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Abstract

In this paper we propose a new interior-point method, which is based on an extension
of the ideas of self-scaled optimization to the general cases. We suggest using the primal
correction process to find a scaling point. This point is used to compute a strictly feasible
primal-dual pair by simple projection. Then, we define an affine-scaling direction and
perform a prediction step. This is the only moment when the dual barrier is used. Thus,
we need only to compute its value, which can even be done approximately. In the second
part of the paper we develop a 4n-self-concordant barrier for n-dimensional p-cone, which
can be used for numerical testing of the proposed technique.
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1 Introduction

Motivation. Despite its very powerful theory [7, 10], the practical applications of primal-
dual conic programming are mainly restricted to symmetric cones [1, 8, 9]. This situa-
tion has remained unchanged for many years for several serious reasons. First of all,
conic constraints do not often arise naturally in real-world problems. Even a single non-
homogeneous constraint can destroy the pure conic structure. Theoretically, any convex
set can be converted into a cone by an appropriate projective transformation. However,
such a transformation leads to a multiplication of the complexity parameters of the cor-
responding barriers by a factor of hundreds (see [2]). This looks like a paradox, but up
to now almost no practically interesting example of nonlinear nonsymmetric cone with
acceptable value of parameter is known!. The only possible exceptions are the hyperbolic
cones [3], but their practical importance is questionable.

Further, even if we manage to put the primal problem into a conic form and construct
the corresponding barrier function, this is not the end of the story. For the full power
of interior-point methods, we need also the dual cone and the dual barrier. Since the
latter barrier function must be easily computable, we get one more limitation on the
applicability of the primal-dual schemes.

Finally, for general conic problems the primal-dual machinery looks quite heavy [6, 12].
At the same time, from the viewpoint of worst-case complexity analysis, the primal-dual
problems have no advantages with respect to the primal ones. In the case of symmetric
cones, we can believe in the power of long step methods and try to confirm our hopes
by computational practice. For general cones this does not work, since up to now the
available computational experiments are extremely limited (see [13]).

Since this situation has already remained unchanged for a long time, it looks natural to
sacrifice some elements of the beautiful primal-dual picture, since they may be responsible
for keeping the theory so far from implementations. In [4] the authors decided to skip
the conic form of the feasible set, but to keep a computable primal barrier function and
its Fenchel transform. In this way they managed to get long-step interior point methods,
but the cone structure and any hope of a meaningful dual problem was lost.

In this paper we have decided to keep a conic description of the problem. The main
reason for our conservatism is that we are now able to confirm the efficiency of new
primal-dual methods by numerical experiments with a nontrivial nonlinear cone. This
is the epigraph of the n-dimensional p-norm, for which we construct a self-concordant
barrier with parameter 4n. Recall that the previously known barriers for this cone have
parameters ranging from 200n to 400n + 200 [13].

From an algorithmic point of view, we work mainly in the primal space and use the
dual problem only to justify the long path-following steps. We develop a framework, which
can be seen as a shift towards the algorithmic ideas used for symmetric cones. It appears
that primal centering can be interpreted as a process for finding a strictly feasible scaling
point w. Using this point, we can compute a strictly feasible primal-dual pair (z, s), which
is still well centered, and which satisfies the exact scaling condition

s = F"(w)z,

'We mean the cones which cannot be obtained as intersections of symmetric cones by linear subspaces.



where [’ is the primal barrier function. This computation, which we call primal-dual
lifting, is carried out by solving the standard primal Newton system. Thus, no special
machinery is needed to compute the generalized affine-scaling direction even for self-scaled
cones. Note that in the latter case, this direction automatically becomes the standard one
[9].

In our approach, the dual barrier is used only to define an appropriate step size. Hence,
we only need a procedure for computing the value of the dual function. This computation
does not need high accuracy. In some situations, the value can even be computed by
an auxiliary numerical procedure. For the proposed primal-dual scheme, we prove the
standard O(y/v In %) complexity result keeping the possibility of long-step acceleration
with eventual local quadratic convergence.

Contents. In Section 2 we introduce the conic primal-dual problem and describe the
generic long-step predictor-corrector path-following scheme [6]. In Section 3 we study the
primal correction process. We show that its output, a primal point w, can be interpreted
as a scaling point for some special strictly feasible primal-dual pair (z, s). This pair is well
centered. Moreover, it can be easily computed by simple projection in the local metric
defined by F”(w), the Hessian of the primal barrier at w. In Section 4 we introduce and
study a generalized scaling direction (Az, As) defined by

As+ F"(w)Az = s.

Formally, this definition is the same as that for self-scaled barriers [9]. We show that
along this direction the functional proximity measure grows very slowly. Sections 5 and
6 are devoted to complexity analysis of the main and preliminary phases of a new non-
symmetric predictor-corrector primal-dual interior-point method. For both phases, we
prove the standard O(y/vIn %) complexity result, where v is the parameter of the self-
concordant barrier and e is the required accuracy of the solution.

The second part of the paper is devoted to the development of background material for
the future numerical experiments. In Section 7 we suggest a (4n)-self-concordant barrier
for the epigraph of the n-dimensional p-norm, 1 < p < co. It is formed as a combination of
4-self-concordant barriers for three-dimensional p-cones. The whole construction requires
2n+-1 variables linked by one linear equation. In Section 8 we show that the dual barrier for
the above three-dimensional cone can be easily computed. For this computation we need
to solve a nonlinear equation in one variable. It can be shown that after seven bisection
steps we can generate an approximate solution in the region of quadratic convergence of
Newton’s method.

Notation and generalities. Let F be a finite dimensional real vector space with dual
space E*. We denote the corresponding scalar product by (s, ), where z € E and s € E*.
If F = R", then E* = R"™ and we use the standard scalar product

nooo
(s,z) = S sW2l0) s xe RN
For the space of symmetric n X n-matrices S™ = (S™)*, the scalar product is defined as

(8, X) = SN x@I) - § X e §n,

i=1j=

—_



The actual meaning of the notation (-,-) can be always clarified by the space containing
the arguments.
For a linear operator A : E — Ei we define its adjoint operator A* : £} — E* in a

standard way:
(Az,y) = (A'y,z), z€E, yek.

If F4 = E, we can talk of self-adjoint operators: A = A*.
Let K C FE be a convex cone. We call it proper if it is a closed pointed cone with
nonempty interior. For a proper cone, its dual cone

K*={seFE": (s,z) >0Vzr € K}

is also proper. For interior-point methods (IPM), the cone K is represented by a self-
concordant barrier F'(z), z € int K, with parameter v > 1 (see Chapter 4 in [5] for
definitions and main results). The important examples of convex cones are the positive
orthant:

R} = {x€eR": >0}, F(x) = —ilnx(i), v = n,
i=1

the Lorentz cone
L, = {(r,x) e RxR": 7> (z,2)"/?}, F(r,z) = —In(7®> = (z,z)), v = 2.
and the cone of positive semidefinite matrices
St ={XeS": X»=0}, F(X) = —-IndetX, v =n,

In all these examples, the cones are symmetric and the barriers are self-scaled [8]. However,
in general this cannot be true. A nontrivial example of a nonsymmetric convex cone in
R™ with computable (4n)-self-concordant barrier is considered in Sections 7 and 8.

The natural barriers for cones are logarithmically homogeneous barriers:

F(rz) = F(x) —vint, xz€intK, 7> 0. (1.1)

Let us point out some straightforward consequences of this property:

F'(rz) = %F/(w), F'(tz) = T%F”(x), (1.2)

F'(x)x = —F'(x), (1.3)

(Fla)z) = v, (1.4)

(F'(@)z,2) = v, (F'(2),[F"(2)]" ' F'(2)) = v, (1.5)

(for proofs, see Section 2.3 in [7]). In what follows, we always assume that F(z) is

logarithmically homogeneous.
It is important that the dual barrier

Fi(s) = mgx{—(s,@—F(x): reint K}, seintK”",

is a v-self-concordant logarithmically homogeneous barrier for K*. The pair of primal-dual
barriers satisfy the following duality relations:

—F'(z) eint K, —F]¢€int K*, (1.6)



F(=F'(z)) = (F'(z),7) - F(x) = —v— F(x),

(1.7)
F(-F[(s)) = —-v—F(x).
F(-F'(z)) = —z, F(-F(s)) = —s, (1.8)
F/(=F'(z)) = [F"()]"', F'"(=Fi(s)) = [F/(s)]7", (1.9)
F(z)+ Fi(s) > —V—Vln@, (1.10)
and the last inequality is satisfied as an equality if and only if s = —7F’'(z) for some

7 > 0 (see Section 2.4 in [7]). In what follows we assume that both primal and dual
barriers are computable. In some cases, this assumption must be supported by an auxiliary
computational procedure. We give an example of the efficient treatment of such a situation
in Section 8.

At any x € int K we use the Hessian F”(z) : E — E* to define the following local
Fuclidean norms:

Il = (F"(x)h,h)'/?, heE,
Isllz = (s, [F"(2)]"'s), s€E"
It is well known that for any x € int K the corresponding Dikin ellipsoid is feasible:
W) = {ueFE: lu-z|, <1} C K. (1.11)

We often use two important inequalities:

F(u) < F(z)+ (F'(z),u — x) + w(r), (1.12)

i) 5 o) (113)

where z € int K, r = |lu — z[|; < 1, and w(t) = —t — In(1 — t).
For a self-adjoint operator B : E — E* we define also a point-dependent operator
norm:
1Bl = max{[|Bhl; : [[A]ls < 1}.

In the sequel, we need the following simple result

Lemma 1 Let F' be a self-concordant barrier for Q and z,u € int K, r o |z —ull, <1.
Then

[F(2) = F'(u) = F'(u)(z —u)|l; < 15 (1.14)

Proof:
Indeed,

/ / £ 1" def
F(z) = F'(u) = (({F (u+7’($—u))d7'>-(:z—u) = G- (x—u).

In view of Corollary 4.1.4 in [5], we have

—(r =37 F"(u) 2 G = F"(u) 2 15 F" (u).



Therefore

[F'(z) = F'(u) = F'(u)(x —w)ll; = [(G—F"(u))(x—u)l
< G = Py r < £
O
2 Primal-dual predictor-corrector IPM
Consider the standard conic optimization problem
min (c, z),
(2.1)

s.t. fopdéf{xeK: Az = b},

where K C F is a proper cone, ¢ € E*, b € R™, and the linear operator A maps E to
R™. Then, we can write down the dual problem

max (b, y),

st. s+ A*y=c, (2.2)

se K*, ye R™.

Note that the dual cone K* is also proper. For a feasible primal-dual point z = (z, s, y)
the following relations hold

0 < <S,JZ‘> = <C - A*y,$> = <C, JI> - (A]I,y> = <C7:1:> - <b7y> (23)
In what follows, we always assume existence of a strictly feasible primal-dual point
(zo,80,Y0): Axg=0b, xg €It K, so+ A%yo=c, so € int K*. (2.4)

In this case, strong duality holds for problems (2.1), (2.2).
We assume that the primal cone is endowed with a v-logarithmically homogeneous
self-concordant barrier F'(x). Then, the conjugate barrier

F.(s) = mﬁx{—(s,@ — F(z)}, s € int K¥,

is also v-logarithmically homogeneous and self-concordant. These barriers define the
primal-dual central path (see, for example, [6]).

Theorem 1 Under assumption (2.4), the primal-dual central path,
xz(t) = arg rrgin{t(c, x)+ F(x): Az =b}

y(t) = arg myax{t(b, y) — Fi(c — A*y)} , t>0, (2.5)

s(t) = c— A*y(t)



is well defined. Moreover, for any t > 0, the following identities hold:

(s(t),z(t)) = (e,2(t)) = (by(t)) = 7, (2.6)
F(x(t)) + Fi(s(t)) = —v+vint, (2.7)
St = —LF), at) = —LE(s(0)). (2.8)

Hence, the optimal values of problems (2.1), (2.2) coincide and their optimal sets are
bounded.

Note that the central path z(t) = (z(t), s(t),y(t)) is differentiable. Its derivatives can
be found from the following linear system:

s'(t)+ B(t) - 2/(t) = —1s(t),
(2.9)
A'(t) = 0, §(t)+ A%/ (t) = 0,
where B(t) & L (a(t) & LPI(-1F/(s(0)) =) P (= Fl(s() 2 (LI (s(8)]

Since -
s(t) Y By a@), t>o0, (2.10)

the first equation in (2.9) can be written in an equivalent symmetric form:
g (t)+B7Ht)-s'(t) = —ta(t). (2.11)

Modern IPM’s are often based on different path-following strategies for the primal-dual
problem

min{(c,z) — (b,y) : (z,s,y) € F},

x757y

(2.12)
F = {(x,s,y): Az =b, s+ A*'y=c, v € K, s€ K*}.

The main advantage of this formulation lies in the very useful relations (2.6) - (2.8), which
allow one to define different global proximity measures for the primal-dual central path.
One of the most natural is the functional measure (see [6], [9])

(1.10)

Qzx, s,y) F(:n)+F*(s)+uln@—|—y

(2:3) F(x)+ Fi(s)+vin 7<C’x>;<b’y> + .



The corresponding generic predictor-corrector path-following scheme looks as follows.

1. Choose parameters 31 > B9 > 0.

2. Find 29 = (w0, s0,y0) € F with Q(z9) < fy. Define ty =

(s0,x0)
3. For k£ > 0 iterate:
a) Compute Azp = 2/(t). Find oy : Q(zk + arAzg) = [1. (2.13)

b) Set Z = zp + apAzg, and tp1 = m

c) Using Zj as a starting point, find

zpt1 € F(z: (ez) — (by) = 251 Qz41) < Bo.

Tty

Let us discuss the above scheme. First of all, note that the restriction of the proximity
measure 2(z) onto the hyperplane {z : (c,x) — (b,y) = tk:l} is a self-concordant barrier.
It can be minimized by a damped Newton method, which at each iteration reduces the
value of the objective function by an absolute constant (see, for example, Section 4.2.5
in [5]). Hence, the duration of the correction phase 3c) in (2.13) is bounded by O(3;)
Newton steps. Note that the optimization problem in the correction phase is solved over
the full primal-dual set F.

A reasonable strategy for implementing the predictor step 3a) is not so evident. If
zj, belongs to the primal-dual central path, then the expressions for the derivatives (2.9)
and (2.11) are symmetric. However, outside of the path the symmetry is lost. In a
straightforward implementation, an approximate tangent direction to the central path can
be computed using the Hessians of the primal and dual barriers (see Section 9.1 in [6]).
But this can double the computational cost of the predictor step. For self-scaled barriers
[9], the symmetric affine-scaling direction can be found by a scaling point w € int K, which
links two arbitrary points z € int K and s € int K* through the equation s = F"(w)z.
However, this technique works only for symmetric cones. Moreover, the computation of
the point w is usually rather difficult (see [11]).

In the next sections we will show that an approximate symmetric tangent direction to
the primal-dual central path can be found even for general cones using a non-symmetric
correction phase. Moreover, the computational cost of this direction is exactly the same
as that of the Newton step in the correction phase.

3 Pure primal correction phase

For a feasible primal-dual point z € rint 7 we define its penalty value as

t2) = wm T anw (3.1)




Consider zy = (xg, S0, Y0) € rint F. Our goal is to find a close approximation to the point

z(tg) with ¢ def t(z0). This can be done by solving the problem

min { fiq (u) = to(c, u) + F(u) : Au=b}. (3.2)

Note that the objective function in (3.2) is self-concordant. Moreover, in view of Theo-
rem 1, the unique minimum of this function is attained at x(tg).

Lemma 2 We have 0 < f; (x0) — fi,(z(t0)) < Q(20).

Proof:
Note that the point yo is feasible for the maximization problem in (2.5). Therefore

to(b,y0) — Fi(s0) < to(b,y(to)) — Fi(s(to))-

Hence,
fro(@o) = fro(x(to)) < fug(wo) — fro(2(t0)) + to (b, y(to)) — Fi(s(to))
—to(b, yo) + Fx(s0)
tol(c, z0) — (b, yo)] + F(z0) + Fi(s0)
—to[(c, z(to)) — (b, y(t0))] — F(z(to)) — Fi(s(to))
(2:6),(2.7)

T=T to(so, o) + Fxo) + Fi(so) — v — [-v 4+ vintg]

F(zo) + Fi(so) +v+vin % = Q(2p).

Thus, we can treat the problem (3.2) by a damped Newton method. Each iteration of
this scheme requires computation of the Newton step

oy (u) = arg méin {(toc + F'(u),8) + $(F"(u)d,8) : As = 0} (3.3)

at some point u € int K, Au = b. Then the value A, (u) def ||0¢ (1) ]|, can be seen as the
local norm of the gradient of function f, restricted to the affine subspace {u : Au = b}.
If A\¢y(u) is small, then w is close to the solution z(tp). By the general theory of self-
concordant functions and Lemma 2, this can be achieved in O(€2(zp)) steps of the damped
Newton method started at u = xg.

Let us write down the optimality conditions for problem (3.3):

toc+ F'(u) + F"(u)d = A*y,

A = 0.



Let y be the optimal dual multipliers of problem (3.3). Denote

T (u) = u— 0 (u), sg(u) = c—%A*y, Yo (1) = %y. (3.5)

Note that x¢,(u) is formed by a shift from u along a direction pointing away from the
primal central path. We call the procedure (3.5) the primal-dual lifting of point u € Fp.

Theorem 2 If Ay (u) < B < 1, then the point z,(u) = (24, (w), S, (w), Yt, (w)) is strictly
feasible and satisfies the following scaling relations

Sto (u) = %F”(u) " Tty (u)’ (36)

|1 (wy () = £F"(u) - Fi(sio())l < 225 (3.7)
Moreover, the point zy,(u) is well centered:
Dz (u) < 2w(B) + 52, (3.8)

and for its penalty value the following bounds hold:

— v t, —Li
t(zto(u)) = Tstp (w),aeg (@) > (H_/@/Oﬁ)z > tore Vv,
(3.9)
to 28
t(ZtO (U)) S W S to cevv=E8,
Proof: i
111
Indeed, ||z, (u) — wlly = |04 (u)||w < B < 1. Therefore, x4, (u) €  int K. Moreover,
Az, (u) = Au— Adyy(u) = Au = b.
Further, note that
to-so(w) T P (w) — FY(w) - 8 () (3.10)

Therefore,

[tose (w) + F'(w)ll;, = [F"(w)én ()ls = [0l < B < 1.

(111) L :
Thus, st (u) € int K*, and we conclude that z;,(u) is strictly feasible. Moreover,

to - sty (1) =) F(w) u— F(w) - 6 (1) 2 F(w) - gy (1),

Let us justify inequality (3.7). Denote

ra = Flog() — F(u) + F'(u) - 5 (u).



In view of inequality (1.14) and (3.5), we have ||rg||X < % Consider now

e F(tose () + u+ 8, (u)

D B (tosiy (w) — FL(—F'(w) + b, ()

D B (tosiy (w) — [FL(—F'(w)) + F!'(—F (u)) (—F" ()31, (w))]

CLO Bl (=P (w) = F"(w) - 81y (u)) — [FL(—F"(u) + F(—F' () (= F" ()5 (u))]
Since ||F”(2u)5,50 (W) = 10, (w)]], < B, by a dual variant of Lemma 1 we conclude that
7pllu < lﬁ_—ﬁ Therefore,

F'(gy (1) — 2F"(w) - Fl(sig(w) =) F'(ar(0)) = F"(u) - FL(tosio (u))

= rq+ F'(u) — F"(u) - 6, (u) — F"(u) - (rp — u — 04y (w)) (L8 rg — F"(u) - rp.

Hence,

1F" (g () = 5 F" () - Fl(sto ()i, = llra = F"(u) - mplly

< lralls + 1B ) -yl = lrally + rplle < 225
Further, in order to prove (3.9), note that
(3.6) 9 (1.5)
to(se (W), () =" le@)f < (Jullu+ 10, @)]u)” < (Vv +8)%
Therefore, v
ao(W) = o 2 wafver 2 foe V.

For the second part of the inequality note that to(ss, (u), z¢, (u)) > (v — 8)%
In order to prove (3.8), we need a more accurate estimate for the new penalty value:

to(sig () 2o (w) =z = llullf = 2(F" (w)u, 0 () + |16, (w3
(1.3),(1.5)
< V+2<F/(u)75to(u)>+ﬁ2'
Therefore,
Qzto(w) = Flag(w) + Fu (& (—F () = F" ()b (w)) + v+ vin L)
D Py (w) + Fu (—F'(u) = F"(w)6i(w)) + v + v In 20(:00()
Note that

Fu=Fw) ~ P/ ()i () S Fu(—F/(w)) + (~ F"(w)dy (), EL(~F' ()} + ()

= —v—F(u) + (F"(u)d(u),u) +w(B3)

2y F(u) — (F(u), 8y (w)) + w(5).

10



Hence, we conclude that
Qztg(w) < Flag(u) = Fu) = (F'(u), 6t (u) + w(B)

+vin (14 2(F'(u), 6, (w)) + 162)
F(u = bty (u)) = F(u) + (F'(u), 85 (w)) +w(B) + 5

< 20(B) + B

Remark 1 Using a finer assumption on the properties of the barrier function F(x), it is
possible to guarantee a smaller right-hand side in inequality (3.7). For example, for self-
scaled cones the right-hand side is zero. However, this does not improve the worst-case
complezity bounds of the corresponding IPM.

Thus, we have found a new interpretation of the auxiliary problem (3.2). It can be
used to compute the scaling point u in a neighborhood of the primal central path. Using
this point, we can form a strictly feasible primal-dual point z,(u), which is well centered
and satisfies the scaling relations (3.6), (3.7). In the next section we will show that these
relations are crucial for defining a symmetric approximation of a tangent direction to the
primal-dual central path.

4 Affine-scaling direction for general cones

In Section 3 we have proved that for any value of the centering parameter 3 € (0, 1) it is
possible to compute a scaling point w = /g -u € int K and a strictly feasible primal-dual
point z = z4,(u), which belongs to a small neighborhood (3.8) of the central path and
satisfies the following scaling relations
s &2 F'(w) - x,
(4.1)

2
1F" (z) = F"(w) - Fl(s)|l3 < 25 - Vo

Now we can define an approximate tangent direction Az = (Ax, As, Ay) to the central
path in the following symmetric way (compare with (2.9):

As+ F'(w) - Az = s,
AAz = 0, (4.2)

As+ A*Ay = 0.

11



We call Az the affine scaling direction. Our definition coincides with the definition of the
affine-scaling direction for self-scaled barriers (see Section 5.1 in [9]). Note that

(As,Azx) = —(A*Ay,Az) = —(AAzx,Ay) = 0. (4.3)
Let us present the main properties of the affine-scaling direction.

Lemma 3 The following relations hold:

(s, Az) + (As,z) = (s,z), (4.4)
(c,x — Az) — (byy — Ay) = 0, (4.5)
[Az]lZ + (JAs]l;)? = (s, 2), (4.6)
v+ (F(x), Az) + (As, Fl(s))| < 5(s,2)'/2 - |[F'(x) — F"(w) Fl(s)|I3,
(4.1) . (39 (47)
< (tosa)' 5 < 5 (B+ V).

Proof:
Indeed, in view of definition (4.2) and relation (4.1), we have

(s,Az) + (As,z) = (s,Azx)+ (s — F'(w)Az,z) = (s,z).
Therefore
(c,x — Az) — (byy — Ay) = (s+ A*y,x — Azx) — (b,y — Ay)
= (s,z— Az) + (Az, Ay)

= (s,x) — (s,Az) — (As,z) = 0.

Further, multiplying (4.2) by Az, we get ||Az||2 = (s, Az). Multiplying the same in-
equality by [F"(w)]tAs, we get (||As]|%)? = (As,z). Adding these equalities and using
(4.4), we obtain (4.6). Let us prove the remaining inequality.

Multiplying the first equation in (4.2) by F}(s), we get

(As, Fl(s)) + (F"(w)Fl(s), Az) = (s, Fl(s)) ‘=) —w.
Multiplying the same equation by [F"(w)]~'F’(z), we obtain
(As, [F" ()] F/(2)) + (F/ (@), Az} = (s, [F"(w)] ' F(@)) 2 (F(@),2) = -0,

Adding these equalities, we have

—2v = (F'(2),Az) + (As, Fi(s)) + (F"(w) Az, F{(s)) + (As, [F"(w)] " F'(z))

= 2(F'(x),Az) + 2({As, FL(s)) + (F"(w)Az — As, F!(s) — [F"(w)] "' F'(z)).
Therefore

v+ (F'(2), Az) + (As, Fl(s))] < 3l|As = F"(w) Az, - [|Fi(s) = [F"(w)] 7 F'(2) o

12



It remains to note that ([|As — F”(w)Az|%)2 ) 1az)2 + (|As]5)? X2 (s, 2). 0

Thus, a unit step along the affine-scaling direction results in zero duality gap. Let
us show that along this direction the functional proximity measure grows very slowly.
Indeed,

Qzxalz)—Q(z) = F(zr+alAz)+ Fi(s+ als) + ylp sfedsztals)

v

—F(z) — Fi(s) — Vln@

= F(x £ aAz) + Fi(s = aAs) — F(x) — Fi(s) + vIn(1 £ a)
(1.12)
< +a[(F'(x),Az) + (As, Fl(s))] + vIn(1 + «)
Fw(af|Azllz) + w(al|Asls)
(4.7)

< af? Bt w(a]Az]e) + wial Asy).

Let us estimate the sum of the last two terms. Note that function () def w(V/t) is convex:

WD) = WS t>0,

Pt = WV (V5 = i (VW (VR = (VD)

1 Vi Vi
i ((17\/2)2 B 17\/2) > 0.

Denote r % [|Az|2 + ||As||2]"/2. Then
w(af|Azllz) + w(el[As]ls)

Y(a?]| A7) + v(a?]As]l2)
(4.8)
< Y(a?r?) = w(ar).

In view of (1.13), we have

F”(l‘) j %F”(u) (lg) 1&70}71/(20)7

1=7) =57
(3.10)
BE) ) Fltes) X i P F (W)
0
(1.9) _1 (1.2) —
L () g P (w)
Thus,
r? < (lfioﬂ)g [(F"(w)Az, Az) + (As, [F"(w)] "t As)]
(46 wpsa) A (@rywp?
82 = 0-pp



We have proved the following statement.

Theorem 3 For all a € [O, ﬂt\ﬁﬁ) we have

Qz+aAz) - Qz) < af?- B;%ﬂﬁ +w (a . BJFW) : (4.9)
If the barrier F is self-scaled, then
Qzxtalz)—Qz) < w (a : M) . (4.10)

Proof:

We need to justify only the second statement. Indeed, if the barrier F' is self-scaled, then
the first inequality in (4.1) implies F’'(x) = F"(w)F(s) (see Theorem 3.2 in [8]). Taking
into account this simplification, we come to the estimate (4.10). O

Theorem 3 justifies the high quality of the tangent direction Az. To the best of our
knowledge, in all existing general approaches the coefficient of « in the right-hand side of
estimate (4.9) depends linearly on the centering parameter (3 (see, for example, Lemma 10
in [6]). In our case, this dependence is quadratic. Another advantage of definition (4.2) is
that it automatically results in the standard search directions when our barrier appears
to be self-scaled.

5 Non-symmetric primal-dual IPM

We are ready now to analyze a new predictor-corrector path-following method. It is
controlled by two parameters 3,7 € (0,1). At each iteration of the method we perform
two operations.

Prediction

Input: Point v € rint Fp and penalty value ¢ > 0 such
that

1. Compute z = z(u) by (3.5). Set w =/t - u.
2. Compute Az by (4.2) and find o > 0 such that

(5.1)

Q(z — alz) = Q2) + B2y + w(v).

Output:  p(u) e —aAe.

In order to avoid unnecessary complications, we assume that it is possible to find an exact
solution to the equation of Step 2 in (5.1).

14



Lemma 4 The output of the predictor step (5.1) satisfies the following inequalities:

tpi(w) > toexp (v 555 - 2, (5.2)
QApi(w) < 20(8) + F(1+7) +w(y). (53)

Proof:

Denote 7 = « - sV

-5 - In view of the rule of Step 2 in (5.1), we have

Prtwn) = Ne-ahe)-00) < Frtwl)

Thus, 7 > v, and we obtain

(4.3) v 44 1
t(z—alz) "= (s,2)—a((s,Ax)+(Az,s)) I—a (5,2
(3.9)
1 t___ . _2 . LA=6 _ 26
> e 2 tew(a-F) = tew (v i - %)
The remaining inequality (5.3) follows from (3.8). O

The second operation of our method is the correction process.

Correction

Input: Point z € rint F with penalty value ¢ = (s, x).
1. Set ug = x. (5.4)

2. while M\ (u;) > 5 do wpyr = up + 1%&%).

Output: o4(2) def un, where uy is the last point in the
sequence.

Lemma 5 The number of points generated in the correction process (5.4) is bounded as
follows:

N < 25, (5-5)

where wy (1) =7 —In(1 + 7).

Proof:

Indeed, in Step 2 of (5.4) we apply the Damped Newton Method for the minimization
of a self-concordant objective function fi(x) subject to the linear constraints Az = b. In
view of Theorem 4.1.12 in [5], at each iteration of the process the objective function is
decreased at least by the value wi(A¢(ug)). Since the process is running while A (ug) > 3,
we get the estimate (5.5) from Lemma 2. O
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Now we can put the two pieces together.

Non-symmetric primal-dual IPM

Input: Point ug € rint Fp and penalty value ty > 0 such
that Ay, (up) < 5.

Iteration k > 0: (5.6)
Zy = py(uk),
b = t(Z),
U1 = oy (Zk)-

Theorem 4 Let parameters 3,7 € (0,1) satisfy inequality

def
p = 7 1+5 —26 >0. (5.7)

Then the rate of convergence of process (5.6) is given by
(sk, i) < (s0,x0) - e PH/VP, (5.8)
At the same time, the number of iterations in the correction process never exceeds

N(B.7) < g @w(B) + B2(1 +7) +w()). (5.9)

Proof:
Indeed, in view of inequality (5.2) we have

2 el ) = e A )

o b o) - ()
This proves (5.8). Inequality (5.9) follows from (5.3) and (5.5). O

Remark 2 The main goal of Theorem 4 is to establish the polynomial-time complexity
bounds for method (5.6). Therefore, we did not try to get the best possible value in the
right-hand side of inequality (5.9). An immediate improvement can be obtained by dividing
the correction process (5.4) into two stages:

{ks Alwe) > 31 (ks Aw) € (8, ).

2w(ﬁ)+62(1+v)+w(7)
wi (%)

tion of the second stage is very short since it corresponds already to the region of quadratic
convergence of the Damped Newton Method. We leave to the reader a possibility to play
with the numbers and improve the estimate (5.9).

Then the duration of the first stage cannot exceed iterations. The dura-
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6 Non-symmetric primal-dual IPM for Phase 1

In order to start method (5.6), it is necessary to have a scaling point in a small neighbor-
hood of the primal central path. This point can be found by an auxiliary procedure, which
is called Phase I of the method. Let us show that such a procedure can be implemented
in the same vein as the main scheme (5.6).

We need the following non-restrictive assumption.

Assumption 1 The primal feasible set Fp is bounded.

Note that assumption (2.4) and Theorem 1 guarantee only the boundedness of optimal

set in the primal-dual problem (2.12). Hence, Fp may be unbounded. However, if we

know a point xg € rint Fp, then we can modify the initial problem (2.1) as follows:
min{—x: {(¢,z)+rk={(c,x0)+1, Av=0b, v € K, k> 0}. (6.1)
R,x

This problem has the same form as (2.1), but now its feasible set is bounded.

From now on, we assume that Assumption 1 holds and we know a feasible point
x1 € rint Fp. Let us define an auxiliary central path

2(r) = argmxin{—ﬂF’(:rl), )+ F(x): Az =b}, 72>0. (6.2)

Since Fp is bounded, this trajectory is well defined for all 7 > 0. Moreover, (1) = .
Our goal is to trace #(7) as 7 — 0. For that, we need to modify the sense of some

notation. Up to the end of this section, we assume that definitions (3.3), (3.4) and (3.5)

correspond to ¢ = —F’(x1). The definition of the prediction step has also changed.

Prediction at Phase 1

Input: Point v € rint Fp and penalty value 7 > 0 such
that

At(’l)) S ﬁ
1. Compute z = z,(v) by (3.5). Set w = /7 - v.
2. Compute Az by (4.2) and find o > 0 such that

Q= + alz) = Q(z) + 2y +w(y).

Output: pF(v) ¥ 2 +aAz.

Lemma 6 The output of the predictor step (6.3) satisfies the following inequalities:

Hpf () < 7eexp (-G + 22, (6.4)
Qpf () < 2w(8) +B2(1+7) +w(). (6.5)
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Proof:
As in the proof of Lemma 4, we argue that « - ’61%? > . Therefore

(4_3) v (4_4) 1 14
Hataldz) = omGler@e) - e Gd
(3.9)
1 t o 283
< e < e (tis )

. __ (=B 20
s T eXp( 7-(17ﬁ)+ﬂ+ﬁ+ ﬁfﬁ)'

The remaining inequality (6.5) follows from (3.8). O

In Phase I, we can use the correction process (5.4) without any change. Thus, we come
to the following scheme.

Non-symmetric primal-dual IPM for Phase I

Input: Point vy = 21 € rint Fp and penalty 79 = 1.
Iteration k > 0:

Z = pf (o), (6.6)
i1 = t(Z),
Vk+1 = O-Tk+1(2k)'

Stopping criterion:  Ag(vg) < 20.

Theorem 5 Let parameters 3,y € (0,1) satisfy inequality

def _(1-p)?
m L e -28 > 0. (6.7)

Then the rate of convergence of process (6.6) is given by

—k
T < eﬁilf@. (6.8)

At the same time, the number of iterations in the correction process never exceeds

N(BA) < shg(@w(B) + 621 +7) +w(r). (6.9)

The proof of this theorem is very similar to that of Theorem 4.
For a direction g € E* and primal point u € rint Fp define now the local norm

« def 2 1/2
lgls = | max{2(g, ) — 4]l : A5 =0}
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Note that (6.6) keeps Ar, (vg) = |F'(vr) — T F'(21)]5, < 8. Therefore
() = IF )l <8+ mlF @)l
From this inequality, it is easy to derive that the process (6.6) terminates in
O(y/Zn | F'(21)[%p)

iterations (see Section 4.2.5 in [5] for details).
Further, let [ be the last iteration of process (6.6). For our actual objective vector
c € E*, we can choose coefficient to = (3/|c[;,. Then, choosing @ = v;, we get

ltoc + F'(@)|5 < 3B.

If 3 is small enough, one iteration of the Damped Newton Method from @ results in the
point ug, which satisfies the input conditions of (5.6).

7 Primal barrier for epigraph of power function
Let us fix some a € (0,1). Consider the following homogeneous function of two variables:
Ea,y) = 2%y, (z.y) € R

We are going to find a barrier description of the cone
Qa = {(z,y,2) € R*: &(x,y) > |2[}.

Since function &() is concave, the cone @), is convex. In this section we construct a
self-concordant barrier for the set (), using a well-known 2-self-concordant barrier for the
cone {(7,2) € R?: 7 > |z|}, that is

fi(r,2) = —In(r? —22).

First of all, let us mention some properties of the function €. Let us fix a point
(x,7) > 0. Consider an arbitrary direction d = (2’,4’) € R?. Denote by

& = &(z,y), & = DF¢(x,y)d,...,d], k=1...3,

the directional derivatives of function £. Let 6, = %, and 0, = £.

Y
Lemma 7 We have the following relations:
61 = fo . [04(5;3 + (1 — a)(Sy],
& = —fo-a(l—a)(d—dy)? (7.1)

& = —&-[(2— )i+ (1 +a)dyl.
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Proof:
Indeed,

Dg(z,y)ld] = a2t ylma +(1—a)-a® -y~ y = & (ade + (1 —a)dy),
D*(z,y)ld,d] = ala—1)-2%72-y'"* (') + 2a(l —a) - 2® 1y~ 2l -y

—a(l—a) 2%y 1. () = & -a(l —a)(6 — 5y)2-
Therefore, from the last equation we have

D3¢(a,y)ld,d,d] = —& - a(l—a)(0s —0y)* — & - 2a(1 — a)(dx — ) (=07 + J7)
= a(l—a)(d; — 5y)2 [=€1 + &0 - 2(05 + Oy)]

= f-a(l=a)0:=0,)* [2-a)da+(1+0a)s). O

In this and the next section it is convenient to use V-notation for partial derivatives
of different order. Let us prove the main statement of this section.

Theorem 6 For any « € [0, 1] the function
Fy(z,y,z) = —In (ajm y2me) 22> —Inz —Iny
is a 4-self-concordant barrier for the cone
Qa = {(ac,y,z) € R%r XR: z% yl7*> |z|}

Proof:
Assume a € (0,1). Consider fa(z, y,g) = f1(&(x,y), z). Let us write down the derivatives
of this function along the direction d = (2/,v/,2’) = (d, 2’). Denote | = (£1,2"). Then

A1 = sz(ac,y,z)[cz] = v‘l‘fl(&)az)'gl_‘_vzfl(&)az)'Z/ = <Vf1(£0,2),l>,
AV} déf D2f2(.’£,y, Z)[dA7 A]
- v72"rf1(§07 Z) : E% + v’rfl(g()v Z) : 52 + 2v3—zf1(§0a Z) : 51 -2+ vzzfl(&)? Z) ’ (Z/)2

= (V2 f1(Co, L) + Vi fil60,2) - &2 & o1 + 0.
Note that o1, 09 > 0. Finally, denoting e; = (1,0) € R?, we get

A3 déf D3f2(xay7z)[cz7d7 A]

= Vi filéo.2) & +3Vifi(6o,2) - &2 +3VE f1(6,2) & - &
+3VZ.f1(0, 2) - &2 + Vi fi(€o. 2) - &+ V7. fi(o, 2) - &1 - (2)?
+V2.fi(€o,2) - ()

= D*fi(&, 2)[l,1,1] + 36&(V? f1(&o, 2)l, e1) + V- f1(&o, 2) - 5.
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Since fi is a self-concordant barrier for a cone with recession direction e;, we have

& - (V2f1(&o, 2)er) < (V2fi(&o, 2)l,)Y2 - (=&) - (V2 f1(&o, 2)en, e1)'/?
< (V2fi(&o, )LD - (&2 - (Vfi(ko, 2), 1))

1/2
== 0-1 cJ9.

Denote o3 = 62 + 532, . Then, using self-concordance of f; again, by (7.1) we obtain

As < 200743017 0y — 0y [(2— )0y + (1 +a)d,)]

< 3/2 + 30’1/ ~09+ 09 - U§/2 J2-a)+(1+a)? 1/2 (7.2)

< 20515/2 + 302 - <0’i/2 —1—031,/2) .

Finally, consider the function f3(z,y) = —Ilnxz—Iny. Clearly, this is a 2-self-concordant
barrier for the positive orthant in R2. Note that

Fa(ajaya Z) = fg(x,y,z) + f3($,y>-

Let us estimate its derivatives along direction d.

Dy € D2F,(2,y,2)[d,d] = As+ D*f3(x,y)[d,d] = 01+ o9 + 03,
.D3 d:ef DgFa(l‘,y,Z)[CZ,Ci7 A] = A3—|—D3f3(1,‘,y)[d,d,d}
(7:2)

< 201" 4305 (01" + 057) + 203
= ( 1/2+J;/2) (302+201+202—201/2 1/2)

- ( 1/2+01/2> . <3D2—( 1/2+0_1/2) ) < oD

Thus, we have proved that function F,,(z,y, z) is convex and satisfies the characteristic

condition for derivatives of self-concordant functions, namely, D3 < 2Dg’/ % Tt remains to

note that this function is logarithmically homogeneous of degree four.
For a = 0 and o = 1 the statement of the theorem is trivial. O

Note that for @ — 0, the set @, approaches the direct product {x > 0} x {y > |z|},
for which the parameter of self-concordant barrier cannot be less than three.
Let us present now a self-concordant barrier for p-cone

K, = {(T,Z)GRXR": 7'2||z||(p)}, p>1,
n L 1i/p
where ||z = [Z |z(’)\p} . Without loss of generality, assume « o 119 €(0,1).
i=1
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Theorem 7 Point (7,z) belongs to K if and only if there exist x € R} satisfying condi-
tions

(x(i))a_Tl—a > ,z(i)" 1=1,...,n,
: (7.3)
i=1

Thus, a self-concordant barrier for the cone K, can be implemented by restricting the
(4n)-self-concordant barrier

O, (1,2,2) = — i [ln ((x(i))Qo‘ r2(l-a) (z(i))2) +Inz® + 1n7}
i=1

n .
onto the linear hyperplane 3. =) = 7.
i=1
Proof:
Indeed, let the triple (7, x, z) satisfy relations (7.3). Then

o= Sa®, gl > Op =1,
=1

n .
Therefore, 72 > S |z(D|P.
i=1
Consider now an arbitrary point (7, z) € K,. Without loss of generality assume 7 > 0.
Then, we can choose

n .
e = =X 20 > o0,
i=1
20 = L (%—i—‘z(i)’p), i=1,...,n.

Clearly, the triple (7, z, z) satisfies relations (7.3). The remaining statements follow from
Theorem 6. |

Alternatively, the cone K, can be seen as an intersection of QY I by a linear subspace.
Indeed, it is easy to see that (7, z) € K, if and only if there exist non-negative vectors x
and y from R™ such that

(x(l)’y(z)’ 2(7’)) - Ql/l” 1= 1, ey,

S = 7
=1

The main advantage of such a representation consists in separability of the corresponding
barrier function

3

\I/p(xvy’x) = 1F1/p($(i),y(i),z(i)).

(2

In particular, this opens the possibility of employing the dual barriers.
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8 Dual barrier

It is well known that the cone @), is self-dual. For completeness of presentation, let us
provide this statement with a simple proof. Recall, that for a primal cone K C F, the
dual cone is defined as follows:

K* = {seE*: (s,z) >0Vx € K}.

The cone K is called self-dual if there exists a self-adjoint positive-definite operator B :
E — E* such that K* = BK. In our situation, £ = R3, and E* = R3. For x € E and
s € E*, we define the scalar product in the standard way:

3. . .
(s,z) = HOBMON
=1

Lemma 8 For «a € (0,1), define

o 0 0
B, = 0 1—-a O
0 0 1

Then QF, = BoQq-

Proof:
Indeed, s € Q, if and only if

S(l)x(l) + 8(2)1'(2) + 3(3)1‘(3) 2 0 Vo: (x(l))a(x(2))1fo‘ > |x(3)’

Hence,
5(1):3(1) + 5(2)1'(2) — ‘5(3)’ . (x(l))a(x(z))l_a Z 0 \v/:l;(l),x(z) 2 0

Clearly, the only nontrivial case is s®® £ 0 and (2 > 0. Then the minimum of the last

S

als®))
come to the following characteristic inequality of the dual cone:

(5" (%) = 1ol

This proves the required statement. |

expression in 2() is achieved for (1) = z(2) . ( >_§. Substituting this value, we

Note that in the primal-dual setting we need to work with a pair of conjugate barriers
for the primal and the dual cones. In our situation, for the primal cone ), we can use
the barrier

Fo(z) = —In ((3:(1))20‘(3@(2))2(1*‘”) - (x(3))2> —Inz® —Inz®, 2z €rint Q,.
Unfortunately, the conjugate barrier

Fi(s) = mgx[—(s,m) — Fy(z)], serintQ}, (8.1)
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cannot be written in a closed form. However, there exists an efficient strategy for com-
puting the value and the derivatives of this barrier .
Denote by z(s) the solution of the optimization problem in (8.1). It is well known that

VEi(s) = —a(s),
(8.2)
V2Ei(s) = [V2F(a(s))

Note that the point z = x(s) can be found from the following system of nonlinear equa-
tions:

) _ 2. B 1

s = W T o
2) _ 20-a) 8 1

s@ = PR OO (8.3)
3 2(3)

s@® = 227

where w = ()2 (2(2)20-2) _ (232 and g = (V)2 ((2))20-2) = 4, 4 (23))2. Thus,

0 = A1 2]
2 = L {1 + M} 7 (8.4)
23 = _%5(3),
Therefore,
S(l)m(l) + S(Z)x(Z) + 3(3)x(3) — 2 + % — %(5(3))2
= 2+2%@))2:47 (8.5)
(1—a)sWzM — sz = 1-2aq.

Consequently, we can express (1) and 22 as linear functions of z(3):

sWzM = 1420 —as®zB),
(8.6)
@z = 320 —(1-a)s®z®.

Then, substituting the above expressions in (8.1), we come to the following representation:

. 200 2(1—a)
Fa*(S) — max [ In <<1+2aa5(3)x(3)> (3—2a—(1—a)s(3>x(3)> ( . ($(3))2>

z(3) s(1) s(2)

(8.7)

1+2a—as(®) z(3) 3—20—(1—a)s®)z()
+In ~0) + In ey —4.

Without loss of generality, we can assume s(3) # 0. Therefore, denoting 7 = s(3)z(3)
and ignoring the additive constant terms, we get the following univariate minimization
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—In(2+L—-7) -2+ -7)],

« -«
where ¢ = [s©®)| <3%>) (18(_—2‘))‘) < 1. Let us show that this minimization problem can be
easily solved up to any desired accuracy by a quadratically convergent procedure. Using
its solution, the point z(s) can be formed by (8.6), and then, applied in (8.1), (8.2) to
compute the value, the gradient, and the Hessian of the dual barrier.
In view of Theorem 6, the objective function of problem (8.8) is a 4-self-concordant
barrier. Note that f/(0) < 0. On the other hand, for any feasible 7 we have

|| < qexp[aln(Z—ké—q—)+(1_a)1n(2+ﬁ_7)]

< gexp[ln(d—7)] = q-(4—-7).
Hence, 7 > —4r, where r def 1%61. At the same time, for 7 = —2r we have
q2 . (2 + é _ 71)204(2 + ﬁ _ %)2(17(1) _ q2 . (2 + é + 12qu)2a(2 + ﬁ 127:1(1)2(1704)

Thus, 7 € dom f.

Denote by 7* the optimal solution of problem (8.8) and let p = Since f is

1
_ ] [P ()2
a self-concordant barrier with parameter v = 4, we have

™+ W+ 2yv)p-[-1,1] D domf D[0,7] = 16p > 2r.

Note, that for problem (8.8), the Newton method converges quadratically from any point
70, |10 — 7| < % p.2 We can find such a point by a bisection procedure based on computa-
tions of the derivative f’(-) starting from the middle point of the initial interval [0, —4r].
Clearly, we need at most k = 7 bisection steps:

dr-27kF <32p.27F = 1p.

Acknowledgements. The author would like to thank Laurence Wolsey for useful comments
on the text and the anonymous referees for their suggestions.

2This can be justified, for example, by the results of Section 4.1.5 [5]. Indeed, the Damped Newton Method
converges quadratically from any point 7 with A(7) def [fl,f(;% < 1. In view of Theorem 4.1.13 [5], the latter
inequality follows from |7 — 7% < 1p.
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