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Chapter 1
Motivating Applications

Nonlinear optimization has played an important role in a few different areas, both
as a modeling apparatus and a solution method. In this chapter, we introduce some
well-known nonlinear optimization models in order to motivate our later discussion
about optimization theory and algorithms.

1.1 Regression and Classification

To motivate our discussion, let us start with a simple example. Julie needs to decide
whether she should go to the restaurant “Bamboo Garden” for lunch or not. She
went to ask for her friends Judy and Jim, who had been to this restaurant. Both of
them gave a rating of 3 in the scale between 1 to 5 for the service in this restaurant.
Given these ratings, it is a bit difficult for Julie to decide if she should pay a visit
to “Bamboo Garden”. Fortunately, she has kept a table of Judy and Jim’s ratings for
some other restaurants, as well as her own ratings in the past, as shown in Table 1.1.

Table 1.1: Historical ratings for the restaurants.

Restaurant  Judy’s rating|Jim’s rating | Julie’s ratings?

Goodfellas 1 5 2.5

Hakkasan 4.5 4 5
Bamboo Garden 3 3 ?

To fix notation, let us use u) to denote the “input” variables (ratings of Judy
and Jim in this example), also called input features, and v to denote the “output”
or target variable (rating of Julie’s) to predict. A pair (u(i),v(i)) is called a training
example, and the dataset — a list of N training examples {(u), v}, i=1,...,N, is
called a training set. We will also use U denote the space of input values, and V the

space of output values. In this example, U = R? and V = R. Specifically, uil) and
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ugl) are the Judy and Jim’s ratings for Goodfellas, respectively, and v(!) represents

Julie’s rating for Goodfellas.

Our goal is, given a training set, to learn a function 2 : U — V so that h(u) is a
“good" predictor for the corresponding value of v. This function 4 is usually called
a hypothesis or decision function. Machine learning tasks of these types are called
supervised learning. When the output v is continuous, we call the learning task
regression. Otherwise, if v takes values on a discrete set of values, the learning
task is called classification. Regression and classification are the two main tasks in
supervised learning.

Linear Regression

One simple idea is to approximate v by a linear function of u:
h(u) = hg(u) =6+ 01uy+ ...+ BLu,.

In our example, n simply equals 2. For notational convenience, we introduce the
convention of ug = 1 so that

h(u) =Yi o 6iu;i = 07 u,

where 8 = (6p;...;6,) and u = (ug; ... ;u,). In order to find the parameters § € R"*!,
we formulate an optimization problem of

mein{f(e) = zﬁil(he(u“))—v("))z}, (1.1.1)

which gives rise to the ordinary least square regression model.
To derive a solution of 0 for (1.1.1), let

U is sometimes called the design matrix and it consists of all the input variables.
Then, f(0) can be written as:

£(6) =2, (" g — vy
=WUoe—v)I (U6 -v)
=0TuTue —20TUTv—"v.

Taking the derivative of f(6) and setting it to zero, we obtain the normal equation
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u'ue-uU'v=0o.

Thus the minimizer of (1.1.1) is given by
0" =UwTu) vt

The ordinary least square regression is among very few machine learning models
that has an explicit solution. Note, however, that to compute 6*, one needs to compute
the inverse of an (n+ 1) x (n+ 1) matrix (UTU). If the dimension of n is big, to
compute the inverse of a large matrix can still be computationally expensive.

The formulation of the optimization problem in (1.1.1) follows a rather intuitive
approach. In the sequel, we provide some statistical reasoning about this formulation.
Let us denote

eV =y Ty j =1, N. (1.1.2)

In other words, () denotes the error associated with approximating v\¥) by 87 ().
Moreover, assume that €, i = 1,...,N, are i.i.d. (independently and identically
distributed) according to a Gaussian (or Normal) distribution with mean 0 and
variance 6. Then, the density of £\ is then given by

; ()2
p(e) = exp (- 5F).

Using (1.1.2) in the above equation, we have

0 (L)
Here, p(v(!|u);6) denotes the distribution of the output v(!) given input () and
parameterized by 6. ‘ _

Given the input variables u') and output v i=1,...,N, the likelihood function
with respect to (w.r.t.) the parameters 6 is defined as

N

N
L(8) =[] p("[u;0) =T]
i=1

i=1

| (v QT 02
270 XP\ T 202 :

The principle of maximum likelihood tells us that we should choose 6 to maximize
the likelihood L(0), or equivalently, the log likelihood

1(6) :=1logL(0)

() _gT ()2
5 g e (-0

— Nlog o — 35 ¥ (v — 7ul?)2,

This is exactly the ordinary least square regression problem, i.e., to minimize
Yy, (V) — 07 uD)2 w.rt. 6. The above reasoning tells us that under certain proba-
bilistic assumptions, the ordinary least square regression is the same as maximum
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likelihood estimation. It should be noted, however, that the probabilistic assumptions
are by no means necessary for least-squares to be a rational procedure for regression.

Logistic Regression

Let us come back to the previous example. Suppose that Julie only cares about
whether she will like the restaurant “Bamboo Garden” or not, rather her own ratings.
Moreover, she only recorded some historical data indicating whether she likes or
dislikes some restaurants, as shown in Table 1.2. These records are also visualized
in Figure 1.1, where each restaurant is represented by a green “O” or a red “X”,
corresponding to whether Julie liked or disliked the restaurant, respectively. The
question is: with the rating of 3 from both of her friends, will Julie like Bamboo
Garden? Can she use the past data to come up with a reasonable decision?

Table 1.2: Historical ratings for the restaurants.

Restaurant  |Judy’s rating [Jim’s rating|Julie likes?

Goodfellas 1 5 No

Hakkasan 4.5 4 Yes
Bamboo Garden 3 3 ?

Similar to the regression model, the input values are still denoted by U =
(u(l)T; . ;M(N>T), i.e., the ratings given by Judy and Jim. But the output values

are now binary, i.e., ) € {0,1},i=1,...,N. Here v(!) = 1 means that Julie likes
the i-th restaurant and v(!) = 0 means that she dislikes the restaurant. Julie’s goal is to
come up with a decision function &(u) to approximate these binary variables v. This
type of machine learning task is called binary classification.
Julie’s decision function can be as simple as a weighted linear combination of her
friends’ ratings:
he(u):90+91 Uy +...+ 6,u, (1.1.4)

with n = 2. One obvious problem with the decision function in (1.1.4) is that its
values can be arbitrarily large or small. On the other hand, Julie wishes its values to
fall between O and 1 because those represent the range of v. A simple way to force
h to fall within 0 and 1 is to map the linear decision function 87 u through another
function called the sigmoid (or logistic) function

_ 1
g()= TTep( 9 (1.1.5)
and define the decision function as

he (1) = g(8" ) = 1i—gry- (1.1.6)
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Fig. 1.1: Visualizing ratings of the restaurants

Note that the range of the sigmoid function is given by (0, 1), as shown in Figure 1.2.

Now the question is how to determine the parameters 6 for the decision function
in (1.1.6). We have seen the derivation of the ordinary least square regression model
as the consequence of maximum likelihood estimation under certain probabilistic
assumptions. We will follow a similar approach for the classification problem.

We assume that v(i), i=1,...,N, are independent Bernoulli random variables
with success probability (or mean) of hg (u(i)). Thus their probability mass functions
are given by

PO u®:0) = [ ()] [1 = hg ()] WD € {0,1},

and the associated likelihood function L(8) is defined as

L(6) =

—

Il
_

{[he(u(i))]v<i) i _he(u(,-))]l,v(i) } .

1
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Fig. 1.2: The Sigmoid (logistic) function

In view of the principle of maximum likelihood, we intend to maximize L(6), or
equivalently, the log likelihood
1(8) = Xy tog { I ()] [1 =g (uP)] " |
=21 {v 1oghe(u?) + [1 v log[1 — ko (u))] }.

Accordingly, we formulate an optimization problem of
meax):gvzl {—log[l +exp(—0Tu) —[1 - v<i>]6Tu(i)} . (1.1.7)
Even though this model is used for binary classification, it is often called logistic
regression for historical reasons.
Unlike linear regression, (1.1.7) does not have an explicit solution. Instead, we

need to develop some numerical procedures to find its approximate solutions. These
procedures are called optimization algorithms, a subject to be studied later in our

lectures.

Suppose that Julie can solve the above problem and find at least one of its optimal
solutions 6*. She then obtains a decision function A~ () which can be used to predict
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whether she likes a new restaurant (say “Bamboo Garden”) or not. More specifically,
recall that the example corresponding to “Bamboo Garden" is u = (1,3,3) (recall
u; =1). If he+((1,3,3)) > 0.5, then Julie thinks she will like the restaurant, otherwise
she will not. The values of u’s that cause hg-(u) to be 0.5 is called the “decision
boundary” as shown in Figure 1.3. The black line is the “decision boundary.” Any

Jim

Goodfellas

° & Hakkasan

: o
amboo Garden

3 IiB < I’ II

Judy

Fig. 1.3: Decision boundary

point lying above the decision boundary represents a restaurant that Julie likes, while
any point lying below the decision boundary is a restaurant that she does not like.
With this decision boundary, it seems that Bamboo Garden is slightly on the positive
side, which means she may like this restaurant.
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1.2 Reinforcement Learning

Stochastic dynamic programming provides a general framework to model the interac-
tions between the agents and their environment, and to improve the agents’ decisions
through these interactions. More specifically, the status of the environment is de-
scribed by either discrete or continuous state variables, while the agent’s behavior is
described by actions. Upon the agent’s action, the system’s state gets updated, and
the agent receives some reward (or pays some cost). The goal of stochastic dynamic
programming is to find the optimal policy which specifies the agent’s best action at a
given state.

State s;
Cost ¢,

Action a,

State Si4q Environment
Cost cyyq

Consider a search-and-rescue mission in a sophisticated environment, described
as follows. Due to an environmental hazard (e.g., sand storm, severe thunderstorm,
etc.), a few friendly units lost contact with the base of operation. A scouting unit
needs to be dispatched to search and rescue these lost friendly units. However, due to
the sophisticated environment there exist a few difficulties. First, since the friendly
units have lost contact, their locations are unknown. Second, due to the sophisticated
environment, the scouting unit may not be able to navigate properly according to its
designated direction. Third, certain hazardous factors would inflict damage on the
scouting unit, and the locations of such hazardous factors are also unknown. Fourth,
the scouting unit might be ambushed by an adversary. In this case, the scouting unit
would prefer to randomized moves, since deterministic moves are more predictable,
and hence more vulnerable to an adversary attack. The main question is: How should
the scouting unit plan its scouting trajectory for the rescue mission?

In the above search-and-rescue mission, in order to design an execution plan, we
need to take several factors into consideration. From the perspective of cost analysis,
we may associate a cost to each action that the scouting unit takes. Specifically, when
designing the plan, the scouting unit needs to consider regular costs for maintaining
its navigation, the potential loss when encountering a hazardous factor, and the reward
for finding the lost friendly unit. In order to be less predictable, the cost analysis
should also take into consideration the preference of a randomized strategy over
deterministic ones. It is important to point out that time is critical for this mission; not
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only that the first several hours/days are well-known to be golden in rescue missions,
but also the scouting unit needs to focus more on its imminent risks and rewards.

As a prototypical example, we can model the aforementioned search-and-rescue
mission as a mathematical optimization problem using the terminology in stochastic
dynamic programming. Our prototypical model is a simple and idealized one known
as “GridWorld” in the literature. It can be extended with more complex factors to
better model realistic search-and-rescue missions.

We describe a simple example of the search-and-rescue mission in Figure 1.4. The
environment described in Figure 1.4 consists of seven locations on the grid, in which
the base of operation is at gridpoint 1 (denoted as *). The friendly unit to be rescued is
dispersed to two locations (gridpoints indexed by 3 and 7), which are our goals of the
mission (denoted as G). There is a location on gridpoint 2 that is a hazardous factor
(denoted as H). The remaining gridpoints 4, 5, and 6 are regular ones. At any gridpoint,
the scouting unit could move and scout four directions (moving left/right/up/down by
one gridpoint). Using terminology of stochastic dynamic programming, we call the
scouting unit the agent, the gridpoints that the agent can reside on the states, and say
that that an agent could perform four actions at any state (left/right/up/down). Upon
choosing an action, due to possible navigation error, the agent then moves along
the chosen direction with probability p, or a randomly chosen direction (among the
remaining three directions) with probability (1 — p)/3. After taking an action and
moving to an updated gridpoint, the agent pays a cost associated with the updated
gridpoint and the process repeats itself at the next timestep. The costs of goal,
hazardous factor, and regular gridpoints are denoted by cg, cy, and cg respectively,
with cg < cg < cy. When either at a goal or a hazardous factor gridpoint, the agent
would transit to the base of operator with probabilities pg and pg respectively. Such
probabilities model the possible respective scenarios that the friendly unit is impaired
and needs the scouting unit’s transport back to the base, or that the scouting unit is
heavily damaged by the hazardous factor and need to return to the base and re-deploy.
The goal of our model is to compute a policy for the agent to decide its strategies of
choosing actions performed at different states in order to minimize its cumulative
cost throughout the time horizon of actions. The cumulative cost is discounted by a
factor to balance the objective of minimizing the cost and the urgency of reducing
the imminent costs.

*] —

jun{\S)
Q w

4567

Fig. 1.4: A simple and idealized 2D GridWorld description of the search-and-rescue
mission

Mathematically, we may model the aforementioned search-and-rescue mission
through a finite Markov decision process (MDP), one of the most widely used
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stochastic dynamic programming models. The finite Markov decision process is
abstracted by a quintuple M = (., </, P,c,7y), where .7 is the finite state space,
&/ is the finite action space, P: . X . X &/ — R is the transition model (also
known as transition probability/kernel in the literature), ¢ : . x &/ — R is the cost
function, and y € [0, 1] is the discount factor. A policy 7 : &7 x .# — R determines
the probability 7(als) of selecting a particular action a € 7 at a given state s € ..

For a given policy 7, we measure its performance by the state-value function
V™. .# — R defined as

Vi (s) :=E [L2o7 [c(sr,ar) +h7 (s)]
|50:S7at’\‘”('|st),st+1NP<'|st7at)]7 (1.2.1)

where ¥ is the discount factor and 4™ is a regularizer that describes the difference
between the desirable policy and a reference policy. The above state-value function
definition reflects the following interpretation of the associated value of policy 7 at
state s: Initialized at state so = s and timestep ¢ = O, the agent (e.g., the scouting unit)
chooses an action (e.g., a move and scout direction) ag ~ 7(-|sp) randomly based
on the probabilities described by policy 7. After action ag is performed, the agent
transitions to state s; ~ P(+|sp,ap) following the transition model that incorporates
the navigation error probability p and the return-to-base probabilities pg and py.
The process repeats then at state s; and continues on infinitely. The total value is the
discounted sum of all costs ¢(s;,a;)’s (e.g., the scouting unit’s costs by ¢, ¢y, and cg
described above) and regularization values A" (s;)’s (e.g., the Kullback-Leibler (KL)
divergence to promote randomized policies) over the infinite horizont =0, 1, - - -, with
discount factor y. Here 7 captures the balance between cumulative cost minimization
and urgency of reducing imminent costs. Our main objective is to solve the policy
optimization problem, namely, to find an optimal policy 7* : . X o — R such that
the associated expected discounted cumulative cost is minimized:

VT (5) < V7(s),Y7(-|s) € Ay, (1.2.2)

for any state s € .. Here A| | denotes the standard simplex constraint for describing
probabilities. Regarding our simple example described in Figure 1.4, there are in
total || = 7 states and |.<7| = 4 actions, and hence we need to minimize || =7
state-value objective functions V*(s) in (1.2.2) (one for each state), each with respect
to |||« | = 28 decision variables (one for probability of each actions in each state)
in policy 7.

Note that although there are |.¥| state-value objective functions in (1.2.2), we
may reformulate the problem to a single objective by taking the weighted sum of V"
over s (with arbitrary weights p; > 0 and ) c¢ps = 1):

ming f(7) 1= Esup [V (s)] s.t. T(-]s) € Ay, Vs € 7. (1.2.3)

The above problem is a nonlinear nonconvex optimization. For example, in the
unregularized case when A" (s) = 0 in the definition (1.2.1) of state-value function
V™(s), f(r) in the above problem is a weighted sum of V" (s)’s, and it can be verified
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that for any s € . the state-value function V*(s) defined in (1.2.1) is possibly
nonconvex as a quotient of two polynomial functions.

It should be noted that the nonlinear optimization problem (1.2.3) is defined based
on the probability transition model P in (1.2.1). However, the transition probability
P may not be accessible when we compute for the optimal policy 7* and we may
need to rely on samples obtained via the transition model. In some of the stochastic
dynamic programming literature, the term MDP refers to the case when the transition
model P is provided in advance; the case when we have no access to exact information
in regards to P is categorized as reinforcement learning (RL). While both belong
to the stochastic dynamic programming realm, the a-priori knowledge of P can be
viewed as the main difference between MDP and RL.

1.3 Radiation Therapy Treatment Planning

In this section, we turn our attention to the intensity modulated radiation therapy
(IMRT) problem arising from healthcare engineering. According to CDC, in 2017,
the latest year for which incidence data are available in the United States, about
1.7 millions new cases of cancer were reported, and around 600,000 people died of
cancer. Cancer is the second leading cause of death, exceeded only by heart disease.
One of every four deaths in the US is due to cancer.

Among many different types of treatment for cancer, radiation therapy can benefit
more than half of these patients. It helps to cure cancer, prevent it from returning, and
stop or slow its growth. Technology advancements in cancer treatment in general,
and radiation therapy in particular, are critical to save patients’ lives and improve
their life quality. Radiation therapy applies high doses of radiation to kill cancer cells
and shrink tumors. In particular, Intensity modulated radiation therapy (IMRT) is
one type of external beam radiation therapy (see Figure 1.5). During the treatment,
the patient will be irradiated by a linear accelerator from several different angles.
Th target structures of patient are discretized into small voxels. We expect that the
voxels of tumor receive high doses, while little or no doses will be applied to those
in healthy organs.

Fig. 1.5: Intensity modulated radiation therapy
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The process flow of IMRT can be briefly described as follows. Images, such as
magnetic resonance images (MRI) or computer tomography (CT), will be taken
before the treatment starts. A treatment usually consists of a few (e.g., five) sessions.
Before each session begins, treatment planners need to make two types of decisions.
First, dose fractionation determines how to allocate doses across different sessions.
Second, dose localization determines how to apply the right amount of does to the
target structures. Inter-session images will be used observe the effectiveness of the
previous treatment sessions, and provide guidance for the subsequent ones.

Optimization are quite useful throughout these steps. Linear regression with total
variation regularization has been widely used for MRI or CT image reconstruction.
The dose fractionation problem can be modeled as a MDP and hence falls into the
reinforcement learning framework described in the previous section. Here we focus
on the dose localization problem.

Aperture is an important concept for dose localization in IMRT. Recall that the
beam will applied to the patient from different angles, as shown in Figure 1.5. A
beam in each angle is decomposed into a rectangular grid of beamlets. A beamlet
(i, ) is effective if it is not blocked by either the left, /;, and right, r;, leaves. These
leaves in the IMRT equipment are zoomed-in in the left picture below. An aperture is
defined as the collection of effective beamlets, as shown in Figure 1.6 on the right.
The motion of the leaves controls the set of effective beamlets and thus the shape of

Multileaf Photon
collimator | 1 \ therapy

Left and right l |
leaves form —1—
aperture, A=l
creatingan "
irregularly

shaped beam/,k AT

Fig. 1.6: Aperture

the aperture. A linear combination of effective beamlets from different aperture will
determine the doses applied to the patient at different voxels, as we will see a little
bit later.

We need to consider two types of decision variables to properly define and use an
aperture. The x*¢ variables describe the shape of the k-th aperture in angle a. These
are binary matrix variables. Specifically, the (i, j)-th entry of ¥ = 1 if beamlet (i, j)
is effective, that is, it falls within the left and right leaves of row i, o.w., it equals
0. Figure 1.7 shows two examples of aperture, where “gray" means 0 and “white"
means 1.
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Fig. 1.7: Different example of apertures

Let K, be the set of allowed apertures in beam angle a. It is easy to see that for
an m x n grid, the number of possible apertures in a beam angle is €'(n™), which
increases exponentially w.r.t. m. Once after an aperture is defined, we use the y©¢
variable to represent the influence rate for aperture (k,a). It will determine the dose
intensity and radiation time from the k-th aperture of the a-th angle.

Dose in Gray(Gy) absorbed by voxel v is given by the summations of doses
received from each aperture. More specifically, the dose received at each voxel is a
convex combination of doses received from each aperture, with weights given by the
y variables:

k7
vy = Zaedee% (ykﬂRZ;n:IZ;!:lD(iJ)infa)'

Here Dy; j), denotes how much does are received from beamlet (i, j) at unit intensity.
Figure 1.8 provides a simple illustrative example.

5] F1E
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Fig. 1.8: Example of received dose with y = (0.4,0.2,0.4,0,...,0), R =5, D(; j), =
1.

Since the dose received at each voxel has some prescribed lower and upper
threshold values. We can define objective function f by penalizing the weighted sum
of doses falling outside the pre-specified lower and upper bounds. In particular, we
have

Az) = Zy/ {Wv (T, - ZV]E- +wy [z _Tv]i} )
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where [-]; denotes max{0,-}, and T, and T, are pre-specified lower and upper dose
thresholds.

Putting the objective function and constraints together, we have a basic formulation
for the dose localization problem. In this formulation, we intend to minimize a convex
objective function over a simplex constraint.

min  f(z) = 3 Loey {w, [T, — 2} + W[z — T3 }
St 2= Yaew Yaen, RDYY,

ZaedeeKayk’a =1,
yk,a 2 0

(1.3.1)

Here D} := Z?L12§:1D<i,j)VXf§“-

Problem (1.3.1) appears to be a relatively easy problem. The challenge, however,
comes from its high dimensionality. Since the number of apertures in each angle
increases exponentially with m. For a problem with 180 angles and 10 x 10 grids,
the dimension is 180 x 45'°_ It is impossible to compute the full gradient of V f. This
fact excludes any algorithms that require the computation of full gradient information
at each iteration.

High dimensionality is not the only challenge we have. In order to make the
formulation more practical, we need to consider two additional types of constraints.
Firstly, we need to introduce risk averse constraints that help to to generate treatment
plans satisfying certain clinical criteria. These criteria are usually specified as value at
risk (VaR) constraints. For example, “PTV56:V56> 95%" means that the percentage
of voxels in structure PTV56 that receive at least 56 Gy dose should be > 95%.
Similarly we need to avoid overdoses. For instance, “PTV68: V74.8< 10%" says
that the percentage of voxels in structure PTV68 that receive more than 74.8 Gy dose
should be < 10%. In our formulation, we suggest to use Conditional Value at Risk
(CVaR) as a convex approximation for value at risk constraints.

Secondly, in practice we prefer to have a small number of angles in order to
avoid frequently adjusting the patient’s position, which will reduce the treatment
time. We suggest to incorporate a group sparsity constraint to handle this issue.
Viewing the y variables from each angle as a group, we add the requirement that the
summation of the group /. norm should be smaller than a threshold value. Intuitively,
this constraint will encourage the selection of apertures in those angles K, that have
already contained some nonzero y©¢, k € K, (see Figure 1.9).

Putting all these pieces together, we now have a complete problem formulation.
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Fig. 1.9: Group sparsity.

min f(z) = & Loeyw, [T, — o)+ [ T3
st z,= ZaeﬂZke%Rbﬁ’ayk’av
— it ke Yo [T —a)s < —bi,Vie UD,
Ti+ oy Lves, (v — T+ < b;,Vi € OD,
k.a
max y“¢ < @,
Zaed ke%/ay =

ka _
ZaedeeKuy ‘=1,
Y > 0,1 € 1,71

Here OD and UD denote the set of overdose and underdose clinical criteria. In addi-
tion to high problem dimensionality, the above problem formulation has complicated
function constraints, which further complicated its solutions.

1.4 General Formulation

A typical Mathematical Programming problem is given in the form of

minimize
F(x) [ objective ]

subject to

R equality
hi(x) =0,i=1,...,m constraints (1.4.1)

. inequality

; < =1,... .

8i(x) <0, j=1,..k constraints
xeX [ domain ]

In (1.4.1), a solution x € R" represents a candidate decision, and the constraints
express restrictions on the meaningful decisions. These restrictions can be bounds on
the resources, the definition of a probability vector (see Section 1.2, or risk averse
requirement (see Section 1.3). The objective to be minimized represents the losses
(minus profit) associated with a decision.
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To solve problem (1.4.1) means to find its optimal solution x*, that is, a feasible
solution satisfying all the constraints

hi(x*) =0Vi; g;(x*) <0Vj; x* € X,

such that its objective is smaller than or equal to that at any other feasible solutions,
1.€.,

) < f(x)
for any x satisfying
hi(x) =0Vi; gj(x) <0Vj; x € X.

In combinatorial (or discrete) optimization, the domain X is a discrete set, such as
the set of all integral or 0/1 vectors. In contrast to this, in continuous optimization, X
is a “continuum” set like the entire R”,a box {x : a < x < b}, or simplex, etc., and the
objective and the constraints are (at least) continuous on X. In linear programming,
X = R" and the objective and the constraints are linear functions of x. In contrast
to this, for nonlinear continuous optimization, (some of) the objectives and the
constraints are nonlinear.
The goals of our course is to present

a) basic theory of continuous optimization, with emphasis on existence and unique-
ness of optimal solutions and their characterization (i.e., necessary and/or suffi-
cient optimality conditions);

b) basic algorithms for building approximate optimal solutions to continuous opti-
mization problems.

The mathematical foundation of optimization theory is given by Convex Analysis,
which is a specific combination of of real analysis and geometry unified by and fo-
cusing on investigating convexity-related notions. We will start with this fundamental
topic in continuous optimization in next chapter.



Chapter 2
Convex Sets

2.1 Definition and Examples

We begin with the definition of the notion of a convex set.

Definition 2.1. A set X C R” is said to be convex if it contains all of its segments,
that is
Ax+(l=A)yeX, V(xyA)eXxXx][0,1]. (2.1.1)

Note that the point Ax+ (1 — 1)y is called a convex combination of x and y.
Figure 2.1 show the examples of a convex set (left) and a nonconvex set (right).

Fig. 2.1: Convex vs. nonconvex sets

We can see some immediate examples of convex sets.

a) An n-dimensional Euclidean space, R". Given x,y € R”, we must have Ax+ (1 —
A)y e R™.

b) The empty set @. This set is defined as being convex by convention, since we can
not identify any two points in 0 violating (2.1.1).

We now give a few more nontrivial examples of convex sets that are widely used
in optimization.

17
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Linear and Affine Subspaces

Recall that a linear subspace L is a nonempty subset in R” such that for any x,y € L
and A € R, we have we have x+y € L and Ax € L. Geometrically, L is a special
plane that passes through the origin.

A linear subspace can be constructed by the so-called inner representation. Given
a set of vectors X, the linear span of X, denoted by Lin(X), is comprised of all the
linear combinations of X defined as Zlel,-x,-, where A; € R, i=1,... ,k and k may
depend on x. Let d < n be the maximum number of linearly independent vectors
in X, and {x,...,x;} be a set of basis vectors, Lin(X) can be written succinctly
as the linear span of of basis vectors {xi,...,x;} C X and d < n is also called the
dimension of L. It is known that Lin(X) is the smallest subspace containing X

A more convenient way to to check the convexity of L is through its outer represen-
tation. More specifically, L can be written as the solution set to a homogeneous linear
system, i.e., {x € R"|{a;,x) =0,i=1,...,r}. Here r=n—d and {a;,i=1,...,r} is
an arbitrary basis of the orthogonal complement of L in R”, denoted by L*. Using
this representation, the convexity of L can be easily verified by definition.

Given a linear subspace L and a vector a € R", an affine space M is defined as
M := a+ L. Geometrically, it represents a plane obtained by shifting L by a fixed
vector a. The linear subspace L used in this decomposition is uniquely determined by
M, givenby L=M —M = {x—y:x,y € M}. The shifting vector a is not uniquely
defined and can be chosen arbitrarily from M. The affine dimension of M is defined
as the dimension of L. Using the outer presentation of the linear subspace L, we can
derive an outer representation of M = {y : {(a;,y) = {(a;,a)}. Therefore, M must be
the solution set of a non-homogeneous linear system. The convexity of M follows
easily from this representation and the definition in (2.1.1).

Polyhedron

An affine space of dimension n— 1 in R" is called a hyperplane. It can be written as the
solution set of one linear equation {x € R" : {a;,x) = b; }. A hyperplane separates R"
into two halfspaces, denoted by {x € R" : (a;,x) > b;} and {x € R" : (a;,x) < b;}.

A polyhedron is defined as the intersection of a finite or infinite number of
halfspaces. Equivalently, it is the solution set of an arbitrary (finite or infinite) system
of linear inequalities given by P = {x € R" : (a;,x) < b;,i € I'}.

The convexity of polyhedron directly follows from (2.1.1). Indeed, let x,y € P,
then for any i € I, we have (a;,x) < b; and (a;,y) < b;. For any A € [0, 1], we have

(ai,lx+ (1 */ﬁL)y> = 7L<a,-,x> + (1 —/'L)(a,-,y) < Ab; + (1 77L)b,‘ =b;.

Using the same argument, we can show that the set Py = {x € R" : {a;,x) < b;,i €
I} is convex. While P is a closed set (as it contains the limit point of any convergent
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sequences), Py is not a closed set. We will see later that every closed and convex set
X C R” is the solution set of an appropriate countable system of non-strict linear
inequalities, i.e., X = {x € R": (a;,x) <b;,i=1,2,...}.

Polyhedral Representations

By definition, a polyhedral set X C R”" is a set which can be represented as
X ={x:Ax < b},

that is, as the solution set of a finite system of nonstrict linear inequalities. A polyhe-
dral representation of a set X C R” is a representation of X of the form:

X={x:3w:Px+0w<r}.

In other words, a representation of X is the a projection onto the space of x-variables
of a polyhedral set Xt = {[x;w] : Px+ Qw < r} in the space of x, w-variables.
Below we state a few examples of polyhedral representations.

a) The set X = {x € R" : ¥; |x;| < 1} admits the polyhedral representation
—w; <x; < wi,

X=<xeR":IweR": 1<i<n,
Yiwi <1

b) The set
X = {x € R®: max[xy,x2,x3] + 2 max x4, x5, 6]
<x1—x6+5}

admits the polyhedral representation
xp Swi,xg Swixz < wy
X={xcR®:IwecR>: xs <waxs <waxg<wy .
w1+ 2wy <xp —x6+35

A natural question we may have is whether a polyhedrally represented set is
polyhedral. More specifically, let X be given by a polyhedral representation:

X={xeR":3w:Px+0w<r},
i.e., as the projection of the solution set
Y={[x;w]:Px+0w<r} (2.1.2)

of a finite system of linear inequalities in variables x, w onto the space of x-variables.
Is it true that X is polyhedral, i.e., X is a solution set of finite system of linear
inequalities in variables x only?
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This question will be answered positively below through the development of the
so-called Fourier-Motzkin elimination procedure.

Elimination step: eliminating a single slack variable. Given set (2.1.2), assume
that w = [wy;...;wy,] is nonempty, and let Y™ be the projection of Y on the space of
variables x,wy,...,W;,_1:

Y* ={[x;wi;;Wm1]: 3w : Px+0w < r}.

Let us show that Y™ is polyhedral. Indeed, let us split the linear inequalities
plx+ql'w<r,1<i<I, defining Y into three groups:

a) The coefficient at wy, is 0.
b) The coefficient at w,, is > 0.
c¢) The coefficient at w,, is < 0.
Then
Y = {x ER": Iw=[wi;..;wy]:
aiTx+biT[w1;...;wm,1} < ¢, i isin group a)
W < aiTx+bl-T[w1; s Wm—1] +¢i, iis in group b)
Wi > aiTx—l—biT[w];...;wmf]] + ¢, i1sin group c)}

which implies that

= {[swis.swmi]:
aiTx—|—biT[w1;...;wm,1] < ¢, i isin group a)
aﬁx—l—bﬁ[w];...;wmq] +ep > alx+blwisswaoit]+oy

and thus Y is polyhedral. Now that the projection
YT ={wiseswmot] : 3w owis . w,] €Y

of the polyhedral set Y = {[x,w] : Px+ Qw < r} is polyhedral, iterating the process,
we conclude that the set X = {x: 3w : [x,w] € Y } is polyhedral.
Therefore, we arrive at the following conclusion.

Theorem 2.1. Every polyhedrally representable set is polyhedral.

Now let us consider an linear optimization problem of
Opt = max {c’x: Ax < b} (2.1.3)
X

Observe that the set of values of the objective at feasible solutions can be represented
as
T={teR:3:Ax<b,cTx—1=0}
={teR:I:Ax<b,cTx<1,cTx > 1},

which means that T is polyhedrally representable. By Theorem 2.1, T is polyhedral,
i.e., T can be represented by a finite system of linear inequalities in variable T only.
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It immediately follows that if T is nonempty and is bounded from above, T has
the largest element. Thus, we have proved the following important consequence of
Theorem 2.1.

Corollary 2.1. A feasible and bounded linear optimization problem admits an opti-
mal solution and thus is solvable.

Fourier-Motzkin Elimination Scheme also suggests a finite algorithm for solving
an LO program using the following procedure. First, we apply the scheme to get a
representation of 7 by a finite system S of linear inequalities in variable 7. Second,
we analyze S to find out whether the solution set is nonempty and bounded from
above, and when it is the case, to find out the optimal value Opt € T of the program.
Third, use the Fourier-Motzkin elimination scheme in the backward fashion to find x
such that Ax < b and ¢’ x = Opt, thus recovering an optimal solution to the problem
of interest. Unfortunately, the resulting algorithm is completely impractical, since
the number of inequalities we should handle at a step usually rapidly grows with the
number of steps and can become astronomically large when eliminating just tens of
variables.

Unit Balls

A real-valued function ||x|| on R” is a norm if

[[x]| > 0,Vx € R ||x|| = 0iffx=0
[IAx]| = |A]|lx]|,¥x € R" and A € R
e[ < flxll + lIyll-

To show that a ball defined by an arbitrary norm, {x € R"|||x|| < 1} (e.g., the

I norm ||x|2 = /X7 ,x? or Iy norm ||x||; = X, |x;| balls) is convex, it suffices to
apply the Triangular inequality and the positive homogeneity associated with a norm.
Suppose that ||x|| < 1,|ly|| <1 and A € [0,1]. Then

A2+ (1 =)yl < [[Axl| 4 [1(1 = 2A)y[ = Allx] + (1 = 2A)[ly] < 1.

Notice that except some popular norms listed above, there is a more general
characterization of the unit ball of a norm. A set V € R" is the unit ball of a norm iff
V is (a) convex and symmetric w.r.t. 0, i.e., V = —V, (b) bounded and closed, and (c)
contains a neighbourhood of the origin.
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Ellipsoid

Let O be an n X n positive definite and symmetric matrix (Q > 0), the center a € R"
and radius r > 0 be given. An ellipsoid in R" is defined as

X:={x:(x—a)TQ(x—a) <r*}.
To show X is convex, we can write

(r—a)'Qx—a) = [(x—a)" Q'][Q"* (x~ a)] = [ 0"*(x~ a)|I3 = Il a3

Hence, X is a || - ||o-ball and is therefore a convex set.

e-neighbourhood of Convex Set

Let M be a nonempty convex set in R”, || - || be a norm and € > 0. Then the set
X = {x:dist (x,M) = infyep|[x —y| < €}

is convex.

To show this statement, first observe that x € X if and only for every €’ > € there
exists y € M such that ||x—y|| < &'. Forany x,y € X, A € [0, 1], and any & > €, there
exists u,v € M, such that ||x —ul| < & and ||y —v|| < €’. Setting w = Au+ (1 —A)v,
we conclude

[Ax+ (1 =2A)y =wl| = [[A(x—u) + (1=2)(y =)
S Al —ull+ (1 =)[ly-vll <€,

which implies that X is convex.

Convex Combinations and Convex Hulls

Letxy,...,xn € R" be given. y = Y1 | Aix; is call their convex combination if A; > 0
and Y | = L.
We claim that a set X € R” is convex iff it is closed w.r.t. convex combinations,
i.e.,
X eX, >0,y Li=1=Y" hx;€X. 2.1.4)

To show the sufficient condition is straightforward. One just need to fix m =2
and use the definition of convexity.

We need to prove the necessarily condition by using induction. (2.1.4) holds
obviously for m = 1. Suppose it is true when the number of terms is given by m.
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Then

+1 _
Y Aixi = A1 Xmy 1 + X0 Aixi
171111+l m
= 1Xm+1+ v Li— Aix;
m+14m+ Z;'n:l/li i=17YiNi
€X,

where the second identity follows from 1 — A, = Z;":lli, and the last inclusion
follows from the fact that Y7 | Aix; /Y. | A; by our induction hypothesis.

It can be easily checked by the definition of convex sets that the intersection
NaeaXgq of an arbitrary family of convex set {Xg }gea in R” is convex. Now let
X C R” be an arbitrary set. Then among convex sets containing X (which do exist,
e.g. R"), there exists the smallest one, namely, the intersection of all convex sets
containing X. We use the convex hull Conv(X) to denote this smallest convex set
containing X.

The following simple result shows the inner construction of a convex hull.

Proposition 2.1. Let a subset X C R" (not necessarily convex) be given, and let X
denote the set of all convex combination of points in X. Then Conv(X) = X.

Proof. First note that every convex set which contains X must contain any convex
combination of point from X. Therefore, XcC Conv(X).

To show the opposite site, we only need to show that the set X D X is convex
since Conv(X) is the smallest one containing X. This is immediate. Let x,y € X.
Then x =Y jupx; and y =Y \viyi, withx; € X,i=1,....m, y; € X,i=1,...,n,
Y ui=1,u;>0,Y" ,v;=1,v; > 0. For some A € [0,1],

Ax+(1=A)y=Y" Aux;i + Y (1= A)viy; € X.

Simplex

We have introduce the affine subspace from the geometric point of view together
with its outer representation using non-homogenous linear systems. We now review
an inner representation of an affine subspace, which will play an important role later
in the theory of convex sets.

For an nonempty set ¥ C R”, the affine hull Aff(Y) is defined as the set comprised
of all affine combinations of elements of Y defined as y = Zfzol,-y,-. Herey, €Y,k
may depend on y, A; € R and };A; = 1. To see that this is an affine subspace, fix a
point yg € Y, we have

y=y0— (1= )yo+ X5 Aiyi = yo + X1 A (vi — yo).
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Since the last term Y%, A;(y; — yo) denotes the linear subspace spanned by ¥ — yo,
Aff(Y) must be an affine subspace by definition. In fact, since Ln(Y — yy) is the
smallest linear subspace containing ¥ — yo, Aff(Y') is also the smallest affine subspace
containing Y. Let {y; —yo,...,ys — Yo } denotes the basis vectors in Ln(Y —yy), with
d being its dimension. It then follows that the generic element of Y can be more
compactly written as

Y =yo+ X1 (i —o)-

We say that yy,...,y; are affinely independent if y; — yo,...,ys — Yo are linearly
independent.

An m-dimensional simplex A with vertices xo, ..., X;, is defined as the convex hull
of m+ 1 affinely independent points xg, ..., X:

A =A(xg,...., %) = Conv({xg, ..., xXm }).

A few example are given as follows. a) 2-dimensional simplex is given by 3 points
not belonging to a line and is the triangle with vertices at these points; b) Let ey, ..., e,
be the standard basic orths in R". These n points are affinely independent, and the
corresponding (n — 1)-dimensional simplex is the standard simplex A, = {x € R" :
x>0,Yx; = 1}; and ¢) adding to ey, ..., e, the vector ¢g = 0, we get n+ 1 affine

l
independent points. The corresponding n-dimensional simplex is A" = {x € R" :
x>0, x; < 1}. Note that Simplex with vertices xo, ..., X, is convex since it is the

1
convex hull of a set), and every point from the simplex is a convex combination of
the vertices with the coefficients uniquely defined by the point.

Cone

A subset K of R" is conic if K # @ and 7x € K for any x € K and ¢ > 0. A convex
conic set is called a cone.
A few examples of cone are given below. a) Nonnegative orthant

RY ={xeR":x>0};

b) Lorentz cone
L"={xeR":x, > x%Jr...erZ_l};

c) Semidefinite cone S'}.. This cone “lives” in the space S" of n X n symmetric matri-

ces and is comprised of all positive semidefinite symmetric n X n matrices;

d) The solution set {x : agx < 0Vo € &/} of an arbitrary (finite or infinite) homoge-

neous system of nonstrict linear inequalities is a closed cone. In particular, so is a

polyhedral cone {x : Ax < 0}. It is worth noting that every closed cone in R" is the

solution set of a countable system of nonstrict homogeneous linear inequalities.
Below we provide a different characterization of a cone.
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Proposition 2.2. A nonempty subset K C R" is a cone iff

a) K is conic: xe K,t >0=txeK;
b) K is closed w.r.t. addition: x,y € K = x+y € K.

Proof. =: Let K be convex and x,y € K, Then %(er y) € K by convexity, and
since K is conic, we also have x+y € K. Thus, a convex conic set is closed w.r.t.
addition.

<: Let K be conic and closed w.r.t. addition. In this case, a convex combination
Ax+ (1 —2A)y of vectors x,y from K is the sum of the vectors Ax and (1 —A)y and
thus belongs to K, since K is closed w.r.t. addition. Thus, a conic set which is closed
w.r.t. addition is convex [

Cones form an extremely important class of convex sets with properties “parallel”
to those of general convex sets. For example,

» Intersection of an arbitrary family of cones again is a cone. As a result, for every
nonempty set X, among the cones containing X there exists the smallest cone
Cone(X), called the conic hull of X.

* A nonempty set is a cone iff it is closed w.r.t. taking conic combinations of its
elements (i.e., linear combinations with nonnegative coefficients).

* The conic hull of a nonempty set X is exactly the set of all conic combinations of
elements of X.

2.2 “Calculus” of Convex Sets

The following operations preserve convexity of sets.

1. Intersection: If X, C R", o € &7, are convex sets, sois () Xg.
acd
2. Direct product: If X, C R are convex sets, £ =1, ..., L, so is the set

X =X x...xX
={x=0' . x) xf e X, 1<0<L}
C R"IJF---?L"L.

3. Taking weighted sums: Let X|,...,X; be nonempty convex subsets in R” and
M, ..., Az be reals. Then the set

MX 4. X
={x=Ax+..+hx:x X, 1 <I<L}

is convex.
4. Affine image: Let X C R” be convex and x — 27 (x) = Ax+ b be an affine mapping
from R” to R¥. Then the image of X under the mapping — the set

A (X)={y=Ax+b:xeX}
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is convex.
5. Inverse affine image: Let X C R” be convex and y — <7 (y) = Ay + b be an affine
mapping from R¥ to R”. Then the inverse image of X under the mapping — the set

o NX)={y: Ay +beX}
is convex.

All these statements can be easily checked by using the definition of convexity.

2.3 Topological Properties of Convex Sets

Recall that a set X C R” is called closed, if X contains the limits of all converging
sequences of its points:

Xi€EX &xi—x,i—oc0=xeX.

It is open, if it contains, along with every of its points x, a ball of a positive radius
centered at x:
xeX=3Ir>0:{y:[y—x2<r}CcX.

For example, the solution set of an arbitrary system of nonstrict linear inequalities
{x:alx < by} is closed, while the solution set of a finite system of strict linear
inequalities {x : Ax < b} is open.

Also there are a few important facts about open and closed set.

A. X is closed iff R"\X is open.

B. The intersection of an arbitrary family of closed sets and the union of a finite
family of closed sets are closed.

B’.The union of an arbitrary family of open sets and the intersection of a finite family
of open sets are open.

Observe that B’ is equivalent to B in view of the identity that R"\ (ANB) = (R"\A)U
(R™\B). From B it follows that the intersection of all closed sets containing a given
set X is closed. The smallest closed set containing X, called the closure c1X of X is
exactly the set of limits of all converging sequences of points of X:

clX = {x:3x; € X : x = limx;}.
j—o0
From B’ it follows that the union of all open sets contained in a given set X is open.
The largest open set contained in X, called the interior intX of X is exactly the set of

all interior points of X — points x belonging to X along with balls of positive radii
centered at the points:

intX={x:3r>0:{y:[y—x|2<r}CX}.
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Let X C R". Then intX C X C clX. The “difference” dX = c1X\intX is called the
boundary of X; boundary always is closed (as the intersection of the closed sets cl X
and the complement of intX).

In general, the discrepancy between intX and clX can be pretty large. For example,
let X C R! be the set of irrational numbers in [0,1]. Then intX = 0, c1X = [0, 1],
so that intX and clX differ dramatically. Fortunately, a convex set is perfectly well
approximated by its closure (and by interior, if the latter is nonempty) as shown in
the following proposition.

Proposition 2.3. Let X C R" be a nonempty convex set. Then

a) Both intX and cl1X are convex.
b) If intX is nonempty, then intX is dense in c1X. Moreover,

x€intX,yeclX = Ax+(1—A)y €intX VA € (0,1]. (2.3.1)

Proof. We first show part a). To prove that intX is convex, note that for every two
points x,y € intX there exists a common r > 0 such that the balls By, B of radius r
centered at x and y belong to X. Since X is convex, for every A € [0, 1], X contains
the set AB, + (1 — A)By, which clearly is nothing but the ball of the radius » centered
at Ax+ (1 —A)y. Thus, Ax+ (1 —A)y € intX for all A € [0,1].

Similarly, to prove that c1X is convex, assume that x,y € clX, so that x = lim;_,c X;
and y = IILm y; for appropriately chosen x;,y; € X. Then for A € [0, 1] we have

i—oo

Ax+(1—=A)y=lim [Ax;+ (1 - A)yi,
—_——

ex

so that Ax+ (1 —A)y € clX forall A € [0,1].

To prove part b), it suffices to prove (2.3.1). Indeed, let X € intX (the latter set
is nonempty). Every point x € clX is the limit of the sequence x; = %X—k (1 — %) X.
Given (2.3.1), all points x; belong to intX, thus intX is dense in c1X.

Now to show (2.3.1), Let x € intX, y € clX, A € (0, 1]. Let us prove that Ax +
(1—A)y € intX. Since x € intX, there exists r > 0 such that the ball B of radius r
centered at x belongs to X. Since y € clX, there exists a sequence y; € X such that
y = lim;_ y;. Now let

B'=AB+(1-1)y
={z=[Ax+ (1 —=A)y]+Ah: ||h|]2 < r}

zi
={z=z+06:|8] <r =Ar}.

Since B C X, y; € X and X is convex, the sets B (which are balls of radius 7 > 0
centered at z;) are contained in X. Since z; — z=Ax+ (1 —A)y as i — o, all these
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balls, starting with certain number, contain the ball B’ of radius /2 centered at z.
Thus, B' C X, i.e., z € intX. m

Let X be a convex set. It may happen that intX = 0 (e.g., X is a segment in 3D).
In this case, interior definitely does not approximate X and clX. So how should we
do with this? A natural way to overcome this difficulty is to pass to relative interior,
which is nothing but the interior of X taken w.r.t. the affine hull aff (X) of X rather
than to R”. This affine hull, geometrically, is just certain R” with m < n; replacing,
if necessary, R” with this R™, we arrive at the situation where intX is nonempty.

To implement the outlined idea, we need to the following definition.

Definition 2.2 (relative interior and relative boundary). Let X be a nonempty
convex set and M be the affine hull of X. The relative interior rintX is the set of all
point x € X such that a ball in M of a positive radius, centered at x, is contained in X:

rintX = {x: 3r > 0s.t.{y € aff (X), ||y —x||» < r} C X}.
The relative boundary of X is, by definition, c1X \rintX.
We have the following important result for nonempty convex sets.
Proposition 2.4. Let X C R" be a nonempty convex set. Then rintX # 0.

Proof. By Linear Algebra, whenever x € R" is nonempty, one can find in X an
affine basis for the affine hull aff (X) of X. In other words, there exists xp, X1, ...,xn €
X so that every x € aff (X) admits a representation

X = ilix,-, Z/l, =1
i=0 i

and the coefficients in this representation are uniquely defined by x.
When x; € X,i=0,1,...,m, form an affine basis in aff (X), the system of linear
equations

m
Z 7L,‘x,‘ =X
i=0
YA =1
i=0

in variables A has a unique solution whenever x € aff (X). Since this solution is
unique, it, again by Linear Algebra, depends continuously on x € aff (X). In particular,
when x =X = #H Y oxi, the solution is positive; by continuity, it remains positive
when x € aff (X) is close enough to X. Therefore,

Fr>0:xecaff(X),|x—x|2<r=
x=Y Ai(x)x; with ¥; A;(x) = 1 and A;(x) >0
i=0
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It follows that when X is convex, X € rintX. [

In view of the above result, by replacing, if necessary, the original “universe” R"
with a smaller geometrically similar universe ( i.e. aff (X) or geometrically, R with
certain m < n), we can reduce investigating an arbitrary nonempty convex set X to the
case where this set has a nonempty interior (which is nothing but the relative interior
of X). In particular, our results for the “full-dimensional” case in Proposition 2.3
imply that for a nonempty convex set X, both rintX and clX are convex sets such
that

0 #rintX C X CclX C aff (X)

and rintX is dense in clX. Moreover, whenever x € rintX, y € c1X and A € (0,1],
one has
Ax+(1—A)y € rintX.

Now, we discuss how to construct the clX. Let X be convex and x € rintX. As we
know,
Ae0,1],yeclX =y, =Ax+(1—-A)yeX.

It follows that in order to pass from X to its closure clX, it suffices to pass to “radial
closure” as follows. For every direction 0 # d € aff (X) — X, let Ty ={t > 0:x+1td €
X}. Note that Ty is a convex subset of R which contains all small enough positive
t’s. A few cases may happen.

* If T; is unbounded or is a bounded segment: Ty = {t : 0 < <#(d) < o}, the inter-
section of c1X with the ray {¥+17d : r > 0} is exactly the same as the intersection
of X with the same ray.

» If T; is a bounded half-segment: Ty = {7 : 0 <7 < #(d) < e}, the intersection of
clX with the ray {¥+rd : ¢t > 0} is larger than the intersection of X with the same
ray by exactly one point, namely, ¥+ #(d)d. Adding to X these “missing points”
for all d, we arrive at cl1X.
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2.4 Caratheodory’s Theorem

Let M be affine subspace in R”, so that M = a+ L for a linear subspace L. The linear
dimension of L is called the affine dimension dimM of M.

Examples: The affine dimension of a singleton is 0. The affine dimension of R”
is n. The affine dimension of an affine subspace M = {x : Ax = b} is n —rank (A).
For a nonempty set X C R", the affine dimension dimX of X is exactly the affine
dimension of the affine hull aff (X) of X.

Theorem 2.2. Ler 0 # X C R". Then every point x € conv (X) is a convex combina-
tion of at most dim(X) + 1 points of X.

Proof. We will go through the following few steps.

1°. We should prove that if x is a convex combination of finitely many points
X1,...,X¢ of X, then x is a convex combination of at most m + 1 of these points, where
m = dim(X). Replacing, if necessary, R" with aff (X), it suffices to consider the case
of m =n.

29, Consider a representation of x as a convex combination of xi,...,x; with
minimum possible number of nonzero coefficients; it suffices to prove that this
number is < n+ 1. Let, on the contrary, the “minimum representation” of x

p
X = Zlixiv[xi > Oazli = 1]

i=1 i

has p > n+1 terms.
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39, Consider the homogeneous system of linear equations in p variables &;

A
)

~—

NglS

9ix; = 0 [n linear equations]

i=1

(b) Y6 = 0 [single linear equation]
i

Since p > n+ 1, this system has a nontrivial solution & (i.e. 6 # 0). Observe that for
every t > 0 one has

X =

M~

[7L,~+t6l-}xi& Z;L,(t) =1.
20) i

i=1

Now consider how to represent x as a convex combination of a smaller number of
x;’s by varying ¢.

* Whent =0, all coefficients A;(¢) are nonnegative.
e Whent — oo, some of the coefficients A;(¢) go to —eo (indeed, otherwise we would
have §; > 0 for all i, which is impossible since Y 6; = 0 and not all §; are zeros).
i

It follows that the quantity
te =max{t:t >0 & A(t) > OVi}

is well defined; when ¢ = ,, all coefficients in the representation

M~

X =

Ai(t:)xi

1

are nonnegative, sum of them equals to 1, and at least one of the coefficients A;(t,)
vanishes. This contradicts the assumption of minimality of the original representation
of x as a convex combination of x;. [

We also have a conic version of the Caratheodory Theorem. We will leave its
proof as an exercise.

Theorem 2.3. Let @ £ X C R". Then every vector x € cone (X) is a conic combination
of at most n vectors from X.

It is worth noting that the bounds given by Caratheodory Theorems (usual and

conic version) are sharp as shown in the following examples.

* For a simplex A with m+ 1 vertices vy, ..., v, one has dimA = m, and it takes all

m
L_ ¥ v; as a convex combination of the
m+1 . 7
=

the vertices to represent the barycenter

vertices.

* The conic hull of n standard basic orths in R” is exactly the nonnegative or-
thant R}, and it takes all these vectors to get, as their conic combination, the
n-dimensional vector of ones.
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As an illustrative example of the above results, consider a supermarkets sell 99
different herbal teas; every one of them is certain blend of 26 herbs A,...,Z. Let x;
denote the fraction of each herb for a herbal tea. These herbal teas sit within an affine
space of dimension 25, i.e., {x € R?®: Y26 x; =1}.

In spite of such a variety of marketed blends, John is not satisfied with any one of
them; the only herbal tea he likes is their mixture, in the proportion

1:2:3:...:98:99

Once it occurred to John that in order to prepare his favorite tea, there is no
necessity to buy all 99 marketed blends; a smaller number of them will do. With
some arithmetics, John found a combination of 66 marketed blends which still allows
to prepare his tea. Do you believe John’s result can be improved?

2.5 Radon’s Theorem

Theorem 2.4. Let x1,...,x,, be m > n+ 2 vectors in R". One can split these vectors
into two nonempty and non-overlapping groups A and B such that

conv (A) Nconv (B) # 0.

Proof. Consider the homogeneous system of linear equations in m variables §;:

m
)y 0ix; = 0 [n linear equations]

i=1
0; = 0 [single linear equation]
i=1

=

Since m > n+ 2, the system has a nontrivial solution 8. Setting I = {i : §; > 0},
J={i: & <0}, we split the index set {1,...,m} into two nonempty (due to & #
0,Y.8; = 0) groups such that

i

Y &ixi = Y [—6j]x;

iel jeJ
)/2251‘: Yy —5j>0
icl jeJ
whence 5 5
Y2y = ¥ oy
ier ¥ e Y
N——

—_———
econv ({x;:i€l}) econv ({x;:jeJ})
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2.6 Helley’s Theorem

The following is a basic version of Helley’s Theorem.

Theorem 2.5. Let Ay, ...,Apy be convex sets in R". Assume that every n+ 1 sets from
the family have a point in common. Then all sets also have point in common.

Proof. We prove the result based on induction in M. The base M < n+-1 is trivially
true. Now assume that for certain M > n+ 1 our statement hods true for every M-
member family of convex sets, and let us prove that it holds true for M + 1-member
family of convex sets A1, ...,Ap+1.

* By inductive hypotheses, every one of the M + 1 sets
By=A1NAN...NAi_1 NAp1 N.NAM+1

is nonempty. Let us choose xy € By, = 1,.... M + 1.

* By Radon’s Theorem, the collection x1, ..., xp/+1 can be split in two sub-collections
with intersecting convex hulls. W.Lo.g., let the splitbe {x1,...,xy_1 }U{xs, ...,xp+1},
and let

zeconv({x1,...,xj_1}) ﬂconv ({xs, s xps1 })-
We claim that z € Ay for all £ < M + 1 and hence the result is proved. Indeed, the
points x;,x;41,...,xXp+1 belong to the convex set A, for £ <J — 1, whence
zeconv ({xs,....xp11}) CAp.

Moreover, the points x,...,x;_| belong to the convex set A, for £ > J, whence

zeconv ({x1,...,xj_1}) C Ay.

We can refine Helley’s theorem as follows.

Theorem 2.6. Assume that Ay, ...,Ay are convex sets in R" and that

e the union Ay UAy U...UAy of the sets belongs to an affine subspace P of affine
dimension m.
o every m+ 1 sets from the family have a point in common.

Then all the sets have a point in common.

Proof. We can think of A; as of sets in P, or, which is the same, as sets in R and
apply the Helley Theorem ]

When trying to extend Helley’s Theorem from finite to infinite collections of
convex sets Aq, O € .o/, we meet two immediate obstacles. First, things can go wrong
when the sets Aq are not closed. For example, for the collection {A; = (0,1/i)},i > 1
of convex subsets of R, the intersection of sets from every finite subcollection is
nonempty, but the intersection of all A; is empty. Second, things can go wrong when
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the intersections of sets from finite subcollections can “run to infinity," as is the case
for collection {A; = [i,)},i > 1 of convex subsets of R. Here again intersection
of sets from every finite subcollection is nonempty, but the intersection of all A; is
empty. It turns out that these are the only two obstacles for Helley Theorem to be
applicable to infinite collections of convex sets.

Below we show a more general form of Helley’s theorem for an infinite collection
of convex sets.

Theorem 2.7. Let Ay, 00 € o7, be a family of convex sets in R" such that every n+ 1
sets from the family have a point in common. Assume, in addition, that

e the sets Ay are closed.
* one can find finitely many sets Aq, , ...,Aq,, With a bounded intersection.

Then all sets Ay, & € &7, have a point in common.

Proof. By Helley’s Theorem, every finite collection of the sets Ay has a point in
common, and it remains to apply the following standard fact from Analysis:
Let By, be a family of closed sets in R" such that

e every finite collection of the sets has a nonempty intersection;
e in the family, there exists finite collection with bounded intersection.

Then all sets from the family have a point in common.

The proof of the Standard Fact is based upon the following fundamental property
of R": Every closed and bounded subset of R" is a compact set. Recall two equivalent
definitions of a compact set:

* A subset X in a metric space M is called compact, if from every sequence of points
of X one can extract a sub-sequence converging to a point from X.

* A subset X in a metric space M is called compact, if from every open covering of
X (i.e., from every family of open sets such that every point of X belongs to at
least one of them) one can extract a finite sub-covering.

Now let By be a family of closed sets in R" such that every finite sub-family of
the sets has a nonempty intersection and at least one of these intersection, let it be B,
is bounded. Let us prove that all sets By have a point in common. Assume that it is
not the case. Then for every point x € B there exists a set By, which does not contain
x. Since By is closed, it does not intersect an appropriate open ball V, centered at
x. Note that the system {V, : x € B} forms an open covering of B. By its origin,
B is closed (as intersection of closed sets) and bounded and thus is a compact set.
Therefore one can find a finite collection V,, ..., Vy,, which covers B. For every i <M,

M
there exists a set By, in the family which does not intersect V,,; therefore (] Bg, does
i=1
not intersect B. Since B itself is the intersection of finitely many sets in By, we see
that the intersection of these finitely many sets from B used to define B and the
constructed sets By, ,...,Bq,, is empty, which is a contradiction (to the assumption
that every finite sub-family of the sets has a nonempty intersection). ]
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Example 2.1. We are given a function f(x) on a 7,000,000-point set X C R. At every
7-point subset of X, this function can be approximated, within accuracy 0.001 at
every point, by appropriate polynomial of degree 5. To approximate the function on
the entire X, we want to use a spline of degree 5 (a piecewise polynomial function
with pieces of degree 5). How many pieces do we need to get accuracy 0.001 at every
point?

The answer is: Just one. Indeed, let A, x € X, be the set of coefficients of all
polynomials of degree 5 which reproduce f(x) within accuracy 0.001:

5 .
Ac={p=(po,....,ps) ER®:|f(x) — X pix| < 0.001}.
5

The set Ay is polyhedral and therefore convex, and we know that every 6+ 1 =7 sets
from the family {A, }icx have a point in common. By Helley Theorem, all sets Ay,
x € X, have a point in common, that is, there exists a single polynomial of degree 5
which approximates f within accuracy 0.001 at every point of X.

Example 2.2. Consider an optimization program
e ={c"x:g(x)<0,i=1,..,2022}

with 11 variables x,...,x11. Assume that the constraints are convex, that is, every
one of the sets
X; = {x:gi(x) <0},i=1,...,2022

is convex. Assume also that the problem is solvable with optimal value 0. Clearly,
when dropping one or more constraints, the optimal value can only decrease or
remain the same. Is it possible to find a constraint such that dropping it, we preserve
the optimal value? Two constraints which can be dropped simultaneously with no
effect on the optimal value? Three of them?

In fact, you can drop as many as 2022 — 11 = 2011 appropriately chosen con-
straints without varying the optimal value!

Assume, on the contrary, that every 1 1-constraint relaxation of the original problem
has negative optimal value. Since there are finitely many such relaxations, there exists
€ < 0 such that every problem of the form

n}vin{ch : 8i, (x) <0,...,gi,, (x) <0} (2.6.1)

has a feasible solution with the value of the objective < —¢. Since this problem has
a feasible solution with the value of the objective equal to 0 (namely, the optimal
solution of the original problem) and its feasible set is convex, problem (2.6.1) has a
feasible solution x with ¢ x = —g, obtained by taking a convex combination of the
two optimal solutions to the original problem and the reduced problem in (2.6.1).
In other words, every 11 of the 2022 sets (each defined by one single constraint
gi(x) <0andcTx= —¢)
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Yi={x:cTx=—¢,g(x)<0},i=1,..,2022

have a point in common. The sets Y; are convex (as intersections of convex sets X;
and an affine subspace). If ¢ # 0, then these sets belong to affine subspace of affine
dimension 10, and since every 11 of them intersect, all 2022 intersect; a point x from
their intersection is a feasible solution of the original problem with ¢’ x < 0, which
is impossible. When ¢ = 0, the claim is evident: we can drop all 2022 constraints
without varying the optimal value!

2.7 Separation Theorem

Separating Linear Form

Recall from linear algebra that every linear form f(x) on R" is representable via
inner product:

fx) = (f%)

for appropriate vector f € R" uniquely defined by the form. Nontrivial (not identically
zero) forms correspond to nonzero vectors f. A level set

M={x:(f,x)=a} (2.7.1)

of a nontrivial linear form on R" is affine subspace of affine dimension n — 1; vice
versa, every affine subspace M of affine dimension n — 1 in R” can be represented
by (2.7.1) with appropriately chosen f # 0 and «; f and a are defined by M up to
multiplication by a common nonzero factor. (n — 1)-dimensional affine subspaces in
R" are called hyperplanes.

Level set (2.7.1) of nontrivial linear form splits R" into two parts:

My ={x:{f,x) >a} and M_ = {x: (f,x) <a}

called closed half-spaces given by (f,a); the hyperplane M is the common boundary
of these half-spaces. The interiors M, of M, and M__ of M_ are given by

My ={x:(f,x)>a} and M__ = {x: (f,x) <a}
and are called open half-spaces given by (f,a). We have
R'=M_( M, [M_(\M.=M]

and
R'=M__|{ M| M.

Let S and T be two nonempty sets in R”. We say that a hyperplane M in (2.7.1)
separates S and T, if SCM_, T C My, and SUT ¢ M. We say that a nontrivial
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linear form (f,x) separates S and T if, for properly chosen a, the hyperplane (2.7.1)

separates S and 7. Geometrically, whenever M separates S and 7', S does not go

above M, T does not go below M, and their union is not contained completely in M.
Below we give a few examples of separating hyperplanes.

Example 2.3. The linear form x; on R? (with a = 0)

1) separates the sets
S ={xecR?:x; <0,x, <0},
T ={xeR?:x; >0,x, >0}

2) separates the sets

S ={xecR?:x; <0,x, <0},
T ={xeR?:x;+x>0,x, <0}.

3) does not separate the sets

S={xeR?:x;=0,1<x, <2},
T={xeR?:x,=0,-2<x < —1}.

4) separates the sets

S={xcR?:x;=0,1<x <2},
T={xcR?:0<x <1,-2<x<—1}.

An important characterization of separating linear form is given as follows. A
linear form (f,x) separates nonempty sets S and T if and only if

sup(f,x) < inf(f,y) and inf(f,x) <sup(f,y).
xes yeT x€S yeT

In this case, the hyperplanes associated with f separating S and T are exactly the
hyperplanes

[+ () = a} with sup(f,x) <a < inf(f,y).
x€S yer

Main Theorem

Separation theorems states that two nonempty convex sets can be separated iff their
relative interiors do not intersect. In order to prove this fundamental results in convex
analysis, we need to prepare a few technical results.

Lemma 2.1. Let X be a convex set, f(x) = (f,x) = fTx be a linear form and a €
rintX. Then

fTa=maxfTx e f(-)| = const.
xeX X
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Proof. Shifting X, we may assume a = 0. Let, on the contrary to what should be
proved, f7x be non-constant on X, so that there exists y € X with fTy # fTa =0.
The case of f7y > 0 is impossible, since 7 a = 0 is the maximum of f7x on X. Thus,
fTy < 0. The line {ry: t € R} passing through 0 and through y belongs to aff (X);
since 0 € rintX, all points z = —€&y on this line belong to X, provided that € > 0 is
small enough. At every point of this type, f7z > 0, which contradicts the fact that
max fTx= fTa=0. u
xeX

The following result is well-known in real analysis. We put it here for the sake of
completeness.

Lemma 2.2. Every nonempty subset S in R" is separable, meaning that one can find
a sequence {x;} of points from S which is dense in S, i.e., is such that every point
x € S is the limit of an appropriate subsequence of the sequence.

Proof. Let r1,r, ... be the countable set of all rational vectors in R”. For every
positive integer ¢, let X; C S be the countable set given by the following construction:

We look, one after another, at the points 7,7, ... and for every point r; check whether there is
a point z in S which is at most at the distance 1/t away from r;. If points z with this property
exist, we take one of them and add it to X; and then pass to 7y, otherwise directly pass to

Ts+1-

Is is clear that every point x € S is at the distance at most 2/¢ from certain point of
X;. Indeed, since the rational vectors are dense in R”, there exists s such that ry is at
the distance < 1/¢ from x. Therefore, when processing ry, we definitely add to X; a
point z which is at the distance < 1/r from r, and thus is at the distance < 2/t from
x. By construction, the countable union |J X; of countable sets X; C S is a countable
=1
set in S, and this set is dense in § since every point x € S is at the distance at most
2/t from certain point of X;. L]

We are now ready to prove the main result in this subsection.

Theorem 2.8. Two nonempty convex sets S and T can be separated iff their relative
interiors do not intersect.

Proof. =: Suppose that f7 x separates S and T so that sup f7 x < in; fTy. Assume,
xeS ye
on contrary to what should be proved, that a € rintSNrint7. Since a € T, we get

fTa > sup fTx, thatis, fTa = ma;;fo. By Lemma 2.1, fTx = fTqa for all x € S.
xeS xe

Moreover, since a € S, we get fTa < in;ny, thatis, fTa = mi;lny. By Lemma 2.1,
ye ye

fTy=fTaforally € T. Thus, for any z € SUT, we have f7z= fTa, so that f does
not separate S and 7', which is a contradiction.

<: Assume that S and 7 are nonempty convex sets such that rintSNrint7 = Q.
We will prove that S and T can be separated by a few steps.

1°: Separating a point and a convex hull of a finite set. Let S = conv ({by,...,b,,})
and T = {b} with b & S, and let us prove that S and T can be separated. Indeed,
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S=conv({b1,....bm}) = {x: st A >0,) 4 =1,x=Y Ab;}

is polyhedrally representable and thus by Theorem 2.1, is polyhedral, i.e.,
S={x:plx<q,l<L}.

Since b ¢ S, for some [, we have plb > g; > sup,cgpi x, which is the desired
separation.

20: Separating a point and a convex set which does not contain the point. Let
S be a nonempty convex set and 7 = {b} with b ¢ S, and let us prove that S and T
can be separated. W.L.O.G., shifting S and T by —b (which clearly does not affect
the possibility of separating the sets), we can assume that 7 = {0} ¢ S. Moreover,
replacing, if necessary, R” with lin (S), we may further assume that R” = 1in (S). In
view of Lemma 2.2, Let {x; € S} be a sequence which is dense in S. Since S is convex
and does not contain 0, we have

0 ¢ conv ({x1,...,x;}) Vi

whence by Step 1,
3fi:0=fro> max fx;. (2.7.2)
St

By scaling, we may assume that ||fi|l» = 1. The sequence {f;} of unit vectors
possesses a converging subsequence {fj }5 ;; the limit f of this subsequence is,
of course, a unit vector. By (2.7.2), for every fixed j and all large enough s we have
f,{x ;7 < 0, whence

fTx;<0vj. (2.7.3)
Since {x;} is dense in S, (2.7.3) implies that fTx <0 forall x € S, whence
sup fTx<0=fT0. (2.7.4)
xes

In view of the above relation, all we need to prove is to verify that

inf fTx < fT0=0.
xes

Assuming the opposite, (2.7.4) would say that f7x = 0 for all x € S, which is
impossible, since lin () = R” and f is nonzero.

30: Separating two non-intersecting nonempty convex sets. Suppose that §
and T are nonempty convex sets which do not intersect. Let us prove that they can
be separated. Let S =S5 —T and T= {0}. The set S clearly is convex and does not
contain O (since SNT = 0). By Step 2, Sand {0} = T can be separated: there exists
f such that
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suprsf inf [Ty
xes§ yer

sup [fTx—fTy] < 0= inf f7z
xeS,yeT 2€{0}

inf [fTx—fTy] < 0= sup Tz
xeS,yeT z{0}

inf fTx—sup Ty
x€S yeT

whence
sup fTx < inf fTy and inf fTx < sup fTy.
xes yeT xes yeT
4%: Completing the proof of Separation Theorem. Finally, suppose that S and
T are nonempty convex sets with non-intersecting relative interiors. Let us prove that
S and T can be separated. As we know, the sets ' = rint§ and 77 = rint T are convex
and nonempty, and hence we are in the situation when these sets do not intersect. By
Step 3, 8" and T’ can be separated: for properly chosen f, one has
sup fTx < inf fTy
xes yeT'!
inf fTx < sup fTy
xes’ yeT!
Since §’ is dense in S and T’ is dense in T, inf’s and sup’s in the above relation
remain the same when replacing S’ with S and 77 with T. Thus, f separates S and 7.
|

Separation of sets S and T by linear form f7 x is called strict, if

sup fTx < inf fTy
x€eS yer

Theorem 2.9. Let S and T be nonempty convex sets. These sets can be strictly
separated iff they are at positive distance:

dist(S,T) = _inf [lx—yll2>0.

Proof. =: Suppose f strictly separate S and T'. Let us prove that S, T are at positive
distance. Otherwise we could find sequences x; € S, y; € T with ||x; — y;]|» — 0 as
i — oo, whence f7 (y; —x;) — 0 as i — oo, It follows that the sets on the axis

S={a=fTx:xeS},T={b=f"y:yeT}
are at zero distance, which is a contradiction with

supa < inf b.
acs  beT
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<: Suppose S and T be nonempty convex sets which are at positive distance 28:

26 = inf |lx—y]2>0.
xeS,yeT

Let
St=8S+{z: |zl < &}

The sets ST and T are convex and do not intersect, and thus can be separated:

sup fTxy <inf fTy [f #0]
)C+€S+ yer
Since
sup fTxy = sup  [fTx+fT7]
xp €St xeS, ||zl <8
= [sup fTx] + 8]/ fl2,
xes
we arrive at

sup f1x < inf fTy.
xes yer

2.8 Supporting Planes

Let Q be a closed convex set in R" and X be a point from the relative boundary of Q.
A hyperplane

I={x:fTx=a} la # 0]
is called supporting to Q at the point X, if the hyperplane separates Q and {x}:

sup fTx < fTx
xeQ
inf fTx < fTx
x€Q

Equivalently, IT = {x : fTx = a} supports Q at ¥ if and only if the linear form f7x
attains its maximum on Q, equal to a, at the point X and the form is non-constant on

0.

Proposition 2.5. Let Q be a convex closed set in R" and X be a point from the relative
boundary of Q. Then

a) There exist at least one hyperplane I1 which supports Q at X;
b) For every such hyperplane I1, the set Q NII has dimension less than the one of Q.

Proof. Existence of supporting plane is given by the Separation Theorem in
Theorem 2.8 since
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F¢rintQ = ({%} =rint{£}) NrintQ = 0.
Furthermore,
Q¢ I = aff(Q) ¢ I = aff (1N Q) & aff (Q).

If two distinct affine subspaces are embedded one into another, then the dimension of
the embedded subspace is strictly less than the dimension of the embedding one. m

2.9 Extreme Points*

We first give a few equivalent definitions of extreme points. Let Q be a convex set in
R" and ¥ be a point of Q. The point is called extreme, if it is not a convex combination,
with positive weights, of two points of X distinct from &:

feeﬁt(Q)
ey & {52 TG s =g

Equivalently, a point X € Q is extreme if and only if it is not the midpoint of a
nontrivial segment in Q:
xtheQ=h=0.

It is also equivalent to say that a point X € Q is extreme if and only if the set O\ {x}
is convex. Here are a few examples for extreme points.

a) Extreme points of [x,y| are the end points x and y.

b) Extreme points of AABC are the vertices A, B and C.

¢) Extreme points of the ball {x: ||x||2 < 1} are the points {x : ||x||2 = 1} on the
boundary of the ball.

Krein-Milman’s theorem below tells us when a convex set possess extreme points.
Moreover, it shows that a closed convex bounded set Q is given by the convex hull
of its extreme points. Before presenting this result, we need to prove two important
technical results.

Lemma 2.3. Let S be a closed convex set and I1 = {x : fTx = a} be a hyperplane
which supports S at certain point. Then

ext(ITNS) C ext(S).

Proof. Let € ext(IINS). We should prove that ¥ € ext(S). Assume, on the
contrary, that ¥ is a midpoint of a nontrivial segment [u,v] C S. Then f7¥ =a =

max fTx, whence 7% = max f7x. A linear form can attain its maximum on a
xeS§ x€[u,y)

segment at the midpoint of the segment if and only if the form is constant on the
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segment. Thus, a = fTx = fTu= fTv, thatis, [u,v] C ITNS. This contradicts with
the assumption that x is an extreme point of ITNS. ]

Here is another important lemma.

Lemma 2.4. Let S be a closed convex set such that {X+th:t >0} C S for certain %.
Then
{x+th:t >0} CSVxeS.

Proof. For every s > 0 and x € S we have

X+ sh= llglolc[(l —s/i)x+ (s/i)[x+ (i/s)h]] .
es

Hence x + sh € S by the closeness of S. ]

Note that the set of all directions € R” such that {x+th:¢ > 0} C § for some
(and then, for all) x € S, is called the recessive cone rec (S) of closed convex set S.
rec (S) indeed is a cone, and S +rec (S) = S.

Theorem 2.10 (Krein-Milman). Let Q be a closed convex and nonempty set in R".
Then

a) Q possess extreme points if and only if Q does not contain lines;
b) If Q is bounded, then Q is the convex hull of its extreme points:

QO = conv (ext(Q))
so that every point of Q is convex combination of extreme points of Q.

Proof. We prove the results through a few steps.
1°: If closed convex set Q does not contain lines, then ext (Q) # 0. In order to build
an extreme point of Q, we apply the following Purification algorithm.

Initialization: Set So = Q and choose xg € Q.

Step t: Given a nonempty closed convex set S; which does not contain lines and is
such that ext(S;) C ext(Q) and x; € Sy,

1) check whether S; is a singleton {x;}. If it is the case, terminate: x,; € ext{S;} C
ext(Q).

2) if S; is not a singleton, find a point x| on the relative boundary of S; and build
a hyperplane I1;, which supports S; at x,.1. More specifically, to find x;11, take a
direction h # O parallel to aff (S;). Since S, does not contain lines, when moving from
Xx; either in the direction h, or in the direction —h, we eventually leave S;, and thus
cross the relative boundary of S;. The intersection point is the desired x; 1.

3) Set S;+1 = S, NIL, replace t witht+ 1 and loop to 1).

By Lemma 2.3, we have

ext(Si+1) Cext(Sy),
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so that
ext(Sy) C ext(Q) Vr.

Besides this, dim(S;41) < dim(S;), so that Purification algorithm does terminate with
an extreme point.

20: If a closed convex set O contains lines, it has no extreme points. By Lemma 2.4,
If a closed convex set Q contains a line ¢ (both directions of a ray), then the parallel
lines, passing through points of Q, also belong to Q. In particular, Q possesses no
extreme points.

3°: If a nonempty closed convex set Q is bounded, then Q = conv (ext (Q)). The
inclusion conv (ext(Q)) C Q is evident. Let us prove the opposite inclusion, i.e.,
prove that every point of Q is a convex combination of extreme points of Q based on
induction on k = dim Q. The base case k = 0 (Q is a singleton) is evident. Suppose
the result holds for any dimension up to k. Now given (k + 1)-dimensional closed
and bounded convex set Q and a point x € Q, we, as in the Purification algorithm,
can represent x as a convex combination of two points x4 and x_ from the relative
boundary of Q. Let I'L; be a hyperplane which supports Q at x., and let O, = IT,. NQ.
As we know, Q. is a closed convex set such that

dimQ, < dimQ, ext(Q4) C ext(Q), x4 € Q4.
Invoking inductive hypothesis,
x4 € conv (ext(Q4)) C conv (ext(Q)).

Similarly, x_ € conv (ext(Q)). Since x € [x_,x], we get x € conv (ext(Q)). L]

Suppose that we are given a linear form g” x which is bounded from above on Q.
Then in the Purification algorithm we can easily ensure that g7 x; | > g’ x;. Thus, If
Q is a nonempty closed set in R” which does not contain lines and f7x is a linear
form which is bounded above on Q, then for every point xy € Q there exists (and
can be found by Purification) a point ¥ € ext (Q) such that g’ ¥ > g xo. In particular,
if g7 x attains its maximum on Q, then the maximizer can be found among extreme
points of Q.

2.10 Exercises

1 Show that a set is convex if and only if its intersection with any line is convex.
Show that a set is affine if and only if its intersection with any line is affine.

2 Voronoi description of halfspace. Let a and b be distinct points in R”. Show
that the set of all points that are closer (in Euclidean norm) to a than b, i.e.,
{x| ||]x—all2 < |x—bl|2}, is a halfspace. Describe it explicitly as an inequality
of the form ¢’ x < d. Draw a picture.
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3 Which of the following sets § are polyhedra? If possible, express S in the form
S={x|Ax<b,Fx=g}

(@) S={yiai+ya2 | -1 <y; <1,—1 <y, <1}, where aj,a; € R"

(b) S:{xeR” x>0, 1Tx=1,Y" xa=>by,Y"  xa’ :bz},whereal,...,ane
Rand b,b; € R.

(c) S={xeR"|x>0,xTy <1 forall y with |[y|], = 1}.

d) S= ExER” |x>0,x7y <1 forallywith Y, |y;| = 1}.

4 Which of the following sets are convex?

(a) Aslab, i.e., asetof the form {x e R" | <a’x < B}.

(b) A rectangle, i.e., a set of the form {x e R" | oy <x; < fB;,i=1,...,n}. A
rectangle is sometimes called a hyperrectangle when n > 2.

(c) A wedge,i.e., {x ER"| alTx <b ,agx < bz}.

(d) The set of points closer to a given point than a given set, i.e.,

{xl e =xolly < flx =yl forall y € S}

where § C R".
(e) The set of points closer to one set than another, i.e.,

{x | dist(x,S) < dist(x,T)},
where S, T C R”, and
dist(x,S) =inf{||x—z|]2 | z € S}.

(f) The set {x | x+S, C S}, where S1,5, C R" with S; convex.

(g) The set of points whose distance to a does not exceed a fixed fraction 6 of
the distance to b, i.e., the set {x | |[x —al|2 < 0]|x—b||2}. You can assume
aZband0<6<1

5 Expanded and restricted sets. Let S C R”, and let || - || be a norm on R".

(a) Fora >0 we define S, as {x | dist(x,S) < a}, where dist(x,S) = infycg ||x —
y||. We refer to S, as S expanded or extended by a. Show that if S is convex,
then S, is convex.

(b) For a > 0 we define S_, = {x | B(x,a) C S}, where B(x,a) is the ball (in
the norm || - ||), centered at x, with radius a. We refer to S_, as S shrunk or
restricted by a, since S_, consists of all points that are at least a distance a
from R™\S. Show that if S is convex, then S_,, is convex.

6 Some sets of probability distributions. Let x be a real-valued random variable
with prob (x =a;) = p;,i=1,...,n, where a; < ap < --- < a,. Of course p € R"
lies in the standard probability simplex P = { pl1Tp=1,p= O}. Which of the
following conditions are convex in p ? (That is, for which of the following
conditions is the set of p € P that satisfy the condition convex?)
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(a) o <Ef(x) < f, where Ef(x) is the expected value of f(x), i.e., E f(x) =
Y1 pif (a;) (The function f : R — R is given.)

(b) prob(x > a) <.

(©) E[x*| < aElx|.

(d) Ex* < a.

(e) Ex2 > a..

(f) var(x) < «, where var(x) = E(x — Ex)? is the variance of x.

(g) var(x) > a.

(h) quartile(x) > o, where quartile(x) = inf{ | prob(x < ) > 0.25}.

(i) quartile(x) < a.

Show that if S; and S are convex sets in R, then so is their partial sum

S={(x,y1+y2) [ x €R",y;,y2 €R",(x,y1) € Sy, (x,2) €S2}

The set of separating hyperplanes. Suppose that C and D are disjoint subsets
of R". Consider the set of (a,b) € R""! for which a’ x < b for all x € C, and
a’x > b for all x € D. Show that this set is a convex cone (which is the singleton
{0} if there is no hyperplane that separates C and D).

Supporting hyperplanes.

(a) Express the closed convex set {x S Ri | X132 > 1} as an intersection of
halfspaces.
(b) Let C = {x € R" | ||x|l« < 1}, the lew-norm unit ball in R”, and let £ be a

point in the boundary of C. Identify the supporting hyperplanes of C at X
explicitly.

Inner and outer polyhedral approximations. Let C C R”" be a closed convex
set, and suppose that xp,...,xx are on the boundary of C. Suppose that for
each i,aiT (x—x;) = 0 defines a supporting hyperplane for C at x;, i.e., C C
{x|al (x—x;) <0}. Consider the two polyhedra

Poner =conv{xy,...,xk}, Pouter :{x\aiT(xfx,-) §O,i:1,...,K}.

Show that Ppper € C C Poyter. Draw a picture illustrating this.
Support function. The support function of a set C C R” is defined as

Sc(y) =sup{y'x|xeC}.

(We allow S¢(y) to take on the value +e0.) Suppose that C and D are closed
convex sets in R”. Show that C = D if and only if their support functions are
equal.

Converse supporting hyperplane theorem. Suppose the set C is closed, has
nonempty interior, and has a supporting hyperplane at every point in its boundary.
Show that C is convex.

Separation of cones. Let K and K be two convex cones whose interiors are
nonempty and disjoint. Show that there is a nonzero y such that y € K*, —y € K*.
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14 Mark in the following list the sets which are convex:

a. {x€R22x1+i2X2§laiila"'alo}
b. {xeR*:xi+2ixpy+i2x3 < 1,i=1,---,10}
c. {xeR:xf+ixm+itxd<l,i=1,---,10}
d. {xeR?:x}+5x 10 +4x3 <1}
e. {xeRY:xF+2x3+3x3+ - +10x%; < 2004x; —2003x, +2002x3 — - -+ + 1996x9 — 1995x10 }
f. {xGRZ:exp{xl}sz}
g. {xeR*:exp{x i} >x}
n
h. {xeR”: Xxiz:l}
i=1
n
i {xeR": Zx,-zél}
i=1
n
j. {xeR”: inzzl}
i=1
k. {xeR”: max xi<1}
i=1,-n
1. {xGR”:Amax X > 1}
i=1,n
m. {xeR”: max xizl}
i=1,-n
n. {xER”: min xigl}
i=1,,n
0. {xeR”: min xizl}
i=1,--n
p- {xeR”: in xizl}
i=1,--.n

15 Which ones of the following three statements are true?

a. The convex hull of a closed set in R” is closed
b. The convex hull of a closed convex set in R” is closed
c. The convex hull of a closed and bounded set in R” is closed and bounded

For true statements, present proofs; for wrong, give counterexamples.
Hint: Recall that a bounded and closed subset of R” is compact and that there
exists Caratheodory Theorem.

16 A cake contains 300 g!) of raisins (you may think of every one of them as of a
3D ball of positive radius). John and Jill are about to divide the cake according
to the following rules:

* first, Jill chooses a point a in the cake;
» second, John makes a cut through a, that is, chooses a 2D plane IT passing
through a and takes the part of the cake on one side of the plane (both IT and
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the side are up to John, with the only restriction that the plane should pass
through a); all the rest goes to Jill.

a. Prove that it may happen that Jill cannot guarantee herself 76 g of the raisins

b. Prove that Jill always can choose a in a way which guarantees her at least
74 g of the raisins

c. Consider n-dimensional version of the problem, where the raisins are n-
dimensional balls, the cake is a domain in R", and “a cut" taken by John is
defined as the part of the cake contained in the half-space

{xeR":e" (x—a) >0},

where e # 0 is the vector (“inner normal to the cutting hyperplane") chosen
by John. Prove that for every € > 0, Jill can guarantee to herself at least
300 300

a41 — €g of raisins, but in general cannot guarantee to herself = Jg +€g.

Prove the following Kirchberger’s Theorem:

Assume that X = {x,---,x;} and Y = {y1,--- ,y,u} are finite sets in R", with
k+m > n-+2, and all the points xq,- -+ , X, y1,- - ,Vn are distinct. Assume that
for any subset S C X UY comprised of n+ 2 points the convex hulls of the sets
X NS and Y NS do not intersect. Then the convex hulls of X and Y also do not
intersect.

Hint: Assume, on contrary, that the convex hulls of X and Y intersect, so that

1

m
Aix; = Z HjYj
j=1

[l hgls

for certain nonnegative 4;,}; 4; = 1, and certain nonnegative u;,¥ ; it; = 1, and
look at the expression of this type with the minimum possible total number of
nonzero coefficients A;, i1;.

Show that:

(a) The intersection N;e;C; of a collection {C; | i € I} of cones is a cone.
(b) The Cartesian product C; x C, of two cones C| and C is a cone.

Let Cy and C; be two nonempty convex sets such that C; C C.

(a) Give an example showing that ri (C;) need not be a subset of 1i (C;).

(b) Assuming that the sets C; and C, have the same affine hull, show that
ri (Cl) Cri (Cz).

(c) Assuming that the set ri (C}) Nri (Cz) is nonempty, show that i (C}) C 1i(C3)

(d) Assuming that the set C; Nri(C) is nonempty, show that the set ri (C) N
ri (C;) is nonempty.

(e) Show that the relative interior of a singleton {xo} is nonempty.
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Let X; and X, be nonempty subsets of R”, and let X = conv (X;) + cone (X3).
Show that every vector x in X can be represented in the form
k m
X = Z ox; + Z 04y
i=1 i=k+1
where m is a positive integer with m < n+ 1, the vectors xp, ..., x; belong to Xi,
the vectors yg1,. ..,y belong to X», and the scalars ¢, ..., &, are nonnegative
with ¢ + - - -+ oy = 1. Furthermore, the vectors xp —x1,..., Xk — X1, Vk+1s--sVm

are linearly independent.

(a) Let C; be a convex set with nonempty interior and C> be a nonempty convex
set that does not intersect the interior of C;. Show that there exists a hyper-
plane such that one of the associated closed halfspaces contains C,, and does
not intersect the interior of Cj.

(b) Show by an example that we cannot replace interior with relative interior in
the statement of part (a).

Let C be a nonempty convex set in R”, and let M be a nonempty affine set in R”".

Show that M Nri(C) = @ is a necessary and sufficient condition for the existence

of a hyperplane H containing M, and such that ri(C) is contained in one of the

open halfspaces associated with H.

Let C; and C, be nonempty convex subsets of R” such that C; is a cone.

(a) Suppose that there exists a hyperplane that separates C; and C;, properly.
Show that there exists a hyperplane which separates C; and C, properly and
passes through the origin.

(b) Suppose that there exists a hyperplane that separates C; and C; strictly. Show
that there exists a hyperplane that passes through the origin such that one of
the associated closed halfspaces contains the cone C, and does not intersect
C.

Is the set {a € R¥|p(0) = 1,|p(r) |[< 1 for o <t < B}, where

p(t) =a; +ast + - +apt* 1,
convex?
Let @ # X C R”. Then every vector x € cone (X) is a conic combination of at
most n vectors from X.






Chapter 3
Convex Functions

3.1 Definition and examples

Let f be a real-valued function defined on a nonempty subset dom f in R". f is called
convex, if

a) dom f is a convex set,
b) for all x,y € dom f and A € [0, 1] one has

JAx+(1=2A)y) SAf(x)+ (1 =2)f(y). @G.L.D

Equivalently, let f be a real-valued function defined on a nonempty subset dom f in
R". The function is called convex, if its epigraph — the set

epi{/} = {(x,r) eR"™: f(x) <1}

is a convex set in R"*!. We leave the proof for the equivalence of these two definitions
as an exercise.

Note that the inequality in (3.1.1) is automatically satisfied when x = y or when
A =0/1. Thus, it says something only when the points x, y are distinct from each other
and the point z = Ax+ (1 — A )y is a (relative) interior point of the segment [x, y]. What
does (3.1.1) say in this case? Observe that z = Ax+ (1 —A)y =x+ (1 —A)(y —x),
whence

ly=xl:lly=zl:lz=xl[=1:2:(1-2)

Therefore

(@) Slf(x)g(l—l)f(y)
f(@)=f(x) <(1=2)(f(y) = f(x))

[/ x)

flz—xll

fO)—f(x)
ly—x[l

51
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Similarly,

(3
fO)—f()  fO-f(2)
=l = Tyl

We then conclude that f is convex iff for every three distinct points x,y,z such
that x,y € dom f and z € [x,y], we have z € dom f and

f@) —fx) _ fO)—fx) _ fO)—f2)
|z —x]| [y — x| ly—zll

< < (3.1.2)

Some examples of convex or nonconvex functions are given as follows.

a) Functions convex on R: x2, x*, X0, exp{x}.

b) Nonconvex functions on R: x3, sin(x).

¢) Functions convexon Ry: x”, p > 1, —x”, 0 < p < 1, xInx.
d) Functions convex on R": affine function f(x) = f7c.

e) A norm || -|| on R” is a convex function.

3.2 Jensen’s Inequality

Below we state the important Jensen’s inequality.
Proposition 3.1. Let f(x) be a convex function. Then

x; €dom f,A; > O,Z)L,- =1= f(Zl,-x,-) < Z_?Lif(xi)
i i i
Proof. The points (x;, f(x;)) belong to epi { f}. Since this set is convex, the point
(Z/Iixi,zlif(xi)) € epi{f}.
i i
By definition of the epigraph, it follows that
FQLAixi) < Y Aif (xi)-
i i

|

We can state Jensen’s inequality in a more general form. Let f be convex, dom f

be closed and f be continuous on dom f. Consider a probability distribution 7(dx)
supported on dom f. Then
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To illustrate the application of Jensen’s Inequality, Let p = {p; > 0}, g = {g; >
0}, be two discrete probability distributions. We claim that the Kullback-Liebler

distance '
Zp,' In &
i qi

between the distributions is > 0. Indeed, the function f(x) = —Inx, dom f = {x > 0},
is convex. Setting x; = ¢;/pi, Ai = p; we have
0=—In (ZQi) = f(X pixi)
1 1
< Ypif(xi) =Y pi(—Ingi/p:)
1 1
= Y piln(pi/q:).
1

3.3 Extended Real

What is the value of a convex function outside its domain? By convention, it is
convenient to think that a convex function f is defined everywhere on R" and takes
real values and value +co. With this interpretation, f “remembers” its domain:

domf = {x: f(x) e R}
xgdomf = f(x) =+

and the definition of convexity becomes

FJAx+ (1 =A)y) <Af(x)+(1-2)f () v);:yee[oﬂﬁ’]’

where the arithmetics of +oo and reals is given by the rules
0-(+)=0
A>0= A (+o0) = oo

It should be noted that operations like (4o0) — (4-c0) or (—5) - (4-o0) are undefined.

3.4 Convexity-preserving Operations

In this section, we discuss a few operations that help to preserve the convexity of
functions.
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1. Taking conic combinations. If f;(x) are convex function on R” and A; > 0, then
the function Y A; f;(x) is convex.
i

2. Affine substitution of argument. If f(x) is convex function on R” and x = Ay+b
is an affine mapping from R¥ to R”, then the function g(y) = f(Ax -+ b) is convex on
R™.

3. Taking supremum. If f,(x), o € &7, is a family of convex function on R”,

then the function sup fy(x) is convex. Indeed, epi{sup fo ()} = Nepi{f«(:)}, and
acd [o4 a
intersections of convex sets are convex.

4. Superposition Theorem. Let f;(x) be convex functions on R", i = 1,...,m, and
F(y1,...,ym) be a convex and monotone function on R™. Then the function

2x) = {F(fl(x),.‘.,fm(x)) ,x € dom f;, Vi

o0 ,otherwise

is convex.

5. Partial minimization. Let f(x,y) be a convex function of z = (x,y) € R”", and let
g(x) =inff(x,y)

be > —co for all x. Then the function g(x) is convex. Indeed, g clearly takes real
values and value 4. Let us check the Convexity Inequality

gAY +(1=A)") < Ag(¥) + (1 - A)g(x") A e 0,1]

There is nothing to check when A =0 or A = 1,s0let 0 < A < 1. In this case, there

is nothing to check when g(x’) or g(x) is 4o, so let g(x") < 4o, g(x”") < 4. Since
g(x) < +oo, for every € > 0 there exists y’ such that f(x’,y") < g(x’) + €. Similarly,
there exists y” such that f(x”,y") < g(x") + €. Now,

gAX +(1-2)x")
Sf(/lx + (1 =) Ay + (1 =2)y")
SAFWLY)+ (=) F(" ")
<Ag)+e)+(1-2)(g (")+8)
= Ag(¥)+(1-2)g(x") +

Since € > 0 is arbitrary, we get g(Ax' + (1 —2A)x") < Ag(x¥) + (1 —A)g(x").

6. Projective transformation. Let f(x) be a convex function of x € R”. Then the
function F(a,x) = af(x/a) : {a > 0} x R" — RU {400} is convex. Indeed, we
need to verify that if x,x' € R" , a,&’ > 0 and A € (0, 1), the inequality

Ao+ (1-2)]f([Ax+(1-A)X]/[Aa+(1-A)d]) <Aaf(x/a)+(1—A)d f(x/a)
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holds. The relations follows immediately from the convexity of f and the fact that
Ao+ (1—-2)a]/[Aa+ (1 —A)a’] = 1. As an illustration, the function ot In(ct/ )
is convex in the quadrant {a > 0, 8 > 0}, as can be seen by applying the projective
transformation to In(1/f) = —In .

3.5 Detection of Convexity

First, we notice that convexity is one-dimensional property. A set X C R" is convex
if and only if the set
{t:a+theX}

is, for every (a,h), a convex set on the axis. Moreover, a function f on R” is convex
iff the function

o(t) = fla+th) (3.5.1)

is, for every (a,h), a convex function on the axis. Indeed, let us check the latter
relation. The convexity of ¢ () follows from that of f by affine substitution. The
convexity of f can be easily checked as follows. For any x,y € X, let h =y — x.
Then ¢(0) = f(x+0(y—x)), ¢(1) = f(x+ 1(y —x)). In addition for any ¢ € [0, 1],
¢(r) = f(x+1(y —x)). The convexity of ¢ implies that

ST =Dx1y) = Flxt1(r=2)) = 0(0) < (1= (0) +19(1) = (1—1) f(x) +££(y).

So now we consider when a function ¢ on the axis is convex. Let ¢ be convex and
finite on (a,b). By (3.1.2), this is exactly the same as

¢(z2) —9(x) < ¢ — o) < 9()—9()

i—X y—x y—z

when a < x < z <y < b. Assuming that ¢’(x) and ¢'(y) exist and passing to limits
asz—x+0and z — y—0, we get

¢() —9x)

T <¢'(y)

¢'(x) <
that is, ¢'(x) is nondecreasing on the set of points from (a,b) where it exists.
It turns out that the following conditions are necessary and sufficient for convexity
of a univariate function.

a) The domain of the function ¢ should be an open interval A = (a,b), possibly with
added endpoint(s) (provided that the corresponding endpoint(s) is/are finite).

b) ¢ should be continuous on (a,b) and differentiable everywhere, except, perhaps,
a countable set, and the derivative should be monotonically non-decreasing.

¢) at endpoint of (a,b) which belongs to dom ¢, ¢ is allowed to “jump up”, but not
to jump down.
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In practice, it is more convenient to use the following sufficient condition for
detecting the convexity of a univariate function ¢: dom ¢ is convex, ¢ is continuous
on dom ¢ and is twice differentiable, with nonnegative ¢”, on intdom ¢. Indeed, we
should prove that under the condition, if x < z < y are in dom ¢, then

9(z)—o(x) _ ¢()—9(2)

Z—X B y—2z

By Lagrange Theorem, the left ratio is ¢’ (&) for certain £ € (x,z), and the right ratio
is ¢'(n) for certain 1 € (z,y). Since ¢”(-) > 0 and 1 > &, we have ¢'(n) > ¢/(&).
Similarly, a sufficient condition for convexity of a multivariate function f is given by:
dom f is convex, f is continuous on dom f and is twice differentiable, with positive
semidefinite Hessian matrix f”, on intdom f.

n
Example 3.1. Show that the function f(x) =In( Y exp{x;}) is convex on R".
i=1

Indeed,
. Yexp{x; h;
VN
W) =
2
(Zexp{xi}hi> Yexp{xi}h?
] + ]
7 ;
Frosta)” * T

Setting p; = Ze;‘féfg} and noting ¥ p; = 1, we have
j 1

K" (x)h = —

2
' f"(x)h = ¥ pihi — (Zpihi)
2

= L pihi — Z_\/E-(\/Eh,-))
> £t~ (2(vm?) (s(vmm?)
= Zp,hlz — Zp,hlz = 0

Note that there exists a shortcut to prove the convexity of f in the example with no
computations. It can be easily shown that In(s) = min,[sexp(z) —z— 1] for any s > 0.
Now In(Y;exp(x;)) = min,[Y; exp(z)exp(x;) —z— 1] since the objective function in
the latter relation is convex w.r.t. z and x;’s, it remains to use the rule on preserving
convexity by partial minimization.

Below we prove an important inequality for convex functions.

Proposition 3.2. Let f be a function, x be an interior point of the domain of f and
0, x € Q, be a convex set such that f is convex on Q. Assume that f is differentiable
at x. Then

VyeQ:f(y) = f(x)+—x)"f(x). (352
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Proof. Let y € Q. There is nothing to prove when y = x or f(y) = oo, thus,
assume that f(y) < oo and y # x. Let ze = x+ €(y —x), 0 < € < 1. Then z¢ is an
interior point of the segment [x,y]. Since f is convex, we have

SO)=fx) | flze) = f(x) _ fx+ely—x) = fx)

ly—xl = llze—x elly —x||

Passing to limit as € — +0, we arrive at

o) =)
[ly — x|

v =x)"f"(x)
[y — x|l

>

)

as required by (3.5.2). [ ]

3.6 Lipschitz continuity of convex functions*

Our goal in this section is to show that convex functions are Lipschitz continuous
inside the interior of its domain.
We will first show that a convex function is locally bounded.

Lemma 3.1. Let f be convex and xo € intdomf. Then f is locally bounded, i.e.,
Je > 0 and M(xo,€) > 0 such that

F(x) <M(xp,€) Vx €Be(xo) :={x eR": |[x—x0|l2 < €}.

Proof. Since x( € intdomf, 3¢ > 0 such that the vectors xg + €¢; € intdomf for
i=1,...,n, where ¢; denotes the unit vector along coordinate i. Also let He(xo) :=
{x e R": |[x —xp|| < €} denote the hypercube formed by the vectors xo £ €e;. It
can be easily seen that B (xp) C H(xo) and hence that

< < +ee;) =: M(xp,€).
T = i, 00 = i, o) = MCo.e)

Next we show that f is locally Lipschitz continuous.

Lemma 3.2. Let f be convex and xog € intdomf. Then f is locally Lipschitz, i.e.,
Je > 0 and M (xo,€) > 0 such that

|f(y) = f(x0)| < M(x0,€)||x—yl|, ¥y € Be(x0) := {x € R" : |[x—xp|]2 < €}. (3.6.1)

Proof. We assume that y # xo (otherwise, the result is obvious). Let a = ||y —
Xpl|2/€. We extend the line segment connecting xp and y so that it intersects the ball
Be(xp), and then obtain two intersection points z and u (see Figure 3.1). It can be
easily seen that
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y=(1—-a)xo+az, (3.6.2)
x0 = [y+au]/(1+ o). (3.6.3)

It then follows from the convexity of f and (3.6.2) that

FO) = F(x0) < af(z) — £ (x0)] = LGy — o,
< M(xoyfi—f(xo) Iy = xoll2,

where the last inequality follows from Lemma 3.1. Similarly, by the convexity f,
(3.6.2) and Lemma 3.1, we have

Fx0) = F(3) < [ly —xo o =Skl

Combining the previous two inequalities, we show (3.6.1) holds with M (x0,€) =

[M(xo,€) = f(x0)]/&- .

Fig. 3.1: Local Lipschitz continuity of a convex function

The following simple result shows the relation between the Lipschitz continuity
of f and the boundedness of subgradients.

Lemma 3.3. The following statements hold for a convex function f.

a) If xo € intdomf and f is locally Lipschitz (i.e., (3.6.1) holds), then ||g(xo)|| <
W(x0,€) for any g(x0) € 3f (). ]

b) If 3g(x0) € 9 f(x0) and ||g(x0) |2 < M (x0,€), then f(x0) — f(y) < M (xo,€)]}x0 —
¥l2-

Proof. We first show part a). Let y = xo + €g(x0)/|/g(x0)||2. By the convexity of f
and (3.6.1), we have

ellg(x0)ll2 = (g(x0),y —x0) < f(y) — f(x0) < M(x0,€)|ly —xo| = €M (x0,€),
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which implies part a). Part b) simply follows the convexity of f, i.e.,

f(x0) = f(y) < (g(x0),%0 —y) < M(x0,€)]]x0 = yll2-

(]
Below we state the global Lipschitz continuity of a convex function in its interior
of domain.

Theorem 3.1. Let f be a convex function and let K be a closed and bounded set
contained in the relative interior of the domain dom f of f. Then f is Lipschitz
continuous on K, i.e., there exists constant M such that

[f () = F W) < Mk[lx=yll2 Vx,y € K. (3.6.4)

Proof. The result directly follows from the local Lipschitz continuity of a convex
function (see Lemmas 3.2 and 3.3) and the boundedness of K. [

Remark 3.1. All three assumptions on K, i.e., (a) closedness, (b) boundedness, and
(c) K C ridom f — are essential, as it is seen from the following three examples:

o f(x)=1/x,dom f = (0,4), K = (0,1]. We have (b), (c) but not (a); f is neither
bounded, nor Lipschitz continuous on K.

* f(x) =x% domf =R, K =R. We have (a), (c) and not (b); f is neither bounded
nor Lipschitz continuous on K.

o f(x) =—+/x,dom f = [0,+), K = [0, 1]. We have (a), (b) and not (c); f is not
Lipschitz continuous on K although is bounded. Indeed, we have lim,_, ¢ M =

lim,_, ot~ '/2 = 40, while for a Lipschitz continuous f the ratios z~'(f(0) —
f(¢)) should be bounded.

3.7 Minima and Maxima of Convex Functions

We first show the unimodality of a convex function.

Proposition 3.3. Let f be a convex function and x, be a local minimizer of f s.t.
X, € dom f and

Fr>0:f(x) > fla) V(x: |x—x < r).
Then x, is a global minimizer of f: f(x) > f(x.) Vx.

Proof. All we need to prove is that if x # x, and x € dom f, then f(x) > f(x.). To
this end let z € (x.,x). By convexity we have

F0) = fv) _ f0)~f)

[z =] [l = x|

<
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When 7 € (x,,x) is close enough to x,, we have % >0, whence
that is, f(x) > f(x.).

Now we show that the set of global optimizers of f is a convex set.

f0=1) 5

[x—=xl =™

Proposition 3.4. Let f be a convex function. The set of X, of global minimizers is
convex.

Proof. This is an immediate corollary of important lemma. Lemma: Let f be a
convex function. Then the level sets of f, that is, the sets

X, ={x:f(x)<a}

where a is a real, are convex.
Proof of Lemma: If x,y € X, and A € [0, 1], then

fAx+(1=24)y) < Af(x)+(1-2)f(¥)
<Aa+(1-A)a=a.

Thus, [x,y] C X,. ]

We set out to understand when the minimizer of a convex function is unique. To
this end, we say that a convex function strictly convex, if

fAx+(1=2)y) <Af(x)+(1=2A)f(y)

whenever x # y and A € (0, 1). Note that if a convex function f has open domain and
is twice continuously differentiable on this domain with

R f"(x)h >0 V(x € domf,h#0),
then f is strictly convex.
Proposition 3.5. For a strictly convex function f a minimizer, if it exists, is unique.

Proof. Assume that X, = Argminf contains two distinct points x’,x”. By strict
convexity,

fGY + 30" <3 [f() + f(")] = inf £,
which is impossible. ]

We now state the optimality conditions in convex minimization.

Theorem 3.2. Let f be a function which is differentiable at a point x, and is convex
on a convex set Q C dom f which contains x.. A necessary and sufficient condition
for f to attain its minimum on Q at x, is

(x—x)Tf(x,) >0 VxeO. (3.7.1)
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Proof. <: Assume that (3.7.1) is valid, and let us verify that f(x) > f(x.) for
every x € Q. There is nothing to prove when x = x,, thus, let f(x) < o and x # x,.
For z; = x, + A(x — x,) we have

f(z) = fle) _ f(x) = fx)

< VA € (0,1)
Iz — || [l = x|
or, which is the same,
f(x*+)’[x_x*]) _f(x*) < f(‘x) _f(x*) YA e (O, 1)
Allx = x| [l = x|
As A — +0, the left ratio converges to (x —x,)T f(x.) /||x —x.|| > 0; thus, % >
0, whence f(x) > f(x).
=-: Given that x, € Argmin,f(y), let x € Q. Then
* }L —Xx]|) — *
< LAt =f) gy
whence (x—x.)T f/(x,) > 0.
L]

We discuss an equivalent form of the above optimality condition. Let f be a
function which is differentiable at a point x, and is convex on a convex set Q C dom f,
X, € Q. Consider the radial cone of Q at x,:

To(xs) ={h:3r>0:x,+theQ}

Note that Tp(x.) is indeed a cone which is comprised of all vectors of the form
s(x—xy), where x € Q and s > 0. Then f attains its minimum on Q at x, if and only
if

W f'(x.) > 0Vh € Tp(x.),

or, which is the same, if and only if

fl(x) €Ng(xe) ={g:8"h>O0Vh € Tp(x.)} . (3.7.2)

normal cone of Q at x,

Example 3.2. x, € intQ. Here Tp(x,) = R", whence Ng(x.) = {0}, and (3.7.2) be-
comes the Fermat equation f’(x,) = 0.

Example 3.3. x, € rintQ. Let aff (Q) = x, + L, where L is a linear subspace in R".
Here Tp(x,) = L, whence Np(x.) = L*. (3.7.2) becomes the condition

f'(x,) is orthogonal to L.

Equivalently, let aff (Q) = {x: Ax = b}. Then L = {x: Ax =0}, L+ = {y = AT 1},
and the optimality condition becomes
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V], [F) + ()T (A= 5)] =0 o
EVRE T A= : |
f’(x*)—l—z_‘,li*V(aiTx—b,-) =0 a';l

Example 3.4. Let us solve the problem

m
mxin{cT)H- inlnx,- x> O,Zj:xi = 1}.

i=1

The objective is convex, the domain Q = {x > 0,Yx; = 1} is convex (and even

]
polyhedral). Assuming that the minimum is achieved at a point x, € rintQ, the
optimality condition becomes

\Y% [ch—i— Y oxilnx; +A[Yx — 1]} =0
7 7
lnx,-: —Ci—l—lVl'

x; = exp{1 — A}exp{—c;}

Since Y x; should be 1, we arrive at
i

v exp{—ci}
" Lexp{—¢;}’
J

At this point, the optimality condition is satisfied, so that the point indeed is a
minimizer.

We end this section by a brief discussion about the maxima of convex functions.
Let f be a convex function. Then

e If f attains its maximum over dom f at a point x* € rintdom f, then f is constant
on dom f.

e Ifdom f is closed and does not contain lines and f attains its maximum on dom f,
then among the maximizers there is an extreme point of dom f.

e If dom f is polyhedral and f is bounded from above on dom f, then f attains its
maximum on dom f.

3.8 Optimality Condition over Polyhedron

Below we discuss the optimality conditions of minimizing a convex function over a
polyhedron. We need to use an important result shown in linear optimization, namely
the homogeneous Farkas Lemma.
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Consider a homogeneous linear inequality
T
a'x>0 3.8.1)
along with a finite system of similar inequalities:
alx>0,1<i<m. (3.8.2)

Our question is: when (3.8.1) is a consequence of (3.8.2), or equivalently, what kind
of conditions will guarantee that every x satisfying (3.8.2) satisfies (3.8.1) as well?
One immediate observation is that if @ is a conic combination of ay, ..., a,, i.e.,

INi>0:a=) Aaj, (3.8.3)

then (3.8.1) is a consequence of (3.8.2). Indeed, (3.8.3) implies that

a'x= Z?LiaiTx Vx,
i

and thus for every x with a! x > 0Vi one has a’x > 0.
Homogeneous Farkas Lemma below states a much stronger result than the above
observation.

Theorem 3.3. (3.8.1) is a consequence of (3.8.2) if and only if a is a conic combina-
tion of ay,...,an.

Proof. All we need to prove is that if a is not a conic combination of ay, ...,a,
then there exists d such that a’d < 0 and a’d > 0, i = 1,...,m. Observe first that the
set K = cone{ay,...,a,} is polyhedrally representable:

=Y, Aia;
cone{ai,....,am} = {x:EI/”L ERm:iZ%l a }

Hence, by Fourier-Motzkin elimination, K is polyhedral:
K={x:dlx>c;,1 <L<L}.

Now notice that 0 € K and hence that ¢, < 0V{. Moreover, using the fact Aag; €
cone{ay,...,an } YA > 0, we have ld[Ta,' > ¢;VYA > 0. Dividing both sides by A and
as A tends to oo, we have dgTa,- > 0Vi, L. Now, a € cone{ay,...,an } (i.e.,a € K), hence
there exists ¢ = ¢, such that dZ a < ¢y, <0. Therefore, d = dy, satisfies a’d < 0,
adezO,izl,...,m. ]

Theorem 3.3 can be stated equivalently as follows. Given vectors ay, ..., a, € R",
let K = cone{ay,...,an} = {¥;Aia; : A > 0} be the conic hull of the vectors. Given
a vector a,

a) itis easy to certify thata € cone{ay,...,a,, }: a certificate is a collection of weights
Ai > 0 such that ¥; L;a; = a;
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b) it is easy to certify that a ¢ cone{aj,...,an }: a certificate is a vector d such that
ald>0Vianda'd <O0.

We now consider minimize a convex function f over the polyhedron Q = {x:
Ax —b < 0}. In this case, the tangent cone

To(x.)={h:alh<O0Viel(x,)={i:alx.—b;=0}}.
By Homogeneous Farkas Lemma,

No(x.) ={y:alh<0,i€l(x.)=y'h>0}
= {y:— Z A,ia,-:liZO}
i€l (xy)
and the optimality condition becomes
A >0iel(x): fl(x)+ Y, Afai=0
iel(xy)
or, which is the same:

/ o * o
335 >0: 0 fE)+ LAa=0

Af(alxe—b) =0,i=1,..m

1

The point is that in the convex case these conditions are necessary and sufficient for
X4 to be a minimizer of f on Q. The optimality condition can be extended to the
case when Q contains linear equality constraints. We leave this development as an
exercise.

3.9 Subgradients

Let f be a convex function and x € intdom f. If f differentiable at X, then, by gradient
inequality, there exists an affine function, specifically,

h(x) = f(@) + (=0T f(2),

such that
F(x) > h(x)Vx & f(X) = h(X). 3.9.1)

Affine function with this property may exist also in the case when f is not differen-
tiable at X € dom f. (3.9.1) implies that

hix)=f(&)+(x—5)Tg (3.9.2)

for certain g. Function (3.9.2) indeed satisfies (3.9.1) if and only if g is such that
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f)>fE+x-—0Tg v (3.9.3)

Let f be a convex function and X € dom f. Every vector g satisfying (3.9.3) is
called a subgradient of f at x. The set of all subgradients, if any, of f at X is called
subdifferential d f (%) of f at X.

Example 3.5. By Gradient Inequality, if convex function f is differentiable at x, then
Vf(x) € df(%). If, in addition, ¥ € intdom f, then Vf(%) is the unique element of
If(%).

Example 3.6. Let f(x) = |x| (x € R). When X # 0, f is differentiable at X, whence
df(x) = f/(x). When x = 0, subgradients g are given by

|x| > 0+ gx = gx Vx,

that is, d f(0) = [—1, 1]. Note that in the case in question, f has directional derivative
th) —
D[ = tim LTI =)
t—+0 t

at every point x € R along every direction & € R, and this derivative is nothing but

Df(x)[h] = max g'h.
fWlH = max g

The next result establishes the existence of subgradients for convex functions.

Proposition 3.6. Let X CR” be convex and f : X — R. IfVx € X, df(x) # 0 then f
is convex. Moreover, if f is convex then for any x € ri(X), d f(x) # 0.

Proof. The first claim is obvious. Let g € d f(Ax+ (1 — A)y) for some A € [0,1].
Then by definition we have

FO) > fAx+(1-2)y) +A(g,y—x),
J@x) > f(Ax+(1=2)y)+(1—=2)(g,x—y).

Multiplying the first inequality by 1 — A and the second one by A, and then summing
them up, we show the convexity of f.

We now show that f has subgradients in the interior of X. We will construct such
a subgradient by using a supporting hyperplane to the epigraph of f. Let x € X. Then
(x, f(x)) € epi(f). By the convexity of epi(f) and the separating hyperplane theorem,
there exists (w,v) € R" x R ((w,v) # 0) such that

(w,x) +vf(x) > (w,y)+vt, ¥(y,t) € epi(f). (3.9.4)

Clearly, by tending ¢ to infinity, we can see that v < 0. Now let us assume that x is in
the interior of X. Then for € > 0 small enough, y = x+ eéw € X, which implies that
v # 0, since otherwise, we have 0 > £Hw||§ and hence w = 0, contradicting with the
fact that (w,v) # 0. Letting t = f(y) in (3.9.4), we obtain



66 3 Convex Functions

fO) = f(x) + 5 (wx—y),
which implies that —w /v is a subgradient of f at x. |

Below we provide some basic subgradient calculus for convex functions. Observe
that many of them mimic the calculus for gradient computation.

a) Scaling: d(af) = adf provided a > 0. The condition a > 0 makes function f
remain convex.

b) Addition: 3(f1 +f2) = 8(f1) + 8(f2)

¢) Affine composition: if g(x) = f(Ax+b), then dg(x) = ATd f(Ax+b).

d) Finite pointwise maximum: if f(x) = max;—;__, fi(x), then

df(x) = conv {Ul‘:ﬁ(x):f(x)aﬁ(x)} )

which is the convex hull of union of subdifferentials of all active i : f;(x) = f(x)
functions at x.

e) General pointwise maximum: if f(x) = maxseg f;(x), then under some regularity
conditions (on S and f;),

df(x) = cl{conv (Uy.f,(x)=f(x)0f5(x)) } -

f) Norms: important special case, f(x) = ||x||,. Let ¢ be such that 1/p+1/q =1,
then
If(x) = {y:lyllg < Landy"x = max{z"x: [lz]|, < 1}.

We conclude this section by stating some important results of subgradients without
providing the proof. Let f be convex. Then

a) For every x € dom f, the subdifferential d f(x) is closed convex set.
b) If x € rintdom f, then, for every h € R",
flxtth) - f(x)

D hl= lim —~—— 27 Th.
f(x)[h] = lim , (ax &

c) Assume that X € dom f is represented as lim x; with x; € dom f and that
i—oo0

f(x) <lim inf f(x;)

i—voo

If a sequence g; € d f(x;) converges to certain vector g, then g € d f(¥).
d) The multi-valued mapping x — d f(x) is locally bounded at every point ¥ €
intdom f, that is, whenever X € intdom f, there exist » > 0 and R < o such that

lx =2 <rgedf(x)=llglla <R.
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3.10 Exercises

1. Inverse of an increasing convex function. Suppose f : R — R is increasing and
convex on its domain (a,b). Let g denote its inverse, ie., the function with
domain (f(a), f(b)) and g(f(x)) = x for a < x < b. What can you say about
convexity or concavity of g ?

2. [RV73,pagel5] Show that a continuous function f : R" — R is convex if and
only if for every line segment, its average value on the segment is less than or
equal to the average of its values at the endpoints of the segment: For every
x,y € R",

/olf(“'/l(Y—x))d/l < M

3. Running average of a convex function. Suppose f : R — R is convex, with
R, C domf. Show that its running average F, defined as

Flx) = % /0 f(t)di, domF =R, .,

is convex. You can assume f is differentiable.

4. Suppose f : R" — R is convex with domf = R”, and bounded above on R".
Show that f is constant.

5. Second-order conditions for convexity on an affine set. Let F € R*" % € R™.
The restriction of f : R” — R to the affine set {Fz+£ | z € R™} is defined as the
function £ : R” — R with

f(2)=f(Fz+£%), domf={z|Fz+%c domf}

Suppose f is twice differentiable with a convex domain.

a. Show that f is convex if and only if for all z € domf
FTV2f(Fz+%)F > 0.

b. Suppose A € RP*" is a matrix whose nullspace is equal to the range of F,
i.e., AF = 0 and rankA = n —rankF. Show that f is convex if and only if
for all z € domj there exists a A € R such that

V2f(Fz+%)+AATA = 0.

Hint. Use the following result: If B € S"” and A € R”*", then xI'Bx > 0 for
all x € 4 (A) if and only if there exists a A such that B+ AATA = 0.

6. An extension of Jensen’s inequality. One interpretation of Jensen’s inequality is
that randomization or dithering hurts, i.e., raises the average value of a convex
function: For f convex and v a zero mean random variable, we have Ef (xo +v) >
f (x0). This leads to the following conjecture. If f is convex, then the larger the
variance of v, the larger Ef (xo +v).
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a. Give a counterexample that shows that this conjecture is false. Find zero
mean random variables v and w, with var(v) > var(w), a convex function
f, and a point xo, such that Ef (xo +v) < Ef (xo +w).

b. The conjecture is true when v and w are scaled versions of each other. Show
that Ef (xo +7v) is monotone increasing in # > 0, when f is convex and v is
Zero mean.

Monotone mappings. A function v : R” — R” is called monotone if for all
X,y € domy,
(W) —y() (x—y) 2 0.

Suppose f: R” — R s a differentiable convex function. Show that its gradient V f
is monotone. Is the converse true, i.e., is every monotone mapping the gradient
of a convex function?

Suppose f: R” — Riis convex, g : R* — Ris concave, dom f = domg = R", and
for all x, g(x) < f(x). Show that there exists an affine function /4 such that for all x,
g(x) < h(x) < f(x). In other words, if a concave function g is an underestimator
of a convex function f, then we can fit an affine function between f and g.

A family of concave utility functions. For 0 < ¢ < 1 let

x*—1
ug(x) = P

with domu, = Ry . We also define ug(x) = logx (with domuy = R ;).

a. Show that for x > 0,up(x) = limg_, ug (X).
b. Show that u are concave, monotone increasing, and all satisfy uq (1) = 0.

These functions are often used in economics to model the benefit or utility of
some quantity of goods or money. Concavity of u, means that the marginal
utility (i.e., the increase in utility obtained for a fixed increase in the goods)
decreases as the amount of goods increases. In other words, concavity models
the effect of satiation.

Nonnegative weighted sums and integrals.

a. Show that f(x) =Y/, ;x]; is a convex function of x, where @ > 0 >
-+ > 0 > 0, and x; denotes the i th largest component of x. (You can use

the fact that f(x) = Y~_, x(j is convex on R".)
b. Let T'(x, w) denote the trigonometric polynomial

T(x,0) =x; +x3c080+x3c0820 + -+ +x,cos(n—1).
Show that the function
21
Flx) = — / log T (x, ®)d®
0

is convex on {x € R" | T(x,w) > 0,0 < 0 < 27}.
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1.

12.

13.

14.

Some functions on the probability simplex. Let x be a real-valued random
variable which takes values in {aj,...,a,} where a; < ay < --- < a,, with
prob (x = a;) = p;,i = 1,...,n. For each of the following functions of p (on the
probability simplex {p € R |17 p =1} ), determine if the function is convex,
concave, quasiconvex, or quasiconcave.

Ex.

. prob(x > ).

. prob(a <x<f).

Y, pilog pi, the negative entropy of the distribution.

varx = E(x — Ex)2.

. quartile(x) = inf{f | prob(x < ) > 0.25}.

. The cardinality of the smallest set <« C {ay,...,a,} with probability > 90%.
(By cardinality we mean the number of elements in <7.)

h. The minimum width interval that contains 90% of the probability, i.e.,

@ =-e g0 op

inf{ — a | prob(a <x < ) > 0.9}

Convex hull or envelope of a function. The convex hull or convex envelope of a
function f : R” — R is defined as

g(x) =inf{z | (x,7) € convepif}.

Geometrically, the epigraph of g is the convex hull of the epigraph of f.

Show that g is the largest convex underestimator of f. In other words, show that
if h is convex and satisfies 4(x) < f(x) for all x, then i(x) < g(x) for all x.
Products and ratios of convex functions. In general the product or ratio of two
convex functions is not convex. However, there are some results that apply to
functions on R. Prove the following.

a. If f and g are convex, both nondecreasing (or nonincreasing), and positive
functions on an interval, then fg is convex.

b. If f,g are concave, positive, with one nondecreasing and the other nonin-
creasing, then fg is concave.

c. If f is convex, nondecreasing, and positive, and g is concave, nonincreasing,
and positive, then f/g is convex.

Representation of piecewise-linear convex functions. A convex function f : R" —
R, with domf = R”, is called piecewise-linear if there exists a partition of R" as

R'=XUXU---UX;,

where int X; # 0 and int X; NintX; = @ for i # j, and a family of affine functions
alx+by,...,alx+ by, such that f(x) = al x+b; forx € X;
Show that such a function has the form f(x) = max {a] x+by,...,al x+b.}.
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15. More functions of eigenvalues. Let A1(X) > 2,(X) > -+ > A,(X) denote the

16.

17.

eigenvalues of a matrix X € S”. We have already seen several functions of the
eigenvalues that are convex or concave functions of X.

* The maximum eigenvalue A;(X) is convex. The minimum eigenvalue A,,(X)
is concave.

» The sum of the eigenvalues (or trace), trX = A, (X) +--- + A, (X), is linear.

* The sum of the inverses of the eigenvalues (or trace of the inverse),tr (X _1) =

"1 1/Ai(X), is convex on S} | (exercise 3.18).

« The geometric mean of the eigenvalues, (detX)'/” = ([T, (X ))1/ ", and
the logarithm of the product of the eigenvalues, logdetX = Y'* logA;(X),
are concave on X € 8’|, (exercise 3.18 and page 74).

In this problem we explore some more functions of eigenvalues, by exploiting
variational characterizations.

a. Sum of k largest eigenvalues. Show that Y¥_, A;(X) is convex on S". Hint.
[HI8S5, page 191] Use the variational characterization

-

Il
—

2(X) = sup {tr (VIxV) |V e Rk vTy = 1}

b. Geometric mean of k smallest eigenvalues. Show that ([T7_,_,. 1 Ai(X)) 1k
is concave on 8", , . Hint. [MO79, page 513] For X - 0, we have

1/k
1 1
T x| = finf{tr (VIXV) |V € RV detVTV = 1}
i=n—k+1 k
c. Log of product of k smallest eigenvalues. Show that Y7, logA;(X) is
concave on S" , . Hint. [MO79, page 513] For X > 0,

n k
[T xx)= inf{H (VIXV), |V eRP VTV = 1}

i=n—k+1 i=1

(Convexity under Composition)

Let C be a nonempty convex subset of R”". Let also f = (f1,..., fin), Where
fi:C—R,i=1,...,m, are convex functions, and let g : R"™ +— R be a function
that is convex and monotonically nondecreasing over a convex set that contains
the set { f(x) | x € C}, in the sense that for all u, 7 in this set such that u < i, we
have g(u) < g(i&). Show that the function & defined by h(x) = g(f(x)) is convex
over C. If in addition, m = 1, g is monotonically increasing and f is strictly
convex, then / is strictly convex.

(Posynomials)

A posynomial is a function of positive scalar variables yy,...,y, of the form
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m
di in
g()’l,---a)’n) - Zﬁiyl 1 yﬁ
i=1

where a;; and B; are scalars, such that 8; > 0 for all i. Show the following:

a. A posynomial need not be convex.
b. By a logarithmic change of variables, where we set

fx)=In(gy1,...,yn)), bi=Inp;,Vi, x;=Iny; Y},
we obtain a convex function
f(x) =Inexp(Ax+b), VxeR"

where exp(z) = €% + --- + & for all z € R™, A is an m x n matrix with
components g;;, and b € R™ is a vector with components b;.
c. Every function g : R" — R of the form

gy) =g g

where g; is a posynomial and 7y > 0O for all &, can be transformed by a
logarithmic change of variables into a convex function f given by

f(x) =Y %lnexp (Apx+by)
=1

with the matrix A; and the vector by being associated with the posynomial
g for each k.

18. (Examples of Convex Functions)
Show that the following functions from R” to (—eo, o] are convex:

a.
filxr,...,x,) = {_(xlxzmxn)’ll 21> 0,0, >0
oo otherwise
b. fo(x) =In(e1 4 -+ ¢&™).
c. f3(x) = ||x||? with p > 1.
d. fa(x)= ﬁ, where f is concave and 0 < f(x) < oo for all x.
e. f5(x) = af(x)+ B, where f: R" — R is a convex function, and o and 3
are scalars, with o > 0.

f. folx) = ePYAx \where A is a positive semidefinite symmetric # X n matrix
and f is a positive scalar.

g. f1(x) = f(Ax+b), where f: R™ — R is a convex function, A is an m x n
matrix, and b is a vector in N™.

19. (Arithmetic-Geometric Mean Inequality)
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20.

21.

22.

3 Convex Functions

Show that if a1, ..., &, are positive scalars with Y7 | o; = 1, then for every set
of positive scalars x1,...,x,, we have

oy o
X x52 e x < ouxy +axy + - 4 Oy,

with equality if and only if x; = x = --- = x,,. Hint: Show that (—1Inx) is a
strictly convex function on (0,c0).

(Characterization of Differentiable Convex Functions)

Let f: R" — R be a differentiable function. Show that f is convex over a
nonempty convex set C if and only if

(VI(x)=Vf) (x—y) 20, Vx,yeC.

Note: The condition above says that the function f, restricted to the line segment
connecting x and y, has monotonically nondecreasing gradient.

Let f: R" — (—oo,00] be a convex function, let y be a scalar, and let C be a
nonempty convex subset of R”.

a. Show that if f(x) < y for some x, then f(x) < y for some x € ri(dom(f)).

b. Show that if C C ri(dom(f)) and f(x) < ¥ for some x € cl(C), then f(x) <y
for some x € 1i(C).

c. Show that if C C dom(f) and f(x) > y for all x € C, then f(x) > v for all
x € cl(C).

(Strong Convexity)

Let f: R" — R be a function that is continuous over a closed convex set
C C dom(f), and let o > 0. We say that f is strongly convex over C with
coefficient o if for all x,y € C and all « € [0, 1], we have

flox+(1—a)y)+ %05(1 —a)[lx—y|* < otf(x) + (1= ) f ()

a. Show that if f is strongly convex over C with coefficient o, then f is strictly
convex over C. Furthermore, there exists a unique x* € C that minimizes f
over C, and we have

F) > f(x) + % lx—x"|?, vxeCc.

b. Assume that int (C), the interior of C, is nonempty, and that f is continuously
differentiable over int (C). Show that the following are equivalent:
(I) f is strongly convex with coefficient o over C.
(II) We have

(VF(x) =VfO)) (x=) > ollx=y[’, Vx,y€int(C).

(IIT) We have
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23.

24.

25.

26.

27.

28.

FO) = F0)+ V() (=) + Sl iy € int(C).

Furthermore, if f is twice continuously differentiable over int (C), the
above three properties are equivalent to:

(IV) The matrix V2 f(x) — o1 is positive semidefinite for every x € int(C),
where [ is the identity matrix.

Maximum of a convex function over a polyhedron. Show that the maximum of
a convex function f over the polyhedron &2 = conv {vy,...,v;} is achieved at
one of its vertices, i.e.,

sup f(x) = max_f(v).

xeP i=1,...,
(A stronger statement is: the maximum of a convex function over a closed
bounded convex set is achieved at an extreme point, i.e., a point in the set that
is not a convex combination of any other points in the set.) Hint. Assume the
statement is false, and use Jensen’s inequality.
A quadratic-over-linear composition theorem. Suppose that f : R” — R is non-
negative and convex, and g : R* — R is positive and concave. Show that the
function f2 /g, with domain dom f N domyg, is convex.
Show that the function
f(x) _ ||A)C B b”%
o 1—aTx
is convex on {x | ||x|]2 < 1}.
Circularly symmetric convex functions. Suppose f : R” — R is convex and
symmetric with respect to rotations, i.e., f(x) depends only on ||x||. Show that
Jf must have the form f(x) = ¢ (||x||2), where ¢ : R — R is nondecreasing and
convex, with dom f = R. (Conversely, any function of this form is symmetric
and convex, so this form characterizes such functions.)
Infimal convolution. Let fi,..., f,, be convex functions on R". Their infimal
convolution, denoted g = f] ¢--- < f;, (several other notations are also used), is
defined as

g(x) :inf{fl (Xl)+"'+fm(xm) |x1 +"'+xm:x}7

with the natural domain (i.e., defined by g(x) < o). In one simple interpretation,
fi (x;) is the cost for the i th firm to produce a mix of products given by x;; g(x)
is then the optimal cost obtained if the firms can freely exchange products to
produce, all together, the mix given by x. (The name ‘convolution’ presumably
comes from the observation that if we replace the sum above with the product,
and the infimum above with integration, then we obtain the normal convolution.)
Show that g is convex.

Suppose Ay, ..., A, are positive. Show that the function f : R* — R, given by



74 3 Convex Functions

is concave on
n
domf = {xe R | Zl,'efx” < 1}
i=1
Hint. The Hessian is given by

V2 (x) = f(x) (vy" — diag(z))

where y; = Aje % /(1 —e ™) and z; = y;/ (1 —e ™)
29. Show that the following functions f : R" — R are convex.

a. The difference between the maximum and minimum value of a polynomial
on a given interval, as a function of its coefficients:

f(x)= sup p(r)— inf p(r) where p(t)=x;+xot +x36°+---+x,0" L.
t€la,b] 1€[a,b]

a, b are real constants with a < b.
b. The ’exponential barrier’ of a set of inequalities:

flx) = iefl/ff(x), domf = {x| fi(x) <0,i=1,...,m}.
i=1

The functions f; are convex.

c. The function

g+ ax)—g)
==

if g is convex and y € domg. (It can be shown that this is the directional
derivative of g at y in the direction x.)

30. Show that the following functions f : R" — R are convex.

a. f(x) = —exp(—g(x)) where g : R" — R has a convex domain and satisfies
V2g(x) Vg(x)
—
{Vg(X)T I
for x € domg.

b. The function
f(x) = max{||APx —b|| | Pis a permutation matrix }

with A € R™" h € R™.

31. Show that a function f : R — R is convex if and only if domf is convex and
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32.

33.

34.

35.

36.

1 1 1
det| x y Z >0
Fx) f(y) f(2)

for all x,y,z € domf with x < y < z.
Mark by "c" those of the following functions which are convex on the indicated
domains:

e f(x)=1onR
* f(x)=xonR
¢ 7()=lonR
* f(x)=—[x|onR

* f(x) =—lxlon Ry ={x>0}
* exp{x}onR

« exp{x’} onR

« exp{—x’} onR

o« exp{—x?} on {x|x>100}

Prove that the following functions are convex on the indicated domains:

. ")—,zon{(x,y) eR?*[y>0}
* In(exp{x} +exp{y}) on the 2D plane.

A function f defined on a convex set Q is called log-convex on Q, if it takes real
positive values on Q and the function In f is convex on Q. Prove that

* alog-convex on Q function is convex on Q

* the sum (more generally, linear combination with positive coefficients) of two
log-convex functions on Q also is log-convex on the set.
Hint: use the result of the previous Exercise + your knowledge on operations
preserving convexity

For n-dimensional vector x, let X = (551, ... ,)?”)T be the vector obtained from
x by rearranging the coordinates in the non-ascending order. E.g., with x =
(2,1,3,)7 x=(3,2,1,1)". Let us fix k, 1 <k <n.

» Is the function ¥ (k-th largest entry in x ) a convex function of x ?
» Is the function s; (x) = X' +...+** (the sum of k largest entries in x ) convex?

Consider a Linear Programming program
T A<
rrgcm {c x:Ax < b}

with m X n matrix A, and let x* be an optimal solution to the problem. It means
that x* is a minimizer of differentiable convex function f(x) = ¢’ x on convex
set O = {x | Ax < b} and therefore, V f (x*) should belong to the normal cone of
A at x* - this is the necessary and sufficient condition for optimality of x*. What

does this condition mean in terms of the data A,b,c ?
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37. Let f(x) be a convex symmetric function of x € R"” (symmetry means that f
remains unchanged when permuting the coordinates of the argument, as it is the
case with Y, x;, or max;x; ). Prove that if 7 is a double stochastic n X n matrix,
then

Sf(mx) < f(x)Vx

38. Let f(x) be a convex symmetric function on R”. For a symmetric n X n matrix
X, let A1(X) > A(X) > ... > A,(X) be the eigenvalues of X taken with their
multiplicities and arranged in the nondecreasing order. Prove

1. For every orthogonal n X n matrix U and symmetric n X n matrix X,
f (diag (UXUT)) < f(A(X))

where diag(A) stands for the diagonal of square matrix;
2. The function

F(X) = f(A(X))
of symmetric n X n matrix X is convex.

39. For a 10 x 10 symmetric matrix X, what is larger - the sum of two largest
diagonal entries or the sum of two largest eigenvalues?



Chapter 4
Duality and Optimality Conditions

4.1 Convex Programming

A mathematical optimization problem is

g(x) = (g1(x),....gm(x))T <0
fe=min¢ f(x): h(x) = (h1(x), ... h(x))" :)(2 (P)
X €

Here x is the design vector. Values of x are called solutions to (P), f(x) is
the objective, g(x) = (g1(x),...,gm(x))T < 0 are inequality constraints, h(x) =
(h(x),...,h(x))T = 0 are equality constraints, X C R" is the domain. We always
assume that the objective and the constraints are well-defined on X.

A solution x is called feasible, if it satisfies all the constraints. Problem which has
feasible solutions is called feasible. If the objective is (below) bounded on the set of
feasible solutions, (P) is called bounded. The optimal value f is

% =

{ inf{f(x): xis feasible}, (P) is feasible
= X

o0, otherwise

[« 1s a real for feasible and bounded problem, is —eo for feasible unbounded problem,
and is 4o for infeasible problem. Optimal solution of (P) is a feasible solution x,
such that f(x,) = fi. Problem which has optimal solutions is called solvable.

Problem (P) is called convex, if X is a convex subset of R”, f(-), g1(*),---»&m(*)
are convex real-valued functions on X, and there are no equality constraints. Note
that we could allow linear equality constraints, but this does not add generality.

77
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4.2 Convex Theorem on Alternative

In this section, we generalize our discussions on how to certify the insolvability of
linear systems in Theorem 3.3. Our present question is how to certify insolvability of
the following nonlinear system:

flx) <ec
gi(x) <0,j=1,...m 4.2.1)
x e X.

Assume that there exist nonnegative weights A;, j = 1,...,m, such that the inequality

)+ Y Agilx) <c
j=1
has no solutions in X, i.e.,
Aj=0:  inf[f(x) +j; Ajgj(x)] > c. (4.2.2)

Then, clearly (4.2.1) is insolvable.
Much stronger results can be obtained for convex system of inequalities. We say
that system (4.2.1) is convex if

a) X is convex set.
b) f, g1,...,8m are real-valued convex functions on X.

Moreover, system (4.2.1) satisfies the so-called Slater condition if the subsystem

gjlx) <0,j=1,...,m,
xeX

is solvable.

Theorem 4.1. Consider a system of constraints in (4.2.1) along with system of
constraints on A in (4.2.2).

a) If (4.2.2) is solvable, then (4.2.1) is insolvable.
b) If (4.2.1) is insolvable, convex, and satisfies the Slater condition, then (4.2.2) is
solvable.

In addition, part b) still holds when the Slater condition is replaced with a relaxed
Slater Condition: 3% € rintX such that g;(x) <0 for all i and g;(X) < 0 for those i
for which g;(-) are not affine functions.

Proof. We only need to prove b). For simplicity, we prove b) under the slater
condition and leave the one under the relaxed slater condition as an exercise. Assume
that (7) has no solutions. Consider two sets in R”*!:
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{u eR™ ! i uyg < cu; <0, ... 1y < 0}

S

Observe that § and T are convex and nonempty, S and 7 do not intersect (otherwise
(4.2.1) would have a solution). Therefore, S and T can be separated:

Iag,...,am) #0: 1nfa u>supal u.
ues

Equivalently,

A(ag,...,am) #0:

inf inf  [aguo+ajuy + ... + amity)
xeX ug > f(x)

u > gi(x)

Uy > gm(x)
> sup [aoug+aju+ ...+ amity),
uy < ¢
u <0

Um S 0
which, in view of a > 0, implies that
;g)f([aof(x) +aig1(x)+ ... + amgm(x)] > apc.
Observe that we must have ag > 0. Otherwise 0 # (ay,...,a,,) > 0 and

infla; g1 (x) + ... + amgm(x)] >0,
xeX

while by the slater condition, there exists ¥ € X : g;(X) < 0 for all j. Therefore, we
have
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4.3 Lagrange Duality

Consider the optimization program
Opt(P) =min{ f(x): g;(x) <0, <m,x€X}. (43.1)

We associate (4.3.1) with the Lagrange function
L(x,A) = f(x)+ ) Ajg;(x)
j=1

along with the Lagrange Dual problem

Opt(D) = max (1), L(1) = inf L(x. ). “32)

We intend to show the following important duality theorem for convex program-
ming.

Theorem 4.2. a) [Weak Duality] For every A > 0, L(A) < Opt(P). In particular,
Opt (D) < Opt (P).

b) [Strong Duality] If (P) is convex and below bounded and satisfies Slater condition,
then (D) is solvable, and
Opt (D) = Opt(P).

Proof. a) Weak Duality:“Opt (D) < Opt(P)”. There is nothing to prove when
(P) is infeasible, that is, when Opt (P) = oe. If x is feasible for (P) and A > 0, then
L(x,A) < f(x), whence

A>0=L(A)

inf L(x,A)
xeX

inf  L(x,A)
xeX is feasible

inf
x€X is feasiblef(x)
Opt (P)
= Opt(D) = supL(4) < Opt(P).
A>0

IN A

b) Strong Duality: “If (P) is convex and below bounded and satisfies Slater
condition, then (D) is solvable and Opt (D) = Opt (P)”. The system

f(x) <Opt(P), gj(x) <0, j=1,....,m, x€X

has no solutions, while the system g;(x) <0, j = 1,...,m, x € X has a solution. By
Theorem 4.1,

I >0: f(x)+) Afgj(x) > Opt(P) Vx € X,
J
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whence
L(A™) > Opt(P).

Combined with Weak Duality, we have
Opt(D) = L(A*) = Opt (P).
]

Note that the Lagrange function “remembers”, up to equivalence, both (P) and
(D). Indeed,
Opt(D) = sup inf L(x, 1)
AZOXGX

is given by the Lagrange function. Now consider the function

Lix) = _Jf(x),8;(x)<0,j<m
Lo = i‘;%L(x’M B { +o0, otherwise.

(P) clearly is equivalent to the problem of minimizing L(x) over x € X:

Opt(P) = ;g)fili[())L(x,)L). (4.3.3)

4.4 Saddle Points

We now consider a more general form of minimax problem than (4.3.3). Let X C R",
A C R™ be nonempty sets, and let F(x,A) be a real-valued function on X x A. This
function gives rise to two optimization problems

F(x
(x)
Opt(P') = inf sup F(x,A) (P")
X peA 4.4.1)
Opt(D’) = sup inf F(x, 1) (D)
reaXeX
E(4)

The above problem has a game interpretation. Player I chooses x € X, player II
chooses A € A. With choices of the players x, A, player I pays to player II the sum of
F(x,A). So, what should the players do to optimize their wealth?

a) If Player I chooses x first, and Player II knows this choice when choosing A, Player
11 will maximize her profit, and the loss of Player I will be F(x). To minimize his
loss, Player I should solve (P'), thus ensuring himself loss Opt (P') or less.

b) If Player II chooses A first, and Player I knows this choice when choosing x, Player
I will minimize his loss, and the profit of Player II will be F (A ). To maximize her
profit, Player II should solve (D'), thus ensuring herself profit Opt (D’) or more.
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Intuitively, the second situation seems better for Player I, so that it is natural to
guess that his anticipated loss in this situation is < his anticipated loss in the first
situation:

Opt(D') = sup 1an(x A) < inf sup F(x,A1) = Opt (P).
reAaXeX XEX ) eA

This indeed is true: assuming Opt (P') < o (otherwise the inequality is evident),
V(e>0): e eX: sup F(xg,A) <Opt(P')+e
=VAEA:F(A)= 1an(x A) < F(xe,A) <Opt(P')+e¢
= Opt(D) = sup F(l) <Opt(P)+¢
= Opt(D') < Opt (P).

So, what should the players do when making their choices simultaneously? A
“good case” when we can answer this question happens when F has a saddle point.
We call a point (x,,A.) € X X A a saddle point of F, if

F(x,A) > F(xi,A) > F(x,A)V(x € X, A € A).

In game terms, a saddle point is an equilibrium, meaning no one of the players can
improve his wealth, provided the adversary keeps his choice unchanged.

Proposition 4.1. F has a saddle point if and only if both (P') and (D') are solvable
with equal optimal values. In this case, the saddle points of F are exactly the pairs

(X, As), where x, is an optimal solution to (P'), and A, is an optimal solution to
(D).

Proof. = Assume that (x.,A,) is a saddle point of F, and let us prove that x,
solves (P'), A solves (D), and Opt(P") = Opt (D’). Indeed, we have

F(x,Ad) > F(xi, ) > F(x,A)V(x € X,A € A),

whence
Opt(P) <

Opt(D') >

F(xi) = sup F(x,,A) = F(x,, As)
AeA

F(R) = inf F(x,2.) = Fx., ).
X€

Since Opt (P') > Opt(D'), we see that all inequalities in the chain
Opt(P') < F(x.) = F(x., ) = F(A) < Opt (D)
are equalities. Thus, x, solves (P'), A, solves (D') and Opt(P’) = Opt (D’).

<« Assume that (P’) and (D) have optimal solutions x.,A, and Opt(P') =
Opt(D'), and let us prove that (x,, A, ) is a saddle point. We have
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Since Opt (P') = Opt(D'), all inequalities in the above relation are equalities, so that
sup F(x.,A) = F(x.As) = inf F(x, A,).
AEA xeX

L]

In view of Proposition 4.1, whenever F has a saddle point, the order of playing
this game does not matter anymore since both (P') and (D') have equal optimal
values.

4.5 Saddle Point Form of Optimality Conditions

We now turn out attention to the minimax problem defined in (4.3.3) and discuss the
saddle point form of optimality conditions in convex programming.

Opt(P) = nkin{f(x) 18i(x) <0,j < m,xEX} (P)
I
L) =70+ £ Aig0)

Theorem 4.3. Let x, € X be given.

a) [Sufficient optimality condition] If x. can be extended, by a * > 0, to a saddle
point of the Lagrange function on X x {A > 0}:

L(x,A%) > L(xo, A*) > L(x,, A) V(x € X, A > 0),

then x, is optimal for (P).

b) [Necessary optimality condition] If x. is optimal for (P) and (P) is convex and
satisfies the Slater condition, then x, can be extended, by a A* > 0, to a saddle
point of the Lagrange function on X x {1 > 0}.

| +oo,  x, isinfeasible
Proof. = Clearly. ig%L(x*’M N {f (x,), otherwise
Thus, A* >0 & L(x.,A*) > L(x,,A) YA > 0 is equivalent to
gj(x) <OVj & A7 gj(x.) =0V,
Consequently, L(x,,A*) = f(x,), whence

L(x,A*) > L(x.,A") Vx € X
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reads as

X, A%) > fx) Vx.

L
Since for A > 0 one has f(x) > L(x,A) for all feasible x, it follows from the above
inequality that
x is feasible = f(x) > f(x,).

< By Lagrange Duality Theorem, 34* > 0:

flx) =L(A") = inf

xeX

f(x)—i—Zl;gj(x)]. (4.5.1)
J
Since x, is feasible, we have

inf
xeX

f(x) +Zl}‘gj(X)] < fle) + L AT (%) < f(x).

By (4.5.1), the last ” < ” here is ” =, which with A* > 0 is possible iff l;gj (x4) =
0V which together with g;(x.) < 0 imply that

S(xe) = L(xs,A%) > L(x,A) YA > 0.

Now (4.5.1) reads L(x,A*) > f(x,) = L(x,A*). The result then follows by combin-
ing these two inequalities.
L]

4.6 Karush-Kuhn-Tucker Optimality Condition

Suppose that the functions f, g1, ..., g, are differentiable at x*. We call the following
requirement
JA* >0 s.t.

(@) Vf(x:) + L AjVgj(x.) € Ny (x:)
j=
(b) l;f gj(x:) =0, j <m [complementary slackness]
as the KKT condition.

Theorem 4.4. Let x* be a feasible solution of (P), and let the functions f, g1,....&m
be differentiable at x*. Then the KKT condition is sufficient for x. to be optimal.
Moreover, if (P) satisfies restricted Slater condition, then the KKT is necessary and
sufficient for x, to be optimal.

Proof. = Note that part b) (i.e., complementary slackness) in the KKT condition
plus * > 0 ensure that
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Further, L(x,A*) is convex in x € X and differentiable at x, € X, so that part a) in the
KKT condition implies that

L(x,A*) > L(x,A") VxeX.

Thus, x, can be extended to a saddle point of the Lagrange function and therefore is
optimal for (P).
< By the saddle point optimality condition, from optimality of x. it follows
that 3A* > 0 such that (x.,A*) is a saddle point of L(x,A) on X x {A > 0}. This is
equivalent to
Algi(x.) =0Vj& &réi)rflL(x,l*) =L(x,A") (4.6.1)

Since the function L(x,A*) is convex in x € X and differentiable at x, € X, part a) in
the KKT condition immediately follows from the second relation in (4.6.1). ]

Example 4.1. Assuming a; > 0, p > 1, let us solve the problem
. a;
—:x>0 P <
“km{;xi X ,;xz > }

Assuming x, > 0 is a solution such that Y (x})? = 1, the KKT conditions read
i

R

2
P _

in—l

l

L
whence x; = c(A)a/"" . Since ¥ x!’ should be 1, we get
i

1

1 )4 P
* _ _pt+l p+1
xi=al"/ Zaj .
J

This point is feasible, problem is convex, KKT at the point is satisfied, and thus must
be optimal.

4.7 Convex-Cancave Saddle Points*

In this section, we consider the general saddle point problem in (4.4.1) and establish
the conditions that guarantee the existence of saddle points.

Theorem 4.5. [Sion-Kakutani] Let X C R", A CR™ be nonempty convex closed sets
and F(x,1) : X x A — R be a continuous function which is convex in x € X and
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concave in A € A. Assume that X is compact, and that there exists X € X such that
all the sets
Agi={A €A F(xA)>a}

are bounded (e.g., A is bounded). Then F possesses a saddle point on X x A.

The proof of the above Sion-Kakutani theorem requires us to show the following
MiniMax lemma.

Lemma 4.1. Let fi(x), i = 1,...,m, be convex continuous functions on a convex

compact set X C R". Then there exists W* > 0 with Y. u* = 1 such that
i

mip max fi(x) = mip 47 i)

xeX 1<i<m
Proof. Consider the optimization program

rrtlgcn{t Sfilr) =1 <0,i<m,(t,x) € Xy},
' X, ={(t,x): xe X}

The optimal value in this problem clearly is

e = Erg)r(lmlaxﬁ(x).

The program clearly is convex, solvable and satisfies the Slater condition, whence
there exists A* > 0 and an optimal solution (x.,7) to (P) such that (x.,z;A*) is the
saddle point of the Lagrange function on X x {4 > 0}:

xeX t

min {r+m,-*<ﬁ<x> Y A ) - 1) (@)
ng{t* +zl:)~z(ﬁ(x*>_t*) = I +zl‘.ll*(fl(x*)_t*) (b)

(b) implies that ¢, + Y. A (fi(x«) — £+) = ¢, (0.w., the LHS is unbounded).
i
(a) implies that Y’ A* = 1 (0.w., the LHS is unbounded). Thus, A* >0, ;A =1 and
i
mip 500 = min {1+ £ (00—}
=t + Y A (fi(xs) — 1) = . = minmax f;(x).
i xeX i

We are now ready to prove Theorem 4.5.
Proof of Sion-Kakutani Theorem: We should prove that problems
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F(x
(x)
Opt(P) = inf sup F(x,A) (P)
XEX )eA
Opt(D) = sup inf F(x,A) (D)
AEA xeX
F(2)

are solvable with equal optimal values.
1°. Since X is compact and F(x,A) is continuous on X x A, the function F (1) is
continuous on A. Besides this, the sets

A={LeA:FA)>a}
are contained in the sets
Ag={L €A :F(x,A)>a}

and therefore are bounded. Finally, A is closed, so that the continuous function
F(-) with bounded level sets A¢ attains it maximum on a closed set A. Thus, (D) is
solvable; let A* be an optimal solution to (D).

29, Consider the sets

X(A)={xeX :F(x,A) <Opt(D)}.

These are closed convex subsets of a compact set X. Let us prove that every finite
collection of these sets has a nonempty intersection. Indeed, assume that

XAHn..nx(AM)=o.

so that

max_F(x,A’) > Opt(D).
j=1,N

By MinMax Lemma, there exist weights u; > 0,3 1; = 1, such that
J

] . J
%‘?;“JF(X’A ) > Opt(D)
\W_'/
<F(x) A7)
J

~——
A

which is impossible by the definition of Opt (D).
39, Since every finite collection of closed convex subsets X () of a compact set
has a nonempty intersection, all those sets have a nonempty intersection:

In, € X : Fx,4) < Opt(D) VA.
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Due to Opt(P) > Opt (D), this is possible iff x, is optimal for (P) and Opt(P) =
Opt(D).

4.8 First-order Optimality Conditions

We are given a Mathematical Programming problem

(gl(x)782(x>7“'agm('x)) SO
Inxin f('x) : (hl(x)a"'7hk(x)):0
xeX

Assume that we are given a feasible solution x, to (P). What are the conditions
(necessary, sufficient, necessary and sufficient) for x, to be optimal?

Except for convex programs, there are no verifiable local sufficient conditions for
global optimality. There exist, however,

a) verifiable local necessary conditions for Iocal (and thus — for global) optimality.
b) verifiable local sufficient conditions for local optimality.

By definition, x* being local optima means that there exists r > 0 such that for
every feasible x with ||x — x,|| < r one has

f(x) = fx).

Note that existing conditions for local optimality assume that x, € intX, which, from
the viewpoint of local optimality of x,, is exactly the same as to say that X = R".
Therefore, from now on, we drop this domain constraint and consider

i C(g1(x),82(x), .., 8m(x)) <0
Hgfm{f(x)' (h1(x),.... b (x)) =0 } (4.8.1)

Moreover, we assume that the objective and all the constraints are continuously
differentiable in a neighborhood of x.. We will study first-order optimality conditions
that are expressed via values and gradients of the objective and the constraints at x,.
Except for convex case, only necessary first-order conditions are known.

The basic idea for our development is to approximate (4.8.1) around x,. by a linear
programming problem

S.t.
0
—
0 = )T () <0, j € J(x)
hi(x) +(x—x)Thi(x,) =0, 1 < i<k
0

[ (x) = {j: gj(x.) = 0}]
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Since all g;(-) are continuous at x,, the non-active at x, inequality constraints (those
with g;(x,) < 0) do not affect local optimality of x, and do not participate in the
above problem. After removing some constant terms, we have

(x —)E*)T)g}(x*) <0,
: o \T g CJET(x
min (x—x)" (o) () T (x,) =0,
i=1,..k
J(x) = {j: gj(x.) =0}
It is natural to guess that if x, is locally optimal for (4.8.1), then x, is locally optimal

for (LP) as well. LP is a convex program with affine constraints, whence the KKT
conditions are necessary and sufficient for optimality:

(LP)

X, is optimal for (LP)

)

A >0,j€J(x), 1) :
k
f)+ X )l}kg'j(x*)f);l#ihf(x*)zo

JeJ (x«
T
A >0,pf):
£+ EATgH(x) + T () =0
j i
Argi(x)=0,j=1,...m

We then have the following intermediate result.

Proposition 4.2. Let x, be a locally optimal solution of (4.8.1). Assume that x,
remains locally optimal when passing from (4.8.1) to the linearized problem in (LP).
Then at x,. the KKT condition holds:

3A > 0,41):
F1e) F LA () + X u hi(x.) =0
j i

Ajgj(x)=0,j=1,..m

To make the above proposition useful, we need a verifiable sufficient condition
for “x, remains locally optimal when passing from (P) to (LP)”. The most natural
form of such a condition is regularity, meaning that the gradients, taken at x,, of all
constraints active at x, are linearly independent. Of course, all equality constraints
by definition are active at every feasible solution. The motivation of this regularity
condition comes from the well-known implicit function theorem.

Recall a special form of Implicit Function Theorem as follows.

Theorem 4.6. Let x,. € R" and let py(x), £ = 1,...,L, be real-valued functions such
that

a) py are K > 1 times continuously differentiable in a neighborhood of x.;
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b) pe(x.) = 0;
c) vectors Vpy(x,), £ = 1,...,L, are linearly independent.

Then there exists substitution of variables
y=x=o(y)

defined in a neighborhood V of the origin and mapping V, in a one-to-one manner,
onto a neighborhood B of x., such that

a) x, = D(0);

b) both ® : V — B and its inverse mapping ®~' : B—V are x times continuously
differentiable;

¢) in coordinates y, the functions py become just the coordinates:

YEV = p(P(y) =y, £=1,...,L.
We are now ready to state the first-order optimality condition.

Proposition 4.3. Let x, be a locally optimal regular solution of (4.8.1). Then x, is
optimal for (LP) and, consequently, the KKT conditions take place at x..

Proof. Let x, be a regular locally optimal solution to (P). Assume, on the contrary
to what should be proven, that x, is not an optimal solution to (LP), and let us lead
this to contradiction.
1°, Since x = x. is not an optimal solution to (LP), there exists a feasible solution

X =x,+d

to the problem with
(¢ —x) ' (x) = d" f(x) <0,
so that
d" f'(x.) <0,d" hj(x,) =0,d" g}(x,) <0
—_—
Vi Vjied (xx)

20, W.lo.g., assume that J(x.) = {1,...,£}. By Theorem 4.6, there exist continuously
differentiable local substitution of argument

x=d(y) [@(0) = x.]

with a continuously differentiable in a neighborhood of x, inverse y = ¥(x) such
that in a neighborhood of origin one has

hi(P(y)) = yi, 8j(P(Y)) = Yitjo J = 1,1, L.
Since ¥ (P(y)) =y, we have

¥ (x,)D'(0) =1,
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whence @’(0) is invertible and
Je: @' (0)e =d.

3. Now we have found a smooth local substitution of argument x = ®(y) (y =0
corresponds to x = x,.) and a direction e such that in a neighborhood of y = 0 one has

(a) hi(®(y)) = yi, i<k
(b) gi( @) =yt j J <4
[J(x*) = {1, 76}]

We have, by taking derivatives w.r.t. f,

te; = hi(P(te)) = e; = [@'(0)e] T Hi(x,) =0
tekﬂ- = gj(dD(te)) = Chyj = [dD’(O)e]Tg/j(x*) < 0
= hi(x(r)) =te; =0, g;(x(t)) =tery; <0

Vi Vjed (xs)

Thus, x(¢) is feasible for all small # > 0. But:

o (0)) = [#(0)e]" £/ (x2) <0,

whence f(x()) < f(x(0)) = f(x.) for all small enough ¢ > 0, which is a contradiction
with local optimality of x,. |

Observe that the regularity of x, is important for the KKT condition to be necessary
for local optimality. For example, x. = 0 is the only feasible solution to the problem
min{f(x) := x: h(x) := x> = 0} and therefore is even globally optimal. The KKT
condition would say that there exists y* such that 0 = Vf(x,) + u*Vh(x,) = 1+ p*-
0, which is impossible. The source of the difficulty is that Vi(x,) = 0, that is, x, =0
is not a regular locally optimal solution.

4.9 Second-order Condition for Unconstrained Problems

In the case of unconstrained minimization problem
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min f(x) (4.9.1)
X

with continuously differentiable objective, the KKT conditions reduce to the Fermat
Rule: If x, is locally optimal for (4.9.1), then V f(x,) = 0.

Fermat Rule is the “first order” part of Second Order Necessary Optimality
Condition in unconstrained minimization: If x, is locally optimal for (4.9.1) and f is
twice differentiable in a neighborhood of x,, then

Vi) =0& V2 f(x,) = 0 dT V2 f(x,)d > OVd
Indeed, let x, be locally optimal for (4.9.1); then for appropriate r; > 0

0<tr<ry
= 0 < fx+rd) - f(x)
=t1d"Vf(x,)+52d" V2 f(x.)d + 1> Ry(t)
—— N——

=0 —0,
=0

= 2d"V2f(x,)d +Ry(t) > 0= d"V2f(x,)d >0

The second-order necessary optimality condition can be strengthened to a second-
order sufficient optimality condition for unconstrained minimization as shown below.

Theorem 4.7. Let f be twice differentiable in a neighborhood of x,. If
Vi(x) =0,V*f(x.) = 0= dT V2 f(x.)d > 0Vd #0
then x. is locally optimal for (4.9.1).

Proof. Since d”V?f(x,)d > 0 for all d > 0, then there exists & > 0 such that
d"V2f(x,)d > ad”d for all d. By differentiability, for every € > 0 there exists
re > 0 such that

ldll2 < re
= [t d) = f(x) 2d"V(x) +3d" V2 (x.)d~5d"d
N—_—— —_—

=0 >adld
= flx+d) = f(x) > (e —e)d"d

Setting € = %, we see that x, is a local minimizer of f. n

4.10 Second-order Necessary Condition for Constrained Problems

We now consider a constrained mathematical programming problem

i C(g1(x),82(x), ..., gm(x)) <0
Hﬁ‘m{f(x) (i (%), (%)) =0 } (4.10.1)
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In the optimality conditions for a constrained problem, the role of V2 £(x,) is
played by the Hessian of the Lagrange function:

L(x;/'L,,LL) = f(x) +Z?ngj(x) —|—Z,Llil’l,'(x).
j i

We now establish the second-order necessary optimality condition for prob-
lem (4.10.1).

Theorem 4.8. Let x, be a regular feasible solution of (4.10.1) such that the functions
f,&;,hi are twice continuously differentiable in a neighborhood of x. If x, is locally
optimal, then

a) There exist uniquely defined Lagrange multipliers l;f >0, u such that the KKT
conditions hold:
ViL(x A", 0*) =0
Ajgi(x)=0,j=1,..m

b) For every d orthogonal to the gradients, taken at x., of all equality constraints
and all active at x, inequality constraints, one has

dTV2L(x,; A%, u*)d > 0.

Proof. 1°. Constraints which are non-active at x, clearly do not affect neither local
optimality of x., nor the conclusion to be proven. Removing these constraints, we
reduce the situation to one where all constraints in the problem (4.10.1) are active at
X

29, Applying Implicit Function Theorem, we can find a local change of variables

x=®(y) = y="¥x) [@(0) = x., ¥(x:) = 0]
with locally twice continuously differentiable & and ¥ such that

gi(@PY) =yj, j <mhi(P(Y)) = ymsiri < k.

In variables y, problem (4.10.1) becomes

min{f(dJ(y)):yj§0,j§m,ym+,-:0,i§k}. (4.10.2)
y ——
o)

Our plan is as follows. Since @ is a smooth one-to-one mapping of a neighborhood
of x, onto a neighborhood of y, = 0, x, is locally optimal for (4.10.1) iff y, =0 is
locally optimal for (4.10.2). So we intend to build necessary/sufficient conditions
for y. = 0 to be locally optimal for (4.10.2). Then “translated” to x-variables, these
conditions will imply necessary/sufficient conditions for local optimality of x, for
(4.10.1).
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39, Since x, = ®(0) is locally optimal for (4.10.1), y, = 0 is locally optimal for
(4.10.2). In particular, if ¢; is i-th basic orth, then for appropriate € > 0:

Jj <m = y(r) = —te; is feasible for (4.10.2) when
d
£2120= —G8 = f|_od(3(1)) >0

x — _ 99(0)
:%:—szo

and
s>m+k=y tey is feasible for (4.10.2) when

(t
£>1> €= g’;?) 4] _90() =0
= pr=—22 g i—1,. .k

Ym+i

Therefore, IA* > 0, u*:

39(0) | 4« . . .
AM(O:A" 1) ay +2;, €< m,(active inequality constraints)
0= 8’ : = g( ) +u,,, m<{<m+k,(equality constraints)
Ye
g}([) , £ > m+ k(inactive inequality constraints)

(KKT)

Note that the condition V,M(0; A%, u*) = 0 defines A*, u* in a unique fashion.
49, We have seen that for (4.10.2), the first order part of the second-order necessary
optimality condition holds true. Let us prove the second order part of the condition,
which reads v Ty 0.¢< o
: we=0,6<m+k):
dTV2M(0;1%, u*)d > 0. (4.10.3)
m k
This is evident since M (y; A*, u*) = ¢(y) + .Zl Alyi+ '21 W Ym+i, we have
Jj= i=

VIM(0; A%, 1) = V2$(0).

The claim in (4.10.3) therefore states that d” V2¢(0)d > 0 for every vector d from
the linear subspace L = {d : d| = ... = d;,+;, = 0}. But this subspace is feasible for
(4.10.2), so that @, restricted onto L, should attain unconstrained local minimum at
the origin. By the second-order necessary optimality condition for unconstrained
minimization,

d"V?¢(0)d >0Vd € L.

59, We have seen that if x, is locally optimal for (4.10.1), then there exist uniquely
defined A* > 0, u* such that

M(0; A%, u*) =

and one has



4.10 Second-order Necessary Condition for Constrained Problems 95
d"Vyy =00 <m+k=d"V;M(0; A", u*)d > 0.

Let us prove that

ViL(x A 1*) =0 (4.10.4)
and ; )
€8xk =0,j<m T2 A5 e >
Th(x.) =0,i<k }ﬁ'e ViL(x:);A7 1n%)e 2 0. (4.10.5)

First, setting . (x) = L(x; A*, u*), A (y) = M(y; A*, u*), we have

Z(x) =M (¥(x))
= V. L (x) = [V (x))]Vyd (y:) =0,

as required in (4.10.4).
Second, let e satisfy the premise in (4.10.5), and let d = [®'(0)]~'e. Then

d

dt ,:()td.i

e

d < N
ol &i(@0d) = [gj(x)]" [ (0))d
t=0

—d; =g\ (x)=0,j<m
I @(ed)) = [ x)) [@(0))d

dt

t=0
e

% |[:Ofdm+i
= dpri = e Hi(x,) =0,i <k.

We have
V2L (x)e= 4 Lt = £ A rre)
=2 [eT [lp/(x* +le)]TV%(W(x* —|—te))]
t=0

=[@/(0)] ' e=d
=" [P'(x.)]" V2 (0) [P'(x.)e]
+el [4 | _o¥ (x.+1e)]" V.22 (0)
=0
=d'V2#d>0duetod; =0,1<j<m+k.

Thus, whenever e is orthogonal to the gradients of all constraints active at x., we
have e’ V2 %e > 0. ]
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4.11 Second-order Sufficient Condition for Constrained Problems

Below we state the second-order sufficient conditions for achieving local optimality
of (4.10.1).

Theorem 4.9. Let x,. be a regular feasible solution of (4.10.1) such that the functions
f,8j,hi are twice continuously differentiable in a neighborhood of x.. If there exist
Lagrange multipliers A 7 =0, " such that

a) the KKT conditions hold:

b) For every d # 0 orthogonal to the gradients, taken at x., of all equality constraints
and those active at x, inequality constraints for which lj* > 0, one has

dTV)%L(X*,A,*?lJ*)d > 07
then x, is locally optimal for (4.10.1).

Proof. 1°. As in the case of Second Order Necessary Optimality Condition, we
can reduce the situation to one where all inequality constraints are active at x, and
The problem is of the special form

“&*n{d’(y)'ymﬂ:o,iﬁ ' (-11.1)

29, In the case of (4.11.1), the second-order sufficient condition reads: IA* > 0, u*:

m k
Vilio3 000+ X A7yj+ X Wiymii p =0
y =17 i=1

di=0,j€J,d#0=d"V?¢(0)d >0 (4.11.2)
[J: {i<m:A; >0 u{m+ 1,...,m+k}]
Assuming w.Lo.g. {j: A7 >0} = {1,...,q}. Then (4.11.2) reads:
ag}(,?) < 0,¢=1,...,q(inequality constraints with 4, > 0)
‘93}(,?) = 0,/ =gq+1,...,m(inequality constraints with A = 0)
93,(,?) = 0,/ =m+k~+1,...,n(inactive constraints) (4.11.3)

0#d € TV ={d:dy=0,0€{l,...qm+1,...m+k}}:
= d"V2¢(0)d >0

Our goal is to derive from this assumption the local optimality of y, = 0 for (4.11.1).
Note that the feasible set of (4.11.1) is the closed cone
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K={d:d;<0,0=1,...md;=0{=m+1,...m+k} 4.11.4)

We need to use the following result.

Claim. For 0 # d € K one has d"V¢(0) > 0. Moreover, if d'V$(0) = 0, then
d"V?¢(0)d > 0.
Proof of the Claim: For d € K, we have

T _ v 99(0)
d V‘P(O)_ZZZITW dy

By (4.11.3) and (4.11.4), the first g terms in this sum are nonnegative, and the
remaining are 0. Thus, the sum always is > 0. For d # 0, the only possibility for the
sum to vanish is to have d € T, and in this case d” ¢"(0)d > 0.
39, To summarize the situation, problem (4.11.1) is equivalent to

I;g}(w(y), (4.11.5)

where K is a closed cone, ¢ is twice continuously differentiable in a neighborhood
of the origin and is such that

deK=d"V¢(0)>0
d € K\{0},d"V$(0) =0=d"V?¢(0)d >0

Claim: 0 is a locally optimal solution to (4.11.5).

Proof of the Claim: Let M = {d € K : ||d||, =1}, and let My = {d € M : d" V¢ (0) =
0}. Since K is closed, both M and My are compact sets.

We know that d” V2¢(0)d > 0 for d € M. Since My is a compact set, there exists a
neighborhood V of My and o > 0 such that

deV=d"V*¢(0)d > a.

The set V; = M\V is compact and d” V¢ (0) > 0 when d € Vi; thus, there exists
B > 0 such that
deV,=d'V¢(0)>B.

Note that K is a cone, and the set M = {d € K : ||d||» = 1} is partitioned into two
subsets Vo =V N M and V; in such a way that

deVy=d'Ve(0)>0,dTV>¢(0)d > a >0
deVy —d'Vve((0)>B >0

Our goal is to prove that O is local minimizer of ¢ on K, or, which is the same, that

Ir>0:
0(0) < P(td)V(deM,0<t<r).
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Letd € M, t > 0. When d € Vj, we have

¢ (td) — ¢(0) > td"V(0) + 3r2d"V29(0)d — 1> R(t)
~—~

—0,
t—=+0

> 112 (00— 2R(t
=3rg>0:  @(td)—¢(0) > 112 >0V < rg.

~—
~—

When d € V;, we have

¢(td) — ¢(0) > td"V(0) + 12d" V29 (0)d — 2 R(t)
~—~

—0,
t—=+0

> Bt —Ct> —1*R(t)
=3 >0:  ¢(td)—9(0) > Er>0vr<r.

Thus, ¢ (td) — ¢ (0) > 0 for all r < min(rg,r1],d € M.
|
Note that the difference between sufficient and necessary optimality conditions is
in their “second order” parts and has twofold.
The first one is a minor difference. The necessary condition states positive
semidefiniteness of V2L(x,;A*, u*) along linear subspace:

Vi<k Vjed (x.)

VdeT ={d:d"hj(x.) =0,d" g (x.) =0} :
d"V2L(x,; A*,u)d >0

while Sufficient condition requires positive definiteness of V)%L(x*;l*, u*) along
linear subspace:

Vi<k Vj:l;>0

VO£deTt ={d:d" hj(x.) =0,d" ¢ (x.) =0} :
d"V2L(x; A, 1*)d > 0

The second one is a major difference. The linear subspaces in question are differ-
ent, and T C T; the subspaces are equal to each other iff all active at x, inequality
constraints have positive Lagrange multipliers lj’f. Observe that this “gap” is essential,
as is shown by example

min { f(x) = x5 —x7 : g1(x) =x1 <0} e = (0,0)7]

X142
Here the second-order necessary optimality condition is satisfied “strictly”:
. _ 42 2
L(x;A) =x5 —xi7 +Axy,

whence
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A*=0= V,L(x,;A%) =0,
T={d:d"g|(0)=0}={d:d, =0},
0#deT =d"ViL(x;A*)d =d? >0}

while x, is not a local solution.

4.12 Applications: Eigenvalue Decomposition and S-Lemma

In this section, we discuss two important applications of optimality conditions.
Example 4.2. Consider optimization problem

Opt = nelkn {f(x) =x"Ax: h(x) = 1 -x"x=0} (P)
xeR?
where A = AT is an n x n matrix. The problem clearly is solvable. Let x, be its
optimal solution.

What can we say about x,.? We first observe that x, is a regular solution. Indeed,
we should prove that the gradients of active at x, constraints are linearly independent.
There is only one constraint, and its gradient at the feasible set is nonzero.

Since x, is a regular globally (and therefore locally) optimal solution, at x, the
second-order necessary optimality condition should hold: Fu*:

L(x.u*)

Ve [T Ax+p*(1-x"x)] =0 2(A— u*x, =0
dTV, h(x,) =0=d"V2L(x.;u*)d >0

<dTx,=0 &dT (A—p*1)d>0

Therefore, if x, is optimal, then Ju*:

Axy = ¥ x, (A)
d'x, =0=d"(A—u*I)d >0 (B)

* (A) says that x, # 0 is an eigenvector of A with eigenvalue u*; in particular, we
see that a symmetric matrix always has a real eigenvector

 (B) along with (A) says that y' (A — u*I)y > 0 for all y. Indeed, every y € R" can
be represented as y = tx, +d with dTx, = 0. We now have

YA =ty = (tx. +d)! [A— 1) (ex, +d)
= 2 [A — wix, +2td" d” [A — p* I,
N——— T

=0
+d"[A—pu*Nd >0
N————

>0
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Observe that in the case in question, the second-order necessary optimality conditions
can be rewritten equivalently as Ju*:

[A—pu*lx, =0 (%)
YA —p*lly > 0Vy.

In fact, these conditions are not only necessary, but also sufficient for feasible
solution x, to be globally optimal. To prove sufficiency, let x, be feasible, and u* be
such that () holds true. For every feasible solution x, one has

0<xT[A—pu*lx=xTAx— pu*xTx =xTAx — u*,
whence xT Ax > u*. For x = x,, we have
0=x"[A—u*lx, = xTAx, — w*xTx, = xT Ax, — u*,

whence x! Ax, = u*. Thus, x, is globally optimal for (P), and u* is the optimal value
in (P).

Example 4.3. Extension: S-Lemma. Let A, B be symmetric matrices, and let B be
such that
3% : ¥ B > 0. (%)

Then the inequality
xf Ax >0 (A)

is a consequence of the inequality
x Bx >0 (B)
if and only if (A) is a “linear consequence” of (B): there exists A > 0 such that
xT[A — AB]x > OVx (0)

that is, (A) is a weighted sum of (B) (weight A > 0) and identically true inequality
(C).

We provide a sketch of the proof of this important result. Note that the only
nontrivial statement is that “If (A) is a consequence of (B), then t e exists A > 0 such

that ...”. To prove this statement, assume that (A) is a consequence of (B), i.e.,
Jx: ' Bx > 0; x' Bx >0 = xTAx >0
—_—
(B) ()
Consider optimization problem

Opt = min {x”Ax : h(x) = 1 —x" Bx=0}.
X

This problem is feasible by (*), and Opt > 0. Assume that an optimal solution x,
exists. Then, same as above, x, is regular, and at x, the Second Order Necessary
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condition holds true: u*:

Vil [T Ax+p[1 —=x"Bx]] =0 4 [A - u*Blx. =0
d"V,|_ h(x)=0=d"[A—u*Bld >0

<dT Bx,=0

We have 0 = xT [A — p*Bx,, that is, i, = Opt > 0. Representing y € R" as tx, +d
with d” Bx, = 0 (that is, t = x By), we get

Y'[A— p*Bly = °x] [A — u*Blx,
—_———

=0
+2td" [A — uw*B)x, +d" [A— u*Bld > 0,
=0 >0

Thus, u* >0 and y’ [A — u*B]y > 0 for all y,

4.13 Exercises

1. Consider the optimization problem

minimize fj (x],x7)
subject to 2x;+x2 > 1
x1+3x>1
Xp = Oa X2 > 0.

Make a sketch of the feasible set. For each of the following objective functions,
give the optimal set and the optimal value.

@) fo(xr,x)=x1+x.

(®) fo(x1,x2) = —x1 —x2.
©) fo(x1,x2)=xi.

(d) fo(x1,x2) = max{x;,x2}.
) fo (xl,)Cz) =x%+9x%.

2. Prove that x* = (1,1/2,—1) is optimal for the optimization problem

minimize (1/2)x" Px+q'x+r
subjectto —1<x; <1, i=1,2,3,

where
1312 -2 -22.0

P=|1217 6|, g=|-145
2 6 12 13.0

, r=1.
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3.

4,

4 Duality and Optimality Conditions

A simple example. Consider the optimization problem

minimize x%+ 1
subjectto (x—2)(x—4) <0

with variable x € R.

(a) Analysis of primal problem. Give the feasible set, the optimal value, and the
optimal solution.

(b) Lagrangian and dual function. Plot the objective x> 4 1 versus x. On the same
plot, show the feasible set, optimal point and value, and plot the Lagrangian
L(x,A) versus x for a few positive values of A. Verify the lower bound
property (p* > infyL(x,A) for A > 0). Derive and sketch the Lagrange dual
function g.

(c) Lagrange dual problem. State the dual problem, and verify that it is a concave
maximization problem. Find the dual optimal value and dual optimal solution
A*. Does strong duality hold?

(d) Sensitivity analysis. Let p*(u) denote the optimal value of the problem

minimize x%+ 1
subjectto (x—2)(x—4) <u,

as a function of the parameter u. Plot p*(u). Verify that dp*(0)/du = —1*.

Weak duality for unbounded and infeasible problems. The weak duality inequal-
ity, d* < p*, clearly holds when d* = —oo or p* = oo. Show that it holds in the
other two cases as well: If p* = —oo, then we must have d* = —oo, and also, if
d* = oo, then we must have p* = oo,

Problems with one inequality constraint. Express the dual problem of

minimize ¢’ x

subject to f(x) <0

with ¢ # 0, in terms of the conjugate f*. Explain why the problem you give is
convex. We do not assume f is convex.
Interpretation of LP dual via relaxed problems. Consider the inequality form LP

minimize ¢’ x

subjectto Ax <b

with A € R™" b € R™. In this exercise we develop a simple geometric interpre-
tation of the dual LP (5.22).
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Let w € R If x is feasible for the LP, i.e., satisfies Ax < b, then it also satisfies
the inequality
wl Ax < wlb.

Geometrically, for any w = 0, the halfspace H,, = {x | w'Ax <w’b} contains
the feasible set for the LP. Therefore if we minimize the objective ¢’ x over the
halfspace H,, we get a lower bound on p*.

(a) Derive an expression for the minimum value of ¢Tx over the halfspace H,,
(which will depend on the choice of w > 0).

(b) Formulate the problem of finding the best such bound, by maximizing the
lower bound over w = 0.

(c) Relate the results of (a) and (b) to the Lagrange dual of the LP.

7. Dual of general LP. Find the dual function of the LP

minimize ¢’x
subjectto Gx < h
Ax=0>b.

Give the dual problem, and make the implicit equality constraints explicit.

8. Piecewise-linear minimization. We consider the convex piecewise-linear mini-
mization problem

minimize max (al x+b;) (1)
i=lm

with variable x € R".
(a) Derive a dual problem, based on the Lagrange dual of the equivalent problem

minimize max;—i,... ;i
subjectto alx+b; =y, i=1,---,m,

with variables x € R")y € R™.

(b) Formulate the piecewise-linear minimization problem (1) as an LP, and form
the dual of the LP. Relate the LP dual to the dual obtained in part (a).

(c) Suppose we approximate the objective function in (1) by the smooth function

U

Jfo(x) =log ( y- exp (a{x—i—b;)) ,
=1

and solve the unconstrained geometric program

m
minimize log <Z exp (a} x+ bi)> . (2)

i=1
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A dual of this problem is given by (2). Let p;wl and pg, be the optimal
values of (1) and (2), respectively. Show that

0 < pgp — Ppwi < logm

(d) Derive similar bounds for the difference between py,, and the optimal value
of

1

minimize(1/y)log (

ml exp (7 (a x+b) ))

where y > 0 is a parameter. What happens as we increase y ?

Derive a dual problem for

2
[Aix+billy + (1/2) [|x = xoll3 -

N
minimize

i=1

The problem data are A; € R™>*" b; € R™, and xg € R”. First introduce new
variables y; € R™ and equality constraints y; = A;x + b;.

Analytic centering. Derive a dual problem for
m
minimize — ) log (bi — aiTx)

i=1

with domain {x | al-Tx <bji=1,--- ,m}. First introduce new variables y; and
equality constraints y; = b; —al x.

A penalty method for equality constraints. We consider the problem

minimize fj(x) (1)
subjectto Ax=2>

where fj : R” — R is convex and differentiable, and A € R™*" with rankA = m.
In a quadratic penalty method, we form an auxiliary function

9(x) = f(x) + | Ax—b]}3,

where o > 0 is a parameter. This auxiliary function consists of the objective
plus the penalty term c||Ax — b||3. The idea is that a minimizer of the auxiliary
function, %, should be an approximate solution of the original problem. Intuition
suggests that the larger the penalty weight ¢, the better the approximation ¥ to a
solution of the original problem. Suppose * is a minimizer of ¢. Show how to
find, from ¥, a dual feasible point for (1). Find the corresponding lower bound
on the optimal value of (1).
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12. Consider the problem

minimize fy(x) (1)
subjectto fi(x) <0, i=1,---,m,

where the functions f; : R” — R are differentiable and convex. Let Ay, , Ay, :
R — R be increasing differentiable convex functions. Show that

0) = fole) + Y i (/i)

i=1

is convex. Suppose £ minimizes ¢. Show how to find from ¥ a feasible point for
the dual of (1). Find the corresponding lower bound on the optimal value of (1).
13. A convex problem in which strong duality fails. Consider the optimization
problem
minimize e~*
subject to x?/y <0
with variables x and y, and domain 2 = {(x,y) | y > 0}.

(a) Verify that this is a convex optimization problem. Find the optimal value.
(b) Give the Lagrange dual problem, and find the optimal solution A* and
optimal value d* of the dual problem. What is the optimal duality gap?

(c) Does Slater’s condition hold for this problem?
(d) What is the optimal value p*(u) of the perturbed problem

minimize e*
subject to x*/y <u

as a function of u ? Verify that the global sensitivity inequality
p*(u) = p*(0) —A"u

does not hold.

14. Convex-concave functions and the saddle-point property. We derive conditions
under which the saddle-point property

sup ingvf(w,z) = inf sup f(w,z) (1)

7€ZWE weW ez

holds, where f: R* x R" — R,W x Z C dom f, and W and Z are nonempty. We
will assume that the function

ge(w) = {f(w,z) weWw

o0 otherwise
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is closed and convex for all z € Z, and the function

Jn2) = {—f(w,z) 7€Z

o otherwise

is closed and convex for all w € W.

(a) The righthand side of (1) can be expressed as p(0), where

— 3 T
p(u) = vggvailelg (fw,z)+u'z).
Show that p is a convex function.
(b) Show that the conjugate of p is given by

“) —infyew f(w,v) veZ
V) =
P oo otherwise.

(c) Show that the conjugate of p* is given by

P (u) = sup in‘fv (f(w,2) —|—uTz) .

AL

Combining this with (a), we can express the max-min equality (1) as
p™(0) = p(0)

(d) We know that p**(0) = p(0) if 0 € int domp. Conclude that this is the case
if W and Z are bounded.

(e) As another consequence of exercises 3.28 and 3.39, we have p**(0) = p(0)
if 0 € dom p and p is closed. Show that p is closed if the sublevel sets of g,
are bounded.

Consider the QCQP

minimize x% +x%
subjectto (x; —1)* 4 (xa — 1)

with variable x € R2.

(a) Sketch the feasible set and level sets of the objective. Find the optimal point
x* and optimal value p*.

(b) Give the KKT conditions. Do there exist Lagrange multipliers A;" and A}
that prove that x* is optimal?

(c) Derive and solve the Lagrange dual problem. Does strong duality hold?

Find the minimizer of a linear function
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17.

18.

19.

20.

fx)=clx
on the set
n
Vp:{xeR":Z|x,-p< l};
i=1

here p,1 < p < oo, is a parameter. What happens with the solution when the
parameter becomes 0.5 ?

Letay,---,a, > 0,a,B > 0. Solve the optimization problem

n .
mxin{z’;:x>0,2x? < 1}

i=1" i

Consider the optimization problem

max{&Tx—F Tt +1In (12 —xTx):(t,x) X = {t > \/ﬂ}}

Xt

where & € R” 7 € R are parameters. Is the problem convex 5) 9 What is the
domain in space of parameters where the problem is solvable? What is the
optimal value? Is it convex in the parameters?

Consider the optimization problem
max{f(x,y) = ax+by+In(lny—x)+1n(y) : (x,y) € X = {y > exp{x}}},

where a,b € R are parameters. Is the problem convex? What is the domain in
space of parameters where the problem is solvable? What is the optimal value?
Is it convex in the parameters?

Consider the problem of minimizing the linear form
F(x) =x24+0.1x;

on the 2D plane over the triangle with the vertices (1,0),(0,1),(0,1/2) (draw
the picture!).

1) Verify that the problem has unique optimal solution x, = (1,0) Solution: clear
from the picture, or from computing the values of the objective at the 3 vertices
of the triangle (a linear function on a polytope attains its extrema at vertices).
2) Verify that the problem can be posed as the LP program
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22.

23.

24.

4 Duality and Optimality Conditions
rnxin{x2—|—0.1x1 2x1+x < Lxp+2x > 1xg,x >0}
Consider the following elementary problem:
mln{f (x1,x2) —x% —x3 h(x)=xy = 0}
with the evident unique optimal solution (0,0). Is the KKT condition satisfied at
this solution? Solution: x, = (0,0) is regular and locally optimal, the data are

smooth, so that the KKT is satisfied at x,.
Rewrite the problem equivalently as

rr}vin{f(xl,xz) =x7—x2:h(x) =x3 =0}.

What about the KKT condition in this equivalent problem?

Consider an inequality constrained optimization problem
min{f(x) : gi(x) <0,i=1,--- ,m}.
X
Assume that x, is locally optimal solution, f, g; are continuously differentiable in

a neighbourhood of x, and the constraints g; are concave in this neighbourhood.
Prove that x, is locally optimal solution to the linearized problem

mxin{f(x*)qt(xfx*)TVf(x*):(xfx*)Tng(x*):O,]GJ x) ={j:gj(x) 0}}

Is x, a KKT point of the problem?

Letay,---,a, be positive reals, and let 0 < s < r be two reals. Find maximum
and minimum of the function
n
Y ailxil”
i=1

on the surface

™=

bl* =1
1

Recall S-Lemma: If A, B are two symmetric n X n matrices such that
¥ Bi>0
for certain X, then the implication

x'Bx>0=xTAx>0 (%)
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25.

holds true iff there exists A > 0 such that A —AB > 0

(P = 0 means that P is symmetric positive semidefinite: P = PT and x” Px >0
for all x € R") The proof given in Lecture on optimality conditions (see Trans-
parencies) was incomplete - it was taken for granted that certain optimization
problem has an optimal solution. Fill the gap in the proof or find an alternative
proof.

Fact: Let A = AT be a symmetric n X n matrix, and let B,C be m X n matrices,
C # 0. Then all matrices

A+BTAC+CTATB

corresponding to m x m matrices A with ||A|| < 1°) are positive semidefinite iff
there exists A > 0 such that the matrix

A—ACTC|-BT
—-B | AL,

is positive semidefinite.
An Example of Lagrangian Duality
Consider the problem

minimize f(x) (1)

subjectto x€X, ex=d;, i=1,---,m,
where f: R" — R is a convex function, X is a nonempty convex set, and ¢; and
d; are given vectors and scalars, respectively. Consider the min common/max
crossing framework where M is the subset of R"*! given by

M={(elx—dy, - €px—dn, f(x)) | x€X}
and assume that w* < oo,

(a) Show that w* is equal to the optimal value of problem (1), and that the max
crossing problem is to maximize g(u) given by

g(u) = inf {f(x) + i pi (efx —d;) }

xeX

(b) Show that the corresponding set M is convex.

(c) Show that if X is compact, then ¢* = w*.

(d) Show that if there exists a vector X € ri(X) such that €x = d; for all i =
1,---,m, then g* = w* and the max crossing problem has an optimal solution.

26. Lagrangian Duality and Compactness of the Constraint Set
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Consider the problem of Exercise 25, but assume that f is linear and X is compact
(instead of f and X being convex). Show that ¢* is equal to the minimal value of
f(x) subject to x € conv(X) and €x = d;,i = 1,--- ,m. Hint: Show that

conv(M) = {(e\x—d,--+ €}, x—dp, f(x)) | x € conv(X)}

and use Exercise 25(c)

Monotone transformation of the objective. Consider the optimization problem

minimize fp(x) (1)
subject to f;(x) <0, i=1,---,m.

where f;: R" — Rfori=0,1,---,mare convex. Suppose ¢ : R — Riis increasing
and convex. Then the problem

minimize fy(x) =
subject to fi(x) <

¢(fo(x)  (2)
0

, i=1,---,m

is convex and equivalent to it; in fact, it has the same optimal set as (1).
In this problem we explore the connections between the duals of the two problems
(1) and (2). We assume f; are differentiable, and to make things specific, we take

¢ (a) = expa.

a. Suppose A is feasible for the dual of (1), and X minimizes
m
Jox)+ Y Aifi(x).
i=1
Show that X also minimizes

expfo() + Y. Aifi(x)

for appropriate choice of . Thus, A is dual feasible for (2).
b. Let p* denote the optimal value of (1) (so the optimal value of (2) is expp*
). From A we obtain the bound

p"=8(4),

where g is the dual function for (1). From A we obtain the bound expp* >
&(A), where g is the dual function for (2). This can be expressed as

p*>logg(A).

How do these bounds compare? Are they the same, or is one better than the
other?



Chapter 5
Optimization Methods

5.1 Introduction

Our goal is to find approximate numerically solutions to Mathematical Programming
(MP) problems
. gix)<0,j=1,...m

m)?“{f(x)‘ hi(x) =0, i=1, .k } 1D
Most MP algorithms to be considered in the Chapter do not assume the analytic
structure of (5.1.1) to be known in advance (and do not know how to use the structure
when it is known). These algorithms are black-box-oriented: when solving (5.1.1),
method generates a sequence of iterates xi, x2,... in such a way that x;; depends
solely on local information of (5.1.1) gathered along the preceding iterates xi, ..., x;.
Information on (5.1.1) obtained at x; usually is comprised of the values and the first
and the second derivatives of the objective and the constraints at x;.

In some cases, local information, available to black-box-oriented algorithms, is
really poor, so that approximating global solution to the problem becomes seeking
needle in multidimensional haystack. Let us look at a 3D haystack with 2 m edges,
and let a needle be a cylinder of height 20 mm and radius of cross-section 1 mm (see
Figure 5.1).

So how difficult it is to find the needle in the haystack? In the optimization setting:
We want to minimize a smooth function f which is zero “outside of the needle” and
negative inside it. When only local information on the function is available, we get
trivial information unless the sequence of iterates we are generating hits the needle.
As aresult, it is easy to show that the number of iterations needed to hit the needle
with a reasonable confidence cannot be much smaller than when generating the
iterates at random. In this case, the probability for an iterate to hit a needle is as small
as 7.8 x 1072, that is, to find the needle with a reasonable confidence, we need to
generate hundreds of millions of iterates. Moreover, as the dimension of the problem
grows, the indicated difficulties are dramatically amplified. For example, preserving
the linear sizes of the haystack and the needle and increasing the dimension of the

111
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Fig. 5.1: Haystack and the needle

haystack from 3 to 20, the probability for an iterate to hit the needle becomes as
small as 8.9 x 10767 1

In the “needle in the haystack™ problem it is easy to find a locally optimal solution.
However, slightly modifying the problem, we can make the latter task disastrously
difficult as well. In unconstrained minimization, it is not too difficult to find a point
where the gradient of the objective becomes small, i.e., where the first-order necessary
optimality condition is “nearly” satisfied. On the other hand, in constrained minimiza-
tion, it could be disastrously difficult to find just a feasible solution. However, the
classical algorithms of continuous optimization, while providing no meaningful guar-
antees in the worst case, are capable to process quite efficiently typical optimization
problems arising in applications.

In optimization, there exist algorithms which do exploit problem’s structure and
allow to approximate the global solution in a reasonable time. Traditional methods of
this type — Simplex method and its variations — do not go beyond Linear Programming
and Linearly Constrained Convex Quadratic Programming. In 1990’s, new efficient
ways to exploit problem’s structure were discovered (Interior Point methods). The
resulting algorithms, however, do not go beyond Convex Programming. Except
for very specific and relatively simple problem classes, like Linear Programming
or Linearly Constrained Quadratic Programming, optimization algorithms cannot
guarantee finding exact solution — local or global — in finite time. The best we can
expect from these algorithms is convergence of approximate solutions generated by
algorithms to the exact solutions. Even in the case when “finite” solution methods do
exist (Simplex method in Linear Programming), no reasonable complexity bounds
for these methods are known, therefore in reality the ability of a method to generate
the exact solution in finitely many steps is neither necessary, nor sufficient to justify
the method.

Aside of convex programming, traditional optimization methods are unable to
guarantee convergence to a globally optimal solution. Indeed, in the non-convex
case there is no way to conclude from local information whether a given point
is/is not globally optimal. In order to guarantee approximating global solution, it
seems unavoidable to “scan” a dense set of the values of x in order to be sure that
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the globally optimal solution is not missed. Theoretically, such a possibility exists;
however, the complexity of “exhaustive search” methods blows up exponentially
with the dimension of the decision vector, which makes these methods completely
impractical.

Traditional optimization methods do not incorporate exhaustive search and, as a
result, cannot guarantee convergence to a global solution. A typical theoretical result
on a traditional optimization method as applied to a general (not necessary convex)
problem sounds like:

Assume that problem (5.1.1) possesses the following properties:

Then the sequence of approximate solutions generated by method X is bounded, and all its
limiting points are KKT points of the problem.

or

Assume that x,. is a nondegenerate local solution to (5.1.1). Then method X, started close
enough to x,., converges to x,.

There are two major traditional classifications of MP algorithms. The first one is
to classify algorithms by application fields primarily into

a) algorithms for unconstrained optimization,
b) algorithms for constrained optimization.

The second one is to classify algorithms by information used, primarily into

a) zeroth-order methods which use only the values of the objective and the con-
straints,

b) first-order methods (use both values and first order derivatives),

¢) second order methods (use values, first- and second order derivatives).

5.2 Rate of Convergence

There is a necessity to quantify the convergence properties of MP algorithms. Tradi-
tionally, this is done via asymptotical rate of convergence defined as follows.

First, we introduce an appropriate error measure — a nonnegative function
Errorp(x) of approximate solution and of the problem we are solving which is
zero exactly at the set X, of solutions to (5.1.1) we intend to approximate. Below are
a few examples of error measure.

a) Distance to the set X,:

Errorp(x) = xirel)f( [lx — x4]|2
* *
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b) Residual in terms of the objective and the constraints

Brrorp (x) = max | £(x) — Opt (P),
[gl(x>]+7 ) [gin(x)]+7
[ ()5 [ (%)

Second, assume that we have established convergence of our method, that is,
we know that if x; are approximate solutions generated by method as applied to a
problem (5.1.1) from a given family, then

Errorp(r) = Errorp(x) — 0,7 — o
We then roughly quantify the rate at which the sequence Errorp(t) of nonnegative
reals converges to 0. Specifically, we say that

a) the method converges sublinearly, if the error goes to zero less rapidly than a
geometric progression, e.g., as 1/t or 1/12.
b) the method converges linearly, if there exist C < oo and ¢ € (0, 1) such that

Error(p) (1) < Cq'.

Here g is called the convergence ratio. E.g.,

Errorp(t) < e

exhibits linear convergence with ratio e~ “. A sufficient condition for linear con-
vergence with ratio ¢ € (0, 1) is that

——Errorp(t +1)
lim———=
t—o  Errorp(t)

c¢) the method converges superlinearly, if the sequence of errors converges to O faster
than every geometric progression:

Vg € (0,1)3C : Errorp(t) < Cq'

For example,

Errorp(t) < ¢

corresponds to superlinear convergence. A sufficient condition for superlinear
convergence is
. Errorp(r+1
tim BT D)
1= Errorp(t)
d) the method exhibits convergence of order p > 1, if

3C : Errorp(t + 1) < C (Errorp(t))?
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Convergence of order 2 is called quadratic. For example,

Errorp(t) = e

converges to 0 with order p.

We can provide informal explanation for the above convergence rates. When
the method converges, Errorp(t) goes to 0 as r — oo, that is, eventually the decimal
representation of Errorp(¢) has zero before the decimal dot and more and more zeros
after the dot; the number of zeros following the decimal dot is called the number of
accuracy digits in the corresponding approximate solution. Traditional classification
of rates of convergence is based on how many steps, asymptotically, is required to
add a new accuracy digit to the existing ones.

a) With sublinear convergence, the “price” of accuracy digit grows with the position
of the digit. For example, with rate of convergence O(1/¢) every new accuracy
digit is 10 times more expensive, in terms of # of steps, than its predecessor.

b) With linear convergence, every accuracy digit has the same price, proportional to
In~! (1 /convergence ratio). Equivalently: every step of the method adds a fixed
number r of accuracy digits (for g not too close to 0, r = 1 — gq).

¢) With superlinear convergence, every subsequent accuracy digit eventually be-
comes cheaper than its predecessor — the price of accuracy digit goes to 0 as the
position of the digit grows. Equivalently, every additional step adds more and
more accuracy digits.

d) With convergence of order p > 1, the price of accuracy digit not only goes to 0 as
the position k of the digit grows, but does it rapidly enough — in a geometric pro-
gression. Equivalently, eventually every additional step of the method multiplies
by p the number of accuracy digits.

With the traditional approach, the convergence properties of a method are the
better the higher is the “rank” of the method in the above classification. Given a
family of problems, traditionally it is thought that linearly converging on every
problem of the family method is faster than a sublinearly converging, superlinearly
converging method is faster than a linearly converging one, etc.

Observe that usually we are able to prove existence of parameters C and g quanti-
fying linear convergence:

Errorp(1) < Cq'

or convergence of order p > 1:
Errorp(t +1) < C(Errorp(t))?,

but are unable to find numerical values of these parameters — they may depend on
“unobservable” characteristics of a particular problem we are solving. As a result,
traditional “quantification” of convergence properties is qualitative and asymptotical.

We have seen that as applied to general MP programs, optimization methods have
a number of severe theoretical limitations, including the following major ones:
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a) Unless exhaustive search (completely unrealistic in high-dimensional optimiza-
tion) is used, there are no guarantees of approaching global solution.

¢) Quantification of convergence properties is of asymptotical and qualitative charac-
ter. As a result, the most natural questions like:

We should solve problems of such and such structure with such and such sizes and the
data varying in such and such ranges. How many steps of method X are sufficient to
solve problems within such and such accuracy?

usually do not admit theoretically valid answers. This latter question is called
complexity analysis in modern terms.

In spite of their theoretical limitations, in reality traditional MP algorithms allow
to solve many, if not all, MP problems of real-world origin, including those with many
thousands variables and constraints. Moreover, there exists a “solvable case” when
practical efficiency admits solid theoretical guarantees — the complexity analysis of
convex programming. More recently, the complexity analysis has been generalized
to finding stationary points for nonconvex optimization.

5.3 Gradient Descent Method

Smooth Functions

We first introduce some notation for differentiable functions. Let Q C R". We say
feckQ)if f: Q€ Ris k times continuously differentiable and f € C;”(Q) if
f: Q€ Ris k times continuously differentiable on Q and its p'”* derivative satisfies

IF ) = PO < Lix=yll, ¥xyeQ.
The most important class is Ci’l (R™) and for f € Ci’l (R™), we have
17 G) = f DI < Ll =yll, Vx,y e R

Some examples are given by (a) f(x) = ag + (a,x), (b) f(x) = ao+ (a,x) + 5 (Ax,x),
and (c) f(x) =V1+x%

Below are some important properties of C, i'l (R™).
Lemma 5.1. Let f € C2(R"). £ € C\"V iff || £ (x)[| < L, Vx € R™.

Proof. For any x,y € R”, we have f'(y) = f'(x) + fy f"(x+(y —x))(y — x)dr.
Therefore,
1) = F @l =1fo £/ (x+ (v —x)(y —x)d7]
<o £+ 1y —x)d [y — x|
< Jo If" e+ 2y —x) ey — x| < Llly—x]-
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On the other hand, if || /'(y) — f'(x)|] < L|ly —x||, Vx,y € R",

(6" f"(x+zs)de) sl = [If (x+ as) = f' ()| < aLlls]-
Dividing both sides by « and tending o¢ — 0, we have || /" (x)|| < L. ]

Lemma 5.2. Let f € Ci’l(]R”). Then Vx,y € R", |f(y) — f(x) — (f/(x),y — x)| <
L 2
3y —x[l

Proof. For any x,y € R", we have

FO) =)+ Jo (f (x+T(y —x),y —x)dt
= () + (' (x),y =)+ fo (f' (x+ T(y—x)) — £ (x),y —x)dT.

Hence,
) = fx) = (f (x),y —x)]
<o (f e+ t(y—x) — f’() —x)dt|
< o lF (et Ty —x) = f/(x),y — x)|d7
< Jo Ltlly—x|?> = 5[y— tz

Similarly, we have the following results.

Lemma 5.3. Let f € C;*(R").

1F/ )= £/ () = f' ) =)l < 5y =]
) = f ) = (F (0),y =) = 3 (" () (v = x),y =) < §lly =]

Proof. Indeed,
1
17/0) = 0= 1" 0=l = | [ "+ 76 =0) =" W] =]
1
< Lly=a|? | sde= 4Ly —x?
Therefore,
70) = £ ()= (0,3 =2) = 100 =)y =)
= [ @A)~ 16~ AS )0,y -k

< eyl [ 2=yl

n
Corollary 5.1. Let f € C,%,,’z(]R") and ||y —x|| = r. Then f"(x) —Mrl, < f"(y) <
" (x)+Mrl,, where I, is the identity matrix.

Proof. Denote G = f”(y) — f"(x). Since f € Cy>(R"), ||G|| < Mr, i.e., |4(G)| <
Mr,i=1,...,n. Hence —Mrl,, < G X Mrl,. [
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Gradient Descent for Nonconvex Problems

In this section, our goal is to find an approximate solution to

min f(x), (5.3.1)
xeR"

where f € C Ll’l (R™). First observe that the direction —f’(X) (antigradient) is the
direction of the fastest local decrease of f at point x. Indeed, let s € R” and ||s|| = 1.
Consider the local decrease of f(x) along s:

A(s) = limgo 5 [f(T+as) = f(D)] = (£(%),5).

We have (f'(%),s) > —||f (O|llIsll = —|lf/(x)|| and the equality holds when s =
—f () /I xX)|l- In view of this discussion, we can define the gradient descent
method as follows.

Gradient Descent (GD): Choose xy € R" and set

Xer1 =X —hief (), k=0,1,....

The key issue in GD is how to choose stepsize h;. There exist a few different ways
to specify this algorithmic parameter.

a) Constant: iy =h > 0,k=0,1.
b) Full relaxation: iy = argminy,~o f (xx — Af'(xz)).
¢) Armijo Rule: Choose 7 s.t.

a(f' (), — X)) < f (k) — f (Xeyn)
k

<f
B{f (xe) sk — xin) = f (o) — f (k1)
where 0 < @ < 8 < 1 are some fixed parameters.

Theorem 5.1. For any one of the stepsize policy, each iteration of the GD method
satisfies

Fresn) < o) = S )12, (5.3.2)

for some w > 0. As a consequence, we have limy_, ;|| /' (x¢)|| = 0 and

1/2

min || /()| < 2= [E(f (x0) = 1) (5.3.3)

0<k<N N+1
Proof. Lety = x — hf'(x).
FO) < f@)+ )y =2+ 5ly =

< £ = AlF WP+ HE £ ()l
< ) —h(1=)If @)

We can now consider the following cases.
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a) Constant stepsize. x1 = xx — hf’ (xz),
Fes) < o) —h(1= 511 (x) I
Need i < 2/L to guarantee the descreasing of f. Let h =2a/L, a € (0,1),
fuen) < flo) = a1 —a) | f (o)1
The optimal choices: @ = %, hy = %
b) Full relaxation. iy = argminy,»qf(xx — if’(x¢)). We must have

FOg1) < f) = Sz 17 )l>. (Why?)

¢) Armijo rule.

F o) + B (o) s 1 — k) < f (1) < F () +a{f (), X1 — Xx)

Or equivalently,
F) = Bhll f () 1* < f (1) < f (i) — e ]| (x) |12

In view of f(x11) < f(xx) — (1 — 2 L)|| £ (xi)]|%, we have —Bhy < —hy (1 —%L)
and thus iy > %(l — B). Moreover,

Fu) < fla) — othel £ () |17 < f (o) = Foe1 = B)ILF (e |

Therefore, we show that (5.3.2) holds for all these stepsize policies. Summing up
(5.3.2)fork=0,1,...,N,

Flevg1) < flxo) = E X0 L/ (xe) I
Since f(xy41 > f*
Yo L ) 1? < flxo) — flaner) < flxo) — f7,

from which the results immediately follow. ]

In view of Theorem 5.1, for solving the problem min, f(x) with f € Ci’l (R™) and
bounded below. Using the first-order black box oracle and the termination criterion
Il (x)]] < &, the number of iterations (or iteration complexity) of the GD method
can be bounded by ﬁ(ﬁ(f(xo) - ).

Example 5.1. This example shows that GD converges to a stationary point instead
of a local minimum. Let f(x) = £ (x1)?+ % (x2)* — 1 (x2)°. One can easily see that
f(x) = (x1;%3 —x2) and f"(x) = Diag(1,3x3 — 1). Hence (0,0) is a stationary point,
and (0,—1),(0,1) are local minimum. Starting from (1,0), any point along the
trajectory will have x, = 0. Hence the sequence must converge to a stationary point.
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In the sequel, we study the local convergence behavior of GD. To this end, we
make the following assumptions: (a) f € C}%,["z (R™), (b) 3 nondegernate local minimum
x* (f"(x*) = 0),and (c) 30 < I < L < oo: I, X f"(x*) = LI,. Moreover, we assume
that xg close enough to x*. We first state a simple technical result.

Lemma 5.4. If py1 < (1—q)pi+ pi, then o= 1> (1+q)(GE = 1)
Proof. Noting that

1—(pr—q)2
Pt < (1= q)pict pf = pel1 + (pic— q)] = BBt < o

BN C S [P A [N C.) I R a4 _
we have -°— > —4 —lor 24— 12> 2= —¢ 1_(1—|—q)(pk 1). ]

We now establish the locally linear rate of convergence for GD.

Theorem 5.2. Let xo be close enough to a local minimum, i.e., ro = ||xo —x*|| < F =
%. Then the GD method satisfies

211 1 \k
i) (0>

ek = x| <
where g =21/(L+1).

Proof. Denote Gy, = [ f” (x* 4 t(xx —x*))d7. We have f(x;) = f'(x) — f/ (x*) =
Gy (x; —x*). Hence,

Xk+1 —x* = Xk —x* —thk(xk—x*) = (I—thk)(xk —x*),

which implies that |[xg; —x*|| < ||[I — hGg||||xx — x*||. We intend to bound ||/ —
h G || Denote ry, = ||xx —x*||. It follows from Corollary 5.1 that

SO — M, < (0 + T (g —xF)) < () + ™M,
implying that (I — 5M)I, < Gy < (L+ $M)lI, and hence that
(1 =he(L+5M)L, = 1y — G = (1 = by (1 — % M),
Therefore, we obtain ||I, — hxGy|| < max{ay(hx),bi(hy)}, with
ag(h) :==1—h(l —%M),b(h) :== h(L+ %M) — 1.

Observe that if r, < 7= % we can ensure ||Iy — 7 Gy|| < 1 for small enough /.

Moreover, an “Optimal” selection of Ay, is given by

mhin max{ay(h),b;(h)}.

In particular, setting ax(h) = by(h), we obtain the optimal selection A} = L%z Hence,
we have



5.3 Gradient Descent Method 121

ak(hp) =1—hp(1—%M) = L=t 4 20

which, in view of ry1 < ag(hy)ry, implies ryyq < ﬁ—;frk + Lﬂﬂr,% or equivalently,

Mry i Mry Mry\2
Tt < e+ ()

Applying Lemma 5.4 with p; = L + 7~ and g = we have

L+l >

L 1> (149 (L - 1) = (1+9) (75 - 1),

which, in view of 7 = 2//M, implies that

q k
Pr < <G ()"
1+ (1) — 0

Gradient Descent for Convex Problems

We now consider the case when f € Ci’l(]R”) is convex, and denote this class
of functions by ﬁg’l (R™). We also consider a restriction of ﬁg’l (R™), strongly
convex functions denoted by Y#]I]‘(R”) s.t. Ju > 0 s.t. for any x,y € X, f(y) >

F) + (F (0, =)+ g lly — x|,
Lemma 5.5. Let f € ,@Ll’] (R™). For any x,y € R", we have

(@) f () + (f'(x),y =)+ £ [lF () = £ )P < £ )
B)ZIF @) = F DI < (1) = f' (), x =)

Proof. Let ¢(y) = f(y) — (f'(x),y) for a given x € R". Clearly ¢ € ﬁz’l(R"),
¢’(x) =0, and hence x is a minimizer of ¢ (y).

P(x) <o(y—10'()
OO+ (0" (), =10 )) + 5110’
o) — 5 10" ()I1*

Therefore, we have £(x) — ((x),x) < £(3) = (' (¥),3) = 2|1/ () — £ (5)[|2, imply-

ing that

S+ 0,y =2+ 52 1) = f WP < £ ).
Similarly,

SOV O)x =)+ 5 1 ) = £ (01 < f ()

Adding up these two inequalities, we obtain the result in (a). (b) follows from (a) by
adding two inequalities with x and y interchanged. ]
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We analyze the simplest variant of GD with i, = & > 0. Denote by x* the optimal
solution of our problem and f* = f(x*).

Lemma 5.6. The sequence generated by the gradient descent method with h € (0, %)

satisfies f(v:1) < £ ().
Proof. We have
FOors) < o)+ (F () X —xe) + 5 o — x|

< ) = AlLF ) 1P + 512 f () |2
< ) —h(1 =5 f ()P < f ().

Theorem 5.3. Let f € fg’l (R") and h € (0, 2]. Then the sequence {x} generated
by the gradient descent method satisfies

o) = f* < Gy
Proof. Denote ry = ||x; —x*||. Then

Topy = =2 = hf (a) |2 = 12 = 2h(f' (xi0) 2 — ) + 12 || f () |2
< 1 = 2h(f" (i) 2 — %) + LR (f (o) 0 — x°)
= r,% —h(2—Lh){f (xi), X — x*).
Noting that f(x;) — f* < {f'(xx),xx — x*), we have
h(2—Lh)[f () = ] < i =1

Summing up these inequalities, we have h(2 — Lh)YX_ | [f(x) — f*] < g — r,%H.

Using f(xo) > f(x1) > ... > f(x), we have
h(2 = LK[f(5) = ] < 1§ =t

Note that the optimal selection of stepsize is given by of h = 1/L.
We now study the convergence of GD for strongly convex problems.

Lemma5.7.If f € SL:IL(R"), then for any x,y € R", we have
('O =F 0,y =x) = Eolle =P+ 221 &) = O
Proof. Denote ¢(x) = f(x) — 3 pt[x||?. Then ¢'(x) = f'(x) — pux. Hence ¢ (x) €
Z,2 (R") (It can be easily checked that (¢(x) — ¢'(y),x—y) < (L— ) [x—y[?).

If u = L, then the result follows from the facts that

(f'o) = (x),y—x) > pfx—y]*
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and
(F'O) =10y =x = LI @)= F O
If u < L, we have
(@'() = 9' ),y —x) > 25 110' () —9' )|
which is exactly the result. ]

Theorem 5.4. If f € YJ;(R”) and h € (0 then the gradient descent method

generates a sequence {xy} s.t.

)
) L

2 2hpL\k 2
ok = (1 < (1= 257) " [lro ="

Ifh= u+L’ then

[l = x7| < (Qf Dl — 7] (5.3.4)
Jla) = f* %<g—>2knxo—x*||2, (5.3.5)
where Qr =L/ L.

Proof. Denote ry = ||xx —x*||. Then

7y = = = hf () |2 = 12— 2h{f ()i — x°) + 12 ()P
= (1= 280972 + h(h — 221 (o) |1

(]
We now derive the complexity of GD for strongly convex problems. Using the
factIn(1—1) <t fort € (0,1),

fla)—f*< %(FW)”‘HXO— x*||? < Sexp(— Qf+1)H'x0_ x|

If
(12
k> Qf:l log L||X02—gx I ’

then f(x;) — f* <e.

5.4 Conjugate Gradient Method

Conjugate Gradient Method was initially designed for quadratic programming:
min f(x) = 1x"Ax+b"x, (5.4.1)

where A = AT = 0. Clearly, the optimal solution is x* = —A~'b and hence
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flx)= %xTAx— (x)TAx = %(x—x*)TA(x—x*) — %(x*)TAx*,
fx)=Ax—x"), f*= —%(Ax*,x*>.

Given a starting point xg, consider the linear Krylov subspaces
Ly =lin{A(xo —x%),...,AF(xo —x*)},k > 1.

Observe that Ly C Ly C L3z C .... Moreover, let ¢ be the largest value of & such that
A(xo—x*),...,A"(xo — x*) are linearly independent, then

Ly CLpy,Ve<t—1
Ly = Liy1,Vk > 1.

The classic CG method computes the iterate x; according to
X = argmin,e, o7 f(x), k> 1.

Note that this is for theoretical analysis only, and we will see a more algorithmic
form later.

Lemma 5.8. If the algorithm does not terminates, for any k > 1 we have
Lk =lin {f’(xo), cee ,f/(xkfl)}.
Moreover, for any k,i > 0, k # i, we have
f'e)" (i) =0,

Proof. For k = 1, the statements are true since f’(xo) = A(xo —x*). Suppose they
are true for some k > 1. Since x; € xo + Ly, xp = x0 + Zf?zlliA’(xo —x*) for some
A; € R. Therefore,

f'a) = Al —x) = A(xg —x*) + L2 LA (g —x°)
=A(xg—x")+ Zf-:ll MAT (xg — x*) + 1A (xg — x*)

yeLy
=y+ A AR (w0 — x%).

Thus,

Lk+1 = lin{LkaAk+1(x0 7)6*)} :_> lin{Lk,f/(.Xk)} = lin{f/(xo)a cee 7f/(xk)}'
5.4.2)
Now let k > i consider the function ¢ (x) = f(xo + Z’;zl i f'(xj—1). By inductive
hypothesis (L = lin{f"(x¢),. .., (xk_1)}), we have

X = X0+ X5 1 f (xj0).

Moreover, by definition, x; = argmin,, ., f(x). Therefore ¢’(1*) = 0 and
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d¢(u* T
) — 1 (x)” f (x¢) = 0.

Hence the dimension of {L, f'(x;)} is k+ 1, which implies that (5.4.2) holds with
equality. |

Corollary 5.2. The sequence generated by the CG method for QP is finite.
Proof. The number of orthogonal directions in R” cannot exceed 7. ]

Lemma 5.9. Denote 6; = x; 1 — x;, i > 0. If the algorithm does not terminate, then

Lk :lin{&),...,&(,l}
(A8, &) =0,Vi < k.

Proof. By definition of x;, we have x; —xy = Uy f'(xg) for some [y € R. Now
assume the results hold for some k > 0. Note that by definition of x;,, we have
Xpr1 — X0 € Lgsq. Since

k1
Ok = Xky1 — X = X1 — X0 — (X —X0) = X1 —X0+ X O

and §; € L C Ly for i < k— 1 by inductive hypothesis. We must have & € L;
and

1i1‘1{60,...,6k} ngJr]. (543)
Note that, since & = xj11 —x; € Lir1 C Ly,

(Ady, 6i) = (A(xpy1 —xk), &)
= (f'(xr1) = f (), 6) =0,

Therefore the vectors &, ..., & are A-orthogonal and thus are linearly independent ',
which implies (5.4.3) holds with equality.
(]

We now state the conjugate gradient method in an algorithmic form. Let
Ly = lin{Lk,f'(xk)} and L; = lin{50, ceey 8k_1} nad &, = Xpr1 — Xk € Lgy1-
We can write x| as

X1 = X — hif () + Z’;;(l)lij

or

& = —hif (xe) + X578 (5.4.4)

To compute Ay, Ay, ..., A1, multiplying (5.4.4) by Aand 6;, 0 <i < k—1, we
have
= (A8, 8) = —i(Af (%), &) + X204, (AS), &)
= —hk<Af’(Xk) 8i) +4i(AG;, 6;)
= —hi(f' (x), A5>+1<A51,5>
= —h(f (xx), ' (xie1) = (%)) + AiAS;, &)

! We need to show Y'¥_;4;6; = 0 = A; = 0. Indeed, multiplying these equations by §7 A and using
8TAS; =0,Vi# j, we see that Y 1,67 A8; = 0, implying A; = 0 due to A > 0.
i J i=1 i
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Hence, for i < k— 1, we must have A; = 0. For i = k — 1, we have

A1 — hellf Gl hi|Lf (o) |12
k=1 = Ta5 181 — F)— e ):81)

Thus x 1 = x¢ — e pi (€., & = —hypy), where

/ ILf ) 118
=" %) ~ P e RN

_ gl f ) 17 Pr—1
=1 %) ~ T P o

and Ay, can be obtained using line search.

One remaining question about the conjugate gradient method is rate of con-
vergence. Will it be faster than gradient descent method? This problem has been
well-under stood for the convex quadratic case. We state this result without proof
and direct interesting readers to the original development by Nemirovksi and Yudin.
However, we will show a similar result obtained by the accelerated gradient method
later.

Theorem 5.5. One has

2%
o \/05—1 o
s -min o) <4 | VO (70 ming ], (549)
where Qy is the condition number of f, i.e., the ratio the ratio of the largest and the
smallest eigenvalues of A.

In view of the above result, every ,/Qy new iterations decrease the right hand
side in (5.4.5) by absolute constant factor. For Steepest decent similar improvement
requires Oy new iterations.

We now generalize the conjugate Gradient method for general NLP as follows.
Let xg € R". Compute f(xo), f'(x0). Set po = f'(x0). In the k™" iteration (k > 0), we
perform the following steps.

1. Find x;1 = x; — hipi (hi by line search).

2. Compute f(xg+1) and f(xg1)-
3. Compute the coefficient f3.

4. Set pry1 = f' (xg1) + Brpr

We have not specified Bi. In fact, there are many different formulas.

ILf o) 12
B = e (54.6)
ﬁ — _ [T I (5 4.7)
k 7 o)l o
B = — ok o) = (k) (5.4.8)

I/ eI
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All of them give the same result on quadratic functions. But in a general NLP they
generate different results. Recall in the quadratic case, CG terminates in n iterations
or less (p,+1 = 0). However, in a nonlinear case that is not true. After » iterations,
this direction lose any interpretation. In practice, there exists a restarting strategy,
usually after every n iterations set B = 0. This ensures global convergence (since
we have a usual gradient descent step just after the restart and all other iterations
decrease the function value). In a neighborhood of a strict minimum, CG has a local
n-step quadratic convergence

[Pns 1 =2 < Cllxo —x*|?

5.5 Projected gradient method

Gradient descent applies only to unconstrained problems. For the constrained case
when X # R”, the search point x,41 defined by x;+1 =x, — %V f(x),t =1,2,..., may
fall outside the feasible set X. Hence, it is necessary to “push” x;4; back to X by
using projection. Incorporating these enhancements, we update x; according to

Xeg1 1= argminy||x — (x — ¥g(x:)|2,t = 1,2,..., (5.5.1)

for some g(x;) € Vf(x;) and 7, > 0.
The projected gradient iteration in (5.5.1) admits some natural explanation from
the proximity control point of view. Indeed, (5.5.1) can be written equivalently as

X+l = argminyex% lx— (x — %8 (x))13

= argmin, ¢y % (g(x: ), X — x;) + % llx—x; ||%

= argmin, .y 1 [f (%) + (g (%), x — )] + 3 [x —x 13

— argmin, e % (8(x), ) + 4 lx —xi[13. (5.52)
This implies that we would like to minimize the linear approximation f(x;) +
(g(x;),x —x;) of f(x) over X, without moving too far away from x, so as to have
[|x — ;|5 small. The parameter % > 0 balances these two terms, and its selection will
depend on the properties of the objective function f.

The following lemma provides an important characterization for x,;; by using
the representation in (5.5.2).

Lemma 5.10. Let x;+1 be defined in (5.5.1). For any y € X, we have
%(g(xe) X1 —x) + 2lxit — x5 < Sl — x5 — 3 llx — 241113

Proof. Denote ¢ (x) = % (g(x;),x) + %||x —x,||3. By the strong convexity of ¢, we
have
O(x) = O (xr1) (9" (a1, x = xe41) + 3l =241 13-
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Moreover, by the first-order optimality condition of (5.5.2), we have (¢’ (x;41),x —
X41) > 0 for any x € X. The result immediately follows by combining these two
inequalities. |

Our next result shows that the function values at the iterates x;, t > 1, are mono-
tonically non-increasing.

Lemma 5.11. Let {x;} be generated by (5.5.1). If

%<2, (5.5.3)
then
J(g1) < f(), Vi= 1
Proof. By the optimality condition of (5.5.1), we have
(ng(x) +x41 — X, x—x41) >0, Vx € X.
Letting x = x; in the above relation, we obtain
g () 21 =) < —xer —x 3. (5.5.4)
It then follows from the smoothness of f and the above relation that
1) < f () + (g (xe ), x40 —x0) + Ii||xt+1 —x3
< f) = (£ =) e = < £ ).
|

We are now ready to establish the main convergence properties for the projected
gradient method applied to smooth convex optimization problems.

Theorem 5.6. Let {x;} be generated by (5.5.1). If

h=y<1,Ve>1, (5.5.5)

then
Fltir) = F(x) < el —xi |3, Vx e X,

Proof. By the smoothness of f, we have

Firn) < fn) 4 (g(x) X — %) + 5 — x|
< Fx) + (g(x),x —x¢) + (g (%), xr1 —X) + S lv —x 3. (5.5.6)

It then follows from the above inequality, the convexity of f and Lemma 5.10 that

fagr) < fx) + %y, (Il =2all3 = [be = xe113 = e = x40 [13) + 51 — 213

< 00+ 37 (Ix—xell3 = llx —xe1113)
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where the last inequality follows from (5.5.5). Summing up the above inequalities
from ¢ =1 to k, and using Lemma 5.11, we have

K[f (1) = FO0] < iy [f (an) = FR)] < 55— f3.

L]
In view of Theorem 5.6, one may choose ¥ = 1/L and then the rate of convergence
of the projected gradient method becomes f(xx41) — f* < L/(2k).
We now discuss the convergence properties of the projected gradient method when
the objective function f is smooth and strongly convex.

Theorem 5.7. Let {x,;} be generated by (5.5.1). Suppose that f is smooth with L-
Lipschitz gradients and strongly convex with modulus (. If y =y=1/L, t =1,... )k,
then

e =113 < (1= 7 ) e —xl3. (5.5.7)

Proof. It follows from (5.5.6), the strong convexity of f and Lemma 5.10 that
Ft) < £60) = Sl =3+ 2 (=l = Ibr— 113 = v — 1 [3)
+ 5 lxe1 =3
1- 2 2
< f)+ e = xe 13— 5 lx = 13-
Using the above relation, the facts y=1/L and f(x;) — f(x*) > 0, we have
b1 = 2713 < (1= )l =713,
which clearly implies (5.5.7). ]

In order to find a solution ¥ € X such that || —x*||?> < &, it suffices to have

(1— ¥ |lx—x1|3 < € <= klog(1 — &) < log —=

=113
2
ikZ 1 I log ”x*xlllz
—log(1-7) €
k> L M 558
k= qlog=—2, (5.5.8)

where the last inequality follows from the fact that —log(1 — &) > a for any a €
[0,1).

We can also extend the analysis of the projected gradient method to the nonconvex
setting. For that purpose, we need to define a termination criterion: Py (x,g,7y) =

%,(x—x*), where xT = argmi}rg{(g,u) + %,V(u,x) +h(u)} It is not difficult to show
ue

that one can find a point ¥ € X s.t. ||Px (%, Vf(%),7)||> < € in €(1/¢) iterations with
y€(0,1/L].
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5.6 Accelerated Gradient Descent Method

In this section, we consider the problem of minycx f(x), where X C R" is closed and

convex, and f € ﬁLl’l (R™). The basic version of the accelerated gradient descent
(AGD) method is stated as follows.

0) Choose Xy = xp € X.

1) Set x, = (1 — o4 )Xg—1 + Qxp—1-

2) Compute f'(x;) and set

xi = argmin,cy {0 (f (1))
Bl = |,

X = (1 — o ) X1 + Oexy.

3) Set k +— k+ 1 and go to step 1).

Note that we have not specified o and B; yet. We will show how to select them
after establishing some general convergence properties of AGD.

Lemma 5.12. Let v: X — R be a convex function, ¢ > 0 and ¥ € X be given. Also
let £ = argmin,cy {v(x) + §|lx — ||*}. Then for any x € X,

v(®) + 5 1% — 7> < v(x) + § [lx — 5> — §llx— 2.

Proof. Define ¢ (x) = v(x) + 5 |x — &||%. ¢ is strongly convex with modulus > c.
Hence,
9(x) = ¢ (%) + (¢ (£),x — %) + 5 [lx — 2>
> ¢ (&) + §llx— 2],

where the last inequality follows from (¢'(£),x —£) > 0,Vx € X. [

Lemma 5.13. Let (x;,x;,%;) be generated by the AGD method. If B > LOC,?, then
Vx € X,

F@) = )+ Beflx— x> < (1= o) [F(Fier) — F00)] + B — e |2
Proof. Note that ¥, — x;, = 04 (xx — x3—1).

FO) < fx) + (F (), % — ) + 515 — x5 .
= (1= o) [f () + (" (), Fa—1 — 2] + o[ f () + (F (x) 200 — 250)] + L%ka —xe—1?
< (=) [f () + (' (i) Bt — 20 ] + o [f () + (F (x0) 0 — 250)] + %ka —xe-1*

Noting that
0 (" () sk — ) + B oo — 1 12 < o0 (F () x— i)+ B e |2 — B v — i 2,
we obtain

FE) < (1= 00) F(T1) + ou[F () + (F () x — 2] + B e — x> = B e — x|
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Subtracting f(x) from both sides and re-arranging the terms, we obtain the result. m

We are now ready to establish the convergence of the AGD method.

Theorem 5.8. If B > La? and B = (1 — o) Br—1 for k > 1, then

F&@) = flx) < P f(Ro) — f()]

1
+%fox0|\2, VxeX.

Proof. By Lemma 5.13,
B (@) = F@)]+ e —xel? < g [ (Rer) = f0)] + 3l = |12

for any k > 2. Moreover, for k = 1, we have

F () = f@]+ 3l —x1 17 < F2[F(Fo) = ()] + 5llx — %ol

The result follows by summing up these inequalities. ]
The following corollary shows the complexity of AGD

Corollary 5.3. If . = 2/(k+ 1) and By = 4L/[k(k+ 1)), then
£~ £7) < g o — [

Proof. The result follows from the previous theorem (with x = x*) by using the
parameters oy and f3; stated in the premise.
In order to fine an &-solution, i.e., a point ¥ € X s.t. f(X) — f* < &, the number of

_ X2
iterations is bounded by M, .

We now discuss AGD for strongly convex problems. Suppose f € ,Vﬂli(R" We
describe a mulit-phase algorithm by restarting the AGD method every

v=[/E

iterations.

Input: pg € X.
Phaser=1,2,...:
Set p; = Xy, where Xy is obtained from the AGD method with xo = p;_;.

We are now ready to

Theorem 5.9. For any t > 1, we have
P = x> < () llpo —x*||>.

Proof. Note that f(p,) — f* < 2L||p;—; —x*||*/N*. Using the strong convexity
and the definition of N, we have
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2 2 2
e =117 < sl =217 < 3l peey =712

To have || p, — x*||*> < €, the total number of iterations is bounded by

[/ tog Lo

5.7 Lower Complexity Bound

In this section, we first establish the Lower complexity bound for .%, Ll’l (R™).
We make the following assumption about the algorithms.
Assumption. An iterative method .# generates a sequence of test points {x; }
such that
xp € xo+1n{f (x0),. .., f (_1)},k > 1.

This assumption is not absolutely necessary and it can be avoided by a more
sophisticated reasoning in the original development by Nemirovski and Yudin. We
want to point out the “worst function in the world (-7, Ll’l (R™))”. This function appears
to be difficult for all iterative methods satisfying this assumption.

Let us fix some constant L > 0. Consider the family of quadratic functions

fie) = £ {3 [0+ A () —xGr0)2 4 (0] -0}

It can be seen that
flx)= %xTAx— %el
where
2 -10...0 010
-1 2 —-1...0 010

A= L2 -1 10

00 0
00 0..-1210
00 0..00°10

and e; = (1,0,...,0)”. Hence, f;(x) = §[Awx—e1], f{'(x) = §Ar, and 0 < f{/(x) <
LI,. (using (x —y)? < 2x2 4+2y?).
Setting f'(X) = L(Agx —e1) /4 = 0, we have the following unique solution of f;:

FONS l— g, =1k
k 0, k+1<i<n.

Hence the optimal value is given by

fi =5 [M AT — (e1,5)] = —E(e1, %) = 5(—1+ klﬁ)-
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Therefore, '
Il = Ty () =EE (1 = )
=k— kot g Lictd

2 k(k+1) 1 (k+1)?
Sk—ti 2 Tume 3

= 1(k+1).

Denote R¥" = {x € R"|x!) = 0,k+ 1 < i < n}. Only the first k components can
differ from 0. From the analytical form of fi, it is easy to see that for all x € R we
have

fr(x) = fulx),p=k,...,n, Vx€ R,

Let us fix some p, 1 < p <n.

Lemma 5.14. Let xo = 0. Then for any sequence {xi},_, satisfying
X € Ly =lin{f,(x0), -, f(x—1)},
we have L, C RKkn,

Proof. Since xo = 0, we have f)(xo) = —L/4e; € R, Thus L; = R, Let
L, C RK for some k < p. Since A, is tri-diagonal, for any x € Rk we have
f)(x) € REF1 Therefore Ly ; € R*!" and we can complete the proof by induction.
]

Corollary 5.4. For any sequence {xy}/_ s.t. xo = 0 and x;. € Ly, we have f,(x) >
fi-

Proof. xy € Ly C R¥" and therefore f,(xx) = fi(xx) > f7. -

Theorem 5.10. For any k, 1 <k < %(n — 1) and any xy € R", there exists a function
fe 9‘2’1 (R") s.t. for any first-order method M satisfying our assumption, we have

3L|xo—*||?

fla)=f= T32(k1)2
where x* is the minimum of f(x) and f* = f(x*).

Proof. Tt is clear that the methods are invariant w.r.t. a shift of variables. The
sequence of iterates of f(x) starting from xp is just a shift of the sequence generated
for f(x) = f(x+xo) starting from the origin. Therefore we can assume xo = 0.

Now fix k and apply M to minimize f(x) = far11(x). Then x* = %oty and f* =
f3rq1- Using Corollary 5.4, f(xi) = fauy1(x) = fi(xx) > f;. Hence, by using the
expressions for f; and f5, |, the bound on ||%|%, the fact xo = 0, we have

L 1 1
s o SC BT RE) 3,

e RN (4
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|

We add a few remarks on the above lower complexity bound. First, the above
theorem is valid only under the assumption k£ < %(n —1). Hence, they are valid for
very large problems, in which we cannot wait even for n iterates of the methods.
Second, for problems with a moderate dimension, it describes the performance of
numerical methods on the initial stage. Third, it warns us that without a direct use of
finite dimensional arguments, we cannot get better complexity.

Observe that the result states a lower bound on the convergence in terms of
function values, which is rather optimistic. However, the result on the behavior of
{x¢} is quite disappointing. It can be shown that ||x; —x*||> > ||xo —x*||? for any
k< %(n —1). Hence, the convergence to the optimal solution can be arbitrarily slow.
The only thing we can do is to try to find problem classes in which the situation could
be better, e.g., strongly convex problems.

We now establish a Lower complexity for Y;é(R“) Note that we do not say
anything about the dimension n and n could be . We are going to give an example
of some bad functions defined in infinite-dimensional space. We could do that also in
a finite dimension, but the corresponding reasoning is more complicated.

Consider R” = %, the space of all sequences x = {x<i>}§?°:1 with finite norm
|x)|? = X524 (x()? < oo. Let us choose some parameters p > 0 and Q; > 1 and
define

Or-1 o (i i
Fugp(6) = MG { (GO 4 E (00 —x+D) 220 4 K 2.

Denote
2 -10...0
-1 2 —-1...0
A= 0-12..0
0 0 0 ......
and e; = (1,0,...,0)”. Hence, fZL,Qf(X) = MAX-{-MX— Wel, K’Qf(x) =
n(@r=1) . .

BOD A 4l and pl < f/(x) < (1(Qr — 1)+ u)I = RO by using (x—y)* <
2% 42y
Setting f"l’Qf (x) = 0 we have (A + ﬁ)x = e1. The coordinate form is given by

01
_x(k+l) — z%x(l{) +x<k7]> = O7k = 27 .

Let g be the smallest root of the equation

2 Of+1 o
q —qu—i-l =0.

Thatis g = \/\/?: . Then the sequence (x*)<k) =g k=1,2,..., satisfies the system.
!
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Theorem 5.11. For any xy, there exists a function f € . L1 (R*) s.t. for any first-

HuQp

2k
JOr—1
b2 (Vg ) ol

2k
fs) =12 4 (Vo) bl

where x* is the minimum of f and f* = f(x*).

order methods

Proof. Choose xo = 0. Bound ||xg — x*||* and ||x; —x*||?.

. 2
lo —x*[|? = fl*||> = £, 4% = 1L

Note that x* € R™* hence

- : 2(k+1)
b =22 > B2 4147 = G = ¢*[lxo — x|

The second bound follow from the first one and f(x;) — f* > w|jx, — x*[|2/2. =
It then follows that

2%
N
e —x*1? < (\/Q%ﬂ) o —x*]|?
2%

—(1-72=) bo-riP<ew (- ) -T2

Hence, to have ||x; —x  ||> < €, the number of iterations will be at least k >
VOrtl llxo—x* |12
T log =—-.

5.8 Conditional gradient method

In this section, we consider the problem of

min f(x), (5.8.1)

xeX

where X C R”" is a closed convex set and f € Cl!.
The classic CndG method is one of the earliest iterative algorithms to solve
problem (5.8.1). The basic scheme of this algorithm is stated as follows.



136 5 Optimization Methods

Algorithm 5.1 The Conditional Gradient (CndG) Method

Let xg € X be given. Set yp = xo.
fork=1,... do

Compute x;, € Argmin,cy (f' (yk—1),X)-

Set yi = (1 — o )yx—1 + oyxy for some o € [0,1].
end for

In order to guarantee the convergence of the classic CndG method, we need to
properly specify the stepsizes oy, used in the definition of y;. There are two popular
options for selecting oy: one is to set

o=, k=12, (5.8.2)
and the other is to compute ¢ by solving a one-dimensional minimization problem:

oy = argmingep ) f((1 — @)ye—1 +oxe), k=12,.... (5.8.3)

We now formally describe the convergence properties of the above classic CndG
method. Observe that we state explicitly in Theorem 5.12 how the rate of convergence
associated with this algorithm depends on distance between the previous iterate y;_
and xg, i.e., ||xx — yk—1]|- Also observe that, given a candidate solution ¥ € X, we use
the function optimality gap f(X) — f* as a termination criterion for the algorithm.
It is also possible to show that the CndG method also exhibit the same rate of
convergence in terms of a stronger termination criterion, i.e., the Wolfe gap given by
maxyex (f'(¥),% — x). The following quanitity will be used our convergence analysis.

17 kzl,
= { (I=w) Ly, k> 2. (5.8.4)

Theorem 5.12. Let {x;} be the sequence generated by the classic CndG method
applied to problem (5.8.1) with the stepsize policy in (5.8.2) or (5.8.3). Then for any
k=1,2,..,,

FOR) =1 < meey T I =i | (5.8.5)
Proof. Let I, be defined in (5.8.4) with
Y= - (5.8.6)
It is easy to check that
szﬁ and ggz, k=1,2,.... (5.8.7)

Denoting 7 = (1 — ¥)yk—1 + Yxx, we conclude from from (5.8.2) (or (5.8.3)) and
the definition of y; in Algorithm 5.1 that f(yx) < f(5%). It also follows from the
definition of i that Ji —yx—1 = Yi(xx —yk—1)- Letting I¢(x;y) = f(x) +(Vf(x),y—x)
and using these two observations, the smoothness of f, the definition of x; and the



5.8 Conditional gradient method 137

convexity of f(-), we have

FOr) < FO) < Lrr—1:3%) + 51k — vt |

(1= %) f Ok—1) + Vel O—1336) + 5% ok — i |12

< (1=%)FOkm1) + Vel p Or—13%) + E I — vt |17,

(1= %) f (k=1) + % f (x) 27’2||xk—yk ? VxeX.  (5.8.8)

Subtracting f(x) from both sides of the above inequality, we obtain

FOr) = f(x) < (1= 1) [f Gr-1) — O]+ 5% o — i1 )1 (5.8.9)

which then implies that

IN

FOR) = () < (1 =1)[f (o) — f(x)] + BEEE 1psz viet|?

< e il -y 17 k=1.2,..., (5.8.10)
where the last inequality follows from the fact that y; = 1 and (5.8.7). |

We now add a few remarks about the results obtained in Theorem 5.12. Let us
denote
Dy =Dy, := max [lx—y]. (5.8.11)
x,yeX

Firstly, note that by (5.8.5) and (5.8.11), we have, forany k =1,...,

fOw) = f* < 25D

Hence, the number of iterations required by the classic CndG method to find an
e-solution of problem (5.8.1) is bounded by

LD
O(1)=5%. (5.8.12)

Secondly, although the CndG method does not require the selection of the norm
|l |, the iteration complexity of this algorithm, as stated in (5.8.12), does depend on
|| - || as the two constants, i.e., L = L and Dx = Dy .|, depend on || - || . However,

classic CndG method to solve problem (5.8.1) can actually be bounded by

Vi . Ly Dy, [l
(1)1”glf{g} (5.8.13)

For example, if X is a simplex, a widely-accepted strategy to accelerate gradient
type methods is to set || - || = (x) =X xilogx; as the distance generating
function, in order to obtain (nearly) dimension-independent complexity results, which
only grow mildly with the increase of the dimension of the problem. On the other
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hand, the classic CndG method does automatically adjust to the geometry of the
feasible set X in order to obtain such scalability to high-dimensional problems.

We can also extend the analysis of the CndG method to the nonconvex setting.
For this purpose, we need to define a new termination criterion given by Q(%) :=
max,cx (Vf(X),% — x). We often call Q(x) the Wolfe-gap at X. We can show that
the number of iterations required by the CndG method to find a solution X € X s.t.
Q(%) < € can be bounded by &(1/¢€?) for the nonconvex setting when f is smooth
but not necessarily convex.

5.9 Ellipsoid methods for convex optimization

The basic idea is to use approximate localization sets.
Let H be a positive definite symmetric 7 X n matrix. Consider the ellipsoid

E(H,%) = {x e R"(H '(x—%),x—%) < 1}.
Choose a direction g € R" and define
E+ = {XG E(H7X)|<g7i_x> > 0}

We need to show that E belongs to another ellipsoid, whose volume is strictly
smaller than that of E(H,X).

Lemma 5.15. Denote

s % 1 Hg
=T I
, (Hg.g)2 ;
_ _n _ 2 Hgg'H
Hy =55 (H w1 (Hsg)

Then E. C E(H;,%y) and

Vol E(H, 1) < (1 - ﬁ) ? Vol E(H, 5.

Proof. Denote G=H ' and G, = H;l. It is clear that

_ n?—1 2 T
Gy = nnz (GJF n—1 <1§§,g>) :
W.L.O.G., we assume ¥ = 0 and (Hg,g) = 1. Suppose that x € E, . Note that ¥, =

- ﬁH g. Therefore,
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llx— f+||c

= nz F (b= G+ 2 (g —54)7)
=24 1 = I3+ 227 (8:%) + Gy
(8= 51)2 = (8,32 + 121 (8,) + (e

Putting all these terms together, we obtain

o= %4113, = 2t (el +
e+ () + 2 )

Note that (g,x) <0 and ||x||g < 1. Hence, |(g,x)| < ||g|lg|lx|lc < 1 and

(g,%)2+ (g,x) = (g,x)(1+ (g,x)) <0,

which implies that

- 2_
o= %ol < 2 (Il + 7 ) < 1

Thus, we have E, C E(H,%;). Using the matrix determinatnt lemma that det(A +
UVT) = (14+VTA~1U)det(A), we can estimate the volume of E(H, , % ):

1 1
Vol E(Hy %) _ ((detHy\2 2 \'ao1]2
Vol E(H )\ detH — |[\n2-1) nt+l
Vl
1

= n; 1 (1 i)":|

:
N:
/
—

S
?
g NS}
=
v
—
[SE

(n 1)(n+ )

_<n+l>}2’

where the inequality follows from the concavity of (1 —x) 5 [
Geometrically, E(H., X, ) is the ellipsoid of the minimal volume containing the
half of the initial ellipsoid E . We now formally describe the Ellipsoid method.
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Algorithm 5.2 The Ellipsoid Method
Choose yg € R” and R > 0 such that B;(yo,R) 2 Q. Set Hy = R?I,.
fork=1,... do
g), ify €0,
gw), ify ¢ 0.

_ 1 Hygx
Yi+1 = Yk = 737
(Hi8r-81)? ;
2
_ _ 2 Higkg Hk
Hivr = -1 <H n+1 (Higrogr) )°

end for

This method is a particular implementation of the general cutting plane scheme
by setting
Ex={x e R"[(H, ' (x—yi),x—y) < 1}

and y; being the center of this ellipsoid.
Denote Y = {yi}7o. X =Y NQ, and f; = ming< ;< f(x;).

Theorem 5.13. Let f be Lipschitz continuous on By(x*,R) with constant M. Then
fori(k) > 0, we have

fi?k) —f"<MR (1 _ (n+ll)2>§ [vm%ig,m} : .

We now discuss the complexity of the Ellipsoid method, We need some additional
assumption to guarantee X # 0.
Assume Jdp >0 and X € O s.t. Bo(%,p) C Q. Then

1 k 1
Vol B\ (1 _ _1 2 ( VoluB)(xo,R) \ "
Vol,0 ] = (n+1)2 Vol,Q
k

< Lo 21 R,

This implies i(k) > 0 for all k£ > 2(n+ l)zlng. If i(k) > 0O, then fi’Ek) - f* <

_k
%MRZe 2(n+1)* | This implies that the complexity of the Ellipsoid method is bounded
by 2(n+ 1)21n1‘%2.
Polynomial dependence on lné and a polynomial dependence on logarithms of

the class parameters M, R and p. Several methods that work with localization sets in
the form of a polytope:

e = {X € R"|<aj,x> < bj,j: 1,...,mk}.

* Inscribed Ellipsoid method. The point y is chosen as y; = center of the maximal ellipsoid Wy C

Ex.
* Analytic center method. yy is chosen as the minimum of the analytic barrier:

Fix) = =5 In(b, — (a;,%).
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* Volumetric center method. This is also a barrier-type scheme. y; is chosen as
the minimum of the volumetric barrier Vi (x) = IndetF;’ (x), where Fi(x) is the
analytic barrier of Ey.

All these methods are in &'(nIn” 1) with p = 1 or 2, but higher cost per iteration.

5.10 Newton’s Method

Newton method intends to find the root of a function ¢ (¢) : R — R s.t.
o) = 0.
Assume ¢ is close to t* and consider
P(t+ A1) = 9(t) + ¢'(1)Ar +o(|At]).

Setting ¢ (1 +Ar) =0, or approximately ¢ (1) + ¢’ (r)At =0, we have A, = —¢ (1) /9’ (1).
Hence, we can derive the iterative scheme as

Tl =t — ﬁwfk)

In order solve a system of nonlinear equations: F(x) = 0 with F : R” — R", we
approximate it by F(x) + F'(x)Ax = 0, or Ax = —[F'(x)]"'F(x), and define the
iterative scheme:

Xk+1 = Xk — [F'(xk)]_lF(xk).

For solving unconstrained minimization:

min f(x),

we apply Newton’s method to solve f/(x) = 0 and obtain
et = 2= [ ()] 7 ().
There also exists a different way to derive the iterative scheme. Set the gradient of
¢ (x) = fxe) + (F (xr) o x — ) + 3 (F" (o) (x — 0, x — xe). (5.10.1)
to be zero, we have
¢ (vei1) = f(0) + 7 () (X1 — 1) = 0.

Newton’s method can converge very fast in a neighborhood of a strict local minima.
However, it can break down if f”(x;) is degenerate and can can diverge if xo is far
away from x*.
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If |79 < 1, convergence is extremely fast. If |fo| = 1, oscillation. If |fp| > 1, diverge.

In order to address this divergence issue, one often resort to the Damped Newton'’s

method.
Xierr =X — e[ ()] f (),

where Ay, > 0 is a stepsize (h; < 1 in the beginning, & = 1 in the final stage).

We now establish the locally quadratic convergence for Newton’s method under
the following assumptions.
a) f € Co (R).
b) f"(x*) = iI,,1 > 0.
c¢) Starting point xg is close to x*.

Theorem 5.14. If ||xo — x*|| <21/3M, then

o M —x*||? 3M || —x" ||
g1 — "]l < M=) = a -

Proof. By xgq1 = xi— [ ()]~ (xk).

Xpr1 — X5 =2 —x* — [ ()] 7" o 7O+ T — xF) (o — x¥)dT
=[] o 1" () = S (" 70— ) (i — x*)dT
= [f" ()]~ Gr o —x7),

where Gy = [i [f” (x) — f” (x* + 7(xx — x*)]d 7. Denote r; = ||x; —x*||. We have
1
1G] g/o trMdt = \Mr,.

Moreover,
' Oq) = (X)) = Mrd, = (I — Mry)1,.

Thus if I/M > r, then f”(x;) = 0 and ||[f" (xx)] || < (I —Mry)~'. Hence ry 1 <
7'2 . . .

%. It can be shown inductively that if r, < 21/3M then ry < rp < % The

result now follows by combining these two inequalities. ]
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5.11 Quasi-Newton (Variable Metric) method

By choosing different objective functions in (5.10.1), we can develop different
optimization methods.

o 91(x) = f(®) + (f/(X),x —X) + 5; ||lx — x||? yields gradient descent method.
o Po(x) = (@) + (f/(X),x— %)+ 3 (f" (%) (x — %),x — %) yields Newton’s method.

Quasi-Newton method is something in between these two methods by seting
96(x) = f(X) +{f'(¥),x =) + 3 (G(x—%),x — %)

for some G = 0. ¢;(x;) = 0 yields x; = ¥ — G~ ! f(%). The basic idea of Quasi-
Newton method is to form a sequence of matrices {Gy} : Gy — f”(x*), or {H; =
G, '} — [f"(x*)]"". These methods are also called variable metric methods.

The variable metric method is named for the following reasons. Note that the
gradient and Hessian are defined w.r.t. a standard Euclidean inner product (x,y) =
Y, 0y and |[x|| = (x,x)2. Now consider a new inner product: let A = 0 be given
and define (x,y)4 = (Ax,y) and ||x||4 = <Ax,x>%. Topologically, the new metric is
equivalent to the old one:

1 1
An(A)2 [lx]] < lxlla < A1 (A) 2 [|x]|.
However, the gradient and Hessian will change:

FOeth) = f(x) +(f'(x),h) + 5 (" (x)h, ) + o(|IA]])
= f(x) + (A7 (), h)a+ 5 (A7 (0)h, B)a+o(||Al|a).-

With this new gradient: A~ f/(x) and new Hessian: A~! f”(x), Newton’s method is
equivalent to gradient method using A = f”(x).
We now state the algorithmic form of Quasi-Newton Method

0. Choose xo, set Hy = I, and compute f(xq), f’(x0)-
1. k™ iteration:

a) Set pr = Hif'(xz).
b) Find x;1 = x; — hy pg.

¢) Compute f(xx41) and f'(xg41).
d) Update Hy : Hy — Hp+1.

One important question for Quasi-Newton method is how to update Hy. Consider
the quadratic function f(x) = o + (a,x) + 3 (Ax,x). f'(x) = Ax+ a and f'(x) —
f'(y) =A(x—y). The classic selection rule of Quasi-Newton method is set Hy, 1 s.t.

Hia[f (1) — ()] = X1 — X
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Denote AH, = Hyy g — Hg, 1y = f/(xk+1) —f’(xk), O = X341 — xx. We list the follow-
ing widely used variants of Quasi-Newton methods.

¢ Rank-one correction 6 6 r
_ (O —Hyri) (O —Hyry
AHy = (O —Hyric,re) )
* Davidon-Fletcher-Powell Scheme (DFP)
SkSI\T 7Hkrkr]{Hk
(re6)  (Hireori)

* Broyden-Fletcher-Goldfarb-Shanno Scheme (BFGS)

AH; =

AH _ Hkrk5[+5erHk —ﬁ HkrerHk
k (Hirore) k THyryr)

where By = 1+ (ry, &)/ (Hyre, 1x).-

Quasi-Newton method usually terminates in n iterations. It also exhibits locally
superlinear convergence rate, i.e., 3 N s.t. for all k > N,

(1 =27 < Cllae =2 [0 =27

However, its global convergence is not better than the gradient method.

5.12 Cubic Regularization*

In cubic-regularized Newton’s method, we start from an arbitrary initial point xo and
update the iteration x;, k =0, 1,... according to

Spyl = argminseRan(xk)Ts—i— %STVZf(xk)s + %Hs||3, (5.12.1)
X1 = X+ Sk+15 (5.12.2)

where M > 0. Our main goal is to show that this method converges to a second-order
stationary point x s.t. V.f(x) = 0 and V2 f(x) = 0, and establish its rate of convergence.
We will also show how to solve the subproblem in (5.12.1).

We assume that the objective function f satisfies the following assumptions.

a) fis twice-continuously differentiable and bounded below, i.e., f* :=inf,eppm f(x) >

—0Q!
’

b) The Hessian V> f is L-Lipschitz continuous.

We need the following technical result. We use .#"*" to denote the set of sym-
metric matrices.

Lemma 5.16. Let M >0, g € R", H € .¥"" and

s = argmin,cpng’ u+ 3u’ Hu+ %Hu”3 (5.12.3)
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Then the following statements hold:

g+Hs+Y|s|s=0, (5.12.4)
H+Y|s|1=0, (5.12.5)
g"s+ 35" Hs+ls|® < —4]Is|”. (5.12.6)

Proof. First (5.12.4) follows from the first-order necessary optimality condition of
(5.12.3). The proof (5.12.5) is given by Proposition 1 of Nesterov and Polyak 06. We
now (5.12.6).

gTer%sTHsnL %||s||3

= (—HS—M”SH )TS—|—lsTHs—|—%||s||3
3

= —3s" (H+ % |Is|lDs — &llsll

< —nllsl,

where the first identity follows from (5.12.4) and the last inequality follows from
(5.12.5). L]

To further explain, (5.12.4) corresponds to the first-order necessary optimality
condition, (5.12.5) corresponds to the second-order necessary optimality condition
but with a tighter form due to the specific form of this optimization problem, and
(5.12.5) guarantees a sufficient decrease at this minimizer.

Theorem 5.15. After k iterations, the sequence {x;}i>1 generated by the cubic regu-
larization method contains a point X such that

C
IV < S and V£() = — e
where k > 1, and C| and C, are universal constants.

Proof. Observe that

Frn) = F ) < VF) si1+ 35041 V) skt + Ellsia |

< — ML |5y |

Summing up the above relation from O to k — 1, we have

FOu) = f(xo) < = MPEEE il

.....

3 12(f(x0)—f*
snll? < 2.

Observe that
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IV @)l = IV Gom) = (Vf Gom1) 4+ V2 F 1) S+ L | |5
<V (xm) = (Vf (xm-1) +V2f(xm—1>sm|| + %l\sm\lz
< LM Is, 7.

Moreover, by (5.12.5),
V2 (xm) = = lsmll.

The results then follow by combining these three observations. |

5.13 Methods for function constraints

In this section, we provide an overview of different types of methods for solving
nonlinear optimization problems given by

l,...,m (5.13.1)

Primal methods

These methods mimics unconstrained approaches, traveling along the feasible set in
a way to ensure progress in objective at every step. The complexity of these methods
have been studied for convex optimization. In particular, the following two directions
in primal methods have been explored.

a) Polyak’s alternative projection method. This algorithm alternatively moves along
either the (sub)gradient direction of the objective or constraints, and project back
to the feasible set X. This algorithm has been designed for general nonsmooth
convex optimization and its compexity is bounded by &'(1/€?).

b) Lemaréchal, Nesterov and Nemirovski’s root-finding technique. For a given level
estimate / € R, let us define

¢(1) := minmax {f(x) —1,81(x)....8m(x)}

. » ey 5.132
mig max, YIf(x) H;zg(x) ( )

Here Z:= {(7,z) e R"1:y+ Y™  z: =1,7,z > 0} denotes the standard simplex.
We can easily verify that: (a) ¢ () is monotonically non-increasing and convex

w.rt. [; (b) ¢ (f*) =0;
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Lagrange Multiplier methods

These methods utilizes dual information of (5.13.1). Some dual methods (e.g., aug-
mented Lagrangian method) reduce (5.13.1) to a sequence of unconstrained problems.
Other primal-dual methods update the primal and dual variables at each iteration.
Recently accelerated primal-dual methods that can achieve fast convergence for
function constrained optimization have been studied by Digvijay, Deng and Lan
(2019) and Zhang and Lan (2022). Some of these methods, especially those based
on primal-dual approaches have been extended to nonconvex optimization with con-
vex function constraints or even nonconvex optimization with nonconvex function
constraints.

Penalty/Barrier methods

These methods reduce constrained minimization to a sequence of unconstrained
problems

Sequential quadratic programming

These methods directly solves the KKT system associated with (P) by a kind of
Newton method.

5.14 Excercises

Exercise 5.1. Suppose f is strongly convex with ml < V2f(x) < MI. Let d be a
descent direction at x. Show that the Inexact line search condition

fx41td) < f(x) +ouVf(x)'d, ac(0,0.5),
holds for some

Vix)Td
O<t<——775.
M|d|?

Exercise 5.2. Let f € C;>(R"). Show that

/() = £ (x) = f"(x) (y = x) || < ¥y —x||?
FO) = f(x) = (f/(x),y=x) = 3" (x) (y—x),y —x)| < X ||y —x[|*.

Exercise 5.3. Consider the optimization problem
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max f (x),

where f is differentiable and its gradient satisfies
IVF(x) = VIO < Lllx=ylI", Vx,y R

for some L > 0 and v € (0,1]. Given xy € R", we intend to solve this problem by
using the gradient descent method

X1 =X — NV f(xw), k=>0.

Please specify an appropriate selection of the stepsizes {}} which can guarantee
the convergence of this algorithm to a stationary point. Also please show the rate of
convergence of this method.

Exercise 5.4. Explain how to find a steepest descent direction in the /.-norm, and
give a simple interpretation.

Exercise 5.5. The pure Newton’s method with fixed stepsize 1 can diverge if the
initial point is not close to x*. In this problem we consider two examples.

a) f(x) =log(e*+e*) has a unique minimizer x* = 0. Run the pure Newton method
starting at xo = 1 and at xo = 1.1.

b) f(x) = —logx+ x has a unique minimizer x* = 1. Run the pure Newton method,
starting at xo = 3.

Plot f and V£, and show the first few iterates.

Exercise 5.6. Suppose ¢ : R — R is increasing and convex, and f : R” — R is convex,
s0 g(x) = ¢(f(x)) is convex. (We assume that f and g are twice differentiable.) The
problems of minimizing f and minimizing g are clearly equivalent. Compare the
gradient method and Newton’s method, applied to f and g. How are the search
directions related? How are the methods related if an exact line search is used?

Exercise 5.7. Minimizing a quadratic function. Consider the problem of minimizing
a quadratic function:

minimize f(x) = (1/2)x" Px+q"x+r,

where P € S (but we do not assume P = 0).

(a) Show that if P % 0, i.e., the objective function f is not convex, then the problem
is unbounded below.

(b) Now suppose that P > 0 (so the objective function is convex), but the optimality
condition Px* = —q does not have a solution. Show that the problem is unbounded
below.

Exercise 5.8. Minimizing a quadratic-over-linear fractional function. Consider the
problem of minimizing the function f : R” — R, defined as
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|Ax —b]3 T
f(x):m, domf:{x|c x+d>0}

We assume rankA =n and b ¢ Z(A).
(a) Show that f is closed.
(b) Show that the minimizer x* of f is given by

X =x1+1tx

where x; = (ATA) - ATb,x, = (ATA) ~!'¢,and € R can be calculated by solving
a quadratic equation.

Exercise 5.9. Initial point and sublevel set condition. Consider the function f(x) =
x2 + x5 with domain domf = {(x1,x2) | x; > 1}.

(a) What is p* ?

(b) Draw the sublevel set S = {x | fx)<f (x(o)) } for x(O) = (2,2). Is the sublevel

set S closed? Is f strongly convex on S ?
(c) What happens if we apply the gradient method with backtracking line search,

starting at x99 Does f (x(k>> converge to p* ?

Exercise 5.10. Do you agree with the following argument? The ¢;-norm of a vector
x € R™ can be expressed as

m
el = (1/2) inf [ Y2 /vi+17y ) .
g\

Therefore the ¢;-norm approximation problem
minimize ||Ax— b||;

is equivalent to the minimization problem
’" 2
minimize  f(x,y) = Z (a,»Tx— bi)” [yi+ 17y, (5.14.3)
i=1

with domf = {(x,y) € R” x R™ | y = 0}, where a! is the i th row of A. Since f is
twice differentiable and convex, we can solve the ¢;-norm approximation problem
by applying Newton’s method.

Exercise 5.11. Backtracking line search. Suppose f is strongly convex with m/ <
V2 f(x) < MI. Let Ax be a descent direction at x. Show that the backtracking stopping

condition holds for .
\Y A
O<t§—4ﬁﬁ—;.
M||Ax||3

Use this to give an upper bound on the number of backtracking iterations.
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Exercise 5.12. Let f : R" — R be a given function.

(a) Consider a vector x* such that f is convex over a sphere centered at x*. Show that
x* is a local minimum of f if and only if it is a local minimum of f along every
line passing through x* [i.e., for all d € R", the function g : R — R, defined by
gla) = f(x*+ad), has a* = 0 as its local minimum].

(b) Assume that f is not convex. Show that a vector x* need not be a local minimum
of f if it is a local minimum of f along every line passing through x*. Hint: Use
the function f : R — R given by

fx,x) = (2 —px}) (2 —qx}),

where p and g are scalars with 0 < p < g, and x* = (0,0). Show that f (y,my*) <
0 for y # 0 and m satisfying p < m < ¢, while f(0,0) = 0.

Exercise 5.13. (Exact Penalty Functions)
Let f:Y +— R be a function defined on a subset ¥ of R". Assume that f is
Lipschitz continuous with constant L, i.e.,

If () =) < Llx=yll,  vxyey.

Let also X be a nonempty closed subset of Y, and ¢ be a scalar with ¢ > L.

(a) Show that if x* minimizes f over X, then x* minimizes
Fe(x) = f(x)+cinf [ly — x|
yeX

overY.
(b) Show that if x* minimizes F,(x) over Y, then x* € X, so that x* minimizes f over
X.

Exercise 5.14. (Approximate Minima of Convex Functions)

Let X be a closed convex subset of R”, and let f : R" — (—o0,00] be a closed
convex function such that X Ndom(f) # &. Assume that f and X have no common
nonzero direction of recession. Let X* be the set of global minima of f over X (which
is nonempty and compact), and let f* = inf,cx f(x). Show that:

(a) For every € > 0 there exists a 8 > 0 such that every vector x € X with f(x) <
f*+ & satisfies minycx+ ||x — x*|| < €.

(b) If f is real-valued, for every 6 > 0 there exists a € > 0 such that every vector
x € X with mingex+ ||x —x*|| < € satisfies f(x) < f*+ 9.

(c) Every sequence {x;} C X satisfying f (x;) — f* is bounded and all its limit
points belong to X*.

Exercise 5.15. Gradient descent and nondifferentiable functions.

(a) Let v > 1. Show that the function
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/X3y ol <x

f(xl7x2) =3\ x +’)/|JC2‘
Ve

is convex. You can do this, for example, by verifying that

otherwise

f(x1,x0) = Sup{xlyl /Ty |+ < Ly > 1/\/1+Y}~

Note that f is unbounded below. (Take x, = 0 and let x; go to —o0.)
(b) Consider the gradient descent algorithm applied to f, with starting point x(¥) =
(7,1) and an exact line search. Show that the iterates are

k k
k y—1 k y—1
o). ()
Y+1 Y+1
Therefore x() converges to (0,0). However, this is not the optimum, since f is

unbounded below.

Exercise 5.16. Prove the lower complexity bound for strongly convex problems
using the following worst case example.

Fx) =1 [LAx,x) — (e1,2)], (5.14.4)

where e; := (1,0,...,0) and A is a symmetric matrix in R**" given by

A= T with k= G5 (5.14.5)
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