ﬁBkskszkTsk,

0 = Bysi+ B(Bksk) si Bl sy, +oyr  (ylsy)  —u
—— ——
(I1xn)(nxn)(nx1)=1x1 (I1xn)(nx1)=1x1

Hence,
0 = Bisi, (1+ B(sk, By sk)) + Y (=1 + (Y, 1)) ,

and hence finally,
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We put all of these calculations together to obtain a final formula for the approximate Hessian in

the BFGS method: . .
By.sy.sj, By, YrYj,

(sk, Bisk)  (Yr,Sk)

Biy1 = By — (4.4)

4.2.1 Positive-Definite Property

The BFGS method has the desirable property that the positive-definiteness of Bj is maintained,
which means that p; is a search direction that always minimizes the cost function. We prove this

as follows.

Theorem 4.2 Provided By is positive definite and provided the curvature condition (yy, s) is
satisfied for each iteration, the BFGS method produces a symmetric positive-definite approximation

to the Hessian at each iteration.

We start with symmetry:
By.1 = By + Symmetric Matrices,

if By is symmetric, then by induction, By is symmetric for all k € {1,2,---}.

We next look at positive definiteness. Again, we have to proceed by mathematical induction, so
we assume that Bj is positive definite. We then show that By is positive definite. We also use
the extra assumption of positive curvature (yg, sx) > 0 at each iteration. As such, for any vector

& € R”, we have:

€ Bont) — (€ By~ &8 BE) | (6 yyid)

(sk, Bl sk) (Yk» Sk)
_ (& Brsisi Bik) | (& yk)’
- <€a Bk€> <Sk, Bgsk> + <yk7 Sk> .

As the second term is positive definite, we focus on the first term, we call it A, and so we have to

show that A > 0:
(€, Bysis} BrE)
(sk, B st)

By induction By, is positive definite, so it is diagonalizable, with positive eigenvalues \; and eigen-

vectors u;. As such, we have
§= Zfz‘ui, & = (& wi), Sk = ZU@"UJ@', oi = (Sk, Wi)-
i i

and

(& Big) = > _ N
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Hence,

_ 5 (Bi€, sisp Bi€)

_ Z ME2 — (32 Nibiwi, (sisy) > Ai&iug)

Zi )\iUZ'Q ’
N i o ZZ >\z‘0i2 ’
Z )\'5'2 . Zz Zj AiAjfjgiUin
- 159 ZZ Azo_’? 5
25 Xi0; ’

If we introduce two new vectors X and Y, with components X; = v A& and Y; = /)05, then A

can be re-written as: 9 9 2
_ IXEIY]; - (X -Y)

A ,
Y113

which is positive, by Cauchy-Schwarz. Hence, By is positive definite.

Furthermore, as By is assumed to be positive definite, by mathematical induction, By is positive
definite, for all k € {0,1,2,---}. |}

4.2.2 Sherman-Morrison—-Woodbury Formula

In reality, we are not that interested in By, only in B, '. Therefore, the BFGS method will simplify
if we can find a simple way to compute Bk_1 directly at each iteration. More precisely, a performing
a matrix inversion is O(n?), however, if we can find a way of exploiting the structure of the matrix
By, then maybe this can be reduced. The key here is to recall the Sherman-Morrison—Woodbury

formula from Linear Algebra:

Theorem 4.3 (Sherman—Morrison—Woodbury) Given a square invertible n x n matrix M, an
n X k matrix U, and a k x n matrix V', let M be an n X n matrix such that M = B+ UV . Then,

assuming (I, + V. B~'U) is invertible, we have:

M'=B'-BW(,+VB'U) VB (4.5)

For our purposes, we recall the BFGS formula (4.4)), recalled here as:

Bkskb{Bk 4 yky}f

Biii — Br — .
il F <Sk7 Bgsk> <yk7 Sk>
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We are going to suppress the subscripts, and write this as:

Bss'B n yy’

M=B= 0 Be) T lys)

We match this up with Equation ([4.5) as follows:

_ 1 0 TR
M=B+[Bsy]| ©5 °
0o (.5) Y
:V7?,,2><n

Thus, k& = 2, and the Sherman—Morrisson—-Woodbury formula tells us that:
M'=B1'-B W (L+VB'U) ' VB

So we now go through the calculations:

M t=pB"!
—1
1 TR -0 B
—B7'[Bs, y] (Hz +| @B i - | B7'[Bs,y] Bs i . | B
0 wmelly L ) Y
To make the notation a bit clearer we use H = B~ !:
M 't=H!
-1
1 TR . B
— H|[Bs,y] (Hz + | @ | H[Bs,y B C
e} Y 0 &9 Y

We multiply in by the H on the left and the H on the right-hand side, using BH = HB =1,,:

M t=H1!
1
__1 0 TR S 0 T
—[s, Hy| (]Ig + (e:B2) ) ] i | H[Bs.y] (s.B2) ) i
0 &9 Y 0 mallyH
Let's call:
1
D= o (s,Bs) 0 ]
0 1
(y,s)
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We bring D inside the (I + ---)~'D matrix term, and remember that the inverse of a product is

the product of the inverse, in reverse order, hence (I +---)"'D = [D~' + D~(---)]"", hence:

M = H*'—I[s Hy -
= H'—[s Hy] _
= H™ ' —[s, Hyl —
= H™'—[s,Hy] -
= H™' —[s, Hy _

—(s, Bs)
0

—(s, Bs)
0

—(s, Bs)
0

-0

(s,9) (y,s)+(y,Hy)

0

_<S7y>

(y,s)

(y,s)

(y,s)

0

0

0

(s,9)

(s,9)

| (s,y) (y,s)+ (y,Hy)

s, Hy] [<y,8>+<y,Hy> —(s5,9)

0

ST
yTH |

s' 5 H[Bs ])1[ s' ]

y" | Y y'H |

sTB ] - sT
s, H

. _[ y]) [yTH

(s.Bs) (s,9) D[

(s,y) (y,Hy)

) | y'H |

) | y'H |

1B

(s,y

5,Y)

(y,H'y>> ss”  Hys" + (Hys")"
{ (s, y)? '

Restoring the superscripts, the update rule for the BFGS method is:

Yk, B,I;lyk>

si(se)” By yw(si)” + silyn)" By

Bl =B+ (1+ <

(Sk, Yr)

)

(Sk, Yr)

(Sk, Yr)

(4.6)

Thus, we can work with B,;l and Bkjil directly, without ever having to know By or By1.

4.2.3 Operation Count

Equation (4.6]) involves updating each entry in an n X n matrix, hence the operation count is O(n?).

This is the limiting factor in the iteration step in Algorithm 3 (‘Outline of Secant Method'), as
the other steps are O(n). Thus, the operation count for the BFGS method is O(n?). This is a

significant speedup compared to the ordinary Newton method, which is O(n?) (the limiting factor

there is Gaussian elimination at every iteration).
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4.3 Barzilai-Borwein Formula

In the BFGS formula, the idea is to update By using a rank-two matrix. Barzilai-Borwein is much

simpler. Instead, we approximate By, at each iteration by a diagonal matrix:

Sp =Xk — T_1, Yr = Vf(xr) — Vf(xp-1),
with
Yi = Bysy;

Now, the matrix By is approximated as a simple diagonal matrix:

1
(6773

The equation y, = By.sy is then solved in the least-squares sense:
. 1 9
Qf = arg mlﬂa>o|\ask — Ui I3,
this has an analytical solution

sl
<Sk:7yk>

The update step is thus:

Tpy = ack—Bk_lVf(:vk),

= I — aka(wk).
Advantages:
e Fast and simple, no need to use Equation to estimate step size ay.
Disadvantages:

e Convergence is not guaranteed to be monotonic, i.e. f(xy,1) is not less than f(x)) necessarily.
e Notice how the iterates are constructed — the method is not self-starting, another method is
needed for k£ = 0.
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Line-Search Methods — Stepsize Analysis

Overview

In Chapter [3] we showed how the Line Search methods involves a sub-problem in which it is required

to compute the optimal step size a4, for a given descent direction py.
ap = arg miglf(wk + apg). (5.1)

This is yet another optimization problem, albeit a 1D problem. In this chapter we look at quick

alternatives to solving the full problem (/5.1)).

5.1 Strong Wolfe Conditions

We view
¢(a) = f(zr + apr)

as a simple one-dimensional problem, which we seek to minimize. However, instead of minimizing
«, we can chose an ‘okay’ value of « that gets us close to the minimum. The rationale here is
that what we really wish to minimize is mingegrn f(x), so how close we are to the minimum of the

sub-problem (j5.1f) should not really matter, so long as we are ‘close enough’.

As such, consider a linear approximation to ¢(«):

¢(a) = ¢(0) + ¢'(0)a,

where ¢'(0) = pi. - V f (@), which we assume is negative, since py, is supposed to be taking us down
towards the minimum. Thus, ¢(«) should look something like the graph in Figure .

35
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Figure 5.1: Idea behind the Wolfe conditions

5.1.1 Upper cutoff

Fix a value ¢; € (0,1). Now, suppose my guess for the stepsize « is too large. Then, the value of

¢(«) is above Line 1 in the figure, hence

¢(a) > ¢(0) + c1¢'(0)ar,

where here ¢, is the slope parameter of Line 1, chosen such that Line 1 has a shallower slope than
the linear approximation ¢(a) ~ ¢(0) +¢'(0)a. So clearly, to be anywhere near the local minimum,

| require:

d(a) < ¢(0) + c1¢'(0)or. (5.2)

5.1.2 Lower cutoff

Notice that even a = 0 will satisfy Equation . Obviously, @« = 0 is no good, because | will
then fail to make any progress with the iterative method. So a = 0 should be exculded — as well
as other ‘very small’ values of a. A way to exclude very small values of o can be reasoned out as
follows. Fix another value ¢y € (0, 1), and suppose my guess for the stepsize « is too small. Then,

the value of the slope of ¢(«a) will be less than the slope of Line 2 in the figure, in other words, the
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slope ¢'(«) is unacceptably steep. Since ¢'(a) < 0, ‘unacceptably steep’ means:

&' ()| > c2|¢'(0)],

so an acceptable slope is thus:

¢ ()] < cal @ (0)].

5.1.3 Combination of both cutoffs

We combine the two cutoff criteria in one place, these are called the Strong Wolfe Conditions
(SWCs). We state these conditions now as follows, these conditions are valid for fixed ¢; € (0,1)

and fixed ¢y € (0,1), actually we require 0 < ¢; < ¢ < 1.

¢(@) < ¢(0) +a1¢'(0)e, (5-3a)
@' ()] < '(0)]. (5.3b)

We show the necessity for the ordering condition 0 < ¢; < ¢3 < 1 in the next subsection.

Nomenclature: SW1 is also referred to as the Armijo condition.

5.1.4 Existence Criterion

Theorem 5.1 (Strong Wolfe Conditions) Let ¢(«) be a continuously differentiable function
which is bounded below, ¢(a)) > Ppmin. If 0 < ¢1 < ¢y < 1, then there exists an o« > 0 satis-
fying the SW(Cs.

Fix 0 < ¢; < 1, and consider

Ala) = ) = o),
= [(0) + c10¢/(0)] — ().

We have ¢(a) > Gpin, hence —d(a) < —@pmin, hence

A < P(0) + &' (0)crar — G-
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As ¢'(0) < 0 (by choice of p;), we have A — —o0 as @ — oo. Furthermore, A(0) =0, and

A'0) = ag'(0) - ¢'(0),
= (a—1)¢/(0),

> 0,

since 0 < ¢; < 1 and ¢/(0) < 0. Putting all of this information together, the graph of A(«) looks
something like Figure 5.2

1;&0’)

& PxNVl Ci;’ Wt — N\ ot

% \
N 00 \

Figure 5.2: The graph of A(a) showing the existence of the nonzero root A(ag) = 0.

So by continuity of ¢, there exists oy > 0 such that A(ap) = 0, and A(a) > 0 for 0 < o < a.
Thus, the first SWC is satisfied for any 0 < a < ay.

For the second SWC, we start with oy from the previous calculation, where

Alag) =0 = ¢(ag) = ¢(0) + ape1¢'(0).

Recall Taylor's Theorem,

d(ao) = ¢(0) + ¢'(B)aw, B e (0, ),

Combine these results:

ad'(0) =¢'(8), B € (0,a0),

These are negative slops, we work with:

|'(B)] = c1l¢'(0)] B € (0,0a0).
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Take ¢y > ¢1, hence

¢'(B)] = c1]¢'(0)] < 2 ¢'(0)] BB € (0, ).

Thus, 0 < 5 < ay satisfies the two SWC. |}

5.2 Wolfe Conditions

A slightly less stringent requirement for the step size is given by the Wolfe Conditions:

pla) < ¢(0) +c1¢'(0)a, (5.4a)
d'(a) > c2¢'(0). (5.4b)

The SWCs ensure that the magnitude of the slope is always controlled. The Wolfe Conditions ensure

that the slope is always greater than a threshold value c2¢/(0), but allow for slopes that may be too

large and positive.

5.3 Backtracking Line Search

A quick and easy alternative implementation of the SWCs is the Backtracking Line Search algorithm.
The idea here is to start with a step size that is too large, and reduce it so that the first SWC is
satisfied. This actually makes the second SWC redundant.

Algorithm 4 Backtracking Line Search
Choose an initial guess for oy, call it a. Fix p € (0,1) and ¢ € (0,1).

while f(x; + apy) > f(x) + capy - Vf(xi) do
a4 pa.

end while

e Initial step length can be chosen as oy = 1 in Newton and Quasi-Newton methods.
e As there is no ‘good’ guess for the initial step length in SD, this method may not be appropriate

there.

Hence, we look at a more involved implementation of the SWCs in the next section.

5.4 Practical Implementation of the SWCs

In the following code listings, we look at an implementation of the Line Search Algorithm in Matlab.

Two initial guesses for «v are chosen: «p = 0, and a3 € (ap, Amaz). The SWC are checked, if the
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SWC conditions are violated, then a; is updated and the process is repeated. Specifically,

e If SW1 is violated, then we zoom in on an a, € (g, ;) where SW1-SW2 are actually
satisfied.

e If SW2 is violated, we actually increase the value of a; to a new value pag + (1 — p)Qnaa,
where 0 < p < 1.

e In the unusual situation where ¢'(al) > 0, we would zoom in on an interval where SW1-2

are satisfied.

The idea is to keep iterating this process until SW1-2 are satisfied. The Matlab code for this is

shown below.

1 function alpha_star = Isa(x,p,alpha.i)

2

3 % The following is an implementaiton of Algorithm 3.5, Nocedal and Wright,
4 % page 60.

5

6 % Note: This code is a simple modified version of a code by Davide Taviani,
7 % https://gist.github.com/Heliosmaster /1043132

8

9 % alpha-1 = a_i

10 % a0 = a_{i—1}

11

12 % Initialization of default parameters
13 % Here, cl and c2 are the parameters s recommended by Nocedal and Wright
14 % (p. 62)

16| cl = le—4;
17 c2 = 0.9;
18| maxit = 100;

19

20 alpha_.0 = 0; % 0th steplength is 0

21  alpha_max = 10xalpha_i; % Max serch interval is 10%(initial guess)

22

23  [f0,g0] = fun(x); % Function values at \alpha=0.

24 df0=dot(p,g0);

25

26 i=1;

21|

28 while 1

29 fold = fun(xtalpha_0x*p); % Function with previous step—length

30 [f.g] = fun(xt+alpha_i*p); % Function with current step—length

31 df=dot(g,p);

32

33 if( (f > fOtclxalpha_i*xdf0) || ((i>1) & & (f > fold) )) % Check for SW1: A sufficent decrease in f or a comparison
between f and fold)

34 alpha_star = zoom_w(x,p,alpha_0,alpha.i, cl, c2); % Modify alpha: a suitable value is somewhere in [alpha.0,

alpha_1]

35 return;

36 end

37

38 if (abs(df) <= —c2%df0) % Check for SW2 (Curvature condition)

39 alpha_star = alpha.i; % Current step—length satisfies SW2

40 return;

41 end

42

43 if (df >= 0)

44 alpha_star = zoom_w(x,p,alpha_i, alpha.0,cl,c2); % Find a suitable step—length in [alpha_1 alpha_0]

45 return ;

46| end

47

48 if (i = maxit) % Break Clause

49 disp ( 'Maximum number of iteration for Line Search reached’');
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50
51
52
53
54
55
56
57|
58
59
60
61
62
63
64
65
66
67]
68

alpha_star = alpha.i;
return;

end

% Update for next loop
i=i+1;

alpha-0 = alpha_i;
% Here, | am updating alpha_{i+1} using
% rho, rho = 0.8;
rho=0.8;
alpha_i = rho*alpha_0+(1—rho)*alpha_max;
% alpha-1 = min(alpha-max, alpha_-1%3);
end
end

linear

interplation

based on
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The idea of the Zoom function here is as follows:

e Obtain an interval bounded by ay, and ay; such that there is an « in the interval that satisfies
the SWCs.

e Of all the step lengths generated so far which satisfy SW1, «, is the one that gives the lowest
value of ¢(«);

e «y; is chosen such that ¢'(ay,)(am — aue) < 0.

1 function alpha_star = zoom.w(x,p,alpha_lo,alpha_hi , cl, c2)

2

3 % The following is an implementaiton of Algorithm 3.6, Nocedal and Wright,

4 % page 61.

5

6 % Note: This code is a simple modified version of a code by Davide Taviani,

71 % https://gist.github.com/Heliosmaster /1043132

8

9 maxit = 20;

10

11 [f0,g0] = fun(x);

121 df0=dot(p,g0);

13

14 j = 0;

15  while 1

16 % | use bracketing and bisection to estimate the best value of alpha,

17] % meaning the trial step—length is the middle point of [alpha_lo, 6 alpha_hi]
18

19 alpha_j = (alpha_lotalpha_hi)/2;

20

21 [f.g] = fun(x+alpha_j*p);

22| df=dot(p,g);

23

24 [f-lo] = fun(x+alpha_loxp);

25

26| if ( (f> f0 4+ clxalpha_j*df0) || (f >= f_lo) ) % Test for sufficient decrease or comparison with alpha_lo
27| alpha_hi = alpha_j; % Narrow the interval between [alpha_lo, alpha_hi]
28 else

29 if abs(df) <=—c2*df0 % Curvature condition (SW2) satisfied
30 alpha_star = alpha_j;

31 return;

32 end

33 if dfx(alpha_hi—alpha_lo) >=10

34 alpha_hi = alpha_lo;

35 end

36 alpha_lo = alpha_j; % The interval is now [alpha, alpha_lo]
37 end

38

39 if j=—maxit

40 alpha_star = alpha_j; % Break Clause

41 return;

42 end

43

44 jo=j+L

45 end

46

47  end




Chapter 6

Linesearch Methods — Convergence

analysis

Overview

6.1 Convergence of Line Search Methods

To study the convergen of Line Search Methods, the specific angle between the descent direction
Py and the steepest-descent direction —V f(x)/|V f(xk)| is of interest. This can be obtained from

the dot product:
<pk7 Vf>

el V()]

cos ), =

We now prove the following theorem:

Theorem 6.1 (Zoutendijk Condition) Consider an iterative line search method of the form xj., =
&y + agpy, where py, is a descent direction, V f(x) - pr < 0. Suppose that «y, satisfies the SWCs.
Suppose also the following:

1. f is bounded below in R";

2. f is continuously differentiable in an open set N containing the level sets

L= {x|f(x) < flxo)},

where x is the starting-value of the iterative method.

3. V[ is Lipschitz continuous in N, that is, there exists a constant L > 0 such that:

IVf(@) = Vi)l < Llle—yls,  forallz,yeN.

43
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Then:
> " cos® 04|V f () |[3 < oo

k>0

Proof: We begin by recalling SW2. We have two cases to look at: V f(x) + axpr) - pr > 0 and
V f(xy + axpr) - Pr # 0. For brevity, we identify @)1 = oy + axpr and write V f(xy + axpr) =
Vf(xri1) = Vfiir, etc. In Case 1, V fiiq - pr > 0, and SW2 becomes:

V fir1 - pr < —aVfi - pr,
since |V fi - pr| = =V fi - pr. Hence,
=V i1 P < Ve pr < =V pr,
and reversing the sign of the inequalities and multiplying by —1 gives:
V fii1 - pr = &V fi - P
In Case 2, Vfii1-pr <0, and SW2 gives:
=V fir1 P < =&V fi - pr.
Again reversing the sign of the inequalities and multiplying by —1 gives:
V fir1 - pr > &V fi - D
So whichever case we are in, we have the key result:
Vi1 Pr 2 2V fi - Dr, All Cases.

Now, | can subtract V f; - p,. from both sides to obtain:

(V1 — Vi) -pr > (2 — DV fi - pr, All Cases. (6.1)

We also have the Lipschitz condition

IV fer1 — Vfill2 < Lllowpr||2,

hence
IV fis1 = V fill2llpell < Lo ||prll3,
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and using CS, this becomes:

IV forr = Vi) - el < IV frsr = VSill2llprllz < Lowllpell,

and more strongly,
(Vferr = Vi) - pr < Log|[pall3. (6.2)

Combine inequalities (6.1)) and (|6.2]) to obtain:
(c2 — 1)V fupr < Log||pel)3,

hence
(02 - 1)ka * Pk
Qg = 2 5
Ll|pr|l3

or more transparently,
(1 — )|V fi - pr]

ap =~ s (63)
L||pll3

That is all | can do using SW2. So now go back to SW1:

fer1 < fr + aer Vi - Dr,

and sub in for ay,:

1— V-
fr1 < fk_Cl(( CLZ|)|L),€|{§ pk’>|vfk'2?k|,
PR LSS o/ %
L HpkH%

= fp — ccos® 0k||ka||§

| sum over all k here to obtain:
k
2 2
Jer1 < fo— CZCOS 0511V f;113-
=0

Since f is bounded below, | have fri1 > fiin, hence —fri1 < — fiin, hence

fO_fk‘—i-l < fO _fmz'n = M:

where M is a constant (zero or positive), hence

k
> cos’ 05|V £ll3 < M,

J=0



46 Chapter 6. Linesearch Methods — Convergence analysis

thus the sum is bounded. Taking & — oo, | have:

¢y cos® 0|V I3 < M,

J=0

which concludes the proof. |}

Corollary 6.1 If the conditions in Zoutendijk's Theorem are satisfied, then

cos® 0;(|V f;]13 — 0 as j — oo.

Proof: From Zoutendijk's Theorem, the series
o
2 2
> cos? 0|V 13
§=0
is a convergent series, thus the general term goes to zero as j — oc:

cos’ 0;||Vfill3 —0asj—oo. |

As an application of this Corollary, suppose that cos @, can be kept away from zero in the ‘tail’ of

the sequence of terms
cos® 0|V foll3, cos? 01|V full3, - -, cos® 0|V f[3, - - -

such that:
cosf, >0 >0, for all & > ko,

Then,
IV£;ll5 — 0 as j — oo,

and in such a case, the iterative method converges.

6.1.1 Example

In the standard steepest-descent method, we have cos#, = —1 for all k, thus the SD method is

guaranteed to converge, provided all of the conditions in Zoutendijk's Theorem are satisfied.
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6.2 Application to Quasi-Newton methods

Zoutendijk's Theorem can also be applied to Quasi-Newton methods, where the descent direction
is defined by:
Bypr = =V [,

provided the matrix Bj satisfies certain sensible conditions. This is made clear in the following

Theorem:

Theorem 6.2 Consider an iterative method where the descent direction is given by

Bipir = =V fi,

where By, is a positive-definite matrix satisfying
IBrll2|| Byl < M, M = Const. for all k,

Then cos 6y, > 1/M.

A word first about (By) := || By|l2|| By, '||2: this is the condition number of the matrix By. In

this context, || - ||2 is the L? matrix norm:

|Bill2 = sup ||Byul2.
lull2=1
If By is a positive-definite matrix, then it has all positive eigenvalues, and it can be readily shown
that
||Bk”2 = max()‘lv T 7/\n> = )\ma;ra

and also,

1 1 1
—_— e — ) = > 0.
)\1’ ’>\n) )\mm ’

Thus, for a positive-definite matrix such as By, the condition number can be written as

1By |2 = max(

— Amaz
£(Be) = Bllal| By l2 = 3=

min
We now return to the proof of Theorem [6.2] We have:

(Vfi, By 'V fi)
IV fill2| B,V fell2

cos b, =
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As B, is positive-definite, we can expand V f; in terms of the eigenbasis of Bj:

V= Z%Ui, €Ty = (Ui, ka:>, Bru;, = \u,,

hence
1
B,;1ka = XZ: x%uz’,
Thus,

(V fi, B, 'V fr)

costy = ,
T IV AlRIBE TV fillz
(3, 22)V2 [, (1))
LS a2
> Amaz et}
T )2 [ (1 N2
1 22
> )\mam i ? ,
T )2 (1 A2 Y, 2]
N )\max’
B 1
r(Bi)’
> 1/M.

Thus, cosf, > 1/M, as required. |

6.3 Convergence Rates — Steepest Descent

Often, it is important to know not only that a particular Line Search method converges but also,
how fast it converges. For the standard Steepest Descent Method, an exact result is known for the

model quadratic problem:
f(x)=c+ {a,z) + %(w, Bx). (6.4)

and the result shows that the convergence is quite poor (linear). We go through the calculation

here.

We start by computing the steepest-descent direction associated with Equation (6.4)),

b= _Vf - _Bwa
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and we assume the update step is given as:
Tpi1 = — ax V f(xr) = ) — .V [ (6.5)
To choose a4, we solve the sub-problem:
ap = argmin f(zp —aVf),

for the quadratic cost function this has an exact solution:

(V fi: V fr)

= Vi BV o)

Consider again the update step , subtract x, from both sides to obtain:
Ty — Ty =T — Ty — V[
Multiply both sides by B to obtain:
B(xpy1 — @) = B(xp — x,) — ax BV fi.
Now take the inner product of both sides with x;,1 — x.:

(Tpp1 — To, B(Tpgr — x4)) = (Tiy1 — T, B(xp — x.) — BV fi),

= (xp —x. — Vi, Bz — ) — BV fi),

Expand out to obtain:
(X1 —Xy, B(Xpy1—T.)) = (Tp—x, Blxp—2,)) 201 {x)—x,, BV fi) +ai(V fi, BV fi). (6.7)
We identify a weighted norm:
|lv||%4 = (v, Bv), for all v € R",
with ||v]|z > 0 and ||v||g = 0 if and only if v = 0. Hence, Equation (6.7]) can be re-written as:

\||il3k — |5 — [|[Zes1 — x5 = 2a4(x), — 2, BV fi) — @2V fr, BV fi).

=A
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We now use:

ka = a+Bmk7
= —Bx,+ Bxy,
= B(xp —x,).

Hence:

A = 2ap(xp — ., BV f) — ai(V fr, BV fi),
= 204k<ka, ka> — Oéi(ka, Bka;>

Now fill in for ay:

5 (Vfi: Vi)

(V fi: Vfr) " (V fi: Vfr)
(Vfr, BV fi)

8 (V fr, BV fi) (Vfr, BV fr)

X (Vfe,Vfi) —

X <ka, Bka>

Carry out the cancellations to obtain:

(Vfr, V fir)?

8= (V fe, BV fi)

From the definition of A we now have:

(Vi V fi)?

(Vfe, BV fi) (68)

[rs — 2|5 = e — 2.5 —
But also, ), — ., = B~V f}, hence

ek — 2|5 = (V[ BV fi).

So now we have:

e~y =l — VI
= = — S VIl

(V fr, BV fr) (V fr, B-V fi)’

<1 B (V i,V fr)? ) s — a2
(V fies BV fi)(V fi, B='V fi) o
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We notice the combination

(V fr, BV fi){(V fr., BV f)
(Vfi, V fr)? -

1Bl B2,

where x(B) is the condition number of the matrix. Thus,

1
Hwk+1 — CU*H2B < (1 - @) Hwk - x*HQBv
hence

)\max

)\max - )\mzn 1/2
i1 — 2| < (—) T (6.9)

which establishes a linear rate of convergence of for the SD method.

6.3.1 A Warning about Scaling

Equation reveals what happens to the performance of the SD method in the case of ill-
conditioned problems where k(B) is large — then the A\, > A\nin, and the prefactor in Equa-

tion (/6.9)) is very close to one, in which case:
ki1 — il S |2k — || B, (6.10)

in which case the convergence is very poor. Geometrically, the level sets of such an ill-conditioned
cost function look like very elongated ellipses (Figure|6.1]), meaning that the steepest-descent method

does not do a very good job at taking us towards the minimum.

6.3.2 A Warning about the SD method

Even for well-conditioned problems, the linear convergence of the SD method is regarded as quite
poor. Geometrically, the level sets of f look like ellipses, the SD method takes us in steps towards
the minimum, each step is orthogonal to a level set, meaning the path to the minimum is a ‘zig-
zag', which slows convergence (Figure [6.2)). For this reason, Newton methods and Quasi-Newton

methods are preferable, because they exhibit quadratic convergence to the minimum.
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Figure 6.1: Example of a poorly-scaled cost function (top) and a well-scaled cost function (bottom),
taken from Nocedal and Wright.

Figure 6.2: The ‘zig-zag' SD path is responsible for the linear convergence rate of the SD method.
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6.4 Convergence Rates — Newton

In Chapter (3| we sketched out the idea behind the quadratic convergence property for the Newton
method. More specifically, for the update method:

02
Tepn=xp+ Py, Blxpy = -Vi(xw), (Bl = (8958{6)
1 J Tl

we expect (under certain restrictions on the Hessian B) that the rate of convergence of the sequence

x; — x, should be quadratic, in the sense that:
[Tri1 — @il < Clley, — 33*”%7
where C' is a positive constant: it can be problem-specific but is independent of &.

Theorem 6.3 Suppose that f is twice differentiable and that the Hessian B(x) is Lipschitz con-
tinuous in a neighborhood of a solution x, at which the sufficient conditions (Theorem are
satisfied. Suppose that the starting point x is sufficiently close to x., and consider the iteration

Tj1 = T + py . Then,

1. The sequence of iterates {x} };°, converges to x.;

2. The rate of convergence of the sequence is quadratic.

Proof: We have ., = x, — B 'V f;, where the dependence of B~! and B on =z, is assumed.
Subtract x, from both sides, and use V f(x.) = 0:

Tpy1 — T, = T — T, — B 'Vf(x),

= x —x, — BV (xr) — V().

Hence,
Tpr1 — Ty = B_I{B(wk —x,) — [Vf(z) — Vf(z.)] } (6.11)

We use the first-order version of Taylor's theorem for a continuously differentiable function — which

is really just the Fundamental Theorem of Calculus:

9(b) = gla) + / d(a+t(b— a))dt

We apply this result to a generic function ¢(x), between the points x; and x,:

o@x) = dla) + / &' (@ + tla — z.))dt
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or

o) = o) + /0 (@ — @) - V g + (s — @)t

Now set ¢ = 0f/0x;:

0 o 1 5
1
— g—jj(éﬂ*) + /0 Bij(wk + t(m* — .’,Ek>)(mk _ CE*)idt

Hence, )
1V f () — Vf ()], = / By (@p + t(my — ) (@, — @)t
0
Without index notation, this becomes:

V f(a) — V() = /0 Bl + t(@, — o)) (@ — @p)dt.

We substitute this result back into Equation (6.11]) to obtain:

oo, = B0 Bl - @) - V@) - Vi) |
_ Bl(:ck){B(:ck)(zck 2 /0 By + tws — o) (@n — a:k)dt},
_ Bl(wk){ /01 B(ay) — B@y + (@, — )] dt}(a:k — ).
Take norms on both sides to obtain:
[@rs1 = @a]l2 < | B (@) ||a]|r — .| /01 | B(xr) — B(my + t(xx — @i))|[2d2.

The Hessian is assumed to be Lipschitz continuous: hence, there exists a positive constant L > 0

such that, for all & and y in the region of interest, we have:
|B(y) — B(z)|l2 < Llly — |2

Hence,

1
@it — @l < 1B (@) ol — .| / t{LH(w* - wk>>uz}du

and so:
@41 — 2|2 < LB~ (@) 2| (2. — ) [15. (6.12)

Furthermore, B and B~! are continuous functions of @, so, given any € > 0, there exist a § > 0
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such that
| B~ (xx) — B~ (x,)|2 < € whenever ||z), — .||z < 6,
hence
1B~ (@) ll2 < e+ B (@) 2.
Hence, for a good choice of ¢,
1B~ () ||z < 2||B~ () ||2 whenever ||z, — x. |2 < 6.
So referring back to Equation (6.12)), this becomes:
[ @1 — @ull2 < LI B~ (@) ||2]|2. — @xll; whenever [z, — .l < 0.
Hence,
|Zri1 — o]z = C|lzp — . ||3 whenever ||z), — z.[|2 < 6. (6.13)
Let us choose:
o — a.lla <0, Jlwo — 2|2 < 56,
i.e.
|zo — @, |2 < min (6, 55) -
By Equation (6.13)), we have:
e — .2 < Cllmo — .| < L.
[0 — @.[|2
From this, it can be shown (exercises) that
2k — 2.2 1
[zo — xul2 — 22" =1’
hence
|lTp — xil|2 — 0 as k — oo. (6.14)
Thus,

e Result (6.14)) establishes convergence of the Newton Method, whenever ||z — x.||2 < ||xo —

Z.|l2 < min[d,1/(2C)].
e Results ((6.13)) and ([6.14)) establish that the convergence rate is quadratic.
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6.5 Convergence Rates — Quasi-Newton

Quasi-Newton methods also exhibit ‘good’ convergence — in this case, the descent method is com-

puted as
P = =B, 'V,

where now By, is some approximation to the Hessian. Also in this case, the step length is not equal
to one, but is set to ay, where «y, is chosen to satisfy the SWCs. Here, by ‘good’ convergence, we

mean ‘more than linear but maybe not as good as quadratic’, specifically,
ks = @2 < Cllwe — .|, (6.15)

where € is a positive constant, and C' is also a positive constant that may be problem-specific
but is independent of k. As with the proof of the quadratic convergence of the Newton method,
Equation (|6.15)) assumes that the function f has various ‘nice’ properties and that the starting-value

x is sufficiently close to the solution ., where Vf(x,) = 0.

We won't go into this in detail — the approach to the proofs is the same as before, and we already
have learned a lot about the pros and cons of SD, Newton, and Quasi-Newton. We will therefore

just state the theorem for the Quasi-Newton Methods and then move on to new materials.

Theorem 6.4 Suppose that f : R™ — R is twice continuously differentiable. Consider the iteration
T 1 = T + appg, Where py. is a descent direction and «. satisfies the Wolfe Conditions with
c1 < 1/2. If the sequence {x} }32, converges to a point x. such that V f(x,) =0 and [B(x)];; =
0*f(x)/0x;0x; is a positive definite matrix, and if the search direction satisfies:

LIV i+ Boul
1m

k=oo ||kl

— 0,

then:

1. The step length o, = 1 is admissible for all k greater than a certain index k;

2. If ay =1 for all k > kg, then the sequence {x\}32, converges to x. superlinearly.



Chapter 7

Trust-Region Methods

Overview

We introduce the general idea of Trust-Region Methods and we formulate the simplest possible such

method — the so-called Cauchy-Point Method.

7.1 Introduction

We begin by recalling the idea behind line search methods — the idea there is to pick a ‘nice’ direction
Pr. at each iteration, and then to step to the next iteration via the update rule ;1 = ) + arpk.

Then, the optimization problem at each iteration step is reduced to solving a 1D sub-problem
o = argmin f(o +apy).

Line search methods are good when the Hessian B;; = 9%f/dx;0x; is positive-definite, in which
case Newton or Quasi-Newton methods produce an iterative method with super-linear convergence
to the optimal point ||V f(«.)|l2 = 0. Trust-region methods are another class of iterative method
that can be used to solve optimization problems where the Hessian is positive-definite. However,
the trust-region methods can be ‘tweaked’ in a very intuitive way to accommodate Hessians that

are not positive-definite. Thus, the trust-region methods are slightly more robust.

In this chapter, we introduce the idea behind the trust-region method in the case of positive-definite

Hessians and then outline the extension to non-sign-definite Hessians later on.
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7.2 The ldea

The idea behind the trust-region method is that at each iteration, we locally approximate the cost

function by a quadratic:

f(®) = f(xr+ D)~ fr + (9,p) + 3(p, Bp) = m(p). (7.1)

Now, it makes sense here that the ‘coefficients’ in this Taylor expansion should be g = V f(xy)
and B;; = 0*f(xy)/0x;0x;, although strictly speaking that is not necessary, the main thing is that
my(p) should be a good approximation to f(x) + p) in Equation ([7.1)).

Equation ([7.1)) is a quadratic approximation to the cost function, as such, it should be valid in a
small region centred on @x;. We therefore introduce a trust region where we expect the quadratic

approximation to be valid:
Ipll2 < A, (7.2)

where A is the size of the trust region.

Once the size of the trust region has been established (we say how to do this in the next section),
we can then solve the reduced problem:

=arg min m , 7.3
Pk gllpllzéA 1(P) (7.3)

and hence, step from x; to 1 = @, + p. As such, line search methods and trust-region methods
are the same in spirit, the difference being that the sub-problem in the trust-region method is more

complicated.

7.3 Size of Trust Region

There is a very simple algorithm for computing the size of the trust region: we compare

e The actual reduction in the cost function between iterations, f(xx) — f(xr + pi);

e The predicted reduction in the cost function between iterations, m(0) — m(px)

Hence, we look at the ratio
_ f@e) — f@r + pe)

my(0) — mx(p)

and we will use the value of p; as criterion for determining the size of the trust region, according to

(7.4)

the following ideas:
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e As py is supposed to be the minimum of my(p) in a region containing p = 0 (see Equa-
tion ([7.3))), the denominator here is guaranteed to be positive for all iterations. Furthermore,
if the numerator is negative, it means that our search direction p;, is not reducing the cost

function, meaning that we should reject the search direction py.

On the other hand,

e If p is positive and close to one, then there is good agreement between the predicted reduction
in the cost function and the actual reduction in the cost function, in which case it is safe to
expand the trust region at the next iteration.

e If p; is positive but significantly smaller than one, then the trust region is still okay, but we
leave it unchanged for the next iteration.

e If p is negative or much smaller than one, then we reduce the size of the trust region for the

next iteration.

Algorithm 5 Determining Size of Trust Region

Choose a maximum size of the trust region, A and an initial guess for the size of the trust region,
Ag. Also, choose a criterion 1 € [0,1/4) for a descent direction to be accepted.
for k=0,1,2,--- do
Obtain py by (approximately) solving Equation ([7.3]).
Evaluate py from Equation (7.4)).
if some condition is true then
A1 = (1/4)Ay
else
if pr > 3/4 and ||pll2 = Ak then

~

Ak-Jrl = mln(QAk, A)

else
Appr = Ay;
end if
end if
if pr > 1 then
L1 = T + Pk
else
L1 = Lk
end if

end for
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7.4 The constrained minimization problem

The Trust-Region algorithm requires us to solve a constrained minimization problem at each iter-
ation:

p. = argmin [f + (gr.P) + 2(p, Bkp)] , subject to ||p|l> < A. (7.5)

Here, there is a subscript k£ on g; and By to indicate that these are the coefficients in the approxima-
tion to the cost function that are updated at each iteration. However, these indices are suppressed
in what follows, as we seek to focus on the details of the minimization problem. Equation (7.5)
can be solved using the method of Lagrange multipliers, we summarize the main result here. Notice

that the subproblem has a solution for a general symmetric matrix B:

Theorem 7.1 Suppose that B is a symmetric matrix. Then the vector p, is a global solution of

the trust-region problem

P. = arg mpin [f + {(g,p) + %(p, Bpﬂ , subject to ||p|| < A, (7.6)
if and only if p, is feasible and there is a scalar A > 0 such that the following conditions hold:

AA—=p.ll2) =0,
(B + ) is positive semi-definite.

Theorem deals with exact solutions of the quadratic approximation. For now, we are only
interested in approximate solutions (in analogy with the SWCs for Line Search Methods). Therefore,

we can postpone our study of this theorem until a later chapter.

7.5 Approximate solution of the constrained minimization

problem

The solution of Equation is a vector p, that depends parametrically on A, and we denote
the solution by p.(A). Knowing the function p.(A) is like knowing the exact solution of «y =
arg min, ., f (2, + apy) in line search methods — it is not necessary to know this, a ‘good’ estimate
for ay, (such as that given by the SWCs) is sufficient for convergence. The same idea carries over
to the trust-region methods — knowing the solution p,(A) is too much, in practice a good estimate

for p, suffices.
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7.6 Cauchy Point

The idea of the Cauchy Point method for solving the sub-problem is to look at the case when A is

small. Then, the quadratic sub-problem can be approximated by

my(p) = fr + (9, P), Ipll2 < A

and the solution to the minimizing my(p) is simply to take p along the steepest-descent path,

p x —g. A first estimate of the solution is a vector which extends to the trust-region boundary:

A
Dtemp = — g.
" gl
We then refine this solution by taking:
P = TDPtemp;

where 7 is a scalar to be determined. We determine 7 by solving the full quadratic problem:
T = arg min my (PrempT)-
>0

We further have the restriction ||Tpiempll2 < A, but this is the same as |7 < 1.

We now solve the minimization problem for 7. We look at 1 (TPtemp), this becomes:

TA(g,9) 1.2 »(9. Bg)

M (TPtemp) = fr — EETERTO RS
’ gl lgll3

As we we are dealing with the general trust-region method, we make no assumptions about whether

B is a positive-definite matrix, so there are two cases to consider.

1. Case 1. We look at (g,Bg) < 0. Then, the minimum value of my(TPtemp) Occurs when

7 =1, hence, the optimal vector is:

A
D= 1 x Ptemp = _mg

2. Case 2. We look at (g, Bg) > 0. Then, we must minimize the quadratic function

(9. Bg)

Q1) = fu — TA|gll2 + 3T A%
lgll5

We find the optimal value of 7 by setting Q'(7) = 0. Hence,

lgll3 _
A(g, Bg)



15 Delta.0=0.5%Delta_hat;
16 Delta_k=Delta_0;
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However, if this value exceeds one it can't be accepted, so the solution in Case 2 is:

. lgl3 )
T=min (1, ———— .
( A(g, Bg)
We summarize these result in the following theorem:

Theorem 7.2 The Cauchy point is given by:

=)
p =—7(—9]|.
Cauchy ||g||29

1, if (g, Bg) <0,

where,

T =

3
min (1, %) ,  otherwise.

7.7 Worked Example

In this example, we use the Cauchy Point Algorithm to minimize the Rosenbrock function
f=10(zy —a7)* + (1 —21)*.

As this function is a simple function of two variables, the gradient and the Hessian can be computed
analytically, these are supplied as part of the code. The global minimum can be found by inspection
to be at (z1,22) = (1,1), and our Cauchy algorithm finds this point after a couple of iterations.

The sample code can be found in the listings below.

function [x] = trust_ros()
% tol: stopping criterion on the norm of gradient at current x
tol = le—5;
% maxit: maximum number of iterations
maxit=10000;
% x0: initial guess for the TR method
10 x0=rand(2,1);
1]  x_k=x0;

13 % Trust—region parameters, see Algorithm 4.1 in Nocedal and Wright
14 Delta_hat=0.01;

18 eta=0.9%0.25;

20 for k=I1:maxit

22 % Calculation of the cost function Here, fun is the cost function,
23 % this is defined in a separate Matlab routine and is called here.

24 % The Hessian is known for this problem, that is why it is returned here.
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% The Hessian is stored in the array "B”

[f-k ,g,B] = fun(x-k);

% | use the Cauchy Point method to estimate the descent direction p_k.

% p-k=approx_-solve_QP_cauchy(g,B, Delta_k);
p-k=approx_solv_QP_dogleg(g,B, Delta_k);

% | evaluuate the cost function at the corrected value, this will
% determine if | need to reduce the trust region at the next step

f_corr=fun(x_k+p-k);

% Now, | evaulate the quadratic approximation of f_k:
m_0=fun_QP (f_k ,g,B,0%p_k);

m_k=fun_QP(f_k ,g,B,p-k);
% | compute rho_k for implementaiton of Algorithm 4.1 in Nocedal and
% Wright:

rho_k=(f_.k—f_corr)/(m-0—m_k);

if(rho_k <1/4)

|\ nabla

Delta_k_plus=(1/4)*Delta_k;
else
if( (rho_k>3/4) && ( norm(p_k)==Delta_k ))
Delta_k_-plus=min(2* Delta_k , Delta_hat);
else
Delta_k-plus=Delta_k;
end
end
if( rho_k> eta)
x-k-plus=x_k+p-k;
else
x_k_plus=x_k;
end
if (mod(k,10)==0)
display(strcat('lteration=",num2str(k),’, |\ nabla f[=",num2str(norm(g))))
end
if norm(g) < tol
display(strcat('Convergence Reached in k=',num2str(k),' iterations
break;

end

x_k=x_k_plus;
Delta_k=Delta_k_plus;

end
x=x_k_plus;
end

function y=fun_QP(f,g,B,p)
y=f+dot(p,g)+0.5%dot (p,B*p);
end

function p_cauchy=approx.solve_QP_cauchy(g,B, Delta)
p-temp=Delta*g/norm(g);

if (dot(g,Bxg)<=0)
tau=1;

else
num=norm(g) " 3;
den=Deltaxdot(g,Bx*g);
tau=min (num/den 1) ;

end

fl="

,num2str(norm(g))))

The output of the code is printed here

. the code successfully finds the minimum of the cost function.
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»> [x] = trust_ros()
Convergence Reached in k=440iterations, |‘nabkla £|=9.93%=-0&

n =

1.0000
1.0000

Figure 7.1: Output from the Trust-Region (Cauchy Point) algorithm

7.8 Drawback of Cauchy-Point Method

The general trust-region method is more complicated than the line search methods. The added
complexity gives us scope to refine the search direction and the size of the search step at each
iteration; it also allows us to extend line search methods to problems where the Hessian is not
always positive-definite. However, the Cauchy Point is an overly simplistic implementation of the
trust-region method: as we have set p, x —g = —V f(x;) at each iteration, the Cauchy-Point
Method is simply a steepest-descent method in disguise — albeit with a rather fancy method of

choosing the step length.

Thus, the Cauchy-Point Method inherits all of the drawbacks of SD — including the linear rate of
convergence, and the poor scaling. Therefore, in the next chapter we look at a more sophisticated

Trust-Region method that overcomes some of these drawbacks.



Chapter 8

Dog-Leg Method

Overview

In the last chapter we introduced the general idea of Trust-Region Methods and we formulated the
simplest possible such method — the so-called Cauchy-Point Method. The Cauchy-Point Method
suffers from a major drawback in that it is essentially a dressed-up version of the Steepest Descent
Method. It therefore possesses linear convergence and poor scaling. Therefore, in this chapter
we look at more complex Trust-Region Methods that overcome some of these shortcomings. We
look first at quadratic approximations to the cost function where the B-matrix is always positive
definite. This leads to the so-called Dogleg Method. Then, at the end of the chapter we look at an

implementation of the trust-region method where this assumption can be lifted.

8.1 The idea behind the Dogleg Method

Recall, in the Trust Region method, we are technically required to solve the quadratic approximation

at each iteration. This is a constrained optimization problem (‘the constrained sub-problem’):

p. = argmin [f +(g,p) + 5(p, Bp)] , subject to p|2 < A. (8.1)

The solution can be found exactly, and it is parametric function of the trust-region size, hence the

solution is written as p.(A).

We specialize here to the case where B is positive definite. Imagine for a minute that there is no

constraint. Then, the optimization problem (§8.1)) has an obvious (unique) solution:

p.=—B'g. (8.2)
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Thus, the idea of the Dog-Leg method is to accept p, as a solution to the constrained sub-problem

so long as ||[B71g||s < A. Indeed, in this case, Equation ({8.2)) is an exact solution of Equation ({.1)).

Notation: We can use the notation pyewton = —B~'g in Equation (8.2)) as this is just the

Newton step from our earlier study of line search methods.

On the other hand, when ||[B7!g|ls > A, then Equation (8.2) is no longer a solution of the

constrained sub-problem, and we instead introduce an approximate solution.

The first approximate solution we look for involves

_ (9.9
Psp = —(g,Bg>g (8.3)

which is the optimal descent direction in the Steepest-Descent Method (quadratic model problem).

If psp lies outside the trust region, we rescale and get

D= _(A/Hg”Q)gv

as an approximate solution of the constrained sub-problem.

A third option is when pPrewton 1S OUtside the trust region but pgp is inside the trust region. Then

we may construct a linear combination,

Px = DPsD +« (pNewton - pSD) ’ ac (07 ]-) (84)

We then fix a such that p, lies on the trust-region boundary:

Hp*H% - HpSD + a (pNewton - pSD) ||§ - Az‘ (85)

Summarizing, we have the following three options:

e Case 1. If ||PNewton|l2 < A, then we accept p. = PNewton as the solution of the constrained
sub-problem.

e Otherwise:

— Case 2.1: If ||pspll2 > A, then we accept p. =~ —(A/||g||2)g as an approximate solution
of the constrained sub-problem.
— Otherwise:
x Case 2.2: We accept Equation as an approximate solution of the constrained

sub-problem.
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8.2 Analysis of Dogleg Method

To analyse whether the Dogleg Method works, we need to establish that a scalar value of a: can be
found such that Equation (8.5]) can be solved. As such, we expand out the terms in Equation (8.5

and check that the conditions are fulfilled for the equation to have a real positive solution in «.

We expand out Equation to get:
|| PNewton — Psp |3 + 20(Psp, PNewton — Psp) + ||Psp |3 — A = 0. (8.6)
Notice that this is a quadratic equation in «:
ao® 4 2ba + ¢ = 0.

The solution is:

B b+ Vb —ac

a

«

Therefore, we need to determine first if real roots exist.

We look at b*> — ac. However, as ¢ = ||psp||3 — A?, we have ¢ < 0 (Case 2.2), hence b* — ac =
b% + alc| > 0 and hence, real roots exist. Trial-and-error then suggests to take the positive branch

of the solution.

Observe finally that if we have

h(Oé) = HpSD + o (pNewton - pSD) H;

then h(0) = ||pspl|3 (less than A?, in Case 2.2), and h(1) = ||Pxewton||3 (greater than A2, in Case
2.2). Thus, the value of «v such that h(a) = A? must be between 0 and 1, as a graphical argument

will very quickly show.

8.3 Implementation of the Dogleg Method

A sample .m code do this is shown in the listings.

function p_dogleg=approx_solv_QP_dogleg(g,B, Delta)

% Check if B is positive definite
[*,flag] = chol(B);

if (flag==0)

% If flag==0 then the matrix is symmetric positive definite ,

© 0 N ool s W N

% and | can do dogleg
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% Newton step

p-newton=-8\g;

% SD step, with stepsize obtained from solving the quadratic model

% problem (QMP):

p-SD=—(dot (g, g)/(dot(g,Bxg)))*sg;

if ( norm(p-newton)<Delta)
% Here, if the Newton step is fully inside the trust—region,
% then | accept the Newton step as the solution of the

% constrained sub—problem .
p-dogleg=p-newton;

elseif( norm(p-SD)>=Delta)

/

<o

If this is not the case, then | have to do something else

o
% The first thing | check is if the SD step is fully outside
o

°

the trust region Then | have to accept as an approximate

© o
RN

boundary

p-dogleg=Deltaxg/norm(g);
else
% Otherwise, the Newton step is outside the trust region and
% the SD step is inside the trust—region boundary, so |
construct a linear combination of the two, on the

% trust—region boundary.

aa=dot(p-newton—p_SD, p_newton—p_SD) ;
bb=dot (p-SD, p_-newton—p_SD) ;

cc= dot(p-SD,p.SD)—DeltaxDelta ;

o |

%o need to take the positive sign here.

alpha=(—bb+sqrt (bb*bb—aa%cc) )/aa
p-dogleg=p_SD+alpha*(p_-newton—p_SD);
else

% Here, if the B—matrix is not symmetric positive—definite | have

% to revert to the Cauchy—point method

p-temp=Deltaxg/norm(g);

if(dot(g,B*g)<=0)
tau=1;

else
num=norm(g) " 3;
den=Deltaxdot(g,Bxg);
tau=min (num/den 1) ;

end

p-dogleg=tauxp_temp;

solution a scaled version of the SD step, on the trust—region

8.4 Discussion

8.4.1 The reason behind the funny name

The reason for the funny name for the Dogleg method is as follows. Consider the exact solution of

the quadratic approximation, which we label by p.(A), to indicate the parametric dependence on
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Figure 8.1: Plot showing the justification of the name of the Dogleg method

A. This solution can be regarded as a curve in parameter space. The Dogleg method really seeks

to approximate this curve by two parts:

U B TS
—Tﬁg, otherwise.

By plotting even the length of this piecewise curve as a function of A and by comparing it to the
length of the true curve ||p.(A)|2, a highly imaginative individual may think that the piecewise
approximation looks like the leg of a dog (Figure [8.1)).

8.4.2 Convergence of Trust-Region Methods

We have already addressed the linear convergence of the Cauchy-Point method, as this is essentially
the SD method in disguise. We may expect that the Dogleg method is superior, as for sufficiently
large trust regions, it reverts to the Newton method. Furthermore, as we get closer and closer to
the solution V f(x,) = 0, the quadratic approximation becomes closer and closer to the true cost
function, leading us to expect that the Dogleg method may become closer and closer to the Newton
method in fact as well as in spirit — and hence, to exhibit Newton-like superlinear convergence. This
indeed turns out to be the case, and the Dogleg method can be shown to possess such super-linear
convergence, once the cost function has ‘nice’ properties. This is discussed in detail in Nocedal and
Wright (Section 4.4). However, as we have already looked at convergence proofs in a lot of detail,
and are confident in the general techniques involved in such proofs, the reader is referred to Nocedal

and Wright for more details.
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8.5 B-matrices that are not positive-definite

We look now at the case when the B-matrix in the quadratic approximation m(p) = f + (g, p) +
(1/2)(g, Bg) is no longer positive definite. For instance, if B is the Hessian, then B is at least
positive-semi-definite at the optimal point where V f(x.) = 0, however, the Hessian at other
points may be indefinite (e.g. ‘saddle points’). In this case, so-called two-dimensional subspace
minimization can be used to find a minimum (or at least, an approximation to the minimum) of
m(p) at each iteration. The different possibilities for the two-dimensional subspace minimization

are enumerated here.

8.5.1 When B is positive-definite

Then, instead of solving the full sub-problem where we minimize m(p) over all p subject to ||p|2 <

A, we perform a two-dimensional subspace minimization:
p. =argminm(p),  p € Span(g,B7'g),  [pll2 < A. (8.7)
This is a two-dimensional minimization problem where we minimize over all o and §:
minm(ag +SB7'g),  llag+ B gz < A,

which is analytically tractable and has an exact solution for o and f.

8.5.2 When B has zero eigenvalues but no negative eigenvalues

When B has a zero eigenvalue we choose p = Pcauchy-

8.5.3 When B has negative eigenvalues
Then, we replace the spanning space in Equation (8.7]) with:
Span [g, (B +ol) ' g] ,

where « is a positive number in (—A;, —2);], and where \; denotes the most negative eigenvalue

of B. Thus, B + ol is positive definite. Furthermore, we look at two sub-cases.

Case 1: If ||(B + al)'g|l2 < A, then we expect that « should behave as « > ||gl]2/A, in which

case the corrected matrix is ‘too far away' from the original matrix. We then discard the sub-space
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Figure 8.2: The idea behind Case 1 in the subspace minimization problem, in the case where B has
negative eigenvalues. Here, for illustration, the eigenvalues \; and \; are taken to be negative, with
A1 being the most negative eigenvalue.

minimization and define the step to be:
p=—(B+al) g+, (8.8)

where v is a vector that satisfies (v, (B + al)~!g) < 0.

This case can be understood better by looking at a particular example where A\; and Ay are both

negative, and by considering the function
fl@) = [[(B +al)~'gll.

Then, the graph of f(«) is as shown in Figure[8.2] Thus, since « is restricted to positive values, if
f(a) < A, then « is in the tail of the plot, where

f(Oé) ~ ||g||2

«

In this case, « is large, and B + al is not a small perturbation of B, which justifies the alternative

choice of search direction in Equation (8.8)).

Case 2: If ||[(B + al)7'g|lz > A, then we expect that « should behave as a < |lg|2/A
(see Figure again), in which case the corrected matrix B + al is ‘not too far away’ from
the original matrix B, and we proceed with the standard subspace minimization of m(p) over

P € Span [g, (B + oz]I)_l g}, subject to ||plls < 1.



Chapter 9

Analysis of the Quadratic Approximation

Overview

In trust-region methods, we are required to solve a constrained minimization problem (‘the quadratic

approximation’) at each iteration, specifically,

p. = argminm(p), subject to ||plls < A, (9.1)
p

where m(p) = (g, p) + 5(p, Bp) (we suppress the constant term in m(p) for simplicity). We have
previously stated necessary and sufficient conditions on the matrix B for a solution of Equation ((9.1])
to exist (Theorem [7.1]), which we recall here as follows:

Theorem: Suppose that B is a symmetric matrix. Then the vector p, is a global solution of

the trust-region problem
p. = argmin [(g,p) + ;(p, Bp)] subjectto []p < A (9-2)

if and only if p, is feasible and there is a scalar A such that the following conditions hold:

A >0, (9.3a)

(B+M\)p, = —g, (9.3b)
AMA=|p:ll2) = 0, (9-3¢)
(B + Al is positive semi-definite. (9.3d)

The aim of this section is to prove this Theorem. Then, inspired by some of the techniques used
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to prove the Theorem, we will look at numerical methods to solve the constrained minimization

problem for my(p) in Equation (9.1)) numerically.

9.1 Proof of the Theorem

Step 1: We begin by assuming that the conditions (9.3) hold. We introduce the auxiliary quadratic

form m(p):

m(p) = (g,p) + 3(p, (B + ) p) = m(p) + 5 (p, p).

As (B+l) is positive semi-definite and as —g can be written as (B+Al)p, = —g, by Theorem[2.10)

m(p) has a global minimizer, which we call p,:

p. = argminm(p),

hence

m(p) > m(p.), for all p € R™.

In other words,

m(p) + 5M(p,p) > m(p.) + 3M(p.,p.),  forallpeR"

Hence,
m(p) > m(p.) + s [||lp.]5 — Ipl3] - (9.4)

By Equation (9.3)(c), we have A(A — ||p.|]2) = 0, hence

AMA = [lp.ll2)(A + [Ip+]l2) = 0,

hence
AA? —|Ip.]3) = 0,

hence A\A% = \||p.||3, hence Equation becomes
m(p) = m(p.) + 31 [A* — |Ipll3] -
As we are constrained by ||p|l2 < A, we have A? — ||p||3 > 0, hence
m(p) > m(p.),  forallpeR"

hence p. is a minimizer for the constrained problem (9.2)).
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Step 2: We next assume that Equation (9.2)) has a solution, and we seek to show that condi-
tions (9.3) hold. Denote the solution by p.. If ||p.]l2 < A, then we can treat the optimization
problem (9.2 as effectively an unconstrained problem and hence, by Theorem ([2.10]), the condi-

tions (9.3)) hold with A = 0.

Otherwise, we take ||p.|l2 = A (we can adjust the parameter A so that this is the case). Then,
Equation (9.3) (Part (c)) is satisfied. To show that the other parts are true, we introduce the

constrained problem
L(p,A) =m(p) + 3 [[Ipl3 — A%].

The minimum if this problem is p,. But by the theory of Lagrange multipliers, the minimum must
satisfy V£ = 0, hence:
(B + ADp. = —g,

hence (Part (b)) is satisfied.

Thus, for all vectors p such that ||p|ls = A, we have:
m(p) + 3 [llpl; — A%] = m(p.) + 3A [[p.]l3 — A%].

or

m(p) = m(p.) + 3 [p:ll2 — [Ip]2] -

Via repeated algebraic manipulations, this can be reduced to:
(p—p,(B+Al)(p—ps)) 20,  forall [|p]| =A. (9.5)

Consider now the set of vectors

X ={gle = — " plh = A}

e
Ip — p.||
By Equation ((9.5)), we have:

(&, (B+ L)) >0, for all £ € X.
As the set X is dense in the unit sphere, we have

(€, (B + AI)E) >0, for all ||€]]2 = 1.

and hence,
(&, (B+AD)E) >0,  forall £ € R",

and thus, (B + Al) is positive semi-definite, which confirms Part (d).
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[t remains to show that A > 0. We look at two sub-cases.

First Sub-Case: B is positive-semi-definite. As we have now established Parts (b)—(d), it (B + Al

is positive semi-definite, hence A > 0.

First Sub-Case: B is not positive-semi-definite, so there is at least one non-zero vector £ such
that (¢, B¢) < 0.

Assume for contradiction that A < 0. As we have now established Parts (b)—(d), it follows that
(B + Al) is positive semi-definite, hence

& BE = —A§§),

= A& €),
<0 , forall £#0.

But this is a contradiction, hence A > 0. Thus, Parts (a)—(d) are established. |}

9.2 Numerical Techniques

We now sketch out a numerical technique for the solution of the Equation (9.2)), which makes use
of Theorem . If B~! exists, and —B~!g is in the trust region, then obviously, the solution to

Equation (9.2)) is just

p=-B"g,

which is just the Newton step. Otherwise, we have to introduce a candididate solution
and we adjust A so that this inverse matrix exists and also, such that

[PVl = A

(this is very much in the spirit of the adjustable parameter « in the approximate Dogleg method, in

Chapter . We now outline how A\ can be chosen.

At a minimum we assume that B is a symmetric matrix, meaning there is a complete set of mutually
orthogonal eigenvectors wu,;,

Bu,; = \u,, (wi, u;) = 9y,

hence

A == -_— ..
p() — AﬁAuZ
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Figure 9.1: Finding the positive root A, of ||p())[|2 = A.

A

A

S
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Figure 9.2: Finding the positive root A, of ||p(\)||2 = A without having to evaluate a function with
singularities.

We assume an ordering Ay < Ay--- < \,. Thus,

Ip) =3 ‘(i—“” (9.6)

— (i + )\)2

This is a simple equation in A\, however, there are singularities when A hits minus an eigenvalue, i.e.
whenever A = —\;. If we let X\ denote the most-negative eigenvalue, then by a graphical argument

(e.g. Figure[9.1)), the root-finding condition ||p())||2 = A has a positive solution A, > — ;.

In practice, it is not nice to deal with a function with singularities, so when we are doing numerical

root-finding, we look at the roots of

(9.7)

e.g. Figure . Thus, to find A\, we use a Newton method, where the (" guess is updated to the
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(€ + 1)t guess via:
e

(A0

In fact, the derivative combination ¢())/¢'(\) can be computed exactly by performing a Cholsesky

AED) — (0

decomposition on the matrix B + A, which we assume to be symmetric and positive-definite: if
B+ Ml = RTR, and (B + M)p = —g, we introduceq = R~"p, and then:

-8 (22)

We then obtain the following Newton—Raphson algorithm for the computation of A,:

Algorithm 6 Computing .

Choose an initial guess A(”) for A, and a trust-region size A > 0.
for /=0,1,2,--- do

Factor B + M1 = RTR;

Solve RTRp, = —g and R q, = p,.

Set )
A+D — 2O 4 (\|P£H2> <HP@H — A) '
lqell2 A

end for

Once a few more details are added to the algorithm to make sure that A) goes not go below
—\1, the algorithm does converge to a solution of Equation (9.7)) (Nocedal and Wright say ‘in most

cases').

0.2.1 The Hard Case

There is an exceptional ‘hard case’ where the analysis breaks down. By inspection of Equation ,

this occurs when

<ulvg> = 07

furthermore, this ‘hard case’ requires A; < 0. Then, thereisno A\, € (—A1, 00) such that ||[p(\.)]|2 =
A. But can choose A\ = —)\; and get a solution. The idea here is that

p(A) = — Z u;.
A+ A
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Figure 9.3: Plot of ||p(\)||2 versus A showing the extraction of the root A\, when ||[p(\)|2 = A.
The hard case is shown in blue in Panel (b).

however, (B — AI)u; = 0, hence

(B — A1) [Tul — Z <g,u1> ui] = - ' (g, ui)u; = —g,

hence

PN =Tu — )

1=2

<gauz>
>\i — )\1 U;,

where 7 is an adjustable free parameter. We then choose 7 such that ||p())[[2 = A.

The hard case specifically involves A; < 0 as then we are concerned with the numerical problem of
telling a numerical algorithm where to search for \,, specifically in the range [—\,, 00). If, on the
other hand \; > 0, then we can immediately apply Algorithm (9.2)) to the search region A, € [0, c0)

and search for a solution that way. Figure [9.3]illustrates this idea.
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9.3 Scaling again

Recall, we encountered badly-scaled problems in the context of the convergence analysis of the SD

method. There, we identifyed poorly-scaled problems where the Hessian had eigenvalues such that
/\min < )\maar- (98)

In that case, we saw that the (linear) convergence of the SD method was severely degraded. There
was no such problem with the Newton method. As it turns out, the trust-region methods exhibit
poor scaling again in cases where the Hessian has the property . The solution here is to define

a scaled descent direction,

p = Dp,

where D is a diagonal scaling matrix. Thus, p = D~!p, which we substitute into the quadratic

approximation: (e.g. Equation ([7.5])). We recast this as a problem in terms of the scaled vector p:

p. = arg min my(p),
pER"

— arg;ﬁrel}iRr}L [fe + (gr, D7'D) + +p, D' B, D7'p)] ,
which we solve subject to a scaled constraint
1pll2 < A.

Then, when this equation is solved for the scaled descent direction, the unscaled descent direction

can be recovered via p = D7'p.
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Least-Squares Problems

Overview

In this section we look at Least-Squares Problems (which arise in Data Science) as a type of
optimization. The numerical solution of such problems can be tackled with variations of the methods
we have discussed previously, such as Line Search and Trust Region methods. In the case of so-called
Linear Least Squares problems, the solution requires a matrix inversion; we show how to do this

using Sinvular Value Decomposition.

10.1 Motivation

Suppose we make observations on a system where a measured quantity y depends on some input
quantity ¢, through some unknown functional relationship. Suppose we make a large number of
measurements m to yield measured values {y, -+ ,yn} at values {ti,--- ,t,} respectively. We
then try to estimate the functional relationship between the y;'s and the t;'s. Suppose furthermore

that we have some candidate for the relationship,

y(t) - qb(t? 33)7

where ¢(t;x) is a function that depends on the input variable ¢ but also, on parameters @ =

(1, ,2,), where n < m is a relatively small number of parameters.

We would then have a statistical model for the relationship between the y;'s and the ¢;'s:
yi(t;) = o(ti, @) + €, i=1,2,---,m,

where ¢; is some error, usually assumed to be drawn from m independent identical distributions. We

80
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then introduce the cost function which is the deviation of the observations from the model:
= %Z ot x) — yi]* . (10.1)

We know that if the error terms ¢; are drawn from a Guassian distribution with mean zero and

variance o, and distribution

)= e

then minimizing the cost function f(x) maximizes the likelihood function

p(yh"' ,ym;ZB,O') :Hga(ej Hga _yj)
j=1

and the corresponding minimum x, is the maximum likelihood estimate for the parameters .

10.1.1 How this differs from previous chapters
The point of departure of this chapter is that the cost function in Equation ((10.1)) has a special
structure, this enables us to apply special cases of the previously-studied optimization techniques

and hence to develop robust and efficient methods to compute the minimum of the cost function.

Specifically, we identify the residual
ri(x) = o(ti; ) — i, i=1,2,---,m

hence, the cost function ([10.1]) has the structure

f@) =1 @) (10.2)

10.2 Linear Least-Squares Problems
In the case where ¢ is a linear function of the parameters x, then
Pt x) = ZJU%, i=1,2,--,m,

hence J is an m x n matrix (not square!). Thus, the cost function ([10.1)) becomes:

fx) = 31Tz —yll3, (10.3)
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where y € R™ is an m-dimensional column vector. Thus,

flx) = s5(Jx—y,Jx—y),
(J, Jx) — (Jz,y) + 35(y,9),

(@, J"Jx) — (JTy. ) + 3(y, y).

NI= NI N

The first-order optimality condition V f = 0 at @ = x, then gives:
JVJz, = Jy (10.4)

Equation (|10.4) is called the normal equation.

10.3 Solution of the Normal Equation

If J has full column rank, then Equation ({10.4) can be solved numerically via matrix inversion.
However, even the choice of matrix inversion here is not clear, there at least three numerical methods

which can be considered for the purpose of inverting the normal equation:

e Cholesky factorization of J7J.
e QR factorization J7J.
e Singular Value Decomposition (SVD).

We look at the third method here briefly, it has an advantage in that it can be used even in the case

where J does not have full column rank.

10.3.1 SVD

We apply the SVD to the matrix J:

o1 0 0, |
0 g9
: T
J= U 0 On V
—~—
mXm O 0 T nxn
Coom—n
. \L =




10.3. Solution of the Normal Equation 83
where o4, --- are the singular values of the matrix J, and U and V are orthogonal matrices such
that UTU =1,,,,, and VIV =1,,.,,. Furthermore,
J'] = vetuTuzv?,
= vV
We call the matrix diag(oq,- - ,0,) = S, hence
S
Y
0
where the zeros take up m — n rows. Hence, 7Y = 52 and
JE]=vs*vT, (10.5)
However, JT.J is a symmetric matrix in R™ ", as such, it can also be written as:
MO - 0
0O X\ --- 0
JTr=v| 7 s v (10.6)
0 An

where we identify:
JT Ju; = M\, i=1,2---,n, A\ € R,

and hence,
) T
V=1 u Uy,
{ 1

Furthermore, the \;'s are non-negative in view of the structure of the matrix J7.J. Comparing

Equations ({10.5)) and (10.6]), we have

Uz:\/)\_z
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We now look at the cost function ([10.3]) in more detail. We have:

2f(x) = [z —yl3,
= HU VTm - \UUT,y”;
:ann
= | |vie- vl
Ortho:gonal || VTw . UTyHg
Let
R™™ s U = \U,l./ \U,Q./ 1 m rows
n cols (m—n) cols
Hence,
UT _ UiT
Uy
Thus, the cost function becomes:
I Ul
2f(x) = | Vie—| " yl3,
0 U,
B [ SVTe — UTy )
-
Just as ((w1,x9), (v1,22)) = x? + x3 for a two-dimensional vector, the same principle applies

in higher-dimensional space where the vector can be partitioned into two blocks. Hence, 2f(x)

becomes:
2f (vecz) = |SV @ — Uly|l5 + |US 3.

Clearly, to minimize 2f(x) and hence, to solve the normal equation (|10.4)), we require:

Svie, = Uly.

We look at two cases.

10.3.2 S has no zero entries on the diagonal

In this case,
x, = VS Uy,
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hence:
nxn nxn nxm mx1
- - 7~ - N - /_/H
| ‘ 1/0’1 0 - Uy —— U1
Ty = (] Un : N _
Hence,
| \ 1oy 0 (u1,y)
Ly = (1 Un : . )
| | 0 - 1/oy (un, y)
IR (u1,y) /o1
= v v, :
| | (Wn, y)/om

(

We perform the remaining matrix multiplication index-wise, and we use 'vij) to denote the i'" entry

in the 5 eigenvector v;:

(@) =Y Uz(j)—mj’ y>7

- 0j
J=1

J
n
T, :Zvj<u]’y>,
0j

Jj=1

hence

which is the required solution of the normal equation ((10.4).

10.3.3 S has zero entries on the diagonal

In this case, J is rank-deficient, and a (non-unique) solution of the minimization problem is given

by:
T, = Z 'vj—<u2_;y> + Z Tjv;.

0;7#0 0;=0

e Experience (Nocdeal and Wright, Section 10.2) suggests that the non-unique solution with
the smallest norm is best, hence 7; = 0.

e In cases where the o;'s are all nonzero, but one or two of the o;'s are close to zero (hence, a
badly-scaled problem), then the solution x, is very sensitive to slight changes in (u;, y).

e In such cases, an approximate solution of the normal equation can be better, in which case

these components are set to zero.
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Nonlinear Least Squares

Overview

We look at Nonlinear Least Squares problems, where the numerical solution requires the use of
trust-region methods. As the cost function is bespoke to nonlienar least-squares problems, the
tailor-made implementation of the trust-region methods is also bespoke, this goes by the name of

the Levenberg—Marquart method.

11.1 The Algebra

We start with the least-squares cost function

2f (@) = ) [ra(®)]’, xR
a=1
Hence,
m
Vaof = Z ro(T)Vyre(x),
a=1
or .
(9f Z ( >(97“a
= r
ox; N0z,
a=1
Consider
“—m—
ori  9r2 . Orm
Oxr1 Oz oz
T oy Ory .. Orm " T
Vf _ 83.172 Oxo 89.02 n
+ oL dry . Orm T'm +
Oxn Oxn Ozn,
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We identify J € R™*". Hence,

or1 Ory Orm
01 01 Oz
or1 Ory Orm
Rnxm _ JT — Oxo Oxo Oxo
Or1 Ory Irm
0xn  Oxn Oy,
and
or1 9ry Or1.
8$1 (9:132 al'n
dry  Ory Ora.
J = o1 0o Oxn
Orm  Orm Orm
o1 Oxo Oxn
and finally,
g, = 2 e {1,2 Yo jed12
ij = ) 1 gLyttt My, ) “y
al’j J
Hence,
" Or
V i — «@ O"
(V/) Z o,
- ZJOMLTOU
a=1
= Z(JT)iaraa
a=1
= (JTr),
where 7 = (ry,- -+ ,7,)T. Hence,
Vf=J"r
11.2 The Hesisan Matrix
We have:
o*f 0 Em: ( )87"&
- Ta )
aZEian 8@ o1 8Ij
" 9%r,, Ory, Oy
- Yo 7
prt O0x;0x; 4 Ox; Ox;
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Consider
(JTJ)ij = Z JT za aj7
a=1
= ZJazJajy
a=1
B iam ore
- 83:J
Hence,

0? i
/ JT )ij +Z7’a
—1

O0x;0x; 83:18:16 j

Thus, if the residuals are small, then J%'J is a godo approximation to the Hessian. The approximation

is exact in the case of a linear model.

11.3 Gauss—Newton Method

The Gauss—Newton is a line-search method where the descent direction where the update step is
given by:

Tpy1 = T + QEPCN- (111)

The search direction pgn is computed in a way that is inspired by the Newton method, but instead

of Bp = —g, where B is the Hessian matrix, we use the approximate Hessian J.J to compute:
T pon = —g, gk = Jimi. (11.2)
Hence,
JkTJkpGN = —ka (113)

We now check that pgn is indeed a descent direction. We suppress the iteration index and we

compute:

<Vfa pGN> == <_JTJpGN7pGN>7
= —(Jpan, JPan),
= —|lJpexll3

If J has full rank, and if Vf # 0, then

(Vf,pax) <0. (11.4)



11.3. Gauss—Newton Method 89

11.3.1 Convergence Analysis

To make progress here, we introduce some notation. We let ¢ be the starting-point of the interative
method ([11.1)). We define the set

L={x|f(x) < f(z0)},

and we let N denote an open neighbourhood in £. We say that the matrix J is bounded away from

zero in N if there exists a 7 > 0 such that, for all € A/, the following relation holds:
|J(x)z|]2 > v|z]2, for all z # 0 in R™. (11.5)
As Equation is true for all z € R", it follows that
Amin 2 s
hence where \,,;,, is the minimum eigenvalue of J*J. Thus, J7.J is positive definite and it follows

that J itself has full rank. Thus, Equation ([11.5)) is also called the full-rank condition.

We now prove the following theorem.

Theorem 11.1 Suppose that each residual function r.(x) in the cost function
f(@)=3) [ra(@)]’

a=1

is Lipschitz continuously differentiable in a neighbourhood N of the bounded set L. Suppose also
that the Jacobians J(x) satisfy the uniform full-rank condition (11.5)) on N'. Then, if the iterative
method is given by

L1 = T + AEPGN,

where each stepsize o, satisfies the SWCS, we have:
lim J{ 7, = 0.
k—o00

Proof: By construction of the set £, f(x) is bounded for all x € £. Thus, for the subset N’ C L,

there exists a constant B; such that
Iro(x)| < By forall x € L.

By the Lipschitz property on r,, it is easy to show that ||V,r,(x)|2 < Bs for all x € . Hence,
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by taking 5 = max(Bj, By), we have:
|T04(m)| SB) ||vxra||2 SB? for all iDEN.

Furthermore, by the Lipschitz property on r, and its derivatives, there exists a constant L > 0 such

that:
[ra(@) —ro(@)| < L||lz—"2||2, |Vara(®)—=Vare(@)]l2 < Ljxz—2||2, for all x and T € V.

As J;j = Or;/0x;, it follows that J;;(x) is bounded on N and hence, ||.J(x)||2 is bounded as well.

Thus, there exists a constant E such that:
|J(z)||2 < B forall @ € N.

Furthermore, as
“ ory,
P — o 11.
(V=3 @) (116)

is the product of Lipschitz functions, V f itself is Lipschitz (on £). We review:

e f is bounded below... by zero;
e [ is continously differentiable on A/ ... because its derivatives are Lipschitz.
e Vf is Lipschitz on N... by Equation ((11.6]).

Thus, Theorem [6.1| applies: we have

cos 0, = _<ka>pGN>
IV fill2llPaxll2’
and
> cos? 04|V fi 3 < o0. (11.7)
k>0
Furthermore,
| 7paxl3

cos b, = ’
|pex|lzl| /7 Tpan]|2

Eq. v?|panli3

Bllpex|?’

'72

§7

> 0.

Hence, referring back to Equation (11.7), ||V fk|]l2 = 0 as k — co. |}
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11.4 Levenberg—Marquardt Method

The Levenberg—Marquardt method is an iterative method to solve the nonlinear least squares problem
2. =argminf(z),  f(2) =1 fra@). (118)

At a typical iteration x;, the nonlinear problem ({11.8) is approximated using the quadratic approx-

imation:

fl®) = f(zr+Dp),
o2 f

flxr) +(Vf,p)+ 3 sz‘pjm,
i, v

Q

Q

flzi) +(Vf.p)+3 Zpipj[JTJ]m),

= f(x)+ (J'r,p) + X(p, J" Jp),
re, 1) + (J e, p) + Hp, I Ip),

o~ o~ —~

Jkp+ Tk, Jkp+ rk>a

IR NI~ N

| Jep + 713,

(p)-

I
3

The descent direction is then extracted via the trust-region method:

=arg min m . 11.9
P =arg min x(P) (11.9)

As in Chapter [9] the solution of the constrained minimization problem splits into two possi-
bilities. First of all, the Gauss—Newton descent direction is computed, as the solution of J* Jpan =
—JT . Then,

1' H: ||pGN||2 S A, then pk: = pGN-
2. Otherwise, if ||[pan]l2 > A, we solve

(J'T+ \D)p = —J"r, (11.10)
and adjust the non-negative parameter A such that ||p||s = A.
In Case 2, there are a couple of comments:

e Solving Equation ([11.10]) is somewhat easier than the previous, analogous problem in Chap-

ter |§] as J1J is already positive semi-definite.
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e Equation (11.10) is solved numerically using Algorithm [9.2} now, however, ‘fast methods’ can
be used for the Cholesky factorization J7.J + A\l = RTR, where R is an upper-triangular

matrix.



Chapter 12

Introduction to Constrained Optimization

Overview

We outline some of the basic ideas in constrained optimization.

12.1 Introduction

In this part of the course, we seek solutions of the constrained optimization problem: Using this

notation, the generic optimization problem to be studied in this module is:

_ ci(®)=0, 1€€,
min f(x) subject to (12.1)
weR" ci(x) >0, icT.

We recall the definition of the feasible set from Chapter [2}
Q={z ecR"¢(x)=0,i€ €&, c¢(x)>0iecTI} (12.2)

The solution to the OP (12.1)) is denoted by «..

Constrained optimization is a detailed, technical subject. As such, in this part of the course, we
only have time to derive a set of necessary conditions, such that «, is a solution to the OP; these

conditions will be called the Kurush—Kuhn—Tucker conditions.

We recall first of all the constrained case: if «, is a local minimizer of the unconstrained optimization
problem mingcgn f(x), then Vf(x.) = 0 and B;; = (0°f/0x;0x;)s, is a positive semi-definite
matrix. Furthermore, if

Vf(z.) =0, B positive definite (12.3)

93
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then . is a strong local minimizer of the unconstrained OP; the conditions ([12.3]) are then sufficient
conditions for the existence of the strong local minimizer. Summarizing, and for the present purposes,

the first-order necessary condition for x, to be a local minimizer is simply:
Vf=0, at ¢ = .. (12.4)

The aim of this part of the course is to obtain analogous conditions in the constrained case, for the

op (23,

12.1.1 Review of the different types of minimum

We first of all review the different types of minimum for an optimization problem, starting with a
motivating example:

min f(z) = (y + 100)* + 14527 (12.5a)
subject to

y — cos(x) > 0. (12.5b)

The feasible set is shown in Figure [12.1} By inspection of f(x) in Equation (12.5]), the global
minimum is at x = 0 and y = —100, but this is not in the feasible set. However, by ‘making y as
small as possible within a neighbourhood’, we can find local solutions of the constrained optimization

problem. Referring to the figure, we see that the local solutions occur at:
xy = (km,—1), kE=+1,43,---

This is for sure a pathological example where the addition of a constraint introduces a multiplicity
of local minimizers. A more ‘usual’ occurrence is for the constraints to ‘weed out’ certain local
minimizers of the unconstrained problem, this often makes the search for a global minimizer of the

constrained problem that bit easier.

Motivated by this example, we classify the possible feasible solutions of the constrained OP as

follows:

1. x, is a local solution of the OP if:

o x, c )
e There exists a neighbourhood x, > A such that:

flz,) < f(x) forallz e NNQ.

2. x, is a strict local solution of the OP if:
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Figure 12.1: The feasible set for the OP (|12.5))

o 1, ()
e There exists a neighbourhood =, > A such that:

flz,) < f(x)  forallz € NNQ with  # ..

3. x, is an isolated local solution of the OP if:

o 1, c ()
e There exists a neighbourhood x, > N such that x, is the only local solution in A/ N €.

12.1.2 Smoothness

The cost function f(x) should be a smooth function as otherwise we can't compute V f etc. But the
constraint function can have ‘kinks’, so long as the boundary of the feasible set can be described by
a surface that is continuous and also, made up of parts that are smooth (‘continuous and piecewise

smooth’).

Example: Consider an OP where the feasible set is:
Q= {x € R?|||z|, <1}

Hence,
|z + |y < 1.
The boundary of the region 2 is |z| + |y| = 1, this can be broken up into four curves:

e First Quadrant: x and y both positive, hence z +y =1, hence y =1 — .
e Second Quadrant: x < 0 and y >0, hence —x +y =1, hence y =1+ z.
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v

Figure 12.2: The feasible region |z| + |y| < 1

e Third Quadrant: y = —1 — .
e Fourth Quadrant: y = —1 4+ z.

The feasible region is shown in Figure [12.2]

Non-smooth unconstrained optimization problems can often be recast as a smooth constrained
OP, e.g. Figure[12.3]

WUMF(*\ | —fh‘) = war(¥2,x )

v

Figure 12.3: Example of an OP with a non-smooth cost function
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From the figure, it is clear that there is a minimum at z,. = 0. However, for |z| < 1, we have:

2¢, x <0,
f(z) =

1, x>0.

Thus, f'(z) has a jump discontinuity at z, = 0. But consider instead the region

Q={(z,y)ly >z, y > 2},
shown in Figure [12.4] By inspection of the figure,

0 =2, = miny, subject to « € Q2.
TER2

The cost function is now f(x) = y, which is smooth, and the boundary of € is a continuous,

piecewise differentiable curve.

v

p

Figure 12.4: Converting the unconstrained OP with a non-smooth cost function to a constrained
OP with a smooth cost function

This trick (replacing a non-smooth unconstrained OP with an equivalent smooth, constrained OP)
is often employed in more complicated unconstrained OPs where the cost function is non-smooth.

For instance, the trick (or a variation on the trick) can be used to reformulate
min ||z, min |||«
€Rn zER"

as smooth, constrained OPs.
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12.1.3 Key Definition — the Active Set

Definition 12.1 The active set A(x) at any feasible point € ) consists of:

e The indices i of the equality constraints;

e The indices i of those inequality constraints satisfying c;(x) = 0.

In symbols,
Alx) = EU{i € I|c;(x) = 0}.

Furthermore, we say that at a feasible point x € (2, the inequality constraint ¢;(x) (with i € Z) is

active if ¢;(x) = 0; the constraint is inactive if ¢;(x) > 0.

12.2 Worked Example — a single equality constraint

Consider the OP
min f(x) =z + v, (12.6a)

subject to
ci(x) =0, where ci(x) = 2 — 2% — 9/°. (12.6b)

Hence, Z = () and € = {1}.

We first of all compute a solution by direction computation as this will be a reference point. The

solution can be found by going over to polar coordinates, noting that 22 + 2 = 1, hence
z =2 cosb, y = V2siné, 0<6<2nm.

Thus, f(x) = f(6) = v/2(cos§ + sin 6). To compute the minimum, we solve for 6 in

df

=0
dé ’

hence —sin 6 + cosf = 0, hence tan® = 1, hence § = /4 (Q1) or § = 5w /4 (Q3). We check:

o« JO=7/0)=V2(L+F) =2 MAX

o f(6=5r/4)=—2... MIN

Hence,
x, = (—1,-1).
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Consider also,

Vi) = (1,1),
Vea(x) = (—2x,—2y)

(we momentarily go over to the row-vector representation of vectors). Hence,

Vo (x,) = (2,2).

So Vf || Ve at @ = x,. Hence, at & = x,, there exists a constant A} such that:
Vf(x,) =NV (x,), (12.7)

and in this specific example, AT = 1/2. We now present a general derivation of Equation ([12.7]).

12.3 A General Derivation

We present a general derivation of the result (12.7)), valid for any smooth cost function f(x) and

also for a single smooth equality constraint ¢ (x).

The idea is to take any feasible point « € 2 such that ¢; () = 0. We then move to a neighbouring

feasible point @ + d, where § is small:

k@) + (6, Ve (x) =0 (Taylor Expansion).

Thus,
(6,Vei(x)) = 0. (12.8)

In fact, it is better to use traditional dot-product notation here because we will be relying on

geometric intuition in what follows:
d-Ve(x) =0.

We now look at the case where * = x,. Then, in a neighbourhood if x,:

f(x.+8) > f(z.).

This implies:
0-Vf(x.)=0.
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Ve lx)

Figure 12.5:

Since +4 is feasible, for the inequality to hold, we must have
0-Vf(x.)=0.

Note that this is different from unconstrained optimization, where we have V f(x) = 0 at x,; here

we can only approach the minimum — and hence compute gradients of f — in feasible directions.

Refer now to Figure . The vector § must be in a hyperplane orthogonal to Vey(x,). The
hyperplane is m = (n — 1)-dimensional, and hence, spanned by m linearly independent vectors
MW ... 8™ For each of these basis vectors we have ) -V f(x,) = 0. Hence, the only direction
in which V f(x.) can point is back in the direction of V¢, (x.). Hence, there exists a scalar A\j € R
such that:

Vf(x.) = ANV (x,), (12.9)

Notice however that Equation ((12.9) holds not only at a local minimum (as desired) but also, at a

local maximum.

12.4 The projection operator

Note that ¢ is like a ‘search direction’ in an SD algorithm — albeit now that there are constraints
on which direction we can search in. Here, we introduce a theoretical method for working out
allowed search directions m = &/||8]|2. For this purpose, we introduce a projection operator. This
description is valid only when the point of interest x is not a local minimizer or maximizer, since

otherwise there is no direction in which further decrease of the cost function is possible.
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As such, we introduce the operator

VCl &® VCl

P=1-
IVerll3

It can be verified that P projects a vector v € R? on to a direction perpendicular to Vey:
801
<]P)’U, v01> = izj]P)ij’Uja—xi,

= > (65 — M) v | Ve |2,

ij
= [’U m—’vﬁ(ﬁz\/frﬁ)] |V01||2,
= 0.

Here, we have used the unit vector
—~ Vcl

m=———
[Verlo

and have used the old-fashioned dot-product notation:
(vym)=v-m= szmz
i

This calculation therefore shows that Pv L Ve;.

As such, we further investigate the search direction n, given by:

s = —PVf(x).

. s
n=-—
Isll2”

We have:

e n-Vc; =0, by construction.

e Furthermore,

Vf o< =(PV[, V),
= _sz‘jgigjv

= —Z(5ij—mimj)gi9j7
ij

= —[lgl - (g-n)T,

= —lglz (1 = cos”6) ,

< 0

S
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12.5 The Lagrangian

We can make these calculations more precise by introducing the Lagrangian function,
Lz, \) = f(x) — Mcr(x).

We note that V,£L = Vf — A\{Vc¢;. A necessary condition for x, to be a local minimum of the

general equality constraint problem
min f(x), subject to ¢1(x) =0
is thus that there exists a scalar A} such that:

V.f(x.) = AN Ve(x,), (12.10a)
o(z) = 0. (12.10b)

Remark: Equation ({13.6) is necessary for a minimum (i.e. if . is a minimum, then Equation ((13.6))
holds). But it is not sufficient. For example, in the OP (12.6)), Equation (13.6)) is satisfied at the
minimum:

MIN: x, = (—1,-1)7, N =1/2,

but also at the maximum:
MAX: z, = (1,1)7, A= —1/2.

Obviously, we require necessary and sufficient conditions to nail down a minimum (like for uncon-

strained optimization).



Chapter 13

Constrained Optimization: Inequality

Constraints

Overview

In this Chapter we look at some examples involving inequality constraints, this will help us to ‘guess’
how to set up a general constrained optimization problem using Lagrange Multipliers, in the case of

inequality constraints.

13.1 A Single Inequality Constraint

We look at an example involving a single inequality constraint:
min f(x) =z +y, (13.1a)

subject to
ci(x) >0, ci(x) =2 — 2% — o (13.1b)

The solution is still clearly . = (—1,—1), which occurs on the constraint boundary ¢;(x) = 0.
Thus, the inequality constraint ((13.1b]) is active at the minimizer.

13.2 Feasible Descent Directions — General Description

We consider a feasible point
x € Q= {x € R?|c;(x) > 0}.

103
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We look at a neighbouring feasible point @ — « + J§, we then derive the conditions on § such that

x +  remains feasible. Clearly, we require:
c(x+6)>0
By Taylor expansion, we have, for § ‘small’,
ci(x) + (6, Ve (x)) >0, ||6]]2 'small’. (13.2)

Now, however, we can't just set ¢;(x) = 0 and conclude that (§, Vei(x)) > 0. Instead, we have to
look at two cases. When doing this, it will be helpful to switch to the familiar dot-product notation

for (8, Vey(x)) as this is based on geometric intuition rather than duality.

13.2.1 Case 1 — The minimizer is in the interior

In this case x, is in the interior of €, hence ¢;(x.) > 0, and we require ¢;(x,) + 8 - Vey(x,) > 0.
This holds for any 4, provided ||d||2 is made sufficiently small. Furthermore, at « = «,, by first-order
optimality, we have:

flx.+08) = f(=)
— §-Vf(x,)+ 2255 (axax]) 4.

v

0.

Hence, for ||d]|2 sufficiently small,

8- Vf(z)>0. (13.3)

However, since & is now arbitrary, we can take § o« —V f(x.), which gives |V f(z.)||? < 0, hence:
Vf(x,) =0, Case 1.

This case is virtually the same as unconstrained optimization.

13.2.2 Case 2 — The minimizer is on the boundary

In this case, x, is on the constraint boundary, x, € 02, such that ¢;(«,) = 0. Referring back to
Equation ((13.2)), we require:
0- v01($*) Z 0.
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Thus, the set of all allowed vectors § is a half-space:
H={0ecR"d Ve (x,) >0}

(the angle between fixed V¢, (x) and & needs to be less than or equal to 90°). Vectors in the space

can be decomposed as:
5= Zaz )+ BVe(x,), a;€R,  pfeRYU{0}.

Here, the §()'s span the hyperplane § - Ve, (x,) = 0; the notation is the same as Chapter . At

the local minimum, we have

f(@+8) = f(.),

for all feasible directions 8 € H. Thus:
0-Vf(x,) >0, deH
(cf. Equation ([13.3))). In particular:

;6D . Vf(x,) >0 , forall o; € R,
BVe(x,) - Vf(z,) >0 , forall 3eR"U{0}.
In the first set of conditions, we can take o; — =£|«;|, which gives

89 -V f(z.)>0and 89 Vf(z.) <0,

hence 6@ - V f(x,) = 0. This forces Vf(x,) ox Ve, (x,). The second condition further requires

the existence of a non-negative scalar A} such that:

Vi(z,) = XiVei (). (13.4)

Caution: Unlike in equality-constrained problems, the solution of the constrained problem requires

a particular sign on A}, A7 > 0.
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13.2.3 Cases 1 and 2 combined

Cases 1 and 2 can be combined together to give:

Vf(x,) =0,
Case 1: /(@)

c(xe)  >0.

\V4 «) =XV,
Case 2: /(@) 1Vel

a(x,) =0,\>0.

Indeed, we can introduce the Lagrangian
E(m, )\1) = f(m) — )\101($).
Hence, at the local minimum x = x,, there exists a constant A} > 0 such that:

VoL(zi,A}) = 0, (13.5)
Aey(z,) = 0. (13.6)

The condition Aici(x.) = 0 is called the complementarity condition. It is a way of merging
Cases 1 and 2.

Remark: The constraint ¢;(x) is active when A} > 0, then we require ¢;(x,) = 0 to satisfy the

complementarity condition.

13.3 Two Inequality Constraints

We look at the following OP:

min f(x) =z +y, (13.7a)
subject to
ci(x) >0, ci(z) =2 — 2% — 2 (13.7b)
and
co(x) >0, co(x) =y. (13.7¢)

The feasible set here is a half-disc, and the minimum can be worked out by direct computation: the

minimum is on the boundary of the feasible set:

x, = (—V2,0)".
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We now show theoretically why @, is a local critical point (max or min).

Our approach here is a little bit different from before. We don’t make any assumptions about the
point (—v/2,0)7, so we re-label it as:

xo = (—v/2,0)7.

We will go out from @, in feasible directions d (note the new notation), and in doing so, we will try
to reduce the cost function, such that f(xy + x) < f(xo). We will end up showing that no such
feasible directions exist, meaning the cost function can't be reduced any further and hence, xq is a

local minimum (more precisely, all we can say from this calculation is that x, is a critical point).

We begin our calculations by noticing that @, is on the boundary of the feasible region where both

constraints are active. This would be ‘Case 2’ as considered in Section [13.2l We have:
Ve, = (=2, —2y)" Notation _oxi — 2yj.
We look for feasible search directions d = d;i + dsj, hence
d- Ve, = —2xdy — 2yd,.

At o = (—\/5, 0), we have:

d- Ve (xo) = 2v2d,.
>0

Hence, feasible search directions satisfy d; > 0. We also have:
VCQ == J

For feasible search directions, we require d - Vg > 0, hence dy > 0. Thus, we require:

We now try to fix d such that going out from f(x¢) to f(axy + d) reduces the cost function. This
requires d - V f(xg) < 0. At x(, we have:

d-Vi(xe) = (dii+dsj)-(i+]),
= di +dy

Summarizing, we require:

dy >0, dy > 0, dy +dy <0,
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The only way to satisfy all three constraints is to take d = 0. In other words, there is no vector
d that satisfies f(xo + d) < f(xo). This proves that x really is a critical point and the notation
x, = (—v/2,0)7 is justified.

We verify that this is indeed a critical point by finding scalars A7 > 0 and A; > 0, such that:

Vo L(xe, A}, N5) = 0, (13.8)
Ae(xy) = 0, (13.9)
Asea(x) = 0, (13.10)

and we further show the reasoning behind why these equations are satisfied at the critical point

(actually, the minimum).

13.3.1 Lagrange Multipliers

We now reformulate this problem in terms of Lagrange multipliers. We introduce:
L= f(m) — )\101(13) — )\QCQ(ZB).

We seek solutions to
VL(xz,A) =0,

where A is a two-dimensional vector with components A; and \,. We denote the solution by x,

and A\*, and we further insist:
Af >0, 1=1,2,

as well as specifying the complementarity conditions:

Aler(z,) =0, Asea(x,) = 0.

We compute:

At VL =0, we have:

1420z = 0, (13.11a)



13.4. Summary 109

Furthermore, the complementarity conditions read:

M2 -2 =9 = 0, (13.12a)
Aoy = 0. (13.12b)

Take (A\2) x (Eq. (13.11))(b)):
Ao + 20 (Aay) = A3,
——
-0
hence A\, = A%, and
Ay =0o0r Ay = 1.

There are therefore two possibilities to consider.

e Case 1. Take Ay = 0. Then, by Equation (13.11))(b), we have \yy = —1/2. But y > 0 in the
feasible set, hence \; < 0. This possibility is rejected.

e Case 2. Take \y = 1. Thus, by Equation ([13.11)(b), we have A\;y = 0. We require that
A1 # 0, otherwise Equation ((13.11))(a) is inconsistent. Hence, y = 0.

So we continue with Case 2. From the active constraint ¢;(x) = 0, we have x = +/2. By

inspection, we see that x = (—\/5, 0) is the minimum, hence:
x, = (—V2,0),

as suspected.

13.4 Summary

The overall point of these exercises is to ‘hint’ at a kind of first-order optimality condition for

inequality constraints:

L = f(a:)—Z)\ici(a:),

ieT
VoL(x, A*) = 0,
ci(xy) > 0,

A >0, 1€Z,

Aci(x,) = 0, ieT.

From the calculations we have done so far, it is easy to see why these conditions should hold. But

it is hard to generalize from this to a mixture of equality and inequality constraints. Formulating
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conditions such as the above in the case of mixed constraints (equality and inequality) will be the

aim of the next few chapters.



Chapter 14

The Tangent Cone and the Set of

Linearized Feasible Descent Directions

Overview

In order to derive first-order necessary conditions for optimality in an OP with a mixture of equality
and inequality constraints, we need to know about two key concepts called the Tangent Cone and
the set of Linearized Feasible Descent Directions (LFDDs). It will make our life easier if these are
always one and the same, they often are but that is not guaranteed. We therefore derive a condition

on the constraints which outlines when these two sets coincide.

14.1 Definition of a Cone in R"

Definition 14.1 A set C is a cone, if for each € C, the vector ax is also in C, where a is any

positive constant.

Example: Let a4, -, a,, be vectors in R". Then the set:
C={air;+asrs+ - +aprplr; >0,i=1,2--- m}

is a cone (See Figure [14.1)).

Introduce the matrix

A= n a, a; --- a, |eR”"

111
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s

A
Figure 14.1: A cone in R”
Thus,
C {a1x1+a2x2+---+amxm|xi20,2':1,2,---,m}
{Az|lx e R™, 2; > 0,i=1,2,--- ;m},
= C(A).
Check:
[AQZ]Z = ZAZ']‘[E]',
J
Ailxl —+ AZ'QJJQ + e Azml’m
Hence:
AH A12 Alm
Agl AQQ AQm
Ax = r1 + _ To+ - T
Anl An2 Anm
Hence:

Ax = ax1 + - apZp,.
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14.2 The Tangent Cone and the Linearized Feasible Descent

Directions

We recall the fundamental OP in constrained optimization:

. . Cl<33) = 0, 1€ 5,
min f(x) subject to (14.1)
eR ci(w) >0, i€l
the feasible set is
Q={x eR"¢(x)=0,i€&, c¢;(x)>0,ieL}. (14.2)

Definition 14.2 The vector d is a tangent vector to §) at the point & € () if there is a feasible
sequence {z; }72, approaching x and a sequence of positive scalars {t;, }?°, witht;, — 0 as k — oo,

such that:

d=lim 2*—%

k—o0 tk

(14.3)

The set of all such tangent vectors at x is called the tangent cone, Ty (x).

It is straightforward to see that Ty (x) is indeed a cone, as per Section [14.1] For take d from
Equation ([14.3) and multiply by @ > 0. We have:

ad = lim 22F— %%

from which we identify the feasible sequence {z}72,, and the sequence of positive scalars {a1t;}32,
satisfying Definition [14.2l Thus, ad € T (), hence To(x) is a cone.

Definition 14.3 The set of Linearized Feasible Descent Directions at x is given by:

Flz) = {d eR"

(d,Vei(x)) =0, icé }
(d,Ve(x)) >0, ieZnAe,). |

We abbreviate this term as LFDD.

Example: In this example we look at a case involving a single equality constraint. We look at
the OP
min f(x) = z +y, subject to ¢;(x) =0,
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' K

i » = (‘\ri’d)‘( X

Figure 14.2:

where ci(x) = 2 — 2% — 2.

The set of LFDDs at & = (—+/2,0)7 consists of all vectors in the line shown in Figure [14.2l Hence,
F(x) ={(0,d)"|d> € R}.
Similarly, to construct feasible sequences which tend to & = (—+/2,0)”, we take:
x;, = (V2cos(m — ), £V 2sin(m — 6;,))7,

and we take 6, — 0. We have:

(V2 cos(m — b;) + V2, £v/2sin(m — ;)"

= g, i 7
9 T
~ lim (%9k+0(0k),i\/§+0(9k)> ,
Qk—>0

= (0,+v2)7.
This exhausts all the possible tangent directions, hence:

'FQ(:B) = {ay|y = (07 1)T ory = (07 _1)T7 o > 0}7
— {(O,dg)T‘dg c R}

Thus, in this example,
Falx) = To(x).
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Example: If, in the previous example, we replace the constraint function with ¢;(x) = (2—2%—y?)?,

then we have:

B
8—2 = (2- 22— y?)(—22),
oc
8—; = (22" —y?)(~2),

hence Ve (x) =0 at £ = (—/2,0)” and indeed, Ve, = 0 for all £ € Q. Thus,
(d,Vey) =(d,0) =0,

for all d € R?, hence,
.7:9(:13) = R2.

The tangent cone stays the same, hence for this example, Fqo(x) # To(x). Thus, it is not always
the case that Fo(x) = To(x).

Example: In this example we look at something based on the previous set of calculations, but

involving an inequality constraint. Hence, the OP is:
min f(x) = z +y, subject to ¢;(x) > 0, ci(z) =2 — 2% — 2

In a previous chapter, we computed the minimum at @, = (—1, —1)7 and hence, min f(x.) = —2.
Here, we look at the tangent cone and the set of LFDDs at a different point: & = (—\/5, O)T.

To construct the tangent cone, we look for feasible sequences. These can be got by re-arranging
Equation (|14.3)):
Zk :ZU—thk—i-Ek,

where €, is an error term that goes to zero as £ — oo. Thus, the tail of all possible feasible
sequences resemble points along rays; the rays live in the feasible region and point towards x. The

tangent vectors d are the rays. From Figure [14.3, we see that any d with d; > 0 will do, hence

To(x) = {d € R?*|d; > 0}.

We also look at the set of LFDDs. We require (d, Vci(z)) > 0 at © = (—/2,0), hence

(ci+ daf) - | ~2(~V/2)i = 2(y = 0)j] 2 0.
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'y \/&

X={42,0) 09 0 X

Figure 14.3: Feasible sequences z;, tending to the point of interest =, = (—+/2,0)”
hence d; > 0, hence
Fo(x) = {d € R?|d; > 0}.
so in this case, To(x) = Fol(x).

Example: We look at a rather strange OP where T (x) # Fqo(x). As such, consider:

min f(x) = z +y, subject to

We first look at the feasible set in detail:

e Feasible points are in a disc centred at (0, 1) of radius 1;

e Feasible points are in the lower half-plane y > 0.

Hence, the feasible set is precisely one point, = (0,0)% (see Figure [14.4).

We compute the tangent cone at this point. Again, we do this by taking feasible sequences whose
tails have the form:
Zk :iL‘—i—dtk—l—Gk,

where €, is an error term that goes to zero as k — oo. The only way for this to hold in the limit

as t, — oo is to take d = {(0,0)7}, thus, the tangent cone is a single point:

To(x) = {(0,0)"}.
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\l}

”(o,u)

L

Figure 14.4: Pathological example where the feasible set consists only of a single point

We now look at F(x). From constraint 1 we require:
d- V01 (.’,C) > 0,

We compute:

(dhi + daj) - (=221 = 2(y = 1)j) (04— > 0,

hence dy > 0.

From constraint 2, we require:
d-Vey(x) >0,

We compute:
(dyi+ doj) - (—j) >0,

hence dy < 0.

Putting the conditions from Constraints 1 and 2 together, we require do = 0, hence
FQ(CU) = {(dl,O)T’dl - R}
But Tq(x) is just a single point. Hence,

F(x) # To(x).
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14.3 LICQ

In general, we require an extra condition on the constraints for Fqo(x) and To(x) to be the same.

On such condition is the Linear Independence Constraint Qualification (LICQ):

Definition 14.4 (LICQ) Given the point  and the active set A(x), we say that the LICQ holds

at x if the active constraints V¢;(x), with i € A(x) are linearly independent.
Example: From the previous example (Figure [14.4)):

Ve (0,0) = (0,2),
Ves(0,0) = (0,-1).

Thus, Ve, and Vey are co-linear, so the LICQ does not hold.

Remark: If the LICQ holds, then none of the active constraint gradients can be zero.



Chapter 15

First-Order Necessary Conditions:

Background

Overview

We state the necessary conditions for a vector @, to be the minimizer of the canonical constrained

optimization problem.

15.1 Introduction

Having looked through many specific examples of constrained optimization problems, we now for-
mulate some general principles. The aim here is to state the first-order necessary conditions for

optimality. We work with the canonical constrained OP:

_ c(x)=0, 1€€&,
min f(x) subject to (15.1)
weR" ci(x) >0, icT.

The formulation we develop here is worthy of deep study, as it is the basis of many of the numerical

algorithms for constrained optimization. Motivated by the previous examples, we introduce:

Lz A) = f(x)— > Nici() (15.2)

1€EUL

We have the following theorem:

Theorem 15.1 Suppose that x. is a minimizer of the OP ([15.1). Furthermore, suppose that f
and the c;'s are continuously differentiable, and that the LICQ holds at x,.. Then, there exists a
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vector A, with components X3, with i € £ UZ, such that the following conditions hold:

77

VoL(zi,A) = 0, (15.3a)
alz) = 0, Q€& (15.3b)
ci(es) > 0, iel, (15.3¢)

N> 0, ied, (15.3d)
Aei(xs) = 0, ieTUE. (15.3€)

Some observations:

e Equations are called the Karush—Kuhn—Tucker conditions (KKT). In particular, Equa-
tion (15.3)(e) is called the complementary condition, this condition imples that either the
constraint ¢ is active, or that A7 = 0, or possibly, both.

e As the Lagrange multipliers corresponding to the inactive constraints are zero, we can re-write
Equation ([15.3))(a) as:

0=V.L(x, ) =Vof(@)— > ANVe(z), (15.4)

where the sum here is over active constraints only.
We furthermore have the following definition:

Definition 15.1 (Strict Complementarity) Given a local solution x, of the OP ((15.1)) and a
vector \, satisfying the KKT conditions ({15.3|), we say that strict complementarity holds if exactly

one of X! or ¢;(x.) is zero for each i € Z. In other words, we have X} > 0 fori € A(x.) NZ.
Some more observations:

e Satisfaction of the strict complementarity conditions often makes it easier for a numerical
algorithm to determine the active set and hence, to converge rapidly to x,.
e For a given OP and a solution point x,, there may be many vectors A\, which satisfy the KKT

conditions. HOwever, by imposing the LICQ, the vector A, is unique.

Having stated the first-order necessary conditions for optimality, the aim of the rest of this chapter

is twofold:

e Provide yet more examples to help us to understand the KKT conditions.
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e Prove some preliminary (but highly nontrivial results) which will enable us to prove the KKT

conditions in a later chapter.

As a first step, we will check that the LICQ makes the A\!'s unique.

15.1.1 LICQs

Theorem 15.2 [f the ¢;’s satisfy the LICQ at x., then the Lagrange multipliers in the KKT con-

ditions are unique.

Proof: Suppose that there is a set of Lagrange multipliers A} (with i € £ U Z satisfying the KKT
conditions, and another set u} with @ € £ UZ satisfying the same. We have:

0=V.L(x, ) =Vof(@)— Y ANVe(x)=Vof(@)— > uVel(,).
1€EUT i€EUT

Thus,
> Vei(w.) (A — ) =0. (15.5)

1€EUL
As the gradients V¢;(x.) are all linearly independent, the only way for Equation ((15.5)) to be zero
is if A = uf, for all i € £UZ. This establishes the uniqueness of the AI's under the LICQ. |}

15.1.2 Example

Consider the OP

subject to:
c1 l—2z—y
1 —
Co _ x—l—y 20
3 l+z—y
Cy4 1+2+y

Solution: We first of all do a solution by direct computation, this is possible here because the
example is relatively simple. The feasible region is shown in Figure [15.1] from the figure it is clear

that the minimizer x, satisfies

(s, Ys) € Ly, Li:y=1-—u.
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We introduce

We therefore need to minimize f(x) subject to x € [0,1]. In other words, we seek x,, where:

.= in [22% — 42 + 3] .

z arg I[I&lll}l [ x T+ 2}
The solution to this problem can be found by inspection: z, = 1. The solution of the OP is thus:
x, = (1,0)".
From the figure, it is clear that the constraints ¢; and ¢y are both active at this point.
Mia'w\;‘sg Wi
Ar 't a -

“ B

T

Figure 15.1: Simple example of constrained optimization with validation of the KKT conditions

We now check that the LICQ holds at .. We have:

Vf(x,) = ( j ) . Ve(z) = < j ) Veo(x,) = ( _11 ) :
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We check the LICQ by looking at the matrix formed by the columns of V¢; and Ves:

-1 -1
A= )
As det(A) = —2, A has full rank, hence, V¢; and Ve, are linearly independent, hence the LICQ
holds.

We next compute the Lagrange multipliers for the active constraints. Hence, we set

Vi) — > AVdx,) =0,

hence
—1 v —1 3\ —1 _0
1 . *\ 1
or
AT+ = 1,
AT—A = 1,

hence finally, A7 = 1 and A5 = 0. Notice that the compatibility conditions are not strictly comple-

mentary, since we have:

, AT=1,
, A =0,

o)
—
—

8
*
~—

I

Q
[\)
—~
8
*
~—
I

If, instead, the cost function is:

(note the power on (y — 1/2)), with the same constraints as before, the compatibility conditions

become strictly complementary. We check this as follows. We have:
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hence

Vi) = (~14(=3) (=3) (-3))".

The equation V f(x.) — 3 ic 4.y A Vei(@+) = 0 now becomes:

() (0) () -

with solution A} =1 and A} = 1/4. Thus:

9 )\T = 17
: A= 1/4.

c(xy) =0
0

()

Hence, the complementarity conditions
Aei(x,) =0, i€ Alx,)NZT

hold strictly.

15.2 Condition for the Tangent Cone and the set of LFDDs

to coincide

We now build up to a proof of the KKT conditions. We are going to show first of all that:
TQ(.’B*) = .7-"9(:13*),

provided the LICQ is satisfied at a feasible point x,. We first of all introduce some notation. Recall,
A(x,) is the active set: if

Cil (.’I}*) = 0, Cig (JJ*) = O, cim(w*) = 0,
are the active constraints, then the active set at x, is:

A(w*) — {ily i27 e >Zm}
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We now introduce the matrix A € R™*":

Jciy Ociy Ociy

T Ox1 Oxo T Oxy
Alx,) = m : , Az,) € R™".
l Wi, i, .. i
1 Oxa Ozp T
) o ’

We drop the x, notation in A is the dependence is obvious. Notice also that:

m <n,

which makes sense: in general, the optimization could be 100-dimensional or 1000-dimensional, but

we might have 1-2 constraints.

15.2.1 The kernel of A

We look at the kernel of A:

ayi;p - Qip 21
0 1121 + - A2y
Q21 -+ A2p %)
\lf Am121 +  QmnZn
Am1 - Qmn Zn
s
Hence:
n
E ajizizoa j€{1727"'7m}'
i=1
In general:
e z= (2, -+ ,2,)" is a vector with n variables.

e But there are m constraints (from Equation ((15.6])).

e So there are only n — m free variables in the vector z.

Hence, the kernel of A is (n — m)-dimensional. Let the basis of ker(A) be {z(!)

Form the matrix:

T
J = n Z(l) . Z(n—m) c Rnx(nfm).
!

<—(n1rm)—>

Hence, AZ = 0. We have the following lemma:

(15.6)

- z(nfm)}_
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Lemma 15.1 Suppose that the LICQ are satisfied at x,. Then the matrix

a1 A1n
a1 A2n
A :
<ZT): Gt e | ERVT (15.7)
Z§1) Z7(11)
Zgnfm) Z(nfm)

has full row rank.

Proof: We start by noticing:

e The first m rows are linearly independent, by the LICQ.

e The last n — m rows are linearly independent, by construction of Z.

So it remains to check that the first m rows are linearly independent of the last n —m rows. Assume

for contradiction that they are not. Then we can write (for example):

m

T
(Zil)r" 727(3)) - Zﬂj (ajl,---ajn)T. (15.8)
=1
But n
ajz-zl-(l) = 0,

=1

by definition of z!) as being in the kernel of A. Combine these two results:

m
(1) E @53
% = M@,

)

=1
re—ig:lex Z MEQki (159)
k=1
Since z(M is in the kernel of A:
0 ke Z Gjizfl) = Z Z Hore Qi Qi
i=1 i—1 k=1

Hence:

Z(A)ki(AT>iij =0,

ik
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or:
AATW =0, p=(u1, - pom)"

Hence, (i, AAT ) = 0, hence (AT, ATp) = 0, hence AT = 0. In index form this is:

M1<(l11,a12, T 7a1n> + - 'Mn(am17am27 o 'amn) =0.

But A has full row rank, hence p1, 2, -, p,, = 0, hence z(M = 0, which is a contradiction, since
2z is a basis vector. Hence, Equation ([15.8) is false. Thus, all of the rows in Equation (15.7) are
linearly independent. |

15.2.2 The result

We now have the following theorem.
Theorem 15.3 Let x, be a feasible point. Then the following statements are true:

L4 TQ<£B*) - fQ(iI:*),
e If the LICQ holds, then Tq(x,) = Fo(x.).

Remark: We use x, here for any feasible point, it doesn't have to be a minimizer.

We now prove the theorem starting with the first part. We assume without loss of generality that
all the constraints are active, this just helps with indexing. Let d € To(«,). Hence, we seek to
show that d € Fq(x.). As such, there exists a sequence {z;}72, (with the ‘tail’ of the sequence in

(1), and a sequence of positive scalars {t;}2, with ¢, — 0 as k& — oo, such that:

Z — Ly

lim =d. (15.10)
k—00 tk
Hence, for k sufficiently large,
zp = diy + @, + €y, (15.11)

where ||€x|| — 0 as k — oco. Furthermore,

ZL— X €
i *d="%* 50ask— oo
123 23
Hence, €; is ‘little-o of t;':
. €
lim M — 0,
k—o0 tk

so we can re-write Equation ((15.11)) as:



128 Chapter 15. First-Order Necessary Conditions: Background

We first of all take i € £. We have: .
0=—ci(zx), (15.13)
123

since zj, is feasible for k sufficiently large. Compare Equations (15.12)) and ((15.13)):

0= [ew.) + tadd- V() +oft)]
k

But ¢;(x,)0 =, hence

0= d-Vey(w,) + 2.
tk
Also, o(ty)/ti, — 0 as k — oo, hence:
0=d-Ve¢i(x,), e l. (15.14a)

Now take ¢ € Z and repeat the same calculation:

0 < —[ei(x.) + ted - Vei(x,) + o(ty)]

==

Since ¢ is an active index, we have ¢;(x,) = 0, hence

0<d- Ve(w) + 2
17
Take t;, — 00, hence:
0<d-Ve¢i(z,), iel. (15.14b)

From Equation (15.14))(a) and (b), we see that d € Fq(x.), hence To(x.) C Fo(x.).

We now move on to the second part of the proof. We introduce d € Fq(x,). We further introduce

a map:
R:R"xR — R",
(2,t) = R(z1),
such that
—tA(x,)d
Riz.1) = c(2) () .
7z —x, — td)
Notice that:

A . bl
R(x.,0) =0, V.R(x.,0) = o is invertible.

So, by the Implicit Function Theorem, there exists a differentiable path z(¢) valid on an interval [

containing the point ¢ = 0, such that R(z(t),t) =0, for all ¢ € I. As such, z(t) is a curve, points


https://en.wikipedia.org/wiki/Implicit_function_theorem
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on which are candidates for constructing a tangent sequence.

Therefore, we pick out a sequence z; along the curve z(t), and a sequence of positive scalars .
We have:

0 = Ri(zk, tk),

dR;
— s+ () o
t=0

; <8zj (+,0) dt |, ot (2+,0) ’

> (3%‘ >(w*,0) (B =)+ < ot )t:O e+ Olt),

J

In array form, this is:

Hence

hence

Invertible

But the matrix here is invertible, hence,

2 — Ly
17

—d as t, — 0.

We check the feasibility of the sequence. As R(zy,t;) = 0, we have:
ci(zr) = ti[A(x.)d];, i€ EUT = A(x.).

For equality constraints, we have:

hence ¢;(z;) = 0. For inequality constraints, we have:

LFDD
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hence ¢;(z;) > 0. Thus, the sequence z; is feasible. Summarizing, we have started with a given

LFDD d and have constructed a sequence of points 2z, and a sequence of scalars t; such that:
e The sequence z; is feasible;
e The sequences z; and ¢ satisfy:

Zp — Ly
k

—d as t, — 0.

Hence, d € To(x.), as required. |



Chapter 16

First-Order Necessary Conditions: Proof

Overview

We prove the necessary conditions for a vector @, to be the minimizer of the canonical constrained

optimization problem.

16.1 Introduction

We again work with the canonical constrained OP:

. c(x)=0, 1€,
H,El]iRQ f () subject to (16.1)

v

ci(x) >0, 1€l

The formulation we develop here is worthy of deep study, as it is the basis of many of the numerical

algorithms for constrained optimization. Motivated by the previous examples, we introduce:

Lz )= f(x)— > Nici() (16.2)

1€EUL

We have the following theorem (KKT conditions), which was introduced previously in Chapter
as Theorem [15.1] but which we re-introduce here with a new label:

Theorem 16.1 Suppose that x. is a minimizer of the OP ([16.1). Furthermore, suppose that f
and the c;'s are continuously differentiable, and that the LICQ holds at x,.. Then, there exists a
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vector X, with components X}, with i € £ UZ, such that the following conditions hold:

VoL(zi,A) = 0, (16.3a)
alz) = 0, Q€& (16.3b)
ci(es) > 0, iel, (16.3c)

N> 0, ied, (16.3d)
Aei(xs) = 0, ieTUE. (16.3€)

We will refer to these conditions as KKT1-5, throughout this chapter, and in the assignments. The
aim of this chapter then is to prove KKT1-5 from first principles. To do this, we have to get through

some preliminary results.

Remark: Since ¢;(x.) > 0 for i € T\ A(zx.), KKT5 implies that Af = 0 for i € Z\ A(x.). Hence,
KKT1 can be replaced with:

Vi)=Y M\Vea.)

16.2 Fundamental Necessary Condition

We prove the following lemma:

Lemma 16.1 (Fundamental Necessary Condition) If x. is a local minimizer of the generic

constrained OP (|16.1)), then:

(d,Vf(z,)) >0, for all d € Tq(x.). (16.4)

We produce a proof by contradiction. Suppose there is some d € Tq(x.) such that:
(d,Vf(x.)) <0. (16.5)

Let a corresponding feasible sequence be {z;}72,, such that:

2 — Ly

=d.

lim
k—oo tk

We have:
f(zr) = f(z.) + 1, (d, V f(2.)) +o(tr).
~————

Negative
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For ;. sufficiently small, we therefore have:
f(z) < f(=.),
which contradicts the fact that x, is a minimizer:
f(zy) < f(2), for all z in a neighborhood of x,.
Hence, the assumption ([16.5)) is false, there is no such d, so we conclude:

(d,Vf(xz,)) >0, for all d € Ty(x.).

16.2.1 Caution

The converse is not true. We can have (d,V f(x.)) > 0 without x. being a local minimizer. For
instance, consider:

min f(x) =y, subject to y > —2?%

See Figure[16.1] The solution to the OP is unbounded, with y, = —o0.

Figure 16.1: Counter-example showing (d, V f(z,)) > 0 but , = (0,0)” is not a minimizer.

We compute the tangent cone at e.g. @, = (0,0)7:
Ta(z.) = {(d1, d2)|d2 > 0}.

Also, V f(x.) = j, and for d in the tangent cone we have (d,V f(x.)) = d2 > 0.
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But x, = (0,0) is not a minimum, it is not even a local minimum. For consider a point x, =
(a, —a?)T on 0N2. We have f(x,) = —a?, thus:

f(@a) < f(a.).

Also, x,, is in the neighborhood of x,, as x, can be made ‘close’ to x, by taking « sufficiently

small. But f(z,) < f(x.), so @, is not a local minimizer.

16.3 Farkas’s Lemma and the Hyperplane Separation Theo-

rem

We next look at Farkas’s Lemma. We work with a modified veriosn of the lemma, this is to enable
us to prove the KKT theorem. We will furthermore present a different proof of the lemma, different to
what is in Nocedal and Wright. The motivation here is to explore some of the geometric reasoning
behind constrained optimization. For these purposes, we introduce the Hyperplane Separation

Theorem:

Theorem 16.2 (Hyperplane Separation Theorem) Let A and B be two disjoint nonempty con-
vex subsets of R"™. Then there exists a plane which separates A and B. Mathematically, there exists

a non-zero vector n and a constant ¢ such that:
(x,n) > c, (y,n) <c,
forallz € A andy € B.

There is no proof in this module, but the idea is shown in Figure [16.2]
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No Seramkj Hijr\“Q
B

)
A

B S no Convex, o f-e?owct'\s\mjwrl.mg

Figure 16.2: The idea behind the Hyperplane Separation Theorem
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The Hyperplane Separation Theorem comes in many different flavours, the reader can check the

reference

http://aaa.princeton.edu/orf523

for an enumeration. The following variation will be useful to us:

Theorem 16.3 (Hyperplane Separation Theorem, Special Case) Let A and B be two dis-

Jjoint nonempty convex subsets of R", such that:

e A and B are closed;

o At least one of A and B is bounded.

Then there exists a non-zero vector n and a constant ¢ such that:
(x,n) > c, (y,n) <c,

forallz € A andy € B.

We are now in a position to state and prove Farkas's Lemma.

Lemma 16.2 (Farkas) Let

be a cone, where B € R™*™. Given any vector g € R",

e FEither
gek (16.6a)

e Or, there exists a vector d € R™ such that:
(g,d) <0, and [B'd]; >0,i=1,2,--- ,m. (16.6b)

For the idea behind Farkas's Lemma, see Figure [16.3]

Proof: We show first that Equation ({16.6a) and (16.6b)) can't hold simultaneously. Let g € K.

Hence,



16.3. Farkas's Lemma and the Hyperplane Separation Theorem 137

Figure 16.3: The idea behind Farkas's Lemma: either g € K (left) or there is a separating hyperplane
(right)

If there exists a vector d with property ((16.6b]), then:

(g,d) < 0,
(g,d) = (By,d),

i=1

But [BTd]; > 0 and y; > 0, giving (g,d) < 0 and (g, d) > 0 simultaneously, which is a contradic-

tion. So Options #1 and #2 in Farkas's Lemma can’t hold simultaneously.

We now show that at least one of the options always holds. If g € K we are done. So assume that

g ¢ K. Then we have two disjoint convex sets:

e First Set = {g}, which is closed, bounded, and convex.
e Second Set = K = {By € R"|y; > 0,7 =1,2,--- ,m}; as a cone, this set is is closed and

COHVG)E

By the Hyperplane Separation Theorem (Special Case), there exists a constant ¢ and a vector d € R™
such that:
(d.g) <c

and

(d,s) >c  forall se K.

1A closed set S is one that contains its own boundary. Specifically, if x, is a sequence of points in S, and if
x;, — &, then x, € S also.



138 Chapter 16. First-Order Necessary Conditions: Proof

Now, the zero vector is in the cone I, hence (d,0) > ¢, hence ¢ < 0. Hence,

(d,g) <0.

Furthermore, (d, s) > ¢ for all s € K, hence (d, By) > ¢, hence

m

Z y[BTd]; > c.

=1

This is true for all y; > 0. So replace y; with ;A\, where X is positive:

Z )\yz[BTd]Z > ¢,
=1

or m
> yilBTd);i > ¢/
=1

Now take A — oo to get:
> yilB"d); > 0.
=1

This is true for all ; > 0, hence
(BTd); >0. |}

16.3.1 Extension

Farkas's Lemma applies equally to a cone of type:

; € RTU{0}, i=1,---,
K = By—i—C’w'y {0}, i my (16.7)
w; € R, i1=1,---p
where B and C' are matrices of appropriate dimension. In that case, for any g € R”,
e Either
gek (16.8a)

e Or, there exists a vector d € R" such that:

(g,d) <0, and [BTd]; >0, fori=1,2,--- ,m,
and [CTd); =0, fori=1,2,---,p. (16.8b)
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16.3.2 Application
We now apply Farkas's lemma to the cone:

N = { Y AVea@)+ Y. AVelx)|\ >0forie Alx,) NI},

i€A(z+)NT 1€A(z)NE
= { ) \NVe(x)|Ai >0 fori € A(x,) NI},

= {ATX|\; >0 for € A(x,) NT}.

This is a cone of type (16.7)) Set g = V f(x,). Then,

e Either Vf(z,) € N (= Vf(z.) = ATN),
e Or there is a direction d € R"™ such that

(d,Vf(x.)) <0,

and
[Ad]; > 0, fori € A(z,) NZ and [Ad]; =0, fori € &. (16.9)

Condition ((16.9) means that d € Fq(x..).

16.4 Proof of KKT

We now prove the first-order necessary conditions for x, to be a minimizer, the KKT conditions, or
Theorem [16.1]

Let @, be a local minimizer. We first of all show that there exist multipliers \;, i € A(x,), such
that:

Vi)=Y M\Vel(z.,)
iEA(w*)
Lemma [16.1] tells us that
(d,Vf(xz,)) >0, for all d € Ty (x.).

But the LICQ holds, hence

(d,Vf(z.)) >0, for all d € Fo(x,).
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Hence, Option #1 holds in Farkas's Lemma, hence there exist A\; > 0 (for i € A(x,)) such that:
Vi(x,) = Z \iVei(xy).
iEA(:c*)

We now define:
)\Z', 1€ A(w*),

0, i€\ Ax,).

T
Hence,

e KKT1 follows immediately:

Vi(x,) = Z AiVe(x.).

e Since x, is feasible by assumption, KKT2-3 are satisfied.
o We have:
i, 1€ A(x — %),

0, i€\ Ax,).

)

Here, the \;'s are positive or zero, since Option #1 holds in Farkas's lemma. Hence, A\ > 0,
for all 7 € Z, and KKT 4 is shown.

e We have:

ic Alx)NE: cixy)
i€ Alx.) NI ci(xy)
i€\ Alx,): X =0

)

0
0

Y

hence Afc;(x.) =0, for all i € £ UZ, and KKT5 is satisfied. |}
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Constrained Optimization: Other Aspects

Overview

We look at some final key facts about constrained optimization:

e Second-order necessary and sufficient conditions.

e The dual problem.

We again work with the canonical constrained OP:

min f(z) subject to
e ci(®) >0,

1€ €&,
1€1.

(17.1)

and we again restate the KKT conditions valid when x, is a solution of the OP:

Suppose that x, is a minimizer of the OP (16.1). Furthermore, suppose that f and the ¢;'s are

continuously differentiable, and that the LICQ holds at x..

Then, there exists a vector A\, with

components \¥, with i € £ UZ, such that the following conditions hold.:

17

V.L(z A) = 0, (17.2a)
a(z) = 0, €€, (17.2b)
ci(xzy) > 0, 1€Z, (17.2¢)

N> 0, ded, (17.2d)
Aci(x,) = 0, ieTUE. (17.2¢)

As before, we refer to these conditions as KKT1-6.

141
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17.1 Second-Order Conditions

We address first (without proof) the second-order conditions for ., to minimize the OP ((17.1)).
This is the constrained optimization equivalent of a second-derivative test. We first of all introduce

the critical cone:

w - Vei(x,) =0, icAlx,)NE
C(xw, As) = {w € Folx.)| w-Vei(z,) =0, i€ A(x,)NT and A} >0, } (17.3)
w-Ve(x,) >0, i€ Alx,)NZ and A =0

Since \f =0 for i € T\ A(x.), we have:
Aw - Ve (x,) =0 for all w € C(x, Ay). (17.4)
Suppose now that the KKT conditions are satisfied. We have:

Vi@)= Y NVea(.)

’L’G.A(-’.B*)
Dot both sides with w € C(x., A,):

w-Vf(x,)= Z Now - V() Ea. @)

This gives another view of the first-order necessary conditions for x, to be a minimizer — the critical

cone C(x,, A,) gives those directions in which we require the directional derivatives of f to vanish.

The critical cone also gives insights into second-order necessary and sufficient conditions for x, to
be a minimizer of the OP ({16.1]), which we state here finally (without proof).

Theorem 17.1 Suppose that x, is a local solution of the OP and that the LICQs are
satisfied. Let A\, be the Lagrange multiplier vector for which the KKT conditions are satisfied.
Then:

(w, V2, L(Te, X )w) >0, for all w € C(x., A,).

Here, V2L denotes the Hessian of L.
Conversely, we have a sufficient condition for x, to be a local minimizer:

Theorem 17.2 Suppose that for some feasible point x, there is a Lagrange Multplier vector A,

such that the KKT conditions are satisfied. Suppose also that:

(w, V2 L(xz,, X,)w) >0, for all w € C(x,, A,), w # 0.
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Then x. is a strict local minimizer of the OP ((17.1)).

17.2 Duality

In this section we intrdouce an alternative posing of the OP (17.1). This is valid under some

limitations:

e Inequality constraints only, with

C(:IZ) = (Cl(w)v T 7cm(w)>T;

and feasibility is expressed by ¢;(x) > 0, for each i € {1,2,--- ,m}.

e f and —c; are convex functions on R".

Thus, the special case of the OP ((17.1)) can be written as:

min f(x) subject to ¢;(x) > 0, ie{l,2,---,m}

xrcR"”

The idea is to introduce a general, unconstrained Lagrangian:

£<w7 )‘) = f(@) - <)‘a c(a:)}
We identify the dual objective function ¢:

qg:R™" — R,
A = q(A),

where ¢(A) is defined as:
q(A) = inf L(z, )

xeR”

For this to exist, we restrict the domain of X to be:

D ={AX € R"|¢(A) > —o0}.

(17.5)

(17.6)

Furthermore, the infimum in Equation (17.6]) is unique: since £(-, A) is a convex function in its first

variable (= @), any local minimizer is guaranteed to be the global minimizer. The claim now is that

finding the minimizer of the OP ({17.5) is equivalent to solving the dual problem

max ¢(\), subject to A > 0.
AcR™

(17.7)
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17.2.1 Worked Example

We solve the OP
min 1 (2° + y*) subject toz —1 > 0.

Simply by inspection, we see that x, = (1,0)7 is the minimizer.
However, we can instead construct the Lagrangian:

L(x,\) =1(@"+y*) — ANz — 1), x = (z,y)".

This is a linear combination of linear and quadratic functions in @; as such, £ is convex in x.

We minimize £ over x to obtain ¢(\). The minimizer is obtained by setting V,£ = 0. This gives:

oL = 0= z-A=0,
or

8_£ = 0 = y=0.
dy

Hence, x = X and y = 0. Thus,
g\ =L(x=X\y=0)) =2\ +\

The dual problem is thus:
max g(A), A=0.

AR
We compute dg/d\ = =X+ 1. Thus, dg/d\ =0 = X = 1. A quick plot of ¢(\) shows that
A =1 is a maximum. Thus, the solution of the dual problem is A = 1. Going back to z = X\ and

y = 0, this gives the solution of the OP as z = 1 and y = 0, hence x, = (1,0)7, as expected.

17.3 Preliminary Results

For the dual problem ((17.7)) to have a solution in the general case, we require:

e ¢(X) to be a concave function'}

e D to be a convex domain.

We prove that both these properties apply. Hence, let A and p be any two points in R™, and form
the line segment
Alt) =1 =X+ tu, t €0, 1].

Yes, concave. Not a typo.
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We have:
L(x,A(t)=1—=t)L(x,\) +tL(x, ).

We take the infimum of both sides, and we use the fact that:
inf(A+ B) > inf(A) + inf(B).
Hence:

inf,L(x,A(t)) = infu[(1—1)L(x,\) +tL(x, 1],
> (1 —t)infaL(x, ) + tinfL(z, p).

Hence,
g(A(t) = (1 —t)g(A) +tq(p),  t€]0,1].

Furthermore, if A and p are both in D, then:
q(A(t) = (1 =t)g(A) +tq(p) > —oo,  t€[0,1].

Hence, ¢(A(t)) € D also, for all t € [0,1] and hence, D is a convex domain.

We also have a final preliminary result which will help us in the next section:

Theorem 17.3 For any feasible @ and any X > 0, we have:

aX) < f(@).

Proof:

g(X) = inf [f(®) - (X e(@))],
< f@) - (X cla)).

—

But T is feasible, hence ¢;(x) > 0. Also, A > 0. Hence:

q(N)

VAN VAN
= =
CNC)
|
-
jeX
®
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17.4 Key Theorems

We know that a local minimizer x, which solves the OP satisfies the KKT conditions. We now show
that such a minimizer also satisfies the dual problem. Thus, instead of solving the KKT conditions
and hence constructing a candidate local minimizer, we can solve the dual problem instead. This is

sometimes easier. Establishing this equivalence requires two theorems, which we prove here.

Theorem 17.4 Suppose that T is a solution of the OP. Then , any X for which (Z, \) satisfies the

KKT conditions is a solution of the dual problem.

Proof: Suppose that (Z, ) satisfies the KKT conditions. Since £(-, ) is convex, we have, by the
second part of Theorem [2.8]

L(x,X) > L(Z, ) + (V.LE,N), (x —T)).

The term with the underbrace is zero, by the KKT conditions. Hence:

E(m,X) > £(§,X), V. (17.8)
We have:
q(A) = 1lef£(w,X),
Eq. (I78) e X),
= @) -\ @),
T f@).
Hence,

But, from Theorem [17.3],
q(A) < f(x), for all T feasible.

Thus, X solves the dual problem. |

We have shown here that if T solves the OP, then if a A can be found such that (Z, A) solves the

KKT conditions, then X is a solution of the dual problem. That is:

 solves the OP and -
@ X —> A solves the dual problem.
x

) solve the KKT conditions
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We would like to be able to go the other way around:

T solves the OP and o , .
— (T, ) satisfy the KKT conditions.

X solves the dual problem

We show this now, under some extra assumptions:
Theorem 17.5 Suppose that the following conditions hold:

e f and —c; are convex and continuously differentiable;
e T solves the OP and the LICQ hold at x;
e )\ solves the dual problem;

inf,L(x, \) is attained at &;

L(, X) is strictly convex.

Then:
Proof: Assume for contradiction that & # . Since T is a minimizer, it satisfies the KKT conditions.
So there exists a XA > 0 such that:

c@E N D 3 = ) = L@, N). (17.9)
Here, we have used the following fact:

T = arg min, L(x, X),
from the theorem statement. Hence:
V.L(Z,A) = 0.

By strict convexity of L(-, X) we have:

®)
>
B
|
8

L(E,N) > L(Z, )+ (V. L(

Hence,
LE,N) > L(Z,\)
But £L(z, X) = L(Z,\), by Equation ((I7.9). Hence,

L(E,N) > L(Z,N).
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Since f(x) = f(x), this gives:

_<A7 C(E» > _<X7 C(f»
The RHS is zero, by the complementarity condition (KKT5). Thus,

(A, e(T)) < 0.

Since A > 0 and ¢(x) > 0, this is a contradiction. Hence, T = &, as claimed. |



Chapter 18

Global Optimization via Simulated

Annealing

Overview

So far — when looking at solutions of the unconstrained OP, @, = arg min f(x), we have been
concerned with iterative methods that stop when a local solution is found. Such methods do not
distinguish between a local minimum and the global minimum. Therefore, in this Chapter, we look
at one particular method that can find a global minimum. This is called Simulated Annealing,

and is inspired by ideas from Physics.

18.1 Physics

Imagine a system with n continuous degrees of freedom. The ‘phase space’ of the system is R".
Suppose that the system'’s energy is E(x), this is a function that maps states in the system (vectors
in R™) to real numbers. The probability that the state of the system is to be found in a small region

of phase space of volume d™z, centred at x is:
dP = p(x)d"x,
hence, p(x) is a probability distribution function, with unit normalization:

/np(a:)d"w _1

149
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The energy of the system is therefore:

E= / E(x)p(x)dnz.

The entropy of the system is given by the Botlzmann formula:

S =— /np(ac) log p(x)d"x.

18.1.1 The Boltzmann Distribution

W seek to maximize the entropy while maintaining the average value of the energy at a constant

value, E = [ E(z)p(x)d"xz. Hence, we maximize the function

S=— / p(x) logp(x)d"z — B ( / E(x)p(x)d"z — E) +a ( / plx)d"e — 1)

(we omit the subscript on the integral from now on, as the region of integration is clear). We

compute 5S:
65 = —/[logp(w) + 1] op — B/E(zc)épd”:c + Oz/épd"x.
We require: B
6S
2 —o.
op
Hence:
logp=—0F +a—1,
or p(x) = e*"le PE(@) The Lagrange multiplier o can be eliminated by imposing that [ p(z)d"z =
1, hence:
P@) = T Arwdng
We identify:
7 = /eﬁE(w)dnm.
Hence,
o PE(x)
p(x) = 7 = pr(E(x)). (18.1)

Equation ([18.1]) describes the Boltzmann Distribution. The parameter /3 is the Lagrange multiplier
that enforces the constant average energy. We further identify 7" = 1/ as the temperature, hence:

o= E(@)/T

p(@) = ——F— = pr(E(x)), (18.2)
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where pp(E) = e PE/Z.

Furthermore, we have:

Smaa; = _/p(w) 10gp($)d$+0,

o BE()
— - [ P - 0g ).

= BE +logZ.

Also,
Odlog Z

T _
98

and

aSmaac _8/8 a
OF PrEoE T o84
—0p OdlogZ 0p
= E—_ —_—
PHESET o5 o
=08 = 0B
B+ aE+( )8E’
= B,

which gives the fundamental temperature-entropy relationship:

asmaa:

1
T oFE

18.1.2 The Quench

As the system is cooled to zero absolute temperature (the ‘quench’), the Boltzman distribution tends
to a delta function centred at the minimum energy. Assuming a unique global minimum, there is
therefore only one allowed state at zero temperature (the minimizer). Hence, the system entropy

also tends to zero. Furthermore, the mean energy E tends to the minimum value:

E— E. i, as T — 0.

The idea of simulated annealing therefore is to view optimization of a cost function E(x) as equiv-
alent to the process of quenching a physical system to absolute zero temperature. The physical
energy tends to zero if and only if the cost function E(x) attains the global minimum. Thus, the
challenge for a simulated-annealing algorithm is to simulate the quench of the physical system to

absolute zero.
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18.2 Simulated Annealing — Algorithm

The idea in Simulated Annealing is to start with an initial ‘temperature’ T; and an initial guess for
the state of the system x(®). A proposal to move the system into a new (") is generated, using
random-number generation. This mimics the stochastic nature of real physical systems (‘Brownian
Motion'). If the proposed new state reduces the cost function, it is accepted with probability 1.
Thus, let:

D — E(a:(l)), E© = E(z), AE = ED _ gO)

If AE < 0, the updated guess decreases energy (cost function), and is accepted. However, to stop
the system from getting stuck in a local minimum, a proposal that increases the energy will from
time to time be accepted. Hence, if AE > 0, we accept the proposal (which increases the energy)

with a probability given by the Boltzmann distribution:

1, if AE <0,

P (Accept z® — :13(1)) =
e AE/M if AE > 0.

We also denote this transition function by h(AFE). We continue thus, for a certain number
of iterations, whereupon the temperature is lowered to 73, and the algorithm continues again.
The method for lowering the temperature after a set number of iterations is called the annealing

schedule.

18.2.1 Detailed balance
The SA schedule satisfies detailed balance, in the sense that:

Without the change of temperature, detailed balance is sufficient to establish that all states of the
system can be sampled. With the change of temperature, all states of the system can still be

sampled, however, this must be done carefully and gradually.
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18.3 Statement of Algorithm

Algorithm 7 Simulated Annealing Algorithm

Choose an initial guess (). Initialize x = x(?.
Select the temperature change counter k =0
Select a cooling schedule T},
Select an initial temperature T'="Ty > 0
Select a repetition schedule M, that defines the number of iterations executed at each temper-
ature 7},
while Stopping criterion is not met do
Set repetition counter m = 0
while m < M, do
Generate a new state x’
Calculate AE = E(x') — E(x).
If AE <0, accept the new state, & + «’ with probability 1.
If AE > 0, accept the new state, « < ', with probability e=25/Tk.
m+—m+1
end while

end while

The algorithm results in My+ M +- - -+ M, total iterations being executed, where k corresponds to
the value for T} at which some stopping criterion is met — for example, a pre-specified total number
of iterations has been exceeded, or a solution of a certain quality has been found. In addition, if

M, =1 for all k, then the temperature changes at each iteration

A sample (very simple) Matlab code to implement the algorithm is shown in the following code

listings.

function [best_x,best_E,x_vec, E_vec]=mySA0()

% Function for computing the global minimum of
o
%

% y=sin(x)/(x"2+10);

% Initialize x

O N oD W N

x=5;

-
o ©

maxit_outer 250; % Maximum Number of Iterations

-
=

maxit-inner 15; % Maximum Number of Sub—iterations

=
W N

T0 = 1; % Initial Temperature

-
o

alpha = 0.95; % Temperature Reduction Rate

-
3]

% Initialize temperature:

o
~N o

T=T0;

=
1%




154 Chapter 18. Global Optimization via Simulated Annealing

19 % Initial energy:

200 E=my_cost_fn(x);

21

22 best_E=E;

23 best_x=x;

24

25 ctr=1;

260 x-vec=0#%(l:maxit_outerx*xmaxit_inner);
271 E_vec=0x(l:maxit-outerx*xmaxit_inner);
28

29 for k_outer=1l:maxit_outer

30

31 for k-inner = l:maxit_inner

32

33 % Generate new guess using a normal distribution:
34 x-new=normrnd (x, 2*T, 1);
35 E_new=my_cost_fn (x_new);

36

37 delta_.E=E_new—E;

38

39 % If delta_.E <=0, then accept the new guess with probability 1.
40 if(delta E<=E)

41| X=X-new ;

42| E=E_new;

43 else

44 % If delta_E >0, then accept the new guess with a probability
45 % exp(—delta_E/T).

46|

47| prob = exp(—delta_E/T);
48 if(rand <= prob)

49 X = X_new;

50 E = E_new;

51 end

52 end

53

54 if (E<best_E)

55 best_E=E;

56| best_x=x;

57| end

58

59 x-vec(ctr)=x;

60 E_vec(ctr)=E;

61 ctr=ctr+1;

62|

63 end

64

65 % Update the temperature:

66| T = alphaxT;

67| % T=5/(log(k-outer)+1);

68

69 display(strcat('outer iteration=',num2str(k_outer),’'; best value=',num2str(best_.E),’; best x=',num2str(best_x)));
70

71 end

72

73 end

74

TG Yo sk ok ok sk ko ok ok o sk ok ok kK ok o koK o o o K KR K oK oK o KR S o KK K o o K o ok o R K R o K K K o o K K o K K oK o KK oK o K K K R K
76|

77  function y=my_cost_fn(x)

78 % y=(x—1)"2

79 y=sin(x)/(x"2+10);

80 end

The updated guess is selected to be a random perturbation away from the current guess, with the
perturbation chosen from a normal distribution, the standard deviation of which is 27", where T is
the current temperature. This is then related to the annealing schedule T}, = Ty /(In(k) + 1), more
details of which are discussed in the final section below. Other annealing schedules are possible, for

instance, Ty.1 = aT}, where 0 < o < 1, the main idea here is that the temperature is gradually
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Figure 18.1: The cost function with multiple local minima; the SA algorithm successfully picks out
the global minimum

lowered as the algorithm converges to a global minimum. Finally, results of running the algorithm

are shown in Figure [18.1; the algorithm successfully picks out the global minimum.

18.4 Annealing Schedule (Boltzmann)

In this section, we assume that new proposals are generated using random-nummber generation: if

a1 is the new proposal and x is the old proposal, then:
x1 ~ N(xg,0p),
where, for the present purposes, o; is taken to be T}, hence
or = /T

This approach is referred to as Boltzmann annealing, it is different to the numerical algorithms

used in previous sections where o}, was taken to be 27}, (fast annealing).

The probability that the new proposal is in a region R of phase space is:

P(New proposal in R) = / p(x)d"z,
R
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where
1 2 2
— —llz—=0l3/20%
p(w) (271_0_]%)” Qe
We propose an annealing schedule T
Te< ot (183)

where Ty is a parameter that is ‘sufficiently large’. Thus, the aim of this section is to show that this

is a ‘good’ annealing schedule, for Boltzmann annealing.

For this purpose, we look at the probability g that the new proposal is to be found in a small volume

AV around the global minimum, we denote this region by R(x,, AV):
gr = P(New proposal in R(x., AV)).

Hence,

gL = / p(x)d"x.
R(x«,AV)

We have:

gr = P(New proposal in R(x., AV)),
1

—||xe— 2/262 1n
= T ey
1 /x*l-l—Ax/Q ) 5
= |— —(z1-201)*/20% 4
€ 1| X
[(27“7;3)1/2 ra1—(22/2)

: / e ( )2/202
X | s e \FnmTon) 2% dgp |
2ma) V2 o —(aa/2)

1 2 2 1 2 2
—(we1—201)? /20 ~(wen—0n)? /20
&27”%)1/2(3 101 kA:E:| X X [(27“713)1/26 0 FAx|

(Az)"
AT
_ (A%emwon%/zaz
2woy)" ’

Q

—||lx—x0]||2 /202
o—lles—woll3/202

where we have used the Trapezoidal Rule,

a+Az/2
/ f(x)da ~ f(a)Az,

—Az/2

valid for smooth functions.

As it turns out, it is better to look at the probability that the new proposal will not be within AV

of the global minimum, this will be 1 — g;. Thus, the probability that the new proposals will never
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be within AV of the global minimum is:

[T =90

k

It now suffices to show that the probability [ ], (1 — gx) tends to zero, as the number of temperature

updates tends to infinity; this will establish that the probability of generating the global minimum

tends to one:

To Show: H(l —gr) — 0, as k — oo.
k

We can take logarithms on both sides, then we have to show:

To Show: Zlog(l — g) — —00, as k — oo.
k

As gy, is pre-multiplied by an arbitrary factor AV, we take AV sufficeintly small, such that log(1 —

gk) = —gg, by Taylor approxmimation. Thus, it suffices to show:

To Show: ng — 00, as k — oo. (18.4)
k

Hence we need to show:
ng — 0, as k — oo,
k

1 2
E (— — [l =03/ (2Tk)
or : (2 k)"/Qe 2 — 00, as k — oo,

k

We choose Ty ‘sufficiently large’, specifically:

_ 2
. — @l _ |
2Ty -

In the ‘tail" of the series, with & > kg, we have:

o0 o0

Z [(10g k})n/2] o~ (log k)[|lz.—ao||3/(2To) > Z [(10g k)n/2] e—(logk)7
ke=ko k=ko
> Z [(10g k)"/Q] %7
k=ko

Z i%:ooa

k=ko
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where the result here is a divergent series because the harmonic series Y 7~ (1/k) is the divergent
harmonic series. Thus, the sum in Equation ({18.4)) diverges, as required. This establishes the result
that the annealing schedule ((18.3]) will converge to the global minimum, albeit that infinite iterations

may be required.



Chapter 19

Introduction to Artificial Neural Networks

Overview

We introduce the idea of Artificial Neural Networks as a particularly efficient way of approximating
a function, given some training data. We outline how the function can be fitted to the data —
referred to as training, and we show how the fitting amounts to an optimization problem involving
gradient descent. The computation of the gradients is made very efficient by way of so-called

back-propagation.

19.1 Context

Consider for example an input vector x € R? (components z; and x5). We have in mind here
a classification problem, where each & € R? is associated with some Type A or Type B. Hence,
y(x) = (1,0)7 for type A and y(x) = (0,1)7 for type B. It is then desired to find find the ‘decision

boundary’, which is a curve in space separating regions of type A from regions of type B (see
Figure [19.1)).

In applications,  could be latitude and longitude, and

(1,0)T if x is mineral-rich,
y(z) = (19.1)
(0,1)T if = is mineral-poor.

A curve enclosing mineral-rich regions then tells us where mineral exploration should occur. In precise
terms, this would be the contour where y;(x) = y»(x). Deriving such a curve will require data —
which would be obtained by taking samples from various places and determining if the samples are

mineral rich or poor. This is the training data. Say samples are taken at points @1, - - - , & locations

159
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X2

Y ©)
\\ O O O
' Type B
Type A \\\
X \\ ..
X . Decision Boundary
x X \
X .
X

x

Figure 19.1: Classification problem, with training data.

yielding scores y1, - - - , yn. Recalling the formulation in Section 1, we fit a functional form

Y= f<w7p)7

to the training data, where f is a function f : R? — R2, and p are parameters. We then estimate

the parameters by minimizing the loss function

Lp)=1>"|If(@:p) —wils5. (19.2)
=1 7,

=C;(p)

In this way, we reduce the problem of Machine Learning to solving VpE = (0. This is a standard
unconstrained optimization problem, so it is relatively straightforward to solve. For instance, using

steepest descent, we have the following iterative scheme:
p" =p" —nV,L(p"), (19.3)

where 7 is the stepsize — called the learning rate in ML.

Leaving aside the poor convergence rate of Steepest Descent, a problem with line search is the
computation of the derivatives fo. It's not a problem of there is a simple analytical formula for
L, and if the number of parameters is small. But if the number of observations n is in the billions
and the number of parameters is in the millions (as in modern data-science problems), then this is
a huge issue. So the point of departure for Machine Learning, away from ‘traditional’ regression
models and non-linear least squares, is the speeding-up of the computation of VpZ. This is done in

two complementary ways:
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Input 1 = 24 Output 1 =y

Input 2 = x5 Output 2 = 4

Figure 19.2: Sample ANN with two hidden layers

1. A particular choice of f(x;p), which enables the extremely efficient computation of the deriva-
tives VpE;
2. Stochastic Gradient Descent.

We look at the first point here, and postpone discussion of Stochastic Gradient Descent to Chap-
ter 201

19.2 Artificial Neural Networks

Artificial Neural Networks (ANNS) enable the extremely efficient computation of derivatives of
VpZ, and hence, represent an extremely efficient form of numerical optimization. The idea is to

approximate f(x;p) by a composition of:

e Activation functions;

e Linear functions — so-called weights and biases.

This idea was originally proposed by Frank Rosenblatt [7] as a model of how the human brain works
— as a network of nodes which are either on or off (‘neurons’), and connections to nodes (‘synapses’).
A small neural network for the classification problem ({19.1)) is shown in Figure m

The idea is to model y(x) as a composition:

i. The input layer (first layer) aV) = x ...

ii. Gets transformed according to:
22 — W@agM L p@
iii. Which is then moved to the second layer and activated according to:

a? =o(z?) ..
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iv. Which is then transformed according to:
26— I ®a® 4 p®)
v. Which is then moved to third layer and activated according to:
a® =o5(z%) ...
vi. Which is then transformed according to:
20— @@ 4 p@)
vii. Which is then moved to the fourth layer and activated according to:
a® =g (zW).
viii. As the fourth layer is the output layer, we have y = a¥.
A few observations are in order.

e The matrices W& WG WM vectors 22, 23), 24 etc. all have a well-defined dimension.

In particular:

— 5(n).

A= R?, 2® ¢ R3, 2 e R2.
- W

W(Q) c RQXS, W(3) c R3X2, W(4) c R2><2'

- b

b? c R?, b® c R3, bW e R2.
— a™-

a? e R?, a® e R?, a® e R%.

e o(-) is defined element-wise, such that

U((al’... ’%)T) =

for all (ay,- -+, a,)T € R™
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Putting all this together, we have:

y(x) ~
= a(W<4> +b<4>)
. ( a® & b®) + ]
_ . {W Do (WOa® 4 b2) 4 5] + b(4>}’

= {W o (W (WPz +b®) + 3] + b(4)}.

Thus, the function f which models the relationship y = f(«, p) is obtained as a composition of

linear transformations and activations functions, specifically
flx,p) = a{w<4>a (W (WP + b)) + 53] + b(4)},
where the parameters are
p= {W(2), W ww p@ p®), b(4)}.

Going back up to the list of dimensions of the various matrices and vectors, we wee that there
are 23 different parameters. This means there are 23 different (highly complex) partial derivatives
VpZ to compute, which is an immense computational task. To simplify this task, we look at

back-propagation.

19.3 Back-Propagation

The idea of back-propagation is that the derivatives VPEN can be computed iteratively for an ANN,

using the Chain Rule. To see this, we will go over to explicitly computing

ac e
O (0’
o’ oW}

where ¢ is labelling the layer, with ¢ € {2,--- L}, and we suppress the subscript i on the cost-
function component C;(p). We let:

50 = 90

J 82](4)

We also introduce the Hadamard pointwise multiplication of vectors:

(xOY), = vy, for all ,y € R".
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We have the following theorem:

Theorem 19.1 The following expressions for the partial derivatives are true:

5D = (z0) 6 (o) — g) (19.4)
8" = o(z9) e [(WHD)TsE], (19.5)
fort € {2,---,L—1}, and:
oC ¢
= = 50 19.6
o = (196)
oC 0 (-1
_ 50D, 19.7

for (€ {2, L}.

Proof: We prove each of these statements in turn. We start with:

s _
J 82](-L) )
9

- So{Hir@ - vz},

J

Here, properly, we should write f(x; p) for the approximating function and y; for the i*" observation;

however, we suppress these indices for brevity. Hence, we have:

o) = ajL> > (fal@) fal@) = fal@)ya+ ),
= Sl -l L,
= Slhle) ) e

Continuing thus:

2
0
0 = 3 [fal@) = ya] — 50 (2),
a=1 0z
2 0
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Hence, Equation (|19.4) is shown.

Next, we have:

Chain Rule

Hence, in vector form:

80 = o'(z0) @ [(W(e+1))T 5(@1)} ‘

Hence, Equation ({19.5)) is shown.

Next, we have:

But

Hence:

ocC
924"

J

<« ac 9
6Z§+1 az(ﬁ) )

a=1 j
Ne+1
oC Py
Zaz(éﬂ ) 9% (z) Z aB s Zﬁ
Ne+1 (Z 1) (£+1) (Z) 82[8
+ /
S S W o ) 2
a=1 ,3—1 9z,
Net1
25(e+1 Z é—i—l o'( 553
Ne41
Z+1 Y4
> AW )
Me+1
ZJ/(Z(Z)) [(W(Hl)) 6(€+1)] '
J .
J
a=1

oC oC 92"
o azla O opD

20 = [WOo(2ED)) 4 b0

32((1@
© —
ob;

— Yaj,

+b

(£+1)
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and:
oC L oC
i 5o
5 = D@
! — 920
e
PROS
_ s®
= 4\,
Hence, Equation ({19.6]) is shown. |
Finally, we have
oc "Z oc 9z{
0 ] 0
owy) ol owly
But
20 = [V[/(f)g(z(ﬁ—l))]a4_5((15)7
Ne—1
= ZW;?U(ZEE_I))—Fbg).
5=1
Hence:
9z -— -1
= 000 O'(Z( ))
5 = D dadmolz ),
oW, =
-1
= duyolz ),
-1
= 6aja§- )
So, back to:
aC 290 9z
a0 a0 At 0
ows) o owl)
ng
oC (t—1)
- 3
YA (&%) i Y
a=1 a ‘(X)
S (t-1)
z —
= Y 6V0aa5 ",
a=1
_ 5O (£=1)
= 5j a; .

Hence, Equation ({19.6)) is shown. This completes the proof of Equations ((19.4)—(|19.7)). |
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Instead of the Hadamard product, we introduce diagonal matrices,

0’(29) 0 e 0
0 o' (49) 0
D(Z) _ 2 e Rngxng.
0 0’(7:%))
Hence, Equations ((19.4)—(19.5)) can be re-written as:
8P = DU (a® —y), (19.8a)
5O = DO (WENFEY e L1}, (19.8b)

Hence, we can telescope these products to get:
50 = p (W(ZH))T ... D& (W<L>)T DW () — y).

Also to note, from Equation (|19.7)) we see that 8C/€)Wj(,? is a matrix which can be formed from

an outer product:

oC
oW

— 6([) ® a(f—l) 6 Rngxng’

with components

19.3.1 Pseudocode

See Algorithm [19.3.1]
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Algorithm 8 Backpropagation Algorithm
1: Input: Training data {* and y(xt*}, with k € {1,2,--- ,n}.
2: Output: Weights W and biases b, with [ € {2,---, L}.

3: for counter = 1 to Nj, do

4: Choose k& uniformly at random from {1,2,... n}
5: x{*} is current training data point
6: alll = g}

Forward pass
7 for | =2to L do

N 21— i1 4 pll
9: all = o(2l)

10: DU = diag(o'(211))
11: end for

Backward pass
12: o1 = DI (@l — (2F}))
13: for | = L — 1 downto 2 do
14: oll = pU(W T sl+1]
15: end for

16: for | = L downto 2 do

17 Wl = Wil g 50 (gh-1)T
18: bl = pll — g0
19: end for

20: end for
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19.3.2 Results

We take the training data in Figure [22.3| and attempt to construct a decision boundary separating
type A and type B, using an ANN with the network architecture shown already in Figure[19.2, We

1 _
0
08¢
06 o
< °
0.4 o =
a
0.2} - o
o
0 i i i i i
0 0.2 04 0.6 0.8 1
X

Figure 19.3: Training data for the ANN

use the Matlab code from Reference [6] (specifically, netbp.m). This is a basic instructional code,
and the network architecture is ‘hard coded’, meaning that the forward and backward sweeps are
very explicitly specified, without what would be a very obvious use of ‘for’ loops. However, the
results of this exercise are impressive, and are shown in Figure — Figure [19.5]  Once the
network has been trained and the optimal values of the weights and biases have been found, it is
necessary to evalualte the approximate cost function f(z1,z2) € R? at each point in [0, 1] x [0, 1]
and hence to construct the decision boundary fi(x1,z5) = fo(x1,22). We have developed our own

code for these purposes, shown in the listings at the end of this section.

19.3.3 Comparison with built-in method

We compare the results in Figure [19.4] with the results of implementing Matlab’s built-in functions
for training artificial neural networks. The results are qualitatively the same but not quantitatively

the same. The reasons for this are manifold:

e As the cost function is not convex in the vector of parameters, there is not necessarily a single
global minimum. Matlab's optimization algorithm therefore has its own stopping criteria,

which will come into effect when the cost function is close to a local (possibly non-unique
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087

067

047

0.2¢

Figure 19.4: Decision boundary obtained using the ANN. Step length for the SGD algorithm: n =
0.05. Number of iterations: 10°.

minimum), which may be different from the local minimum found using the hand-coded
method.

e Indeed, Matlab’'s method (as with the hand-coded method) is stochastic, in the sense that
the initial conditions are selected at random, and (if used) the stochastic gradient-descent
algorithm samples different regions of parameter space each time it is used. Therefore again,
Matlab's optimization algorithm may be converging to a local minimum different from the
local minimum found using the hand-coded method.

e It might be best to compute an average decision boundary, averaged over many instances of

the neural network.
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100

10-2 L

Cost Function

0 2 4 6 8 10
# lterations «10°

Figure 19.5: Decay of the cost function as a function of iteration number

Figure 19.6: Decision boundary obtained using the ANN. ANN generated using Matlab's
feedforwardnet function. Training with Matlab's train function. Options selected to maxi-
mize agreement with hand-coded ANN. Listings at the end of this section.
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19.3.4 Listings

function [X,Y,Fx,Fyl=plot_decision_bdy ()

temp=load(’costvec.mat’);

b2=temp.b2;
b3=temp.b3;
b4=temp.bd;

W2=temp.W2;
W3=temp.W3;
W4=temp.W4;

xx=0:0.01:1;
yy=0:0.01:1;

X=zeros (length(xx),length(yy));
Y=X;
Fx=X;
Fy=X;

for i=1:length (xx)
for j=1:length(yy)
x1_val=xx(i);

x2_val=yy(j);

x=[x1_val,x2_vall’;

% Forward pass

a2 = activate(x,W2,b2);
a3 = activate(a2,W3,b3);
a4 = activate(a3,W4,bd);

Fx_val=a4(1);
Fy_val=a4(2);

X(i,j)=x1_val;
Y(i,j)=x2_val;

Fx(i,j)=Fx_val;
Fy(i,j)=Fy_val;
end

end

contour (X,Y,Fx-Fy,[0 0],’LineWidth’,3,’color’,’black’)
hold on
% Overlay with training data:

[x1,x2,"]=saved_training_data();

% First five training data are type A - label as circles

for i=1:5
z_point=x1(i)+sqrt(-1)*x2(i);
plot(z_point,’0’,’Color’,’blue’,’LineWidth’,3)

end
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% First five training data are type B - label as squares

for i=6:10
z_point=x1(i)+sqrt(-1)*x2(i);
plot(z_point,’sq’,’Color’,’red’,’LineWidth’,3)

end

xlabel (’x_17)
ylabel (’x_2")

set (gca,’fontsize’,16)
grid on

axis equal

set (gca,’xtick’,0:0.2:1)
set(gca,’ytick’,0:0.2:1)
hold off

drawnow

[x1,x2,Y¥d]=saved_training_data();

n=length(x1l);

Xd=zeros (2,n);

for i=1:n
Xd(1,i)=x1(i);
Xd(2,i)=x2(i);

end

net = feedforwardnet ([2 3]);
% Default optimization method:
% Levenberg-Marquardt (default, fast for small to medium problems)

% Set training function (backpropagation wvariant)

net.trainFcn = ’traingdx’;

% Default transfer functions:

/% Hidden layers use tansig and output layer uses linear.

net.layers{1}.transferFcn = ’logsig’;
net.layers{2}.transferFcn = ’logsig’;
net.layers{3}.transferFcn = ’logsig’;

% net.layers{4}. transferFcn = ’logsig’;

% Training -validation split:

net.divideParam.trainRatio = 1.0;
net.divideParam.valRatio = 0.0;
net.divideParam.testRatio = 0.0;

net.trainParam.epochs=100000;

net.trainParam.min_grad = 1e-10;

% met = configure(net,Xd,Yd);
net = train(net,Xd,Yd);




Chapter 20

Machine Learning: Mathematical Aspects

Overview

In the previous chapter we saw how training a neural network amounts to solving an optimization
problem via the method of steepest descent. The computation of the gradients is rendered very
efficient by means of back-propagation. In this chapter we look at how the training can be further
accelerated using the Stochastic Gradient-Descent Algorithm. We also look at the issue of which

functions are well approximated by a neural network.

20.1 Stochastic Gradient Descent

To recap, we recall the loss function introduced in Chapter [I9;

Lp) =13 | f(@ip) — w3 (20.1)
=1 7,

=Ci(p)

To minimize the loss function ([20.1)), a method of steepest decents was proposed, with derivatives

computed via back-propagation:
p" T =pN =V, L(pY). (20.2)
Now, because the loss function , is a sum of squares, we can identify:
L(p) =1 zn: C(p; i, yi), (20.3)
i=1

174
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where the functional form f is assumed to be given and the parameters p are unknown. This will

also be written as: .
Llp) =1 Ci(p). (20.4)
=1

Thus, the SD method (20.2)) becomes:

1 n
N+1 _ N - (aaT
SRR Sl 205

The idea of stochastic gradient descent is to randomly choose an integer between 1 and n (say i),

and to replace Equation ([20.2]) with:
P =p" —V,Ci(p"). (20.6)

For n sufficiently small, this still leads on average to a reduction in the loss function over many

iterations.

To see this, take:

LMY~ LpY) = LY —nVCi")) - LpY),

J#i
Hence,
~ 5 n n n
L) = £(p™) = =21V Cyy(0°) = 29, (o)) = -+ = v e, (o)
ANgB
2 [ngcxp )-VC.(p >],
a=1 JFia 5
where each i, € {1,2,--- ,n} is an integer drawn at random, with replacement. The idea is that

the term in the underbrace contains a large number of dot products of random vectors, which are not
aligned, and hence, ‘should’ average to to zero, over a large number of iterations N — oo). This
can be made precise using stochastic differential equations. Notice that the Stochastic Gradient
Descent (SGD) does not reduce the cost function from one iteration to the next; the reduction only

happens on average, over a large number of iterations.
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20.2 SGD with Momentum

To speed up the SGD algorithm, SGD with momentum can be used [8]:

m" = pm '+ (1 - B)VCi(p"), (20.7a)
p"t = pV —ym". (20.7b)

where m® is the momentum, 3 € [0, 1) is a another parameter, and m° = 0 is the initial momentum.

Notice that 5 = 0 gives back ordinary SGD.

Remark: Equation (20.7)) closely resembles a Hamiltonian system:

with Hamiltonian

hence
de(t) O0H dm(t) 0H

dt om’ dt oz

Performing a temporal discretization on these equations gives:

2T =N+ Atm”, mY =m" ! — AtvC(zV).

20.3 Universal Approximation Theorem
In this section we seek to approximate the function
f(z) = sin(x) 4+ z cos(3z) — 0.1 cos(10x) (20.8)

using an ANN. The strategy is to use a shallow neural network, with one hidden layer:

e Input layer, x
e Single hidden layer, N neurons, sigmoidal activation functions;

e Qutput layer with linear activation function.
Then, the compositions described in the previous chapter simplify:

N
Y= Z w£2)a(w§1)x + bz(»l)) : (20.9)

=1

J/

=gn(x)
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Thus, we are approximating f(x) as gy(z):

Here, we try to make this approximation precise. First, a worked example.

20.3.1 Example

The function (20.8)) is plotted in Figure [20.1} on the interval [—m, 71]. Next, the function (on the

Figure 20.1: Training data for the ANN

same interval) is approximated by a sequence of functions of type gy (z) (see Equation ([20.9))),
for various values of N. As N increases, the approximation gets better and better (Figure .
Here, the approximation (20.9)) is a simple ANN with a single hidden layer. The biases in the
output layer have been forced to be zero. The ANN is trained on the function itself, since this is
known — the function is sampled at discrete points {x;},_4 to yield values {y; = f(x;)}%, which
provides the training data. Listings for the training of the artificial neural network are provided in
Section 21.3] We can also visualize the functions represented by the various trained neurons for
N =10 (Figure 20.3).

20.3.2 Universal Approximation Theorem

The previous numerical exercise is made more precise by the so-called universal approximation

theorem.
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Figure 20.2: Result of fitting an artificial neural network to a function. The training is carried out

on d = 100 datapoints, sampled evenly in the interval [—m, 7w|. The value N labels the number of
neurons in the hidden layer.

Theorem 20.1 Let I = [0,1] and let f : I — R be any continuous function on I, equipped with

L> norm || f|lec = sup,c; |f(z)|. Let € > 0 be given. Then there exists a positive integer N and a
function gy (x) of the form:

N
gn(x) = cio(wix + by), (20.10)
=1
such that
lgn(z) — f(@)]lo <€ (20.11)

The result extends to functions f : [0,1]? — R. The result also extends to arbitrary intervals [a, b],

by rescaling. The results also extend to other types of activation function (other than sigmoidal),
so in the next chapter we investigate these in more detail.
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Figure 20.3: Result of fitting an artificial neureal network to a function. The training is carried out
on d = 100 datapoints, sampled evenly in the interval [—7, 7w|. The value N labels the number of

neurons in the hidden layer.



Chapter 21

Activation Functions; Over-Fitting

Overview

In this chapter we look at other topics in Machine Learning: Activation Functions, and how to avoid

Over-Fitting.

21.1 Other Activation Functions

Until now we have assumed that the activation function o(x) is a sigmoidal function. Depending

on the application, different activation functions are possible. Here, we go through them all in turn.

21.1.1 Heaviside Step Function

1, >0,
H(z) = (21.1)
0, =z<0.
See Figure 21.1]
H(x)

Figure 21.1: The Heaviside Step Function

180
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o(z)
%
1
T I T T T x

Figure 21.2: Sigmoid activation function

21.1.2 Linear Activation Function
lx) ==z (21.2)

e Pros: Continuous and smooth;
e Cons: As the composition of a linear functions is still linear, the approximating function is

linear — back to linear regression!

21.1.3 Sigmoid

The one we have been using so far:
o(z) = . (21.3)

See Figure [21.3]

e Pros: Continuous and smooth;
e Cons: Derivative o'(x) = o(z) [l — o(x)] vanishes far from zero only, derivative has only

positive values (creates issues in training).

21.1.4 Tanh

et —e™”
tanh(z) = ———. 21.4
anh() = S (214
See Figure 21.3|
e Pros: Continuous and smooth, outcome is symmetric with respect to zero;
e Cons: Vanishing derivative, for |z| large.
21.1.5 Rectified Linear Unit
x, x>0,
ReLU(z) = (21.5)
0, =<0.

See Figure [21.6]
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tanh(z)
1 4
x
11
Figure 21.3: Tanh activation function
ReLU(z)
x

Figure 21.4: RelLU activation function

e Pros: Fast to compute

e Cons: Derivative is zero for negative inputs.

21.1.6 Parametric Rectified Linear Unit

xr, x>0,
PReLU(z) =
ar, x <0,
where v < 1. See Figure [21.5]
e Pros: No zero gradient

e Cons: Could depend heavily on choice of «.

21.1.7 Swish

See Figure [21.6]

e Pros: Smooth, outperforms ReLU for image classification problems [9].

e Cons: Expensive to compute, non-convex.

(21.6)

(21.7)
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PReLU(x)

Figure 21.5: Parametrized ReLU activation function

Figure 21.6: Swish activation function
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21.2 Avoiding Over-Fitting

Overfitting:

e Network performs very accurately on the given data;

e Network does not generalize well to new data.
Reason — the fitting process has focused too heavily on unimportant and unrepresentative features
in the data. Methods for avoiding over-fitting are listed below.
21.2.1 Regularization

In regularization, a penalty is added to the cost function, to penalize over-fitting. Possible penalties

include:

e [L? regularization:

Rw) = ARpa(w),  Rps(w) = 43" [ul] ’ (21.8)

1,54

e L! regularization:

R(w) = AR (w), Rpi(w) = Z ’wg) (21.9)
irj,0
e Elastic-net regularization:
R(w) = nRr2(w) + (1 — n) R (w) (21.10)

Here, 7 and A are tunable hyperparameters.

Remark: In L' / elastic net regularization, the cost function is no longer differentiable at wg) =0.
To solve an Optimization Problem using such a cost function, it is necessary to increase the size
of the parameter space, and to turn the problem into a constrained Optimization Problem (See
Chapter [12] for the idea).

21.2.2 Training / Validation
Another option is to split the given data into two district groups:

e Training data is used in the definition of the cost function that defines the optimization

problem. Hence, this data drives the process that iteratively updates the weights.
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e Validation data is not used in the optimization process — it has no effect on how the weights
are chosen. Instead, the validation data is used only to judge the performance of the current
network. At each step of the optimization, we can evaluate the cost function corresponding
to the validation data. This measures how well the current set of weights is performing on

unseen data.

Intuitively, overfitting corresponds to the situation where the optimization process is driving down
the cost function, but the cost function evaluated on the validation data is no longer decreasing
(so the performance on unseen data is not improving). It is therefore reasonable to terminate the

training at a stage where no improvement is seen on the validation data.

21.2.3 Dropout

Look at Figure [21.7| showing the architecture of a typical neural network. This is a large, dense
(portion) of a network, which may overfit the data. Therefore, at each epoch in the training, each
node is removed with probability p. Then, for that epoch, the optimization solver is run on the
remaining network. At the next epoch, a different set of neurons is removed (again with probability
p), and another round of training is carried out. At the end of the training, when the network is
being used to make predictions, each weight and bias is multiplied by a factor of p for use on the

full network.

The philosophy behind this method is explained in Reference [10]. The idea that in a network with
n neurons, there are 2" possible sub-networks formed by removing a number of neurons (think:
there are 2" subsets of the set {1,2,--- n}). In an ideal world we would carry out an ensemble
optimization where we train each sub-model on the data and take an ensemble average to compute
the best weighs and biases — but this would be an exponentially slow (O(2") process). Drop-out

speeds up this ensemble averaging.
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Figure 21.7: Architecture of a portion of a typical neural network

Figure 21.8: The same neural network as in Figure [21.7} but with dropout applied
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21.3 Listings

function [xdi,y_true,y_interp,b_opt,wl_opt,w2_opt]l=shallowNNDemo2(N)

% data points

xd=linspace (-pi,pi,100);
yd=my_fun(xd);

net = feedforwardnet (N);
% Default optimization method:
% Levenberg-Marquardt (default, fast for small to medium problems)

% Set training function (backpropagation wvariant)

% met.tratnFen = ’traingdz’;

% Default transfer functions:

% Hidden layers use tansig and output layer uses linear.

net.layers{1}.transferFcn = ’logsig’;

net.layers{2}.transferFcn = ’purelin’;

% Zero out output layer bias

net.b{2} = zeros(size(net.b{2})); / set to zero

% Freeze the output bias so it does not change during training

net.biasConnect (2) = 0; / disables training of the output layer bias

net = train(net,xd,yd);

b_opt=net.b{1};
wl_opt=net.IW{1l,1};
w2_opt=net.LW{2,1};

xdi=linspace (-pi,pi,1000);
y_true=0%xdi;

y_interp=0*xdi;

for ii=1:length(xdi)
xd_val=xdi(ii);
y_true(ii)=my_fun(xd_val);
y_interp(ii)=net(xd_val);

end

end

Z Kok ok ok K K K ok ok ok K K K K ok ok ok K K K K Kk ok ok ok 3k K K K 5k ok ok K 3k 5k Kk K 5k ok ok 3k ok 5Kk 5K 5k ok ok 3k 3k 5k K 5K Kk ok 3k 3k 5k K K Kk ok Kk 3k K Kk Kk Kk Kk Kk kK kK
function y=my_fun(x)

y=sin(x)+x.*cos (3*x) -0.1*cos (10%*x) ;

end




Chapter 22

Convolutional Neural Networks

Overview

Convolutional Neural networks (CNNs) are typically used in image processing problems. They address
a fundamental problem in image processing: the input layer is high-dimensional. For example, if the
input layer is colour images made up by 200 x 200 pixels, then this corresponds to an input layer of
dimension 200 x 200 x 3 = 120, 000 (three for the RGB colour channels in the image). It would be

infeasible (and inefficient) to train a regular neural network on such a high-dimensional input layer.

Therefore, CNNs use special weight matrices in the hidden layers to reduce the dimensionality. These
matrices are not arbitrary, but are inspired by operations in traditional image processing. We look
at these ideas in detail in this chapter, and walk through an example where a CNN is trained on

CIFAR-10, a popular database of images.

22.1 Convolution Matrices

Consider a toy problem with an input vector © = (zy,--- ,76)" in R®. Suppose that we multiply z

by the matrix

W = . (22.1)

188
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Thus, we would have:

xr1 — Tg
X9 — X3

We=| z5—x4 | €R" (22.2)
Ty — Ty
T — Tg

Therefore, by hitting & with the matrix W, we have reduced the dimension by one. What's more,
the entries in the new vector are differences between neighbouring entries in the old vector. In this
case we call W convolution, obtained by applying the filter [1, —1] with stride length 1 — the filter

advances one place after each use.

In general, a matrix W is called a convolution if its transformation law y = Wx can be written in

general terms as a convolution:

p
Ye = TiGhi- (22.3)
n=1
In case of Equation (22.1) we have go = 1, g1 = —1, and all other g; = 0. In the following
example:
T
T2
T3
Y1 a b ¢ d T4
v2 | _ a b c d T ’ (22.4)
Y3 a b c d T
Y4 a b c d X7
s
Ty
0

the filter is [a, b, ¢, d], and the stride length is two. Because the dimension of the input vector is not
compatible with the filter length, we have padded the input vector  with an extra zero. A key
observation is that sparse-matrix calculations such as Equation ([22.4)) can be computed very quickly

using fast transform methods, which can be further accelerated using GPUs.

22.1.1 Tensors

In practice, we are applying a convolution to an input image which is effectively three matrices (one
ng X n, matrix for each colour channel). This could of course be reshaped into a long column vector
but it is more efficient to work with tensors (and the image processing tools all do this anyway).

So the input is fixed as a n, x n, X 3 tensor, and the convolution is applied as a small (e.g. 5 x5
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convolution). However, the convolution mixes colour channels, so the convolution tensor in this case
would be 5 x 5 x 3.

In a typical convolutional neural network, there are of course hidden layers. Each layer is spawned
by many different convolutions. So we could take an n, X n, X 3 input tensor, and apply NV different
convolutions each of size 5 x 5 x 3 to generate N different feature maps. These feature maps get

passed through other convolutions until the final output layer is produced.

22.1.2 Pooling

After (say) taking an input picture of size n, x n, x 3 and generating a hidden layer by convolution
with NV different 5 x 5 x 3 convolutions (filter width 5) we would have N feature maps, each of
size n, X n,. So the size of our tensors has ballooned, from n, x n, x 3 to n, x n, x N. In
order to reduce the size of the arrays to something more manageable, pooling is often applied, e.g.
2 x 2 squares of neighbouring pixels are replaced by their average value (average pooling) or their
maximum value (max pooling). So, if pooling is applied to the present example, each feature map

gets reduced in size to (n,/2) x (n,/2).

22.2 Implementation

To demonstrate CNNs, we follow Reference [6] identically. We use the CIFAR-10 dataset, which
consists of 50,000 training images (each a 32 x 32 x 3 = 3072 pixel image) that falls into exactly one
of the following 10 categories: airplane, automobile, bird, cat, deer, dog, frog, horse, ship, truck. A
further 10,000 images are used for validation. The CNN is trained on the 50,000 training images
and then tested on the remaining 10,000 validation images. All data sets can be downloaded from
the CIFAR website:

https://www.cs.toronto.edu/~kriz/cifar.html

The proposed CNN is exactly the one used in Reference [6], and consists of several blocks. Block 1
consists of a convolution layer which takes in the 32 x 32 x 3 input image and applies a 5 x 5 x 3 filter
(the three is for the RGB colour channels, and the of stride is of length 1). A total of 32 different
filters are applied, which therefore give rise to 32 different feature maps. In this way, the weights
can be stored in a 5 X 5 x 3 x 32 array. Max pooling is then applied to each feature map using
stride length two. This reduces the dimension of the feature maps to 16 x 16. A ReLU activation
function is then applied. The idea is shown in Figure [22.1 These steps can be put together as a
block in Matlab:


https://www.cs.toronto.edu/~kriz/cifar.html
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Figure 22.1: Block 1 of the proposed CNN

blockl = [
imageInputLayer ([32 32 3], ’Name’, ’input’)
convolution2dLayer (5, 32, ’Stride’, 1, ’Padding’, ’same’, ’Name’, ’convl’)
maxPooling2dLayer (2, ’Stride’, 2, ’Name’, ’pooll’)
relulayer (’Name’, ’relul’)

1;

To further blocks (block2 and block 3) are constructed as follows:

block2 = [
convolution2dLayer (5, 32, ’Stride’, 1, ’Padding’, ’same’, ’Name’, ’conv2’)
relulayer (’Name’, ’relu2’)
maxPooling2dLayer (2, ’Stride’, 2, ’Name’, ’pool2’)

1;

4 16x16x32
% 16x16x32
% 8xz8x32
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block3 = [
convolution2dLayer (5, 64, ’Stride’, 1, ’Padding’, ’same’, ’Name’, ’conv3’)
relulayer (’Name’, ’relu3’)
maxPooling2dLayer (2, ’Stride’, 2, ’Name’, ’pool3’) J 8z8z64

1;

Two final blocks (block4 and block 5) reshape the feature maps into vectors (hence, feature

vectors):

e Block 4 uses 64 4 x 4 x 64 filters, to map 4 x 4 feature maps into a 64 x 1 feature vector.

e Block 5 uses a general (fully connected) weight matrix and maps the 64 x 1 feature vector
into a 10 x 1 feature vector (10 because this is the number of classes in CIFAR-10). The

weight matrix is therefore of dimension 10 x 64.

e A final softmax operation transforms each of the ten output components z; to a number in

the range [0, 1] via the transformation:

e’
Tir— —————. (22.5)
231:1 Oef

The transformation from Block 3 to Block 4 is shown in Figure [22.2| Full details of Blocks 3-5 are

Rlxie it

&=
N AN
W ) |4 ——
b4 wira 1\;> 7

EEATURE MAPS 4

6'-I-a$—H\m.e,

Wewws : A wxa x by by
fensor

Figure 22.2: Blocks 3 and 4 of the proposed CNN

given in the following listings:

fcLayers = [

fullyConnectedLayer (64, ’Name’, ’fcl’) J Block 4
relulayer (’Name’, ’relu4’)
dropoutLayer (0.5, ’Name’, ’dropoutil’) % OPTION: Dropout added here

fullyConnectedLayer (10, ’Name’, ’fc_out’) / Block 5
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Training Progress (06-Feb-2026 19:04:16)
NA

Max epochs completed
100
06-Feb-2026 19:04:16
Elapsed tine 4min 11 sec

0

B — Training Cycle

Epoch: 450145
lieration: 22500 of 22500
500

22500

70—

NA

Single GPU
Piecewise
0005

Figure 22.3: Reduction of the cost function with each epoch of training

softmaxLayer (’Name’, ’softmax’) / Output layer uses softmaz transformation.
classificationLayer (’Name’, ’classoutput’)

1;

22.3 Results

We follow Reference [6], and train the CNN using 50,000 training data and 45 epochs. We apply
dropout on Block 4. Stochastic Gradient Descent is used for the optimization step, with intermediate
outputs shown in Figure [22.3] The training took just over 4 minutes using a 12-core AMD Ryzen
9 CPU (max clock speed: 4.4 GHz), with 192 GB RAM. The machine was also equipped with an
NVIDIA GeForce RTX 3050 GPU and an AMD Radeon GPU. However, the training used the CPU
for much of the time. When validated with respect to the 10,000 images in the test set, the trained
CNN performed with 74% accuracy (no dropout) and 76% accuracy (with dropout on Block 4).

A confusion matrix summarizes the performance of the CNN on the test data. The confusion
matrix for the case with dropout is shown in Figure . Here, the integer value in the (7, j) entry
shows the number of occasions where the network predicted category j (predicted) for an image in
category i (true). Hence, off-diagonal elements indicate mis-classifications. For example, the (1,1)
entry equal to 804 in Figure shows the number of airplane images that were correctly predicted
by the CNN, and the (1,2) shows the 14 times where an airplane image was mis-classified as an

automobile image.
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Confusion Matrix for CIFAR-10 CNN

airplane 53 24 9 5 7 1 46 29

10 b 3

automobile

bird

cat

deer

dog

True Class

frog

horse

ship

truck

S 98 B o (@

Fredicted Class

Figure 22.4: Confusion matrix (with dropout)



Chapter 23

Introduction to Support Vector Machines

Overview

We look at Support Vector Machines (SVMs) — a particularly nice way to do binary classification on
high-dimensional data sets. The method has a nice geometric interpretation and requires constrained

optimization to train the parameters.

23.1 Terminology

Support Vector Machines are well suited to problems of binary classification, where we have a training
set of input vectors {x;};—1= in some high-dimensional space, x; € R”, foreachi € {1,2,--- ,m}.
Suppose that each x; has a label y; that is either +1 or —1 (or red or blue) (Figure 23.1)). A

A \i: (). “93 [ r'?o
g flasi o= £ RED
-\

Separat %) \"‘JW-"r‘ML

>

Ry
Figure 23.1: The idea behind the binary classification

195
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machine family is a set of functions
{f(x, @) }aca, such thatf(z;, a) = y;, for each i € {1,2,...,m}. (23.1)

The aim here is to find the ‘best’ machine in some sense. To quantify ‘best’, we will have to

formulate an optimization problem.

23.2 The Convex Hull Picture

Let

Correspondingly, let 74 denote that set of indices such that
i€ l,ifandonlyifx; € A, (23.3)

and similarly for Iz. We introduce the convex hull of A and B:

conv(A) = {xcRP|x= Z T}, (23.4a)
I

conv(B) = {x € RP|x= Z Bix;}, (23.4b)
i€lp

where the weights «; and f3; are necessarily non-negative and sum to 1:

Zai = 1, a; >0, (23.4¢)
i€l
dBo= 1, B=0, (23.4d)
i€lp

For the idea, see Figure [23.2

23.2.1 Key Assumption

By construction conv(A) and conv(B) are non-empty convex subsets of R”. Therefore, if conv(A)
and conv(B) are non-overlapping (Figure [23.3)), by the separating hyperplane theorem, there exists

a non-zero vector w and a constant ¢ such that:

(x,w) >c  forall x € conv(A), (23.5a)

(x,w) <c  forall & € conv(B), (23.5b)
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Figure 23.2: The convex hull of a set of points
23.2.2 Equation of a plane

There are different ways of specifying the equation of a plane II in R™:

1. A point on the plane ry and a normal vector n:

= {zeR"(x—mry) n=0}

2. A normal vector n and a parameter b:

N={xeR"x-n+b=0}

3. A normal vector n and a different parameter c:

II={xecR"x n=c}

Obviously, these three approaches are equivalent, if we take:
b=ry-n=—c, (23.6)

and we will use all three approaches interchangeably, whichever one is easier at the time. Here
also, we have used the dot product notation momentarily, as this better highlights the geometric

interpretation of the equation of the plane.
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23.2.3 The OP

ot (KD _—

o d..;u\

\

Figure 23.3: conv(A) and conv(B) are non-overlapping.

To make progress, we assume in the first instance that conv(A) and conv(B) are non-overlapping.

We compute the minimum distance between the two convex hulls:

d2 o : —b 2
min ae?olrlnlll(A) Ha’ ||2
beconv(B)

This can be written as an optimization problem with constraints:

i, = a_iﬁn 1Y s =) B3,
1M

1€l y i€lp
subject to:
) > Oa ; i 17
{ 20, Lier, @ (23.7)
5’[ 207 Zie[B B’L: 1.
Let:

A={ay, B,

Thus, the cost function can be re-written as:
m
d?> . = min g s ||
min A >0 || — lyl Z||2’
1=

and the constraints > ©,o; = 1 and >, 5; = 1 can be re-written as:

=1
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Our constraint optimization problem is therefore:

minimize f(X) = 3| Z)\iyﬂ?i”%, (23.8a)
i=1
subject to:
i=1

We expand out the distance function using dot products to obtain the final version of the OP:

minimize f(A) = 1> XAy, (i, x;), (23.9a)
ij=1
subject to:
>0, > yhi=0. (23.9b)
=1

23.2.4 Graphical solution

Given the Separating Hyperplane Theorem, there is always a hyperplane separating conv(A) and
conv(B). The question we are addressing is, ‘what is the optimum separating hyperplane?’. The
solution to the OP provides the answer. Graphically, the solution can be obtained very easily
(but with a little bit of care):

e Case 1. The minimum distance is attained between two vertices of the polygons 0 [conv(A)]
and 0 [conv(B)] (e.g. Figure [23.3))):

The minimum distance between conv(A) and conv(B) is the length of a vector going from
a particular vertex on conv(A) to a particular vertex on conv(B). Call these vectors x, € A
and @, € B. Thus, din = ||@s — @p||2. The normal to the optimum separating hyperplane is
therefore w = @, — @;. A point on the plane is ro = (&, + x})/2. Therefore, the optimum
separating hyperplane is

[y = {x € R"|(x — 7p) - w = 0}. (23.10)

e Case 2. The minimum distance is attained between a vertex (say on d[conv(A)]) and a point
on a face of d[conv(B)] (e.g. Figure 23.4)):

The same procedure as before applies, only now @ is a linear combination of points {x; }icr, -

e QOther similar cases...
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Figure 23.4: The minimum distance is attained between a vertex on d[conv(A)] and a point on a
face of O[conv(B)].

23.3 Another approach

Summarizing, the problem we have solved is to construct the best hyperplane separating conv(A)
and conv(B). In this section we take another approach to the problem. As before, we take any

separating hyperplane to be

II = {x € R"|(x,w) + b= 0}. (23.11)
We have:

(z,w) +b>0, x; € A, (23.12a)

(x,w) +b<0, x; € B. (23.12b)

We choose a particular scaling for the normal vector w such that:
(x; — 7o) - w > 1, for each x; € A, (23.13)

and such that
(g — 1) - w=1 (23.14)

where x, € A is the point in A closest to the hyperplane.
We further choose the hyperplane to be at the midpoint between the sets A and B, which fixes:

(x; — 1) - w < —1, for each x; € B, (23.15)

and
(xp —10) - w = —1. (23.16)

The distance between x, and x;, is therefore the projection of @, — x; on to the direction normal



23.3. Another approach 201

to the hyperplane:

w
d=|(x, —xp) - —‘ . (23.17)
|wl|
This works out to be: )
d=—. (23.18)
|wl|

Definition 23.1 The distance d = 2/||w|| is called the margin.

To construct the separating hyperplane, we maximize the distance d (best separation), subject to

constraints. Equivalently, we may m the vector ||wl|. Therefore, the constrained optimization

problem is:
minimize f(w) = 1(w, w) (23.19a)
subject to:
(x;,w)+b>1, i€ Ia,
(;,w)+b<1, i€ Ip,

Alternatively, we may again use the indicator:

1,  ifiela,
1, ifielp
Thus, the OP becomes:
minimize f(w) = 1 (w, w) (23.21a)

subject to:

yi ({(xg, w) +b) > 1, iel UIg.

23.3.1 Theoretical Analysis

To understand the constraint OP (23.21)) in mathematical terms, we introduce the Lagrangian

function
m

['(wa b? >‘) = f(w> - Z /\z [yi (<:Bl, w> + b) - 1] ) (2322)

i=1
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where A = (\1,--+,\n)T. The Karush—-Kuhn—Tucker conditions (KKT, Chapter give the

necessary conditions for first-order optimality:

g—f(w,b,)\)—o, Vwl(w,b,A) = 0, (23.23a)
yi (T, w) +b) —1 > 0, (23.23b)

N> 0, (23.23¢)

i [y (g, w) +0) — 1] = 0. (23.23d)

foreachi € I, U Ip.
Only those constraints satisfying
yz(<wz,w>+b)—1:O, iEIAUIB,

have \; # 0. The corresponding indices are referred to as the active set, © € A. These are called
the active constraints. In Machine-Learning language, the corresponding points x; are called the

support vectors. Figure shows the idea.

Xy

Figure 23.5: Sketch showing the separating hyperplane (solid line), the margins (dashed lines), and
the support vectors &, and x_. Note that there can be more than one support vector on each
margin.

Correspondingly, the inactive constraints are far from the separating hyperplane and have:

yi ((@j,w) +b)—1>0, i¢A (23.24)
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These inactive constraints have \; = 0. The last condition in Equation ([23.23)) encodes both the
active and inactive constraints and is of course the complementary condition (see Chapter .
23.3.2 Dual Problem

In practice, the OP ([23.21)) is difficult to solve. However, we may refer to Chapterand solve the
dual problem. Referring back to the KKT conditions ([23.23)), first of all compute

Vol(w,A) = 0. (23.25)

This gives
w =" \yiw;. (23.26)

Theorem 23.1 The fact that the optimum vector w is a linear combination of the data points x;

is called the Representation Theorem, which we hereby get for free, from the KKT conditions.

Referring back to the KKT conditions (23.23)) again, we compute

OL(w, )
=2 . 23.27
% (23.27)
This gives
> Xy =0. (23.28)
=1
We call: .
W= Ay (23.29)
=1

We now substitute back into £ to get:

m

(w, w) — Z Aily: (W, ;) +0) — 1],

i=1

= Z N\ Yy (i, ;) Z)\ [yZ Z)‘Jyﬂ x;,x;)+b)— 1]

L@, =

N |—=

4,j=1
Eq. (23.28 =
ED LS oo m) — 3 Ao —5Y Ko+ A
ij—l U_l o =
SRS S EVTIEIRS oft
1,j=1

= q(X).
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By the Duality Theorem (Chapter , the primal problem (23.21)) is equivalent to solving the

dual problem

maximize g(A) = —1 Z Nidjyiyi (@i, ;) + Z i (23.30a)
ij=1 i=1
subject to
Ai >0, (23.30b)
which is equivalent to:
minimize f(A) = 1 > Nuiys (@ @) — Y N\, (23.31a)
ij=1 i=1
subject to
Ai > 0. (23.31b)

Equation (23.31)) is the Hard-Margin Dual Problem.

23.4 Equivalence of Optimization Problems

If we compare the OP ([23.9)) (Convex-Hull Optimization Problem) and the OP (23.31]) (Hard-Margin

Dual Problem), we see they are the same, up to a term

in the Hard-Margin Dual Problem. However, if all the constraints are satisfied, then A\jc;, =1 and

Aier, = 2 in the Convex-Hull Optimization problem, meaning that

Z A; =2, Convex-Hull Optimization Problem.

i€la,lp

Since the solution to that problem is not changed by adding 2 to the cost function, we conclude
that:

Theorem 23.2 The Convex-Hull Optimization Problem is equivalent to the Hard-Margin Dual

Problem.

Furthermore, since the Hard-Margin Dual problem is equivalent to the primal problem, we see that

finding the optimum separating hyperplane can be done in egivalent ways:

e Finding the shortest distance between the convex hull of A and B and hence constructing the

appropriate separating hyperplane;
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Figure 23.6: Example of A and B not linearly separable

e Maximizing the margin and the support vectors as per OP ([23.21)).

23.5 Soft Margin

Suppose instead that the data are no longer linearly separable, e.g. Figure 23.6, We consider the

reduced convex hulls:

R(AC) = {D am|> =1, 0<a;<C} (23.32)

i€l i€l 4
R(B,C) = {> am|) =1, 0<aq<C} (23.33)
i€lp i€lp

We view C' as a hyperparameter and compute the minimum distance between the reduced convex

hulls.
Caution: We must have 0 < C < 1.

For the minimum distance, we have:

d2,, = min |la—bl3. (23.34)
acR(A,C)
beR(B,C)
This can be re-formulated as:
. . . . 1 "
minimize f(A) = 3 Z Nidjyiyi (s, ), (23.35a)

ij=1
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subject to:

0<N<C D) ph=0. (23.35b)
=1

If, instead we formulate the primal problem (similar to Chapter 23)

minimize f(w,&) = 3(w, w) + Cifm (23.36a)
i=1
subject to:
yi ((x;, w) +b) > 1 ¢, i€laUlp,
and

§ >0, i1€ls4Ulp, (23.36b)

we see that the dual problem of Equation (23.36]) is equivalent to the OP ([23.35)). In this context,

the &;'s are called slack variables.
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Reproducing Kernel Hilbert Spaces

Overview

We look at the topic of Reprodudicing Kernel Hilbert Spaces (RKHS) — a fairly abstract concept.
Once these are understood, we apply them to classification problems that are not linearly separable,
by way of the ‘kernel trick’. We build up slowly — starting with finite-dimensional examples, spaces

of functions, and then the constrution of a RKHS via a kernel function.

24.1 Motivating Examples

24.1.1 Finite Dimensions

Let K € R™ " be symmetric positive definite, with inverse matrix K —!. Define a weighted inner

product,
<f7 g>K - <f7 K—lg>L27

where f and g are vectors in R™ and (o, 0);2 denotes the usual inner product on R"™. Let {e;}",

denote the usual basis on R", and define:
Ki = KBZ'
Thus, K; is a column vector made from the i*"" column of K, hence K; € R" also. We have:

<fv Ki>K = <fv K_1K6i>L2>
= <f, €i>L2,
= fi

207
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Thus,
<f7 Kz)K = fi7

and hence (f, K;) i evaluates f on the i*" coordinate. Furthermore,

<Ki7Kj>K = Ki,K_lKej>L2,

Summarizing, the inner product (o, o) has the following properties:

e Kernel property:
(Ki, Kj) ik = Kij,

e Reproducing property:
(f, Ki)k = fi,

These properties make R™ equipped with (0,0}, into a Reproducing Kernel Hilbert Space
(RKHS).

24.1.2 Functional Example

Consider the space L*(R) of square-integrable functions. Define:

1
K(s,0) = ﬁe_‘x_ova. (24.1)

Notice that:
(1—a?0?)K(s,x) = 6(x — s).

Thus, in some sense, the inverse of the kernel function K (o, o) is the operator (1 —a?29?). Therefore,
for H = H*(R), define the inner product:

(f. g = / " f@)(1 - ?)g(x)d, (24.2)
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Consider:
K (s,0)k = / " f@)(1— ?)K (s, 2)d,

_ / " f@)b(a — s)da,
£(s).

Also,

(o). Kt = [ " K(s,2)(1 - @)K (1, 2)d,

= /_OO K(s,z)0(x — t)dz,
K(s,t)

Thus, the inner product (o, o)k has the following properties:

e Kernel property:
<K(87 O)v K(t, o))K == K(S, t)

e Reproducing property:
(f. K(s,0))x = f(s).

These properties make H?(R) equipped with (o,0) into a RKHS.

24.1.3 Fredholm Integral Equations
Consider the Fredholm Integral Equation (FIE):
5 [ K s)uls)ds = vi(s),

where K(z,s) is a symmetric positive definite kernel. From theory, we know that if K (z,s) is

symmetric and continuous, then a set of orthonomal eigenfunctions exist, with

b
W%,%’)L? :/ %(ﬂf)%’(flf)dif = dyj,
and with \; real. Furthermore, the eigenfunctions span the space

H={f € L*([a,b])|f = K % g,some g € L*([a, b])}.



210 Chapter 24. Reproducing Kernel Hilbert Spaces

Before introducing the RKHS sturcture, we re-write the kernel in the eigenfunction expansion:

= Z i(s))

In other words,

— iki(s)wi(x), for all z € [a,b].

We have:
(, K Zk (tbj, i) 12
=0y
Hence:

[ / () K (s, dx] = k;(s).

And, since the s are eigenvalues of the FIE,

Remark: By insisting that K (s,z) be positive-definite, we get A\; > 0. To see this, start with the
positive-definite property:

I—//Kms )f(s)dxzds > 0 for all f € H.

We write f in terms of its eigenfunction expansion:

f = Z fi¢¢-
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We have:

IZ//sz )f(s)dzds,
- / (Z nlmls )(Zfﬂ% )(ijfkm(s)) dsdz,

S / dsf]fkwlswk / bila)y(2)da

ijk V@ ’L
B f]fm/a wk(>
- Zf;f‘“a .

ijk

fi
- Z|AJ'

With I > 0, we therefore have \; > 0.

Hence, we define the inner product for H. We first take two functions f, g € H and write them in

terms of their eigenfunction expansions:

f= Zfiwzw g = Zgﬂﬁi-
i=1 i=1

Then,
<f> 9>K = Z figii
i=1

Consider:

(K (s, ) = Zfz (%),

= mes)
= f(s).

Thus, (o, o)y has the reproducing kernel property.
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Furthermore,

(K(x,0), K(y,0))n = Z ki(z)ki(y) N,

So again, we have:

e Kernel property:
<K(Sa 0)7 K(t, o))K - K(S, t)

e Reproducing property:
(f; K(s,0))x = [f(5).

Thus, H equipped with (o, 0)k is a RKHS.

24.2 General Picture

Let 2 be a generic set of objects. Consider the set of all functions R}, where f € R if and only if,

f:Q9 — R
s = f(s).

We assume that all such functions are contained in a space H equipped with a positive-definite

scalar product, making H into a Hilbert space. We look at the evaluation functional k,:

ks :H — R
fo= f(s)

The evaluation function k, takes a function f € H and returns a scalar. It is therefore a func-
tional on H, with , ks[f] = f(s). Provided the evaluation function is continuous, by the Riesz

Representation Theorem, there exists K, € H such that:

<f7 Ks> - ks[f] - f(5>



24.3. Feature Spaces — Polynomial Kernels 213

Swapping s for ¢, we have:

<f7 Kt) = f(t)

If we simply define:

K:QxQ — R
(s:0) = K(s:1),

where
K(s,t) = (K, Ky),

then we have:

e Kernel property:
(K, Ki) i = K(s,1).

e Reproducing property:
<fa Ks)K = f(S)

Thus, the evaluation operator makes H into a RKHS.

24.3 Feature Spaces — Polynomial Kernels

24.3.1 First Example

Using the previous notation, let €2 = R?, and define a kernel function

K:OxQ — R

(z,y) = (@y)r)"

Here, (o,0) 2 denotes the usual scalar product on R?, and:

K<w7 y) = (<w7 y>L2)2 .

Hence:
K(z,y) = 2y} + 201017292 + 2305
We identify an embedding:
6:R* — H,

x — (22 22V 2w1,)7.
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Thus, ®(x) € R®. We identify H = R3, with the usual inner product,

3

(@, b)y = abi.

i1
We have:
i
Wa),owhn = (advann)| B |,
\/ﬁ!&
= 21y} + 23191 T0ys + T3Y5,

= K(z,y)
Furthermore, let f € R3 = (f1, f2, f3)T. We have:
(f, ()3 = iz} + fors + f5V/ 20120,
If we recognize f as a linear function on H, sending H to R via f : a — (f, a3, we have:

(f,o(@))n = fo(x)).

Furthermore, we identify K (x,0) = ¢(x), hence:

e Kernel property:

e Reproducing property:

Thus, H is a RKHS with kernel K (x,0) = ¢(x).

24.3.2 Second Example

We extend the previous example slightly by looking at:

K:OxQ — R

(z,y) = (@.y)=+b)".

where b is a parameter. We have:

K(z,y) = ((z,y)r2 +0)°.
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Hence:
K(z,y) = 27y} + 7595 + 2217991y + 207191 + 2b12y2 + b

We identify an embedding:

$:R> — R

2 .2 T
T (LxlaxZ?xlaanxlaxZ)

We identify H = RS, with weighted inner product:

b? 1
2b Y2
2b
(0(@), 6 = (1,21,23,0%,23, 212) "
1 y?
i
1 vs
2 Y192
Extend to arbitrary a and b € H:
b? by
2b by
2b b
<a’a b>'H = (al)a27a37a47a5aa’6> ’ ’
1 by
1 bs
2 bg

for all a,b € H.

Now, let f € H = (f1, fo, f3, fa; f5. f6)". We have:

(fo(@)u = [ib° + f22bzy + f32bzs + fax] + fsx5 + foxi2o,
= flo(z)).

Again, we recognize f as a linear function on H, sending H to R via f : a — (f,a)y. Hence:
(f, o(x))n = f(o(z)).
We identify K(x,0) = ¢(x). We therefore have:

e Kernel property:
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e Reproducing property:

Thus, H = R® is a RKHS with kernel K(z,0) = ¢(x).

24.3.3 General Case

In general, we may take €2 = R™ and look at the embedding

K:OxQ — R

(z,y) = (@Y= +b)".
where b and d are, and (o, 0) 2 denotes the usual inner product on R™. We have:
K(z,y) = ((z,y)r2 +0)’.
We identify an embedding:

¢:R" — R”,

xr = (1,1’1,332,...,

We identify H = RP, with weighted inner product

n
Y2

(O(x), d(y)n = (1,21,29,...)B

Extend to arbitrary a and b € R”:

b
<a’7 b>H = (a17a27"')B b2 5

for all a,b € RP.
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Now, let f € RP, with f = (f1, fo,-+)T. We have:

1

X1

<f,¢(33)>7{ = (f17f2,"')B )

2

= [(o(x)).
Again, we recognize f as a linear function on #, sending H to R via f : a — (f,a)s. Hence:

(f,0(x))3 = [(o(x)).

We identify K (x,0) = ¢(x). We therefore have:

e Kernel property:

e Reproducing property:

Thus, H = RS is a RKHS with kernel K (x,0) = ¢(x).

24.4 Feature Spaces — General Formulation

Quite generally, if € is a generic set of objects equipped with a kernel,

K:OxQ — R
(s,t) = K(s,1),

where K (s,t) is symmetric and positive definite, we may define an embedding

o:Q0 — H,

where each ¢(s) can be identified with K (s, o), in the sense that

(0(s), o)) = K(s,1),
(f.o(s)n = [lo(s)],
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)

Separating circle

1
} 4
1

Figure 24.1: Example of non-linearly-separable data in {2 = R?

for all s and ¢ in €2, and all f € H. The resulting Hilbert space is called a feature space.

24.5 Connection to Machine Learning

Often, in a classification problem, the data (examples x; are not linearly separable). As an alternative
to the soft-margin approach, we may consider a feature map ¢ : R" — H, such that the mapped
date ¢(x;) are linearly separable in . For instance, consider the ‘circle problem’ in Figure If

we define the feature map

6:Q — R3,

(z1,22) (21,22, 77 + 23),

then the data are linearly separable in R3. For z = (z1, 29, 23)7 € R3, the separating hyperplane is

some z3 = 2. Thus,
e 23 < r? implies z7 + 23 < r?, hence blue points in {;
o 23 > 12, implies 2 + 23 > r?, hence red points in Q.

Thus, the classification problem (convex hull description) is solved via the optimization problem:

minimize f(A) = 1> A\uiy; (6(a:), ¢(x5))ms., (24.3a)

ij=1
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subject to:

=1

24.5.1 Shortcut

Because each embedding ¢ : 2 — H gives rise to a kernel function, and conversely, each kernel

function gives rise to an embedding, often it is easier to choose a convenient kernel function, and

solve: .
minimize f(A) = 3 Z Nidjyiyi K (2, x5), (24.4a)
ij=1
subject to:
>0, > ydi=0. (24.4b)
i=1

This can have the advantage that computing kernel functions is computationally fast, whereas
computing inner products in the feature space H can be slow (because the feature space tends to

be much higher-dimnensional than €2). Examples include:

e Polynomial kernel (homogeneous):
K(@,y) = ({x,y)12)",
e Polynomial kernel (inhomogeneous):
K(z,y) = ((,y)= + )",

e Radial basis functions:
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