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ABSTRACT

Sequential Simulation Optimization is an online optimization framework where an operator iterates peri-
odically between collecting data from a real-world system, using stochastic simulation to approximate the
optimal values of some operational variables, and setting some choice of variables in the system for the next
period. The aim is to converge to an optimum efficiently, as uncertainty due to finite data and finitely many
simulations eventually reduces. Using Bike Sharing Systems (BSS) as a motivating example, we analyze a
variant where data from the real-world system is subject to censoring, whose nature depends on the system
variables selected by the operator. In the BSS setting, censoring is of customer demand, to pick up or
drop off bikes. We show that a method built upon Sample Average Approximation attains asymptotically
vanishing error in its parameter estimates and specification of the optimal operational variables.

1 INTRODUCTION

Simulation Optimization is classically conceived as an offline methodology, wherein a finite volume of
data is collected, and used to estimate the input processes of a simulation system aiming to identify an
optimal action. Recent work (Wu et al. 2022; Song and Shanbhag 2019) has explored practical settings
where input data arrives sequentially. Such frameworks are relevant in modern, data-driven applications of
simulation where data may be collected alongside the simulation optimization process, and where decisions
in the real-world may be taken and updated as the simulation evolves.

We consider such an example in the context of Bike-Sharing Systems (BSS): popular initiatives in
urban areas where customers can collect a bike from a rack, use it to travel around a city and return it
later, potentially to an alternative rack located elsewhere, to be used by other customers. We consider the
important challenge of stock management, a critical concern for operators of BSSs: if racks empty during
periods of high demand for collections, or reach capacity while there high demand for returns, it will be
impossible to service the demand, and customers will be dissatisfied. Choosing optimal stock levels (i.e.
the number of bikes on a rack) at the start of the day can mitigate some of this dissatisfaction. Placing fewer
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bikes on a rack at the start of the day reduces the chance of it reaching capacity later, and starting the day with
more reduces the risk of it becoming empty. In particular, we consider how the operator learns an optimal
initial daily stock-level through sequential simulation optimization (using sample average approximation),
adapting as observations of input processes gradually arrive. This approach is applicable where operators
introduce a new rack in an area where demand rates are unknown, and can only be determined through
experimentation and data collection.

Achieving the optimal stocking of even a single rack presents a non-trivial optimization problem,
particularly without precise knowledge of the rates of demand for collections and returns. Following
Raviv and Kolka (2013) and as described fully in Section 3, we model a single BSS rack as a Markovian
queue-like system, with demands for collection and return arising according to separate non-homogeneous
Poisson processes, analogous to services and arrivals in the queueing context. We approach the challenge
of determining (through sequential experimentation and data collection) an optimal number of bikes to
initialise the system with, with a view to minimising the number of dissatisfied customers (those who wish
to collect but find an empty rack, or wish to return but find a full rack). The objective of this problem
is intractable, even for short running times or simple, known, non-homogeneous patterns. Thus effective
solution requires the assistance of stochastic approximation techniques, and consideration of the unknown
rate parameters.

Our BSS setting brings two important additional challenges, which have not been considered in
contemporaneous work on sequential simulation optimization: 1) that dissatisfied customers are unobserved
- the system only records serviced demand (collections and returns), and not those where a customer’s
demand could not be satisfied and they went elsewhere. This censoring of the system in its two boundary
states (empty or full), mean that the quantity the operator seeks to minimise (the number of dissatisfied
customers) is not explicitly observed, and must be inferred approximately via inference on the demand
rates during the times in boundary states. 2) that the decisions the BSS operator takes in pursuit of
optimal deployment of resource, while the simulation proceeds, impact the distribution of the sequentially
observed data (specifically changing the probability of being in a censoring state at a given time). This
creates the potential for biased feedback loops and slow convergence or freezing in local optima, if not
addressed appropriately. This could occur, for instance, if the demand for drop-offs on a rack is initially
(and incorrectly) estimated to be very low, the operator could favour starting the day with a full rack,
leading to much of the day being spent in a censored, full state. As the censoring prevents observation
of unsatisfied drop-off demand, the operator will have limited chance to collect data which improves their
demand rate estimate and is unknowingly stuck in the situation of not realising they are creating unsatisfied
customers.

In response to these challenges we, propose a sequential method based on Sample Average Approxima-
tion. The method discards simulations between periods so as to avoid bias, and can be shown to guarantee
convergence of both the parameter estimates and the decision variable to their true or optimal values. The
remainder of the paper is organised as follows: we review related literature in Section 2 before defining
our framework, key assumptions, and solution method in Section 3. Our theoretical analysis is in Section
4, and a numerical study and conclusions follow in Sections 5 and 6 respectively.

2 RELATED LITERATURE

Raviv and Kolka (2013) and Freund et al. (2019) introduce and employ the same Markovian model of the
BSS process we utilise. Herein, the decision-maker seeks to minimise the expected number of unsatisfied
customers as a function of the number of bikes on the rack at the start of a period. These works show
that in the setting where the demand rates are known and piece-wise constant, the optimal solution can
be well-approximated by stochastic simulation. In particular, Raviv and Kolka (2013) also prove that the
objective is (discretely) convex, which is fundamental to our theoretical contributions. Schuijbroek et al.
(2017) extend to consider a system-wide measure of performance, encompassing multiple racks, using
heuristic optimisation to tackle a more challenging inventory management task.
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Alternative models are considered by George and Xia (2011) and Leurent (2012). The former cast the
BSS as a closed queuing network and characterise its asymptotic behaviour. The latter models a single
station, and considers a situation without balking, and with homogenoeous service rates, where customers
queue until their demand is serviced.

The aforementioned approaches are offline, in the sense that they do not seek to integrate streaming
data as it becomes available. The more general simulation optimisation literature has begun to consider
the streaming setting.

Wu et al. (2022), address the interplay of simulation uncertainty and input model uncertainty in the
Ranking and Selection setting. They design variants of Sequential Elimination algorithms which fixed
confidence guarantees, in a setting where one wishes to learn an optimal action within fixed computational
budget, which can be spent on data collection or simulating from the system given particular parameters.
Wu and Zhou (2017) and Wang and Zhou (2022) study a similar problem where the allocation of budget
to data collection and simulation must be declared a priori. Song and Shanbhag (2019) study a Multi-stage
Simulation Optimization setting closer to ours where data is collected at regular intervals, independent of
operational decisions. They consider an optimization problem over a compact, convex decision space and
focus on the design of gradient based optimizers which achieve optimal scaling of the cumulative regret.

At the methodological level, our work is similar to Wu et al. (2022) in that it considers optimisation
over a discrete set, and Song and Shanbhag (2019) in that it is focused on minimization of the cumulative
regret when data arises in a streaming fashion. A notable difference from both frameworks is that in ours,
the actions chosen in the optimization step affect the distribution of the data observed from the real-world
process. This presents a greater challenge in the theoretical analysis of the system, since data collected at
different epochs cannot be considered independent. We overcome this via careful analysis recognising the
cumulative error as a martingale difference sum.

3 MODEL

Consider customers who arrive to a bike rack of capacity B to drop off or pick up bikes, where the drop
offs (or arrivals) and pick ups (or departures) are Poisson processes. Customers who attempt to pick up a
bike when the rack is empty or to drop off a bike when the rack leave unsatisfied, so the operator’s goal is
to minimize the expected number of unsatisfied customers. We model a situation where at the end of each
period (e.g., a day), the rack operator employs the arrival and departure observations to-date to restock
the rack at some desired level. If the arrival and departure process parameters were known, this could be
done using, for instance, sample-average approximation (SAA) methods (Shapiro et al. 2021). In reality,
however, these parameters can be estimated on a daily basis, albeit in the presence of censored arrivals,
when the rack is full, or censored departures, when the rack is empty.

For simplicity, we assume both arrival and departure Poisson processes are independent of each other
and i.i.d. across days, with unknown rates λ (h) for the arrivals and µ(h) for the departures, for h ∈ [0,H],
H ∈N. The Poisson process of attempted bike drop offs is (Xλ (h) : h ∈ [0,H]), and the one corresponding
to the pickups is (Yµ(h) : h ∈ [0,H]). The stochastic process (Zλ ,µ(h) : h ∈ [0,H]) measures the number of
bikes in the rack at time h, and is defined in terms of Xλ and Yµ for dh small by

Zλ ,µ(h+dh)−Zλ ,µ(h) = 1

if Xλ (h+ dh)−Xλ (h) = 1,Yµ(h+ dh)−Yµ(h) = 0,Zλ ,µ(h) < B or Xλ (h+ dh)−Xλ (h) = 1,Zλ ,µ(h) = 0,
and

Zλ ,µ(h+dh)−Zλ ,µ(h) =−1

if Xλ (h+ dh)−Xλ (h) = 0,Yµ(h+ dh)−Yµ(h) = 1,Zλ ,µ(h) > 0 or Yµ(h+ dh)−Yµ(h) = 1,Zλ ,µ(h) = B.
The initial number of bikes is Zλ ,µ(0) = b w.p. 1.
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It follows that the (random) number of unsatisfied customers over a period when the initial number of
bikes in the rack is b is

f (b;λ ,µ) :=
∫ H

0
I(Zλ ,µ(h) = 0)dYµ(h)+ I(Zλ ,µ(h) = B)dXλ (h), (1)

with expectation (by Fubini’s theorem)

F(b;λ ,µ) :=
∫ H

0
(P(Zλ ,µ(h) = 0)µ(h)+P(Zλ ,µ(h) = B)λ (h))dh.

As mentioned earlier, if the rates λ and µ were known, the rack operator would minimize F over the pos-
sible values of b ∈ [B] := {0,1, . . . ,B}, and obtain an optimal daily restock level b∗ ∈ argminb∈[B] F(b;λ ,µ).
Since F is convex when b is viewed as a continuous variable (Raviv and Kolka 2013), there exist at most
two values of b that minimize F over [B].

In this work we assume the rates are initially unknown, but can be estimated. By day t, there are rate
estimates λt and µt (whose exact form is specified later), leading to the approximate problem

min
b∈[B]

F(b;λt ,µt),

with (possibly non-unique) solution bt . The function F is not known but can be estimated by Monte Carlo
sampling from the estimated arrival and departure processes, leading to the estimator

F̄nt ,t(b;λt ,µt) :=
1
nt

nt

∑
i=1

f (b;Xλt ,i,Yµt ,i), (2)

where (Xλt ,i,Yµt ,i), i = 1, . . . ,nt , are i.i.d. copies drawn from the distribution of (Xλt ,Yµt ) (which is available
to the analyst), and the sample size is nt (which may depend on t).

In summary, the operator starts day j with b j bikes and observes censored versions of (Xλ ,Yµ). These
censored observations, along with observations collected in earlier days, are used to form estimators λ j
and µ j. The operator then uses SAA to determine the value of b j+1, and the process repeats itself in day
j+ 1. This iterative process is visualised in Figure 1. The measure of performance to minimize is the
expected regret, and the decisions taken by the operator each day are two: Determine the number initial
number of bikes, bt , and the number of samples used for estimation, nt .

Update λt and µt Estimate F(b;λt ,µt), ∀b ∈ [B]

Choose bt+1Collect new data in period t +1 and set t = t +1

Figure 1: Overview of main steps.

To simplify the presentation, in this paper we focus our analysis on a setting where both Poisson process
rate functions, λ and µ , are piecewise constant over a discretization of [0,H], expressed through the key
assumption below.

Assumption A1 (Piecewise constant rates): The arrival and departure rate functions are piecewise constant,
with

λ (s) = λh ≤ λmax, µ(s) = µh ≤ µmax,

3627



Gibbons, Grant, and Szechtman

for all s ∈ [h−1,h), and each h ∈ [H], where λmax,µmax are finite, known positive constants. Also, both
arrival and departure rates are strictly positive for all h ∈ [H].

Assumption A1 is commonly employed by operators, and has the benefit of restricting the estimation
problem to finite dimensions, so that the ensuing analysis is simplified. Under Assumption A1, the expected
number of unsatisfied customers over a period is,

F(b;λ ,µ) =
H

∑
h=1

(
µh

∫
h
P(Zλ ,µ(u) = 0)du+λh

∫
h
P(Zλ ,µ(u) = B)du

)
. (3)

The smoothness of F is guaranteed by Assumption A1, as stated in the next Lemma.
Lemma 1 (Lipschitz Objective) Under Assumption A1, F is Lipschitz continuous in all rate parameters
λh,µh, h ∈ [H]. Specifically, there exist finite coefficients Lλ1 , ...LλH ,Lµ1 , ...,LµH such that

∂F
∂λh

≤ Lλh ≤ 1+
H

∑
i=h

(µi +λi),
∂F
∂ µh

≤ Lµh ≤ 1+
H

∑
i=h

(µi +λi),

for h ∈ [H].

The full proof of Lemma 1 is omitted here for conciseness. It exploits Assumption A1 to relate F to
various Poisson probabilities and expectations, which are continuous functions of the positive rates.

The main steps of the proposed approach are shown in Algorithm 1, which consists of two nested
iterations – the outer one over the physical realizations (and thus unavoidable) and the inner one over the
simulation replications. The rate functions are estimated in Step 4. Each simulation replication produces
a number of unsatisfied customers for each possible initial number of bikes. Finally, in Step 10 the initial
number of bikes in period j+1, b j+1, is chosen greedily with respect to the estimator of F . Other possible
selection rules of b j+1 are studied in Grant and Szechtman (2023).

We conclude this section with some notation and definitions. When the context is clear, we write F(b),
Ft(b), and F̄t(b) in lieu of F(b;λ ,µ), F(b;λt ,µt), and F̄nt ,t(b;λt ,µt), respectively. Likewise, we often write
Z in lieu of Zλ ,µ . The index i is used to iterate over the simulation replications 1, . . . ,nt , and the index j
indicates the days 1, . . . , t. In this way, Zλ ,µ, j(·) is the process for the number of bikes on day j, which
depends on the initial number of bikes b j. The number of detected arrivals (departures) during period h
on day j is Ch, j (respectively Dh, j), and F j is σ -algebra generated by the history of the bike level process
{Z1, . . . ,Z j} up to day j.

4 THEORETICAL ANALYSIS

This section analyses the properties of Algorithm 1 and is split in three parts, we first motivate the rate
estimators and give consistency results for the rates, objective function, and optimal action. The second
section goes further to provide central limit theorems for estimators of the rates and objectives, and the
third applies these results to give a guarantee on the asymptotic regret of Algorithm 1.

4.1 Rates Estimation

In this section we consider the problem of estimating the Poisson rates over each h ∈ [H]. We present the
analysis just for the drop-offs rate estimator since the one corresponding to the pick-ups rate estimator is
analogous.

Assumption A1 ensures that
∫

h P(Z(u)< B)du > 0 for all h ∈ [H]. Proposition 4.10.1 of Resnick (1992)
implies that the number of detected arrivals, Ch, j, has distribution

Ch, j|F j−1 ∼ Poisson
(

λh

∫
h

P(Z j(u)< B)du
)
, (4)
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Algorithm 1
1: Initialization: Set b1 = ⌊B/2⌋.
2: for j = 2 to t do
3: For each h ∈ [H], collect (Ch, j,Dh, j), corresponding to the drop-offs and pick-ups, respectively.
4: Update λh, j and µh, j as

λh, j =
∑

t
j=1Ch, j

∑
t
j=1
∫

h I(Z j(u)< B)du
, and µh, j =

∑
t
j=1 Dh, j

∑
t
j=1
∫

h I(Z j(u)> 0)du
.

5: for i = 1 to n j do
6: For each h ∈ [H], draw homogeneous Poisson processes (Xi, j,Yi, j) independent of each other with

rates (λh, j,µh, j), corresponding to the drop-offs and pick-ups, respectively.
7: For each b ∈ [B], obtain the number of unhappy customers (1)

fi, j(b) :=
∫ H

0
I(Zi, j(h) = 0)dYi, j(h)+ I(Zi, j(h) = B)dXi, j(h),

8: end for
9: Produce the estimator F̄j(b) as defined in (2).

10: Set b j+1 ∈ argmin F̄j(b).
11: end for

for j = 1, . . . , t. Since E[Ch, j −λh, j
∫

h P(Z j(u)< B)du|F j−1] = 0 for j > 1, it follows that

t

∑
j=1

(
Ch, j −λh

∫
h

P(Z j(u)< B)du
)

is a martingale difference sum, with

E

[(
Ch, j −λh

∫
h

P(Z j(u)< B)du
)2

|F j−1

]
= λh

∫
h

P(Z j(u)< B)du, a.s. (5)

Theorem 2.15 of Hall and Heyde (2014) then implies,

1
t

t

∑
j=1

(
Ch, j −λh

∫
h

P(Z j(u)< B)du
)
→ 0, a.s. (6)

as t → ∞. Likewise, using the same result leads to

1
t

t

∑
j=1

∫
h
(I(Z j(u)< B)−P(Z j(u)< B))du → 0, a.s. (7)

as t → ∞.
The rate estimator inflates the cumulative number of drop-offs in period h by the total amount of time

uncensored for drop-offs,

λh,t =
∑

t
j=1Ch, j

∑
t
j=1
∫

h I(Z j(u)< B)du
, (8)

where 0/0 = 0.
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Lemma 2 (Consistency of Rate Estimators) Under Assumption A1,

λh,t → λh, (9)

a.s. as t → ∞.
Proof: Using (6) – (7), the fact that ∑

t
j=1
∫

h I(Z j(u) < B)du > 0 a.s. as t → ∞, and continuous mapping
yield (9). ■

Lemma 3 (Consistency of Objective Estimators) Under Algorithm 1, if nt → ∞ then F̄t(b)→ F(b) a.s. as
t → ∞ for each b ∈ [B].
Proof: Write,

|F̄t(b)−F(b)| ≤ |Ft(b)−F(b)|+ |F̄t(b)−Ft(b)|. (10)

Since F is continuous in λ and µ by Lemma 1, continuous mapping and Lemma 2 lead to Ft(b)→ F(b)
a.s. as t → ∞ for each b ∈ [B].

Regarding the second term in the right-hand side of (10), remark that

nt

∑
i=1

( ft,i(b)−Ft(b))

is a square integrable martingale difference sum. Therefore, for each b ∈ [B], Theorem 2.15 of Hall and
Heyde (2014) results in |F̄t(b)−Ft(b)| → 0 a.s. as t → ∞. The claim now follows from (10). ■

Corollary 1 (Consistency of Action Selection) bt → b∗ a.s. as nt → ∞.
Proof: By Lemma 3, for ε = minb̸=b∗{F(b)−F(b∗)}, there exists ℓ(ε) such that for all t ≥ ℓ(ε), F̄t(b)−
F̄t(b∗) ≥ ε/2 w.p.1 for each b ̸= b∗. Step 10 of Algorithm 1 then chooses bt = b∗ for all t ≥ ℓ(ε), also
w.p.1. ■

4.2 Central Limit Theorems

To get a CLT for λh,t , arbitrary oscillations of the sequence (bt)t∈N should not occur. More precisely,
t−1

∑
t
j=1
∫

h P(Z j(u)< B)du needs to converge a.s.

Theorem 2 (CLT for Rate Estimators) Under Assumption A1,

√
tλh,t ⇒ λh +

(
λh∫

h P(Z∗(u)< B)du
+

(
σIh

λh∫
h P(Z∗(u)< B)du

)2
)1/2

N(0,1).

as t → ∞, where σ2
Ih
= var(

∫
h I(Z∗(u)< B)du).

Proof sketch: Corollary 1 and continuous mapping lead to,

t−1
t

∑
j=1

∫
h

P(Z j(u)< B)du →
∫

h
P(Z∗(u)< B)du, (11)

a.s., where Z∗ is the rack level process with b∗ initial bikes. A similar argument leads to,

t−1
t

∑
j=1

∫
h

I(Z j(u)< B)du →
∫

h
P(Z∗(u)< B)du, (12)

a.s.
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Define the averages,

C̄h,t = t−1
t

∑
j=1

Ch, j, and
∫

Ī(Z j(u)< B)du = t−1
t

∑
j=1

∫
I(Z j(u)< B)du.

Eqs. (11)–(12) and p. 58 of Hall and Heyde (2014) result in

√
t(C̄h,t ,

∫
h

Ī(Zt(u)< B)du)⇒ N
(
(λh

∫
h

P(Z∗(u)< B)du,
∫

h
P(Z∗(u)< B)du),Σ

)
,

where Σ is the covariance matrix. The two variables (Ch,t ,
∫

h I(Zt(u)< B)du) are independent due to the
Poisson assumption, so that Σ is the matrix with main diagonal (σ2

Ch
,σ2

Ih
), where

σ
2
Ch

= λh

∫
h

P(Z∗(u)< B)du, and σ
2
Ih
= var

(∫
h

I(Z∗(u)< B)du
)
.

The key is to use the multivariate Delta method (see Serfling (2009)), whereby for a function g with
continuous first partial derivatives,

√
tg(C̄h,t ,

∫
h

Ī(Zt(u)< B)du)⇒ N
(

g(λh

∫
h

P(Z∗(u)< B)du,
∫

h
P(Z∗(u)< B)du),∇T

g Σ∇g

)
, (13)

where ∇g is gradient of g evaluated at (λh
∫

h P(Z∗(u)< B)du,
∫

h P(Z∗(u)< B)du). In our case

g
(

C̄h,t ,
∫

h
Ī(Zt(u)< B)du

)
=

C̄h,t∫
h Ī(Zt(u)< B)du

= λh,t , (14)

and

∇
T
g =

(
1∫

h P(Z∗(u)< B)du
,− λh∫

h P(Z∗(u)< B)du

)
. (15)

The result now follows from Eqs. (13)–(15). ■

The CLT for the rate estimator leads to an analogue result for F̄t(b). The main result is stated next.
Theorem 3 (CLT for Objective Function) Under Assumption A1,

√
nt(F̄t(b)−F(b))⇒ σ(b)N(0,1),

as t → ∞, for σ(b)> 0.
The proof will be presented in Grant and Szechtman (2023).

4.3 Regret Analysis

Combining the results on the concentration of the parameter estimates and sample average approximation
leads us to the theorem below, characterising the asymptotic regret of Algorithm 1. We defer its proof to
the Appendix.
Theorem 4 (Asymptotic Regret) Suppose Assumption A1 holds. The per-period regret of the actions, bt ,
selected by UncenSAA, with nt = Ω(t), satisfies

E [ f (bt ;λ ,µ)− f (b∗;λ ,µ)] = O
(

t−1/2
)
, as t → ∞.

We note that while Theorem 2 holds for all simulation budget sequences nt = Ω(t), the final stage of the
proof of the Theorem illustrates why nt = Θ(t) is the more practical choice. If nt is chosen as a super-linear
sequence, the input uncertainty term will dominate the regret regardless, and no further improvement to
the rate of convergence can be anticipated.
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(a) Arrival and Departure Rate Functions (b) Probability of Censoring

Figure 2: Underlying True Functions for the Numerical Study.

5 NUMERICAL STUDY

This section provides an empirical assessment of Algorithm 1. With inspiration from Raviv and Kolka (2013),
we experiment in a setting with rack size B= 100, period length H = 24, a fixed horizon of T = 2000 periods,
and continuous rate functions, λ (s) = 7+180/(π(s−7)2+4π), and µ(s) = 8+200/(π(s−17)2+4π) for
s∈ [0,24] as plotted in Figure 2a. These unimodal rate functions yield a convex (in a discrete sense) objective
function F with argminb F(b) = 62, and minb F(b) ≈ 20. Thus, even with an optimal initialization, this
problem is such that some censoring of demand is inevitable. Figure 2b plots the probability of censoring
(due to the empty or full racks separately) against in-period time for various choices of initialization,
b ∈ {0,20,40,60,80,100}. This shows that while the problem is constructed so that some censoring is
unavoidable in expectation, where, in the period, the censoring is likely to occur can vary substantially
with b, indicating that we can expect parameter estimates to concentrate at quite different rates.

Both functions are unimodal, and their peaks are such that some censoring of both pick-ups and drop-offs
is likely within a single period for most choices of b, but the objective function can vary substantially.

We apply Algorithm 1 to make decisions as to the initial number of bikes over T = 2000 periods, and
present results on the cumulative regret, ∑

T
t=1 F(bt)−F(b∗), averaged over 20 replications. Our numerical

study focuses on the sensitivity to two algorithmic choices: the granularity of the discrete approximation
to the rate functions, and the simulation budget.

In Figure 3a we show the effect of the granularity of the discrete approximation: using 6, 12, 14, 48,
and 96 bins. A sublinear growth is seen in each case, but the final regret decreases as bin number grows
from 6 to 48. However, the largest number of bins, 98, is associated with a larger regret, suggesting there
comes a point where the problem is over-parameterized: i.e. the capacity for finer-grained approximation
is not of sufficient benefit to counteract the reduction in inference quality.

In Figure 3b we see the results of experimenting with different regimes for allocating a fixed simulation
budget over many periods, using bins of width 1, and a total of 20000 SAA simulations throughout. We
compare the linear spread (O(t)) recommended by the theory to various more slowly increasing functions
which allocate more simulation weight to earlier periods, via functions of order t0.1, t0.25, and t0.5. The
results suggest that the linear spread is suboptimal for finite horizons, as it incurs a higher regret than all
other options, which yield broadly similar performance, with t0.25 having the best among those trialed.
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(a) Effect of Discretization Granularity on Regret (b) Effect of Simulation Budget Regime on Regret

Figure 3: Sensitivity Analyses of Regret.

6 CONCLUSIONS

Sequential Simulation Optimization has the capacity to allow more efficient, targeted data collection, and
faster convergence towards optimal system performance compared to offline simulation optimization. This
work has presented a first foray into the challenging but pertinent setting where decisions enacted during the
sequential iteration between simulation and data collection directly impact the distribution of the observed
data. Using the Bike Sharing System as a central example, we have shown that despite the interplay
between censoring and decision-making, straightforward SAA-based algorithms can see their regret vanish
asymptotically, with a reasonable level of robustness to key model and budget parameters.

Our work raises several questions and inspires directions for future research. Algorithm 1 does not
explicitly consider the trade-off between the long-term benefits of minimising censoring and the short-term
benefits of minimising expected regret. It is of interest to determine whether algorithms that do so, e.g.
lower confidence bound approaches, outperform Algorithm 1. Furthermore, Algorithm 1 does not re-use
any simulation samples across periods. This is a useful construction for the theoretical analysis and weakens
the dependence across periods, but may be sub-optimal in the later stages when input parameters show
little variation from period to period. Finally, we have centred our work on the BSS example with a
single rack, but the challenges of Sequential Simulation Optimization in the face of censoring may be
encountered in larger BSS networks and in many other applications. There is scope to broaden the analysis
and methodology to a wider range of Simulation Optimization problems. The forthcoming work Grant and
Szechtman (2023) aims to extend the contributions of the present manuscript to consider these challenges.

A APPENDIX

Proof of Theorem 4 The expected regret in period t may be bounded with input and simulation uncertainty
terms, as follows,

E [ f (bt ;λ ,µ)− f (b∗;λ ,µ)] = F(bt ;λ ,µ)− F̄t(bt ;λt ,µt)+ F̄t(bt ;λt ,µt)−F(b∗;λ ,µ)

≤ F(bt ;λ ,µ)− F̄t(bt ;λt ,µt)+ F̄t(b∗;λt ,µt)−F(b∗;λ ,µ)

= [F(bt ;λ ,µ)−F(bt ;λt ,µt)]+ [F(b∗;λt ,µt)−F(b∗;λ ,µ)]

+ [F(bt ;λt ,µt)− F̄(bt ;λt ,µt)]+ [F̄(b∗;λt ,µt)−F(b∗;λt ,µt)] . (16)
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The inequality uses the fact that bt minimises F̄t , so F̄t(b∗;λt ,µt) ≥ F̄t(bt ;λt ,µt). At (16), the first line’s
terms are driven by the uncertainty in the inputs, and the second’s by uncertainty due to the SAA. The
concentration of the simulation uncertainty is characterised by Theorem 3. For the input uncertainty, the
following Corollary of Theorem 2 extends the CLT on the rate estimators to a CLT on the function F(;λt ,µt),
thus characterising the concentration of the input uncertainty.
Corollary 5 Suppose Assumption A1 holds. For each b ∈ {0,1, ...,B}, and as t → ∞, the expected input
uncertainty |F(b;λt ,µt)−F(b;λ ,µ)| is bounded by a random variable whose distribution approaches

t−1/2
H

∑
h=1

√ L2
λh

λh∫
h P(Z∗(u)< B)du

+

√
L2

µh
µh∫

h P(Z∗(u)> 0)du

N(0,1).

Corollary 5’s proof uses the Lipschitz continuity of Lemma 1 to decompose |F(b;λt ,µt)−F(b;λ ,µ)| in
terms of biases in individual rates, before replacing those with their asymptotic distributions.

Combining Corollary 5, Theorem 3, and Equation (16), we have that the per-period regret, F(bt ;λ ,µ)−
F(b∗;λ ,µ) is bounded by a random variable whose distribution approaches that of∣∣∣∣∣∣2t−1/2

H

∑
h=1

√ L2
λh

λh∫
h P(Z∗(u)< B)du

+

√
L2

µh
µh∫

h P(Z∗(u)> 0)du

N(0,1)+2n−1/2
t max(σ(bt),σ(b∗))N(0,1)

∣∣∣∣∣∣
as t → ∞. Thus, if nt = Ω(t), we have F(bt ;λ ,µ)−F(b∗;λ ,µ) = o(t−1/2). ■
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