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Abstract
Efficient and Trustworthy Algorithm Design for Large-Scale Simulation and Inference
by
Jingxu Xu
Doctor of Philosophy in Engineering - Industrial Engineering and Operations Research
University of California, Berkeley

Assistant Professor Zeyu Zheng, Chair

In the areas of operations research and industrial engineering, the objective function in many
optimization and decision-making problems involves complicated system measures that need
to be evaluated by simulation. The procedures of evaluating and optimizing stochastic sys-
tems via simulation present several critical challenges: i) The stochastic systems typically
involve uncertainties that are captured by a set of input distributions to be estimated from
real-world input data, and the estimation error from the input distributions may propagate
and cause uncertainties in the evaluation of the objective function; ii) Under complicated
system logic, the exact simulation of the objective function can be computationally expen-
sive or impossible; iii) Simulations need to be conducted on multiple values of the decision
variable or across various systems to facilitate optimization and selection. These challenges
exacerbate issues about the allocation and management of computational resources. This
thesis aims to propose effective algorithm design for simulation-based decision making, with
the goal of optimizing the stochastic systems and saving computational resources at the
same time. In particular, our contributions are threefold: i) With the objective of selecting
the system with the best performance, we propose a general framework to analyze the joint
resource allocation problem for collecting input data and generating simulation replications;
ii) For continuous optimization via simulation (COvS) problems, we propose gradient-based
algorithms that sequentially utilizes multi-resolution approximations to optimize systems for
which exact simulation is costly or impossible. iii) We provide new time-parallel simulation
algorithms, so that simulation can be executed quickly to inform time-sensitive decisions.
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Chapter 1

Introduction

In the areas of industrial engineering and operations research, the need to compare multiple
stochastic systems, or optimize a single stochastic system, is a common challenge due to
the complexity of such systems. Simulation serves as an important and commonly employed
tool to evaluate the performance of complex stochastic systems and inform decisions. For
example, in the fields of transportation and logistics, simulation is applied for traffic signal
timing optimization [111, 14]. In the fields of manufacturing, simulation is applied to opti-
mally specifying inventory management policies and stock levels for supply chain networks
[88]. In the fields of healthcare, simulation is applied to comparing the effectiveness of dif-
ferent configurations of servers and facilities in hospitals [19]. In this thesis, we focus on two
decision-making tasks based on simulation: i) selecting the system with the best expected
performance, ii) optimizing the expected value of a stochastic objective function with con-
tinuous multi-dimensional decision variable. The two tasks are often referred to within the
framework of simulation optimization: see [10, 80, 28, 59, 106, 115, 63, 57, 15, 53].

In the context of simulation-based decision making, the management and allocation of
computing resources consistently emerge as an essential consideration. Several pertinent
concerns are outlined below. Firstly, the stochastic systems typically involve uncertainties
that are captured by a set of probability models. The associated probability distributions are
estimated from data, and there exists a statistical estimation error due to the finite amount
of data collected. The statistical estimation error from the input distributions may propagate
and cause uncertainties in the evaluation of system performance, known as input uncertainty.
Given that both data collection and simulation are costly, optimal resource allocation strikes
a balance between input data collection and simulation. Secondly, for complicated stochastic
systems, the exact simulation of system performance can be computationally expensive or
even impossible. For associated optimization of the system, the computational resource
need to be allocated to implement the difficult simulation on multiple values of the decision
variable to find a good solution. Thirdly, simulation can be time-sensitive, specially when we
want to evaluate the performance of the system over a long time horizon. Contrarily, many
decisions need to be made in real time and are time-sensitive. This poses requirements on
parallel simulation with the challenge of efficiently managing multiple processors.
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This thesis targets to make advancements in addressing these concerns and provide new
algorithm designs that achieve optimal balance between accuracy and resource efficiency. In
the following sections of this chapter, we present a brief summary of our contributions, as
well as related publications and working paper referenced throughout the dissertation.

1.1 Summary of Contributions

In this section, we provide a brief summary of our contributions to the simulation literature.

e Chapter 2

With the objective of selecting the system with the best performance, we propose a
general framework to analyze the joint resource allocation problem for collecting input
data and generating simulation replications. Two commonly arised features, correlation
in input data and common random numbers in simulation, are jointly exploited to
save costs. For input data collection, in presence of the correlation structure among
different sources, options are available to either jointly collect data simultaneously from
the different sources, or to collect data solely from a particular source. For simulation,
one has the option to either use common random numbers to simultaneously evaluate
performance for different systems or to evaluate independently a single system. We
provide closed-form optimal resource allocation solutions that maximize the asymptotic
probability of correct selection, given fixed resource budget. Our results explicitly show
that how the correlation structure is exploited to save costs and improve performance,
and how the optimal resource allocation strategy depends on the correlation structure.

e Chapter 3

We propose gradient-based simulation-optimization algorithms to optimize systems
that have complicated stochastic structure. The presence of complicated stochastic
structure, such as the involvement of infinite-dimensional continuous-time stochastic
processes, may cause the exact simulation of the system to be costly or even impos-
sible. On the other hand, for a complicated system, one can sometimes construct a
sequence of approximations at different resolutions, where the sequence has finer and
finer approximation resolution but higher and higher cost to simulate. With the goal
of optimizing the complicated system, we propose algorithms that strategically use
the approximations with increasing resolution and higher simulation cost to construct
stochastic gradients and perform gradient search in the decision space. To accommo-
date scenarios where approximations cause discontinuities and lead path-wise gradient
estimators to have an uncontrollable bias, stochastic gradients for the proposed al-
gorithms are constructed through finite difference. As a theory support, we prove
algorithm convergence rate, central limit theorem, and optimality of algorithm de-
sign under the assumption that the objective function for the complicated system is
strongly convex, while no such assumptions are imposed on the approximations of the
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complicated system. We then present a multilevel version of the proposed algorithms
to further improve convergence rates, when in addition the sequence of approximations
can be naturally coupled.

e Chapter 4

Simulations on single processors can be time-consuming and often need to be completed
within short time frames. To address this challenge, we explore the design of algo-
rithms for time-parallel simulation of stochastic models, specifically non-homogeneous
Markov chains. Our objective is to efficiently estimate the expected performance of
these Markov chains over extended periods within constrained simulation times. We
introduce a framework that allocates specific simulation tasks to individual processors
and aggregates the simulation results. As a theory support, we prove central limit
theorem, and optimality of assignment policy under the assumption that the state
space of the Markov chain is finite. We also develop a two-stage parallel simulation
procedure that dynamically learns and applies the optimal assignment policy during
the simulation period. We prove theoretically and then show empirically that the pro-
posed two-stage procedure improves the simulation efficiency compared to standard
assignment policy.

1.2 Related Publications and Working Papers

e Chapter 2
Main Paper:

— Jingxu Xu, Zeyu Zheng, and Peter W. Glynn. “Joint Resource Allocation for Input
Data Collection and Simulation”, 2020 Winter Simulation Conference (WSC).
[EEE, 2020.

e Chapter 3
Main Paper:

— Jingxu Xu, and Zeyu Zheng. “Gradient-based Simulation Optimization Algo-
rithms via Multi-Resolution System Approximations”, INFORMS Journal on
Computing 35.3 (2023): 633-651.

Related Paper:

— Haoting Zhang, Jinghai He, Jingxu Xu, Jingshen Wang, and Zeyu Zheng. “En-
hancing Language Model with Both Human and Artificial Intelligence Feedback
Data”, submitted to 2024 Winter Simulation Conference (WSC).

e Chapter 4
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— Jingxu Xu, and Zeyu Zheng. “Optimal Policies for Time-Parallel Simulation of
Time-Varing Systems”, working paper.



Chapter 2

Joint Resource Allocation for Data
Collection and Simulation

The need to compare the expected performance of two or multiple stochastic systems natu-
rally arise in the areas of healthcare, supply chain, logistics, production, queueing systems,
portfolio management, among others. The stochastic systems under consideration typically
involve uncertainties that are captured by a set of probability models. The associated prob-
ability distributions are either specified by domain experts or estimated from data. These
probability models, serving as inputs to the stochastic system, can be the customer arrival
and service processes in a service system or the daily demands and lead times in a supply
chain system. After the input probability distributions are specified or estimated, simula-
tion is often used to evaluate the expected system performance, particularly in cases where
analytical solutions are not available.

In this chapter, we presumes that there is independent and identically distributed data
available or that can be collected that faithfully represents the true input distributions.
When the input probability distributions are estimated from data, there exists a statistical
estimation error due to the finite amount of data collected. The statistical estimation error
from the input distributions may propagate and cause uncertainties in the evaluation of sys-
tem performance. The resulting uncertainty in the performance evaluation caused by using
an incorrectly specified input distribution (due to estimation error) is called input uncer-
tainty. The input uncertainty cannot be eliminated by increasing the number of simulation
replications used to evaluate the system performance, but can potentially be reduced by
collecting more data. In many applications, the data to be collected is multi-dimensional
and is usually generated sequentially from real operations. Therefore typically the available
data that can be collected in one operational period is corrected. Consider a site selection
problem where a manager chooses one out of m sites to run a new branch store. The manager
may need to run simulation to evaluate revenues for each site with different store designs.
One of the key input distributions is the daily traffic lows. On day i, the full set of data
that may be collected is A; = (A;1, Ai2, ..., Aisn) in which A;; denotes the traffic flow at
the j-th site on day 7. Due to the nature of the data generation process, (A4;1, Ai2,. .., Aim)
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are typically correlated, possibly due to common unobserved features from the same day and
other observed dependencies such as the adjacency between sites. Ideally, collecting this full
set of data A; is preferred and provides the best possible information, but this can be costly
or even inaccessible. On the other hand, when the correlation structure within the full set
of input data generated in the same period is exploited, it may not be necessary to collect
the full set of data. Therefore this correlation structure may be used to save input data
collection cost.

In this chapter, we propose a general framework to study the joint resource allocation
problem for input data collection and simulation. The objective is appropriately allocating
resource to maximize the probability of correctly selecting the system with the best per-
formance. Two commonly arised features, correlation in input data and common random
numbers in simulation, are jointly exploited to save costs. For input data collection, in
presence of the correlation structure among different sources, options are available to either
jointly collect data simultaneously from the different sources, or to collect data solely from a
particular source. For simulation, one has the option to either use common random numbers
to simultaneously evaluate performance for different systems or to evaluate independently a
single system. We provide closed-form optimal resource allocation solutions that maximize
the asymptotic probability of correct selection, given fixed resource budget. Our results
explicitly show that how the correlation structure is exploited to save costs and improve
performance, and how the optimal resource allocation strategy depends on the correlation
structure.

Two scenarios are considered in our framework. First, we consider scenarios (in Section
2.2) where the “monetary” cost of generating a simulation replication is much smaller than
the cost of collecting a sample of input data. For example, these situations happen when
the scale and structure of the problem permits the generation of simulation replications
efficiently even on personal computers, while the input data needs to be purchased from a
data vendor at a significant price or needs to be collected by multiple staff throughout a
number of days. One may then assume a simplification that once the input distributions
are estimated, the expected performance evaluation via simulation is immediately available
at no cost. Therefore in these situations, the resource allocation problem focuses entirely
on the input data collection part. Second, we consider scenarios (in Section 2.4) where
the simulation cost is not negligible compared with the input data collection cost. These
scenarios arise in performance evaluation for complicated systems, in which high performance
computing resources are needed for simulation. Otherwise if not using designated high
performance computing resources, the simulation may take too long a time. The simulation
costs therefore may be evaluated by monetary costs for purchasing computing resources or
by the opportunity costs for long simulation time. In these scenarios, the optimal resource
allocation strikes a balance between the input data collection costs and simulation costs, to
jointly control input uncertainty and simulation error.
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2.1 Related Work

Comparing the expected performance of two or multiple systems via simulation is a fun-
damental component in the problems of Ranking and Selection (R&S) and Discrete Opti-
mization via Simulation (DOvS). When one knows explicitly the input distributions, or has
the ability to generate simulation replications from the true input distributions, the focus
of these problems is then on developing efficient simulation procedures to select the best
system. Procedures developed in the literature typically adopt a frequentist or a Bayesian
view. See [65] and [11] for an overview. This chapter follows a frequentist perspective.

When the input distributions are not explicitly known, or when one does not have the
ability to generate samples from the true input distributions, a series of works discuss the
quantification of input uncertainty and its impact on the comparison of system performance.
See [12, 13, 5, 104, 91, 16, 102, 101] among others. The closest to our work are [102] and
[90]. Song and Nelson [90] exploits the effect of common input distribution to reduce the
uncertainty in system performance comparison, when the input data set is given. They con-
struct valid confidence intervals for system comparison that incorporate input uncertainty,
the common input distribution effect, and simulation uncertainty. Wu and Zhou [102] allows
the collection of additional input data from multiple independent sources and discusses the
optimal resource allocation for input data collection and simulation. Our work is different
to the literature in three folds: (1) we exploit the correlation structure in the input data to
reduce the input data collection cost, and show how the correlation structure impacts the
optimal resource allocation strategy. (2) we propose a general framework that integrates
input data collection and simulation in which the data collection and simulation costs them-
selves can be random; (3) we investigate the joint optimal resource allocation when both
the correlation in the input data and the use of common random numbers in the simulation
procedures are exploited.

When the performance of each system is evaluated independently, the best system selec-
tion problem shares the same formulation as the best arm identification problem; see [61, 62,
38, 87, 86] among others. In fact, if we separate the input data collection problem and the
best system selection problem, each problem shares a very similar formulation with a best
arm identification problem, provided that the observation of each dimension in the data is
independent and that the performance evaluation of each system is independent. Differences
emerge when correlation is present either in the input data collection or among simulation
evaluations.

The use of common random numbers (CRN) in the simulation procedures for R& S and
DOVS have been widely discussed. See [109, 37, 77, 17, 66] among others. Specifically, Fu
et al. [30] discusses the optimal allocation of simulation replications on each system when
the CRN technique is used. Their work did not discuss errors created from input data.
We propose an alternative framework that allows the simulation costs to be random, and
consider the joint resource allocation problem for both input data collection and simulation.
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2.2 A General Framework

We introduce a basic and general framework that allows us to integrate simulation for per-
formance evaluation and input data collection for input distribution estimation. In this
framework, the costs for simulation and input data collection can be random. We first focus
on describing the input data collection and input distribution estimation in the framework.

Consider a set of systems labeled by index set [m] = {1,2,...,m}. When m = 2, for
example, there are two systems to compare. For i € [m], the expected performance for
system i is given by o;(6}), where o; : R% — R is a continuously differentiable function,
and 07 € R% is the true input distribution parameter associated with system i (e.g., arrival
and service rates, lead time expectation, shape parameters, etc.). We first consider scenarios
where the simulation cost is negligible compared to input data collection cost, so that the ex-
pected performance function «;(+)’s are viewed to be available at no cost whenever the input
distribution is specified. We recognize that the input distribution parameters 607,605, ...,60"
need to be estimated. This can be based on common observations (X;; : i € [m],j > 1) or
based on independently gathered observations (X;; : j > 1) for i € [m]. We assume that
the cost of collecting the j-th copy of a set of common observations (X,] .1 € [m]) collected
simultaneously is given by 7;, while the cost of collecting individual X;; is given by 7;;. These
data collection costs can be random variables themselves. Then, with a budget ¢ in hand,
we can either collect

N(e)=max{n>0:7+...+ 7, < ¢}
copies of “common observations” or
Ni(c)=max{n>0:71+... + 7, < c}
copies of observations solely from system 7. In this framework, we assume that

L (7, (X iem]):j>1), (r, X1 1§ > 1), ..y (Tinj, Xomj = j > 1) are independent
sequences.

2. (15, (Xy :i € [m]): 5 >1)is iid. in j.

3. For each i € [m], ((13;,X;;) : 7 > 1) is iid. in j.
4. X 2 X, for i € [m]. Var(X;1) < oo for i € [m].
5. Efy < 00, ETyy < o0, for i € [m)].

In practice, it is often the case that E7y < E7 for ¢ € [m] and E7y < )" Em;. Since

N(-) and N;(-)’s are renewal counting processes, it is known that

1~ 1
“Ne) B\ &2 —
c (c) En
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and
1

E Til '
Given an overall budget ¢, suppose we allocate a fraction p to collecting common observations,
and a fraction p; to collecting independent observations from system i, where

1 a.s.
—NZ‘(C) — /\Z =
C

p+pi+p+...+pm=1,

with p > 0,p; > 0,7 € [m).
We now assume that one estimates ¢ via an maximum likelihood estimator (MLE) 6;,
where 0; maximizes the likelihood

N (pe) i(pic)

HfZGXU H £i(6, X)),

where f;(0, -) is the marginal probability density function of the input data for the i’th
system. By taking the logarithm of the likelihood function

f/ij(e) = log fi(eaXij)7
Li;(0) = log fi(0, Xij),

maximizing the likelihood is equivalent to maximizing the log-likelihood, given by

Ni(pic)

V(pc) .
> Li0 Z Li;(6
=1

Under appropriate technical conditions, the maximum likelihood estimator 0; satisfies

Npo N )
> VL) + VLi;(6;) =0
j=1 j=1

with 6; — 07 almost surely as ¢ — oco. Note that

() . Ni(pic) X N(pc) Ni(pic)
[VLij(0:) = VL (07)] + Y [VLy(0:) — VLy(0;)] == > VL Z VLi;(67).
j=1 j=1 j=1

We adopt the convention that the gradient is a row vector. If L;;(-) is appropriately smooth,
then the mean value theorem implies that

N 7 Ly (67 M7 Ly (07
Hi—FOp(l))_—Z]l J( )_Z]:l .7( ’L),

N(pe) ,, Ni(pic)
H; + Nz NG

C c

Vel —o7)
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where the notion op(1) indicates a small random quantity that weakly converges to zero as
¢ — 00. The Hessian matrix H; is given by

82

Hi=(E 90,.00,

Assume that H; is negative definite so that det H; is non-singular. Then, when c is large,

(pe) T — Ni(pic) —
L 1 VL;(0°)H " VL, )H
zei—m:——( ”—+§: VL (0")H; - >+ 1
2 2 AD + Aip; o = (1)

Hence, we have the following result.

Theorem 1. Assume that for i € [m], there exists an open subset w; that is a subset of
the feasible parameter region where the true parameter 07 € w;, and that all third-order par-
tial derivatives of the log-likelihood functions with respect to input parameters are uniformly
bounded for 6; € w;. When ¢ — oo,

(6= 07) i € ) = (= o (VA Git VA G) 11 € ),

t\.’)\»—t

where:
. (él, . ém) is jointly Gaussian with mean 0.
e G; 2 G;, where the covariance matriz of G; is given by H'EVLy(0°) 'V Ly(0*)H "

e The random wvariables (Tv’s) Gi,Gs, ..., G, are independent and independent of

(Gr,...,Gn).
The proof of Theorem 1 is given in the appendices. With Theorem 1 in hand,
ez (i) — a;(8)) = (6; — 61) Vi (8)T + 0,(1)
_ >\+)\H\/)\_pG + VApiGi)Vai(07)" + 0,(1)
_ _—)\im(\/)\_pgi +V/ApiGi) + 0,(1)

Ap +

as ¢ — oo, where G; = éiVOzi(@*)T,gi = G;Va;(0*)",i € [m]. Note that G 2 Gi,1 € [m].
Hence, when ¢ — oo,

\/)‘_p g~+ \/A_p g’“ V Zpl g V Jpj gz

(0)— (i (05— (6% — s
—y(0)=(eal67)=;(0)) = PR P VNI WD VR W R )

m\»—t
/\
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Denote the right-hand-side above as W;;. The random variable (rv) W;; is Gaussian with

mean zero and variance

2 2
o; g; 2)\]9 Cij

+ )
where 02 = Var g, and ¢;; = COV(QNZ', QNJ) We further define p;; = Corr(QNi, QNJ)
With the given framework, when comparing systems ¢ and j, the input data collection

problem can be summarized into the following optimization problem

. Ui2 0-]2‘ 2)\]? Cij
min + — .
p=>0,pi>0,p; >0, p+pi+p;=1 Ap + \;p; Ap + )\jpj ()\p + )\lpz)(/\p + /\jpj)

Recall that ¢;; = p;j0,0;. An equivalent formulation is to set ¢; = \;p;, ¢ = Ap, and minimize

2 2
o of 2qpi;j0i0;

X _ 2.1
9+a q+q¢ (¢+a)(g+q)) (2.1)

subject to £ + & + & = 1.
i J

2.3 Optimal Resource Allocation for Input Data
Collection

The optimization problem given by (2.1) to solve the optimal resource allocation for input
data collection turns out to be non-convex. The non-convexity is exactly caused by the
correlation feature and creates difficulty in modeling how the correlation p;; presented in the
input data exactly affects the optimal resource allocation. The following theorem shows
that the optimal objective function can be obtained at the boundary of feasible region
S={(¢.9,0)" 14,4, 2 0,§ + £ + L =1} CR*.

Theorem 2. For the optimization problem (2.1), there exists a solution (qj,q;,q*) that
achieves the optimal objective value and has at least one element as zero.

With Theorem 2 in hand, it suffices to explore the resource allocation strategies among
2

0'.2 g
(Qi,O,Q), (qi7QjﬂO) and (07qj7Q)' Denote S; = )%.7 Sj = /\ija S = %a U(Qi7Qj7Q) =4+ - —

q; q;
2qpijoio;

7 Theorem 2 implies that

(a+4:)(g+aq;
min  v(g;, ¢, q) = min{b;‘,b*,l;*} ,
(¢,95,9) T €S (445 4) J
where b = min v(qi,qi,q), b5 = min v(qi,qi,q), b = min (i, qi,q)-
(9i-95,9) T €8,4;=0 (4 4;:4) ! (i a) " €5,q;=0 (4::4;:4) (¢:,95,9) T €S,4=0 (4::45:4)
We provide the closed-form value for b7, b7,b" and the associated optimizers.

2
bt — { ( (—Sj + S) 0'1-2 + \/Sj(O']Z - 2pij0iaj>) y if S]'O',L-2 < (O'J2 — sz‘jaiaj) (8 - Sj),

s(07 + 07 = 2py0i0;), if 5,07 > (O'JQ» — 2p;;0405) (s — s5).
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The optimal solution to achieve b} is

\/(0]2- — 2pijoi05) (s — 55) — \/$;07
(5 = s85)\/807 + Sj\/(%z — 2p;i50i0;)(s — s;)

1 s; \/(0]2- — 2,01-]-01-0]-) (s —s5) — \/5203 >

’

(¢i,95,9) = <0

5 s(s—sj)\/sj0l+ sjs\/(cr]z — 2p;;0,0;)(s — s5)

and (g, ¢;,q) = (0,0, %) respectively under the two conditions.

2
- { <1 / (—Si + 8) 0]2' -+ \/SZ'(U,? — 2[)7;]'07;0]')) s if SZ'U]? < (022 — 2pij00j) (S — Si) s
J
s(

0_7;2 + 0']2 — 201’3’@'%‘), if Si0]2- Z (0'12 — 2pijai0j) (8 — Si) .

The optimal solution to achieve b} is

V(07 = 2pij0,0;) (s — 5i) — /5107

(¢1,95,9) = ( 0,
(

5 — 5;) 31'0]2 + Si\/(af —2p;j0:0;) (s — s;)

1 siv/ (07 = 2pij0i0;5) (s — 51) — [ sto >

S S (S — Si) A /SiO'JQ- + SZ'S\/(O'? — 2pijaiaj) (S — Si)

and (¢;,45,9) = (0,0, %) respectively under the two conditions.

b* = (50, + N

The optimal solution to achieve b* is (g;, 4,q) =

o; g4
(\/57-(\/501--{-\/570]-)’ \/5(\/505-&-\/503) ) O)
As shown in the closed-form solution for mimT v(¢i, gj,q), the optimal resource al-
(95,95,9) ' €S
location critically depends on the sign and magnitude of the correlation p;;. We discuss
how the different value of p;; affects the optimal allocation. First, consider the case when
s = s; + s;. This corresponds to the case of additive input data collection costs. If p;; <0,

the optimal allocation is to independently collect data for system ¢ and 7, and the optimal

fraction ¢;, q; satisfies qf% = q;ij?j' Specifically if p;; = 0, any allocation (g, ¢;,q;) that
. o . o . . 1 sj02 1 5,07
satisfies —=F— = —=ls is optimal. 1f 0 < p;; < max {m(af — ) 2o (0% — ?J)},

the optimal allocation assigns a fraction of budget to collecting common observations and
assigns the rest of budget to solely collecting data from system i if 07/s; > 032 /s;, or solely

s if ise 02/s; > o2 /s, ’ L (p2 5%y 1 g2 siof
ystem j if otherwise o%/s; > o7 /s;. When p;; > max (0 ) (07 )ty

QO'iO'j 7 Sj ’ 20’in J Si
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the optimal allocation assigns all the budget to collecting common observations of data. In
summary, when s = s; +s;, there are three different regimes of optimal allocation depending
on the sign and value of p;;.

When s < s; + s;, two critical values that affect the optimal allocation are s/ min {s;, s;}
and p;;. Note that in practice s/ min{s;, s;} is always greater than 1. Theorem 2 shows that
there exists a threshold value v > 1 such that if s/ min{s;,s;} > -, the optimal allocation
strategy adopts three different regimes. When pi5 is close to -1, the optimal allocation
assigns all the budget to independently collecting data for system ¢ and j. As p;; increases,
the optimal allocation assigns a fraction of budget to collecting common observations of data
simultaneously and assigns the rest budget to independently collecting data from one of the
two systems (in a way analogous to the case of s = s; + s;). When p;; further increases

20;0; J s—s;j/7 20,05 ?
common observations of data simultaneously. The above summarizes the three regimes for
scenarios where s/ min{s;,s;} > 7. On the other hand, if 1 < s/min {s;,s;} < 7, there are
two different forms. Specifically, there exists a threshold p’ < 0 such that, if —1 < p;; < p/,
the optimal allocation assigns the budget to collecting data independently for system i and
J; if pij > p', the optimal allocation assigns all the budget to collecting common observations
of data.

o2 ;o2
and exceeds max{ L (g2 - 3%) L (g2 - jj;)}, the optimal allocation is to collecting

2.4 Joint Resource Allocation Formula

In this section, we consider scenarios where the simulation cost is not negligible compared
with the input data collection cost. These scenarios arise in performance evaluation for com-
plicated systems, in which high performance computing resources are needed. The simulation
may take too long time if not using designated high performance computing resources. The
simulation costs therefore may be evaluated by monetary costs for purchasing computing
resources or by the opportunity costs for long simulation time. In these scenarios, it is
unrealistic to assume that the expected performance «;(-)’s are immediately available at
negligible cost. In this section, we extend the general framework introduced in Section 3 to
include both input data collection and simulation generation.

Recall that as defined in Section 3, the expected performance of system ¢ is given by
a;(07) for i € [m], where 8 € R% is the true input distribution parameter. Input data is
collected and used to derive maximum likelihood estimators for 0;’s, denoted by 0; fori e [m].
Simulation needs to be run to estimate the expected performance ai(éi) 's given the estimated
input distribution parameters. The simulation can be done by independently running system
i and the sequence of simulation output is (Y;(6;) : j > 1) for i € [m]. Alternatively,
the technique of common random numbers (CRN) can be used to evaluate the m systems
simultaneously. The sequence of simulation output using CRN is ((Y;;(0) : i € [m]) : j > 1).
When using CRN, we assume that the cost of obtaining the j-th simulation replication of
a set of simultaneous evaluations (Yi;(6), Ya;(6), ffm](é)) is given by 7;, and the cost of
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generating individual evaluation YU(H) for system ¢ is given by n;;. The simulation costs
can be random. Then, given a simulation cost budget ¢, we can either generate

M@ =max{n>0:7 +...+7, <&
simulation replications using CRN or

M;(¢) =max{n >0:n; + ...+ 1, < ¢}
individual simulation replications for system . We assume that

1. Conditional on the estimated input distribution parameters 0 = A{HAZ c i€ [m]},
(7, (Yij(0) =i € [m]) = j = 1), (my, Ya(01) = 3 = 1), (Mg Yo (0m) = J = 1) are
independent sequences.

2. Conditional on 6, (7;, (Y;;() : i € [m])) is independent and identically distributed (iid)
in j, and (1, Y;;(6;)) is iid in j for each ¢ € [m].

3. E[Yalf)] = E[Yald] = a(f;), and Var(Yn|6;) = Var(Ya|f) = D;(6;) for i € [m].
Cov(Y;1,Yj1) = Dij(f) for i,j € [m], where D;(-) and Dj;(-) are continuous functions
with respect to #; and 6.

4. By < 00, Eny < oo, for i € [m]. In general, En;; < Ey for ¢ € [m].

Since M (-) and M;(- )’s are renewal counting processes, we have as ¢ — 00, %M(N) s EL

and 1M;(¢) 23 p & 2 77 . Given a simulation budget ¢, suppose we allocate a fraction r to
simultaneous evaluations using CRN, and a fraction r; to independent simulation evaluation
for system i, where
r+ri+ro+...+rn=1,
with r > 0,7, >0, ¢ € [m].
With a given simulation budget and allocation, the simulation estimators for ai(éi)’s are
given by

G;(0;) = =1
M (r¢) + M;(rc)
Then,
/2 a A - 1 ~ A -
&2 (6, (0;) — ey (6;)) = _m(\/lﬂ"zi(g) + MiTiZi(ei)) + 0p(1),

where, conditional on 0,

. (Zl(éz,.;., ngé)) is jointly Gaussian with mean 0. Var(Z;(0)) = D;(0;) and

Cov(Zi(0), Z;(0)) = D;;(6) for 1 <i < j < m.
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o Z,(0) 2 Z,(6;), and specifically Var(Z;(6)) = Var(Z;(6;)).

~

(61), Zo(05), ..., Zm(6,,) are independent and independent of

NI /T R . IEGT; .
MY+ T MY+ T MY+ T HT = 57

Denote the limiting rv as V;;(6). Conditional on 6, the rv V;;(6) is Gaussian with mean zero
and variance

~

D;(6;) n D;(6;) 2pur Di; (0)
pr gy gy (e ) (ur - pgry)

Therefore, conditional on the input distribution specified by 6 and given a simulation budget
¢, the optimal simulation budget allocation problem in order to differentiate system i and j
is given by

- Di0:)  _Dji(0;) _ 2ur Dy (6)
20,120,020, ritr+r=1 pr -+ pr; - pr 4 pgry o (ue ) (pe + pgry)

Suppose that we want to compare the system performance for system ¢ and system j
and a total budget C' is allocated to both input data collection and simulation experiments.
Suppose we allocate a fraction p to collecting common observations, a fraction p; (or p;) to
collecting independent observations from system ¢ (or j), a fraction r to running simulation
replications to evaluate m systems simultaneously using CRN, and a fraction r; (or ;) to
running individual simulation replications for system i (or j) , where

ptpitpj+r+ritr=1

with p > 0, p; > 0,7 >0, 7, > 0, i € [m]. The resulted system performance estimations
are &;(0;) and &;(6;). The following central limit theorem is a direct result by noticing that
the uncertainty presented in the input data collection and the uncertainty emerged from

simulation replications are independent.

Theorem 3. When C' — oo,
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where U;j(0%) is a Gaussian rv with mean zero and variance Var;;(0*) given by

o? 0]2- 2\p cij
- — -
)\p + )\ip,; )\p + )\jpj ()\p + )\sz)()\p + )\jpj)
Di67) | D;(65) 2pr Dy;(67)

pr v pr ey (A ) (pr A ;) '

When comparing two systems ¢ and 7 and selecting the better, maximizing the asymptotic
probability of correct selection is equivalent to minimizing the limiting variance Var;;(6*).
The associated joint optimal budget allocation problem is given by

min Var;;(6)
PisDj DT
st. pi+pi+p+ri+rij+r=1 (2.2)
Pis P D T4y T3, T Z 0.
0'.2 02- 2\ Cij
To solve (2.2), we define L (pi, pj, p) = 3555 + s v ()\p+/\¢pi§)(/\lj7+)\jpj)7 Lo(risrj,r) o=
D;(07) D;(07) 2ur Di; (0%)

prtpit; | prr; (W+um)(w+uﬂ )? and set wy = p; +p; +p, wp =1+t p = g_il’pj -
Z’l,ﬁ = fl,n = ol = —2 r = sz The weight w; represents the fraction of the total
budget allocated to input data collection, while the weight w, represents the fraction of
the total budget allocated to generating simulation replications. Note that Var;;(6*) =

Ll(p iPib) | LQ(’Z)’;J’ ") Note that the minimization of L, (pi, P;,p) is an independent problem

that ‘does not depend on wy,wy and other parameters. A similar argument holds for the
minimization of Lo(7;,7;,7). Based on this observation, we first solve two sub-problems:

min Ll(ﬁ’b?ﬁ]?ﬁ) m~in~ LQ(fzaf]af)

PisPjp Ti,T5,T
(P1) st pi+pj+p=1 (P2) st Fi+7+7=1
ﬁz‘aﬁj,ﬁZO f,-,fj,fZO.

For (P1), note that the problem is equivalent to (2.1) (by setting ¢; = \;p;, ¢; = A;p; and
G = Ap). Therefore, as we have discussed in Theorem 2, (P1) has closed-form optimizer,
denoted as p;, p;,p* and optimal value Ll(ﬁ;‘,ﬁ;,ﬁ*). Analogously, the problem (P2) also
adopts the same structure and has closed-form optimal solution 77,77, 7* and optimal value
Lo(7F, 7, 7). We then consider the optimization problem

79 j?

Ll(ﬁjvﬁjuﬁ*) + LQ(T’Z,T’],T’ )

min
w1,w2 W Wa
st. wy+wy=1 (2.3)

Wy, Wa Z 0.
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NG D = Lol )
N T D R G H N AN N D ESVI GG
: : : koo kSR ok kK ok ok ok o ok ok Sk ok
Therefore, the optimal solution for (2.2) is p; = wip;,pj = wip;, p* = wip*,r; = wi7},r; =
Ll(ﬁ:»ﬁ; 7ﬁ*) L2(F:7,F;7,F*)
- .

+ —
2
We conclude by noting that joint resource allocation problem in presence of correlation
in both input data and simulation can be decoupled into three sub-problems, each admitting
a closed-form solution.

The optimal solution of (2.3) is w} =

w57, v = w57, and the optimal value for Var;(6~) is

2.5 Conclusion

In this chapter, we consider the target of selecting the system with better expected perfor-
mance between two stochastic systems, given fixed resource budget. The resource can be
used to collect more input data to reduce input uncertainty, and to implement more simu-
lation replications to eliminate simulation error. We model the resource allocation problem
as an optimization problem. The objective is appropriately allocating resource to maximize
the probability of correctly selecting the best system. We exploit correlation structure of
input data and common random numbers in simulation to save costs, and prove closed-form
optimal resource allocation solutions. Future work may include extensions to comparison
of a larger number of different systems, and numerical experiments based on real data and
examples.
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Appendices

2.A Omitted Proof of Section 2.2

Proof of Theorem 1. Since all third-order partial derivatives of the log-likelihood functions
are uniformly bounded, we have

N (pe) N;(pic) R
> VL Z VLi(0)
j=1

The mean value theorem implies that

o N@pe) . Nipe SINEIVLy(07) Y VL (67)
Vit = 07) (T L4 TPy 0, (1)) = S Sl T

where the notion op(1) indicates a small random quantity that weakly converges to zero as
¢ — 00, and Hessian matrix H; is given by

82
00,00,

Since N(-) and N;(-) are renewal processes, we have

N N;(pi€) as.
) | Nilpi€) ag 3 1 s
C C
hence
N(pc) = -1 Ni(pic) -1
. 1 VL;;(0*)H; VL;;(0*)H;
0, —0) = ———— A e S E# 1).
S v vl O Dy D Dl )+

With respect to j, each VL;;(0*)H; ' and VL;;(6*)H; " are i.i.d. and we apply central limit

% %

theorem. Therefore, when ¢ — oo, we have

(6= 07) i € ) = (= o (VAP Gt VA Ge) 51 € )
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2.B Omitted Proof of Section 2.3

Proof of Theorem 2. For problem (2.1), let P C S be the set of globally optimal solutions.

2 2
1l _mor o= L . —1_mA Cq.q) o= %i % _2api;0i;
;Y =E7,s; = 5 =E7j,s:= 5 =E7 and v(g;, q5,q) := . —|—qj Gra)ara)

Because all the constraints of problem (2.1) are linear in g;, ¢;, q, if (¢;,¢j,q)" € P, it satisfies
the following Karush-Kuhn-Tucker (KKT) conditions (see, for example, Lemma 5.1.4 from

[6]):

Denote s; :=

Siqi + 8iq; + 59 = 1,
% — pi +su =0,
6_;]- — My -+ S;u = 0,
g—s —p+su=0,
ity = g5 = pg =0,
His gy po 2 0,
where p;, 5, 1, v are KKT multipliers. The KK'T condition describes a necessary condition
for the optimality of a feasible point, for which the gradient of the objective function at
the feasible point should be orthogonal to the feasible set S. Suppose that (g, 4, )T eP
satisfies ¢}, ¢, ¢" > 0. Then, according to (2.4), KKT multipliers ;, y1; and p are equal to
0. Thus, we have

(2.4)

8%’ Qiaqj'aq aaqj qiaqjaq :aq qiaqjvq 8% Qiaq]'7q aqj qivqjvq
=(—siu, —s;u, (—s + s; + s;)u). (2.5)

By multiplying both sides of (2.5) by (¢;+¢*)*(¢5+¢*)?, calculating the gradient of v(g;, ¢;, )
and eliminating KK'T multiplier u, we have a system of linear equations about ¢;, g, ¢*:

sig; + sig; +s¢" =1,
2pi0:058:(q; + ¢°) + (si + 55— ) (07 (¢ + 4*) — 2pi50i054")

— 0, (2.6)
20ij0:055;(¢; + ¢°) + (si + 85— 8) (07 (¢ + ¢*) — 2pi0:05q4%) = 0.

We discuss 3 different cases:

Case I: If p;; # 0, and one of the following equations holds: (D) s;+s; = s, (2) (s; +s; — 5) 07 =
25;0ij0i05, 3 (s; + 55 — ) 032- = 2s,p;j0;0;, then (2.6) has no solutions. Therefore, there does
not exist a KK'T point that has three positive elements.

Case II: If p;; # 0 and none of (), 2), @) hold, then (2.6) has a unique solution. We show
that this solution is not optimal for (2.1), which contradicts the optimality of (¢, ¢}, ).
Let d = (d;,dj,d;;)T be a feasible direction such that s;d; + s;d; + sd;; = 0, and there exists
€0 > 0 enough small such that (¢, q, q*)" + eod is still feasible. Denote the value, gradient
and Hessian matrix of v at (¢}, qj, q*)" to be respectively v*, g* and Q*. We have

1
v (g + ed;, q; +edj,q" + ed;j) =v* + ed' g* + §€2dTQ*d + o (||ed]]?) -
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The fact that (g} ,q;-‘,q*)T is a KKT point ensures that d'¢* = 0. We have the following
subcases:

(i) si+s; > s, pij < 0or s;+s; < s, pij > 0. In this case, we choose d = (—s, —s, s;+s;) T,
and find that

(Si + S; — 8) (0']2 (Si -+ Sj — 8) — 2pijaiajsi)2 (O'Z-Q(Si -+ Sj — S) — 2pij0iaj3j)2

dTQ*d —
4(pij0i0j)3

Since s’:?_s < 0,d"Q*d <0, there exists 0 < e; < ¢ such that v(g; + e1d;, ¢} + e1d;, ¢* +
ij
e1d;j) < v*. Therefore (q;, q;, ¢*)" is not a minimal point.
(ii) s; + 8 < s, pij <0 or s; + s; > s, pi; > 0. We choose d = (—s,0,s;)", and calculate

that

i(Si — S) (0']2 (SZ' + S — S) - 2Pij0i0jsi)2 (O’?(Si + S; — S) — 2pijai0j5j)2

4(si + 55 — 8)(pijoio;)?

a'Qd="

Since we have assumed that s; < s, d"Q*d < 0. Similarly to case (i), (q;“,q;‘f,q*)T is not a
minimal point.
Case III: When p;; = 0, we discuss about three subcases: s; +s; > s, 5, +5; < s
and s; +s; = s. If s; +s; > s, for any point (¢;,q;,q)" € S satisfying ¢;,q;,9 > 0,
2

o T - . . U'L2 g .
d=(—s,—s,s;+s;) is a descent direction for both o and qjiq as a function of (g;, g;, q).

Therefore, there exists no optimal solution that has three positive elements. If s; +s; < s,
let d = (s,s,—s; — sj)T, we reach the same conclusion as when s; +s; > s. If 5; +5; = s,
define w; := ¢; + ¢ and w; := g; + ¢. The problem (2.1) is then converted to

min — + —
wiw; >0 W; W
s.t. syw; + sjw; = 1.

. * % . o o <z . . ) ] T .
The optimal w; and wj satisfies i W So in this case, (g;,q;,q)" € P if and only
if

VD~ YT

Summarizing the conclusions of case I, II and III, whenever s; + s; # s or p;; # 0, the
optimal solution can only be achieved on the boundary of the feasible region. That is, the
optimal solution(s) must have at least one element as zero. When s; + s; = s and p;; = 0,
there exists an optimal solution that has at least one zero element and also an optimal
solution that has all positive elements. O

2.C Omitted Proof of Section 2.4

Proof of Theorem 3. We decompose the deviation into two parts and consider characteristic

function. Denote X

Yie = C2((qi(0:) — cu(6:)) — (6;(0;) — a;(6;)))
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and
1

Yoo = C2((ai(0:) — ail6;)) = (a;(0;) — a;(07)))
For any t € R, we have

E |:6it(Y1,C+Y2,C>:| =F {]E [eit(Y170+Y2,C) éz é]

} - K {eitYQ’CE [eitym ]9}, é]] } ) (2.7)
Under our allocation rule, according to Theorem 1,
Yoo =W,; asC — 0. (2.8)

Here W; ; is Gaussian with mean zero and variance

o? 0]2 2Ap cij

? —

+ .
Ap+Xipi - Ap+Np; (Ap+ Aipi)(Ap + Ajp;)

On the other hand, conditioned on 0; and 9}-, as C' — o0,
Yie = Vi;(6). (2.9)

Conditioned on 6, the rv V;;(6) is Gaussian with mean zero and variance

~

D;(6;) N D;(6;) 2pr Di; (6) .
pr =+ vy pr gy (e pers) (pr + pgry)

Therefore,

VRO 2 D;(6; D;(0; opr Dy (0
E [eltYLCwi,Qj} _ exp(——( ( ) + ]( ]) . ur ]( )
2 4 pry o pr ey (e A ) (e ;)

))+o0,(1). (2.10)

D;(-), D;(+), D;j(-) are continuous functions, so we have

; Ao 2 D;(0; D; (0 201 D, (0*
]E [eltY1'C|9i7€ji| :>€Xp(——( 7,( z) 4 ]( ]) . Hur z]( )

)) (2.11)
2 pr g pr 4 gy (e ) (e + pry)

as C' — oo. Finally, we induce that

. t?
E [elt(yl,c—l-yz,c)] = exp(—a Varij(e*»

as C' — oo, which implies the conclusion in Theorem 3. O
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Chapter 3

Simulation Optimization via
Multi-Resolution System
Approximations

In this chapter, we focus on the specific class of simulation-optimization problems with
continuous multi-dimensional decision variable and convex feasible region, for complicated
stochastic systems. For complicated stochastic systems, the exact simulation of system
performance can be expensive or even take infinite computation time in expectation. For
example, the simulation of a service system operation can be time-consuming when the
demand volume is huge, the time horizon is long, or the operations logic is complex. As
another example, the solution of a general multi-dimensional stochastic differential equation
(SDE) may arise as a stochastic object in applications of financial systems and queueing
systems, the exact simulation of which may not get executed in finite computation time in
expectation. Therefore, given the complicated system logic and stochastic objects, the exact
simulation of the objective function at a certain value of decision variable is computationally
expensive or impossible. The associated optimization problems are even more challenging,
since the difficult or impossible exact simulations to evaluate the objective function need to
be done on multiple values of the decision variable to find a good solution.

For the complicated stochastic system in consideration, referred to as the original system,
at some times a sequence of approximations can be constructed, with finer and finer approx-
imation resolution. We presume in mind that the expected simulation time to evaluate the
performance for the original system is infinite. The expected simulation time to evaluate the
approximations, on the other hand, is finite, though it can be arbitrarily large depending
on the approximation resolution. The approximation of the original system can either be
applied to the simulation logic or the random object, or both. We refer to an approxima-
tion of the original system as an approximating system. For example, for stochastic systems
involving complicated continuous-time stochastic uncertainties in operations, a popular way
to construct approximating systems is through time discretization at different resolutions.
We assume that the constructed approximating systems present finite simulation time to
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evaluate, as an advantage compared to the original system. However, the approximation
often inevitably incurs a bias compared to the original system. In general, the sequence of
approximations can be constructed in a way that they eventually converge to the original
system and the bias vanishes in the limit. As a result, such sequence of approximating sys-
tems incurs smaller and smaller bias, while incurring larger and larger simulation cost. Our
work focuses on strategically using the sequence of approximating systems to design and
analyze gradient-based simulation-optimization algorithms that solve optimization problems
associated with the original system.

Gradient-based algorithms have proved to be effective for a large number of simulation
optimization problems, especially when the decision variable is high-dimensional. However,
when the original stochastic system is too complicated or impossible to exactly simulate
in finite time, the computation of gradient estimator associated with the original system
shares the same challenge, if not more. Our focus, therefore, is to utilize the sequence of
approximating systems, each of which can be simulated in finite time at finite cost, to con-
struct gradient-based simulation-optimization algorithms. As the approximation resolution
increases, an approximating system becomes closer to the original system (i.e. higher reso-
lution), but this higher resolution comes at a price with an increasing simulation cost. We
leverage the idea that lower-resolution approximating systems can be used to evaluate gradi-
ent estimators at earlier stages in a gradient-based optimization algorithm. The intuition is
that at early stages, the algorithm may start with a choice of decision variable that is likely
far away from the optimal solution, and there is no need to use a high-resolution system
to construct the gradient estimator that comes with a high simulation cost. The algorithm
updates the value of decision variable by iterations. As the algorithm proceeds, the value
of decision variable is presumed to be closer to the optimum. Approximating systems with
higher and higher resolution are used to construct gradient estimators, which are then used
to update the decision variable.

The computation of gradient estimators for approximating systems has its own chal-
lenges. The challenges often comes from discontinuity. Such discontinuity may come from
time discretization or piecewise constant approximations, which are often used to construct
approximating systems. When there is no continuity on the objective function associated
with an approximating system, standard gradient estimators such as Infinitesimal Pertur-
bation Analysis (IPA)/Automatic Differentiation (AD)/Backpropagation (BP) gradient es-
timators may incur an uncontrollable bias or even take an opposite sign compared to the
true gradient. In this case, the gradient-based algorithm with IPA/AD/BP gradient estima-
tors can fail badly and diverge. See [24] for an example. To circumvent the discontinuity
challenge and to avoid the potentially difficult likelihood evaluation for complicated systems,
we use the finite difference (FD) method with a stochastic direction to construct gradient
estimators for an approximating system. The construction of gradient estimators via finite
difference method is based on observations of only stochastic realizations of the objective
function at given values of decision variables. In the scenarios of discontinuity, the use of
finite difference gradient estimators, despite its sometimes unpleasant dependence on the
dimension d, can at least guarantee the control of bias and therefore the optimization algo-
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rithm’s convergence. Under the assumption that the expected performance of the original
system is strongly convex and smooth, we prove that the associated gradient-based algo-
rithm converges to the optimum without any assumption on convexity or continuity with
the approximating systems. The required computation cost to achieve a given precision level
is proved to have a moderate polynomial order of dependence on the dimension of decision
variable.

Further, we develop and analyze gradient-based simulation-optimization algorithms, for
which the gradient estimator used in any single step is constructed by coupling multiple ap-
proximating systems at different resolutions, instead of just using one approximating system.
An effective framework is the multilevel regime introduced by [48] and [36]. The core idea of
multilevel regime is to intelligently integrate simulations at different resolutions to improve
computational efficiency, when the approximating systems at different resolutions can nat-
urally be coupled. Under the classical multilevel regime ([36]), we construct multilevel FD
gradient estimators (with stochastic directions) to support gradient-based optimization algo-
rithms. At each step, a multilevel gradient estimator utilizes multiple coupled approximating
systems at different resolutions. We prove that the use of multilevel gradient estimators can
improve the computational efficiency of the associated simulation-optimization algorithms,
by reducing the order of computation cost required to achieve an arbitrary level of precision,
compared with algorithms that use single-level gradient estimators. In particular, when the
multilevel FD gradient estimator is used, we investigate the algorithm performance in terms
of its dependence on the decision space dimension, and prove a moderate order polynomial
dependence as an upper bound.

Our contributions to the literature are summarized as follows.

e We present a framework to optimize a stochastic system that is too complicated to ex-
actly simulate, with the aid of approximating systems. The sequence of approximations
has finer and finer approximation resolution but higher and higher cost to simulate.
We propose a new gradient-based simulation-optimization algorithm that sequentially
utilizes approximating systems of higher and higher resolutions to construct gradient
estimators and do gradient search.

e Under the assumption that the objective function of the original system is strongly
convex and smooth, while allowing objective functions associated with approximating
systems to be nonconvex and discontinuous, we prove algorithm convergence, conver-
gence rates, and optimal algorithm design for the simulation-optimization algorithms
with finite difference estimators. When the finite difference gradient estimators are
used, we demonstrate the dependence on the dimension for the algorithm performance
and optimal parameters choices.

e When the sequence of approximating systems can be coupled, we propose new mul-
tilevel gradient-based simulation-optimization algorithms. We prove that the use of
multilevel gradient estimators can improve the computational efficiency of the asso-
ciated simulation-optimization algorithms, by reducing the order of computation cost
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required to achieve an arbitrary level of precision, compared with algorithms that use
single-level gradient estimators.

Built on contents described above on algorithm design and theoretical guarantees, we
describe in the following a more summarized message from this work. This work considers
situations where one wants to use simulation to optimize a complicated stochastic system
where the system is difficult to simulate but instead has a sequence of simulatable approx-
imating systems. Instead of the baseline method by simply using a single approximating
system, this work more carefully integrates approximating systems of different resolutions
to design optimization algorithms. If we count the expected simulation cost to achieve the
same level of optimization accuracy, say a small € > 0, the algorithm proposed in this work
can enjoy a lower cost relative to the baseline, by a factor as polynomials of 1/e.

3.1 Related Work

Our work is related to the literature of gradient-based simulation optimization. We categorize
the related literature in Table 3.1 for reference.

In the scenarios where the stochastic objective functions contain discontinuity, there may
be alternative gradient estimators other than FD gradient estimator that have controllable
bias or no bias. The use of these alternative gradient estimators can have their own chal-
lenges. Smoothed perturbation analysis (SPA) can circumvent the bias issue by using a
conditioning technique ([40]), but a good choice of conditioning is problem-dependent. An-
other gradient estimation technique, likelihood ratio or the score function method ([39, 85]),
does not directly apply for structural parameters, which may limit its applicability in general.
Measure-valued differentiation ([46, 47]) requires structural information of the dynamics of
the simulation systems. In Peng et al. [83], a generalized likelihood ratio (GLR) method was
proposed, the use of which in our context would require each random input for the approx-
imating systems to admit a density, which sometimes can be violated. Therefore, in this
work, in presence of discontinuity, we choose the use of finite difference gradient estimator,
to accommodate relatively more general structures for the approximating systems. More-
over, the use of finite difference gradient estimators can provide theoretical guarantee for the
convergence of gradient-based algorithms even when the objective functions associated with
the approximating systems are not convex or smooth.

Before our work, the use of multilevel regime appeared in stochastic approximation,
by [27], [21] and [20]. Their works do not consider constructions of gradient estimators
in presence of discontinuity or the algorithm performance’s dependence on the dimension
from a computational aspect, which is an important aspect in many simulation-optimization
problems with high-dimensional decision space. Blanchet, Glynn, and Pei [8] propose mul-
tilevel sample-average approximation algorithms for stochastic convex optimization. Their
work applies the multilevel technique to strategically use the n independent and identically
distributed samples for the original system to improve convergence rates and/or derive unbi-
ased estimators for the optimal value. Their use of multilevel technique utilizes an increasing
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Gradient-based simulation optimization
Exact simulation for the original system or its gradient oracle is available

First-order Zeroth-order gradient estimator

egsz?r(rilftncfr Simultaneous perturbation Random direction
gradient estimator gradient estimator

[70],[35],

[24]

Exact simulation for the original system or its gradient oracle is unavailable
[110], [44], [71], [56],[105], [27], [20]

Table 3.1: A table for summarizing existing gradient-based simulation optimization algo-
rithms. We categorize the related literature of gradient-based simulation optimization by
whether they adopt the assumption that exact simulation for the original system or its
gradient oracle is available, or not.

number of samples for the system but our use of multilevel technique alternatively utilizes
increasing approximating resolution for the system. These two perspectives are orthogonal
and can potentially be integrated.

The idea of using different resolutions of approximations to study complicated stochas-
tic systems has also been considered by a line of work on multi-fidelity simulation, but
with different objectives from ours. Xu et al. [105] discuss budget allocation strategies for
the problem of ranking and selection using a high-fidelity approximation and a low fidelity
approximation. Song et al. [92] extends the framework of [105] and proposes an optimal sam-
pling policy that uses a low-fidelity model to improve the computational efficiency of ranking
and selection. Balabanov and Venter [3] considers the use of one-dimensional gradient-based
optimization in a high-fidelity model while using the low-fidelity model to do finite difference
gradient calculations. Huang et al. [56] discusses the effective use of low-fidelity model to
enhance surrogate models such as kriging.

In the literature, there has been an increasing attention on using biased gradient esti-
mators to solve stochastic optimization problems, for which the bias is rather intrinsic but
not caused by approximations to optimize systems that are impossible to exactly simulate.
Some most recent work includes [24, 54, 1, 98, 113, 112]. In our work, we overcome the
issues of bias by dynamically using approximating systems at higher and higher resolutions.
Some relevant pioneering work include [110], [44] and [71].
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3.2 Problem Setting

Consider a complex stochastic system in which a decision needs to be made to optimize an
objective function that involves an expected system performance. We denote § € © C R?
as the decision variable, in which © is a closed and convex subset of R%. Fix a probabil-
ity space (€2, F, P) that supports the stochastic system. We summarize all the stochastic
uncertainties involved in the stochastic system as a random object Y that takes value in
a Polish space ). This random object Y, for example, may include non-stationary doubly
stochastic Poisson processes or solutions of stochastic differential equations, depending on
the system in consideration. The system performance is described as a product-measurable
function G : R? x Y — R that maps the decision variable § € R? and the realization of
the random object Y into a real-valued scalar. The function G may involve various system
operations logic, system performance and operational costs. For complex stochastic sys-
tems in consideration, this performance function GG does not have closed-form representation
and can only be evaluated by simulation. To obtain the optimal decision, the following
simulation-optimization problem needs to be solved.

Ieréiélg(e) =E[G(6,Y)]. (3.1)

We assume that EG(0,Y)? < oo throughout this chapter. The random object Y and the
performance function G' are the key components of a simulation task, which are respectively
referred to as random input and logic. For a complicated stochastic system, both compo-
nents can incur significant simulation cost in the evaluation of the expected performance
E[G(0,Y)]. For example, the function G may involve the logic and operational rule of a
complicated stochastic system. There are other scenarios where GG is simple but the ran-
dom object Y is difficult or even impossible to exactly simulate. For example, the random
object Y can be a stochastic process Y = (Y (¢) : t > 0) as a solution of a general multi-
dimensional stochastic differential equation (SDE). For a general SDE, Y is viewed as an
infinite dimensional object that cannot be exactly simulated in finite computing time.

In complicated stochastic systems where G(6,Y") is difficult or impossible to simulate, we
presume the simulation cost for G(6,Y") to be infinity and assume that we have the ability to
construct a sequence of approximations. In general, we assume that there exists a sequence
of systems (G (0,Yx) : k > 0) that approximates G(6,Y") with finer and finer resolution. The
expectation of G (6, Yy) is denoted as gi(f). The sequence (G(0,Yy) : k > 0) approximates
G(0,Y) in the sense that for any decision variable 6, the asymptotic approximation bias
diminishes,

Tim E(Gy(6,Yi) - G(6,Y)) = 0. (3.2)

Or, sometimes the approximation can be constructed to adopt a stronger convergence, given
by
lim E(Gr(0,Y:) — G(0,Y))* = 0. (3.3)
—00

We will specify case by case which approximation is needed in the theoretical results to be
provided. For any given k, the cost to simulate a copy Gy (0, Yy) is finite and increasing with
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k. The approximation Gg(6,Y}) may involve an approximation on the system operations
logic GG, noted as Gy, or an approximation on the random object Y, noted as Y}, or both.
If approximations are done for the complicated random object Y, then the approximating
sequence {Y; : k > 1} usually involve time or space discretizations of Y. Our goal is to
design and analyze simulation-optimization algorithms that solves the original optimization
problem (3.1) up to any given precision level, through an effective use of the approximating
systems.

For the original stochastic system, if G(,Y") were easy to simulate, then with an initial
guess f, a gradient-based algorithm could be derived, generally taking the form of

O =01 — ’)’tﬁeg(et—lh (3-4)

in which Vyg(6,_,) denotes estimated value of gradient of g(-) at point #,_, constructed from
the simulation of G(0,Y), and v, € R" is a carefully chosen step size. However, when the
original system G(6,Y") is too complicated and impossible to exactly simulate, the associated
gradient estimators are often not available at finite cost. Our focus, therefore, is to utilize
the sequence of approximating systems, each of which can be simulated at finite cost, to
construct gradient-based simulation-optimization algorithms. When k becomes larger, the
k-th approximating system becomes closer to the original system, but this higher resolu-
tion comes at a price with an increasing computation cost. Our work leverages the thought
that lower-resolution approximating systems can be used to compute gradient estimators at
earlier stages in a gradient-based algorithm. As the algorithm proceeds, higher-resolution
approximating systems are used to derive gradient estimators, so that eventually the algo-
rithm can achieve any given level of precision. The details will be discussed in the following
sections.

3.3 Simulation-Optimization Algorithms with Finite
Difference Gradient Estimators

In this section, we propose gradient-based simulation-optimization algorithms that sequen-
tially utilize gradients from approximating systems with increasing resolution. To facilitate
the theoretical analysis for the proposed algorithms, we presume the original objective func-
tion g to be strongly convex and contains a unique local optimal solution #*, which is also a
global optimal solution. When the objective function ¢ is not strongly convex, the algorithms
and analysis can be extended to find strongly convex local optimums. Formal assumptions
will be stated later in this section. Despite the convexity assumption on g, we make no
convexity or continuity assumptions on the approximating systems g;’s. One specific rea-
son is that many approximations of a complicated infinite-dimensional stochastic system are
done through discretization in sample paths and/or objective functions, naturally leading to
discontinuity and non-convexity in g.

When there is no regularity conditions such as continuity on the approximating function
Gr(0,Yy) or gx(0), standard gradient estimators to evaluate dgx(0)/06 such as Infinitesimal
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Perturbation Analysis (IPA)/Automatic Differentiation (AD) gradient estimators may incur
an uncontrollable bias or even take an opposite sign compared to the true gradient; see [24].
Such uncontrollable biases may lead gradient-based algorithms to diverge; see [24] and [1]
for example. In the scenarios of discontinuity, the use of finite difference gradient estimators,
despite its sometimes unpleasant dependence on the dimension d, can at least guarantee
the control of bias and therefore the optimization algorithm’s convergence. In presence
of discontinuity, we propose simulation optimization algorithms based on finite difference
gradient estimators and provide theoretical guarantee for the convergence of the algorithms.

Construction of FD Gradient Estimator using Approximating
Systems

To construct a FD gradient estimator, instead of computing the function value perturbation
in each of the d dimension, we consider the FD gradient estimator with a randomly drawn
direction; see [68] and [23] for discussions on this type of gradient estimator. Consider a non-
increasing sequence of positive parameters {h;}2,, a distribution » on R? and a random
vector Z sampled from v. The distribution v satisfies E,[ZZ "] = I. For the approximating
system Gg(6,Y}) with index k, the FD gradient estimator is given by

Gk(Q + thk, Yk) — Gk<0, Yk)
hy,

Z. (3.5)

The estimator (3.5) is motivated by the following fact: If Vygi(0) exists and ||Vygx(0)] is
bounded by a constant for every 6 € O,

lim E, |:Gk(9 + hZ, Yk) — Gk(é, Yk)Zi|
h—0 h

g, [20402) ~4(0) 39
h—0 h

=E,[< Vogi(0), Z > Z] = Vqgi(0).

Consequently, if hy is sufficiently small, (3.5) should be a nearly unbiased estimator of the
gradient Vygi(#). The property (3.6) stands even if the stochastic performance function
Gy(+,Yy) is not continuous. Therefore, Gi(-,Y;) does not need to be continuous in € to
ensure asymptotic unbiasedness when h goes to zero.

Algorithm and Assumptions

We propose an algorithm to solve for the optimal solution that is based on the Stochastic Gra-
dient Descent routine and uses FD gradient estimators constructed from the approximating
systems. Consider an increasing positive integer sequence {m; : ¢t > 1} and a non-increasing
sequence of positive smoothing parameters {h; : ¢ > 1}. At the t-th step, the algorithm
updates 0, from the previous step by using a finite difference gradient estimator constructed
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from the m;-th approximating system. Specifically, the algorithm generates N; independent
copies of Y,,,, noted as {Y,,,;}, and sample independent vectors {Z;,};, from v. Also,
the algorithm runs 2N, independent simulation copies of the simulation logic of the m;-th
system and obtains the gradient estimator

Ny

1 Gm,(0+ 1 Zy ), Y1) — G, (0, Yon, 1)
H 9 _ t b7 ty t ) ty Z . 37
O=53 - 37)
The algorithm then updates 6, as
Ori1 = pro(by — v Hi(01)), (3.8)

where prg is the orthogonal projection on © under Euclidean distance. -~ is a positive
scalar to be specified, which is also known as step size. The fact that m; increases with ¢
illustrates that the algorithm uses an approximating system with higher and higher resolution
as it proceeds. In the beginning, the algorithm updates the optimizer relying on gradient
estimators constructed from approximating systems with low resolution. When the algorithm
proceeds as t increases, the algorithm uses higher-resolution simulation systems to construct
the gradient estimator. Eventually, the algorithm is expected to ensure the convergence of
6, to 6*.

We will provide answers to the following questions:

e When does the algorithm ensure convergence of 6, to 6*?

e What is the convergence rate of 6; and the limiting distribution of 6,7

e How does the cumulative computation cost depend on the dimension d?

e How can we set algorithm parameters v, h; and N; to save cumulative computation
cost?

Before proceeding into the algorithm analysis, we make some assumptions and specifica-
tions on the original system, the sequence of approximating systems, and the computation
cost of simulating a copy of the approximating system at different resolution. To focus our
attention on discussing how the sequence of approximating systems are strategically used
to optimize the original system, we assume that the expected performance of the original
system is nicely behaved, as follows.

Assumption 1. The expected performance g(0) as a function of 0 is L-smooth and p-strongly
convex. That is, there exists L > 0 such that ||Veg(61) — Vag(62)|| < L||6y — 02| V61,05 € O.
There exists pn > 0 such that (Veg(61) — Veg(62)) " (01 — 02) > pu]|61 — 62| V61,6, € ©.

Note that this assumption is only imposed on the expected performance of the original
system ¢(-) = EG(-,Y). The stochastic performance function G(6,Y") can be discontinuous
and non-convex in # for some given realizations of the random object Y. In addition, for
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the approximating systems, the expected performance function gx(-) = E G(+,Yy) and the
stochastic performance function Gy(+,Y}) are not required to be continuous or convex.

We impose the following assumption to quantify the difference of expected performance
function between the k-th approximating system and the original system:

Assumption 2. There exists a constant C > 0 such that for all k € N and 0 € O,
|E[Gr(0.Yy) — G(0,Y)]] = |g(0) — g(0)] < CE™.

Assumption 2 gauges the resolution of the k-th approximating system. A larger k indi-
cates a higher resolution and closer approximation.

When the smoothing parameter h > 0, the FD gradient estimator naturally introduces
a bias. This bias depends on both h and the dimension d. For different systems and
different function properties on G(0,Y}), the dependence on h may be different. A realistic
assumption that allows different dependence on h is given as below.

Assumption 3. There ezist constants C' > 0, hg > 0 and q > 0, such that for all k € N and
0 <h < hg, E[|(Ge(0 +hZ,Yy) — Gi(0,Y3)) Z]|?] < Cd?he.

The value of ¢ represents the dependence on h for E[||(Gx(0 + hZ,Y}) — Gi(0, V) Z||?].
In general, the smoother the stochastic performance function is, the larger the ¢ is. If
the stochastic performance function Gg(-,Yy) is Wy (Yy)-Lipschitz continuous and
supys; E[| 1 (Y%)]?] < oo, we have ¢ = 2 with details to be given shortly. When the continuity
fails, the value of ¢ can be as small as 0, see [2]. [71] propose additional conditions on the
discontinuous performance function such that ¢ = 1. In general, we allow ¢ to be a flexible
parameter, but aim to be able to deal with the most general stochastic performance function
(without continuity requirement) that leads to g = 0.
Specifically, when Gy(-, %) is Wi (Y})-Lipschitz continuous and supys E[| ¥, (Y3)]?] < oo,
we have -
E((Gi(0 + hZ, i) — Gi(0,Y:) Z|*]
=E[E[[|Gw(0 + hZ,Y:) — Gi(0, Yi)II*| Z]]| Z]%]
<E[E[W? (Y0Pl Z]1*|21)| 2 ) (39)
<2 sup (W, (V3) P B[ Z )] = O(d2h),
k>1

showing the notion that ¢ = 2 under continuity.
In addition to the condition on the random direction E[ZZ "] = I, we require the following
properties on the distribution v:

Assumption 4. For a random vector Z sampled from v and any k € N, there is a constant
k
¢k (dependent only on k) such that E [||Z||*] < cde.

Assumption 4 gives a bound on the moments of vector Z. For example, Assumption 4 is
satisfied if Z is distributed as N(0, Ijx4), or uniformly on the lo-sphere of radius V.
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Convergence, Optimality, Cost, and Central Limit Theorem

In this subsection we state the main convergence result that provides a theoretical guar-
antee that the algorithm utilizing FD gradient estimators will eventually find 6*. For this
simulation-optimization algorithm, in each step there are four algorithm parameters m; (la-
bel of system of use in the ¢-th iteration), N; (number of independent copies of simulation to
run in the t-th iteration), smoothing parameter h;, and step size v, (i.e., step size in the t-th
iteration) to be specified. For a set of parameters vy, No,mg > 0, 5,7, p > 0, we consider
algorithm parameters given by

1 1
my = [mon t2p]a Ny = [Nodg)_%qtrﬂ(z_qﬂ s hi=——,m = 05- (3.10)
dz2tr t

Given the algorithm parameters, note that the estimator of 8* after the ¢-th iteration is
denoted as 0y, specified by (3.7) and (3.8). We present a theorem on the properties of 6;.

Theorem 4. Suppose that 5 € (3,1], 7 > 0, p,7, No,mg € (0,00). If 8 = 1, suppose
additionally that v € (max{%, 1%}, o0). Under Assumption 1, 2, 8 and 4, there exists a
k € (0,00) such that for all t € N,

1
E[g(6) — g(0")] < 5 Lot 2P+, (3.11)

and
E [[|6; — 6%|]%] < wt=@ANET), (3.12)

where k only depends on B,r, p, Yo, Mo, No, L and q.

Remark 5. We remark that the dimension d only exists in the algorithm parameter my, N,
and hy, while does not appear in the upper bound of the convergence rate nor in the constant
K.

Remark 6. The parameter p and r reflect the conditional bias and variance of the gradi-
ent estimator Hy(6;) at time step t respectively. Specifically, the conditional bias of Hy(0;),
denoted by By = E[H(0:) — Vg(0;)], has the scale of O(t™"). The parameter p controls the
decreasing rate of the bias by controlling algorithm parameter my and hy. As in (3.10), if we
set a larger p, then in each time step, we use an approximating system with a finer resolution
as well as a smaller smoothing parameter hy. Therefore, with a larger parameter p, the bias
of the FD gradient estimator from Vg(0;) is lower. The parameter v controls the conditional
variance of Hy(0;) by controlling algorithm parameter N,. The conditional variance of Hy(6;)
given Oy, has the scale of O(t™"). The details of the scale of conditional bias and variance of
Hy(0,) are given in the proof of Theorem 4 in the appendices.

Remark 7. When the objective function g is L-smooth but not strongly convex on O, the
algorithm and analysis can be extended to find strongly convex local optimums. Suppose
that g(-) is strongly convexr on ©' C ©O. By changing the iteration rule (3.8) to 0y =
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pre (0 — v Hi(0:)), the algorithm will ensure the convergence of 0, to the minimal point in
©’ with the same convergence rate of Theorem 4.

Note that this convergence rate result appears to not depend on the dimension d, because
the computational cost spent at each iteration has not yet been taken into consideration.
We next discuss a result on the expected computation cost associated with the algorithm
for different choices of the algorithm parameters p, r and 3, which will support the selection
of the best choice of algorithm parameters to minimize the order of computation cost to
achieve a given precision level. Define Cj as the computation cost for generating a single
simulation run of G(0,Y}). To reflect the notion that the original system is impossible to
exactly simulate, the cost increases to infinity as & — oco. This computation cost C} can
be a random variable itself and we make the following assumptions that characterize the
growth rate of the expected cost when k — oo. The growth rate can either be polynomial or
exponential at different rates.

Assumption 5. As k — oo, the sequence of costs {Cy : k > 1} satisfies either of the
following two conditions.

(i) kP E[Cy] — k1 for some p > 0 and k, > 0.

(ii) a *E[Cy] — Ky for some a > 1 and Ky > 0.

Before proceeding into the theorem, for an algorithm with algorithm parameters specified
by (3.10), we define

7(e) = inf{t € N: (E [||6, — 6*]*])7 < ¢} (3.13)

as the number of iterations it takes for 6; to satisfy a precision level e. We can then compute
the cumulative computation cost for the algorithm by the 7(¢)-th iteration, denoted as

7(e)
T =2 NiCp,. (3.14)
j=1

Theorem 8. Under Assumption 5 (i), for the finite-difference based algorithm specified by
(3.10),

2(r+2pp+p(2—q)+1)

E Ty = O(d*+5- 39 Conte
Under Assumption 5 (ii), for the finite-difference based algorithm specified by (3.10),

5_3 _ 2(r+p(2—q)+1) 2 2p o 4p
ET o = O(d> 2% @G+ exp((mod” + 1)k @IAEFT € CaAEH log ar)).
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We are now in a position to identify an optimal set of algorithm parameters such that
the order of expected computation cost is minimized. According to Theorem 8, under As-
sumption 5 (i), this problem is equivalent to the following minimization problem:

r+p2pt+2-g¢)+1
min
reB (2p) N(B+T) (3.15)
1
3.t.r20,p>0,§<5§1‘

Proposition 9. The optimal objective value of the problem (3.15) is p—2+2, and is achieved
when the parameters r, p, 8 satisfy

f=1,2p=r+1. (3.16)

We formally present the algorithm in Algorithm 1 with the optimal choices of parameters.

Algorithm 1 Simulation-optimization algorithm with finite difference gradient estimator

Input: Number of iterations N, initial point 6y, parameters mg, Ny € (0,00), 7 > 0, p = H’”

Y0 € (1:T7 OO)
Output: Oy

1: fort=1to N —-1do
Set m; = [mod®t?**], and N; = {N0d5—*qtr+p(2 q)-‘

3: Cenerate a sequence {Y,,,;}%, of independent copies of Y;,, and sample independent
vectors {Z;; 12, from v.

B

4: Update 6, by 0,11 = prg(6; — v:Hy (6;)), where
Nt
1 G, (0 4+ hiZy ), Y1) — G, (0, Yo, 1)
H 9 I t 530 t t Y ty Z
O-53 2
5: end for
6: return Oy

Now we introduce the asymptotic distribution of 6, for Algorithm 1. First we study the
asymptotic distribution of #; as t goes to infinity. Then we derive a central limit theorem for
the best estimator available with the given budget C' going to infinity.

Theorem 10. Suppose that all conditions of Theorem 4 hold. Denote H* as the Hessian
matriz for g(0) at 0* and H := H* — 1”] Denote C' := lim,,_,oo 1'% (Vg (0*) — Vog(6%)).
Under suitable reqularity assumptzons for the finite difference regime in Theorem 4 with
B=1and2p=1r+1,

.1 -1
n(H2(g g7y 4y N(_H—l(5 E[ZZ"H*Z) +my2d~'C"), %) (3.17)
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where

Y= m/ exp(—Hu)Q exp <—]:1Tu) du
and
Q=E[(Z"V,G(0",Y))*ZZ"].
Especially, if Z ~ N(0, I4xq), we have
n(200, — 0% “L N(—my2d HC! )
and
A QEB%G(Q*,Y)@%G(Q*,Y), if i # j.
We now change our lens to the available computation budget C' and derive a central limit

theorem for the best estimator available with the given budget.

Theorem 11. Suppose that all conditions of Theorem 10 are satisfied. Let C' be the com-
putation budget and n(C) :=sup{n > 1:23°7 | N;C,,, < C}. If n PE[C,] — K1 for some
p >0 and ky > 0, then

C
(2/11N0d2(p+1)mg(p +1)

-1 -1
)20 Gy — 07) <5 N(—H G E[ZZTH Z) 4+ my *d7'C), %)

where

Yo [T ) T
Y= — —Hu)2 -H d
N, /0 exp(—Hu)Q exp ( u) u

and
Q=E[(Z'VeGO,Y))*ZZ"].
See appendices for the detailed assumptions and proofs of Theorem 10 and 11.

3.4 Simulation-Optimization Algorithms with
Multilevel Gradient Estimators

In Section 3.3, in the gradient-based algorithms, the gradient estimator used in each step
is constructed by a single approximating system. In this section, we construct multilevel
finite difference gradient estimators for which each gradient estimator utilizes multiple ap-
proximating systems at different resolutions. We then propose a simulation-optimization
algorithm using multilevel gradient estimators. We show that the use of multilevel gradient
estimators can improve the performance of the simulation-optimization algorithms compared
with the results in Section 3.3. The improved performance is demonstrated by a faster order
of convergence rate.
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In our basic framework, G(6,Y) is approximated by the sequence (Gx(6,Yy) : k > 0).
The approximation can either be applied to the simulation logic G or the random object Y,
or both. In this section, for the convenience of notation in constructing multilevel gradient
estimators, we drop the dependence of Y, on k£ and summarize all the dependence of the
k-th approximating system on k into the function Gj. That is, we rewrite Gy(A,Y) :=
Gr(0,Y%), in which Y is a (possibly infinite-dimensional) random object that is shared by
all approximating systems. In this new notation, we note that the k-th system does not
necessarily need to use all the information in Y.

Construction of Multilevel FD Gradient Estimator, Assumptions
and Example

We propose an algorithm that uses multilevel FD gradient estimators. Consider an increasing
positive integer sequence (m; : t > 1) and a non-increasing sequence of positive smoothing
parameters (hy : t > 1). At the t-th step, the algorithm updates the 6;_; from the previous
step by using the information of function values from the approximating systems 1,...,m;.
Specifically, the algorithm generates NV, independent copies of Y for k = 1,...m,, denoted
as {{Yt7k7[}lj\[:t’1k vt and sample independent vectors {{Zt,k,l}f\g’l’“ ot from v. As introduced
in Section 3.3, this distribution v represents the distribution of the random direction drawn
to construct FD gradient estimators. We obtain the gradient estimator

mg Nt,k

1
Hy(0) =Y > (F™0: he, Zys, Yiwa) — F™ (03 hey Zos, Vi)

k=1 bk o

where

Gre(0+ neZy gy, Yera) — Gr(0, Yiga)
hy

Fy™ 0 hey Zy gy, Yigy) = Zt ki

and updates 6, as
Orr1 = pro(0r — Ve Hi(01)).

The gradient estimator Hy(f) is the multilevel gradient estimator used in the ¢-th step.
Intuitively, the multilevel construction couples the adjacent systems G and Gj_; to achieve
a better bias-variance trade-off for the gradient estimator.

We hope to provide answers to the following questions for the gradient-based algorithm
utilizing multilevel F'D gradient estimators:

e What are the optimal choices of parameter m;, Ny and 7, at the ¢-th step?
e What is the convergence rate of 6; to 6*7

e Compared with simulation-optimization algorithm we discussed in Section 3.3, does
multilevel method based on FD estimator expect to save cumulative computation cost
that is needed to achieve a given precision level?
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e How does the cumulative computation cost depend on the dimension d?

Before proceeding into the algorithm analysis, we make the following assumption on the
approximation Gy(+,Y’), which quantifies not only the bias of G%(6,Y’), but also L2-distance
between expected performance function between G (6,Y) and G(6,Y):

Assumption 6. There ezist constants M > 1 and o > n > 0 such that for all k € N and
RNC)

(i) [E[Gi(6,Y) — G(6,Y)]| < M+

(i) E[|Gy(0,Y) — G(8,Y) — E[G(0,Y) — G(8, V)] [2]/2 < M1,

We illustrate this assumption by considering a simulation-optimization problem in which
the original objective function g depends on the sample path of the solution of a general
Stochastic Differential Equation (SDE). The solution of an SDE is an infinite-dimensional
random object that in general cannot be exactly simulated in finite time. (Exact and practi-
cally implementable simulation algorithms are available, but only for a subset of SDE mod-
els.) A standard practice in Monte Carlo simulation is to discretize the SDE, which serves as
an approximation for the original SDE. In this example, we consider the approximating sys-
tems to use different resolutions of discretizations of SDE. We consider the Euler-Maruyama
discretization scheme of a diffusion process X = (X; : t > 0), which is the solution of an
SDE. We first introduce some notation, namely for x € RY,

21(9«“) ou(x) - o1g(x)
) = 2(95) 021‘(95) T U2q’.(37)
by(x) op(x) - 04 (T)

! T !
and dY; — (dt, dw}, ... ,de) where b: RY — RY, o : R? — R x RY. The dynamic of X

will be written in the compact form
t
vt € (0,7, Xt:x—i—/ f(X,)dYs.
0

The Euler-Maruyama scheme with time step A, = T/M"™ t; = iA,,1 =0,....M™, ¢,(s) =
sup{t; : t; < s} is given by

t
Xp = [ F(X () Y.
0

Under some smoothness assumptions on the coefficients b(x) and o(x), according to [58],
there exists ¢ € (0, 00) such that for every k € N,

1
E[| X7 — X7|*]7 <

N[

M
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The system performance V : R? x R — R maps the decision variable § € RY and the
realization of the random vector Xt into a real-valued performance. Since Xt does not have
a closed-form representation, we use XX to evaluate X and use Gi(0, X7) := V (0, XX) to
approximate G(0, X7). We assume that there exists a constant L > 0, such that for every
6 € © and every z,y € R, |V(0,2) — V(0,y)| < L||z — y||. Therefore, we have

IEV(0, X7) —EV(0,XE)| < LE || X7 — XE|| < LeM ™2,

and
E[|V (6, Xr) — V(0, X5))? < LE[| X7 — XE||*)7 < LeM 3,

Therefore, the above analysis suggests that Assumption 6 stands with o = 1 and n =

1
2 2°

Algorithm Convergence and Cost

We now state a convergence rate result on the algorithm with multilevel FD gradient estima-
tor and show that the algorithm will eventually recover #* with properly chosen algorithm
parameters. The convergence rate of ¢, relies on the choices of my, h, ¢ and N, at each

step. For a set of parameters vy, Ng > 0, 5,7, p > 0, we consider algorithm parameters given
by

2 3 1 _
my; = [5 log, (dt?)],  hy —d 2P, A, = %075 Ny j = [ReMFOH1/2)7, (3.18)

where
apr420 prme(3-n)+ 1
Ky = d4t 2]\4 2 , ¥fn7é%
d tTJr pmt, if n = 9-

In (3.18), N;x increases as time step ¢ increases, fixing the level k. The reason why N;j
increases as t increases is that we want to control the variance of our gradient estimator at
each time step in the optimization algorithm based on multilevel FD estimator. On the other
hand, N;; will decrease as k, the level of approximation, increases. Given the parameters,
we formally present the multilevel FD algorithm.
Theorem 12. Suppose that 3 € (3,1], r > 0, p,7,No € (0,00). If 8 = 1, suppose
additionally that vy € (max{%f, %},oo). Under Assumption 1, 4 and 6, there exists a
k € (0,00) independent of d such that for all t € N,

1
E[g(6,) — g(0")] < §L/€t‘(2’3)“ﬁ”’,

and
E [0, — 67][%] < st~ 20650
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Algorithm 2 Simulation optimization with multilevel finite difference estimator

Input:Number of iterations IV, initial point 6y, parameters Ny € (0,00), r > 0, p = £,
Yo € (%7 OO)

Output: Oy

1: fort=1to N —1do

2. Set my = [2logy(dt?)], by = d=2t77 and Ny = kM ~*O1/2) where

dpr+2p g rme(3-—n)+ 1
Ky = dir2e e (s 77), %fn%?
d4tr+2pmt, if n= )
3: generates N, independent copies of Y for k = 1,...m;, denoted by {()le)lNztlk el
4: Update 0y1 = prg(0; — 22 H,(0;)), where
mg 1 Nt,k:
Hy(0) =)~ D (FF (0 he, Zogs, Yewa) = FR20 (05 he, Zog, Yen))
k=1 "tk =
5: end for
6: return Oy

According to Theorem 4 and Theorem 12, the algorithm with standard FD estimator in
Section 3.3 and the algorithm with multilevel FD estimator in Section 3.4 have the same
order of MSE convergence rate t~??2#+7) with respect to the time step t. However, the
MSE convergence rate with respect to computational budget C' for the two algorithms are
different. Equivalently speaking, given the same precision level €, the number of iteration
steps for two algorithms are the same, but the computational cost required are different. In
what follows, we present the results on the expected computational cost required to achieve a
certain precision level for the algorithm with the use of multilevel FD estimator. We compare
the expected computational cost for the two algorithms.

Recall that Cj is defined as the computational cost for generating a single simulation run
of Gi(0,Y). This computational cost Cj is allowed to be a random variable itself and we
make the following assumptions that characterize the growth rate of the expected cost when
k — oo. As an illustration, this assumption holds for the SDE discretization setting.

Assumption 7. As k — oo, the sequence of cost {Cy : k > 1} satisfies M~*E[Cy] — k1 for
some M > 1 and k1 > 0.

In Section 3.3, we assume that the difference between k-th system and the original system
has a scale of Ck™! as shown in Assumption 2, and the computational cost for simulating a
single copy of the k-th system C}, satisfies kP E[Cy] — k1 > 0 as shown in Assumption 5 (i).
In this section, we assume that |E [Gx(0,Y) — G(0,Y)]| < M~ and M~*E[C}] — 1 > 0.
To compare the expected computational cost of two algorithms, we need to rescale the
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approximating systems and let p = é The purpose is to make sure [E C} increases at the
same speed with respect to the bias of G(6,Y") for the problem setting in Section 3.3 and
in Section 3.4.

Similar to the definition in (3.13), the notion 7(¢) is the number of iterations the algorithm
takes for 6, to satisfy a precision level €. The notion 77 is the cumulative computation cost
for the algorithm by the 7(¢)-th iteration.

Using the lens of computation cost, we provide the following result to quantify 7% .

Theorem 13. Set S =1 and 2p =r + 1 in Theorem 12,

O (dhe o s it s ) iy £ 12
]ETT €) — 2 _1 ,
© O (dée a7 4+ e logM(e*1)2> , ifn=1/2.
If additionally o > % and p > m;
O(d*e™), ifn > %,
BT =1 OW'e n()p), ifn =3,
Lo 2-4
O(d4+T+€_(4+ an))7 an < %

Remark 14. Under Assumption 7, and assuming that p is fized, r = 2p — 1 and f =1 is
the optimal choice of algorithm parameters to minimize cumulative computational cost. We
give the justification for this claim in the appendices.

If the multilevel approach is not employed, under the exact same problem setting, the
optimal algorithm in Section 3.3 has the cumulative computational cost at the order of
O(d%%_%qe_%ﬂ_‘l). The key insight of Theorem 13 is that the use of multilevel FD gradient
estimators, compared to the use of standard FD gradient estimators under the discontinuity
case (¢ = 0), improves the computation cost by a factor of de = if n > %, or a factor of de= <

better if n < %

3.5 Numerical Experiments

In this section, we implement the two algorithms constructed in Section 3.3 (with FD gra-
dient estimators) and Section 3.4 (with multilevel FD gradient estimators) on a numerical
experiment. We find that the experiment results support our theoretical findings. We study a
stylized simulation-optimization problem on portfolio selection, where the underlying prices
of assets are driven by stochastic differential equations. We implement the two algorithms
and numerically demonstrate the convergence rates. The experiment also shows that the
additional use of multilevel gradient estimators can reduce the order of computation cost
required to achieve a certain level of precision. The details of implementation of simulation-
optimization algorithms and the experiment are posted to [107].
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We consider a setting that has an exact closed-form solution so that we can accurately
compute the error of the algorithm. Specifically, we consider a portfolio of d € N assets whose
price process S(t) = (S1(t), S (t),...,Sq(t)) follows a d-dimensional geometric Brownian
motion:

dS(t) = diag(S(t))u dt + diag(S(£))V dW (t) (3.19)

where p is a d-dimensional vector, V' is a d x d matrix, W (t) is a d-dimensional stan-
dard Brownian motion and diag(S(t)) denotes the diagonal matrix in R™? with entries
S1(t), Sa(t),. .., Sa(t). Besides, we denote Sf(t) as the value of risk-free asset with initial
value S;(0) and risk-free return rate ;. That is, Sy(t) = S;(0) exp(ryt) for all £ > 0.

The portfolio optimization problem is to minimize

d d 9
E (Z wSHT) + (1= 3 w;)S;(T) — 7) (3.20)
i=1 =1
such that .
> wi <1, (3.21)
=1
and

w;>0,i=1,2,...,d. (3.22)

In (3.20), v represents a given target value of the portfolio at time ¢ = 7" and wj is the weight
for asset i respectively for the portfolio. In this optimization problem, the decision variable
is to select the portfolio weights for the assets at the beginning ¢ = 0. The goal is to have
the portfolio value achieve a target value v at time 7', while minimizing the variability or
risk, represented by the variance of the portfolio value at time T. We require that it is not
possible to do a short sale for the assets, so the weight w;, ¢ = 1,2,...,d must be in the
interval [0, 1], as illustrated by (3.21) and (3.22).

We note that this example setting may represent a wide class of simulation-optimization
problems that involve stochastic differential equations as infinite-dimensional random ob-
jects. In general, such problems do not adopt closed-form solutions, and discretization
simulation schemes are often employed to evaluate and approximate the objective function.
However, the example in consideration is simple enough, so that exact solutions are available,
which facilitate the demonstration of algorithm performance.

We describe how our proposed simulation-optimization algorithms are implemented. We
set w = (wy,wa, ..., wg)", Glw,S(T)) = (L, wiSi(T) + (1 — S, wi)SH(T) — 7)? and
g(w) := EG(w,S(T)). The random objective function G(w, S(T")) is approximated by the
Euler-Maruyama discretization scheme at different resolutions. Based on (3.19), the Euler-
Maruyama scheme with time step A, = T/M* t; = jAy, 7 = 0,....M*, ¢p(s) = sup{t; :
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t; < s} is given by

SE(t) =5,(0) + / S*(6u(s))ds
+Zv,l/sl 61(5)) AW, (5)

fori=1,2,...,d. We define

Gy(w, S(T)) i= (3 wiSH(T) + (1= 3 _wi)Sy(T) =)’

as the k-approximating system.

For this simulation optimization problem, g(-) satisfies Assumption 1. Besides, since S()
follows geometric Brownian motion, according to our analysis in Section 3.4, G(-, S(7T")) and
{Gk(+, S(T))} ken satisfy Assumption 6 and 7 witha =7 = % By rescaling the approximating
systems, this example satisfies Assumption 2, Assumption 3 with ¢ = 0 and Assumption 5
(i) with p = = = 2. Therefore, simulation optimization algorithm based on regular FD
estimator (Algorithm 1) and based on multilevel FD estimator (Algorithm 2) can be applied
to this problem with a theoretical guarantee of convergence rate.

Numerical Results with Dimension d = 2

First we consider the case when d = 2 and implement the simulation-optimization algorithm
based on FD gradient estimator, provided by Algorithm 1. We set the initial parameters of
this algorithm to be

1
== = 10.
2770

The random direction Z is chosen to be uniformly distributed on the ly-sphere of radius v/d.
Besides we set the initial solution 6, = (0,0) and denote 0; = (wy+,w2;) as the solution after
t iterations by Algorithm 1. According to Theorem 4, for 6;, we are expected to see that

E[||6; — w*||2} < Kt (3.23)

where w* represents the optimal solution of the optimization problem (3.20)-(3.22). Figure
3.1 shows the log-log plot of the empirical trajectory of E||0; —w*||? for t = 1,...,200 steps.
To approximate E||6; — w*||*, we use N = 200 independent simulation replications, i.e., we
implement N = 200 independent solving processes. A red straight line with slope —1 is also
plotted in Figure 3.1, to demonstrate the convergence rate of ;. From Figure 3.1, when ¢ is
small, the decreasing rate of the mean square error of ; is slower than ¢t=!. When ¢ becomes
larger, the mean square error of #; demonstrates a decreasing rate at an order that becomes
closer to 1/t, which tends to match the theoretical result in Theorem 4.
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Figure 3.1: The log-log plot of the empirical trajectory of E ||y —w*||? for t = 1, ..., 200 steps
by Algorithm 1 when d = 2. E||6; — w*||* is approximated by 200 independent simulation
replications. The y-value of the scatters represent the estimated value of E ||0; — w*||? at the
iteration step t. The red straight line has slope —1. The empirical trajectory demonstrates
that the decreasing rate of E||; — w*||? as t increases is closer and closer to 1/t.

In order to show that the central limit theorem in Theorem 10 actually stands, we plot
in Figure 3.2 the histogram of ¢2 (wy, —w?) and ¢2 (wy, —w}). For the purpose of comparison,
we plot in Figure 3.2 using red dashed curve for a normal distribution density with mean and
variance matching that of the plotted histogram of 2 (wy, — w?) and ¢2 (wy — w}). We also
plot the smoothed version of the estimated density function for ¢2 (wy; —w?) and ¢ (wo; —w})
using blue curve for illustration. Figure 3.2 suggests that the distribution of t%(wlt — wy)
and ¢2 (wqy — w3) are close to normal distribution, which tends to support our proved central
limit theorem results.

Numerical Results with Dimension d = 20

We consider the case when d = 20 and present numerical results. The numerical results
include three parts. In the first part, we compare the convergence rate with respect to time
step t for Algorithm 1 and Algorithm 2 when d = 20. Second, we compare the performance
of Algorithm 1 and Algorithm 2 when the same computational budget C'is provided to each
algorithm. In the third part, we compare the convergence rate with respect to computational
budget C' for Algorithm 2 for d = 5 and d = 20 case and show the influence of dimension of
decision variable on Algorithm 2’s performance.

We implement Algorithm 1 under the case d = 20. The initial parameters of this algo-
rithm is set to be the same as when we implement d = 2 case. Figure 3.3a shows the log-log
plot of the empirical trajectory of E||6; — w*||* for t = 1,...,200 steps when d = 20 for
Algorithm 1. A red line of slope -1 is plotted for comparison. From Figure 3.3a, as t — oo,
E ||0; — w*||* demonstrates a decreasing rate at the order of roughly 1/¢, matching our theory
results.
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Figure 3.2: Rescaled histogram of ¢2 (wy, — w?) on the left and 2 (wy — w}) on the right,
with ¢ = 200, constructed by N = 200 independent solving processes. Red curves (that are
symmetric) represent for the normal distribution density function with mean and variance
estimated from data. Blue curves represent for the estimated density function of ¢2 (w1t —wy)
and ¢2 (wy, — w3) by using kernel density estimation.

Next we turn our attention to the simulation-optimization algorithm based on multi-
level finite difference (FD) gradient estimator, provided by Algorithm 2. We set the initial
parameters of this algorithm to be

No=2,r=0,p= %,'yo = 10.
We keep the same r, p and 7y as in the experiment for regular FD estimator but Ny has
changed. Same with the numerical experiments based on Algorithm 1 with d = 20, we set
the initial point 6 = (0,0,...0)". In Figure 3.3b, we draw the log-log plot of the empirical
trajectory of E ||6; — w*||? for t = 1,...,200 steps when d = 20 for Algorithm 2. A red line
of slope -1 is plotted for comparison. Figure 3.3b illustrates that as ¢t — oo, E ||6; — w*||* has
a decreasing rate at the order of roughly 1/¢, matching our theory results.

Next, we compare the performance of the optimization algorithm based on multilevel
FD gradient estimator (Algorithm 2) and the optimization algorithm based on regular FD
gradient estimator (Algorithm 1) with the same dimension, when the same computational
budget is provided to each algorithm.

Define n,,;(C) as the number of iteration steps achieved by Algorithm 2 when C' com-
putational budget is used. Then denote Hgii ,(c) s the estimator provided by Algorithm 2
when C' computational budget is used. Meanwhile, define n(C') as the number of iteration
steps achieved by Algorithm 1 when C' computational budget is used. Denote 8,y as the
estimator provided by Algorithm 1 when C' computational budget is used. In Figure 3.4, we
draw a scatter plot to demonstrate the mean square error of 9;’1 /() and 0,,c) respectively
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Figure 3.3: The log-log plot of the empirical trajectory of E||6; — w*|* for t = 1,...,200
steps by Algorithm 1 and 2 respectively. The dimension d is set to be 20. E||§; — w*||?
is approximated by 200 independent simulation replications. The y-value of the scatters
represent the estimated value of E ||0; —w*||? at the iteration step t. The red straight line has
slope —1. Figure 3.3a is log-log plot of the empirical trajectory of E ||6; —w*||* by Algorithm
1 when d = 20. Figure 3.3b is log-log plot of the empirical trajectory of E||6; — w*||* by
Algorithm 2 when d = 20. The empirical trajectories demonstrate that the decreasing rate
of E|6; — w*||? as t increases is closer and closer to 1/t, for both Algorithm 1 and Algorithm
2.

as a function of C. The scatter plot is done at a log-log scale. The mean square errors are
computed from 200 independent solving processes. Shown by Figure 3.4, as the computa-
tional budget C' increases, the decreasing slope of the mean square error of 9;”;11(0) is close
to —1/3, while the decreasing slope of the mean square error of 6,y is close to —1/4. The
results match the theory provided in Theorem 8 and Theorem 13, showing that the use of
multilevel gradient estimator improves the order of computational efficiency.

For simulation-optimization algorithm based on multilevel FD estimator (Algorithm 2),
the computation cost to achieve a given precision level is proved to have a polynomial order
of dependence on the dimension of decision variable d. To show the influence of dimension
of decision variable on Algorithm 2’s performance, we implement Algorithm 2 for d = 5 and
d = 20. The initial parameters Ny, r, p, 7o are set to be the same for d = 5 and d = 20 case.
In Figure 3.5, we draw the scatter plot for the mean square error of 9;”7}1 J(C) 8S @ function
of computational budget C for d = 5 and d = 20 case respectively. Shown by Figure 3.5,
for both d = 5 and d = 20 case, as the computational budget C' increases, the decreasing
slope of the mean square error is close to —1/3. This matches the theory in Theorem 13.
Given the same computational budget C, for d = 5 case, the mean square error of 9;”7511(0) is
approximately 57.08% less than the mean square error in d = 20 case.
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Figure 3.4: Mean square error of 0, and 9;”77[1[(0) given computational budget C'. erT,i ,(O)
and 0,) are the estimators of w* achieved by Algorithm 2 and 1 respectively, when C
computational budget is used. The dimension d is set to be 20. The mean square errors are
computed from 200 independent solving processes. The lower line represents the decreasing
slope of the mean square error of szil(c). The upper line represents the decreasing slope of
the mean square error of 0,,¢).

3.6 Conclusion

In this chapter, we present a framework to use a sequence of approximating systems to opti-
mize a stochastic system that has complicated stochastic structure and cannot be simulated
exactly with finite computational cost. With this framework, we propose new gradient-based
simulation-optimization algorithms that utilize the approximations with increasing resolu-
tion and higher simulation cost to construct stochastic gradients and perform gradient search.
To circumvent the challenge that the objective functions associated with the approximating
systems are discontinuous, we use the finite difference method to construct gradient estima-
tors for approximating systems. Under the assumption that the objective function of the
original system is strongly convex and smooth, we prove algorithm convergence, convergence
rate, and optimality of algorithm design, without any assumption on convexity or continuity
with the approximating systems. We demonstrate the dependence on the dimension of the
decision variable for the algorithm performance and optimal parameters choices. We then
present a multilevel version of the proposed algorithms to further improve convergence rates,
when in addition the sequence of approximations can be naturally coupled. We prove theo-
retically and then show empirically that the additional use of multilevel structure can further
improve the computational efficiency of the proposed simulation-optimization algorithms.
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E[[6:—w"|I?

1072

108 109
computational budget C

Figure 3.5: Mean square error of the estimator provided by Algorithm 2 given computational
budget C. The dimension is set to be 5 and 20 respectively. The mean square errors are
computed from 200 independent solving processes. The lower line represents the decreasing
slope of the mean square error when d = 5. The upper line represents the decreasing slope
of the mean square error when d = 20.



48

Appendices

3.A Auxiliary Lemma

Lemma 1. Suppose that Assumption 1 holds for © = R?. Consider a sequence {0;}sen
iteratively defined by
Ore1 = 0 — 7 (Vog(0:) + By + V3). (3.24)

Define F; := F(0o,bh,...01—1,0;). Assume that By is F; measurable and E[V;|F;,] = 0. Fur-
thermore, assume that there exist constants § € (3,1], 7 € R, p, 7, K1, Ks € (0,00) such
that
=0t ",
1Byl < Kqt™”, (3.25)
E[IViI]?|F] < Kat™".

We require that 3+ > 0. If B = 1, require additionally that o € (max{22, 37} o0). Then

plop
there ezists a k € (0,00) such that for allt € N,
E [|16; — 67|]%] < st~ @G, (3.26)
and 1
E[g(0;) — g(6%)] < §L/<;t’(2p)/\(ﬁ+’"). (3.27)

Proof of Lemma 1.

E[l0:11 — 6711%16:] — 1|6 — 6*|
=2(0; — 0") " E[0p1 — 0,]6:] + E[[|0,1 — 6:]]%]6:]
= —27(6: — 0*) " E[Vog(0:) + Bil6i] + 17 Ell[Vag(6:) + B, + Vi|*16)]
— 20|60 — 0%[1* = 20, — 0°) T Br + 377 ([ Vag(0)|1” + || Be||* + E[|Vi]*16:])

— 2uye|| 0 — 07|17 — 2ve(6; — 0%) T By + L2216, — 0%(|* + 377 (|| Bel|* + E[|| Ve[| *]6:]).
(3.28)

<
<
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where we use the fact that (0 — 0*)"Vyg(0) > p||0 — 0%]|* and || Veg(0)|| < L||6 — 6*]|. Using
the inequality that 2a"b < (||a||* + ||b]|?) with a = \/E(6, — 6*) and b = \/%Bt, we arrive at

2
=200, 0) 7By < S0 = 0" + 2B

Combining it with (3.28), we have
E[[|6r+1 — 0°[1%16:] — 110, — 67|
< = 2p100 = 071 + Sell6s = 67(1” + _tHBtHQ + L2970 — 071 + 397 (11 Bell* + E[|[V2]*164])

3 . 2 "
== Sl —6°I° + K \IBt\!2 + L2110y — 07117 + 35 (1Bl + E[[Vi[*|0:])-

Now consider our assumption that v, = vt =7, | B;|| < K1t~* and E[||V;||?|0;] < Kat™". Since
£ > 0, we can find ¢y such that BLnyotaﬁ < %,u, and 370t5ﬁ < }% Therefore, for t > tg,

E[|001 — 07]%16:] — 116, — "]

3

< — uellfr — 07|° + IIBt||2+3% E[|[Vi][*164]

Yo K?
< — pyot 7|6, — 9*H2 . AN G

By taking expectation on both sides and moving E ||0; — 0*||* to the right side, we get the

recursion equation

3o K3
E[[|0i+1 — 0°]1°] < (1 — pyot ") E[||6, — 071°] + . T 3Kyt (3.29)

which holds for ¢t > t.
By unrolling the recursion, we have

. 2y 2 3T~ o s
B0s =01 < Ao Bl = 0P+ =50 3707 A 3K 37 A
1=to i=tg
(3.30)
where . .
At' — Hk:j+1 (1 - M’Yok_ﬂ) , J < ta
J 1 j=t.
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First we discuss the case when % < B < 1. Without loss of generality we assume that ¢, also
satisfies 2,0255_1 < H. Notice that when % < p <1,

t
| Ayj| < exp (‘M’Yo > kz‘ﬁ)

k=j+1

t
< exp (Moj_ﬁ Sl / a P dw)
j

.8 K0 (tl_ﬁ B j1_ﬁ)
=exp | pyJ " — - :

So the first term on the R.H.S. of (3.30) is O(exp(—u%%)). Besides, for the second term
on the R.H.S. of (3.30), we have that

t—1

1 1
—B-2 — 42 -8B — i=BAL.
Z P Ay =t pz A+ (z‘?p an 1)2p> > i PAy (3.31)
i=lo 1=to 1=to j:t()
For to <i < t,
Zj_ﬁAtJ - Z At] At] 1 (Atz At,to—l) . (332)
— . #’Yo
J=to ] 0
Notice that
1 1 _ s—2p -—1 -—2 _ -—2p—1 +—2p—2
o @+ 0(T) =207+ O (70, (3:33)
So we have
t—1 1 1 t—1
- L -—2p—1 -—2p—2 )
5 (5~ ) 4 o 0 )
1=1o =10
- . (3.34)
0 - 2p— —2p—1
< Ao ().
i=to

The last inequality comes from the choice of #; such that 2,0755_1 < £, Combining (3.32)
and (3.34) with (3.31), we have

t t
e 1 _ oy 1
DA < o (A = Argg-1) 77 + (%ZZ 7 ﬁAti)(E(At,t — Ary-1))

i=tg i=to

+ 0 (t771) (3.35)

1
< — 74— 2 BAL O (2
Yo ZZ " ( )

’Lt()
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Therefore,

Zz B2 p, < 2t ¥ +0 (). (3.36)
M0

i=to

Repeating the argument above, we have

t t
—r— 1 —r— —p— 1
DA < o (Ape = Avgg-) 777 + (MT% > QﬂAti)(E(At,t — Arty-1))

+0 ()

<Lt—rﬂ+ Z—QBTA +O<t—rﬁl)

i=tg 1=to

(3.37)

1Yo

< 24040 (1

M0

Combining (3.36), (3.37) with (3.30), we conclude that E[||6,., — *||?] = O(t= "B+ for
>t
Now we consider the case when = 1. Fortp — 1 < j <t

t
Ayj <exp (u%/j — K0 / wldw)
J

= exp (170/J — o In(t/4))
= exp (uy0/7) (3 /)"

For the second and the third term on the R.H.S. of (3.30), we have

Zto

(3.38)

t—1
ZZ_Z'O Au| < exp (po/to) (> i (i/t) 0 447207

1=tg i=to

t
< exp (7o/to) £ / a0 g 4 Ot %)
to

1 o 3.39
<eXp(lWo/to)(M70—2P)l 12 4 O, (3:39)

Zl_z " Au| < exp (uy0/to) ZZ "(i/t)0 4 Ot

1=to i=to

< exp (p0/to) (o = = )7 T+ O,

Therefore, by combining (3.39) with (3.30), we have E[||0;11 — 0%]|?] = O(t~ PB4 for
t > to. (3.27) holds because g(-) is L-smooth. O

If © is a closed and convex set of RY, and the iteration (3.24) changes to 6,1 = pre(0; —
7% (Vog(0;) + B, + V})), the conclusion of Lemma 1 still holds and the discussions are the
same as before.
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3.B Omitted Proofs of Section 3.3

Proof of Theorem 4

Proof of Theorem 4. Define B, = E[Gmt(eﬁhtz’y’”ﬁ)fcmf (et’ymf)Z] — Vg(6;) and

Ny

Vi

Zy,—E|

Gmt (Qt + htZ, Ymt> - Gmt(et’ Ymt)

]- Z G’mt (Qt + htZt,la Ymt,l) - G’mt (Qta Ymt,l)

N he he

=1

We want to show that B; and V; satisfy conditions of Lemma 1.
Under Assumption 1, 2, and 4, for £ > 1, we have

Gr(0+ hZ,Yy) — G(0,Yr)
h
G0+ hZ,Y;) — Gr(0,Yr)
h
90 +h2) — (0) ,
h

IE]

Z]=Vg(0)]

<IIE{ Z] - E|

+ [ E[

= Vg0l

Since

h h
h h

gi(0 +hZ) —gi(0) , 9(0+hZ) —g(0)
ol SRS I0 )

QCldé
kh

IE] 21

= E[E] Al

= El

2
<—E||Z]]| <
<[] <

and

1E 0 =90 41 gy,

=||E[ZZ Vg0 +hZ) - ZZ"Vg()|
<E[ZZ"||[IVg(6 + hZ) — Vg(O)]]
<LE[|ZZ"|[|nZ]]

<LhE[|Z|"] < esLhd?,

where h satisfies 0 < h < h according to mean value theorem.

52

7).
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Therefore, by setting m; = [mod®t*] and h; = d2 t*p, we have
mt (et + htZa Ymt) _ Gmt(et’ Ymt)

| E] . Z10,) — Vg (6|
t
2¢,d?
<A | G Lhdd = O(t7").
mehy

On the other hand, by Assumption 3,

1 G, (0 + 0 Z,Y,) — G, (04, Y,
(Vi1 0] = ) Sl 2 Vo) = G Yo

N
G Oy + 0 Z,Y,) — G, (01, Yo,
— CelC 1 Ton) = o Yo
Si E[HGmt(et + Z, Ymt) — Gmt(9t7Ymt)
N, hy

According to Lemma 1, the conclusion of Theorem 4 holds. O]

A

Z|1*10:]) = O(t™").

Proof of Theorem 8

Proof of Theorem 8. First, suppose that Assumption 5 (i) holds, so d~**k—*?E[C,, ] —
mgk1 as k — 0o. The expected cumulative computation cost by the ¢-th iteration is

t
ET, =2EY  N;Cp,

J=1

t
=2Y N,EC,,

j=1
5— r+ (2—
= 2N, Zd rE=DE O,
_ O(d2p+5—2qtr+2pp+p(2 q)+1).

According to Theorem 4, 7(¢) = O(E(?P)AQU*“) ). Therefore,

2(r+2pp+p(2—q)+1)

ET, = O(d* 3 29¢~ " GonGr ).

Suppose that Assumption 5 (ii) holds. The expected cumulative computation cost by the
t-th iteration is

ET, = O(d°~ 29 2=+ exp((mod? + 1) log()t>)).

1 o 2
According to Theorem 4, 7(€) < k®@IAEFI e @IAEF . Therefore,

2(r+p(2—q)+1)

ETT(E) = O(d5*% € CoAB+r) eXp((m0d2 + 1)5(2;; A(ﬂ+r) € (2p)/\ 5+T) lOg a))
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Proof of Proposition 9

Proof of Proposition 9. For 3 € (3, 1], we have that

r+8 .
rp(2pt2—q)+1 < r4p(2p+2-q)+B8 _ { p+1—-12+ 2y H2p<B4r

@oABF) = T CoAB+) 1+ eptig, if 20> B+r

Given fixed 3, the optimal value of % is obtained when 2p = S+r and is p+2—£.

o rp(2p+2—@) 41 rp(2p+2—q)+8 oo _
Note that the equation (pzpf e +Z,) = (prf e ﬁn) holds only if 8 = 1. Therefore, 3 = 1,

2p = r + 1 represents the set of optimal parameters that minimize the computational cost
needed for the algorithm to achieve a given precision level.

]

3.C Omitted Proofs of Section 3.4

Proof of Theorem 12
Proof of Theorem 12. According to the proof of Theorem 4,

Gm,(0: + W Z,Y) — G, (01, Y)

| E[ A Z10,) — Vg(0,)]
t
2c1d2
< 2% Ny Lhyd3 = O(E").
t
Therefore,
me 1 Nt,k
1Bell = NEDY = D_(FR™ (Bus ey Zewas Yea) = Fi23 (60 b, Zuea, Vi) 10 = Vg (00)]
k=1 ""0F =1

me (0 + 2, Y) — Gy (6, Y)

G
=||E
u >

Z16:] = Vg(0,)|| = O(t™).
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On the other hand,
E[|F™(0:h, 2.Y) — Fy™ (6:h, Z,Y) — EF{™(0:h, 2,Y) + EF™ (6: b, Z,Y) |2
<E[|[F™(0: h 2.Y) — FE (0 h, 2.Y) — ELF™(0: h, Z,Y)|Z) + E[F™, (0: b, 2,Y) 2] 22
+ E[[E[FF™(0: h, 2,Y)| Z] — E[FF2,(0: h, Z,Y)| Z]
~EF™0;h, Z,Y) +EF™(0;h, Z,Y)|*]*/?
=E[E[|F;"(0;h, Z,Y) — F;™(0;h, Z,Y)

N ACKs hi) —0) ,, g (0 + hi) — gk_l(a)ZHQ‘ZHl/2
+E[| gx(0 + hZ) — gx(0) P gr1(0+hZ) — g,H(e)Z
h h

—~EF"(6;h,2,Y) + EF™ (6:h, 2,Y)||*]'/2
Gr(0+hZ)Y) = Gea(0+hZ,Y) — gu(0 + hZ) + ge1(0 + h2)
h

+ 2 ) =St — 0D L 9 g

0+ hZ) — gi(0 104 hZ) — gu1(0
+E[H9k< + h) i ( )Z_gk: 1(0 + h) gr—1(0)
—EF"(0;h,2,Y) + B (050, Z,Y) |2
GO +hZ)Y) = Ger(0 +hZ,Y) — gu(0 + hZ) + ge_1r(0 + hZ)
h

Gre(0,Y) — Gr1(0,Y) — ge(0) + ge_r(0

+ ]z ) SO = G0 = 9el0) % 91a(0) oy e
h h

aM||Z|*, Lk

h2

E[l|Z]* B[l 1P12]]"2

Z

<E[[|Z]*E[| 12120

Z”2]1/2

121,
<E
e h?
C/ \/_ M —Fn
<—7
- h
where the last inequality comes from the assumption that o > 7.
Under given parameters i, IV; ,, and m;, we calculate that

2k77]1/2 + ]E[

Ny k

1
E[[|Vi[I*[6:] Z 57 D EFR" 6 b, Zua. Yia) = F (6 e, Zoer. Vi)
t,k /=1

- E[Fﬁmwu hiy Zigeas Vo) |0:) + BIFE™ (055 hey Zi s, Yara) |0 112104
/d C/
N9 ey o O
- ; Nolﬁtth - No(M — 1)

According to Lemma 1, the conclusion of Theorem 12 is proved. O
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Proof of Theorem 13

Proof of Theorem 13. The expected cumulative computation cost by the t-th iteration is

t my
ET, =2EY Y NjiCh.

j=1 k=1

The expected cost for the j-th iteration is

mj mj
2E ) " NjiCi <2) (1 + Nowy MFr1/2)) pr*
k=1 k=1
mj mj
<2) M 42 Nk MF/Z0,
k=1 k=1
Ity # 3,

mj

m; M (1/2=n)+

M
B NiaCh STy + NotsT e
=1

<c(M™ + d4jr+2pMmj(1*2n)+)_

According to definition of m;, M™ < d%j%p, SO

"
J
(1—2n)
[e3

2
E Z Nj’ka S C(d%]%p + d4+ - -r+2p+

2p(1—2n) 4
] «
k=1

M™i
E Z Nj,kC’k Sm + Nolijmj

<c(M™ + d4jr2pmj2-)
<c(dajs +d§T log,, (7))

Using the fact that » = 2p — 1, we have

2(1—27) 2p(1—27)
> daj & 4 dH——a i+~ a“—l) , ifn#£1/2

ET; < c . 2 2 ot o ‘
> i (dage +di* logy, (4) ) if n=1/2.

Hence there exists ¢ € (0, 00) such that

1-27m) 4 dp+ 2p(1—-2n) 4

dEEEH 4 Py a ), ifn#1/2
dét%+1+wﬁ#ﬁkgmﬁﬂ2>, ity =1/2.

ET, <c
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According to Theorem 12, 7(¢) = O(e_%). Therefore,

2 1 _2(1-2n)4

O (daea=v 4+ d*t S ) if n#1/2
O(d2e a7 +d46_4logM(6_1)2), ity =1/2.

2(1-2n) 4
«@

BT =

If additionally o > % and p > , then % + % <4+ % In this case,

a
da+2(1-2n)4+—2

O(d*e™), if n > %,

BT, =4 Odetineh)?),  ifn=1i
T(€ 2(1—2n) 4 _(4 2—4n) . 1
Od"* = M=)y, ifp< i,

3.D Additional Results

In this section, we provide some additional results which are not covered in the main text.
The additional results are outlined as follows.

In the first subsection, we consider the scenario when the stochastic performance function
associated with an approximating system happens to be Lipschitz continuous, and Infinites-
imal Perturbation Analysis (IPA)/ Automatic Differentiation (AD) gradient estimators are
guaranteed to be unbiased regarding the approximating system (not the original system) and
can be constructed at a computation cost that does not increase linearly with the dimension.
The associated gradient-based algorithms, based on unbiased IPA estimators, are proved to
converge. The algorithms, convergence rates, optimal choices of algorithm parameters and
central limit theorems are established.

In the second subsection, we consider the gradient-based algorithm with FD gradient
estimator (Algorithm 1). We provide detailed assumptions and proofs of the central limit
theorems, given in the main text by Theorem 10 and Theorem 11.

In the third part, we justify that the parameters given in Theorem 13 are indeed the
optimal choices to minimize cumulative computational cost.

Simulation Algorithms with IPA/AD/BP Gradient Estimators

In this section, we propose gradient-based simulation-optimization algorithms that take ad-
vantage of the infinitesimal perturbation analysis (IPA) gradient estimators, the automatic
differentiation (AD) gradient estimators, or the backpropagation (BP) gradient estimators of
the approximating systems. All three classes of gradient estimators can enjoy computational
efficiency for gradient evaluation at high-dimensional decision variables. For simplicity, we
use IPA gradient estimators in this section to represent all three classes. For the approxi-
mating system Gy (6,Y;) with index k, the IPA gradient estimator is given by

VoGi(0, ). (3.40)
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The main advantages of IPA gradient estimators are twofold. First, when the system perfor-
mance function Gy (0, Yy) is differentiable and is Lipschitz continuous in 6, the IPA gradient
estimator is unbiased, in the sense that

E[VyGy(0,Y3)] = Vo E[G(0, Y3)]. (3.41)

Second, when the dominant computation cost is from running the simulation logic (i.e.,
evaluating G (0,Y}) given 6 and Yj), the IPA gradient estimator with respect to a high
dimensional variable § € R?, can be simultaneously obtained from a single simulation run of
Gr(0,Y};). That is, when the computation cost of a single simulation run of G (0,Y%) is C,
the computation cost of obtaining the gradient vector VyGy(0,Yy) is given by R - Cj, where
R > 1 is a constant multiplier that does not increase linearly with dimension d; see [43] and
29].

Consider an increasing positive integer sequence (my; : t > 1). At the t-th step, the
algorithm updates the 6;_; from the previous step by using a gradient estimator constructed
from the m;-th approximating system. Specifically, the algorithm generates N; independent
copies of the random input Y,,,, noted as {Ymt,l}l]itl. Correspondingly, the algorithm runs
N, independent simulation copies of the simulation logic of the m;-th system and obtains /V,
copies of the IPA gradient estimator

VQGmt <0t717 Ymt,l)a VOGmt <0t717 Ymt,Q)a ceey V9sz (615717 sz,Nt)' (342>

The algorithm then averages the NN, independent IPA gradient estimator as

N
1
Hy(6,-1) =+ > VoG, (01-1,Yom, 1) (3.43)
t=1
and then updates 6;_; as
Qt = prg(@t_l — ’}/th(et_l)). (344)

For a set of initialization parameters g, No,mg > 0, 8,7r,p > 0, we consider algorithm
parameters given by

1
my = [mot*],  Ny=[Not"], = 075 (3.45)

for t > 1. We impose the following assumption on the sequence of approximating systems.

Assumption 8. There exists a positive constant My such that for all k € N and 0 € RY,
(i) The expected performance gy, is Lx-smooth, and L* := sup,~, Ly < 00,
(ii) Gr(-,Y3) is Wi (Yy)-Lipschitz continuous and E[|¥(Yi)|?] < oo;
(1ii) E[||VeGr(0,Yr) — EVGr(0,Y:)|I?] < Mp.
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Theorem 15. Suppose that 5 € (é,l], r >0, p,%, No,mo € (0,00). If B = 1, suppose

additionally that ~yo € (max{2 1+’"} o0). Under Assumption 1, 2, and 8, with 0, defined in
the scheme (3.43) and (3.44), there exists a € (0,00) such that for all t € N,

E [|16; — 67|%] < st~ @G, (3.46)

and
E[g(6,) — g(6%)] < me @IN(B+r) (3.47)
where k only depends on B,r, p, o, Mo, No, L, L, woand M.

Proof of Theorem 15. First, we show that under conditions of Theorem 15,

Ly I*4+ L+2
E Y, ) — < (L*+L+2 R R ——
[E VoG, (0, Yin,) — Vog(O)]|| < (L* + L +2)m; * < Je t

Denote u,, := vagn(e) PG (Vogn(0) — Veg(0)). That is, u, is the unit vector in R?
that shares the same direction with Vg, (0) — Vyg(0). For any h,, > 0 and 6 € ©, we have

|g ( - ) g ( ) _vegn(e)'l'un|

<|(Vogu (0 + &u(0)hntin) — Vg (0)) "t

where &,(0) € (0,1) and its value depends on n and . Using the fact that g,(-) is L,-
smooth, we have

hay,
So

|E [VoGn(0, ) Vog(0)] ||

=[(Vogn(0)) — Vgg(0)) "uy|
n(0) —9(9 0+ hyun) — (6

| 0 2R =) 3000)

<L"hyn + 2 + Lhy,.
nhy

If we set by, = n"2, |E[VeGn(6,Y,) — Vog(0)]|| is bounded by (L* 4 L + 2)n~2. Therefore,

we have that ||E[VGp, (0, Ym,) — Veg(0)]]| < (L* + L+ 2)m, 2 < %t*p.
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60
On the other hand, under Assumption 8 (iii),

Nt
1 1 M,
E[Hﬁt lzlveGmt (02, Yo 0) =V 9, (0)[1*16:] EE[vaGmt (02, Yo )=V g, (60)17]6:] < Fst_r'
Let B; = E VoG, (0, Ym,) — Vog(0)] and V; = 3= 51" VoG, (0r, Yin,1) — Vi, (6:). The
iteration scheme (3.43) and (3.44) can be written as

Ori1 = 0r — 7(Vg(6:) + By + Vi),
and B; and V; satisfy all conditions of Lemma 1, according to the analysis above. Therefore,
according to Lemma 1, the conclusion of Theorem 15 holds.

O
The cumulative computation cost for the algorithm by the 7(€)-th iteration, is denoted
as

7(€)

Ty =RY _NiCp,. (3.48)
j=1

Theorem 16. Under Assumption 5 (i),

2(r+2pp+1)

ETT(E) = O(E_ (2p)A(B+T) )_

Under Assumption 5 (ii),

_ 2(r+1)
ETT(e) = O(E (2p)A(B+r) exp(

¢~ TAAGT ) TR (mo + 1) log a)),

in which O(g(€)) denotes a function of € that is bounded by a constant multiplied by g(e).

Proof of Theorem 16. First, suppose that Assumption 5 (i) holds, so k™2 E[C,,,] — mbk,
as k — 00. The expected cumulative computation cost by the ¢-th iteration is

t
ET,=ERY N;Cp,

J=1

t
=R> N,EC,,

j=1

t
= RNy Y t'ECy,

j=1
— O(tr+2pp+1 )

According to Theorem 15, 7(¢) = O(e” NG ). Therefore,

__2(r+2pp+1)
ETT(e) = O(e IAG ).
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Suppose that Assumption 5 (i) holds. The expected cumulative computation cost by the
t-th iteration is

t
ET,=RY N;EC,,

=1

t
= RNy Y t"ECp,
j=1
= O(t""" exp((mo + 1) log(a)t*)).

1 _ 2
According to Theorem 15, 7(¢) < k@IAEF ¢ @IAGEFN | Therefore,

o 2(r41) _ 4p 2p
E T, = O(e BnGE exp(e” EBIAG gENET (mg + 1) log ).

[]

We next devote our attention to studying the asymptotic distribution of §; when ¢ tends
to infinity and obtain a central limit theorem (CLT'). We then change our lens to the available
computation budget C' and derive a central limit theorem for the best estimator available
with the given budget. Both two results of CLT are under suitable regularity assumptions:

Assumption 9. H(0) := V?g(0) exists for every 6 € © and is continuous with respect to 6.
Denote H* := H(6*). All eigenvalues of H* — 12%] have positive real parts.

Assumption 10. ||0,|| < oo a.s. Vn.

Assumption 11. 0% is an asymptotically stable solution of the following ordinary differential
equation

dzgt) = —Vyg(x).
Define D(0%) = {x¢ : limy_,oo z(t|zo) = 0%}, where x(t|xqy) denotes the solution to the ordinary
differential equation based on initial condition xy. There exists a compact S C D(0*) such
that 6,, € S infinitely often for almost all sample points.

Assumption 12. There exists § > 0 such that sup,cy geo E[||VoGn(0,Y,)[*T°] < oo.

Assumption 13. There exists a continuous function £(-) such that n*/? (Vgg,(0) — Vag(0))
converges to E(0) uniformly for every 0 € ©. Especially, denote C' := £(0%).

Assumption 14. E[sup,cygeo [|VoGn(6,Y;)|?] < .
Assumption 15. There exists a constant b > 0 such that

lim Var(C,,)

n—00 np(l_b)

=0.
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Theorem 17. Denote H* as the Hessian matriz for g(f) at 0* and H = H* — 12—;:].

Denote C' = lim,, oo n'/2 (Vg (0*) — Vpg(0*)). Under suitable reqularity assumptions, for
the optimal algorithm,

n2(0, — %) L N(—mg2H'C",Y) as n—

where

Y= %/ exp(—Hu) E[VoG(6",Y)VoG(0%,Y) | exp(—H "u)du. (3.49)
0J0

Theorem 18. Suppose that all conditions of Theorem 17 are satisfied. Let C be the com-
putation budget and n(C) :=sup{n > 1:> 77 | N;RC,,, < C}. If nPE[C,] = K1 for some
p >0 and k1 > 0, then
( C
/ﬁ)lN(]ng(p + 1)

with X defined the same as in Theorem 17.

) G0y = 07) = N(=mg *HT'C' %) as C = oo

Proof of Theorem 17. Suppose that Assumption 1, 2, 8 9, 10, 11, 12, 13 and 14 hold.
Under Assumption 1, 2, 8, 9, 10, and 11, according to [69] Theorem 2.3.1, (see also
Theorem 1 of [75] and Proposition 1 of [94]), 6; — 6* w.p.1 as t — oco.
We show that conditions (2.2.1), (2.2.2), and (2.2.3) in [25] hold. First, we observe that

Vog(0:) = Vog(6") + H(0,)(0; — 07) = H(0,)(6; — ),
where 6, lies on the line segment between 6, and #*. Then we have
Op1 — 0" =0, — 0" — v (Vog(0;) + By + V;)
=(I — ot " H(6:))(0: — 6) — vot ™ By + 7ot~ @,V
=(I =t H(6,)) (0 = 07) = 7ot~ (1 By) + 0t~ T2 (1730, V),
where By = Vg, (61) — Vog(6,), &, = —I and V; = £ 3% VoGra, (01, Yin,1) = Vogm, (01).

Since 6, — 0* w.p.1 as t — oo and by the continuity of H(-), we have H(6,) — H(6*)
1

w.p.1. According to Assumption 13, t? B, = t”(Vggmg2e1(0:) — Vag(6:)) — my *C" w.p. 1,
so condition (2.2.1) of [25] holds.

Under Assumption 14, by dominated convergence theorem and the fact that 8, — 6*
w.p.1 as t — o0,

i
tTE[V;ﬁ‘/tth] = N, E[(VQGWH (‘9757 Ymt) - Vngt (Qt))(veGmt(etv Ymt) - Vngt(et))th]
t

N Ni E[(VoG(6",Y) — Vg(6))(VeG(6",Y)T — Vg(6")]

1
— — E[V,G(6",Y)VeG(67,Y)T]
No
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as t — 00. So condition (2.2.2) of [25] holds.
For 0 < ¢’ < §/2, and any A > 0, we have

H /(1+8")
< lim sup (T) (

1
By Burkholder-Davis-Gundy inequality and the triangle inequality on the L20(+5) space,
there exists a constant ¢s which only depends on ¢’, such that

(

I

lim E |1

k—o0

H l+5/ >1/(1+§’)

{5 v 250}

2(1+5/) 1/(1+5/)

/ 1/(1+(5
‘/}CH 1+5 )

ot

A Z(WGmk(ek?Ymk,l) — Vogm, (0r))
0 2

1 N /(1+5/)
= (EKW S IV G (B Vo) = Vg (80)]2) 1)

1/(1+6")

< cg NQk Z ( ||v49 mk Hka Ymk l) vé’gmk (0k)||2(1+6/)>

< —( sup E[vaak(e,Yk)u2+5])1/<1+5’> < 00.
0 keN,feo

So limy o E |1 — 0 for every A > 0. Therefore, (2.2.3) of [25]

T 2
||k%Vk||22)\k} ||k2‘/kH
holds and CLT is proved. O

Proof of Theorem 18. Suppose that all conditions of Theroem 17 hold and additionally As-
sumption 15 holds. Since n P E C,, — k1, we have

Ny 'R™'j7"m;PE[N;RCy | = Ny 'R™'mg " j 7 P E[N;RCy, | — K.
For the cumulative computation cost by iteration n, denoted as T},, we have

ET,
k1 NoRmj(p + 1)nr+1+2ep

251 (3.50)

Var(Nn, RCn,y) O(n—l—Q,opb)7 S0

as n — oo. Under Assumption 15, BT

= Var(N;RC,,,) -
> S <
j=1

According to Kronecker’s Law of Large Numbers,

T, —ET, g
ET, '
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Therefore,
T, p

— 1. 3.51
k1 NoRmi(p + 1)nr+1+2ep ( )
Combining (3.51) with the conclusion of Theorem 17, we have

(—
HlNong(p + 1)

)mf%zpm(en—e*)ﬂN(—ﬁ_lC/,E) as mn — oo

Changing 7T, to C' and n to n(C), and using the fact that r + 1 = 2p, the conclusion in
Theorem 18 is derived. O

CLT for Finite Difference Gradient Estimator

G, (040 Z,Y ) —Gion, (6,Y
o (0+hy ht) o )Z”2+6]<

Assumption 16. There exists § > 0 such that supey gee El|
+00.

Assumption 17. Denote H,(-) as the Hessian matriz of gn(-). There exists a constant
L > 0 such that sup,,ey geo || Hn(0)| < L.

Proof of Theorem 10. Suppose that Assumption 1, 2, 9, 10, 11, 12, 13, 14, 16 and 17 hold.
For any k € N, Gy(-,Y) is Lipschitz continuous. Because of Assumption 12, we set ¢ = 2
in the parameter setting.

We show that conditions (2.2.1), (2.2.2), and (2.2.3) in [25] hold. For simplicity, denote
E,() = E[0)], He(9) = CodPZDCmCOX) 7 and F(0,Y) = VoG(0,Y). We want

to show that t*(E,[H(6,)] — Veg(6:)) —— SE[ZZTHZ] + m, 20-1C" and B [(H,(6,) —
B [H(0)])) (Hy(6,) — EJH™(6,)])T] = Q. First, by Taylor expansion we have

Ee[H™(0,)] = Vg(0:)

Gm, (Or + M Z) — G, (6;)
hy

1
=KV, (0) 227 + §htZZTHmt(0t + E(my, hy, ZY Z) Z) — YV g(6,)

=K Z] = Vyg(6y)

1
=V, (0;) — Vg(0;) + §ht E[ZZ " Hpp, (0; + E(my, hy, Z2)0y 2) Z),

where &(my, hy, Z) € (0,1) and H,,,(-) is the Hessian matrix of g,,, (-).

Since 6; — 6* w.p.1 and hy — 0 as t — oo, Hp, (0; + &(my, hy, Z)Z) — H w.p.1
as t — co. According to Assumption 17, for any t € N and any 6 € R%, ||H,,,(9)| < L.
Therefore, || ZZ T H,,,(0;+&(my, he, Z)h Z) Z|| < L|| Z||?. By dominated convergence theorem,
E[ZZ" H,,, (0, + E(my, he, 2)W Z2)Z) 25 B[ZZTHZ) as t — oc.

On the other hand, t*(Vgrmoaz 201 (0:) — Vag(01)) — mgéd_lC’ w.p.1. So we have

12 (B [H"(0,)] — Vog(6,)) % B[22 HZ] +mg *d-\C". (3.52)
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By Taylor expansion Smel@tZX)=CmOu¥) 7 77T B (0, + A(Y, Z, he, 0,)he Z,Y) with 0 <

ht

MY, Z, hy,0;) < 1. Therefore,

Ey[(H™(6y) — B[H™(0,)]) (H™(0,) — EJH™(0,)]) ]
—E[(Z" Fn, (0, + MY, Z, by, 0 Z,Y )2 ZZ 7] — By [H™(0,)] By [H(6,)]
=E(Z" Fo, (0, + MY, Z, hy, 0 Z,Y))2 ZZ 1] — By [H™(0,) Eo[H™(6,)] .

Since E,[H"(6,)] = Vg(6;) + 0,(1) and Vg(6;) -2+ Vg(0*) = 0, we have
E/[H{™(6,)] By [H™(6,)] T — 0.

By the fact that 6, — 6* w.p.1, we have F,,,(6; + A\(Y, Z, h.0,) e Z,Y) = F(6*,Y) + 0,(1).
We can bound |[(Z T Fy,,(0; + A(Y, Z, hs, 0)h Z, Y )2 ZZ || by

(Z" Fon, (00 + XY, Z,he, 000 Z,Y)? 22T < || Z|I* sup  [[VoGa(6,Ya)|*.
neN,0cO

so by Assumption 14 and dominated convergence theorem,
E(ZTF (0 + MY, Z, by, 0 Z, Y ) ZZ T = B[(ZT F(0*,Y))*ZZ ] + 0,(1).
Therefore,

E,[(H;™(0:) — Eo[H"(0,)]) (H"(60:) — E[H(6,)]) ']
=E[(ZTF(0°,Y))*ZZ"] + 0,(1).

Under Assumption 16, (2.2.3) of [25] can be checked to stand using the same technique as
in the proof of Theorem 17.
Therefore, according to [25], the central limit theorem in Theorem 10 is proved. O]

Proof of Theorem 11. Suppose that Assumption 15 holds. Since n™PEC,, — ki, we have
Ny 'R 27 "m; P E[N;Cpy, ] = Ny 'd=2"*mg?j~"=2P E[N;Cy,,] = k1. Then, for the cumu-
lative computation cost by iteration n, denoted as T;,, similarly to the proof of Theorem 18,

we have
Tn p

QIilNQdQ(P'i‘l)mg(p + 1)nr+1+2pp — 1 (353)

as n — oo. Combining (3.53) with the conclusion of Theorem 17, we have

1,

d
(2/£1N0d2(p+1)mg(p +1)

r+1 ol 1 -3
Yz (0, — 07) —L N(-H'(;E[Z2ZTH"Z) + my*d~'C"), %),

Changing T,, to C' and n to n(C), and using the fact that r + 1 = 2p, the conclusion in
Theorem 11 is derived. O
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Optimal Set of Algorithm Parameters for Multilevel FD Estimator
Given parameter 7, p and 3, according to the proof of Theorem 13,

(d t2p+1 d4+7n)+tr+1+2p+p(172m+

), ifn#1/2

ETi<c Lol gAgrt142 2 -
(da FE 4 i ?log (1)%), iftn=1/2

where ¢ is a constant independent with r, p and f.
2
According to Theorem 12, 7(e) = O(e” @)AG+ ). Therefore,

2 1 2(1—2n) 4 2(r+1+2p+w)
O | a2V @mEm 4 gttt - — |
EJT(G —

ifn#1/2

2(r+14+2p)

€ NG 1ogM(e*1)2> , ifnp=1/2.

2 (224 ot 4 4
O (da(—j COIABFY 4 d (R
Now we suppose that p is fixed. When n # 1/2, (2 + Um is minimized when

. 2p(1—-2n)
B+ r > 2p. Consider the minimization of A H(J;ZSJJF(BM) ). For B e (%, 1], we have that

rrlp(2+ 20208y B2+

20-2m)y { 1+%+%, if2p < p+r

2p)A(B+r = 20)AN(B+T 94 202my )
(2p)A(B+r) (20)A(B+7) 142 — )7 if20 > B4
. rftp(24 20
The minimal value of CRIGET: ) is obtained when 2p = 8 4 r. Note that the equation
T+1+p(2+m) T’+,3+p(2+2(1 2n)4 . .
CRIEED) = CPIEED) ) holds only if g = 1. Therefore, given fixed p and for the

case when n # 1/2, f = 1, r+1 = 2p represents the set of optimal parameters that minimize
the computational cost needed for the algorithm to achieve a given precision level.

i inimi . 2(r+142
Ifn=1/2, W is minimized when 8+ r > 2p. Given fixed p, (rt (’;p;);\’(mr)

and (22 + 1)W are minimized when 8 =1 and r + 1 = 2p. Therefore, when n = 1/2,
the order of expected computation cost is minimized when r + 1 =2p and § = 1.

2p(172n)+)




67

Chapter 4

Time-Parallel Simulation

In this chapter, we consider the scenarios when simulation informs real-time decisions that are
time-sensitive. For example, in the field of transportation, autonomous vehicles must execute
maneuver decisions in real-time based on nearby objects, leaving limited time to conduct
a simulation study. Dictated by this specific context, simulation may require completion
within a short time slot. However, some simulations are inherently complex and would take
too long to run on a single processor or computer within the given time slot. As one feasible
solution, parallel simulation breaks down the complex processes or systems into smaller parts
that can be processed simultaneously, making it possible to handle them within the time
constraints.

In simulation, the time progression is described by the so-called “time advancement func-
tion”, the treatment of which signifies two classes of simulation methods: event-driven and
time-driven. In an event-driven (or discrete-event) simulation, time leaps through distinct
points in time, which represents the happening of significant events. See [4, 89, 34]. In a
time-driven simulation, time is measured at fixed intervals giving the impression that the
system evolves continuously over time, and the system state is updated at equally spaced
time-steps. Some examples include [108, 49, 72, 7].

Based on the two classes of simulation methods, there have been developments on two
corresponding directions of parallelization techniques. One direction is parallel discrete-event
simulation (PDES), which handles the execution of discrete-event simulation programs on
parallel processors or threads. See [31, 32, 84, 26, 74] for some of them. Compared with
PDES, time-parallel simulation takes a different approach by partitioning the time axis
of an intended simulation execution and performing the simulation of the resulting time
intervals in parallel. Every logical process manages all state variables, but only for the
assigned limited time interval. Afterwards, the results of all intervals are aggregated to
create the overall simulation result. See [9, 45, 97, 103]. This has the potential for massive
parallelism, as the maximum number of logical processes is determined by the number of
possible time intervals, which is only restricted by the granularity of the time representation
in the simulation implementation.

In this chapter, we assume that the simulation model itself is time-driven, and focus
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on algorithm design for time-parallel simulation of stochastic models that can be formulated
into a non-homogeneous Markov chain. The basic target we consider is to efficiently estimate
the expected performance of this Markov chain over a relative long time period. We presume
that the execution time slot for simulation is limited, making it impossible to generate the
whole path on a single processor, thus necessitates parallelism. We adopt the framework
that the whole time axis of this Markov chain is partitioned into separate time intervals of
equal length. Each processor is pre-assigned an initial state and a time interval. During
the given execution time slot, it conducts a logical process that simulates the Markov chain
on the specific time interval with the assigned initial state. Afterwards, the results of all
processors are aggregated to give the estimator for expected performance of the Markov
chain. More specifically, to achieve aggregation, we use the simulation results to estimate
the transition matrices of the Markov chain at each separate time interval and combine the
estimated transition matrices, rather than generate independent paths of entire time period.
In our framework of time-parallelism, the efficiency of estimation relies on the assignment
policy, which determines the initial state and the time interval for each processor. We
provide closed-form optimal processor assignment solutions that minimize the asymptotic
mean square error of the estimator, when the resource budget for simulation is large.

In some realistic scenarios, due to the lack of prior knowledge of the Markov chain, the
optimal assignment policy is unknown and difficult to pre-determine before we start the
simulation. A standard assignment policy, such as assigning equal number of processors for
each time interval, can perform poorly when the stochastic system itself is large-scaled. To
handle this problem, we develop a two-stage parallel simulation procedure that can efficiently
learn and adopt the optimal assignment rule within the execution time slot. The key idea is
to divide the time slot into two stages with equally time length: in the first stage, a simple
uniform assignment rule is adopted for conducting parallel simulation to gather information
of the intrinsic Markov chain; in the second stage, we estimate a near-optimal assignment
rule by using the information gathered before, and adopt this improved assignment rule to
conduct parallel simulation. We prove that the proposed two-stage procedure can improve
the efficiency of the associated parallel simulation algorithm, by reducing the mean square
error of the estimator given fixed computational resource.

Further, we develop and analyze a near-optimal assignment policy for time-parallel simu-
lation of a special class of non-homogeneous Markov chains, where the performance metrics
depend a lot more on the most recent random variables driving the system than on the initial
ones. The motivation is derived from the critical observation that in queueing systems, key
performance indicators, such as queue length, are heavily dependent on the last busy cycle
[60]. By quantifying this dependency, we further enhance the policy for allocating com-
putational resources in parallel simulations, especially when the simulation model is large
scaled.

The rest of this chapter is organized as follows. In Section 4.2, we propose the problem
of estimating the performance of a non-homogeneous Markov chain and formulate the basic
framework for time-parallel simulation when the execution time slot is limited. In Section
4.3, we prove the influence of assignment policy on both asymptotic and finite-sample perfor-
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mance of our algorithm, and provide closed-form optimal assignment policy. In Section 4.4,
we develop a two-stage parallel simulation procedure which learns and applies the optimal
assignment policy adaptively. In Section 4.5, we discuss the assignment policy for a special
class of Markov chains where the performance metrics are heavily dependent on most recent
states. In Section 4.6, we conduct numerical experiments to illustrate theoretical findings.

4.1 Related Work

There have been studies using the time-parallel simulation approach for a variety of applica-
tions. For example, it has been used for trace-driven simulations of cache memory systems
[45], ATM multiplexers [33], stochastic automata networks [18], air traffic networks [67]
and multi-grid partial differential equation (PDE) models [41]. Time-parallel simulation of
queues using parallel prefix computation algorithms is described by [42].

In time-parallel simulation, a notable challenge on synchronization is that the final and
initial states of adjacent time intervals do not necessarily coincide at the interval boundaries,
leading to incorrect state changes. To reduce the cost of achieving state consistency between
time intervals, Lin and Lazowska [73] assumes the existence of regeneration points, which are
states that keep reoccuring throughout a simulation execution. They designs a parallel sim-
ulation algorithm that starts from a regeneration point and continues until the regeneration
point is reached again. Afterwards, the traces of the parallel simulations are concatenated
to get a correct trace of the simulation over the whole time period. Heidelberger and Stone
[45] uses fix-up computations to correct the simulations of those time intervals that are
known to have started from incorrect states. Kiesling and Pohl [64] proposes approximate
state matching and allows the initial and final states of adjacent time intervals to deviate by
an acceptable amount. Nevertheless, the idle time of processors is still unavoidable, which
reduces the efficiency of parallel simulation.

In the literature, there has been an increasing attention on analysing and improving
parallel simulation algorithms for large-scale stochastic systems. Greenberg, Lubachevsky,
and Mitrani [42] converts the problem of simulation of certain kinds of queuing networks to
recurrence relations that can be solved parallelly. Thulasidasan and Eidenbenz [95] estab-
lishes event-driven queue-based model for traffic network and applies scalable parallelization
to simulate the behavior of vehicles. Wang and Hong [99] targets at simulating large-scale
inventory systems and proposes a recurrent neural networks (RNN) based approach. Wang,
Song, and Hong [100] proposes a fast approximation algorithm for the parallel simulation
of large-scale queueing networks. Based on their algorithm, they prove the convergence of
the estimator when the queueing network scales up. Hong, Song, and Wang [52] provides a
vectorized Euler approximation for simulating queueing networks, and enables simultaneous
processing of multiple node tasks.

Parallel computing has greatly extended the reach of ranking & selection (R&S) for
simulation optimization; see [26, 79, 76, 81, 82, 51] among others. Luo et al. [76] adapts fully
sequential procedures into parallel computing environments. To tackle the synchronization
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problem, Luo et al. [76] proposes APS procedure that does not require active management
of output sequence of simulation results. Pei, Nelson, and Hunter [82] evaluates bisection
Parallel Adaptive Survivor Selection (bi-PASS) algorithm for R & S procedure. Zhong et al.
[114] proposes modifications to original Paulson’s procedure to speed up the selection process
in parallel computing environments.

4.2 Problem Formulation

Suppose that the dynamics of a stochastic model are formulated into a possibly non homoge-
neous discrete-time Markov chain (X; : ¢ > 0). The state space of the Markov chain is finite
and denoted as S. S has |S| distinct elements, denoted as xy,xs,...,2|s). The transition
matrix at time ¢ is P,. So for arbitrary z;,z; € S,

Pt(l,j) = P(Xt = .Cl}let,1 = .’L‘l)

The target is that given initial distribution gy € RIS, we want to estimate hp =
E[f(X7)|Xo ~ o], where f : S — R is an arbitrary function and Xp is the state of
the Markov chain at time 7.

Suppose that the time for a single machine to simulate the whole path from ¢t = 0 to
t =T is proportional to the time length 7. Consider the scenario that the time window for
doing simulation is limited, and only allows us to simulate a path of at most time length
7 on a single machine, 7 < 7. But we are allowed to simultaneously do simulation on N
identical machines. We denote x := g, and assume that N > k|S].

We want to design strategy for parallel simulation on N machines. After the end of time
slot 7, we collect simulation results of N machines and use simulation results to construct
an estimator of hp, denoted as ﬁg” We hope that the estimator ﬁ?” we construct can
minimize the mean square error E[||hY"* — hy||?] as much as possible.

4.3 Baseline Parallel Algorithm and Analysis

In this section, we introduce a baseline algorlthm for solvm% the problem raised in Section

4.2. Denote the 7-step transition matrix as P( P , where
(i+1)7—1
Pz'(T) = H P,
t=1iT
for v = 0,1,2,...,k — 1. The target of the algorithm is to give independent estimation

of each PZ-(T)7 by assigning different machines to simulate for different time intervals. We
analyse the limiting behavior as well as finit sample behavior of estimator h¥ " proposed by
this algorithm.
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Algorithm design and central limit theorem

In the baseline parallel simulation algorithm, the N machines are divided into different
groups. The groups are denoted as G;;, i = 0,1,...,k — 1, j = 1,2,...,|5|. Therefore
there are totally x|S| groups. We assign N;; = p; ;N machines to group G, ; (IV;; > 0), and
order them to simulate a certain path with specific starting state. The formal algorithm for
parallel simulation is provided in Algorithm 3.

Algorithm 3 Parallel Simulation Algorithm
fori=0,1,...,6—1,7=12,...,5 do
Assign machines in group G; ; to simulate path from ¢ = it to t = (i+1)7 with starting
state x;. The results are XiJrl,j,l foril =1,2,...,N;;.
end for
Calculate pi(T), fori =0,1,...,k — 1. The (j,m) entry of ]31-(7) is

N..
~ Dot ]1{)‘(- 1=Tm}
R
Ni;

Calculate hY" = o [t B

We hope to provide answers to the following questions for the baseline algorithm for
parallel simulation:

e What is the limiting behavior and mean square error of the estimator A" ?
e What are the optimal choices of p; ; for 0 <i <k —1and 1 <j <|[S]?
e How does the scale of x and |S| influence the algorithm performance?

In what follows we present central limit theorem for Bg " which also helps clarify the optimal
choices of p; ;:

Theorem 19.

/MZ (xj )A; J
Dij

VNS —E f(X7)) % N0, > )

i=0,1,2,....k—1,j=1,2,...,|S]

as N — oo, where

pir(25) = P(Xir = [ Xo ~ po), (4.1)
(1) _ (T)\2 (T, (1)
Aig = —(ci )+ (ugj )T} (4.2)
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&) = (PG, 21), PO, xa), . P (G ys) H P
k=i+1

k—1
ufy) = diagly PO G o) \JPO o), PO Gy T RO

k=i+1

Since P is unbiased estimator of P\™) for each i, EhY* = E f(X7). Theorem 19 implies
that
2 () A7)
iz (xj)

7‘7.]
Dij

. 7N,k 21 1: TN,k __
A}EHOONE[H}LT —E f(X7)|I°] = ]\;lianVar(hT ) = Z

i=0,1,2,.,5—1,j=1,2,...,| S|
Therefore, the allocation rule will be determined by an optimization problem:
Z /%27 (%)Ag;‘)
i=0,1,2,...n—1,j=1,2,...,|] Pij (4.3)

s.t. Z|S| Zf 01 pz,] = 1 pi,j Z 0.

min
Pij

Since ]%(T) is unbiased estimator of Pi(T) for each 1, Eﬁg” = E f(Xr). Theorem 19 implies
that

12 () AL

17]
Dij

. 7 N,k 21 1 TN,k
lim NE[||hg™ —E f(X7)|IP] = lim N Var(hy") = >

i=0,1,2,....k—1,j=1,2,...| S|

For the asymptotic variance of ﬁg“ in the baseline algorithm, we investigate its depen-
dence on k and |S]. For simplicity, we assume that the allocation rule is uniform allocation
(ie. pij = | 5 for every i and j). The dependence upper bound of asymptotic variance on

k and |S| is given by the following proposition.

Proposition 20. Assume that f(-) is a bounded function, and p;; =
Then as N — o0,

ﬁ for every i and j.
Var(h)™) = O(%)

Finite Sample Performance

Suppose that the allocation rule is to assign the machines uniformly. That is, p;; = #SI
fori=0,1,2,...,s —1and j =1,2,...,|S]. In this subsection, we present a finite sample
concentration result for the estimator h¥ "
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Theorem 21. For allt > 0, we have that

t’N

P(RY™ — B f(Xr)] > 8) < (IS]V €) exp(— g ors).

The proof of Theorem 21 is given in the appendices.

4.4 'Two-stage Adaptive Algorithm

In the previous sections, we discuss the scenario when the time window for simulation is
limited and only allows us to simulate a path of at most time length 7 on a single machine.
The baseline method is that we assign each machine to simulate a path of length 7 inde-
pendently, and combine simulation results. Hence how to allocate N machines to simulate
with different time periods and different starting states becomes an issue. In the baseline
algorithm, the allocation rule is determined before the simulation processes start and cannot
be adjusted over time. Given that we do not have prior knowledge with 7-step transition
matrices PO(T), St P,ET)l, one way is to allocate the machines uniformly.

Noticing the limitation of the baseline algorithm, we hope to develop an adaptive al-
gorithm that can adjust the allocation rule dynamically, according to current simulation
results. Given the time window 7, we can do parallel simulation in a two-stage setting. In
the first stage, we assign each machine to simulate a path of length 7. The allocation rule in
the first stage is uniform allocation. In the second stage, we assign each machine to simulate
a path of length 7. The critical insight is that the allocation rule in the second stage is
adaptive, and is determined by the gathered simulation results in the first stage. In what
follows, we state the two-stage parallel simulation algorithm in more detail. We analyse the
limiting behavior of the estimator proposed by the two-stage algorithm, and compare its
asymptotic performance with the baseline algorithm.

Formally, we present the two-stage adaptive algorithm in Algorithm 4. The target of the
algorithm is to give estimation of each P(2 for 0 <17 < 2k—1 by using the simulation results
collected in two stages. More spemﬁcally, the snnlﬂatlon results in the first stage serves as the
data source for an estimation of p;z(z;) and AEE). Given the preliminary estimation in the
first stage, in the second stage we can adopt a better allocation rule for parallel simulation
and aggregate all simulation results.

For the two-stage estimator ﬁ?dapt, we present a central limit theorem to analyse the
asymptotic performance of the estimator:

Theorem 22. X
VN(h" — E f(X1)) 5 N(0,V57) (4.5)

as N — 0.
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Algorithm 4 Two Stage Adaptive Parallel Simulation Algorithm

fori=0,1,...,26 = 1,j=1,2,...,|5| do
Assign Ny;; = G1,;N machines to simulate a path from ¢t = i7/2 to t = (i + 1)7/2

with starting state z;, 1 = 0,1,2,...,2k — 1 j =1,2,...,|S|. The simulation results are
Xip1 g for 1 =1,2,... Ny, ;. Here qi;; = 5- \SI for each ¢ and 7.
end for - .
Calculate P (2) ,fori=0,1,...,26 — 1. The (j,m) entry of Pi(g) is
Nl,i,j 1
p(%)(37 ) =1 {Xina L= mm}
Nl 0,7
For eachi=0,1,...,2s — 1l and j = 1,2,...,]|S5], calculate
i1
N A(%)
iz = Ho H P?
k=0
and 1(3) (%) CURINE))
Az? = _(613 )2 + (ﬁﬁ )T/&’Lj
where
3 _ (p(3) 5(3) (%) o
&2 = (PP (G,a), PP (oaw), . P Gae)) [T BLF
k=i+1
and
( NG 2k—1 ()
dlag{\/P (J, z1), \/P 2(j,29), ...\ P ]J\S\ )} H P 2
k=i+1
Solve the optimization problem - (1)
. Ni%(%’)Az‘j‘
Y,
Big 01,2, 26— 1,j=1,2,...,|S] g + i (4.4)

s.t. Z|S| Zfﬁolqéj =1, ¢,;=>0.

Calculate ]\Nfz,m = q; ;N foreach i =0,1,...,2s —1and j = 1,2,...,|S|, where ¢; ; is the
optimal solution of (4.4).
fori=0,1,...,26—1,5=1,2,...,|S| do

Assign N,; ; machines to simulate a path from ¢ = i7/2 to t = (i + 1)7/2 with starting

state z;, ¢ = 0,1,2,...,2k — 1,5 = 1,2,...,]S|. The simulation results are XH—IJZ for
= 1, 2, ce ,Ng}i’j.
end for

Calculate QE%), fori =0,1,...,2k — 1. The (j,m) entry of QE%) is

Nl,i,j Na,i
=1 Vi mamy T Zz H{X’+1Jl_xm}

Nij+ Na,j

Calculate hy%P" = o T15,7 Q f
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where V7 is the optimal value of the following optimization problem:
2

(%)
min Z N?g(xj)-"lij'
0, (26[S))7! + g5 (4.6)

i=0,1,2,...26—1,j=1,2,....| S|

s.t. Z‘S‘ ZZH ! / = 1 qi.j Z 0.

Here (3) (3) 3y, (3)
5 SN T T
Az? = _(Ci; )"+ (%3 )Tuz§ )
5 (3) (5 sy
Cij’ - (P : (],l’l) PiQ (j"r2)7“ ) j,$|5‘ H P f
k=i1+1
and
7— 2k—1
z] _dla’g{\/PZ ]7.1?1 \/P2 JaxQ \/ ]7x\5\} H P
k=i+1

Furthermore, if the optimal solution of (4.6), denoted as {q;-"’j}, satisfy q;; > 0 for each
i=0,1,....,26— 1 and j =1,2,...,|S|, then
2

=

op _ 1 (3)
11’25 Z iz () A |- (4.7)

i=0,1,2,...,2k—1,j=1,2,...,|9|

In the two-stage algorithm, we use the simulation results of the first stage to give esti-
mators of p;z () and Af,j). Then in the second stage, we can adjust the machine allocation

rule to lower the empirical variance of iz¥ . Compared with one-stage algorithm, two-stage
adaptive algorithm optimizes allocation rule. However, the two-stage adaptive algorithm
doubles the transition matrices needed to estimate. The reason is thaf the time window
for each stage is now 7, so we need to estimate each 3-step matrices PO(§ J P P2
instead of PéT), PI(T)7 e PéT_)l. Therefore, whether the two-stage algorithm has better per-
formance or not needs to be investigated. The next theorem illustrates that the two-stage
adaptive algorithm can definitely reduce the asymptotic variance of h%”, compared with

one-stage algorithm under uniform allocation rule.

Theorem 23. Assume that V:? has the form as in (4.7), and V.*™ is the asymptotic variance
2
scaled by v/ N under uniform allocation rule. More specifically,
Vit = g|S|( > pi () Ai )
i=0,1,2,..,5—1,=1,2,..,| S|

Then
VLOP S V;um"
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The proof of Theorem 23 relies on the following lemma:

Lemma 2. Assume that V' has the form as in (4.7), and assume that k = 1, then V¥ <
2 2
VTuni‘

The proof of Lemma 2 and Theorem 23 are given in the appendices.

4.5 Allocation Rule for A Specific Class of Markov
Chains

In this section we focus on the parallel simulation for a special class of non-homogeneous
Markov chains. The motivation arises from the domain of queueing systems. In queueing
systems, the performance metrics (e.g. queue length) at a specific time instant are heavily
dependent on the last busy cycle, i.e., the events that occurred after the queue was empty for
the last time. Thus, the performance metrics depend a lot more on the most recent random
variables driving the system than on the initial ones. If we can quantify such dependency, it
may enable the improvement of the rule of machine allocation in parallel simulation, resulting
in a reduction in variance when compared with uniform allocation rules.

For a Markov chain {X,;} and time instant 7', we define C'(i) = Var(E(f(Xr|X7-:))).
C'(i) provides one measure of the dependency of X7 on Xr_;. One extreme case is that Xp
is independent with Xr_;, then C(i) = 0. Roughly speaking, C(i) is small if X7_; and Xp
are “almost” independent. we make the following assumption that characterizes the decay
rate of C'(7) as 7 increases. The decay rate can be either polynomial or exponential.

Assumption 18. Denote C(i) = Var(E(f(X7)|X7_:))). There ezists constants ¢ > 0 and
v < —1 independent of T and |S| such that C(i) < (i +1)" for0 <i<T —1.

The analysis in [2] Section IV indicates that C'(i) decreases exponentially for a variety of
Markov chains, thus satisfying Assumption 18 with arbitrary value of v. Moreover, we illus-
trate Assumption 18 by considering a G;/D/1/K queue. In this queueing system, customers
arrive at time step 7, 0 < ¢ < T. Customers are served by a single server in order of arrival.
Service times are all equal to 1. Assume that A; customers arrive at time step ¢, where A;’s
are independent square-integrable random variables. The capacity of the queue is K. Let
X, be the number of customers waiting in the queue at time-step ¢ for = 0,1,...,7. Then
X, satisfies the recursive equation

XZ' = max(min(Xi,l -+ Az - 1, O), K) (48)

for ¢ = 1,2,...,T. Furthermore, we assume that the queue is empty at ¢ = 0, that is,
Xo = 0. We show that in this example, C'(i) decreases exponentially with i under certain
conditions on the service times.
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In more detail, if there exist constant a > 0 and 8 < 1 independent of T" such that
for 1 <4 < T, then C(i) < ¢B* with some constant ¢’. The reason is that

Xr—X,0< max S,
’ it1<j<T J

where X ¢ is the number of customers in the queue at time-step T if there are no costumers
in the queue at time-step 7'—1, and S = maX(Zk r_;(Ai—1),0) for 1 <j <T. Therefore,

C(i) < || X7 — X0l

T
<> lIsH
J=i+l

On the other hand, since the A} ’s are independent, F (eVSJ ) < Kl forl1 <j<T. Fur-
thermore, as (z7)* < 2¢” for © € R, A2 (S;T)2 < 2e7% . Taking expectations implies that
Y2 HS;FH2 < 27, and so C(i) < vk, where v/ = 2y72/(1 — k).

Under Assumption 18, we present a parallel simulation algorithm as follows, which is a
modification of baseline parallel algorithm (Algorithm 3).

e Assign N;; = p; ;N machines to simulate path from ¢ = i7 to t = (i+1)7 with starting

state x;, where
y—1

(k—1d)=
[P y——
151> ks k2
The results are )A(HLM forl =1,2,...,N;,.

Pbij =

e Calculate pi(T), fori =0,1,...,k — 1. The (j,m) entry of ﬁ’i(T) is

X Ly
I=1 {Xij1,0=2m}
N; '

Z?j

pi(T) (]7 m) -

e Calculate W™ = i []7=) P

In this algorithm, we adjust the allocation rule so that the number of machines targeting to

simulate path from i7 to (i + 1)7 is proportional to (k — i)'z . Therefore, more machines

are allocated to simulate paths closer to T'. Proposition 24 below shows that this algorithm
. . . 7 N,k

eliminates the dependence on x for asymptotic variance of h;’



CHAPTER 4. TIME-PARALLEL SIMULATION 78

Proposition 24. Under Assumption 18, as N — oo,

151

Var(h)™) = O( )

The proof of Proposition 24 is provided in the appendices. Recall that in Proposition
20, the asymptotic variance has the order O(%) Therefore, the modification on allocation
rule does reduce the order of asymptotic variance when the time horizon 7T is long and thus

improves estimation efficiency.

4.6 Numerical Experiments

In this section, we implement the two algorithms: Algorithm 3 (with a uniform allocation
rule) and Algorithm 4 (with two-stage adaptive allocation rules) on numerical experiments.
We find that the experiment results support our theoretical findings.

We consider simulating a G;/D/1/K queue. Specifically, in the queueing system, cus-
tomers arrive at discrete time step 7, 0 < ¢ < T'. Customers are served by a single server
in order of arrival. Service times are all equal to 1. A; customers arrive at time step i,
where A;’s are independent random variables and follow Poisson distribution with parame-
ter \; = 1.5 4 0.5sin(iw/T"). The capacity of the queue is K = 20. Let X; be the number
of customers waiting in the queue at time-step ¢ for « = 0,1,...,7. Then X; satisfies the
recursive equation

X; = max(min(X, 1 + 4; — 1,0), K) (4.9)

for t = 1,2,...,T. Furthermore, we assume that the queue is empty at ¢t = 0, and simply
set f(x) = x. Figure 4.1 shows the mean square error of the two simulation algorithms given
different number of machines. It also shows that the two-stage adaptive algorithm reduces the
mean square error of the estimator, thus having better finite-sample performance compared
with using a single uniform allocation rule.
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—O— One-stage algorithm under uniform allocation
0.08 1 —+— Two-stage adaptive algorithm

© o o
o o o
o = N

Mean square error

o
=}
B

©
o
@

0.02 A

8000 10000 12000 14000 16000
Number of machines N

Figure 4.1: Mean square error of A" and h3% for Gy/D/1/K queueing model with T = 20
and K =20
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Appendices

4.A Omitted Proofs of Section 4.3

Proof of Theorem 19
Proof of Theorem 19. We write ]Si(T) as
PO P04,

&; satisfies E&; = 0. Furthermore, &, and &;, are independent for any ¢, # is.
The estimator of E f(X7) is

rk—1 r—1
Wy = o [T BOF = mo [[ (P + &)1,

1=0 i=0
For each i, we have

E| &l <E|&]#

S| 1S
=B Y (B (Gm) = PO, m)?)? (4.10)
j=1 m=1
< (Bl = (2,
1,7 2y
Therefore, as N — oo,
K1 k=1 -1 K—1
fl?’” ZMOHPZ'(T)fﬂLZMoHP;ET)& H P/@f*‘Op(%) (4.11)
i=0 i=0 k=0 k=i+1

Since for &;, we can calculate that
E &(j1,m1)&(ja, m2) =0 for j1 # jo,
PG, ma) P (j,my)
N;
P (g, m)(1 ~ B (j,m))

Nij

E(c:z('], ml)&(j,mg) = for mi 7é ma,

E & (j, m1)&i(j, ma) = for my =mg =m,
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then

S|
E(gT:uz,uz i ZM@ ZE] dlag{P (]7$1) Pz'T(j7x2)v'”7Pz‘T(j’x|S|)}_Uijvgj)'

7=1

Here vi; = (P (j,21), P7(J,22), ..., P/ (j,75))T. By central limit theorem,

\/_MOHP & HP F=N(@ Z DAy |, ),

k=i+1 7=1,2,... Pij

Because &;, and &;, are independent for any ¢; # iy, Theorem 19 is proved. O]

Proof of Proposition 20

Proof of Proposition 20. To analyse the asymptotic variance’s dependence on x and |S|, we
introduce a different parallel simulation algorithm as below. This algorithm is similar to
sample avearge approximation (SAA) method, and aims to generate independent paths. We
compare the asymptotic variance of this algorithm with the baseline algorithm above, and
show they are the same order of x and |S|.

Algorithm (Independent paths generation):

e Divide the N machines into % groups, denoted as Ly for k=1,2,..., % Therefore
each group has x|S| machines.
e For cach group Ly, the machines are marked as M, ;, i =0,1,...,K,j=1,2,...,|5].

The machine M, ; simulates a path from ¢ = i7 to ¢t = (i + 1)7, with starting date
xj. The simulation result of M, ; is denoted as X, ;. Denote a map M;; : S — S
such that M, (z;) = X411, for each j.

L
e Generate | independent samples from the distribution pg, denoted as {zo} ;- '

e Foreach k=1,2,... calculate

’ ISI

X'T]€ = Mn—l,k o0...0 M2,k O Ml,k o) MO,k(fEO,k)

)

The estimator for hy is given by a sample average: hIND =l Z“‘S‘ F(Xrp).

For this algorithm, it generates -« independent and unbiased realizations of zp, thus the

IS |
hIND VIND _ |S| Var(f (X)) }/IND
N

variance of with the asymptotic variance

;LIND

N,k

. Now we compare

of the baseline algorithm. We hope to prove that the asymptotic variance of is always
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larger than the asymptotic variance of lAzg ™ given uniform allocation rule. More specifically,
we want to prove

k|S| Var(f(X7)) = £|S|( > pi () Aig), (4.12)

i=0,1,2,....5—1,j=1,2,... | S|

since the right side of (4.12) is the asymptotic variance scaled by /N given by uniform
allocation rule. To prove this, we use mathematical induction. When x = 1, we have

Var(f(Xr)) = Y (f(z)) = mo Pl f)*P(Xp = 2| Xo ~ o) > Y () Aoy

7=1,2,...|S] j=1,2,....|S]|
Suppose that (4.12) holds when k = K. When k = K + 1, we have
Var(f(Xr)) = E[Var(f(Xr|X7_))] + Var(E[f (X7|X7_7)]).

By replacing f by PI({T ) f, we have
Var(E[f (Xr|X7--)]) > > pi (25) Aig
i=0,1,2,..,K—1,j=1,2,...,| S|
Some computation yields that
E[Var(f(Xr|Xr—,)] > Y phla;) Ay,
J=1,2,...,|S]

Therefore, (4.12) holds when x = K. By induction (4.12) holds for every x > 0.
Because VP = wa and Var(f(X7)) < || f||% < oo, we conclude that Var(h)™) =
o(5s).

Proof of Theorem 21

Proof of Theorem 21. For a m X n matrix A, its Schatten p—norm is defined as

min{m,n}

lAll,=( Y of(A),

i=1

B =

where {o;(A)}2 ™™ are singular values of A. When p = 2, the Schatten 2-norm of matrix
yields the Frobenius norm. For a random matrix X and parameters p,q > 1, its L,(S,)
norm is defined as

1/
11X g = 11X |2y, = (BIXIZ) .

By the monotonicity of Schatten norm, for any p > 2, we have [||X||[,2 < ||| X]]|]22 =
(E||X||2)2. To make use of the conclusion in [55] Remark 5.7, we only need to bound
E||PT — P72 fori=0,1,...,k— 1.
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We have

We define v := Z gl S';’””Q. Also note that P P ..

sequence and ||P 1 almost surely for each i. We can use [55] Remark 5.7 to conclude

TIME-PARALLEL SIMULATION

1S 15|
E|IF7 = P7: =B
j=1 m=1

15|~ 151

- SRR Gim

j=1 m=1
[S] 1S

(Z Z(p( )

83

— P (j,m))?)

— P (j,m))>?
(4.13)

m)(1— P (j,m))

_ZZP(T) .

7j=1 m=1

|S%x
< .
- N

'L:O N
7l <

that ) .
POTIETY -1] 7
i=0 i=0
for all t > 0. Therefore,
P(|hy" — E f(Xr)| > t)

< P(|loll| HPJ” -
=0
k—1

=PI 2" -
1=0

< (IS]V e) exp(=

20 < (81 Ve esp(— )

Np;;

P

-, are an independent

2

(&Y

luoHP“f MOHP fl>1)

HH-(T’HHfII > 1)
=0

(4.14)
k—1 t
1771 = )
1=0
2N )
2el| fl[w2[S[2”
]

4.B Omitted Proofs of Section 4.4

Proof of Theorem 22
Proof of Theorem 22. First we prove that

Then we write each @, (2)

(j;,j =q;;+ op(1).

~

Q£§ - (5 +811+8127
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where
Nl,i,' . .
Eii1(g,m) = =1 J(H{Xzﬂal =Tm} - B? (J,m))
7 Nll] + NZZ]
Niij .. . _
_ 2 (g yimeny — BPG M)  (2618))7 (14 G G, )
Niij (2x[S])~t + 4, (26[S])~* + q; ;
and i
Na;, z, .
. l;i J<:H‘{X+1]l7xm} PQ(]7TTL>)
gi,2(jam) =
le] + N2zg
N. ij ., . _
_ 1221 J(ﬂ{j{gﬂ,]’,l:xm} B Pi2 (]’m» qg,j
N (26|S)) 7 + G ;

We prove that ||&; 1|2 = O(\/Lﬁ) and ||&; 2|2 = O(\/l—ﬁ) for each i, thus we have

K—

e = H f+2uoHP 6.
=0

1=

H PT)f+Z,u HP< & H P f + o0, \/_)

k=i+1 =0 k=i+1
(4.15)
as N — 00. Conditioned on {{Xi_i_l,j’l}l:LQ ..... NLM}Z-:OJ ..... K—1,j=1,2,...|5], €ach

Lo Ein Hk 11 Py f is independent and

« (3)
qz’,jl‘?g(xj)Aij'
(K]S~ +47)?

\/_MOHP Ein HPT)fH./\/'( >

k=i+1 7=1,2,...,|5]

as N — 00. On the other hand,

3

(2+5])~! mmﬁi))
<<2m\5|>—+qi,j> '

\/_/LOHP( €4 H P -5 N0, Y

k=it J=1,2,0../8]

Therefore, (4.5) can be proved by a use of dominated convergence theorem.
Ifgi; >0foreachi=0,1,...,2c—1and j =1,2,..., |S|, then we can write the explicit
form for each ¢; ;:

(%)
2 N?g (zj)Azi

;= - = — (2x]S)~"
Zi:o,1 ..... 2k—1,j=1,2...,|S] Mig(xj)Aié

Then the optimal value of minimization problem (4.6) is (4.7). O
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Proof of Lemma 2

Proof of Lemma 2. Under the case k = 1, we simplify some notations. We use F, to denote

(5 and P; to denote Pl( )T herefore, the 7-step transition matrix P( satisfies P( M =

POPl. For the purpose of simplification we use R to denote PO(T).

If k =1, V" has the form

S| S|
V=S Y () ZRJ, +ZRJ, )2 (@)
§=1,2,...,|8]
S|
=ISI > ()OO RGm)(L = R(j,m)) f*(xm)
7=1,2,...,|5] m=1
IS| 1S
-2 ) R 5D F (@) f (1))
m=1l=m+1 ; (4.16)
=S| > wi@)O - RGm)( Y RGD)F (m)
J=12,...,|9| m=1 1€S,I1#m
IST IS
-2) ) R J D) f ) f (1))
m=1l=m+1
=S| > pp(xy) ( > RGmMRGD(f (2m) — f(iUz))2> :
7=1,2,...,|5] meS,leSm<l
For each A02J , we can simplify it to be
) E E E 51
A == " P k) ZPQ (k,m) f (2m)))? + Zpl 3R Pk, m) f(2m))?
k=1 m=1
5] S|
= Z Pi(5,k)Pi(7,q)( ZPQ (k,m)f(x,) ZPQ q,m m))? (4.17)
keS,qeS k<q m=1

=Y Blham () — f)”

k,q,m,leSk<qgm<l

In the last equation of (4.17) we use notation B(k,q,m,l) := Pi(j,k)Pi(j,q)(Py(k,m) —
Py(q,m))(P2(q, 1) — Pa(k,1)).
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For each A(%)

17 » we can simplify it to be

|S] S|

A == (" RGm) f(@n) + Y BaGom) f ()
= Y RGmPGD(f ) — @)

meS,leSm<l

Combining (4.17) and (4.18), Vgp has the form

(4.18)

§i=1,2,...,|9] k=12,...,|S]

2
op 1 (%) (2)
V%p ) ( E po(zi)\/ Ag% + E pz (z)\ AL

:5( S e [ S Bl D) — S

7=1,2,...,|5] k,q,m,leSk<qm<l

Is| 1S

+ O molx)PGR) | D Palkym)Pa(k, D)(f(am) f(:vz))2> (4.19)

k=1 j=1 m,leS,m<l

S|
-1 (Zuo@j)( > Blkam () — )

k,qgm,leS k<qg,m<l

+Y PGk Y Pk, m)Po(k, D) (f () — f(fl))2>>

keS m,leS,m<l

According to Cauchy’s Inequality,

|S|
s e ([ 3 Bkem ) - ey

k,gm,leS,k<qgm<l

(4.20)

ERGE [ S Pk m)Pak () — F(x))?)

keS m,leSm<l

Comparing (4.16) and (4.20), V2P < V™ stands if for every j € S,
2

( Z B(k,q,m,)(f(z;) — f(xm))?

k,qm,leS k<qm<lI

FRGH [ Y Ptk m) Pk D () — F@)?) (4.21)

kesS m,leSm<I

<2 ) RGmRGD(f(wm) = fla)).

mes,leSm<l
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Therefore, in the remainder of this proof we prove (4.21) stands for arbitrary j.
Using Cauchy’s Inequality,

(\/ Z B(k,q,m,0)(f(z;) — f(xm))?

k,g,m,leS k<qgm<l

+ZP1<j,k>\/ S Palhm)Palk D (F () — F)?)

kesS ,lES,m<l (422)

<2 Z B(ka q,m, l)(f(xl) - f(xm)>2

k,g,m,l€S,k<qgm<l

+2( Y PGA) \/ > Pk m) Pk, (S (e) = flw))?)

2
keS m,leSm<l

Using the definition of B(k, g, m,[), we have

Z B(ka q,m, l)(f<xl> - f('rm))Q

k,gm,leS,k<qgm<l

= Y PGRPGOPEMPa D) — fwn)?

k,q,m,leSk<gm<l

+ Z Py(j,k)Pi(j,q)P2(q, m) Po(k, 1) (f(2;) — f(xm))z (4.23)

k,gm,leS k<qg,m<l

— Y PURPG.QPKm) Pk D(f (20) = f(am))?

k,q,m,l€S k<qm<l

- Y. PUKRPG.QP(Gm)Paa,D(f(2) = f(@n)?

k,q,m,l€S k<qm<lI

2

We expand (Zkes Pi(j, k)\/Zm,leS,md Py(k,m) Po(k, 1) (f (2m) — f(xl))2> by

2

keS m,leSm<l

(Za(j,k)\/ > Bk Bk D ) — S(1))?)
=Y PGk Y Polk,m)Polk,D)(f(xm) — f(@))*+2 Y Pl k)P, q)

kesS m,leS,m<l k,qeS,k<q

\/( Y Palkym)Po(k,)(f () = f@))) Y Pala.m)Pa(a, D)(f(wn) — f(a2))?)

m,leSm<I m,leSm<I

(4.24)
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We apply (4.23) and (4.24) to (4.22), and use the fact that

> Pi(j. k) Pi(j, ) Pa(k, m) Pa(q, 1) (f (1) = f(@m))®

k,qm,leSk<qgm<l

+ Y PGRPGaP(gm) Pk, D (20) = f )’

k,q,m,leS,k<qm<l

+ Z P2(j, k) Z Py(k,m)Py(k, D)(f(zn) — f(21))?

keS m,leS,m<I

= > Q- PGHPm)(Y Pl a)Pala: D) (f(wm) = f(a1)?

meS,leS,m<l keS qeS

= Y RUmRGD(f(xm) — fa)>

meS,leSm<l

So the Inequality (4.22) is now

(\/ Z B(k,q,m,)(f(x;) — f(xm))?

k,qm,leS k<qgm<lI

2

keS m,leS,m<I

+ 3 PG \/ > Pl m)Palk D (wm) — f(@))?)

<2 Z B(kv q,m, l)(f(xl) - f([Em)>2

k,qm,leS k<qgm<l

+z(zpl<j,k>\/ S Pl m)Palk, D) = Fa)2)

kesS m,leSm<l

=2 > RGmRGO( (wm) = f)’

meS,leSm<l

—2 3 AGRHAGO( Y Palksm) Pk, D(F () = flam)?

k,qeS k<q m,leS,m<I
+ Z PZ(Q? m)PQ(Q7 l)(f('TZ) - f(xm))2
m,leSm<l
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(4.25)

—2\/< > Blem) Bk D wm) = @)Y Pala;m)Pala, D(f (wn) = f(0))?)

m,leSm<I m,leS,m<I

mes,leSm<l

where the last inequality is an application of AM-GM inequality.
Since (4.21) stands for every j, V:P < V" when s = 1.
2

(4.26)
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Proof of Theorem 23

Proof of Theorem 23. We use mathematical induction to prove pr < Vi for arbitrary
positive integer k. When xk = 1, V°p < Vi has been already proved in Lemma 2.
Suppose that when k = K, VOp < Vi That is, the following inequality holds:
2

1 [ ()
B Z pig ()N A

i=0,1,...2K —1,j=1,2,....|S| (4.27)
<K|S|( > 2 () A).
i=0,1,2,...K—1,j=1,2,...,|]|

When k = K + 1, we define

and
5) €3]
Ck = Z fircr (75) -AzK,j + Z :“(2K+1)§(5CJ) A2K+1j
j=1,2,...|S] §=1,2,...|S|
and have )
op 1 (%)
Vgp —5 4 Z :ull(x]) Az?
i=0,1,....2K+1,j=1,2,...,|5|
1 (4.28)
25 (BK + CK)2
I lp ey rg,
=5l Pr

where the last mequahty is an application of Cauchy-Schwarz inequality.
By letting f := P f and applying (4.27) with f, we have

B} < 2K18|( > 15 () AT, (4.29)

i=0,1,2,...,K—1,j=1,2,...| 5|

By applying Lemma 2 with fig := g K ! P(T), we have
Che 2SI Y2 ier(2)AR)). (4.30)

§=1,2,...,|S]
Therefore,
VEP < (K +1)IS( > ) AT+ D e () AR

i=0,1,2,... K—1,j=1,2,...,|S| j=1,2,...|8] (4.31)

_ uni
=y
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4.C Omitted Proofs of Section 4.5

Proof of Proposition 24. We divide the proof of Proposition 24 into two parts. In the first
part, we prove that

Z pir () A = O(T — (i + 1)) — O(T — i), (4.32)

where the definition of p;,(z;) and .A( ") are given in (4.1) and (4.2). In the second part, we

combine (4.32) with Theorem 19 to obtam the scale of asymptotic variance for h"
Denote b; = (1(x,,=}> Lixir=as}» - - s L{xir=ay})T € RISI. then

rk—1
E(f(X7)|Xi) =b [[ P
k=i+1
and .
Var(E(f(X7)|X;r)) = fT(H NTCov(b HP
k=1

For k,m € S, the (k,m) entry of Cov(b;) is —puir(zx) iz () if k # m, and is pir (x)(1 —

wir(xy)) if b =m.
Similarly we have

Kk—1 k—1
Var(E(f (X7)|[X40)r) = T[] P7)Covibin) [ B f
k=i+1 k=i+1

( )

Here we set Hk i1 Py~ to equal the identity matrix I if ¢ = k — 1. So

r—1
C(T — (i +1)7) = C(T —ir) = fT( [] P7)T(Cov(bir) — (P7)TCov(by) H P
k=i+1 k=i+1
(4.33)
On the other hand,
S|
j=1
r—1 |S| rk—1
=T CTT P pwir () (diag{P7 (G, 21), P7 (. w2), - - PT (Gogsp)} — wiely) [ P
k=i+1 j=1 it

Here Vij = (PZT(ja 1'1), ]DiT(ja 1’2), ceey PiT(ja x|S|))T



CHAPTER 4. TIME-PARALLEL SIMULATION 91

Denote M; = 371, pir () (diag{ 7 (j, 1), B (j, 22), ..., P (j, 1))} —vigofy). For k,m €
S, the (k,m) entry of M; is

E
- Zuw 25) P (G ) B (5 m)

if £ # m, and
S|

Z:uu’ lﬁ Jaxk)(l - PzT(]axk))

if k= m. It can be verified that M; = Cov(bsy,) — (P7)TCov(b;) P Therefore, (4.32) is
proved.
According to Theorem 19,

u%(x»A;?)
Dij '

VN (b — E f(X7)) % N(O, 3

i=0,1,2,....ks—1,j=1,2,...,| S|

. : o p2(a;) A7) , o -1
So the asymptotic variance is Zi:o,l,2,...,nfl,j:1,2 77777 15| TJ Define C" := > 7 k™= .
We have
1 S 2 () AT
N Pi,j

i=0,1,2,....s—1,j=1,2,....| S|

1 (I i () (2020 i () AL
SN i=0 12Z k—1 Pij
1 CT—-(G+1)r)—C(T —ir)
-5 Z ” (4.34)

'S Z C(T - (i+1)7) — C(T —it)
i=0,1,2,....5—1 (k= Z)%l
:% Z Clit) — C((i + 1)7)
i=0,1,2,...5—1 (i + 1)%1

For C(it) — C((i + 1)7) we apply the inequality « — y < 2\/z(y/r — \/y), which holds for
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x > 0and y > 0. We have

5] 3 Cit) — C((i + 1)7)
N i=0,1,2,...,5—1 (i+1)7

18] > 2y/Cim)(y/C(it) — VC((i + 1)7))
N

i=0,1,2,...,i—1 (1 + 1)%1
SaégggziﬂEQWJV%+M¢C@ﬂ—\ﬂxu+nﬂ)
S%Eh%zzi > (Vi 1-Vi)/Chr)

i=0,1,2,...,k—1

AsvVi+1—Vi< (1+ 1)_% for ¢ > 0, we have
2|S|VcCl 2 _ . .
JJ%%—I— S (Vi1 - Vi)/Clir)
i=0,1,2,....k—1
2|S|¢C'r= ot
BT 5 s
i=0,1,2,...,k—1
2|S|C'C'T% =, -1
ST Z(Z +1)7

=0
_2Isle(ererd
=" N

Therefore Proposition 24 is proved.
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Chapter 5

Conclusions

This thesis discusses several challenges occurring in the process of simulation-based deci-
sion making. In our study, we take into consideration the management of computational
resources, and investigate on the trade-off between the accuracy of decision making and
resource saving. We explore on several directions to achieve efficient simulation algorithm
design: exploiting the correlation structure of different stochastic systems and balancing in-
put uncertainty and simulation error; making use of approximating systems; improving the
simulation techniques and adapting better parallel simulation policies. We briefly list our
contributions and future directions as follows.

In Chapter 2, we consider the target of selecting the system with better expected per-
formance between two stochastic systems, given fixed resource budget. The resource can be
used to collect more input data to reduce input uncertainty, and to implement more simula-
tion replications to eliminate simulation error. We model the resource allocation problem as
an optimization problem. The objective is appropriately allocating resource to maximize the
probability of correctly selecting the better system. We exploit correlation structure of in-
put data and common random numbers in simulation to save costs, and provide closed-form
optimal resource allocation solutions. Future work may include extensions to comparison
of a larger number of different systems, and numerical experiments based on real data and
examples.

In Chapter 3, we present a framework to use a sequence of approximating systems to opti-
mize a stochastic system that has complicated stochastic structure and cannot be simulated
exactly with finite computational cost. With this framework, we propose new gradient-based
simulation-optimization algorithms that utilize the approximations with increasing resolu-
tion and higher simulation cost to construct stochastic gradients and perform gradient search.
To circumvent the challenge that the objective functions associated with the approximating
systems are discontinuous, we use the finite difference method to construct gradient estima-
tors for approximating systems. Under the assumption that the objective function of the
original system is strongly convex and smooth, we prove algorithm convergence, convergence
rate, and optimality of algorithm design, without any assumption on convexity or continuity
with the approximating systems. We demonstrate the dependence on the dimension of the
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decision variable for the algorithm performance and optimal parameters choices. We then
present a multilevel version of the proposed algorithms to further improve convergence rates,
when in addition the sequence of approximations can be naturally coupled. We prove theo-
retically and then show empirically that the additional use of multilevel structure can further
improve the computational efficiency of the proposed simulation-optimization algorithms.

In Chapter 4, we consider simulation problem in presence of limited time slot, and propose
a framework for time-parallel simulation for a time-varying Markov chain with finite state
space. We provide a close-form optimal processor assignment policy through a central limit
theorem. Further, we propose a two-stage simulation procedure that learns the near optimal
policy adaptively and show this procedure can reduce the mean square error theoretically
and empirically. Future work may include extensions to Markov chain models with infinite
state space.
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