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Abstract

We study the discrete optimization problem under the distributionally robust
framework. We optimize the Entropic Value-at-Risk, which is a coherent
risk measure and is also known as Bernstein approximation for the chance
constraint. We propose an efficient approximation algorithm to resolve the
problem via solving a sequence of nominal problems. The computational
results show that the number of nominal problems required to be solved is
small under various distributional information sets.

Keywords: robust optimization; discrete optimization; coherent risk
measure.

1. Introduction

Robust optimization has been widely applied in decision making as it
could address data uncertainty while preserving the computational tractabil-
ity. The majority of studies has been focusing on developing modeling and
solving techniques for the convex optimization problems. Its application on
discrete optimization problems, however, is rather limited. The difficulty
mainly arises from the computational perspective. As it is well known that
the discrete deterministic optimization in general is hard to solve, how to
tackle the stochastic version of the problem without tremendously increas-
ing the computational complexity is challenging. In this work, our primary
goal is to provide an efficient approximation scheme to optimize a coher-
ent risk measure in discrete optimization problems, where the distributional
information is not exactly known.
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For discrete optimization under robust framework, Kouvelis and Yu [1]
describe the uncertainties by a finite number of scenarios and optimize the
worst-case performance. They show that even the shortest path problem with
only two scenarios on the cost vector, however, is already NP-hard. Averbakh
2] investigates the matroid optimization problem where each uncertainty be-
longs to an interval, and shows that it can be polynomially solvable. However,
the conclusion cannot be generalized to other discrete optimization problems.
Bertsimas and Sim [3, 4] introduce the budget of uncertainty to control the
conservatism level. Under their framework, the shortest path problem under
uncertainty could be solved by O(n) deterministic shortest path problem,
where n is the number of arcs. Nevertheless, the above approaches use little
information of the uncertainties. When more distributional information is
available, e.g., mean or variance, the solutions from those approaches might
be unnecessarily and overly conservative. There have also been literatures
using stochastic programming approach on discrete optimization (see, for
instance, [5]), but the computational issue is no less severe.

In this paper, we study the discrete optimization problem with more
general distributional information by optimizing the Entropic Value-at-Risk
(EVaR). EVaR is first proposed by Nemirovski and Shapiro [6] as a convex
approximation of the chance constraint problem. It is also a coherent risk
measure that could properly evaluate the risk of the uncertain outcomes; see
[7]. We then provide an efficient approximation algorithm to solve it via a se-
quence of nominal problems. Our computational results clearly demonstrate
its benefit and suggest that the number of nominal problems we need to solve
is relatively small.

The paper is structured as follows. In Section 2, we present our general
framework. In Section 3, we discuss the solution procedure where we approx-
imate EVaR using piecewise linear functions. In Section 4, we show how to
find the linear segments efficiently. In Section 5, we provide several examples
on the distributional information to show that the algorithms can work quite

efficiently.
Notations: Vectors are represented as boldface characters, for example,
x = (v1,%2,...,%,) where z; denotes the ith element of the vector x. We

use a tilde to represent uncertain quantities, such as random variable Z or
random vector c.



2. Model

We consider the following nominal discrete optimization problem,

min cx
s.t. reX,

where X C {0,1}". In practice, we may not have deterministic cost param-
eters c¢. For example, in the shortest path problem, the travel time on each
arc might be uncertain. To incorporate these uncertainties, we let the cost
associated to each x; be ¢;, 1 =1,...,n.

Given a probability level € € (0,1), it is natural to minimize the corre-
sponding quantile by solving the following problem,

min T
s.t.  Prob(¢x >r7) <e,
x e X,

where Prob(A) represents probability of an event A. Essentially, this is the
same problem as minimizing the Value-at-Risk (VaR) of &'z,

glei)rfl VaR,_. (¢x), (1)
where

VaRy_(2) =inf {t : Prob (2 <t) > 1 —¢€}

for any random variable Z. While VaR is a widely used risk measure, it is
not convex and hence Problem (1) suffers from computational intractability.
Indeed, Nemirovski [8] has pointed out that the feasible set of Problem (1)
may not be convex even under the relaxation of discrete decision variables.
Besides, VaR only accounts for the frequency but pays no attention to the
magnitude, which is actually non-negligible in many practical problems. To
tackle these issues, we next introduce an invariant of VaR.

Definition 1. The Entropic Value-at-Risk (EVaR) of a random variable Z,
whose distribution P is only known to lie in a distributional ambiguity set P,

1s defined as

EVaR,_. (%) = inf {aln sup Ep [exp (i)} —aln 6} :
«

a>0 PP



Note that the definition of EVaR incorporates the situation where we may
not have full knowledge of the probability distribution. Hence, the situation
of knowing the exact distribution is only a special case with P being a single-
ton. This function is first proposed by Nemirovski and Shapiro [6] as a convex
and safe approximation for the chance constraint and named as Bernstein ap-
proximation. They show that EVaR;_. (2) < 0 implies Probp (2 > 0) < € for
any P € P, where Probp is the probability of the event under distribution P.
With known distribution, Ahmadi-Javid [7] studies EVaR from the perspec-
tive of risk measure, and proves that EVaR is a coherent risk measure, i.e.,
it has the properties of translation invariance, subadditivity, monotonicity,
and positive homogeneity. With general distributional information, we can
also easily check that EVaR in Definition 1 remains to be a coherent risk
measure.
Instead of VaR, we minimize EVaR as follows:

. ~/
min EVaR,_. (¢x). (2)
From now on, we assume that for any ¢ = 1,...,n, the distribution P;
of uncertain cost ¢; belongs to a distributional ambiguity set P;. Besides,
¢,1 =1,...,n, are independent bounded random variables, and the distri-
butional ambiguity set P of all possible distributions of ¢ can be written
as P = Py X --- x P,. We also impose the condition on the expecta-
tion of uncertain costs such that suppep Ep[¢] > 0. In particular, when
P, ={P|Ep(¢;) =0,P(¢ € [-1,1]) =1} for all i = 1,...,n, Ben-Tal et al.
[9] have shown that Bernstein approximation is a less conservative approx-
imation to the ambiguous chance constraint compared with the budgeted
approximation proposed by Bertsimas and Sim [4].
Remark 1 When the uncertain costs ¢ independently follow normal distri-
bution with mean g and standard deviation o, we could observe that

~/
EVaR; . (¢€z) = infalnEp [exp (£>] — alne}
a

a>0

. = o?
I R

i=1
= p'x++/2In(1/e) Zafxi,
i=1




% In this case, Problem (2) is

equivalent to the classical mean-standard deviation model,

where the optimal « is achieved at

min g’z ++/21In(1/€)

xrcX

n
2
E 0;T5.
=1

3. Solution procedure

We now focus on the solution procedure for Problem (2), and start with
decomposing the uncertain costs.

Proposition 1. Given any € € (0,1), we have

xreX a>0,xeX

Z*:=min EVaR,_.(¢x)= inf {ZC’ —alne}, (3)

where for any i =1,...,n,

)= gapots oo (0| <o [ ()

is a convex nonincreasing function in o > 0, and lim,_, 4 Ci(a) = suppep, Ep (&).

With Proposition 1, we first consider a special case of Problem (3) where
the nominal problem is an optimization problem over a greedoid. In this
situation, the optimal solution could be exactly found by solving a polynomial
number of nominal problems.

Corollary 1. When the nominal problem is an optimization problem over
a greedoid, and the uncertain cost ¢;,1 = 1,...,n, have the structure as
¢; = a;+b;Z;, where z; are independent and identically distributed and b; > 0.
Then the optimal solution of Problem (3) could be derived by solving at most

( Z ) + 1 = O(n®) nominal problems.

The above corollary, however, cannot be applied to Problem (3) in gen-
eral. We next provide an approximation scheme for Problem (3) by approx-
imating the function C;(a) with a piecewise linear function.



Suppose we know the optimal o in Problem (3) is bounded by [cmin, Qmax],
then we choose a1 < ag < -+ < qyuy1 such that o = o, i1 = max-
For any i = 1,...,n, we denote C;; = C;(c;) and define the function

- Cigi+1) — Cij

Cij(Oé):Cij—i— (a—aj),jzl,...,m

Qj+1 = @y

In other words, C;;() is a linear function connecting the points (;, Ci(c;))
and (aj+1,Ci(j41)). In addition, we define the piecewise function

Ci(o) = max Cj(a).

7j=1,....m

We plan to use the piecewise linear function, éi(oz), to approximate the
concave function C;(«) and solve the following problem:

Z! = min weX{ZC —alne}. (4)

[O‘mm 7O‘max]

We next discuss the solution procedure of Problem (4).

Proposition 2. Z: can be equivalently calculated as

Z¥= min U(j),

€ j=1,..,m+1
where

U(]) = —Q;j lnE—l-lglel‘/{(l "~ OZJI'Z

Notice that U(j) can be derived via solving a deterministic version of the
nominal problem. Therefore, Z: can be calculated with (m + 1) underlying
deterministic problems. To see how close Zf can approximate Z7, we need
the following proposition.

Proposition 3. Suppose there exists § > 0 such that Ci(a) < (1 + B)Ci(a)
foranyi=1,...,n and & € [Omin, Vmax), we then have

Zr < Zr < (1+P)Z:.

Therefore, we can use Zj to arbitrarily approximate Z;. Clearly, the ap-
proximation level, (1 + ), would affect the number of linear segments, m,
which in turn is critical to the computational complexity of the approxima-
tion problem.



4. Guidelines for Selecting Break Points

In this section, we show potential approaches to find the bound [@pin, Cmax]
and discuss how to search for the linear segments to approximate function
Ci(«) within (1 + 3) level.

Setting o, = 0 is obviously one potential approach to set the lower
bound of optimal a. However, this will incur many linear segments at the
beginning of the search. So we next provide another approach to find better
Omin and apax. We denote 0C;(«) as the subdifferential of C;(«) at « for
1=1,...,n.

Proposition 4. Consider any o, € Amin, . € Amax, where

max

n
Apin = {Oz>0 max siz; <lIne, s; € 0C; (), izl,...,n},
xre

i=1

xreX 4
=1

Anax = {oz>0 min six; > 1ne, s; € 0C; (), izl,...,n}

are both convex sets. Then the optimal o in Problem (3) must be in the range

[k, ok ]

min’ ~'max

Remark 2 There are a few points we need to highlight with respect to
Proposition 4. First, as both A,;, and A,.x are convex, we can decrease
(increase) the value of any initial a until it becomes an element of A,
(Amax) and then we find a lower (upper) bound of the optimal . Second, the
set A, might possibly be empty, in which case we cannot use Proposition 4
to find the lower bound and hence we need other alternatives, such as simply
setting oy = 0. Third, the conditions in sets A, and A involve a
discrete optimization problem which might be computationally intractable.
In that case, we can relax @ € X to € Conv (X), where Conuv(-) represents
the convex hull. We then would have a stricter but easier condition to check,
and still guarantee the bound of optimal a.

We now study how to choose «;, j = 1, ..., m for any approximation level
(1 + B) in Proposition 3. Denote by [-] as the ceiling, i.e., [z] = min{z° €
Z : 2° >z}

Proposition 5. Given anye > 0andi=1,...,n, welet fi; = suppcp, Ep [G;],
and select
’V S; (amin - amax)
m = | max — :
1=1,....,n FLZ/B



and o = Cumin + L1 (Qmax — Qmin) for all j = 2,...,m, where s; € OC;(min).
We then have Ci(a) < (14 B)Ci(a) for all a € [oumin, Omax, i = 1,..., 7.

Proposition 5 provides an upper bound on the number of linear segments
needed to achieve the (1+ )-approximation for an arbitrary level of . How-
ever, the scheme just simply divides the set [min, max] evenly, and may lead
to an unnecessarily high value of m. Indeed, we can use the following algo-
rithm to find the value of m and the corresponding break points aq, ..., a,
efficiently.

Algorithm for Break Points

Initialization: k£ =1, a; = amin.

repeat
1. Solve
Qpy1 = max  af
st fi(a,a®) <0, i=1,...,n (5)
673 < ao S Omax;
where
fi(ag, @) = max g; (o, a’ ),
a€lag,a]
and

Ci (Cl/o) — Cz (Oék)

gi (ap, 0, a) = C; (ay,) + (a—ap)— (1+8)Ci(a).

al — o
2. Update k =k + 1.
until o, = apax.
Output: m =k, ay,...,qp,.
Proposition 6. Consider any ay > omin, i = 1,...,n. f; (ag, a°) is nonde-

creasing in o° € [, Omax), and g;(ag, a°, ) is concave in .

According to Proposition 6, to calculate o, ; in Problem (5), we can
use a binary search on a°. At any given value of a°, we check the sign
of max;— ., fi (o, a®), where f; (ag,a®) can be obtained from a univariate
concave maximization problem that can be efficiently solved. Interestingly,
when ¢;, 2 = 1,...,n, are all normally distributed, we can analytically calcu-
late the breakpoints based on the Algorithm for Break Points.

8



Corollary 2. When the random wvector ¢ follows normal distribution with
mean p and standard deviation o, we have for any o > 0,

2

o
Ci — My —l, ':1,..., .

(@) = p; + 5 i n
Based on the Algorithm for Break Points, we could calculate the break points
as

1
Ayl = ok ]{f:l,,m—l
( [148 _ [2Bus | ﬁ)
2

(77 O'j ap

where

J = arg min Hi :
i=1,...,n 0'.2

7

The number of linear segments m can be bounded above by

In(max/@min) 1
2In (vVI+ 5+ VP) '

Corollary 2 suggests that the calculation of break points under normal
distribution assumption only depends on the uncertain cost ¢; which has the
smallest mean-variance ratio. Hence, to guarantee the (1+3)—approximation
level, the number of linear segments is not related to the number of decision
variables n. It is proportionally increasing with function 1/(2In(y/1+ 3 +
v/B)). Table 1 shows this value when [ varies.

B 0.1 | 0.01 | 0.001 | 0.0001
1/ (2In (vI+5—+/B)) | 1.607 | 5.008 | 15.81 | 50.00

Table 1: Bound for the number of linear segments under normal distribution.

However, for other distributional information sets, it is not easy to find
the closed form formulation of the break points and the number of linear
segments. Next, we will conduct some computational studies to show the
calculation of break points.

5. Computational studies

In this section, we consider a stochastic shortest path problem to show
the calculation of break points, and let the approximation level, 5 be 0.001 in

9



all computational studies. We consider three different types of distributional
information on the uncertainties ¢, including the distributional ambiguity
set, normal distribution, and uniform distribution. The evaluation of C;(«)
for the case of normal distribution has been discussed in Corollary 2.
Distributional ambiguity set. Nemirovski and Shapiro [6] have shown
the calculation of function C;(«) under various distributional ambiguity sets.
Since the calculation procedure is quite similar, we would only take a specific
one as an example. We assume that the random variable ¢; takes values in
[¢;, ], and its mean equals p;, i.e.,

P ={P|Ep (¢;) = i, P (¢ € [¢;,@]) = 1},
Then we have for i =1,...,n,

Ci(a) = aln sup Ep {exp (2)1 =aln (fz — M exp (%> + wexp (&)> )
PeP; « G — ¢ Q G — ¢ Q

1 1

Uniform distribution. When the random variable ¢; follows uniform dis-
tribution U(¢;, ¢;), then

i) =am (aSPELIZEREI) Gy,

Ci— ¢

We first investigate the same graph studied by Bertsimas and Sim [3]
which has 300 nodes and 1475 arcs. They also specify the bound of ¢;, which
we denote by [c;, ¢]. For the case of distributional ambiguity set, ¢, and ¢
represent the lower and upper bound, and we consider the mean p; at different
values. For the case of normal distribution, we define u; = (¢; + ¢)/2 and
vary the standard deviation o;, while for uniform distribution, we just let ¢;
follow U(c;, ¢;). The numbers of break points under these three situations are
summarized in Table 2. We can observe that these numbers are relatively
small. It implies that we only need to solve a small collection of nominal
problems to achieve (1 4 )—approximation of the stochastic problems even
[ is as low as 0.001.

We next study how the size of graph would influence the number of break
points. To this end, we randomly generate directed graphs following the
procedure in [3]. The origin node is at (0,0), and the destination node is at
(1,1). We randomly generate the two coordinates of the nodes, and calculate
their Euclidean distance as ¢;. For each arc i, we generate a parameter vy

10



Distributional ambiguity set Normal Uniform
Distributional
information Hi gi
3¢, +¢i c;t¢i ¢, +3¢; Ci—¢; Ci—¢; Ci—¢;
1 2 1 2 1 6
e =0.01 13 9 6 28 21 18 19
e =0.05 11 8 5 26 19 16 19

Table 2: Number of break points under different distributional information.

from the uniform distribution U(1,9), and let ¢; = y¢;. We then construct

the distributional information similar to our first study, and let p; = Q% in

the case of distributional ambiguity set and o; = “7= in the case of normal
distribution. Table 3 shows that the number of break points, and hence the
computational complexity of the approximated problem, would not increase
with the size of graphs. Compared with [3], which requires solving O(n)

nominal problems, our method is more appealing for the large networks.

. Distributional (number of nodes, number of arcs)
Information | (30,150)| (100,500)| (200,1000) (300,1500) (500,2500) (800,5000)
Distributional
ambiguity 19 12 11 9 8 7
0.01 set
Normal 25 25 21 26 24 28
Uniform 27 23 20 22 22 23
Distributional
ambiguity 17 11 9 8 6 6
0.05 set
Normal 23 23 19 24 22 26
Uniform 23 21 19 21 20 22

Table 3: Number of break points under different graphs.
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Appendix

Proof of Proposition 1
Observe that for any given @ € X, o > 0,

~/ n
sup « In Ep {exp (2>] = «aln (H sup Ep {exp
Q@

PeP i—=1 PEP:

VR

)

= Z sup aln Ep {exp (szl>]
o

i=1 PeP;

= Z sup <a In Ep [exp (Eﬂ xl)
i—1 PEP;i Q

= Z Cz (Oé) Xy,
i=1
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where the first two equalities follow from the independence of ¢; and P =
Py X -+ X Py, and the third equality holds since z; € {0,1}. Therefore,

reX xzeX o>0

Z* =min EVaR;_. (¢'x) = min inf {Z Ci(a)z; —aln e} .
i=1

To prove the convexity of Cj(a), i = 1,...,n, we consider any ay, as > 0.
Define ay = Ay + (1 — A)ay for any X € [0,1]. We have

o o ()] 1 o ()
aq (%3

- Aoy B (1=Nag
Ci AN Ci N
= (ke oo (5) ) e (o oo (2)))
(65} %)
- Aag N (A=XNay
= o (o (C)]) 7 (oo ()
aq Qo
B Aaq (1=X)ag

v

ay In Ep (exp <&)> aA X (exp (&>) h
(03] (6%)
- 5@
= a)InEp |exp (—)} )
I ax

where the inequality follows from Holder’s inequality. As pointwise supre-
mum preserves convexity, we know that C;(«) is convex.

For the special case that P is a singleton, Kaas et al. [10] have shown the
nonincreasing property and provided the asymptotic analysis of C;(a). In
the general case, we can easily extend the result to complete the proof. [

Proof of Corollary 1

For any i =1,...,n, we let

hi(a) = aIn sup Ep [exp <ZE>} |

PeP;

Since z; are independent and identically distributed, we could easily get that
hi(a) = ... = hy(«a). For simplicity, we define h(a) = hy(«). Hence, we

13



could write function C;(«) in terms of function h(«) as

43
Ci(a) = alnsupEp {exp <a,+ ZZZ)]

PeP; o

= a; +«alnsup Ep {exp <—>}
PeP; a/bz

We next show that when « varies from 0 to 400, the two functions C;(«) and
Cj(a) either are equal to each other or have at most one intersection point.
Consider any ¢ # j,i,j € {1,...,n}. If b; = b;, then it is obvious to justify
our argument. If b; # b;, without loss of generality, we assume b; > b;, and
let (o) = Cj(a) — Cj(a) for any o > 0, then we have for any A > 0,

lla+A) —I(a)
= (Cila+A) = Cj(a)) = (Cila + A) = Ci())

=0 (57) ) 0 (5) )

When A decreases to 0, we could get

lla+A) —Il(a)

a A
()1 (6) () -4 2)
et st )
h(g+2)—h(g h(g+5)—h(s
= lim— (Z/bj) 5l (bA/bZ-) :
) hmh<%+A>—h %)_hmh<%+A —h(g)

where dq/5;, and daj, are the upper bound of subdifferential of i at a/b;
and «/b;, respectively. Based on the definition of subdifferential and the
convexity of function h, we have

Bar/by) — hla/b) > do, (0fb; — afby),
hor/be) — h(a/by) = da, (0 /b — aifby).

14



Combining the two inequalities together, and a/b; < a/b;, we get
da/bj < da/bi'

Hence, we have limp wl < 0, which implies that I(«) is a nonin-
creasing function in @ > 0. Cj(«) and C;(«) either are overlap or have at
most one intersection point.

Therefore, the cost functions C;(«),i = 1,...,n can only have at most

(a+A)—l(e)
A

( ;l ) + 1 = O(n?) possible ordering. Observe that the nominal problem is

an optimization problem over a greedoid, the optimal solution depends only
on the ordering of the cost. Hence, the optimal « in Problem (3) can be
obtained from enumerating all O(n?) possible orderings of C;(). O

Proof of Proposition 2
According to the convexity of Cj(a) and the definition of C; (@), we know

~

Ci(a) = Cyj (a) if a € oy, aj4q]. Therefore,

n
Z* =min min min Cii(@)z; —alne y . 6
€ gcer:L.‘.,mae[aj7aj+1] {; Z]( ) 1 } ( )
It is noted that Cj;(a) is linear in a. Therefore, the optimal solution for

min {Z?_l Cij(@)z; — aln e} can be achieved at the extreme points,
a€lay,o41] B

ie., a; or ajyq. Hence,

‘min  min {Z Cij(@)z; — alne}

J=1,-m a€laj,aj41]

i=1
n n
= 'r{lin min g Cij(aj)z; —ajlne, g Cij(aji1)r; — ajrrlne
=1,...m
! i=1 i=1
n n
= Ar{nn min E Cijri —ajlne E Cij+1)Ti — ajp1Ine
=1,....m
/ i=1 i=1
n
= min E Cijz; —ajlne .
j=tmtl | =
1=

15



Therefore, Problem (6) can be reformulated as

n

Z? = min min Z(C’ijxi—ozjlne)

zeX j=1,...m+1

i=1
n
= min min g Cijr; —ajlne
7j=1,..,m+1 xeX -
=1
= min U(j).

§=1,..,m+1

Proof of Proposition 3

Consider any « € [unin, Omax|, there exists j € {1,... ,m} such that o €
[aj, aj11]. Since Cj(a) is convex, we then have Cj(a) < Cji(a) = Ci(a) <
(1+ B)C;i(a). Therefore, for any € X, € € (0, 1),

iC’i(a)xi—alne < ié’i(a)xi—alne < i(1+5)0¢(a)xi— (1+p)alne,
i=1 i=1 i=1

where the inequalities hold since @ is nonnegative and Ine < 0. Taking the
minimum on each side we get Z* < Z* < (1 + ) Z*. O

Proof of Proposition 4
The convexity of the sets A, and Ay.x follows from the convexity of the
functions C;(«), which is supported by Proposition 1.

Forany x € X and 0 < a < oy, € Apin, we can find s; € 9C; (o), @ =

1,...,n such that maxyex Y ., s;4; < Ine. Hence we have

Z Ci(a)r; —alne
i=1

n

> > (Cil @) + 81 (@ = Qin)) i — Ay I € + (A, — @) Ine
=1
Zn n
= Z Ci(a:nin>xi - Oé;knin Ine— (Oé:nin - Oé) ’ Hlea)?( SiYi + (a;knin - Oé) Ine
Yy
1 i—1
zn i
> Z CZ'(Ot;iin)wi - Oé:(nin In €,
=1
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where the first inequality is due to the convexity of C;(«), the second and
third inequalities hold since > | s;2; < maxyex y ., Sy < Ine. Therefore,
we can find optimal o to be no less than o ;.

To show the other way, consider any o > o, € Amax, We then can find
s; € 0C; (e ), ¢ =1,...,n such that mingey > ., s;y; > Ine. Similar to
the previous analysis, we have

Z Ci(a)x; — alne
i=1

n

yey

> Y (Cil @) + 56 (@ = ) T — Qe In€ = (@ — ) Ine
i=1

> ) Cil @i — Ol In e+ (@ — 0fy) - min Y sy — (0 — afy,,) Ine
i=1

=1

n
> E : Ci(afnax)‘ri - Oé:nax Ine.
=1

Therefore, we can find optimal « to be no greater than o O

max*

Proof of Proposition 5

Consider any « € [aj, aj41], j = 1,...,m. We can observe that
C’i(Oé) < Cj
< iy — si (1 — a;j)
CZ' (0%
< )+ Y () (@ - ay)

_ CZ(Oé> (1 + iamin - CYmax)
Hi m

Ci(a) (1 +5),

where the first inequality follows from the monotonicity of éi(oz), the second
inequality follows from the convexity of C;(«), and the third inequality follows
from the monotonicity of C;(a) and Ci(«) > f; > 0 for all a. O

IN

Proof of Proposition 6
To prove that f;(a, a®) is nondecreasing in o € [k, Qmax], We consider any
a’,a° such that ap < a® < a° < apax. In that case, a® = Aag + (1 — A)a?
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for some A € [0,1). We then have

C’i (Ozk) - Cz (Oéo) > Ol (Oék) — /\Cz (Oék) — (1 — /\)Ol (@o) . Cz (ozk) - Cl (C_Yo) .

a® — ay - Aag + (1= N)ae — oy, a° — ay
(7)
Therefore,
filar, %) > max g (a,a% a)
aElag,a]
o — O =0
= max {C’i (o) — — (Ci(ax) — Ci(a%) — (1 + B) C; (a)}
a€lag,a] ar — Ok
O — g

> max {ci (o) —

a€lay,a’]

- fi(alﬂ 040)7

where the first inequality holds since a® < a°, and the second inequality is
due to the result in the inequality (7). The concavity of g;(ay, o, a) in «
follows immediately from the convexity of C;(«). O

(Ci () — C () — (14 B) G, <@>}

ol — oy

Proof of Corollary 2

Since ¢; follows normal distribution, from the moment generating function,
we have for any a > 0,

o2

Ci = i + =, =1,...,n.
(o) M+2a i n
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Hence, in Algorithm for Break Points, we could get

fz(CWw O)
= aer[{lxa};o]gz(ak’a , Q)
= max oo+ HLZE a4 pa@)
= Cilow) - Ci(a;z:g;(a’“)awa&jﬁo] {CZ(QL):SZ(ak) ( +B)C¢(oz)}

o2  o? o? 2
= pit o+t - - ot
Hi 20y, * 2a° v aer[rcli,}if)] { 2aka0a (1+8) (M * 2a>}

J? 02 (1+8) + —,/i:ﬁ,af, if > (14 8)ay,

o2 o2 .
201 e =B iy <00 < (14 By
2
2
( B) _/BILLZ_/B&7 lfOZOZ(l‘f‘ﬁ)CE]ﬁ
— 20zk
B,uu if ap < a’ < (1 + 5)06]@

2a°

Given the closed form of function f;(ag, a®), we could solve Problem (5), and
get

Op41 =

1
1+8 2B; B 27
W V—ag W)
J

] = arg I mln {,u_;}
..... lox;

(2

where

It is easy to show that

\/1"— +\/_ Oék,

1 1
T (=- ¢%+§)22<m Vel

2

where the inequality holds because we have p; 4 5.2 7L > (145) p; and “ 5 >0.
[
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