Appendix F

Self-Concordant Barrier
Functions for Convex
Optimization

F.1 Introduction

In this Appendix we present a framework for developing polynomial-time algorithms
for the solution of convex optimization problems. The approach is based on an
interior-point barrier method. Key to this framework is the assumption that the
barrier function is “self concordant,” a property that we define below. For linear
constraints, the ordinary logarithmic barrier function can be used. It is possible
to prove that, for any convex feasible region with the properties we specify below,
there exists an appropriate self-concordant barrier function. Thus the results we
describe here provide a general theoretical approach for solving convex programming
problems.

The interior-point method utilizes Newton’s method. We derive a bound on
the number of Newton iterations required to determine the optimal function value to
within some tolerance. Each Newton iteration involves the solution of the Newton
equations, requiring O(n?®) computations. A prescribed step length is used, so there
is no line search. Ignoring the computations for evaluating the gradient and Hessian,
the algorithm determines the solution to within a specified tolerance in a polynomial
number of operations. If polynomial algorithms exist to evaluate the gradient and
Hessian, the overall algorithm is polynomial.

Two major results are required to prove that the overall algorithm is a poly-
nomial algorithm. The first states that if Newton’s method is applied to a single
barrier subproblem, and the initial guess is “close” to the solution, then the number
of iterations required to find an approximate solution of this subproblem is bounded.
The second states that, if the barrier parameter is not changed too quickly, then an
approximate solution of one subproblem will not be “too far” from the solution of
the next subproblem.

These two results might at first seem to be obvious. They are not. In the
form that we state the convex programming problem, its solution is usually at the
boundary of the feasible region. The barrier function is singular on the boundary of
the feasible region, and so the Hessian of the barrier function becomes ill-conditioned
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768 Appendix F. Self-Concordant Barrier Functions for Convex Optimization

as the solution is approached. In standard convergence results for Newton’s method
(see Chapter 11), the rate constants can be shown to depend on the condition
number of the Hessian, a number that is tending to +oo in the case of a barrier
function.

To analyze the behavior of Newton’s method in this case, we must in some
manner take this singularity into account. To do this, it will be useful to define a
norm |-||, in terms of the Hessian of the barrier function evaluated at a point x.
We will measure “closeness” in terms of this norm.

This norm depends on the Hessian, and so changes as the variables change.
If the Hessian changed rapidly, then it might not be possible to use the values of
|z — x|, to draw conclusions about the convergence of the method. Thus, the
rate of change of the Hessian matrix must not be “too great.” This reasoning leads
us to impose a bound on the third derivatives of the barrier function in terms of
the Hessian (see Section F.2.1). This bound is all that is required to prove the first
major result corresponding to the behavior of Newton’s method on a single barrier
subproblem.

To prove the second major result, that is, that the approximate solution of
one subproblem will not be too far from the solution of the next subproblem, it
is necessary that the values of the barrier functions not change “too quickly” as
the barrier parameter changes. To guarantee this, we will impose a bound on the
first derivatives of the barrier functions in terms of the Hessian (see Section F.3).
By measuring all quantities in terms of the Hessian, we are able to circumvent the
difficulties associated with the singularity of the barrier function at the solution.

If the barrier function has these properties, then an interior-point method can
be designed so that the optimal solution of a convex programming problem can be
found (to within some tolerance) using a polynomial number of Newton iterations.

F.2 Basic Ideas of Self Concordance

Our focus in this section is on the behavior of Newton’s method when applied to a
single barrier subproblem. We start by analyzing properties of the barrier functions
that permit “good” performance of Newton’s method.

F.2.1 Self-Concordant Functions

If Newton’s method is applied to a quadratic function, then it converges in one iter-
ation. By extension, if the Hessian matrix does not change rapidly, then Newton’s
method ought to converge quickly. Thus, we might say that the radius of conver-
gence of Newton’s method for minimizing a function F(z) is inversely proportional
to the “nonlinearity” of F'. Newton’s method performs “well” if small changes in z
lead to small changes in the second derivative of F'. Change in the second derivative
can be measured using the third derivative. Intuitively, the third derivative should
be small relative to the second derivative. The self-concordance property reflects
this requirement.
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A one-dimensional, convex barrier function F'(x) is called self concordant if
IF/”(.’L‘)| < ZFH(.Z')B/Q

for every z in the interior of the function’s domain. A simple example is the log-
arithmic barrier function F(x) = —log(x) for z > 0. Then F”(z) = 1/2% and
F"(x) = —2/23, and the inequality above is satisfied.
There is nothing special about the constant 2 in the definition. If instead the
function satisfied
|F”’(I)‘ < C’F”(:E)S/Q

for some constant C, we could replace F' by the scaled function F= %C’QF , and

then F' would be self concordant. The number 2 is used in the definition so that
the function F(z) = —logz is self-concordant without any scaling.

To define self-concordancy for a multi-dimensional function, we insist that the
third derivative along each direction be bounded by the second derivative in that
direction via the relation above. We now give a more precise definition.

Let S be a bounded, closed, convex subset of R with non-empty interior int .S.
(The assumption that S is bounded is not that important, since we could modify
the optimization problem by adding artificial, very large bounds on the variables.)
Let F(x) be a convex function defined on the set S, and assume that F has three
continuous derivatives. Then F is self concordant on S if:

1. (barrier property) F(z;) — oo along every sequence { z; } C int S converging
to a boundary point of S.

2. (differential inequality) F satisfies

3/2
IV3F(z)[h, h, h]| < 2(hTV2F(x)h)
for all € int S and all h € R".
In this definition,
3
_ 9 g
Ot10t20t3

that is, it is a third-order directional derivative of F'. Since

VSF(.’L‘)[hl,hg,hg] = ($+t1h1 +t2h2 +t3h3)

)
t1=to=t3=0

2

2 — _ T2
VoF(z)[h,h] = 8518t2F(x—|—t1h+t2h) I F(z)h,
= — = T
VFE(z)[h] = atlp(:chtlh)Ll:O VF(z)"'h,

these definitions are consistent with the formulas for directional derivatives derived
in Section 5 of Chapter 11.

Some examples of self-concordant functions are given in the Problems. One
particular case is the logarithmic barrier function

F(x)=- Z log(aiTx —b;)
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that is self concordant on the set S = {x calr —b; >0,i=1,...,m }

For the remainder of this Chapter, we make several assumptions to simplify
our discussion. They are not essential; in fact, almost identical results can be proved
without these assumptions. We assume that V2 F(z) is nonsingular for all x € int S.
This allows us to define a norm as follows:

|h]% = BTS2 F(z)h.

(See the Problems.) We also assume that F has a minimizer z, € int S. Because F
is convex, these assumptions guarantee that x, is the unique minimizer of F' in S.

The following lemmas indicate some basic properties of self-concordant func-
tions. The first shows that the third-order directional derivative can be bounded
using the norm that we have defined.

Lemma F.1. The third-order directional derivative of a self-concordant function
satisfies

[V3F(z)[h1, ha, hs]| < 2|k, [1h2ll, [1Rs]l,, -

Proof. See the Problems. 0O

The next lemma bounds how rapidly a self-concordant function F(x) and its
Hessian can change if a step is taken whose norm is less than one. The first result
is an analog of a Taylor series expansion for a self-concordant function. The second
is a bound on how rapidly the norm we have defined can change when x changes.

Lemma F.2. Let F be self-concordant on S. Let x € intS and suppose that
]|, <1. Then x+ h € intS, and

F(z) + VF(2)'h+ (= ||h]l,) < F(x +h) < F(2) + VF(2)'h + B([],) (F.1)

where

2 83 st

Bs)=—log(l—s) —s =+ 5+ T+

The lower bound in (F.1) is satisfied even if ||h||, > 1. Furthermore, for any g € R,

= 112ll) glly < llgllon < (1 =1IR1L) " llgll, - (F2)

Proof. The proof is in three parts. We assume initially that x+h € int .S and prove
(F.1) and (F.2). These two results form parts 1 and 2 of the proof, respectively. In
part 3, we prove that z 4+ h € int S must hold.

Suppose that 4+ h € int S, and let » = ||h||, < 1. If 7 = 0 then h = 0 and the
results are trivially true, so we assume that r» > 0.

Part 1: To prove (F.1), define

o(t) = W2 F(x + th)h = |h|2 -
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We will derive a Taylor series expansion of ¢(t)™*/? and use it to bound ¢(¢) in
terms of ¢(0). The resulting bound will be used to obtain (F.1).

We first obtain the Taylor series expansion. The function ¢ is continuously
differentiable for 0 <t < 1, and

o(t) >0, ¢0)=r2<1, and |¢'(t)]=|V3F(x+th)[h,h,h]| < 26(t)%2

Hence

4
dt

[o0)12]

If we expand ¢(t)~'/2 in a Taylor series with remainder, then

= |- 1o e )| <1

602 = 60) 2+ 0| ol 2]

s=n
for some 71 between 0 and ¢. Using the bound above we obtain
6(0)72 —t < ()72 < (0) 2+t

for 0 <t < 1. Because ¢(0) = r? < 1, this can be rearranged to obtain the desired
bound on ¢(t):

$(0) ¢(0)
A t00 77 =0 = T io)72
Thus
o o(t) = hV2F(z + th)h < o (F.3)
(e =90 = S e -
for 0 <t < 1. (Recall that r = ||h]|,.)
If we integrate (F.3) twice, we get
1 T 2
T r
T 1 T 7“2
< F(x+h) < F(x)+ VF(x) h—|—/0 [/0 mdt dr.

Evaluating the integrals leads to (F.1).

It is straightforward to verify that the derivation of the lower bound remains
valid even in the case where r = ||h||, > 1. (See the Problems.) This completes
part 1 of the proof.

Part 2: We now prove (F.2). Let g € R and define

W(t) = gTV2F(x + th)g = g]%,0n -

We will use (F.3) to derive a bound on %’(t). This bound will be used to bound
¥ (t) in terms of 1(0), and this will lead directly to (F.2).

The function v is a continuously differentiable non-negative function for 0 <
t < 1. Lemma F.1 implies that

W' (1)) = |V3F(a + th)[g, 9, B < 219112 o 1]l on -
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Thus using (F.3) we obtain

[0/ (8)] < 20()p(t)"/? < 20(t)

1—rt

for 0 <t < 1. This is the desired bound on ¢’ ().
We now use this to bound #(¢) in terms of ¥(0). The bound on ’(¢) implies
that

11— rt20(0)] = (1= )2/ (1) — 21— rH)M6(8)] <0
L= rt)20(0)] = (1= rt) 2 (8) + 2r(1 — 7t) ()] = 0

and so
(1= rt)(t) < (0) and (1 —rt)"2(t) = $(0).
Rearranging yields

(1= 7)*9(0) < () < (1 —rt)~*(0).

If we substitute into this inequality the definitions of r and v, we obtain (F.2). This
completes part 2 of the proof.

Part 3: We now prove that if ||h||, < 1 then x + h € intS. Suppose by
contradiction that x + h is not in intS. Consider now the line segment = + th
for 0 <t < 1. Since int S is open and convex, there is some “boundary” point
y = x + th along this line segment such that y ¢ int S, but the half-open segment
[z,9) = {z==x+th:0<t<t} C intS. For each point z € [z,y), the norm
|z — ||, is less than 1, and hence from (F.1), F(z) is bounded. But since F' has
the barrier property, F(z) should go to co as z approaches y. Hence we have a
contradiction. This completes the proof. O

F.2.2 The Newton Decrement

Many of our results will be phrased in terms of a quantity called the “Newton
decrement.” It is defined below. The Newton decrement measures the norm of the
Newton direction, but indirectly it indicates how close we are to the solution of a
barrier subproblem. For a linear program, the Newton decrement is equivalent to the
2-norm measure of proximity to the barrier trajectory that was defined in Section
10.6 (see the Problems). We will use the Newton decrement in the convergence
results, in place of the more traditional measures of convergence, such as ||z — x|
and |F(z) — F(xy)].

Let z € int S and let py be the Newton direction for F' at . We define the
Newton decrement of F' at x to be

6 =0(F,z) = [lpnll, -
Consider the Taylor series approximation to F(x + h):

F(z) + VF(2)Th+ LhIV2F(z)h = F(z) + VF(z)Th+ 1 0]
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The Newton direction p, minimizes this approximation and is the solution to
V2F(z)py = —VF(x).

It is straightforward to check that the optimal value of the Taylor series approxi-
mation is

F(z) — $0(F,z)%.

This indicates why 0(F, x) is called the Newton decrement.
We have the following lemma.

Lemma F.3. The Newton decrement satisfies

§(F,z) =max { VF(z)"h: |h], <1}.

Proof. See the Problems. 0

Many of our results will be expressed in terms of the Newton decrement. We
will be able to obtain bounds on F(x) — F(x,) and ||z — z,]| in terms of the Newton
decrement, and we will also be able to measure the progress at each iteration of the
method in terms of the Newton decrement. Thus, statements about the convergence
of the method in terms of the Newton decrement will indirectly provide us with
information about convergence as measured in the more traditional ways.

The first of these results (a bound on F(x) — F(x.)) is given below. Its proof,
which depends on a notion of duality different than that presented in Chapter 14,
has not been included here.

Lemma F.4. Let x € intS with §(F,z) < 1, and let x. € S be the minimizer of
F. Then
Fz) — F(z.) < B(6(F, x)),

where ((-) is the function defined in Lemma F.2.

Proof. See the book by Nesterov and Nemirovsky (1993). 0O

F.2.3 Convergence of the Damped Newton Method

Each barrier subproblem will be solved using a “damped” Newton method, that is,
a step is taken along the Newton direction but with a specified step length that is
less than one. If we denote the Newton direction at x by py, then the method is

defined by
1

11 0(F, )™
The reason for including this steplength is that the resulting displacement will

always have norm less than one, so that the lemmas of the previous Section apply.
As the method converges and the Newton direction approaches zero, the step length

Ty =x+
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approaches the pure Newton step of one. The rest of this Section develops the
properties of the damped-Newton method.

The next lemma gives a lower bound on how much the function F will be
decreased by a step of the damped Newton method.

Lemma F.5. If x, is the result of the damped Newton iteration, then x, € intS
and
Fl) — F(os) 2 0(F,) — log(1 + 8(F,x)).

Proof. Since ||py|, = 0 = §(F,z), we have that ||z —z||, = 0/(14+6) < 1 and
thus by Lemma F.2, 2, € int S. Using Lemma F.2, the definition of §(-), and the
properties of § and py, we obtain

Flo) £ Fa) + 35 VF @+ (s sl

1+0
—F(x)—LTsz(x) + 3 0
- 1+5pN Py P\
5
= Fl) - 1+5 1= ) 110
F

(x) — 0 + log(1 + 9).

Thus
F(x) — Flay) > 5 —log(1+9),

as desired. 0O

The lemma shows that the damped Newton step is well-defined, in the sense
that the iterates remain in int S. The lemma also shows that

F(z) = F(z4) > 6 — log(1 + 0),

where § = §(F,z). The right-hand side is zero when § = 0, and is positive and
strictly increasing for 6 > 0. The result gives a lower bound on how much progress
is made at each Newton iteration.

If §(F, x) remains large, then Newton’s method must decrease the value of F(z)
by a nontrivial amount. Since the function is bounded below on S, this cannot go on
indefinitely, and so 6(F, z) must ultimately become small. The next theorem shows
that, if §(F,x) is small, then the method converges at a “quadratic rate” in terms
of the Newton decrement. (This is not the same as the notion of convergence rate
defined in Chapter 2; see the Exercises.) Together, these results provide a bound
on the number of Newton iterations required to solve the optimization problem to
within some tolerance. This argument is made precise in Theorem F.7.

The theorem below proves that §(F,z) < 20(F,z)?, regardless of the value
of z. This result is primarily of interest to us in the case when ¢ is small. (When ¢
is large, Lemma F.5 is more useful.) It also determines a bound on ||z — z.||, in
terms of d, and thus shows that if ¢ is small, then the norm of the error is small as
well.
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Theorem F.6. If x € intS then
S(F,xy) < 20(F,x)%
Let x, be the minimizer of F in S, and assume that 6(F,x) < 1. Then

|z — x|, < _(Fz)
T T 1—=4(F,x)

Proof. The proof is in two parts, proving each of the results in turn.

Part 1: We will prove that §(F,z.) < 2§(F,z)?. Let py be the Newton
direction at x, § = §(F, z), and a = 1/(1+0). Thus zy = x+apy. For any h € R"
we define

Y(t) = VF(x +tpy)Th.

This function is twice continuously differentiable for 0 < t < «, with

V' (t) = piVPF(z + tpy)h
V'(t) = VPF(z + tpy)[h, pxs pa)-

By Lemma F.1, Lemma F.2, and the definition of the Newton decrement we have

(O < 21l 11

_ 2
21— 13)~ ]l [lpw 2
21— 18)~* ]l 5%

A

If we integrate ¢" twice, we obtain that

2)Th = (a o)’ T —78)736%dr
VE()h w><¢mw—¢mwwmzé[ézu 0)~*0%r] dr

= ¥(0) + av)’(0) + a® IR
- 1—6a "l
T T2 52a?
= VF(@)"h + apV?F(x)h + 37— hll,
52a?
=(1—-a)VF(z)"h+ T3 |R], (definition of py)
— da
1) T 52
= — ﬁ " f
1+25VF(95) h+ 15 2|, (definition of «)
20
S1+s .
=7 +25 (I (by Lemma F.3)
26 1
< 1_ s .
“14+61—ad I, (by Lemma F.2)
= 262 ||l -

Since this is true for all h we have

§(F,z,) = max { VF(@ ) h: ||, <1 } < 262,
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This completes Part 1 of the proof.
Part 2: We will prove that ||z — 2.||, < d(F,z)/1—0(F,z). Let 2 € int S be
such that 0 = §(F,z) < 1. From Lemma F.4 we have that

F(z) = F(z.) < 5(8) = —log(1 - §) — 6.
Let ¢ = [|x — 24|, . From Lemma F.2 applied at . it follows that
F(z) > F(z.) + 6(=q) = F(z.) + ¢ = log(1 + q).
Combining these two results we get
q —log(1+q) < =6 —log(1 - 9),
and it follows that ¢ < §/(1 — 6), which is the desired result. (See the Exercises.)

This completes the proof. 0O

We conclude with a summary theorem, the results of which are direct con-
sequences of the previous results. It provides a bound on the number of Newton
iterations required to solve a single barrier subproblem to within a tolerance.

Theorem F.7. Let S be a bounded, closed, convex subset of R™ with non-empty
interior, and let F(x) be a convex function that is self concordant on S. Given an
initial guess xg € intS, the damped Newton method is defined by the recurrence

1

- mVQF(asi)*1VF(;,;1-).

Tit1l = T
Then x; € intS for all i, and
F(zip1) < F(z;) — [0(F,x;) — log(1 + 6(F, x;))].

In particular, if §(F, ;) > 1/4 then F(x;) — F(zi41) > 1 —log 3 > 0.026. If at some
iteration i we have §(F,x;) < i then we are in the region of quadratic convergence
of the method, that is, for every j > i, we have

6(F, zj41) < 20%(F, z;) < %5(1?7 ;)
Pl =R S ) S gy
5(F,1']) J

R < 77
||‘:UJ z Hg;* -1 —(S(F, Z‘j)

The number of Newton steps required to find a point x € S with §(F,z) < k <1 is
bounded by
C ([F(xg) — F(z.)] — loglog k)

for some constant C.

Proof. See the Exercises. O
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Exercises

2.1.

2.2.

2.3.
2.4.

2.5.

2.6.

2.7.

2.8.

Prove that if a one-dimensional convex function satisfies
|FW($)‘ < CFN(.I)B/Q
for some constant C', then the scaled function F= %C’ZF satisfies
|FW($)| < CF/I(x)S/Z.
Assume that V2F(z) is nonsingular for all z € int S. Prove that the formula
|h]2 = RTV2F(2)h

defines a norm for all x € int S.
Prove Lemma F'.1.

(The next few exercises show how to construct new self-concordant functions
from existing ones.) Let F'(z) be a self-concordant function on the set S C R™.
Suppose that © = Ay + b where A is an n X m matrix, b is an n-vector, and
y €T C R™. Prove that R

Fly) = F(Ay +b)
is a self-concordant function on 7. What assumptions on the set T are
required?
Let F; be a self-concordant function on S; C R" for ¢ = 1,...,m, and let
a; > 1 be real numbers. Let S be the intersection of the sets {S; }. Prove
that

m
F(z) = Z%‘Fi(ﬂﬂ)

i=1
is a self-concordant function on S. What assumptions on the set S are re-
quired?
Let F; be a self-concordant function on S; C R™ for ¢ = 1,...,m. Define

S={z=(x1,...,%m) :x; €S5; }.

Prove that

F(x1,...,Tm) = ZFl(ﬂfz)

is a self-concordant function on S. What assumptions on the set S are re-
quired?

In Lemma F.2, prove that the lower bound in (F.1) is valid even in the case
where 7 = ||h]|, > 1.

Prove Lemma F.3 by considering an optimization problem of the form
maxihmize bTh
subject to hTAh —1=0.

for appropriate choices of b and A.
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2.9. Complete the proof of Theorem F.6 by proving that
q —log(14¢) < =6 —log(1 — )

implies ¢ < 6/(1 = 9).
2.10. Suppose that the linear programming problem

minimize ¢’

subjectto Ax =b
x>0

is solved by the logarithmic barrier method. Let x be a strictly feasible point,

and let p be the current barrier parameter. Prove that the Newton decrement

at x is equal to the 2-norm proximity measure §(x, 1) defined in Section 10.6
2.11. Prove Theorem F.7.

2.12. In Theorem F.7, prove that the sequences

{IF@)~F@)} and {Ja; — ., }
are bounded above by sequences that converge quadratically to zero. That
is, prove that

[F(z)) — Fe)| < s5
lzj —aull,. <t

where ;
< 400 and lim ]—;1 < 4o0.
Jj—o0 tj

Sj+1
2
5j

lim
j—o0

(Some authors refer to this as “R-quadratic” convergence.)

F.3 The Path-Following Method

In the previous Section we analyzed the behavior of Newton’s method when ap-
plied to a single barrier subproblem. We now consider the overall interior-point
method based on solving a sequence of subproblems. We will require an additional
assumption, that is, a bound on the first-derivative of the barrier function.

Let S be a set with the same properties as in the previous Section. A self-
concordant function F' on S is a self-concordant barrier function for S if, for some
constant v > 0,

IVE(2)"h] < v'/2||R],
for all z € int S and all h € R™. Because of Lemma F.3, the Newton direction for

F' at a point  must satisfy
lpwll, < v'/?

for all x € int S. (See the Exercises.)
The one-dimensional function F(z) = —logx is a self-concordant barrier
function with v = 1 for S = {z:2 >0}; the n-dimensional function F(z) =
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— > log(w;) is a self-concordant barrier function with v =nfor S ={z:2 >0};
the function F(z) = — Y"1, log(alz — b;) is a self-concordant barrier function with
v = m for the set .S = { rialr >b,i=1,...,m } A self-concordant barrier func-
tion exists for any convex set of the form S = {x : g;(x) > 0 }; however, evaluating
such a barrier function may not be computationally practical.

We will assume that v > 1 throughout this Section. If the above inequality
were satisfied for some v < 1 then it would also be satisfied for v = 1, so this
assumption is not serious. (In fact, there is further justification for making this
assumption. It is possible to prove that, if F' is a self-concordant barrier function,
and F(x) is not constant, then v > 1.)

We require the following technical lemma.

Lemma F.8. (Semiboundedness) If F is a self-concordant barrier function with
parameter v > 1 then
VE(@)(y—z) <v

for any x € intS and y € S.
Proof. See the Exercises. 0O

The path-following method will be applied to a convex program that has the

following standard form:

minimize ¢ )
subjectto x € S

where ¢ # 0. This standard form requires that the objective function be a linear
function, but otherwise it is unremarkable.
If our optimization problem is written in the form

minimize  f(x)
subjectto g(z) >0

we can easily transform it to standard form. To do this, we introduce a new variable
ZTp+1 and consider the problem

minimize  Znp41
subjectto g(z) >0
Tpy1 — f(w) > 0.

It is easy to verify that these two problems are equivalent. The latter problem is in
standard form, with ¢ = (0,...,0,1)T.

The convex programming problem will be solved using a path-following
method of the following form. For p > 0 we define

F,(z) = pc'z + F(z)

where F is a self-concordant barrier function for the set S with parameter v > 1, and
where the Hessian of F is nonsingular for all z € int S. Let x.(p) be the minimizer
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of F,(x) for « € int S. Our method will generate x; = z.(p;) for p; — +o00. The
set of minimizers z,(p) forms a path through the feasible region that terminates at
the solution z, to the optimization problem. Note that F,(z) is self-concordant on
S. (See the Exrcises.)

Elsewhere in the book, our barrier problems have a parameter multiplying
the barrier term that goes to zero. Here, to simplify the exposition, the parameter
multiplies the objective and goes to infinity. This just corresponds to multiplying
the barrier function by a constant:

pcle+ F(z) = p(c'e + LF(x)) = p(c'x + pF (z))

where = 1/p. Thus, regardless of which form of barrier function we use, the set
of minimizers is the same.
To specify the method, we must specify four things:

® a policy for updating the penalty parameter p,

® the optimization method used to minimize F), for a fixed p,

® the stopping criteria for the optimization method on a single subproblem,
® the stopping criterion for the path-following method.

These are specified as follows:

e updating p: we fix v > 0 (the update parameter) and set

Pit1 = (1 + \%) Pi-

® the stopping criteria for a subproblem: this is satisfied when the point (p;, x;)
is close to the path x.(p), that is, when it satisfies the proximity condition

Co(p,z)  {zxecintS}&{d(F,z) <K}
for some k > 0.
® optimization method: we update x; — ;41 using the damped Newton method:

Yo41 = Ye — 1 +5( VQF(yZ)_IVFPi+1(y£)

Fp11+1 ) y@)
with yg = ;. This iteration is repeated until (p;y1,ye) satisfies Cx(+,-), and
then we set ;11 = yp. (Note that V2F, = V?F since F — F, is a linear
function.)

® the stopping criterion for the path-following method: given some tolerance
€ > 0, we will terminate the algorithm when we have found an z satisfying

cTx — z, < e, where z, = ch*). Since it is unlikely that z, will be known in

advance, we will guarantee this indirectly by ensuring that a bound on ¢’z — z,

is at most €. The precise bound is specified in Theorem 17.12.

The only detail left is the initialization, that is, finding an initial pair (po,xo)
that satisfies the proximity condition. Such a pair can be found using a Phase 1
procedure (see Section 5.4.1), applying the path-following method to a preliminary
optimization problem. (Details are outlined in the Exercises.)
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F.3.1 Convergence and Complexity

Our main theorem is the consequence of the following three lemmas. The first
lemma determines how rapidly the overall method converges, where each “iteration”
corresponds to the approximate solution of a barrier subproblem. It can be used
to determine an upper bound on how many barrier subproblems must be solved in
order to determine z, to within some tolerance.

Lemma F.9. (rate of convergence) Let z. be the optimal value of P. If a pair
(p, x) satisfies the prozimity condition Cy(-,-) with k < 1 then

ch—z*SX, wheTeX:y—i—Lﬁ.
p 1-k

In particular, for the path-following method, we have

T X 7] X i
'y — 2y < = 1—}—] Sexp{—C}
Po[ Vv Po B

with positive constant C, depending only on .

Proof. Let z.(p) be the minimizer of F,,. The proof is in two parts. In the first
part we determine a bound on ¢’x,(p) — 2. If the path-following method solved
each barrier subproblem exactly, then this would be sufficient. In the second part,
we determine a bound on ¢’z — ¢’z (p) corresponding to the approximate solution
of a barrier subproblem.

Part I: We will first derive the bound

Tr(p) — 2 < 2 (F.4)
P

that is, on the trajectory the “error” in the function value is proportional to 1/p.
Let x. be the solution of P. Then from the optimality conditions we have

VE,(2.(p)) = pe+ VP (2.(p)) = 0.
Hence
P (p) = 22) = p(eT2s(8) — ) = VF((p) (. — 2.(p).
The semi-boundedness property (Lemma 17.8) now gives
VE (. (p) (. — 2.(0)) < 1,

and (F.4) follows immediately. This completes the first part of the proof.

Part 2: We now prove that cTz—z, < x/p by deriving a bound on cZx—cTx, (p).
By the proximity condition and the assumptions of the lemma, 6(F,,z) < k < 1.
From Theorem F.6 we obtain

K
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Thus, using Lemma F.3 and the fact that pc = =V F(z.(p)),
p(c'z — cl.(p)) = VF(2.(p)) (2:(p) — x)
< Jlz.(p) = all,. 500 { VF(@.(p)h: |1
= [lz(p) = 2. () O(F, 24 (p))-

Since F' is a self-concordant barrier function with parameter v, we have

5(F.2.(p)) < V.

Thus, combining these results we obtain

Ty — CTJ?* L 174 .
e = T ()] € s VP (F5)
T,

which, combined with (F.4), gives ¢’z — 2. < x/p. 0O

The next lemma analyzes what happens when the approximate solution of
one barrier subproblem is used as the initial guess for the next subproblem. It
determines how “close” the initial guess is to a solution of the new subproblem.

Lemma F.10. Let p and r be two values of the penalty parameter, and let (p,x)
satisfy the proximity condition Cy(-,-) for some k < 1. Then

R

Fy(w) = min F, (u) < (k) + ‘1—;’ﬁ+yﬁ(l—r/p)

1—x
where, as before,

B(s) = —log(l —s) — s.

Proof. The proof is in two parts. In the first part, a bound is obtained for

Er(2.(p)) = Fr(.(r)).

If the path-following method solved each barrier subproblem exactly, then this would
be sufficient. In the second part, this bound is used in the formula

Fo(2) = Fr (4 (r) = [Fr(2) = Fe(2(p)] + [Fr(24(p) = Fr(24(r))]

to complete the proof of the lemma.
Part 1: The path of minimizers x.(p) satisfies the equation

pc+ VF(z)=0. (F.6)

Since V2F is assumed to be nonsingular in int S, we can use the Implicit Function
Theorem (see Section 9 of Appendix B) to show that z.(p) is continuously differ-
entiable. Its derivative can be found by differentiating (F.6) as a function of ¢ (see
the Exercises):

2 (p) = =V2F(x.(p)) " 'e.



F.3. The Path-Following Method

783

We define

¢(r) = Fr(x+(p)) = Fr(2.(r))
= [rc’a(p) + F(z.(p))] = Irc"a(r) + F(a.(r))].

Then, using (F.6)

¢ (r) = 2. (p) — '3 (r) = [re + VF (. (1)) "2 (r)

Hence
o(p) = ¢'(p) = 0.

In addition, ¢'(r) is continuously differentiable, with
¢ (r) = —c'2l(r) = 'V2F (2. (r) e
Then (F.6) implies that

0<¢"(r)= %VF(CC*( ))'VEF ( «(r) T VE (2.(r))

= SHFr)? < 2

/p ' /,, 6 (y) dy ds,

and use ¢(p) = ¢'(p) = 0 and the bound on ¢”(r), we obtain

If we integrate ¢’ (r) twice:

Folwa(p)) = Fylan(r)) = 6(r) < vB (1 - p) |

This completes the first part of the proof.

Part 2: We are now ready to complete the proof of the lemma:

Fy(2) — min Fy(u) = Fy (2) — Fy (2.(r))
= [, () = (. (p)] + [Fr(2.(p)) — Fr(a (1))
= [, () - Fy(e.(p))] + 6(r)
= [Fy(w) + (p— r)e — Fy(2.(p)) — (p = 1) ()] + 6(r)
= [Fy(w) = Fp(aa(p))] + (p— 1)e(x — 2.(p)) +

Using Lemma F.4 and the inequality §(F),,z) < k < 1 we obtain

IN

p(1) = Fp(z.(p)) = Fy(x) — min F,(u) < S(0(Fp, x)) < B(k).

Combining these results with (F.5) and the bound on ¢(r) from Part 1, gives the

desired result. 0
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The next lemma determines how many Newton iterations are required to ob-
tain an approximate solution to a single barrier subproblem. This result is closely
related to Theorem F.7.

Lemma F.11. (Complezity of a step) The damped Newton iteration is well-defined,
that is, it keeps iterates in intS and terminates after finitely many steps. The
number of Newton steps until termination does not exceed a certain constant Ny .
that depends only on Kk and -y.

Proof. A number of the conclusions follow from Theorem F.7, namely, the damped
Newton method keeps the iterates y, in int S, and ensures that the stopping criteria
are satisfied after a finite number of steps. We must prove that the number of
Newton steps is bounded by a constant that depends only on x and ~.

Applying Lemma 17.10 with = = x;, p = p;, and r = p; 1 we obtain

P 3) = min Fp (0) < 306) + 1 w9 (- ).

The first two terms only involve k and v. We only need worry about the third term:

v3 (—}) = vllog(1 +7/v7) + /7]
<wvy/Vv=+v7,

since v > 1. Thus, for fixed v,

F

Pit1 (IZ) - Hluin Fl)7:+1 (u)
is bounded in terms of k and <y, as desired. The bound on the number of Newton
steps now follows from Theorem F.7. 0O

The following theorem summarizes the above results. It is the result that
we have been working towards. It shows that an interior-point method applied to
a convex programming problem can determine the solution to within a specified
tolerance in polynomial time.

Theorem F.12. Suppose that we solve the problem P on a bounded, closed, convex
domain S using the path-following method associated with a self-concordant barrier
function F with parameter v > 1. Let 0 < k < 1 and v > 0 be the path tolerance
and update parameter, respectively, and assume that (po, xo) satisfies the prozimity
condition Cy(,-). Then

2u 7>i .

T

cri—z, < —[14+ — , fori=1,2,...
Po( Vv

The number of Newton steps required for each iteration (p;,x;) — (pi+1,%iy1) does
not exceed a constant N, depending only on k and . In particular, the total
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number of Newton steps required to find an x satisfying cTx — z, < € is bounded
above by

2v
Cn,’y\/DIOg <> )
Po€
with constant Cy; ,, depending only on k and .

Proof. The theorem follows from the three previous lemmas. See the Exercises.

|
To conclude, we apply these theoretical results to the linear program
minimize ¢’z
subjectto Ax =b
x> 0.
The function F(z) = — Y " log(x;) is a self-concordant barrier function with v = n

for the set S = {x : Ax = b, > 0}. The path-following algorithm in this section is
similar to the primal path-following method in Section 10.6. (There are some minor
differences. For example, we must project the Newton direction for F, = pclz+F(x)
onto the set {x : Az = b}; this operation affects only the cost of an iteration, not
the number of iterations.)

Let L be the length of the input data. Setting e = 272% is sufficient to
guarantee that a solution is found. If we assume that the initial penalty parameter p
is 279 then it follows from Theorem 17.13 that the total number of Newton steps
required to solve the problem is O(y/nL). This is consistent with the complexity
bound derived in Section 10.6.

Exercises

3.1. (The next few exercises show how to construct new self-concordant barrier
functions from existing ones.) Let F'(z) be a self-concordant barrier function
with parameter v on the set S C R". Suppose that x = Ay + b where A is
an n X m matrix, b is an n-vector, and y € T'C R™. Prove that

F(y) = F(Ay + )

is a self-concordant barrier function on T" with parameter v. What assump-
tions on the set T' are required?

3.2. Let F; be a self-concordant barrier function on S; C R" with parameter v;
fori=1,...,m, and let a; > 1 be real numbers. Let S be the intersection
of the sets {S; }. Prove that

F(z) = Z o Fi(z)
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3.3.

3.4.

3.5.

3.6.

is a self-concordant barrier function on S with parameter > a;v;. What
assumptions on the set S are required?

Let F; be a self-concordant barrier function on S; C R™ with parameter v;
for i =1,...,m. Define

S={z=(x1,...,2m):2; €S; }.
Prove that

F(z1,...,%m) = Z Fi(x;)
i—1

is a self-concordant barrier function on S with parameter > ;. What as-
sumptions on the set S are required?

Let F be a self-concordant barrier function on S. Use Lemma F.3 to prove
that the Newton direction for F' at a point z must satisfy |py||, < v/ for
all z € int S.

Prove that if F'(z) is a self-concordant barrier function on S, then F,(x) is
self-concordant on S.

The goal of this problem is to prove Lemma 17.8. This is accomplished in
several stages. If VF(z)T(y — x) < 0 then the result is obvious. Thus we
assume that VF(z)(y — x) > 0.

(i) Let T be such that

z+tly—x)e S, for0<t<T;
z+tly—x)gS, fort>T.

Prove that T" > 1.
(ii) Define ¢(t) = F(x + t(y — x)). Prove that
/()] < Vve(t).
(iii) Define 9(t) = ¢'(t). Prove that () > 0 and that
(=47 @) = 'O (@) 2 v
(iv) Use

to prove that
v —13)(0)
(v) Use the fact that t(t) is bounded on any sub-interval [0,7], for 0 <
T < T, to conclude that
v—Ty(0)>0 forall T <T.

Use this to complete the proof of the lemma.
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3.7.

3.8.

3.9.
3.10.

3.11.

3.12.

3.13.

Use the Implicit Function Theorem (see Section 9 of Appendix B) to prove
that (under the assumptions on the optimization problem made in this Sec-
tion) the path of minimizers x,(p) is continuously differentiable and its deriva-
tive is

w,(p) = =V2F(z.(p)) e
Hint: Differentiate (F.6) as a function of p.
The goal of this problem is to define a Phase-1 procedure to find an initial
pair (pg, zo) for the path-following method. Suppose that some initial guess
Z € int .S has been specified.

(i) Prove that & minimizes the artificial barrier function
F(z) = pd'z + F(x)

for p=1and d = —VF(Z). Hence (1,Z) can be used as an initial pair
for a path-following method based on the artificial barrier function.

(ii) Prove that an initial point for the path-following method for the original
problem can be obtained by running the method in (a) in reverse, that
is, for p — 0.

Complete the proof of Theorem 17.12.
(The next few exercises describe a class of convex programs call semi-definite
programming problems.) Consider the optimization problem

minimize 'z

subjectto A(z) >0,

where
m
Alw) = Ao+ > w4
i=1
and where Ag, A1,..., A, are n X n symmetric matrices. The inequality

A(xz) > 0 should be interpreted to mean that the matrix A(x) is positive
semi-definite. Prove that this problem is a convex programming problem.
We refer to this problem as a semi-definite programming problem.

Show that any linear program can be written as a semi-definite programming
problem. Hint: Use diagonal matrices { 4; }.

Let
i=1

Show that the problem of minimizing the maximum eigenvalue of A(x) can
be rewritten as a semi-definite program.

Let
i=1
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Prove that the function F(xz) = —logdet A(z) is a self-concordant barrier
function for S = {x: A(z) >0}. (Thus F(x) can be used to definite a
path-following method for a semi-definite programming problem.)

F.4 Notes

The results in this Appendix are adapted from the book by Nesterov and Ne-
mirovskii (1993) and from the lecture notes of Nemirovskii (1994).



