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Abstract

In this paper, using the framework of self-regularity, we propose a hybrid adaptive
algorithm for the linear optimization problem. If the current iterates are far from
a central path, the algorithm employs a self-regular search direction, otherwise the
classical Newton search direction is employed. This feature of the algorithm allows
us to prove a worst case iteration bound. Our result matches the best iteration bound
obtained by the pure self-regular approach and improves on the worst case iteration
bound of the classical algorithm.
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1. Introduction

Since Karmarkar’s landmark paper [3], interior point methods (IPMs) have become a
highly active research area, producing a large quantity of research results, and several
powerful optimization packages based on IPMs have been developed; see [1, 2, 5, 7, 8,
10-12] and references therein. By introducing the class of self-regular (SR) IPMs [6],
Peng et al. significantly reduced the worst case iteration bound of primal—dual
IPMs. In the best case, their new approach achieves an O(y/n log n log(x?)7s%/¢)
worst case iteration bound compared to the O(n log(xo)Ts0 /€) iteration bound of
the classical approaches. In this paper, using the framework of self-regularity, we
propose a hybrid adaptive algorithm for linear optimization (LO) which achieves an
O(/nlog nlog(x®)7s"/€) worst case iteration bound by utilizing both the classical
and SR search directions. Our result improves on classical algorithms while matching
the order of the pure SR approach. The search directions in our new algorithm are
defined based on the current iterate, which is not the case in the pure SR or classical
approaches.
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[2] A self-regular Newton based algorithm for linear optimization 287
Throughout the paper we deal with the standard form of the L.O problem,
n;in{ch:Ax=b,x20}, (P)
where A € R™*" satisfies rank(A) =m, b € R™, ¢ € R", and its dual problem,

max{bTy:ATy—l-s:c,szO}. (D)
¥,
It is customary in IPM theory to assume that both (P) and (D) satisfy the interior point
condition (IPC) [7], that is, there exists an (x°, s°, y9) such that

AxO:b, x>0 and ATyO—|—sozc, s> 0.
Finding an optimal solution of (P) and (D) is equivalent to solving the system

Ax =b, x>0,
ATy +s=c¢, s>0, (1.1)
xs =0,

where xs is the componentwise product of vectors x and s. The basic idea of primal—
dual IPMs is to replace the third equation in (1.1) by the parameterized equation
xs = 1, where 1 is a vector of 1s. This leads to the system

Ax=b, x>0,
ATy +s=¢c, s>0, (1.2)
xs = ul.

If the IPC holds, then System (1.2) has a unique solution for each i > 0. This solution,
denoted by (x(u), y(u), s(n)), is called the p-centre of the primal—dual pair (P) and
(D). The set of p-centres gives the central path of (P) and (D) [4, 9] and it has been
shown that the limit of the central path (as u goes to zero) exists and it converges
to an optimal solution [7]. Primal-dual IPMs follow the central path (x(w), s(w))
approximately by staying in a certain neighbourhood of it and approach the optimal
set as u goes to zero. To do so, starting from a strictly feasible point (x, y, s), they
solve the following system for u = Bi,:

AAx =0, ATAy+ As=0,
(1.3)

SAx +xAs =ul — xs,

where o = xTs/n denotes the current central path parameter value corresponding
to the duality gap and 0 < 8 < 1. Under the assumption that rank(A) =m, the
Newton system (1.3) has a unique solution. The step size is chosen so that the
new iterates (x + aAx, y + aAy, s + aAs) give a sufficient complementarity gap
reduction, while staying in a predefined neighbourhood of the central path. We repeat
this procedure until the complementarity gap equals or decreases below a prescribed
tolerance ¢, after which we have reached an e-solution of (P) and (D) [7, 10].
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The rest of the paper is organized as follows. In Section 2, we introduce the family
of SR functions and SR-IPMs for LO. In Section 3, we first introduce a specific SR
proximity measure, and then we discuss the role of the parameter p in the proximity
function and how we adaptively choose this parameter. Finally, we outline our new
algorithm. In Section 4, we prove the polynomial iteration bound of the new algorithm.
To improve the readability of the paper we have relegated some of the proofs to an

appendix.
1.1. Conventions
o (x s = Yoier xi_qsl._q, whereg > landZ ={1, ..., n}.
e Forany x = (x1, x2, . . ., x)T € R", Xpmin = min{xy, x2, ..., X,}.

e R’ denotes the nonnegative orthant and R’{ , denotes the interior of R" .

2. SR functions and SR-IPMs
The family of univariate SR functions is defined as follows.

DEFINITION 1. A twice continuously differentiable function v (¢) : (0, c0) — R is
SR if it satisfies the following two conditions.

(SR.1) The function ¥ (¢) is strictly convex for >0 and ¥ (1) =v'(1) =0.
Furthermore, there exist positive constants v; > vy > 0and p > 1, g > 1 such
that

v1<t”_1 + t—l—q) <y"(t) < u2<t1’—1 + t—l—q) . Vie(0,00).
(SR.2) For any t, t, > 0,

w<t1’121‘”) <rp() + (1= rY(n), Yrelo, 1]

If 4 (¢) is SR, then the parameter ¢ is called the barrier degree and the parameter p
is called the growth degree of {(t). Two popular families of SR functions are known:
the first is given by

Pl 1 =1 p—ygq

T =
pa® P tD T aq—D " pq

-1, p=1,g>1,

with v = vy = 1; the second is given by
R
_|_
p+1 qg—1

Fp,q(t)z ’ p217q>17 (21)

with vi =min(p, ¢) and v, =max(p, g). For p,g =1 in both cases the kernel
function of the classical logarithmic barrier function

2

() =T () = —— — logr 22)

is obtained. See [6] for properties of these functions.
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Let ve R ,. Then an SR proximity function W: R, — R, measures the
discrepancy between the vectors v and e, and is defined as W (v) = Y /_, ¥ (v;), where
Y¥(t) is a univariate SR function, called the kernel function of the SR proximity. In
classical primal-dual IPMs one solves (1.3), while in SR-IPMs the Newton system
(1.3) is modified. To define the modified system we introduce the notation

xs 1
vi= |/— and v ':= M—.
V u XS

Then the Newton system for SR-IPMs for LO is given by

AAx =0, ATAy+ As=0,
SAX +xAs = —uvVW¥(v),

(2.3)

where v VW (v) = (v1y' (v1), ..., va¥/(vp)T (see [6]). For ease of reference, we also
scale the search directions Ax and As in the scaled v-space as
_ vVAX vAs

and d; = —.
X s

dy :
Using this, the Newton system (2.3) can be written as

Ady, =0, ATAy+d;=0,
dy +dy ==V (v),

(2.4)

where A = (1/u)AV~'X, X = diag(x) and V~!' = diag(v™"). It is worth noting that
the right-hand side of the third equation in (2.4) is the negative gradient of the SR
proximity function, similar to the classical case which is the negative gradient of the
classical logarithmic barrier function.

3. Proximity measure and barrier parameter
Throughout this paper we use the following SR proximity measure:

1702 —n 1Ty logn _y
D(x,s, 1) := + . 3.1
2 log n

This proximity measure is induced by the kernel function I'y,(¢), given by (2.1), with
q =1+ logn. The generalized harmonic mean of the vectors x and s is denoted by

up and given by
2/logn
n
Hh = ((x—logn/Z)TS—logn/Z) :

The following result shows that the global minimum of the proximity measure (3.1) as
a function of w, unlike the case of the primal—dual logarithmic barrier function, does
not occur at fig.
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PROPOSITION 3.1. For any fixed point (x, s) € R, | x R ,, the proximity measure
O (x, s, 1), as a function of |, has its global minimizer at

. L 2/(2+log n) B log n/2 2/(2+1og n)
n= (x—logn/2)T g—logn/2 = (/Lgﬂh ) .

Moreover, ®(x, s, 1) is a decreasing function of n when . < w*, and increasing when
>
PROOF. By differentiating the proximity function with respect to ;& we have

XTS M(logn/l)—l(x—logn/Z)TS—logn/Z

), (x, 5. ) = >
WS =3 5+ 5

Now the statements of the proposition are obvious. O

COROLLARY 3.2. Forany (x,s) € Rt | x Rl , one has 1y < u* < .

PROOF. Using the generalized harmonic-geometric mean inequality, p; < (to. By the
definition of p* given in Proposition 3.1 one has the desired results. g

In order to prove the polynomiality of the IPM based algorithm, we require keeping
the iterate in a certain neighbourhood of the central path. Most practical algorithms
use the negative infinity norm neighbourhood, which is defined as

N (p) = {(x,s)>O‘Ax=b,ATy+s=c,‘

W=7 =0},

where a~ = min(a, 0) and p € (0, 1) is a constant independent of n. The closer the p
value to one, the larger the neighbourhood is. To achieve our goal, we define the SR
neighbourhood in such a way that it contains the negative infinity norm neighbourhood
and these two neighbourhoods almost match each other. Our SR neighbourhood is
defined as

N, 1) = {(x, 5)>0 ‘ Ax=b, ATy +s=c, ®(x,s, we) < n(n, 'c)},

where n(n, ) is a positive function that depends on a constant t and the dimension
of the underlying problem, and it will be determined in the sequel. Assume that
(X, S) € No_o(p)9 thens fOr M = ng

lTv—logn —n - n(l — p)—logn/Z —n n(flogn/Z )

logn - logn logn = n(n, 7).

qD(x7 s, /"Lg) =

where T =1/(1 — p). One can easily see that by this choice of n(n, t) the
neighbourhood N (n, t) contains the neighbourhood N (p). The reverse statement
also holds, but for a bigger p value. This is shown in the next lemma.
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LEMMA 3.3. Let (x,y,s) be a point in N(n,t). Then it belongs to the set
N —e 2z,

PROOF. Let (x, y, s) € N(n, 7). Then from the definition of the proximity function,

we have
lvalogn —n
(x5 fg) = ————— (1, 7).
ogn

This further implies that for all i € Z, vl._ logn <nt orv; > e~ 17712 Therefore

(x,y,8) e NS — e 2t ). O

logn/2

REMARK 2. From our discussion it follows that operating in a SR neighbourhood is
like operating in a negative infinity norm neighbourhood. Moreover, we note that
just the starting point of the algorithm is taken from this neighbourhood; for the later
iteration we use the solvability of (3.2).

COROLLARY 3.4. The inequalities ®(x,s, ug) <n(n,t) and pg <ty are
equivalent.

PROOF. The proof follows from the definition of the proximity function. O

Henceforth, without loss of generality, let us assume that there exists a feasible
solution for problems (P) and (D) for which p; < Tu,. We now describe the adaptive
choice of the barrier parameter, which is an important ingredient of our algorithm. We
define the barrier parameter as the smallest positive root of the equation

(t—Dn
Olx, 5, ) =—7—-
After expanding this equation we have
z(xflog n/Z)Tsflog n/2M1+log n/2 _ 2+ tlogn)nu +nlognug =0,

or m logn/2
2<—) w—2+rzlogn)u +lognug, =0. (3.2)
M
In the next lemma some conditions are given under which (3.2) is solvable. Its

smallest positive root is denoted by ;.

LEMMA 3.5. For all (x,s) € R, x R | for which jug < Ty, Equation (3.2) has
two positive solutions, one less than or equal to u* and the other greater than or
equal to ™.

PROOF. See Appendix A. O
The following technical lemma plays a crucial role in our later analysis.

LEMMA 3.6. For any (x, s) € Rl x R',, for which Equation (3.2) is solvable,

tlogn/(2+logn)<@< T4 2 )
M log n
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PROOF. See Appendix A. O
Although we are utilizing a specific proximity function to find the barrier parameter,
the search directions throughout this paper are either based on the SR proximity
function (3.1) as
AAx =0, ATAy+ As=0,

(3.3)
SAX + xAs = Ml-‘rlOgn/Z(x—logn/Z)S—logn/2 — xs,

or the classical Newton step (1.3).

LEMMA 3.7. Let (Ax(uy), Ay(uy), As(uuy)) be the solution of System (3.3) with

= s Then
M(2+log n)/2
T _ _ t T

(x+aAx (1) (s + ahs(u) = (1 o+ a—ugwh)logn/z)x s, G4

where
n 2/logn
Hn = (x—1ogn/2)T g—logn/2 :

PROOF. The proof follows from the third equation of (3.3). O

LEMMA 3.8. Let (Ax(us), Ay(ue), As(us)) be the solution of System (1.3) with
uw = ;. Then

(c + aAx () (s + aAs(y)) = (1 —a+a%)sz. (3.5)
8

PROOF. This follows from the third equation of (1.3). O

Now the question is: does the complementarity gap (3.4) or (3.5) decrease for
a>0?

REMARK 3. Since by our construction u; < ug, then for the Newton directions, the
complementarity gap always decreases. For the SR directions also by our construction
we will have u; < u*, which implies that the complementarity gap decreases.

In the following lemma we give a lower bound for the smallest coordinate of v that
motivates the way we determine which value of ¢ should be utilized in the definition
of the search direction, and subsequently we present our new algorithm.

LEMMA 3.9. Let (x, y, s) be a feasible point, and [, and vy the corresponding
parameter values. Suppose that for the given point Equation (3.2) has two positive
roots and denote its smaller one by ;. Then

o) —1/logn
Vmin > € (r + og n) ) (3.6)

https://doi.org/10.1017/51446181109000340 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181109000340

[8] A self-regular Newton based algorithm for linear optimization 293
PROOF. Using the fact that u; < u* and Lemma 3.6,

2
et < Hv“"g”/zﬂ <fv)? =20 < (t + 1 2 )n.
Mt ogn

Then (3.6) holds. O

In our algorithm the classical Newton direction is used whenever the actual iterate
is not too far from the central path, while if the actual point is farther away, the SR
search direction with barrier degree 1 + log n is employed.

e Newton step. We employ the Newton search direction when

2 —1/logn
Umin = e”1/2 <T + —) .
logn

o SR step. We employ the SR search direction otherwise.

Now we can outline our hybrid adaptive algorithm. The term K ;‘ is the
reduction proved for the proximity measure in one of Theorems 4.4 and 4.5 for the
corresponding ¢ value.

Hybrid adaptive algorithm

Input:
A neighbourhood parameter t > 6 and n > 4;
an accuracy parameter € > 0;
(x9,y0, 5% e N(n, 7).
begin
while x7s > ¢ do

Compute p;, the smallest positive root of Equation (3.2).
—1/logn
If vmin = ¢ (7 + 27 , then solve (1.3) with u = u;,

otherwise solve (3.3).
Find the maximum step size « for which
qD(x(a)s S(C(), /’LI) f CD()C, S, /’L[) - K

Set (x, y, s) = (x(a), y(a), s(@)).
end

*
q-

end

4. Iteration bound

In this section we derive the worst case iteration bound of our hybrid adaptive
algorithm. To do so, first we prove some necessary technical lemmas. For notational
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convenience, we define

. 12
Otg = (Z(Uz’ — R (v — Ui_q)) :
i=1

where £ stands for 1 +logn and oy = [[v —v™ Y| = |ldy +d,|, where g =1 or
1 +logn. It is easy to check that oy, and o, are well defined. The following two
lemmas specify the relation between oy, 04 and ||(dx, d)|.

LEMMA 4.1. Forq =1o0rq =1+ logn, one has o4 < 04q.

PROOF. If v; > | then v; — v; 79 < v; — v; 171087 otherwise v; "4 — v; < v;~ 1 ~log”
— v, thus oy < 0yy. O

LEMMA 4.2. ag, > /(zlogn/@+ogn) _ 2y,
PROOF. From the definition of oy,

2 2
agzq > ”v - v*IH — B o + Hvil H > Hsp _ o > (tl°g"/(2+1°g”) —2)n,
Mt M

where the last inequality follows from Lemma 3.6. O

REMARK 4. It is worth noting that t'027/C+logm) _ 2~ 0 forall n > 4 and v > 6.

The following lemma also is useful in proving the reduction of the proximity
measure for different ¢ values.

LEMMA 4.3. Suppose that for the current iterates Equation (3.2) is solvable and
W = W is its smallest positive root. Then

2 —1/logn glogn/Q+logn) _ 7y1/2
Umin = e 2 ¢ + = Urln—ii_nl()gno'g] > ( ) =C}
logn 12 5 \1+1/logn
e <'L' + m)
“.1)
and i
2\ eer 1
. -1 1+logn

Umin > € (r + Tog n> = Upin 0w = 3 4.2)
PROOF. See Appendix A. O

In the next two theorems we discuss the reduction of the proximity measure after
each iteration for different ¢ values.

THEOREM 4.4. Suppose that for the current iterates Equation (3.2) has two positive
roots and vgin > e~ Y2 (1 + 2/ log n)~Yoen - Furthermore, let (Ax, Ay, As) be the
solution of (3.3) with . = ;s as the smaller positive root of (3.2) and g = 1. Then

*x 2

o0
D (x(a)), s(@)), py) < @(x, s, wr) — %,
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where
5\ Vlogn -1
. _ 172
a;=Ci|e (‘c—l——) (14 Cyp)og; logn .
logn

PROOF. See Appendix A. O

THEOREM 4.5. Suppose that for the current iterates Equation (3.2) has two positive
roots and vmin > e~ (t 4+ 2/log n)~1/187  Moreover, let (Ax, Ay, As) be the
solution of (3.3) with u = p; and g = 1 + log n. Then
2
@30,
4 9

5\ Vlogn -1
oy = |:6e (r + ) oy log n:| .
logn

PROOF. By a proof similar to that of Theorem 4.4 and using (A.2) and inequality (4.2),

D (x(ay), s(@3), y) < P(x, s, wy) —

where

1+logn

_ Umin0¢LV in 1 *
o = THogn, = /1 = -
ote(1 +log )1+ 0tcvyy™ ) ge(r 4 1 2)"" oy logn
Moreover, by [6, Lemma 1.3.3], for « = &},
1 * 2
D (x(a), s(a), ue) < P(x, s, ur) — 7% .

REMARK 5. Following the results of Theorems 4.4 and 4.5, and the fact that the value
of the proximity function approaches infinity when the barrier parameter approaches
zero or infinity, we can conclude that Equation (3.2) for the next iterate with step size
a = o, a3, respectively, has two positive roots. We denote the smaller one by i ().

REMARK 6. Following the statements of Theorems 4.4 and 4.5, and using the fact
that *(«) is the global minimizer of the proximity function as a function of ()
for (x(a), s(a)) > 0, one has u,(«) < u*(a). Moreover, Lemma 3.7 implies that the
complementarity gap after each iteration is strictly decreasing.

The following technical lemma plays a crucial role in deriving an upper bound for
the number of iterations for our hybrid adaptive algorithm.

LEMMA 4.6. Let0 <6 < 1 and vt =v//1 — 6. Then

P(x, s, u) | 2n6

d(x,s,(1—-06 < .
(x, s, ( Jike) -9 1—9
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PROOF. From the definition of the proximity function,

2 —logn/2|2 _
@5, (1= = T o logn” “
B ﬁ ||'l)||2 —n N (1 _e)logn/Z ||v710gn/2||2 —n
o 2 logn
B O A TGO i
T 1-6 2 log n
no no

+ 2(1-96) + logn(l —0)

_ 2

1—06 logn
N ‘
- 1-90 1-6
This completes the proof of the lemma. U

LEMMA 4.7. Suppose that T > 6, n > 4, and (Ax, Ay, As) is the solution of System
(3.3) with i = pu; as the target value. Then for

; O(*qu\/‘rl"g n/Q+logn) _ 9
h (t +3)nl/2

’

we have
D (x(a), s(e), (1 =) < P(x, s, ), Yo <a* wherea™ =af oraj.

PROOF. By Lemma 4.6 we know that

2no

1
P(x (), s@), (1 =) = 77 Pxle), s@), pe) + 77—

Therefore the statement of the lemma holds whenever

L o@), s@), )+ 222 < o )
T—o x(a), s(a), Wy [—o= X, 8, Ut),

or
CD(x(a)’ S(Ol), /-'Ll) + 27’19 S (1 - G)CD(-X’ s, /’LI)

Now using Theorem 4.4 or 4.5,

(r+3)on _ "o,
2~ 4
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where a* =af, or a5, and ¢ =1 or 1 +logn. Using Lemma 4.2, this inequality
definitely holds for

Ol*GEq\/TIOg n/(2+logn) _ 2

0= |
2(t +3)nl/?

COROLLARY 4.8. After each iteration with step size a* = of or o3, Equation (3.2)
has two positive roots. Moreover,

pi(@) < (1 —0)u;, Va=<a* (4.3)

PROOF. Since the value of the proximity function ® (x(a*), s(«*), ©) goes to infinity
when p approaches zero, then by Lemma 4.7, Equation (3.2) has a root smaller than
(1 — 0)u,. Furthermore, let u*(a*) be the global minimizer of ® (x(«*), s(a™), u).
Then by Theorem 4.4 or 4.5,

(t — Dn

P (x (@), s(@®), u* (@) < 5

Therefore, since the left-hand side of (3.2) as a function of w is strictly convex, it has
another root. We denote the smaller one by u,(a*), which is less than (1 — 0)u,. O

In the following lemma we give lower bounds for 6 for different choices of g.

LEMMA 4.9. We have

C]«/‘L’l(’g n/2+logn) _ 2
qg= 1 =0 >

2el/2(r +3) (‘L’ + 1o§n

1/logn ’
) (14 Cpn'/2logn

Jrlog n/Q2+logn) _ 92
)l/logn

g=1+logn =6=> .
12¢(z +3) (r + 1 nl/2 log n

PROOF. This follows from the definition of 8 and choice of a*. O

In the following theorem we give an upper bound for the number of iterations
required by the hybrid adaptive algorithm in the worst case to find an e-approximate
solution.

THEOREM 4.10. The hybrid adaptive algorithm stops after at most O(y/nlogn
log(xO)Tso/e) iterations with a solution (x, y, s) for which xTs <e.

PROOF. In light of inequality (4.3) and Lemma 4.9, after at most O(y/nlogn
log(xO)Tso/e) iterations one has u; <e€/((t 4+ 2/logn)n). Then from Lemma 3.6,
we have xTs <e. |
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5. Concluding remarks

In this paper, using the framework of self-regularity, we have proposed an adaptive
hybrid algorithm which employs both the classical and SR search directions depending
on the position of the current iterate with respect to the central path. The hybrid
structure has enabled us to achieve the best iteration bound that can be achieved by
pure SR search directions and improve on the classical algorithms.

Appendix A. Proofs

In this section we present the proofs of some lemmas and a theorem presented in
the paper. The following two technical lemmas are used in the proof of Theorem 4.4.

LEMMA A.1. Suppose that « € [0, 1]. Then (1 +1)* <1+ at, forall t > —1.
PROOF. See [6, Lemma 1.3.1]. O

LEMMA A.2. Suppose h() is a twice differentiable convex function with h(0) = 0 and
h'(0) < 0. Suppose that h(-) attains its global minimum at its stationary point t* > 0
and h''(t) is increasing with respect to t. Then for any t € [0, t*], h(+) < h'(0)t/2.

PROOF. See [6, Lemma 1.3.3]. O

PROOF OF LEMMA 3.5. If ug = tup, then from Equation (3.2) one has u; = up
which is strictly less than u* as g =T, > py. Moreover, since @ is a strictly
decreasing function of u for u < u*, we have that ®(x, s, u*) < (r — 1)n/2 and (3.2)
has exactly one root less than u*. Furthermore, since & as a function of u going to
infinity for u > p*, then (3.2) has exactly one root that is greater than u*. Now let us
assume that g = Ty, where 1 < 71 < 7. Then

(tp—Dn  (t—Dn
< .
2 2

P (x, s, up) =

We also know that the value of the proximity measure strictly increases to infinity
when p approaches zero. All these together imply that (3.2) has exactly one solution
which is strictly less than pj,. Similar to the previous case, another root which is
greater than p* must also exist. g

PROOF OF LEMMA 3.6. The right-hand-side inequality easily follows from (3.2).
For the left-hand-side inequality, since u* is the global minimizer of the proximity
measure ®(x, s, 1) as a function of x and the proximity measure approaches infinity
when o approaches zero, j; < u*. Now let us consider the case where iy < Tuy.
Then ®(x, s, e /7) < (r — 1)n/2. This itself implies that @, < e /7. For the case
where (g > Ty, using the definition of u* leads to u* < r~log "/(2+1°g”)ug. Now,
since p; < ¥, then

< max(%, —logn/(+log n)ﬂg> _ ¢ —logn/(2+log n)'u’g. 0
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PROOF OF LEMMA 4.3. If vpin > e~ /%(z + 2/log n)~1/1°2" then by Lemma 4.2,

loen 12 —1—1/logn
plt! g op > e—l/Zn—l/Z(rlogn/(2+logn) _ 2) (‘L’ + 1 ) nl/?
ogn

(.L,log n/(2+logn) __ 2)1/2

1/2 2
e/<r+logn

=(Cy,

)I—H/logn :

completing the proof of (4.1). Finally, (4.2) follows from [6, Proposition 3.1.5]. O

PROOF OF THEOREM 4.4. Let us define
gl@):=® (x(a), s(a), ur) — P(x, s, )

@ —n | v@ P —n et —n o =

2 logn 2 logn

v(e) = w = +ad)'*(v +ady)'/.
t

After simplifying the expression, and using the arithmetic-geometric mean inequality,
we obtain

where

n

S L + o))+ i+ )2
i=1

1 T
< v (d +d
g(a) = Sv* (dy + s)a+210gn

oo |
i = gi(a).
ogn
By the definition of oy, the derivative of g1 («) at zero is
2

1 | o
g3<0>:§vT(dx+ds)—§<v ! 1°g")T(dx+ds):—§.

Moreover, for the second derivative of g (), using Lemma 4.1 gives

(1+1log n)azz1
2

—2—1
gi/(a) = (Vmin — @0¢1) o8n,

Now using the fact that
o« ¢
GO=0 and g(@) =gi(0)+ g O + / / ¢ln) d dt.
0 JO

one further has

2 2
o (1 +logn)os [ (¢ 2 loen
gl(a)f—%cﬂrf“fo /0 (Umin — 7001) 278 dn d¢ =: g ().
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It is easy to see, via use of simple calculus, that g5 («) is convex and twice continuously
differentiable for all @ € [0, amax). Let a1 denote the global minimizer of g>(«). Then
it is the solution of the equation

From (A.1),

2 —1—1 —1-logn

—o;, + oul ((Umin —aog)” " —w =0. (A.1)
- Umi 1+1 —
& = 'min (1 _ (O_“vairnogn +1) 1/(1+logn))’ or

01

1+logn 1/(1+log n)

_ Umin O0¢1Vnin
o1 = =11 1+logn

o¢l1 1+ 001V i

Now using Lemma A.1 for the inner parentheses leads to

1+logn
_ Umin0¢1V pin

o (1 +logn)(1 +og1v
Cy
>1/logn

1+logn
£

min

\
-| |-
2

1, (A.2)

el/z(r—l—@ (14 Cp)oyy logn

where the last inequality follows from part one of Lemma 4.3. Now, since g»(x)
satisfies all conditions of Lemma A.2,

1
S x(e), (@), ) = P, 5, ) = o0
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