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Abstract

Primal-dual interior-point methods (IPMs) have shown their power in solving large classes
of optimization problems. However, at present there is still a gap between the practical be-
havior of these algorithms and their theoretical worst-case complexity results, with respect
to the strategies of updating the duality gap parameter in the algorithm. The so-called
small-update IPMs enjoy the best known theoretical worst-case iteration bound but work
very poorly in practice, while the so-called large-update IPMs perform much better in prac-
tice but with relatively weaker theoretical results. In this paper, by restricting us to linear
optimization (LO), we first exploit some interesting properties of a proximity measure func-
tion that has a key role in defining the neighborhood of the central path. These simple but
important features of the proximity measure function indicate that, when the current iterate
is in a large neighborhood of the central path, then the large-update IPM emerges to be
the only natural choice. Then, we apply these results to a specific self-regularity based IPM
proposed recently by the authors of this work and C. Roos. Among others, we show that
this self-regularity based IPM can also predict precisely the change of the duality gap as the
standard IPM does. Therefore, we can directly apply the modified IPM to the simplified
self-dual homogeneous model for LO. This provides a remedy for an implementation issue of
the proposed IPMs in [11]. A dynamic large-update IPM in large neighborhood is proposed.
Different from the algorithm in [11], the new dynamic IPM always takes large-update and

does not utilize any inner iteration to get centered. An O (n§ log %) iteration bound of the

algorithm is established.

Keywords: Linear Optimization, Primal-Dual Interior-Point Method, Proximity Func-
tion, Polynomial Complexity, Self-Regular Function.

AMS Subject Classification:  90C05



1 Introduction

Since Karmarkar’s seminal paper [5], many researchers have proposed and analyzed various
interior-point methods (IPMs) for solving large classes of optimization problems and numerous
exciting results have been reported. For a survey of these results we refer to the recent books on
the subject ([13, 16, 17]). In this paper, we deal with primal-dual IPMs for solving the following
standard LO problem:

(P) min{c’z : Az = b,z > 0},

where A € R™*" satisfies rank(A) =m, b€ R™, ¢ € R", and its dual problem
(D) max{b’y : ATy +s=c,s>0}

Without loss of generality, we assume that both (P) and (D) satisfy the interior point condition
(IPC), i.e., there exists an (z°,s°, ") such that

Az’ =b,2° >0, AT+ =¢, s* > 0.

For this and some other properties mentioned below, see, e.g., [13]. If the IPC holds, then
finding an optimal solution of (P) and (D) is equivalent to solving the following system.

Ar =0b, >0,
ATy+s=c¢, s>0, (1)
zs = 0.

Here xs denotes the coordinatewise product of the vectors x and s. The basic idea of primal-
dual IPMs is to replace the third equation in (1) by the parameterized equation xs = pe with
e=(1,...,1)T. This leads to the following system

Ax=b, >0,
ATy+s:c, s>0, (2)
xrs = pe.

If the IPC holds, then for each p > 0, system (2) has a unique solution. This solution (denoted
by (z(w), s(p))) is called the p-center of the primal-dual pair (P) and (D). The set of p-centers
with all © > 0 gives the central path of (P) and (D) [6]. It has been shown that the limit of the
central path (as u goes to zero) exists. Because the limit point satisfies the complementarity
condition, it naturally yields optimal solutions for both (P) and (D) [13].

Primal-dual IPMs follow the central path (x(u), s(u)) approximately and approach the optimal
solution set of the underlying LO problem as u goes to zero. Let us briefly indicate how this goes.
Without loss of generality we assume that the present point (z,y, s) is in a certain neighborhood
of the central path for some positive p. We first update p to py := (1 —0)pu, for some 6 € (0,1).
Then we solve the following Newton system

AAz =0,
ATAy + As =0, (3)
SAx + xAs = pre —xs

and get the unique search direction (Az, Ay, As). By taking a step along the search direction
where the step size is defined by some line search rules, one constructs a new triple (z,y, s) that



is ‘closer’ to (z(p+),y(u+), s(uy)). We repeat this procedure until the present iterate is ‘close
enough’ to (z(u+),y(p+), s(u+)) and thus we can set p := 4. Then p is reduced again by the
factor 1 — 6 and we apply Newton’s method again targeting at the new pu-center, and so on.
This process is repeated until y is small enough.

Note that our primary target is to reduce the duality gap as fast as possible, which is done
by subsequently decreasing the parameter u with a fixed ratio 1 — 6 at each outer iteration of
the algorithm. As a consequence, the choice of the parameter # has an important role in the
design and analysis of IPMs. Usually, if # is a constant independent of n, the dimension of the
problem, for instance 6§ = %, then we call the algorithm a large-update (or long-step) method.
If 0 depends on the problem dimension such as 6§ = ﬁ, then the algorithm is named a small-
update (or short-step) method. At present there is still a gap between the practical performance
of IPMs and their theoretical worst-case complexity results with respect to different choices of
0. The small-update method has the best known O(y/nlog2) iteration bound, while the large-
update method has a worse O(nlog %) iteration bound [13, 16, 17]. However, large-update IPMs
perform much better in practice than small-update methods [1].

Several strategies have been proposed by various investigators aiming at improving the theoret-
ical complexity of large-update IPMs [3, 4, 8, 11]. In this paper, we will focus on the approach
suggested in [11] where new IPMs are induced based on the so-called self-regular proximity
functions. As we described earlier, in both the analysis and implementation of IPMs we need to
use some proximity functions to keep control on the ‘distance’ from the current iterates to the
current p-centers and to the boundary of the feasible set. The basic idea in [11] is to employ a
specific class of proximity functions and consequently its induced search directions in the algo-
rithm. To describe briefly the algorithm in [11], we need to introduce some notation first. For
any strictly feasible primal-dual pair (z,s) and any positive number u, we define

v::,/g, U_IZ:1/£ (4)
o xs

to be the vectors whose i components are , /% and ,/%, respectively. The proximity
functions used in [11] are defined as follows:

n

Oz, s, p) = U(v) = Y _U(v), (5)

=1

where 1(t), the kernel function of the proximity function is a so-called univariate self-regular
function. For ease of reference, we also denote the search direction in the scaled v-space as
vAx vAs
dy = , dg = ——.

xr S

(6)

Using this notation and (4), we can write the new search direction introduced in [11] as a solution
of the following new system

Ad, =0,
ATAy +ds =0, (7)
dgy +ds = —V¥(v),

where A = %AV_IX, V = diag (v), X = diag(z). The algorithm in [11] can be outlined as
follows.



Algorithm 1 for LO

Input:
A proximity parameter 7;
an accuracy parameter ¢ > 0;
a fixed barrier update parameter 6, 0 < 0 < 1;
(29,5%) and p° = 1 such that ®(2°,s°, u°) < 7n.
begin
x =20 s:= 5% p:=pul
while nyp > ¢ do
begin
o= (1—0);
while ®(x,s,u) > nr do
Solve the system (7) for Az, Ay, As,

begin
Determine a step size a;
T =T+ alAx;
s:= s+ aAs;
y:=y+ aly.
end
end

end

It should be noted that in the above algorithmic scheme, p is treated as an independent param-
eter. This is different from what implemented in most IPM solvers, where p is always chosen
as the duality gap xTTS As we observed in the thesis [10, Section 7.1], this might increase the
cost for computing a search direction when the algorithm is applied to the self-dual embedding
model for LO. A popular strategy used in most IPM solvers is that they always employ the
large-update algorithm in the outer iteration but take only one or very few inner iterations to
get recentered. Although such a strategy works very efficiently in practice, there is no theoretical
explanation for this phenomenon. On the other hand, although the proximity function ¥(v) has
a dominant role in Algorithm 1, it does not give any indication why we should use large-update
IPMs and why they work so well numerically.

The main motivation of this paper is to elaborate on the approach in [11] and then to provide
some partial answers to these issues. For this we need to explore the roles of the parameter u and
the duality gap in a self-regularity based IPM and their relation. For simplicity of discussion,
we will focus onlyzon a specific self-regular proximity measure function with the kernel function
P(t) = % t— %) . Among others, we will show that if the present iterate is not in a small
neighborhood of the central path, then the proximity function itself will naturally lead to a
large-update IPM. Moreover, a particular dynamic large-update version of the self-regularity
based algorithm can predict the change of the duality gap in the same way as the IPM based
on the standard Newton search direction does. This provides a remedy for an implementation
issue of the IPMs in [11].



The paper is organized as follows. First, in Section 2, we explore the role of the parameter u
w.r.t. this specific proximity measure function. In particular, we will present an interesting
observation that, when the current iterate is in a large neighborhood of the central path and the
parameter p is defined by the duality gap #, the proximity measure function will not increase
after a large update of u. For a special large-update IPM, based on our self-regular proximity
measure function, we will discuss how the duality gap changes along the search direction. In
Section 3, we propose a new IPM and establish its complexity. Finally, we close this paper by
some concluding remarks in Section 4.

A few words about our notation. Throughout the paper || - || denotes the 2-norm of vec-
tors. We denote by Z the index set Z = {1,2,...,n} and 2~ 7s™! = 3,72, 's;*. For any
r = (21,72,...,2,)7 € R, Zmin = min{z1,22,...,7,} (OF Tmay) is the smallest (or largest)

component of x.

2 Properties of the Proximity Measure Function

In this section we investigate the properties of the proximity measure function ®(z, s, ) or ¥(v),
with respect to the argument . We are particularly interested in the case that the present iterate
(x,s) is far away from the central path. For notational convenience, fig4qp 1= ITTS denotes the
current duality gap and v9?P denotes the vector v9% = | / ﬁ Note that when the point (z, s)

is fixed, then we can cast the proximity measure function ®(z, s, u) as a function of p, i.e.,

T
s K1 1
P(x,s = ——n+=x s .
If 4 = f1gqp, from the choice of the kernel function we know that the value of the proximity mea-
sure function is determined by the product z7sz=7s~!. If (z, s) is not in a small neighborhood
of the central path, we can assume without loss of generality that there exists a constant 7 > 1
satisfying 7 sz~ Ts™! = 7n?. It is easy to verify the following interesting relation that plays a

crucial role later in the design of our algorithmic scheme.
Proposition 2.1 Suppose that the iterate (x,s) > 0 is fived. Let pj = —7 1, then we have
(I)(ZE, S, Ngap) = q)(l‘, S, Mh)

Because both x and s are positive vectors, the function ®(x,s,u) is convex with respect to
. Using the optimality condition for convex optimization problems, we can easily prove the
following results.

Proposition 2.2 For any fized iterate (z,s) > 0, the proximity measure function ®(x, s, u) has

a global minimizer at the point
. xT's
Ho= -Te1 = v HgapHh-

Obviously, when the iterate (z,s) is not on the central path, then pj is always smaller than
Hgap, and p* is the geometric mean of pigq, and pp. Now, let us recall that when the primal-dual



pair (x,s) is in a large neighborhood of the central path, then usually 7 sz~7s™! = 7n? holds
for some positive constant 7 > 1. This further implies that

Hgap _

Hh
Therefore, when 7 is a relatively large constant, then we can set our target in the outer iteration
as

T—1
pn = 1— I Hgap,

which is equivalent to choosing the constant 6 = TT_I in the update of the parameter u in
Algorithm 1. When 7 > 2, we have 6 > % This leads naturally to a large-update method.

However, we know from Proposition 2.1 that the proximity measure function will still have the
same value.
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Figure 1: The neighborhoods of pig4, and py, for a given point w = /xs

It should be noted that in Proposition 2.1 we only discuss a specific case of the proximity function
when the iterate is far from the central path. In practical implementations of IPMs, we also use
a large-update strategy if the iterate is close to the central path, or equivalently the proximity
function ®(z, s, fgap) or the ratio “lj% is bounded above by a certain constant. Thus, after one
update of u, we need also to investigate the growth behavior of the proximity function, which
is demonstrated by the following lemma.

Lemma 2.3 If
T qp—T o—1
Pgap _ T ST 5T
[h n?

P (il’a s, Mgap> (7 — 1)”.
T 2

then

IN



Proof: By the assumption of the lemma we can write figqp = iy, for some 7 < 7. It follows
that

T 2 27T i,

(t—1)n n n?< (r—1)n

=2 ate s
which further concludes the lemma. O
In fact, for any positive 7 > 1, if we define
227 s 2
pr = - — ®)

(14 1)n+ \/(T +1)202 —4aTs Y, ra; syt TH1+ \/(T +1)% — dpigap/ in
then it holds obviously ®(z,s, ) = @ It is easy to verify that pu; = pp if and only if
Kgap/ it = T. In particular, we have pj, > p; whenever figqp/pp < 7.

Now we proceed to discuss the properties of the search direction based on our specific self-regular
proximity function for different updates of u. Note that, due to the specific choice of the kernel
function 1 (t), we can rewrite system (7) in the original space as

AAx =0,
ATAy + As = 0, (9)

sAz + xAs = pPr s — xs.

Let us denote by (Az(u), Ay(p), As(p)) the solution of system (9). The following two lemmas
discuss the change of the duality gap along the search direction (Axz(u), As(u)) for p = p* and
1= ph

Lemma 2.4 Let (Ax(p*), As(u*)) be the solution of system (9) with = p*. Then the relation
T As(p*) + sTAx(u*) =0

holds.

Proof: The Lemma follows immediately from the choice of p*. O

The lemma indicates that if u = p*, then the step won’t change the duality gap, i.e.,
(2 + aAz(u")" (s + als(y')) = aTs
for any feasible step size a.

Similarly, by the choice of uj we readily get

Lemma 2.5 Let (Ax(un), As(un)) be the solution of system (9) with u = py. Then the relation

2

n
T As(up) + sT Ax(up) = T zT's

holds.



Recall that in traditional IPMs based on the standard Newton direction, we need to solve
equation system (3) at each iteration. In this case, if we set the target to p4 = pp, then the
solution of system (3) will satisfy

2T As+ sTAx = npy — z1s.
This implies that if the targeted parameter is up, then the search direction based on our specific
self-regular proximity function and the standard Newton direction will predict the change of the
duality gap in the same way.

3 A Dynamic Large-Update IPM

In this section we consider a specific variant of Algorithm 1. This variant is more flexible and
closer to what is implemented in IPM solvers, since we use large-update at each iterate and
do not employ any inner iterations to recenter. It is worthwhile to mention that in practical
implementations of IPMs, we always stipulate that the iterate satisfies the condition min(z;s;) >
Liigap, Where £ is a small constant. Otherwise we utilize corrector steps to obtain a point
satisfying such a requirement. Note that if we choose ¢ = %, then the above condition implies

O (z, s, min(x;s;)) < @ On the other hand, one can easily see that
P(x, s, gap) = (2, s, ) < (2, s, min(z;s;)).

This relation demonstrates that the neighborhood defined by ®(x, s, jtgap) < 7n is larger than
the neighborhood generated by ®(z, s, min(z;s;)) < tn. For example, let us consider the case
that z =eand s = (1,...,1, %)T For sufficiently large n, one can show that ®(z, s, f1gqp) < 2n,
but the proximity function ®(z,s, min(z;s;)) becomes as large as O(n?). This implies that, in
some extreme cases, imposing the condition ®(z,s, ftgap) = 7Tn on the proximity function is
probably too aggressive. Let us further consider an implementation issue in the algorithm.
Suppose that the present point (z,s) is in a certain neighborhood of the central path. We then
solve the linear system (9) for the search direction (Az,As), from which we can estimate the
maximal feasible step size amax. A popular heuristics for choosing the step size in IPM solvers
is to use a damped factor of amax, saying 0.995am.x as a step size. Of course, if the value of
the corresponding proximity function is too large for this step size, then we can reduce the step
size appropriately so that the value of the proximity function at the new iterate is below the
threshold. Note that it is also possible that the proximity function has a relatively small value
for the step size 0.995amax. In this case, theoretically we can still increase the step size such
that the value of the proximity function remains below a prescribed bound. However, a practical
issue is that, since the step size is already quite close to the maximal feasible step size, even
a small increase of the step size might cause some numerical problems or drive the iterate too
close to the boundary of the feasible region. In this situation, it is better to use the default
value 0.995amax as the step size. Note that after such a step, we obtain a point pair (z, s) with
a small proximity function value.

Motivated by the above observation, we change slightly the procedure of Algorithm 1 as follows.
We utilize a constant 7 > 10 to keep control on the update of the duality gap parameter p,
namely force the value of the proximity function to satisfy the following relation

(r— l)n'

é(aj787ugap) = (I)(LU, S,/,Lh) < 2



We also stipulate that when the proximity measure function ®(x, s, f4qp) have a relatively small
value, for instance, when ®(x, s, f1gap) = ®(x, s, pt) < @ or equivalently jigap < Fpup, we
choose p; defined by (8) as our targeted center parameter to solve the system (9) for the search
direction. Otherwise, we choose the targeted parameter uj. Further, the step size is carefully

chosen so that the relation
(t—1)n

2

holds for all the iterates. Note that in both cases, we have 144y > Su where p is the targeted
parameter. Hence, our algorithm is indeed a large-update one when 7 > 10. At each step, we also
stipulate that the step size should be chosen such that the proximity function ®(x(«a), s(a), )
has a sufficient decrease while the proximity function ®(z(«), s(a), ftgap(r)) is less than or equal

(I)(:Ea 57 .Ugap) S

to @ (or equivalently ®(z(a), s(a), u*(a)) < (/T — 1)n). For simplicity we use the notation
z(a) =z + oAz, y(a) := y + oAy and s(a) := s + aAs. The algorithm can be outlined as
follows.

Algorithm 2 for LO

Input:
A proximity parameters 10 < 7;
an accuracy parameter & > 0;
(z,8) = (29, 5%) such that 27 sz~ Ts~! < n?.
begin
while z7s> ¢ do
begin
a2l se—Ts 1 .
T az
Compute u; by (8);
If 7 < 279 then p = pp;
otherwise p := pu;
Solve the system (9) for Az, Ay, As,
begin
Determine a step size that
decreases ®(x(a), s(a), uy) sufficiently and
satisfies prgap () < Tpp(e);
z=u(a);s = s(a);y =y(a).
end

end
end

To =

Remark 3.1 In the algorithm it would be desirable that the step size o minimizes the proximity
function V(x(a), s(a), pue) while the constraint (o)’ s(a)z (o) Ts(a)™' < 7n? is satisfied. How-
ever, this would require the exact solution of the subproblem. Instead of this, in the present algo-
rithm we solve the subproblem approzimately so that the value of the function ®(x(a),s(a), put)
is decreased sufficiently and the constraint is satisfied. Theorem 3.7 will give a default value for
such a step size.



We proceed to analyze the complexity of the algorithm. The key of the analysis is to esti-
mate the value of the step size o in Algorithm 2. For this we need to estimate the function
D(@(a), 5(0), 1gap(@0)) With pgep(a) = A
the function ®(z(«), s(«a), ).

, and hence z(a)Ts(a)z(a) Ts(a)™!, as well as

To simplify the analysis, we use the notation v,d,,ds for the system (7) when p is chosen as
described in Algorithm 2. Let us further denote o = [Jv — v™3||. We discuss first the decreasing
behavior of the proximity measure function ®(x(«a),s(a), ) when p is used as the targeted
duality gap parameter. By specifying the kernel function to the special case in this paper and
modifying slightly the proof of Theorem 3.3.4 in [10] or Theorem 3.6 in [11], we have

Theorem 3.2 Let 7 > 10 and (Ax, As) be the solution of system (9) with p = p; in Algorithm 2.
4
3

Then the step size ap = %J < 1 is strictly feasible. Moreover, for any step size o < %O'_%,

the relation
a 9

®(x(a), s(a), ) < Bz, 5,n) — F0

holds.

Proof: We outline only the key steps in the proof. The reader is referred to [10] or [11] for
the detailed proof. In order to estimate the decrease of the proximity measure function after a
step, we first give some bounds for the minimal component vy, of v and the maximal feasible
step size amax. Recall that by using Lemma 2.13 and Lemma 3.2 of [11], we have

Venin > (140)75 > o3> o7, (10)

where the second inequality follows from Lemma A.1 of [11] or Lemma 1.3.1 in [10], and the last
inequality is given by the fact that when 7 > 10 is used in Algorithm 2, the relation

2 —1?
o ZHU—U H >(r—-1)n>9 (11)
holds. It follows immediately that
9
Qmax = 'Umina'_1 > 1_00'_%- (12)

This proves the first statement of the theorem. Now let us define

1
[v + ady]i[v + ads);’

F(0) = Wi (@) ~ () =~ o7+ S (s 4 ) 4 S
i€

with v4 () = /(v + ad,) (v + ads), where the second equality follows from the orthogonality of
d, and ds. For any feasible step size «, by following a similar chain of reasoning as in the proof
of Lemma 3.3 in [11], we can show that

2
£7(@) < °%- (o — o).

Moreover, via simple calculus, we have



which further gives

2 2 o E
£(0) < file) =~ Fat 20 [ [ (o = Co)Hacae

Obviously, the function fi(«) has the global minimum at the point

g ;= Jmin (1 - (1 + va’nin)_ > .

o
Moreover, for any o < @, by using Lemma 3.5 of [11] or Lemma 1.3.3 of [10], we have

=

fla) < fi(a) < —%02, Vo < a.

Therefore, the proof of the theorem will be finished if we can show that

SIS

o> —0 3.

(13)

O =

By using Lemma A.1 of [11] and following a similar process as in the proof of Lemma 3.4 in [11],
we can conclude that

3 4

Vi O 1 1 -3 _4

> _—min o=l 7 s 2 (] -1\ 3 -3 14
“= 31403, 0) Vmin@ 3(20 + 1)Umm 6 ( ? ) 7% (14)

where the last two inequalities follow from (10). Recall that o > 3 whenever 7 > 10, it follows
which, together with (14) yields inequality (13). O

We mention that the bound (12) for the maximal step size aax is sharper than the one presented

n [11], because we could use some special features of the kernel function 3(t —¢~1)? and the
orthogonality of d, and ds. However, such a slight improvement does not allow to improve the
final complexity of the algorithm.

Next we proceed to estimate the proximity function ®(z(«), s(), frgap(¥)) or equivalently the
function ®(z(a),s(a),u*(a)) for a feasible step size when p; is used in Algorithm 2 as the
targeted parameter. For this it suffices to consider the function ®(z(«), s(«), u*), because the
inequality ®(z(a), s(a), p*(a)) < (z(a), s(a), u*) holds.

Theorem 3.3 Let 7 > 10 and (Ax, As) be the solution of system (9) with p = p in Algorithm 2.

Then the step size ag = min{ﬁ, %}O'_% < 1 is strictly feasible. Moreover, for any step size
a < ag, the relation

P(z(), s(a), pgap(a)) < @(z, 5, )
holds.

Before we prove the theorem, it should be noted that there exist two cases when pu; is used as
the targeted duality gap parameter: (i) pp = pe; (ii) prgap < 5.

We start by discussing case (i).

10



Lemma 3.4 Let (Ax, As) be the solution of the system (9) with p = pp = pg in Algorithm 2.
4
~3

Then the step size tig = < 1 is strictly feasible. Moreover, for any step size a < @o,

the relation

2
3+ ¢

CD(x(a)v 5(a)7 Mgap(a)) S @(1'7 S, :U)
holds.

Proof: First we observe that from the assumption that pgq, = 7, = T4, We obtain p* =
/Tpp. Let us define

g9(@) = ®(x(a),s(a), u*) — (z,s, ")
ST ot o (dy + dy)

It is straightforward to verify that

1
Z; v+ adgli[v + ads);

1
2T

3\/FJ

—4

9(0) =0, g¢"(a) =v7f"(a) <

(Umin — @0)
Moreover, from the definition of v, we have ||v_1||2 = n, which further implies
2 2 2 2
o= = e~ =l = o7+ 2o = e 2 00

This inequality, together with the fact that ||v||* = 7 ||v_1||27 gives

2

-1 o
"0) = T—- *3 - < -
It follows that
2 2
o 3Ta? [ ¢ _
o10) < gu(@)i= ot VI [ [, - o) acae
By some cumbersome calculus, one can show that the equation g;(«) = 0 has two roots: « =0
3
and o = %vmma . This further implies that
. Unin -1
g(a) < gi(a) <0; Va< mvming .
On the other hand, from (10) and (11) we obtain
3
v O o 1 1 4 _1 2 1
N i > ————(1 -3 > 140 H 3073 > " 573,
T+Uglinavmln_7(a+1)+a( +0) _T+1( to)se _3(T+1)U

Hence, whenever a < 3(72“) =3, the inequality O(z(a),s(a), p*(a)) < O(z(a),s(a), u*(0))
holds. Now, by using the inequahty O(z(), s(), pgap(@)) < @(z(a), s(a), p*(a)), we can con-
clude the lemma. O

Next we progress to discuss case (ii) where p1gqp = Topn With 7o < 3.

11



Lemma 3.5 Let 7 > 10 and (Axz, As) be the solution of system (9) with pp = py. If frgap = Topin
4
~3

and 19 < %7‘. Then the step size g = %a < 1 is strictly feasible. Moreover, for any step size

a < &g, we have
(I)(x(a)73(a)7ﬂgap(a)) < (I)(x:sv,ut)'

Proof: It suffices to estimate the interval in which the proximity function satisfies

(r— 1)n'

O(z(a), s(@), Hgap(@)) < ——
We start by considering the function

*

91(0) = B(x(a), 5(0), 1) = (fj— o+ ()| =20+ 2

v+(a)1H2> .

Note that, from the definitions of p* and p;, we know that

Ht © —1?
B o @) = 2 JJor )7 = nvmo.
H Mt

On the other hand, by the choice of the search direction we have

2 2
[ (@)[|” < [lo4 (0)]]
for any strictly feasible step size. It is easy to verify that

-1

min

o[ < -t

Combining the above two inequalities together, we can claim that
gi(e) < n(vT-1)

for all «v satisfying (1 — owr;ilna)_2 <2< 1/TT—O. Because

PN

1-272 >

1
8 )
one can further prove that if

a < gvminailv

then g1(a) < n(y/7 —1). Note that from (10)

_1
Umin = 1_00 3,

follows. This inequality implies that g1(«) < n(y/7 — 1) whenever a < %07%. Recall that from
Theorem 3.2 we already know that this step size is strictly feasible. This completes the proof of
the lemma. a

Theorem 3.3 follows immediately from Lemma 3.4 and Lemma 3.5.

It remains to consider the behaviors of ®(z(a), s(a), ) and ®(x (), s(a), pgap()) when gy, is
used as the targeted duality gap parameter in Algorithm 2.

12



Theorem 3.6 Let 7 > 10 and (Az,As) be the solution of system (9) with p = pp, Tpn <

Hgap < Ty and py < pp. Then the step size a3 = min{%, ﬁ} 07% < 1 is strictly feasible.
Moreover, for any step size a < ag, we have
P o Ht 9
(ala)y (@) ) < Do) — §mac{ 2o 20,50 | (15)
h
P(z(a), s(@), tgap(e)) < P(x, s, pe)- (16)
In particular,
Ba(as). ). ) < Do) — min{ ot b Bl ) (1)
x(as), s(a x,s —min{ —, ——— z, s,
3)s 3)Ht) > y Sy it 54a9(7_+1) ot

holds.

Proof: We first point out that the proof of Lemma 3.4 can be easily adapted to prove relation
(16) in the theorem by substituting the parameter 7 by 71 := £ /‘j:p Therefore, in what follows
we focus only on inequalities (15) and (17).

In order to investigate the behavior of the proximity function ®(x(«a), s(a), ) for a feasible step
size «, we define

ha) = (a(a), s(a), u) — D((0), 5(0), e

Qflp Ht 1 1
= PhTd, +dy) + 2 =
244 v (ds +ds) + 24 Z <[v + adyi[v + adg); v~2>

€L i
L[ pn Mt) T it T ~1)? 1
- == dy +dg) + —— dy +ds) — + .
<,Ut h av( ) 2pp, av( ) HU H ;[v+adw]i[v+ads]i

2
Now, by applying a procedure similar to the pgoof of Theorem 3.2 to the second term in the
above formulae, we can prove that for o < %aiﬁ, the following relation

m®g%(%>ﬁ%»wﬁ%+dg—%%& (18)
holds. Because
T o e e o e

_4
for any a < %(7 3, we have

e =5 (g (=) (T =121 = (= ) 1
=5 (et (bl -21))
<=5 (2 ol £ ot - 20)
:—%@@ﬁﬁw.
On the other hand, from (18) we easily derive
h(a) < %02, Vo < éo—é.



Combining the above two bounds, inequality (15) follows immediately, and we thus get the
required bound for the proximity function ®(x(«a), s(«), 1¢). To prove (17), we observe that (15)
implies

1 1
(@(x(OZS)a S(a3)7,ut) < ‘I)(IE, Svﬂt) — min {%v m} max {%0%72(1)(565 Snut)o-_%} : (19)

With little effort, one can show that

2
9 3
max{&0§72q)(x7svut)0%} > <\/_Ht> (I)(JI,S,/Lt) .
Hh Hh

W=

(20)

Now, let us recall the assumptions in the theorem. If we define pgqp = T, then we have
5 <71 < T < T9. Moreover, by the definition of x; one can easily see that pigap < (7 4 1),
which further implies

217 4+ 2
oo _ T2 2T

ot T1

2
<24 2<22 (21)
T

where the last inequality follows from the assumption that 7 > 10. It follows from (20) that

< V2q1

Hh

o=
=

2
Z §(I>(x, S, ,Uft) :

2
Ht 2 _4 3
max{ —o3,2®(x, s, u)o" 3 p > D(x, s, 1)

Hh B
Combining this with (19) yields

1

O(x(a), s(a), ) < @(x, s, uy) — min {5%1, m} D(x, s, ,ut)%, (22)

which further completes the proof of the theorem. |

Finally, summarizing Theorem 3.2, Theorem 3.3 and Theorem 3.6 together, we have

Theorem 3.7 Let T > 10 and (Ax, As) be the solution of system (9) used in Algorithm 2. Then

the step size o = min{1—16, %}O'_% < 1 is strictly feasible. Moreover, we have
P(z(a”), s(a”), pgap(@)) < P(z, s, pat); (23)
1 1
d(z(a®),s(a”), ;) < ®(z,s, ) — min {5_4a m} ®(z, s, Mt)%- (24)

To obtain an upper bound for the total number of iterations of the algorithm, we need to
estimate the value of the step size o™ or the change of the parameter u; before and after one
iterate. The following technical lemma will be used in our estimation about u;. The lemma is
a direct consequence of [13, Lemma IV.36].

Lemma 3.8 Let vy = \/%—9 for some 0 € (0,1). Then we have

o TonY 2
U(vy) < —11 U(v) + 0 127?1;(”) + 1nf 7
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By applying Lemma 3.8 to Theorem 3.7, we can prove the following theorem.

Theorem 3.9 Let 7 > 10 and (Ax, As) be the solution of system (9) and o* is the default step
size defined in Theorem 3.7. Then there exists a constant p > 0 such that

) (:c(a*),s(a*), ﬁ) < ®(w, s, ),

Wl

where § = pn~ 3.

By the choice of p; we know that the proximity function ®(z, s, ;) always keeps as a constant
at each iterate. Let us denote by p the target parameter value after one step. Then we have

®(2(0),5(0), 1) = P(x(a”), s(a”), ).

On the other hand, we know that

O(z(a”), s(a”), pgap(a”))
O(z(a”), s(@”), )

Because f1;” < pgap(a*), from the above two inequalities we get

IAIA

d
P

[ >

Therefore, by using Theorem 3.7, we can claim that
_2
< (1 —pn=5) .

In light of this relation, we know that after at most O(ng log %) iterations, we have pu; < e.

Therefore, the (’)(n% log %) complexity of the algorithm follows directly.

4 Concluding Remarks

Some interesting properties of the proximity function induced by the kernel function %(t —t1)?2
have been explored. In particular, these attractive features of the proximity function indicate
that if the present iterate is far from the central path, then the large-update algorithm appears
to be a natural choice for finding a good search direction and keeping control on the value of
the proximity function. Furthermore, in some important cases, this self-regularity based search
direction can predict the change of the duality gap along the search direction in the same way
as the standard Newton direction does. Based on these observations, a dynamic primal-dual
large-update IPM for solving LO is proposed and the complexity of the algorithm match that of
its analogue presented in [11]. It worths mentioning that the dynamic IPM in this paper does
not use any inner process to get recentered. This is very close to the algorithm implemented
in many IPM solvers and different from the algorithmic scheme used in [11]. We mention that
we have already had some preliminary numerical tests for our new algorithm based on a variant
of LIPSOL [18]. Compared with the standard large-update IPM, the number of iterations of
the dynamic algorithm is usually less than or equal to that of the large-update IPM based on
the standard Newton direction. There is another difference between these two algorithms. We
utilize a line search routine to find a suitable step size for our search direction. It is interesting
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to note that in most cases, we can really use the default step size 0.95amax. For this step size,
the proximity function at the new iterate still satisfies ®(z, s, ptgap) < @ Nevertheless,
much more extensive numerical tests are needed to further check the efficiency of the dynamic
algorithm.

There are several ways to extend our results. The first is to consider dynamic large-update
IPMs for semidefinite optimization and second-order conic optimization. For this we need to
investigate the properties of proximity function in the cone of semidefinite matrices and second-
order cone. Then we can combine the idea and techniques in this paper with those in papers
[11] and [12] together to carry out transparently the analysis in the conic cases.

Another way to extend the results in this paper is to consider dynamic large-update IPMs based
on general self-regular functions. However, we would like to point out that it seems very hard
to design dynamic IPMs for the whole family of self-regular functions. Recall our results in
Section 2. Some properties of the proximity function rely on the strict convexity of ®(x,s, u)
with respect to p. By the definition of ®(z,s, ), we know that if the function (1/v/1) is
strictly convex, then ®(x, s, u) is strictly convex in ¢. For the specific choice in this paper, one
can easily verify that the function % -2+ % is strictly convex. However, we can not obtain the
strict convexity of ¢)(1/4/t) from the self-regularity of ¢(t). It is worthwhile to explore for which
subclass of the self-regular functions, the strict convexity of 1/(1//t) holds. Because the analysis

in this paper is already considerably involved, we leave such extensions to the interested reader.

Finally, we remark that the neighborhood used in this paper and many other papers in the
literature are usually determined by a proximity function, like ®(x,s, 1gap). However, as we
discussed earlier at the beginning of Section 3, the neighborhood defined by ®(z, s, pgap) is
possibly too large and very different from what implemented in most IPM solvers. This also
indicates that there exists still a big gap between the pure theoretical analysis of IPMs and their
practical implementation. We hope this paper can lead to some new investigations on IPMs
that can help us to bridge this gap.

Acknowledgement The fact that a self-regular proximity function might have an optimal value
at some point much less than the duality gap was first observed by Prof. Y. Nesterov during
his visit to McMaster University in December 2000, and the present work is inspired by his
observation.
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