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Abstract

This research considers the ranking and selection (R&S) problem of selecting the optimal subset from a finite set of alternative
designs. Given the total simulation budget constraint, we aim to maximize the probability of correctly selecting the top-m
designs. In order to improve the selection efficiency, we incorporate the information from across the domain into regression
metamodels. In this research, we assume that the mean performance of each design is approximately quadratic. To achieve
a better fit of this model, we divide the solution space into adjacent partitions such that the quadratic assumption can be
satisfied within each partition. Using the large deviation theory, we propose an approximately optimal simulation budget
allocation rule in the presence of partitioned domains. Numerical experiments demonstrate that our approach can enhance
the simulation efficiency significantly.
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1 Introduction

Discrete-event systems (DES) simulation has played an important role in analyzing modern complex systems and
evaluating decision problems, since these systems are usually too difficult to be described using analytical models.
DES simulation has been a common analysis method of choice and widely used in many practical applications,
such as the queueing systems, electric power grids, air and land traffic control systems, manufacturing plants and
supply chains (Xu et al.l 2015] 2016; |(Gao and Chen, |2016|). However, running the simulation model is usually time
consuming, and a large number of simulation replications are typically required to achieve an accurate estimate of a
design decision (Lee et al.l2010). In addition, it could be computationally quite expensive to select the best design(s)
when the number of alternatives is relatively large.
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In this paper, we consider the problem of selecting the optimal subset of the top-m designs out of ¢ alternatives,
where the performance of each design is estimated based on simulation. In order to improve the selection efficiency,
we aim to intelligently allocate the simulation replications to each design to maximize the probability of correctly
selecting all the top-m designs. This problem setting falls in the well-established statistics branch known as ranking
and selection (R&S) (Xu et al, 2015).

In the literature, several types of efficient R&S procedures have been developed. The indifference-zone (IZ) approach
allocates the simulation budget to provide a guaranteed lower bound for the probability of correct selection (PCS)
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(Kim and Nelson, 2001)). /Chen et al.| (2000) proposed an optimal computing budget allocation (OCBA) approach for
R&S problems. The OCBA approach allocates the simulation replications sequentially in order to maximize PCS
under a simulation budget constraint. |He et al.| (2007)), |Gao and Shi| (2015) and |Gao et al.|(2017a) further developed
the OCBA method with the expected opportunity cost (EOC') measure, which focuses more on the consequence of
a wrong selection compared to PCS. Brantley et al,| (2013]) proposed another approach called optimal simulation
design (OSD) to select the best design with regression metamodels. It assumes that all designs fit a single quadratic
line and the variance of each design is identically distributed. The OSD approach was further extended in |Brantley
et al.| (2014])), [Xiao et al.| (2015)) and |Gao et al.| (2018) to consider more general problems by dividing the solution
space into adjacent partitions. Although these studies are also based on partitioning or metamodeling, they do not
aim to select the top m designs, and are therefore different in objectives from this research. Other variants of OCBA
include selecting the best design considering resource sharing and allocation (Peng et al.l|2013) and input uncertainty
(Gao et al.l |2017b).

Most of the existing R&S procedures focus on identifying the best design and return a single choice as the estimated
optimum. However, decision makers may prefer to have several good alternatives instead of one and make the final
selection by considering some qualitative criteria, such as political feasibility and environmental consideration, which
might be neglected by computer models (Gao and Chenl |2016; [Zhang et al.,|2016)). The selection procedure providing
the top-m designs can help the decision makers make their final decision in a more flexible way.

The literature on the optimal subset selection is sparse. |Chen et al.| (2008) and |Zhang et al.| (2016]) considered the
optimal subset selection problem using the OCBA framework, which maximizes PC'S under a simulation budget
constraint. In |Gao and Chen| (2015)), an optimal subset selection procedure was proposed to minimize the measure
of EOC. The optimal subset selection problem was further extended in|Gao and Chen| (2016) for general underlying
distributions using the large deviations theory.

The aforementioned R&S procedures could smartly allocate the computing budget given the simulation results. They
estimate the performance of each design only by considering the sample information of the considered design itself.
However, the designs nearby could also provide useful information since neighboring designs usually have similar
performance. Based on this idea, we aim to improve the selection efficiency by incorporating the information from
across the domain into some response surfaces. Unlike traditional R&S methods, the regression based approaches
require simulation experiments on only a subset of all the designs under consideration. The performances of the
other designs can be inferred based on the sample information of the simulated designs. This provides us an effective
way to further improve the efficiency for solving the subset selection problem, which is the motivation of this paper.

In this research, we assume the underlying function is quadratic or approximately quadratic. This assumption could
help utilize the structure information of the design space and led to significant improvement of the computational
efficiency. It is commonly used in the literature, such asBrantley et al.[(2013],2014); Xiao et al.| (2015); [McConnell and
Servaes| (1990). Based on this assumption we built a quadratic regression metamodel to incorporate the information
from across the domain. The first contribution of this work is that we propose an asymptotically optimal allocation
rule that determines which designs need to be simulated and the number of simulation budget allocated to them,
such that the PC'S of the optimal subset could be maximized. We call this procedure the optimal computing budget
allocation for selecting the top-m designs with regression (OCBA-mr). In order to further extend the OCBA-mr
procedure to more general cases where the underlying function is partially quadratic or non-quadratic, we divide
the solution space into adjacent partitions and build a quadratic regression metamodel within each partition. The
underlying function in each partition could be well approximated by a quadratic function if the solution space is
properly partitioned or each partition is small enough. According to the results in Brantley et al.| (2014); |Xiao
et al| (2015); |Gao et al.| (2018)), the use of partitioned domains along with regression metamodels could significantly
improve the simulation efficiency. That means interpolating the solution space can be an effective way for us to
have further improvement. For different problems, the solution space could be divided into discrete partitions using
different criteria, such as the size of corporations, the type of industries and the temperature of chemical process
(Xiao et al., |2015). Based on the idea mentioned above, we develop an asymptotically optimal computing budget
allocation procedure for selecting the top-m designs with regression in partitioned domains (OCBA-mrp), which is
an extension of the OCBA-mr procedure for more general cases. In order to maximize the PC'S of the optimal subset,
the OCBA-mrp procedure not only determines the optimal simulation budget allocation within each partition but
also determines the optimal budget allocation between partitions.

The rest of the paper is organized as follows. In Section 2, we formulate the optimal subset selection problem
with regression metamodel and derive an asymptotically optimal simulation budget allocation rule, called OCBA-
mr. Section 3 extends the OCBA-mr method for more general cases with partitioned domains and derives another



asymptotically optimal simulation budget allocation rule, called OCBA-mrp. The performance of the proposed
methods is illustrated with numerical examples in Section 4. Section 5 concludes the paper.

2 Optimal Subset Selection Strategy

In this section, we provide an optimal computing budget allocation rule for the subset selection problem based on
the regression metamodel.

2.1 Problem formulation

Without loss of generality, the best design is defined as the design with the smallest mean performance. We introduce
the following notations:

t: total number of designs;
T location of design ;
m: design with the m-th smallest mean value;

f(z;): mean performance value for design i;
Y (x;): simulation output for design i;
: vector of (8, 81, B2) , representing the coefficients of the regression model;

f(x;): estimate of f(x;) based on the regression model;

So: set of the true top-m designs;

Sh: set of designs not in S, (complement of S,);

n: total number of simulation replications;

ng: number of simulation replications allocated to design i;

a: vector of (a1, as,ay), where a,. is the proportion of the total simulation budget n allocated to design r,

ie, ap=mn,/n,r=1,s,t.

In the last bulleted item, r takes values only at 1, s and ¢, where designs 1 and ¢ are the first and last designs in
the solution space, and design s is an intermediate design determined by (5) (the rationale of it will be explained
in more detail in Theorem 2). The problem we considered in this paper is to select the top-m designs out of the ¢
alternatives by allocating simulation replications to these three designs. The optimal set is

S,= {z : Izre%)o(f(xz)<jrglsri f(z;),4,7=1,...,t and |So|zm} ,

where |S] is the size of subset S.

We study the problem where the expected performance value across the solution space is quadratic or approximately
quadratic in nature. Then, the mean performance of design ¢ can be written as

f(x)=Po + Prxi + Pz}, i =1,...,t.

The coefficients 8= (8o, f1, f2) are unknown beforehand, but can be estimated via simulation samples. Assume that
the noises (&) of the simulation experiments of design 4 follow normal distribution N (0, 02). For each design, the noise
is independent from replication to replication. The simulation output is Y (x;) = f(z;) +e(x;) with e(z;) ~ N(0,02?).

Given a total of n samples, we define Y as the vector of the n simulation samples Y (z;) and X be an n x 3

matrix with each row (1,;,27) corresponding to each entry Y (z;) of Y. We estimate the coefficients 3 using

the ordinary least squares (OLS) method (Hayashi, |2000) and denote the estimates as 8= ([;’0,51,32). Then, we

have B = (XTX) ' XTY and Cov[B] = ¢*(XTX)~!, where T denotes transposition and X7 X is known as the
information matrix (Kiefer} [1959). The estimate of f(z;) can be written as

f(IZ) :BO+B1I2+BQx37Z:177t (1)



We can use the equation (1) which incorporates the sample information of the simulated designs to estimate the
expected performance for each design across the solution space. As f(z;) is a linear combination of 3, we have
Var[f(x;)]| =02 XHXTX)"1X;, where XT = (1, x;,22).

Due to the uncertainty of the estimate of the underlying function, a correct selection of the optimal subset S, may
not always occur. Therefore, we introduce a measure, the probability of correct selection (PCS), to formulate the

R&S problem considered in this paper. The PC'S is given by PCS = P{ MNies, ﬂjesn f(:nl) < f(xj)}

Given a fixed simulation budget, the optimization problem can be written as follows:

max PCS_P{ N N f) < f(xj)}

1€S, JESn
t
s.t. Z n; = n.
i=1

In this section, we aim to solve problem (2) where the mean performance of each design is estimated using the
regression metamodel Due to the uncertainty in the simulation experiments, multiple simulation replications are
needed to generate the estimates of the underlying function f (z;) accurately. The variance of f (z;) is a function of
the information matrix (X7 X) and can be reduced if additional simulation replications are conducted (Xiao et al.,
2015). We are interested in how to intelligently allocate the simulation budget to proper designs such that f(z;) can
be better estimated using regression metamodel, and the PC'S in problem (2) can be maximized.

2.2 Optimization model under large deviations framework

A major difficulty in solving problem (2) is that the objective function PC'S does not have a closed-form expression.
We seek to solve this optimization problem under an asymptotic framework in which the PC'S is maximized or the
probability of false selection (PFS =1 — PCS) is minimized as n goes to infinity.

The PCS used in this paper is defined based on the quadratic regression model (1), which is constructed using the
simulation information of only a fraction of the ¢ designs. We call the designs receiving simulation replications the
support designs. In order to construct the quadratic regression model, we need at least three support designs to
obtain all of the information in X7 X (Kiefer, [1959)). For simplicity, in this research we let the number of support
designs be three, two of which are at the extreme locations, i.e., x; and z; (for this setting, see, e.g., [Brantley et al.
(2013}, 2014); [Xiao et al.| (2015)); Kiefer| (1959))). The case with more than three designs can be similarly analyzed.

Lemma 1: Let CZM = f(xz) - f(xj), i,j = 1,2,..,t,1 # j. ch follows normal distribution N(f(a;l) - f(xj),gij),
where

0
Gij = (0, z; — xj,x? — gc?)(XTX)_1 T; —
x? —.Z'?

_ f(p’sz,l I P?j,s i p?j,t)’

n \ o o o

and
= (Ts xl)(xt zl) (zs x])(zt I])
Pij.1 (@1—x.) (21 —21) )
- (z1—zi) (@ —zi)—(T1—; ) (e —;)
Pij,s = (xs—z1)(Ts—t) ’
o (@) @s—wi) — (@1 —wy) (@5 —25)
Pij,t (xp—x1) (Tt —2s)



The proof is similar to that is given in Eq.(22) of Brantley et al.| (2013]) (becomes the same when m = 1), and hence
is omitted for brevity.

For any i,j = 1,2,...,t,1 # 7, cf, ;j is a normally distributed random variable. We can use the large deviations theory
to derive the convergence rate function of the false selection probability.

Lemma 2: The convergence rate function of incorrect comparison probability for each design is:
1 A A
- 1i_>m ﬁlogP{f(xi) > f(xm)}, 1 € Sori £ m
1 2 2 .
—nh_{r;o ﬁlogP{f(xi) < fzm)}, 1 €8y
f Tm) — f T 2 2
() - ) = @)

) 2 2
Uz(Pmi,l + Pmi,s + prrm‘,,t) ’

a1 as at

Based on the results in Lemma 2, we can get an explicit expression of the convergence rate function of PF'S.

Lemma 3: The convergence rate function of PFS is:

1
— lim —log PF'S = min {min R,,,i(c), min Rm,j(a)} .
n—oo n 71535 JES

n

The main assertion of Lemma 3 is that the overall convergence rate of PFS is determined by the minimum con-

vergence rate of the incorrect comparison for each design. Minimizing the PFS is asymptotically equivalent to

maximizing the rate at which PF'S goes to zero as a function of «, i.e., maximizing — lim %log PFS. Based on
n—oo

Lemma 3, the asymptotical version of (2) becomes

max min {zeg,,uzgém Ry i(a), Jnelgi Ry, 5 (a)}

st.ag+as+ar =1
Qaq,0g, O Z O

2.3  Asymptotically optimal solution

In this subsection, we seek to derive the optimality conditions for (3). Since the overall convergence rate of PFS is
determined by the design with the minimum convergence rate. A false selection is most likely to happen at this key
design. Therefore, it is enough for us to investigate the convergence rate of the key design across the solution space.
We define i* as the key design. That is

7 = arg min min R,,;(a), min R, ;(c) ;.
gil,‘..,t{iESo,i;ém m.i(@), i€8n mil )}

Theorem 1 The optimization problem (2) can be asymptotically optimized with the following allocation rule:

Ipwn'* 7‘|

: r=1,s,t

a: = { lpmix 1l lomix sl+pmix | P (4)
0, otherwise.

The pmi- - is also known as the Lagrange interpolating polynomial coefficient (De la Garza et all |1954; [Burden

and Faires, |2001)). It represents the relative importance of each support design for estimating a?m- = f () — f(x4).
Theorem 1 indicates that the support design r will receive more simulation budget if it has larger py,;= ;.

Given the optimal allocation rule (Theorem 1), we next determine the optimal location for the support design s.



Theorem 2 The rate function of PFS with allocation rule satisfying (4) can be mazimized if the support design s
satisfies the following equations.

The support design

Ty =y, PELER < TidEe <t
Ts= in*—Fxm—l't, Il—gi_mt < wi*;—xm < Il—t—frta (5)

(x14x)/2. otherwise.

When the x4 derived from (5) does not correspond to any design available, we round it to the nearest one. The
expression of Theorem 2 is similar to the results in Brantley et al.| (2013)). The differences are the selection of the
key design z. We define z as the design with the minimum convergence rate of PFS, where a false selection of the
optimal subset is most likely to happen.

3 Optimal Subset Selection Strategy for Partitioned Domains

The regression based method mentioned above can greatly improve the subset selection efficiency compared to the
traditional methods. However, it is constrained with the typical assumptions such as the assumption of quadratic
underlying function for the means. It is possible that the underlying function is neither quadratic nor approximately
quadratic, so that we will fail to find the top-m designs. In order to extend our method to more general cases, we
divide the solution space into adjacent partitions. The quadratic pattern can be expected when the solution space
is properly partitioned or each partition is small enough.

3.1  Problem formulation

We first add the following notations for partitioned domains:

l: number of partitions of the entire domain;
Kkl number of designs in partition h, h =1,2,...,1[;
in: ith design in partition h, i = 1,2,...,k" (when i = k", we denote design kﬁ as design kj, for notational
simplicity);
.. location of design ip;

T, -
: the partition containing the design with the m-th smallest mean value;

my design with the m-th smallest mean value;

Br: vector of (Bro, Br1, Bn2) , representing the coefficients of the regression model in partition h;

Nnpe: number of simulation replications allocated to partition h;

n;,:  number of simulation replications allocated to design i;

On: the proportion of simulation budget allocated to partition h, i.e., 0 = npe/n;

ap:  vector of (aq,, s, , ak, ), where a.., is the proportion of the simulation budget nye allocated to design 7,

i.e., Ay =Ny, /’/lh., Th= 1h, Sh, kh.

The notations f(z;,), Y (x;,) and f(z;,) defined for partitioned domains are similar to those in Section 2, except
the design i is replaced by ij,. The entire domain is divided into [ adjacent partitions. Each partition contains k"
designs, i.e., there are 22:1 k" =t designs in total.

We assume there exists € € R such that there are exactly m designs from the total ¢ designs with mean performances

less than € and the rest ¢ — m designs with mean performances greater than e. It ensures that the optimal subset is
well defined and can be distinguished. We define the optimal subset S, as

ihE€So jg€Sn

S, = {ih : mag f(CCZ‘h) < _min (:L‘jg),ih =1y, ..., kn,

Jg=1g,...,kg h,g=1,..,l and |S,| = m}.



In this section, we assume that the expected performance value in each partition is quadratic or approximately
quadratic when the solution space is properly partitioned and the mean performance within a partition is continuous
and smooth. For this problem setting the PC'S is defined as

PC’SP{ N N f(wih)ﬁf(wjg)}-

ih€56 jg€Sn

Given a fixed simulation budget, the optimization problem can be written as follows:

max PCS
kh

l
6
s.t. Z Z NG, = MN. ()

h=11i,=1p

In this section, we aim to solve problem (6) in the presence of regression metamodels. We are interested in how

to intelligently allocate the simulation budget to proper designs such that f (x;,) can be better estimated using
regression metamodels, and the PCS in problem (6) can be maximized. Note that this model does not require
all the designs to be on the same axis, and therefore does not hinder it from being applied for multi-dimensional
problems. For multi-dimensional problems, we can treat the range of the underlying function on each dimension as
one or more partitions, and then apply this formulation.

3.2 Optimization model under large deviations framework

In order to solve the optimization problem (6), one challenge is how to derive an explicit expression of the PCS.
We seek to solve (6) under an asymptotic framework in which the probability of false selection (PFS =1 — PCS)
is minimized as n goes to infinity.

Similar to the setting in Section 2, we let the number of support designs in each partition be three, two of which are
at the extreme locations, i.e., z1, and xy,. We have d;;, = f(z,) — f(x;,) follow normal distribution N (f(z;,) —

f(xmh>7§ijh) and czih’jg = f(a;,) — f(xjg) follow normal distribution N(f(mih) — f(zy,), <ih,jg) where h # g.

Similar to the proof of Lemma 1, we have

0
_ 2 2 2 T —1 .
Sij, = Jh(()? Ly, — Ly Ly, — "Tjh)(Xh Xh) Lip — Tjp
2 2
iy, — Tjy,
9 2 2 2
oy (Pij,1 Pij.s  Pij,k
= 70 + + ,
rn aq,, Qg (7778
L — (@s), =i, ) (@hy = @iy )= (@5, =5, ) (@hj, —T5,,)
Pijn:1 (@1, —@s, ) (@1, 1y ) ’
.. _ (xlhizih)(zkhizih’si w1y, =Ty, ) (@ky, — T, )
Pijn.s (@s, =21, (@s, —Thy,) :
y _ (wlh_x"'h)(xsh_xih}s_(xlh_xjh)(xsh_xjh)
Pijy.k Tgy, =21, ) (Thy, —Tsy, ’
and
0
_ 2 2 2 T —1 L.
gi}njg - Gh(o’ xih - xjg7$i}L - I]g)(Xh Xh) xzh xjg
2 2
i, — T,
2 2 2 2 2 2 2 2
_ % (”ih,l 4 Minss +77ih,k) 4+ % (”Jg,l +77ag,s +77;g,k>
- )
Opn\oy, a5 oy, Ogn\a, s, g,



(s, =iy, ) (Th), —Tiy,

o ) )
Nin,1 (@1), sy )(@1) —Ty )’
Mo s = (w1), iy ) (Tr), —Tip)

th,S (:E?h 711h)(zg) 7:676}1)

_ (@1, =i ) (@5, — iy )
Nin ke = : - .
hs (@ky, =21, ) (@), —Ts), )

For any h =1,2,...,0 and iy, = 13, 2p, ..., kp, f(aclh) is a normally distributed random variable. We can use the large
deviations theory to derive the convergence rate function of the false selection probability.

Lemma 4: The convergence rate functions of incorrect comparison probability for each design are provided as follows:

1 N ~
— lim —log P{f(x;,)> f(xm,)}, in €S,
n_)oo? N R :Rmb,ih(eb;ehvabaah)
—nli%rr;oﬁlogP{f(xih)<f(:rmb)}, in €Sy
-7 ) w2,

o nmb,l+nmh,s+nmb,k)+ﬁ(n1h,l+nih,s+nih,k)
ar, s, Qg O\ a1y, sy, Qe

b

O

and

1 ~ ~
— 1i_>m - IOgP{f(.%‘ib) >f(xmb)}, ip €Sy, 1y My,

—nlgrr;o % logP{f(xib) <f(mmb)}7 1, €Sy,
(f(@m,) = fl@i,))?/2

2 2 .
o2 ((Pmiy.1 Piniy s pmzb k
Oy \ o1y [ [

= Rmb,ib (9b7 ab)

According to the Bonferroni inequality, we have PFS < 1heSoP{f($“L) f(@m,)} ;. es. {f(xjg) < f(2m,)}. The
iy, #m g
PFS is bounded below by e

max {IIIZIEJ%(Z{ Zl'hneagi P{f(l'zh) Zf(xmb)}v
e P(Fe3) < fam) 1.

i, ESo
ipFEmy,

max{ max P{f(xzb) > f(xmb>}7

max P{f(z;,) < f(xmb)}}}

and bounded above by

So|x|sn|xmax{ max { max P{f(z;,) > f(zm,)},
h#b

i, €ESo
ipFEmy,

max{ max P{f(:vlb) > f(xmb)}7

max P{f(z;,) < f(xmb)}}}

JbE€Sn



Therefore, according to the results in Lemma 4, the convergence rate functions of PF'S is given by

1
— lim —log PFS = min{min {min Ry, in (0b, 0ny o, i),

n—oo N 1%;§l ihESo

_min Rmb,jh (967 eha Qp, ah) }7
JhESn

ip€So JbESnH
iy FEMY,

min IIlSIl Rmbﬂb (aba ab)a ‘miél Rmbvjb (057 ab)} }7

Minimizing the PF'S is asymptotically equivalent to maximizing the rate at which PF'S goes to zero as a function
of 0, and ap,, h =1,2,...,1. Similarly, the asymptotical version of (6) becomes

maxmin{ min { min Ry, i, (0b, O, b, tp),
1<h<t | i, €S, ’
h#£b

min Rmb,jh (0b7 eha Qp, ah)}7

Jn€Sn
min{ I%Sn Ry i (b, ab),jiréig{l Ry (0, ab)}} (9)
Yrb mb

st. oy, +as, +ag, =1, h=1,...1

l
> =1,
h=1

On, 0,0, 05, >0, h=1,..,L

3.3  Asymptotically optimal solution

In this section, we seek to derive the optimality conditions for (9). We want to determine (i) the number of simulation
replication allocated to each partition, (ii) the locations of the designs should be simulated in each partition and
(iii) the number of simulation replications allocated to those selected designs.

According to [Xiao et al| (2015]), we have 6},/6, — 0 as the number of partitions ! goes to infinity. That means the
fraction of the simulation budget allocated to the partition b containing the m-th smallest mean value far exceeds
the fraction given to any other partition when ! goes to infinity. Given that, the rate function R, i, (6, O, o, 0tp)

converges to Ry, i, (0, on) where

Embyih (9h7 ah) = lliglo Rmb7ih (eb» On, ap, ah)

(f (@m,) = f(23,))%/2

2 2 2 2 '
ar (M4 + M3 s + i,k
On \ o1y, sy, Qe




The problem (9) can be asymptotically rewritten as

max min { min { min Ry, i, (0n, an), min Ry, ;. (0, ah)},

1<h<t | i es S,
b 1h €50 JhE€Sn

min {rbrélsn R, i, (O, ), ‘miélRmeb (6, ab)} }

€
intmy JoEOn

(10)
st.aq, +ag, oy, =1L,h=1,..1

l
> =1
h=1
On,0a,,aq, 0, > 0,h=1,..1

In order to better analyze problem (10) above, we decompose it as follows:

max min { min R, i, (0h, ap), min R, j, (6, on)
1%;? ihE€So Jn€Sn

(11)

s.t. oy, +as, +og, =1,0q,, 05,0, >0,

for h=1,2,...,1,h # b, and

max minq min Ry, ;, (6, o), min Ry, ;, (0, op)
ipbE€So JbESh
ipFEMmy

st a1, +as, +ag, =1, a1, as,, a5, >0,

(12)

for h =b.

Lemma 5: Let 0} and af, be the optimal solution to (10). The 6F and o, are independent and can be solved separately.
In addition, the | aj,’s (h = 1,2,...,1) corresponding to the | partitions are also mutually independent and can be
solved separately using (11) and (12).

Similar to Section 2, we define a key design of each partition h, denoted as ij. A false selection is most likely to
happen at these key designs. That is

arg min min R,,, ;. (0y,0h, ap, ap
glh<z‘h<kh{iheso masin (9: Oh; b, @),

min Rmb,’ih (eby 9h7 p, ah)}7 h#b7

" ih€Sn
1y =
arg min min R, i, (0p, ap
glbﬁibﬁkb ,’7b§So mb’lb( ’ ),
pFMp

J)Iélsri Rmb,ib (91,, Oéb)}, hzb

3.8.1 Determine agj, and locations of support designs

Given Lemma 5, we can determine o, separately for each partition by solving the optimization problems (11) and
(12).

Theorem 3 The optimization problem (6) can be asymptotically optimized with the following allocation rule:

|z, |

— e =1, 80, k

a: — ‘Zlh,|+|z5h|+‘zk}L|’ h hsSh; vh, (13)

h .
0, otherwise,
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where
2 _
22 pmi:,rv h - ba
T 771»227T7 otherwise,

forrn, =1y, sp, kn.

Given the optimal allocation rule (Theorem 3), we next determine the optimal location for the support design sp
within each partition.

Theorem 4 The rate function of PFS with allocation rule satisfying (13) can be asymptotically maximized if the
support design sy, satisfies the following equations.

(a) For all h # b, support design

g iy 1 7k )
20 = {75 7 In (14
(mlh + xkh)/Zv tp = 1hakh7

and the optimal allocation rule (13) becomes

1 rp = i
ar, =40 = (15)
0, otherwise.
(b) For h = b, support design
31, +xk Tix+Tmy, z1, +xk
xi;""rmb_xlw b4 b S 2 P} < b2 b7
Te = ] T1, +Tk, Tix TTmy z1, +3xk, 16
s T + Ty, — Ty, 5 < 5 < 7 , ( )
(x1,+x1,)/2,  otherwise,
and the approzimate optimal allocation rule (13) is
[Pmix vl
b ry = 1p, Sp, k
ai = ‘pmi;,1|+‘pmi;,s|+‘pmi;,kl, b by 5bs Bbs (17)
b
0, otherwise.

When the x5, derived from (14) and (16) does not correspond to any design available, we round it to the nearest
one.

3.3.2  Determine 0,
In this subsection, we aim to determine the optimal budget allocation rules between the ! partitions. Since o, and

07, can be solved separately for each partition, R, i, (6s,60n, @}, a},) is a function of 6, and 6}, only. Similarly,
Ry, i, (6, f) is a function of ), only. Optimization problem (9) can be rewritten as

maxmin{ min § min Ry, 4, 0y, On, af, o),
1<h<l |i, €S, ’
h#b

min Rmb,jh (91,, O, a;, a,";)},

jhesn
(18)
min § min R, ;, (0, o), min Rmbvjb(ﬁb,a;)}
i Jp€5n

l
st Oh=1,0,>0h=1,..1
h=1

11



By solving the optimization model (18), we can get the optimal 0} for all h =1, ...,1.

Theorem 5 The optimal allocation that asymptotically minimizes the PFS for the problem (6) is that 05 = ﬂ’t ,
Vi
i=1

*k n’?ﬂ 3y n?n » S 77371/ R 2 *
where ;= Ub\/( pek o Toee 4 Tk} 33 2 and 5 = o} /(F(@m,) — f(w33)), B A,
1y Sb kp 7 ptb T h

The results of Theorem 5 indicate the optimal simulation budget allocation between the [ partitions. The results
of Theorem 4 determine which designs should be selected for simulation and the number of simulation replications
allocated to these selected designs. Since the solution space is divided into adjacent partitions, this optimal budget
allocation procedure can be used for more general cases where the underlying function is non-quadratic. By con-
ducting simulation replications on fewer designs, the simulation efficiency is dramatically enhanced compared to the
existing methods.

4 Sequential Budget Allocation Algorithm

Based on the discussion above, we propose two sequential budget allocation algorithm to implement the optimality
conditions. They are Optimal Optimal Computing Budget Allocation for selecting the top-m designs with regression
(OCBA-mr) based on Theorems 1 and 2 and Optimal Optimal Computing Budget Allocation for selecting the top-m
designs with regression in partitioned domains (OCBA-mrp) based on Theorems 4 and 5.

(1) OCBA-mr Algorithm

INITIALIZE: k < 0; Perform ng simulation replications for three design locations in each partition; by convention
we use the D-optimal support designs, i.e., nf = n’(‘”“(1 +1)/2) = nf = ng (round as needed). The incremental simulation

budget is A.
LOOP: WHILE }"!_, n# <n DO

UPDATE: Estimate a quadratic regression equation f (z;) using the least squares method based on the information
from all prior simulation runs.

Calculate the mean and variance of each design using f (z;) = ﬁo + 31%‘ + Bgmf

Determine the observed subset S, and S,; the design with the m-th smallest sample mean value; the observed key
design 7*.

Calculate &* and determine the support designs using Theorems 1 and 2.

ALLOCATE: Increase the simulation budget by A and calculate the new budget allocation rule using &*.
SIMULATE: Perform max(0,n% — nf~') simulation replications for design i and i = 1,s,t. k < # 4 1.
END OF LOOP.

(2) OCBA-mrp Algorithm

INITIALIZE: k < 0; Perform ng simulation replications for three design locations in each partition; by convention

we use the D-optimal support designs, i.e., nf, = n?(1+k<h>)/2)h = ng, = no (round as needed). The incremental

simulation budget is A.

LOOP: WHILE Y, _, S°"_ nf <n DO

th=1p

12



UPDATE: Estimate the quadratic regression equations f (x;,) for each partition using the least squares method
based on the information from all prior simulation runs.

Calculate the means and variances of each design using f(xzh) = Bho + Bhlxih + Bhgxfh, inh = 1p, 24, ... kn,h =
1,2,...,10.

Determine the observed subset S, and Sn; the design with the m-th smallest sample mean value; the observed key
design i, of each partition.

Calculate &j, and determine the support designs in each partition using Theorem 4. Calculate é; using Theorem 5.
ALLOCATE: Increase the simulation budget by A and calculate the new budget allocation rule using &j, and é;‘;

SIMULATE: Perform max(0, ng — nf}jl) simulation replications for design i in each partition h = 1,2,...,] and
inh=1pn, 80, kn. k< K+ 1.

END OF LOOP.

5 Numerical Experiments

In this section, we test our proposed simulation budget allocation rules, OCBA-mr and OCBA-mrp, with some
existing methods on several typical optimal subset selection problems. We use the following three budget allocation
approaches for comparison. The top-m designs are selected based on their mean values.

e Equal Allocation (EA): The EA is the most commonly used and simplest method, which allocates the simulation
budget equally to each of the design.

o OCBAm+ Allocation: The OCBAm+ is an efficient simulation budget allocation procedure for selecting the top
m designs. It was developed based on the OCBA framework. For detail see [Zhang et al.| (2016).

e OCBA-ss Allocation: The OCAB-ss procedure was proposed in|Gao and Chen|(2016)) and seek to solve the optimal
subset R&S problems for general underlying distributions using the large deviations theory.

e 08D Allocation: The OSD procedure was proposed in |Brantley et al.| (2013) and seek to solve the single best R&S
problems using regression metamodel.

The OCBA-mrp, OCBA-mr and OSD estimate the performance of each design based on some regression metamodels.
The EA, OCBAm+ and OCBA-ss use the mean value of each design for comparison, and the mean performance
value is computed directly from the simulation output. Unlike our proposed methods and OSD, they do not rely
on any response surface to estimate the performance value for any design. In order to compare the performance of
these allocation approaches, we test them empirically on the following experiments.

e Experiment 1: Consider the optimization problem
min f(z) = (z — 5)%.

The experiment assumes that the noise for simulation has normal distribution N(0,22) for the objective value. We
discretize the domain of the function into 100 evenly spaced points from 0 to 10. Since the underlying function is
quadratic, we can use the OCBA-mr method directly for this problem. In order to utilize the OCBA-mrp method,
we divide the 100 points into 5 adjacent partitions and there are 20 points in each partition. We want to select
the top m = 5 designs.

e Experiment 2: Consider the Griewank function

min f(z) = 10 x (1 4 (1/4000) x x* — cos(z)).

We discretize the domain of the function into 100 evenly spaced points from 0 to 20. The nature of this underlying
function does not allow us to apply the OCBA-mr method directly. To test the performance of the OCBA-mr
method for the non-quadratic problem, we make a slight modification by dividing the solution space into 5 adjacent
partitions. Then, we allocate the simulation budget equally to each partition and use the OCBA-mr method within
each partition. In this experiment, the OCBA-mrp is also tested under this partition pattern. The experiment
assumes that the noise for simulation has normal distribution N(0,0.22) We want to select the top m = 3 designs.
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e Experiment 3: Consider the optimization problem
min f(x)=sin(z)+sin(10x/3)+log(x)—0.84x+3.

The entire domain consists of 200 discrete points for x € [0, 8]. The 200 points are further divided into 10 adjacent
partitions so that there are 20 points in each partition. This experiment assumes that the simulation noise is a
standard normal random variable. Similar to the setting in experiment 2, the OCBA-rm method is modified to
handle this non-quadratic problem. We want to select the top m = 5 designs.

e Experiment 4: Consider the optimization problem

min f(z) = 2(x — 0.75)? + sin(87z — 7/2).

The experiment assumes that the noise for simulation has standard normal distribution for the objective measure.
We discretize the domain of the function into 200 evenly spaced points from 0 to 2. The 200 points are further
divided into 20 adjacent partitions so that there are 10 points in each partition. Similar to the setting in experiment
2, the OCBA-rm method is modified to handle this non-quadratic problem. We want to select the top m = 3
designs.

e Experiment 5: Consider the optimization problem

1
min f(z1,22) = —(2? + 22) — cos(zl)cos(ﬂ) +1.

40 V2

The experiment assumes that the noise for simulation has normal distribution N (0, 22) for the objective measure.
x1 and x5 are continuous variables with —5 < 7y < 5 and —5 < x5 < 5. We discretize the solution space into
11 x 11 discrete points 1 = {—5,—4,...,5} and 29 = {5, —4,...,5}. We divide the 11 x 11 designs into 11 adjacent
partitions with 11 designs in each partition. For each ¢ = 1,2, ..., 11, partition ¢ consists of design points (—5,7—6),
(—4,i—6), ..., (5,7 — 6). We want to select the top m = 3 designs, which are (0,—1), (0,0) and (0, 1).

e Experiment 6: Consider the (s,.S) inventory problem in the Simulation Optimization Library (http://simopt.
org/wiki/index.php?title=SS_Inventory). The decision variable (s,S) is the inventory strategy. When the
inventory of design (s,.5) on hand below s, an order is incurred to supplement the inventory to S. The optimization
problem is to minimize the the E[Total cost per period]. The domain is discretized into 20 x 20 discrete points
with s = {810,820, ...,1000} and S = {1510, 1520,...,1700}. The discrete points are divided into 20 partitions
with 20 points in each partition. For each ¢ = 1,2, ...,20, partition ¢ consists of points (800 + 10i,1510), (800 +
104, 1520), ..., (800 4 104, 1700). In each partition, we assume the performances of the E[Total cost per period] of
each point can be modeled as quadratic functions, where the independent variable is S and s is kept as a constant.
We want to select the top m = 3 designs, which are (810,1510), (810,1520) and (820, 1510).

For the budget allocation procedures mentioned above, we let the initial number of replication ny be 10 and the
incremental budget A be 100 for all the five experiments. Figures 1 reports the comparison results in terms of PC'S.
The estimate of PC'S is based on the average of 2000 independent replications of each procedure for experiments
1-6.

It is observed that all the procedures obtain higher PC'S as the available simulation budget increases. Our proposed
procedures OCBA-mr and OCBA-mrp perform the best on the tested examples. It shows that our proposed pro-
cedures have dramatically improved the selection quality of the top-m designs compared to the existing methods.
When the considered problem is quadratic or approximately quadratic, such as example 1, the OCBA-mr method
has the best performance. That is because the OCBA-mr method is developed for the quadratic or approximately
quadratic problem setting. It can make full use of its advantages by simulating fewer designs once the quadratic
assumption is satisfied. When the considered problem is partially quadratic or non-quadratic, such as examples
2-6, the OCBA-mrp method performs better than the modified OCBA-mr method. Because the OCBA-mrp can
intelligently allocate the simulation budget both between and within each partition.

Compared to the existing approaches, our proposed approaches incorporate the information from the simulated
designs into regression metamodel(s). We only need to simulate a subset of the alternative designs to build up the
regression metamodel(s). The performances of the designs that have not been simulated can be inferred based on
the metamodel(s). It dramatically improves the selection efficiency.

14


http://simopt.org/wiki/index.php?title=SS_Inventory
http://simopt.org/wiki/index.php?title=SS_Inventory

0.8

08 :
0.6

06

PCS
PCs
PCS

——OCBA-mp
- - - OCBA-mr
.- 0SD

-~ OCBAsS

0.4

04

—— OCBA-mp
- -~ OCBA-mr

[ -~ OCBAM+
—— OCBA-m - EA
- - - OCBA-mr 8

0sD 024 ¥
- ---OCBAss
-+- OCBAM+

0sD
02 -----OCBA-sS 02
==~ OCBAmM+

= L 0 T T T T T S T —
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
n n n

(a) Experiment 1 (b) Experiment 2 (c) Experiment 3

—OCBA-m

- - OCBA-mr
08 0sD
--~-OCBA'ss 084 R o
- OCBAM* S e :
05 EA - -~ OCBA-mr
0sD

1] 123 069 1]
o o 8 %
a a o b

0.4+ o

|  [——oceAmmn)
04 - - - OCBA-mr
04 0sD
. OCBA-ss
27 024 [ oCBAM
..... =
0
o —— 0, = flrer
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000
n n n
(d) Experiment 4 (e) Experiment 5 (f) Experiment 6

Fig. 1. Comparison results for different test examples.

6 Conclusions

In this study, we further enhanced the simulation efficiency of finding the top-m designs by incorporating quadratic
regression equation(s). Using the large deviations theory, we formulate the problem of selecting the top-m designs as
that of maximizing the minimum convergence rate of the false selection probability. We derived two asymptotically
optimal budget allocation rules, OCBA-mr and OCBA-mrp, for one partition and multi-partition problem setting,
respectively. Numerical results suggest that the proposed approaches can dramatically improve the selection efficiency
compared to the existing R&S approaches. When the underlying function can be approximated by a quadratic
function across the solution space, the OCBA-mr is more efficient. For the non-quadratic problem setting, the
OCBA-mrp demonstrates the best performance.
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Online Supplement

Proof of Lemma 2

Let Agd) (/) =InE (eeii=m') denote the log-moment generating function of d; ,, and Ii(d) (+) denote the Fenchel-Legendre
transform of Agd), that is

[ (x) = sup(0z — AL (6)).
6eR

For any set A, let A° denotes its interior and for any function f(-), let f/(x) denote the derivative of f at x. The
effective domain of A; is Dy, = {6 € R : A;(0) < oo} and F; = {A{(0) : 0 € DY }. Let frnin = mingegi a0y f(2:)
and fmae = Max;eq o, ¢ f(2;). We assume that the interval [fiin, fmaz] C ﬂf:1 F?. This assumption can be
satisfied by some common families of distributions such Normal, Bernoulli, Poisson and Gamma family (Glynn and
Junejal, 2004). Tt ensures that the range of f(x;) include [fmin, fmaz] and P(f(z;) > f(zm)) and P(f(z;) < f(zm))
are positive for ¢ € S, and j € 5,,.

Then, cfi’m = f(z;) — f(xm) satisfies the large deviation principle with good rate functions

1 .
— lim —log P{d; m >0}, i€S,,i#m
n—oo n

1 ) =Ry () =1,"(0),
— lim - log P{d; , <0}, i€ S,

n— oo

Since cii,m = f () — f (z,,) are all normally distributed random variables, the rate function can be expressed as
follow according to the results in |Glynn and Juneja; (2004).

Ryi(a) = (f(@m) — f(xi))2/22

, 3 p) .
o[ Pmi,1 Prmi,s Pt
g ( 1 + Qg + at

Proof of Lemma 3

According to the definition of PC'S, we have

PC’S:P{ N N /) Sf(wj)}

i€S, JESK
> P{ () Fe0 < fam) V() Fla) > Flaw) |
1;571? JESR
21 PU) 2 fa) — Y PUG) < fen).
i_E#ST?L, JESR

The last inequality follows from the Bonferroni inequality. Since PF'S =1 — PC'S, we can get that

PFS <Y P{f(x:) > flem)} + D> P{f(x;) < f(zm)}.

icS .
l’i#n{z J €Sn

Therefore, a lower bound on PF'S can be derived as

o s P00 2 ) o P < Flan)}

wm
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and a upper bound on PF'S can be derived as
520180 e { e PU702) 2 o) b P o) < o))
iEm "

According to Lemma 2, as n goes to infinity we can get the convergence rate function shown in Lemma 3.

Proof of Theorem 1

Given the definition of the key design i*, we rewrite (3) as

max R, (o)
st. a1 +as+ar =1,a1,as, a4 > 0.

(-1)

Since Ry, () is concave and strictly increasing functions of e (Xiao et al. 2015; |Glynn and Juneja, 2004)), the
optimization problem is a convex programming problem. We define a Lagrangian function L = —R,,, ;= (&) + Ao +
as + a; — 1) and determine the optimal allocation based on its Karush-Kuhn-Tucker (KKT) conditions.

oL _ (f(xm) - f(xz*))Q/Q p72ni*,7' _
Dy o Pain P P2 2 ax? +A=0,
r mi*, mi*,s mi*t
o2 (Pmm 4 Pmie y Dm0 (2)
r=1,s,t.
Plug (.2) into af + a* + af =1, we can establish
ar |Pmi.r| 1, 5,1. (.3)

= T =
|sz‘*,1| + |pmi*,5‘ + |Pmi*,t|7

Then, we can get the conclusions in Theorem 1.

Proof of Theorem 2

Plugging (4) into R, ;= (), we have

(f(@m) — fl@i))*/2

Rm,i* (a) = 2 R
g (‘pmi*,l‘ + |Pmi*,s| + |sz‘*,t )
ORp,i- (o) —(f(xm) = flzir)?
Or, N 3
02<|pmi*,1| + ‘pmi*,sl + |pmi*,t|)
a‘pmi*,l a|pmi*,s| 8|Pmi*,t|>
8 ( Oz, + Oz, + Oxs /°
where
Opmir 1 _ (Tir — T (Tir + Ty — T1 — T4)
D (21— 5)% (21 — @) ’
8pmi*7s o (xz* _xm)(xi* +Tm—T1 —$t)(2$5 - —mt)
as'35 N (l’s *iL’l)Z((ﬂS 7(Et)2 ’

Opmi=t  (Tir — Ton)(Tir + Ty — 21 — T4)

Oz (¢ — x1) (T — 25)?
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In order to analyze the optimal location for x4, we consider the following five cases.
L T AT 3z1+
Case I =r57m < 2202

We have OR,, i« (o) /0xs > 0 when x5 < (21 + 24)/2; ORp - () /0zs < 0 when x4 > (21 + x;)/2. Therefore, when
(= +Tm)/2 < (3x1 + x4) /4, we choose x5 = (1 + x¢)/2.

. 3Ti+4wy Ti*x +Tm T1+Ty
Case II: T+ < 5 < 3

We have OR,, i+ () /0xs > 0 when x5 < z;« + &y, — 215 ORp - () /0zs < 0 when xs > i« + 2., — x1. Therefore,
when (3x1 + 24)/4 < (x4 + 2n) /2 < (21 + 2¢)/2, we choose x5 =+ + T, — X71.

Case III: 7“"”;”’" > 7‘”123“

We have OR,, i« () /0xs > 0 when z, < (21 + 24)/2; ORp, i+ (o) /0zs < 0 when x5 > (21 + x¢)/2. Therefore, when
(3= + ) /2 > (21 + 32¢) /4, we choose z; = (1 + x4)/2.

. Rt 2 Tix +Tm T1+3x¢
Case IV: #55 < 5 < BE

We have OR,, i« () /0xs > 0 when x5 < x4+ + &y, — x4; ORpy i+ () /Oxs < 0 when x4 > x4+ + @y, — 4. Therefore,
when (3z1 + 2¢)/4 < (T« + @m)/2 < (21 + 2¢)/2, we choose x5 = i+ + Ty, — T4

Case V: 7’”;’””‘ = ndm

The location of zs has no influence on the results. Therefore, we choose xs = (1 + x+)/2 for consistency with Case
II and Case III.

Analyzing the above the results, we can get the conclusions in Theorem 2.

Proof of Lemma 4

Let A;, () = In E(eef(”“h)) denote the log-moment generating function of f(z;,) and I;, (-) denote the Fenchel-
Legendre transform of A;, , that is

L, (z) = ZZEW — A, (0)).

Let the scaled cumulant generating function of (f(zm, ), f(2i,)) be denoted as follows:

lim L AGE)F @) (g, noy)

n—oo N

= lim l In E(enebf(wmb)‘i’nehf(wih))’
n—oo N

By the Gértner-Ellis theorem, (f(zm, ), f(x:,)) satisfy the large deviation principle with good rate functions

~ Tim ~log P{f(zi,) > flem)}, in € 5,

n—oo
1 . .
7nlLH;O ﬁlogp{f(xu) < f(xmb)}7 in € Sn
= Rmb,ih (91,79;“ O, ah) = inf(@bfmb(?}) + GhIih (’U))7 h;éb.
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Since (f(xm, ), f(x;,)) are all normally distributed random variables, the rate function can be expressed as follows
according to the results in |Glynn and Junejaj (2004). Then, we can get

Ry i (Op, 0h, 0, )
_ (f(xmb)*f(l’ih)):/Q i b,

2 2 2 ' )
02 (M1 | Mmgs | Tmp ke af (Mg | Mips | Tk
' + + +ar + ==t —=
b\ a1, as, ag, n\o, | as, | oak,

The proof of (8) is similar to that is given for Lemma 2, and hence is omitted for brevity.

Proof of Lemma 5

We first rewrite optimization model (10) as

max z
st. Ri, (Op,an) —2>0,h=1,....;m h#b,in =14, ... ky
R;, (Op, ) — 2 > 0,0 = 1y, ..., Ky
o, o, +ag, =1,h=1,...,m (-4)
l
Zﬁh =1, Op,01,,as,,0r, > 0,h=1,...,m.
h=1

Similarly, the optimization models (11) and (12) can be rewritten as follows:

max z

s.t. ]’N‘zih (Qh,ah)—z Z 07ih:1h7 ...,k‘h (5)
alh + ash + akh = laalh;ash;akh Z 0)

for h=1,2,...,m,h # b, and

max z
s.t. Rib (Qb,ab) — 220, = 1p, ..., kp (6)
alb + asb + akb - 1aa1baa5b7akb Z 0

Let aj, and af be the optimal solutions to (.5) and (.6). The optimization model (.4), (.5) and (.6) have the same
objective function, and the domain of (.4) is a subset of (.5) and (.6). Therefore, if o}, and o are feasible to (.4),

they are the optimal solutions of (.4). According to the formula of Ry, (6, ) and R;, (0, o), we can conclude
that o, and aj do not depend on the value of ). Therefore, we can conclude that o, and af are feasible to (.4),
and they are optimal to (10). Then we get the conclusions in Lemma 5.

Proof of Theorem 3

In order to determine the optimal o, for each partition, we consider two cases (h # b and h = b).

For h # b, we solve the optimization model (11). Given the definition of the key design i}, we rewrite (11) as

max Emb’i; (O, o)

s.t.oq, +ag, +ag, =1,01,,as,, 0k, >0,

for h=1,2,...,m and h # b.
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Since Eiz (0n, o) is concave and strictly increasing functions of ay, (Xiao et al., 2015} |Glynn and Junejal [2004), the

optimization problem is a convex programming problem. We define a Lagrangian function L = —fzmb’iz(eh, ap) +
An(aq, +as, +ag, — 1) and determine the optimal allocation based on its Karush-Kuhn-Tucker (KKT) conditions.

2 2 2 .
2 /M« N %
o2 ( vl i s ’Lh,k‘,)

2
or (f(@my) = f(@as))?/2 s A =0
6arh B o? 77?* 1 77?* s 7]@'2* w2 ok 2 e
g h _h" _h" Th
05 ( a1y, QXsyy (697} )

Ty = 1n, sn, k.

Using the fact that of, +af, +af =1, we can establish

T
iz 1|+ niz 5| + [0 k]

b= 1n,5n, kn. (-8)

For h = b, we solve the optimization model (12), which could be rewritten as

max Ry, i+ (0, o)

(-9)

s.t. oy, + g, +ag, = 1,01, g, , g, > 0.

The process of solving the (.9) is similar to that is given for Theorem 1, and hence is omitted for brevity. Then, we
can get the conclusions in Theorem 3.

Proof of Theorem 4

In order to determine the location of the support design s, for each partition, we consider two cases (h # b and
h =1b).

For h # b, we plug (13) into Emb’i; (0, ), we have

(f(@m,) = f(=:;))?/2

Emb,i; (On, an) =

o2 2
o (|Th';,1 + iz sl + |Th;,k|)
aRmb7i; (eh’ah> N _(f<xmb> - f(xz;)Q
or T2 3
sh %(Vh‘;},l + |77i;;,s + |77i;;,k|)
" (3|77¢;;,1 a\ﬁi;,s|+3|ﬁi;,k|).
Ozs, Oz, Oz,
where
677@;,1 . (7r, — Ii;)(mh - Izh)
axsh (‘Tlh 7938}1)2(1'1;1 *l’kh)’
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iz, (w1, — xig) (@, — 247 ) (225, — @1, — T, )

axsh (Ish - xlh)Q(xSh - xkh)z ’
Mir e (x1, — @iz (T, — Tiz)
axsh (mkh - xlh)(xkh - wsh)Q -

When z;, > Tjx
ORpm, iz (On, o)
—— <0
Oxs),
When z,, < T,

3§mb,i; (0n, ctn)
Oxs),

Therefore, R, i (0h, o) is maximized when
3
Ty, = Izz

According to equation (13), we can get

o
of = 17 th = p,
h 0, otherwise.

When i} is at the extreme locations (1 and k),

(f(@m,) = f(=:;))?/2

2.2
Uhni;,r/ah

D -k
Ran,i;‘L (9}“ ah) = rnsTh = Tp-

In this setting, the location of the support design s, has no effect on Emb,i;’ (6, ). For simplicity, we use the
D-optimal support design and let x5, = (z1, + 2k, )/2 (round to the nearest design as needed) (Kiefer, [1959).

For h = b, the proof is similar to that is given for Theorem 2, and hence is omitted for brevity. Then, we can get
the conclusions in Theorem 4.

Proof of Theorem 5

Given the definition of key design ¢}, we rewrite the optimization model (18) as

: * : * *
max min {Rmb,i,’: (0},, ab)7 lI<I,1Ll<I1m (Rmbyi;’ (9b7 On, Qp, ah)) }v
“h#b

l
st Oh=1,0,>0, h=1,..1.
h=1

The me’i (0y, afy) and Rmbﬂ-: (0p,0n, ), a},) are concave and strictly increasing functions of 6, and 6, (Glynn and
Junejal [2004). Therefore, the optimization problem is a convex programming problem, and the first order condition
is also the optimality condition.

Rewrite the optimization model above as

max z
8.t. Ry iz (00, O, 0, 0h) —2 > 0,h =1, Lh #b
Rmb,i,’: (Qb,aﬁ) —Z Z 0
l

Zah =1,0,>0, h=1,..,1L
h=1

(.10)
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From the KKT conditions, there exist A\, >0, h =1,2,...,]l and p > 0 such that

m

1=> =0 (.11)

h=1

8me;; (9;’ 971? azv a;kz)

— =0,h=1,2,.,l,h#b 12
1% h 89h 07 3 Ly ey by 7& ( )
l
aRmb iy (0;’ 927 O‘;v a;kz) aRmb iy (0;’ O‘Z)

PR N Wi/ B i LA A R T (.13)

% a0, a0,
M2 = Ry i (0,05, s af))) = 0,k = 1,2, ., Lh # b (.14)
)\b(z - Rmb,ig (9;, az)) =0 (15)

From (.11), it can be concluded that there must exist some A, > 0,h = 1,2,...,1. If there is one A\, = 0,h =
1,2,...,1,h # b, it results g = 0 based on (.12). That means all the A\, = 0, as R, iz (0b, On, ap, ;) /00y, is strictly
positive. Therefore, we can conclude that Ay, # 0, h=1,2,...,1, h # b. According to (.14),

2 = Ryyiz (07,05, 0y ), h=1,2,.0,1,h # b, (.16)

In addition, since 6,,/6, — 0 as | goes to infinity and R, i 05, ap) > R, iz 05,05, af,ar), h=1,2,...,1,h # b,
it can be concluded that A, = 0 according to (.15). Therefore, we have

! aRmsz(0Z7923a27a;:)/aeb _

2t Oy 1:(07 05 00, /060, (17)
h#b
According to Theorem 4, we have
Rmb,i;(eb’ehvab’ah) = o2 (2, bnz :]/2 - P (18)
9 mp, my,s mpy, Uih
7 ( a1, ez, Tag, )+ %
Then, we can get
ORm, zh(9§§79h, o, ap)
o0;;
Mgt | Moges | Mgk ) /a2
ORI (o) = i) (Tt + T 4 et ) /6 (19)
= 2 )
2(‘5?("3&’1 STEN ”i"’f”“) + ‘;i)
b 1y sp ky h
and
ORy,, iz (0,05, ap, af) on(f@m,) = flxi))?/6;
* - 27
00 ) Lg(nfnb,l L P nilb,k) Lo (-20)
Oy \ of, az, %, o5

As [ goes to infinity, plug the results above into (.16) and (.17), we can get the equations in Theorem 5.
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