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Abstract In this work, we present an interior point algorithm for linear optimization problems
based on a kernel function which has a hyperbolic-logarithmic function in its barrier term. This
kernel function was first proposed by the authors themselves for semi-definite programming
(SDP) problems in [18]. By simple analysis tools, several properties of the proposed kernel
function are used to compute the total number of iterations. We show that the worst-case iteration
complexity of our algorithm for large-update methods improves the obtained iteration bounds
based on the first trigonometric [5] as well as the classic kernel functions. For small-update
methods, we derive the best known iteration bound. Numerical tests reveal that the proposed
kernel function has promising results comparing with some existing kernel functions.

1 Introduction

After the landmark paper of Karmarkar [9], linear programming (LP) revitalized as an active area
of research. The interior-point methods (IPMs) provide a powerful tool for solving optimization
problems and are now among the most efficient methods from computational point of view.

In this paper, we are interested to solve linear programming problems (LP) by one of IPMs,
which is the primal-dual central trajectory method. Most IPMs for LP are based on the logarith-
mic barrier function [6, 16] with complexity O(n1n %), for large-update methods, where n is the
size of the problem and e is the accuracy parameter.

Pengetal. in [12, 13, 14] were the first to analyse primal-dual IPMs for LP based on a class of
barrier functions that is defined by the so-called self-regular kernel functions. They improved the
theoritical complexity bound for large-update IPMs from O(nInZ) to the currently best known
iteration bound for these types of methods, namely, O(y/n1n(n)In 2).

In 2004, Bai et al [1] proposed primal-dual IPMs for LP based on the so-called eligible kernel
functions which are not necessarly self-regular. Since then, several kernel functions have been
introduced. For instance, we refer to [3, 4, 7, 17, 11, 8] for recent works in this field.

Very recently, Touil and Chikouche [18, 19] introduced a new type of kernel functions for
SDP, neither trigonometric nor exponential. The proposed kernel function in [18] has the fol-
lowing expression

2 _
P(t) = (1 + 2sfn(:1t?((ll))> ! 5 1 + coth?(t) — coth?(1) — logt, V¥t > 0. (1.1)

The aim of this paper is to study a large-update primal-dual interior-point algorithm for solving
LO problems based on this kernel function.

The paper is organized as follows: In section 2, we describe the linear programming problem
to be studied, thereafter we give briefly the central trajectory method based on kernel functions.
The generic interior point algorithm of this method is presented in the last of this section. In
section 3, we present our kernel function and its properties to determine an effective search di-
rection. In section 4, we analyze the complexity bound of the algorithm for both large- and
small-update methods. In section 5, we present numerical experiments to illustrate the effective-
ness of our kernel function in comparison with some existing kernel functions.
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Throughout the paper, we use the following notations. R”,R" and R”, denote the set of : n-
dimensional, nonnegative and positive vectors, respectively. For x,s € R", xs and £ denote
the component-wise product and division of the vectors = and s, respectively. For x € R", we
denote ||z|| and X = diag(x) by the 2-norm of the vector = and the n diagonal matrix with
the components of the vector z, the diagonal entries, respectively. e denotes the n-dimensional
vector of ones. Finally, if f(x) > 0 is a real valued function of a real nonnegative variable, we
write f(z) = O(g(x)) if f(z) < cg(x) for some positive constant ¢, and f(z) = O(g(x)) if
c1z < f(z) < cyx for two positive constants ¢; and c;.

2 The central trajectory via kernel functions

We consider the primal LP problem (P) in the standard form

min ¢’z

(P){ Az =,
x>0,

where A € R™*" ¢ € R™ and b € R™ are given and x € R" is the vector of variables, and its
dual problem

max bTy
D)y ATy+s=c,
s >0,
where y € R™ and s € R"™ are the vectors of variables.
Throughout of this paper, we assume that:
(H)) : The matrix A has full ranked, i.e., rank(A4) = m < n.
H,) : (P) and (D) satisfy the interior-point condition (IPC), i.e., there exists (2°,°, s°) such
y P
that
Az =b, 2° >0, AT +s"=¢, s> 0.

To study (P), we replace it by the perturbed equivalent problem
mincTz — 13" Inag
p - Inw
i=1
(P)u Az =D,
x>0, p>0.

We can also study (D) according to its perturbed dual

max by + > Ins;
i=1
(D) ATy +s=c,
s>0, u>0.

The main advantage of (P), resides in its strict convexity, as a consequence the conditions of
optimality are necessary and sufficient. Thus, finding the optimal solutions of (P) and (D) is
equivalent to solve the following nonlinear system by applying KKT to (P),, and (D),

Ax =0, z >0,
ATy+s=c5>0, 2.1)
xs = pe, p> 0.

Due to assumptions (H,) and (H>), system (2.1) has a unique solution for each p > 0, denoted
(Tpis Yo Sp)-

The set of all solutions is called the p—center (or the central path) of (P) and (D). It has been
shown that when p tends to zero, the limit of the central path exists and converges to the optimal
solutions of (P) and (D) [1].
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Now, applying Newton’s method to system (2.1) for computing the search direction (Az, Ay, As),
leads to the following linear system

AAx = 0,
ATAy +As =0, 2.2)
sAx + xAs = pe — zs.

Let us define the scaled vector v and the scaled search directions vectors d,, and d, as follows

v [T g, = VAT g vAs 2.3)
1 x s

Using (2.3) and by simple calculations, system (2.2) is converted to

Ad, =0,
A" Ay +d, =0, 2.4)
de +ds =v7 ' —v=-V¥.(v),

where A = ﬁAV“X, V = diag(v), X = diag(z), and ¥.(v) = Y1 | ¥c(v;), is the proximity
barrier function of the classical kernel function 1. (¢)

ooy = (S5 et

In this paper, we replace v.(t) by the kernel function defined in (1.1). Note that the triple (z, y, s)
coincides with the p-center (z,,y,, s,) if and only if v = e.
System (2.4) is transformed to

Ad, =0,
A Ay +d, =0, 2.5)
d:c + ds = _VlP(y)

Since rank(A) = m, then system (2.5) has a unique solution (d,, Ay, ds). Having d,, and d; we
can obtain Az and As.
The Newton iterate with step size « is constructed according to

Ty =x+ oAz, yy =y + oAy, s; = s+ aAs, (2.6)

where the step size a €]0, 1] and satisfies (24, s4) > 0.
Now, we can define the norm-based proximity measure o (v) as

1
o(v) = 5 llde + sl (2.7)



130 Imene Touil and Wided Chikouche

The generic IPM outlined above can be summarized in the following algorithm.

Primal-dual algorithm for LP
Input
A threshold parameter 7 > 1;
an accuracy parameter € > 0;
a fixed barrier update parameter 6 €]0, 1;
(20,40, s°) is a strictly feasible point and 1° = 1
such that ¥(v°) < 7.
begin algorithm

r: =a%s: =% u: = b
While np > €
begin
pe = (1—-0)w
While ¥(v) > 7
begin

Solve system (2.5) and choose a suitable step size «;

T =z + aAzx;

Y=y + aly;
s =5+ aAs;
V=, /%5
: s
end

end
end algorithm

3 The kernel function and its properties

In this section, we present some technical lemmas of the kernel function defined in (1.1). For
the proves, we refer the reader to [18].

Lemma 3.1. (Lemma 3.2 in [18]) we have on the interval ]0, +o0]

(i) v is convex exponentially ; i.e.,

b(Vhit) < 5 (¥(t) + ¥(t2)), Vi, t2 > 0.

N =

(i) t"(t) —'(t) > 0.

(iii) " is monotonically decreasing.

Lemma 3.2. (Lemmas 3.3 and 3.7 in [18]) For ¢ (t), we have

() 2(t—1)2<y(t) < (w/z(t)y vt > 0.

(i) (1) < %w(n(t RSt
(i) o2(v) > W(v).
Lemma 3.3. (Lemma 3.4 in [18]) Let ¢ : [0, +00[ — [1, +00[ be the inverse function of 1 (t) for
1
t>1andp: [0,400[ — |0, 1] be the inverse function of—iw’ (t) for0 <t <1, then
2z
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(ii) cotht < V3 (x+ 1)}, 2 = _%w (t) > 0, vt €], 1].

Now, we derive an estimate for the effect of updating the barrier parameter p on the value of
the proximity function during an iteration.

Theorem 3.4 ([1]). For any v > 0 and 8 > 1, we have

w2 (5 (22)).

n

Corollary 3.5. (Corollary 3.6 in [18]) Let 0 be such that 0 < 0 < 1. If ¥(v) < 7, then

¥ (Bv) < L(_l) (9\/27z+ ﬁ)z =: W, with § = > 1, 3.1)

1
4(1-0) VIi—0

where, W is an upper bound of ¥ (8v) , during the process of the algorithm.

4 Complexity analysis of the algorithm

The aim of this section is to compute the value of the step size a such that the new iterate
(z4,y+,s) is strictly feasible and the proximity function W(v) is decreasing.
From (2.6) and by using (2.3), we have

Ty = %(v +ady), si= %(v + ady).

It follows that the new v-vector is given by

vy =4/ xij+ = \/(v + ad,) (v + ads).

From (i) of Lemma 3.1, we have

Y(vy) < % (P(v+ ady) +¥(v+ady)) .

For fixed (, let us define the difference of proximities between a new iterate and a current iterate
as

Fla) =¥ (v.) =¥ (v).

In the remainder of this section, we put for simplicity o := o(v).

Lemma 4.1. (Lemmas 4.4 and 4.7 in [18]) The largest possible value of the step size o* is

. _ plo)—p(20)

o = —.

20
Furthermore |
at > o,
¥ (p(20))
and we have for all o € [0, o*|
f(a) < —ac”.

The next corollary present the decrease of the proximity function in the inner iteration.

1
Corollary 4.2. (Lemma 4.5 in [1] and Theorem 4.8 in [18]) Let us set & = m, as the
g
default step size. Suppose that o > 1, we have
_ o? Y(v)3
fa) < ©) 4.1)

TV pe) = 130
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We need to compute how many inner iterations are required to return to the situation where
Y(v) < 7 after p—update. Let us define the value of W(v) after y—update as ¥y, and the
subsequent values in the same outer iteration as Wy, k = 1,..., K, where K stands for the total
number of inner iterations in the outer iteration. By the definition of f(«) and according to (4.1),
fork=1,..., K — 1, we obtain

v,
130°

Wi <YW —
. 1 2 .
By taking ty, = Wi, 5 = T30 and v = 3> We can get the following lemma.

Lemma 4.3. (Lemma 4.9 in [18]) Let K be the total number of inner iterations in the outer

iteration. Then, we have
v

t 2
K< 0] =195¥;,
- {67 0

where Wy is an upper bound of ¥ (Bv) , during the process of the algorithm.

Now, we derive the complexity bounds for large and small-update methods.

Theorem 4.4. (Theorem 4.10 in [18]) The total number of iterations to obtain an approximate
solution is bounded by
2y (log2
3 €
(195'%;) ( ; ) (4.2)

Proof. We known that the number of outer iterations for the situation ny < € is bounded by
é (log 2). Knowing that an upper bound for the total number of iterations is obtained by multiply-
ing the number of inner and outer iterations, we obtain the result thanks to the above lemma. O

If 7= 0O(n) and § = O(1), we have O (n% log %) iterations for large-update IPMs.

For small-update IPMs with 7 = O (1) and § = @ (ﬁ) , we get O (y/nlog 2) iterations.

5 Numerical tests

In this section, we carry out numerical experiments of the interior point algorithm based on the
kernel functions given in Table 1. These functions differs by the type of their barrier term, fur-
thermore, their complexity bounds is greater or equal to the complexity of our kernel function.
Our experiment are implemented in MATLAB R2012b and performed on Supermicro dual-
2.80 GHz Intel Core i5 server with 4.00 Go RAM. We have taken ¢ = 1078 7 = n and
0 €{0.9,0.99}.

We chose a practical step size « as in [10] i.e., « = min(ay, o), with

oy
in(—— if I
o, = Jmin(-x) il 70,
1 elsewhere,
where
Iy={ie{l,...,n}: Az; <0}.
And
5
in(—— if I
g = I;IEHIIII( ASI) h 7& @7
1 elsewhere,
where

L ={ie{l,..,n}:As; <0}
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Table 1. Proposed kernel functions.

Kernel function v; Choice of p Complexity of large-u,
5 t
Gi(t) =5 — [erli=D p>1 =log(l+mn) | O(v/nlognlog™)
1
{ T sec =z 3P oa(n
wz(t)ztzgl—f[‘ ﬁ] ,p>2 p = logn) O ((1 + 2k)y/nlogn
1
2 _1-1o I—p_ og(n
%(t):t lzlgt+tz<p 1)1 p=>2 pzlgz( ) O (y/nlognlog2)
Py(t) = logt—|— 1 tan? (2+4t7r) - ] (n§l )
Us) =+ - it [tanp(2t+2) 1],p=2,¢>1 | p=g=log(n) | O(ynlognlog?)
Unew(t) = ( ili(;thll ) % + coth?(t) — coth®(1) — logt - o (n% )

Example 5.1 ([3]). The matrix A is defined as

A@ﬁ={é

=—1,c(i+m)=0and b(i) =2, fori=1,...,m

if i=j orj=i+m,
elsewhere,

(i)
We start by an initial point (29, 1%, s°) such that

P =e, )= -2and (i) =1, (i +m) =2, fori=1,...m

The obtained optimal solutions for n = 2m where m € {5,25,50, 100,200,400, 1000} are

(i) =2, 2" (i +m) =0, y* (i) = -1, s*()

=0,ands*(i+m)=1, fori =1, ...,

m.

We present in the following table the number of iterations necessary to obtain the optimal
solution corresponding to each function given in Table 1. m represents the size of the example

and we use bold font to highlight the best, i.e., the smallest, iteration number.

Table 2. Number of iterations for Example 1 with different sizes n = 2m.

0 m (1 (3 U3 Vs | Ynew Vs.pq
p=4,q9=6 | p=4, qg=log(n)

5 21 58 25 16 12 44 33

25 23 63 15 17 13 52 19

50 23 63 15 17 13 52 13

=09 100 24 69 16 19 14 60 33
200 24 69 15 19 14 60 36

400 24 69 16 19 14 60 54

1000 25 69 17 20 15 61 46

5 21 89 21 28 21 27 75

25 21 89 30 28 21 27 57

50 24 104 29 31 23 32 88

6 =0.99 100 24 104 27 31 23 32 17
200 24 104 30 31 23 32 36

400 24 104 24 31 23 32 53

1000 24 104 31 31 23 32 57
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Figure 1. Number of iterations until duality gap below to 1073 for § = 0.9.
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Figure 2. Number of iterations until duality gap below to 1073 for § = 0.99.

Comments

From Table 2, we conclude that:

e For both values of 6, the algorithm based on each of the tested kernel functions converges to
the optimal solution of Example 1.

e Numerical tests prove the efficiency of our kernel function since the best iteration complexity
was achieved in all experiments.

In figures 1 and 2, we plot the number of iterations taken by each kernel function to obtain the
optimal solution below 108 in terms of the dimension m for § = 0.9 and # = 0.99, respectively.
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