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ABSTRACT

Digital Twins (DTs) have immense promise for exploiting the power of computer simulation to control
large-scale real-world systems. The key idea is to evaluate or optimize decisions using the DT, and then
implement them in the real-world system. Even with best practices, the DT and the real-world system may
become misaligned over time. In this paper we provide a statistical method to detect such misalignment even
though both the simulation and the real-world system are inherently stochastic. An empirical evaluation
and a realistic illustration are provided.

1 INTRODUCTION

There has been a significant trend in recent years of using simulation models to tackle problems related
to operational decision making and system control, moving beyond their traditional role in system design.
This trend has been enabled through the development of technologies such as Digital Twins (DTs, Biller
et al. 2022) and Symbiotic Simulation (Onggo et al. 2018). A DT is a simulation model running alongside
a real-world or physical system. Real-time (or close to real-time) data, possibly collected through the
Internet of Things, are fed into the simulation model to keep it updated. Using this data, the DT can
predict the future evolution of the system or evaluate the performance of a variety of actions, often via a
simulation-optimization algorithm applied at a decision point. The results of this simulation experiment
can then be applied within the real-world system or used to alert a decision maker of impending problems.
The implementation of an action completes a cycle of information exchange from the real-world system
to the DT and back.

Evaluation of the efficacy of DTs has not received as much attention in the literature as their application.
This paper considers the problem of assessing whether what happens in the real-world system is consistent
with the predictions of the DT; if not, this may indicate that they are not sufficiently aligned. We propose
a method to detect a particular type of misalignment.

Biller et al. (2022) distinguish between “asset twins," which are typically physics-based simulation
models of equipment, and “process twins,” which model business processes. Process twins are more in line
with the Operations Research/Management Science (ORMS) discipline’s use of simulation, and particularly
stochastic simulation. Process twins are the focus of this paper.

As the real-world system evolves, real-time data are used to keep the simulation model up-to-date
with the system conditions and also with any changes in the processes over time. Changes could require
re-calibration of the simulation model, an area Biller et al. (2022) identify as needing further research.

Applications of DTs and symbiotic simulation span various sectors, from manufacturing and smart
factories (Overbeck et al. 2021; Hua et al. 2022), to transportation (Ambra and Macharis 2020) and
healthcare (Harper and Mustafee 2019). This is sparking various methodological developments to cope
with the real-time nature of the setting, such as in synchronization (Tan and Matta 2022), validation
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(Lugaresi et al. 2022), online optimization (Cao et al. 2021), partially offline optimization (Goodwin et al.
2022) and integrating with machine-learning methods (Greasley et al. 2022).

A DT, along with its associated dynamic updating, calibration and optimization methods, is a decision-
support tool. As with any decision-support tool, it is important to evaluate and assess whether it is leading
to good decisions. This is particularly important in the DT context as the DT will be used repeatedly,
meaning that poor predictions could have significant consequences in the long run. Unlike in the traditional
system design application of simulation—for which a final evaluation rarely occurs since there is no going
back—there is a clear opportunity to utilize the feedback of what actually happened in the real-world
system to evaluate the DT’s decision-support effectiveness.

The setting we consider in this paper is when from time to time the DT is queried to recommend a
decision for the real-world system; in the example later in the paper the decision is where to relocate fire
engines to maintain rapid response times. These decisions are the result of a simulation optimization of
some sort, perhaps only heuristic. Typically, the simulation optimization’s objective function is the expected
value of some system response. Critically, we assume that the corresponding real-world response is also
observable, perhaps after some time delay.

We argue that the evaluation of DT-based decisions is non-trivial. We cannot simply ask “did things
turn out as expected?” The real system will be subject to natural variability and uncertainty. We could find
and implement the expected-value optimal decision, but then be unlucky in how reality unfolds, resulting
in a poor outcome. A naive evaluation could then lead us to decide that the DT is performing poorly even
if it is perfectly aligned with the real-world system.

An appropriate analogy is the quality control problem in manufacturing: detect systematic “out of
control” issues quickly, while not being fooled by the normal process variability. However, unlike quality
control, real-time context or covariate information is a key part of a DT’s ability to optimize the control
decision (Goodwin et al. 2022). It is possible that each decision made using the DT comes with a unique
context or covariate, in which case we should expect each real-world outcome to have its own unique
conditional distribution. Thus, the tracking of real-world and simulation responses has to be context or
covariate sensitive to have any meaning.

The aim of this paper is to highlight these issues, and propose a statistical method that can help to
detect a particular type of systematic error or misalignment over time. We do this by using an approximate
distribution of the performance measure outcome at each decision, which is generated by the simulation
model itself, to standardize the real-world outcomes. Once standardized to an approximately homogeneous
distribution, we can perform goodness-of-fit tests to detect discrepancies between the DT and the real
world.

The paper is organized as follows. Section 2 reviews literature on the related topic of validation of
DTs. Section 3 provides a problem statement and introduces some notation before the proposed method
is discussed in Section 4. Results from a controlled experiment and a more realistic situation are shown
in Section 5, with Section 6 concluding the paper with some further discussion.

2 RELATED WORK

The usefulness of a DT is greatly influenced by its ability to stay aligned with the real world. Marquardt
etal. (2021) used a manufacturing example to demonstrate the potential issues when a DT is not sufficiently
synchronized with the real world, whilst Mustafee et al. (2023) discuss some challenges with attaining
this in practice. Tan and Matta (2022) deal with synchronization issues by formulating the problem as an
optimal control problem.

Validation of DTs is a challenge. Traditional validation methodologies are performed offline, and
compare the output of the simulation against the output performance of the real world. However, as pointed
out by Oakley et al. (2020), validity depends on the initial system state, which could well be different
at every decision point. The proposition of Oakley et al. was to validate against relative changes in the
system, which was possible for predicting bed occupancy levels across multiple hospital wards in their
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paper. However, this is not always an appropriate view of the output measures and it assumes that the
underlying processes of the real-world system are not evolving.

The online validation of DTs has also been considered. This is particularly important if the model is
allowed to adapt whilst trying to match the changes in the real-world system. Hua et al. (2022) argue that
this must be an ongoing process as the real-world system evolves in time, and highlight that availability of
data can be a challenge in this instance. They suggest that if there are sufficient data then the validation
should consist of trace-driven simulation; otherwise some “idealised input data” should be used. Their
application considers a smart factory designed to know the position and status of every machine and part.

In a manufacturing and production setting, Overbeck et al. (2021) consider a Normalized Root Mean
Square Error approach based on the throughput of the production line. Their measure considers the sum
of squared differences between the amount produced in the simulation and the real world over a set of
time intervals, normalized by the total amount produced in that period, and compares this to a predefined
standard. This method makes no adjustment for the possibility that the variance of the production process
may change during a time period. Some methods have been considered that look at the sample path of
both the simulation model and the real world. Lugaresi et al. (2019) consider the validation of the input
models by combining quasi trace-driven simulation (to correlate the random quantities generated within
the simulation and the real system) with a signal processing approach. Morgan and Barton (2022) also
compare the trajectory of the real system and the simulation model. Their suggestion is to perform a
Fourier analysis on the trajectories of the system and the DT, and they propose a hypothesis test based on
the Fourier coefficients of the two trajectories to discriminate between the real world and the DT. Their
experimentation involves comparing the trajectories of single server queues over a long period of time.
Both Lugaresi et al. (2019) and Morgan and Barton (2022) test their method using queueing examples,
with thousands of jobs involved in the evaluation. Lugaresi et al. (2022) argue that quicker detection of
problems is required in a real-time setting. They propose a dynamic data-warping approach, again based
on quasi trace-driven simulation. Rather than statistical hypothesis testing their approach requires selecting
a threshold for a quantity which is not easy to interpret.

Instead of considering the sample path of the simulation and real world, this paper takes a different
perspective: we standardize the real-world system response to the decision, using the response distribution
implied by the DT, and look for deviation from uniformity over many decisions.

3 PROBLEM STATEMENT

Suppose we believe that we have a well calibrated stochastic simulation DT. That is, we believe the DT
is able to match the real-world system with sufficient detail to accurately produce a distribution of the
output performance measure of interest that matches the real world; the calibration could be that we know
whatever bias there is and can correct for it, or that we are able to dynamically update model parameters
with real-world data. The DT acts as a decision-support system for decisions at various points in time. At
these decision points specific context or state information from the real world is transferred into the DT
so that the decision is based on current information.

For notation, the DT is used to make decisions at times ¢;, j = 1,2,...,J, and the corresponding context
or state of the real-world system is ¥/;. The decision maker can choose one action to implement, denoted
x, from a set of feasible actions, 2 (W¥;). The key performance measure of interest in the real world will
depend on both the state of the system and the action taken. We treat this as a random variable W (x,¥;)
whose distribution F( - [x,'¥;) is unknown. We assume that W (x,¥';) can be treated as a continuous-valued
random variable, such as cost or delay. Further, these decision epochs are sufficiently far apart in time to
consider the decisions to be independent of each other, by which we mean that, conditional on the state of
the system at times ¢; and #; (¥; and W), the random variables W (x,¥;) and W (x’,¥ ) are independent.

In our formulation, the DT is used at time ¢; to evaluate a variety of actions in an attempt to optimize
some property of F( - |x,%;). The current system state, ¥/;, is loaded into the simulation model so that,
as much as possible, the DT state matches the real world state. However, almost certainly the simulation
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model can only capture an incomplete representation of W¥;, which we denote as ;. The simulation is
capable of generating a performance measure corresponding to real-world outcome W (x,¥;), an output

random variable we denote by § (x,q’ ;j) with unknown distribution G( - ]x,‘f‘ ;j)- The simulation is paired
with some form of optimization algorithm to choose which x € 2" (¥;) should be implemented. This is

done by minimizing a summary of the simulation output distribution, HG( S (,‘f‘ ;)]; that is, we choose

sl
. . N . )
the action to implement, x7, to approximately solve:

Xj A argmin {HG(S|X,@j)[S<x’(I}j)]}. W
XG%'(‘P]')

S‘xa@j)[S(x,(I\’j)] =E [S(x,‘f’j)}. However, the choice of H does
not impact the procedure proposed in this paper, and we could consider optimizing a quantile or some other
aspect of the distribution. Once the optimization has been performed, and an action x7 has been selected,
it is implemented in the real-world system. This will result in the real-world performance being realized,
and we record the real-world performance W(x;,‘P i)

Notice that the optimization in (1) is with respect to the simulation model performance, not the real
world. The DT assumption is that the simulation model is a sufficiently good approximation of the real
world, i.e., G( - ]x,‘f’ i)~ F(-|x,¥;), for all x. If there are systematic errors in the distribution, this could
lead to bad decision making, which could be very costly if the DT is used repeatedly for many decisions.
However, due to natural variability in the real world, there is a chance that the actual outcome corresponds to
poor performance, even if x; was the optimal decision for the real-world problem. Thus, poor performance
for a single decision could result from an actual discrepancy between the DT and the real world, or could just
be bad luck. This paper proposes an approach for detecting systematic errors between the simulation and
the real world by combining a series of decisions and real-world performance observations {W(xj7 ¥;) }le.
As these outcomes are realizations from heterogeneous distributions (different contexts or covariates), we
propose a method for standardizing them before the detection method is applied.

For ease of notation, unless it is otherwise stated, a subscript j will be used to denote the explicit
dependence of all quantities on the time and state information for the jth decision, 7;, ¥; and g j» SO we
suppress these quantities to simplify notation; e.g., W;(x) instead of W (x,¥;).

A common choice is the expectation, HG(

4 A METHOD FOR DETECTING SYSTEMATIC ERRORS

Our approach is based on hypothesis testing. We start with the null hypothesis that the simulation matches

the real world, that is S;(x) Z W;(x). Under the assumption that we are dealing with continuous random
variables, the properties of the cumulative distribution function (CDF), G/ (-|x), and the Probability Integral
Transformation imply that G;(W;(x)|x) ~ U(0, 1). That is, regardless of the state or the action, transforming
the real-world observation through the CDF of the corresponding simulation output produces a uniform
random variable. Therefore, transforming the outcomes of each of the J real-world decisions, {W;(x}) le,
in this way produces a standardized set of uniform random variables. However, if there is a mismatch between

9
the real world and the simulation model, W;(x) # S;(x), then G ;(W;(x)|x) will not be uniformly distributed.
The fact that this transformation leads to independent and identically distributed random variables means
that we can treat the detection of model mismatches as a goodness-of-fit test for uniformity. This is the
core principle behind our method.
Whilst G J(|xj) is unknown, it can be estimated by simulating N replications at decision x; and using

the empirical CDF (ECDF)

~ 1 X
Gin(s) = 5 L 1(Sin(x)) < 9) @
=1

n
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where S, (xj) is the output of the nth replication of the simulation of decision j under action x%. These
simulation replications are entirely separate from those used to reach the optimized decision x} to avoid
dependence between the decision and the assessment. The properties of the ECDF imply that this estimation
can be done to arbitrary precision provided that one chooses a sufficiently large number of replications N.
In fact, the Glivenko-Cantelli Theorem (Loeve 1977, page 20) states that

Pr< lim sup Gin(s)—G;(s|x* ‘:0}:1.
{ im sup[Giv(6) - 1)

Furthermore, the pointwise rate of convergence is exponentially fast (Massart 1990):
Pr{sup > z} < 22N,
seER
To enable the real-world observations to be compared with the simulation prediction, we standardize
the observations using the simulation ECDF:
UszajN(Wj(xj)), j:1,2,...,.]. (3)

These random variables are approximately i.i.d. U (0, 1) when the real-world and simulation distributions are
the same. This motivates us to apply a goodness-of-fit hypothesis test to the set of transformed observations
{U jN}le, specifically

Gjn(s) — Gj(slx})

. iid.

Hy: {UjN}le Hg U(o,1) versus H: {UjN}§:1 4 U(0,1). 4)
The case Hy follows directly from the hypothesis that the simulation and the real-world observations follow
the same distribution. The rejection of Hj provides evidence towards a mismatch, suggesting that the
simulation may need updating or modification before further use. There are several possible test statistics
that detect deviations from uniformity.

Under the null hypothesis we want the test to be valid (correct Type I error) for any number of decisions,
J. Thus, validity depends on G ;v being a close approximation of G; for each j, which the results cited
above indicate will be true when the number of simulation replications N is large. When the alternative
hypothesis holds, the power of the test to reject the null hypothesis will increase as J, the number of
decisions, increases. Ideally the rejection happens quickly. Our empirical results in the next section address
the impact of N and J.

We do not intend this method to be applied online as part of the decision-making process. Rather,
it is an offline assessment. The large number of simulation replications used to create the ECDF can be
completed between decision epochs or entirely separately from the DT used for decision making. The
latter may be necessary if the frequency of decisions is high. The ability to perform an offline assessment
is facilitated by the availability of parallel computing because replications are easily executed in parallel.

5 EVALUATION

This section summarizes two experiments that test our method. We use two goodness-of-fit tests, the
Kolmogorv-Smirnov (KS) test (Thas 2010, pages 123-129) and the Anderson-Darling (AD) test (Anderson
and Darling 1952). All tests are performed with a Type I error rate of @ = 0.05.

We also apply a simple control chart method to the Ujy values: after the Jth decision we test all
Jj=1,2,...,J decisions to see if any are outside a specific interval [£;, 1 — &;]. If any of the J observations
are outside this interval, then the DT is considered to be out of alignment with the real world. Under the null
hypothesis that Uy ~ U(0,1), the number of standardized values outside [;,1— &;] follows a Binomial
distribution with success probability 2&; and number of trials J. So the probability that at least 1 value is
outside the limits is 1 — Pr(Y = 0) where Y ~ Binom(J,2&;). Choosing &; = o /2J approximates the Type
I error rate of o (the true error at J = 100 is 0.0488). This procedure is similar to the modification to a
ko control chart when testing past data (Ryan 2011, pages 92-93).
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5.1 Controlled Experiments

The purpose of the controlled experiments is to assess the power of our method for detecting various ways
in which the DT and real-world system could be out of alignment.

Suppose that for the jth decision under action x, the distribution of the real-world performance measure
is

W;i(x) ~ N (A;x* + (Bj + €)x+C;,8D;(x+ 1))

where (A;,B;,Cj,D;) represent the real-world context information that is exploited when the decision is
made. In our experiments, we let A; ~ N(—2,1), B; ~ N(1,0.25), C; ~N(0,1) and D; ~ Exp(1). The
quantities € and 8, however, are unknown and are not captured by the simulation model, representing a
misalignment with the real-world system; these we control in this study.

At each decision point, we wish to select x € [0, 1] that will maximize the expected outcome. We use
a simulation model whose output is:

Sj(x) NN(ajx2+bjx+cj,dj(x+l) ’Aj :aj,Bj :bj,Cj :Cj,Dj :dj)

and maximize E[S;(x)] (exactly) to find the optimal solution x7. Notice that our assessment method is not
dependent on actually finding an optimal decision, as whatever solution is implemented will result in a
real-world observation of the performance measure, W; (x’;) We then simulate solution x7 for N replications

to obtain the empirical distribution of S;(x}), G in(+). The final step is to apply the goodness-of-fit tests to

the sets {G\jN(WJ(x}‘))}J 1

The goal here is to eéaluate the power to detect a difference as we vary the size of the deviation between
the simulation and the real-world system: €, which changes the mean and potentially the optimal solution;
and &, which changes the variance. The values of € and § were selected by considering a signal-to-noise-like
ratio. As the impact of € and 6 change depending on the context, (a;j,bj,c;,d;), and the solution, x7%,
which is dictated by the context, we treat both of these as random variables and average over the space

of contexts. Let the random context be denoted by (A,B,C,D) and the corresponding optimal solution be
X*(A,B,C,D). For g, we use

EW(X)—SX)]| eE [X*(A,B,C,D)]
Var(S(X))  /E[X*(A,B,C,D)]+ 1+ Var(AX2+BX +C)’

StNg =

where the constants E[X*(A,B,C,D)] and Var (AX* 4+ BX + C) are estimated through simulation. We chose
values of € such that StN, took values of approximately 0, 0.01, 0.025, 0.05, 0.075 and 0.1.
For 0, we used a similar ratio after setting € = 0:

SN, — [Yar(W (X)) — Var(S(X))| _ 16— 1| (E[X*(A,B,C,D)]+1)
d Var (S(X)) E[X*(A,B,C,D)]+ 1+ Var (AX2 + BX +C)’

Our experience shows that detecting changes in variance is a considerably harder problem. We chose 9,
both greater than 1 (increasing variance) and less than 1 (decreasing variance), so that the ratio took values
approximately 0, 0.01, 0.05, 0.1, 0.25 and 0.5.

We also varied the number of replications used to create the ECDF, N, from 100 to 10,000. We found
that the AD test only began to achieve the correct Type I error rates under the null hypothesis (i.e., the
simulation matches the real world) when N = 10,000 replications. The control chart was similarly affected.
Thus, only these results are presented. The KS test was much less sensitive to N, meeting the 5% Type 1
error even when N = 100.

497



Rhodes-Leader and Nelson

Detection Rate, Deviation: 0.24 1 Detection Rate, Deviation: 0.35 1 Detection Rate, Deviation: 0.47 1
21 — KSTest 21 — KSTest 2 — KSTest
== AD Test = — AD Test = = AD Test
- Control Chart =+++ Control Chart <=~ Control Chart

0a
0a
08

06
1
06
1
06
L

Detection Rate

04
04

Detection Rate
04

Detection Rate

02
02
02

oo
oo
oo

0 20 40 80 1] 100 0 20 4@ 0 80 100 0 20 a0 &0 80 100
Number of Decisions Number of Decisions Number of Decisions

Figure 1: Detection rates for different values of € = 0.24,0.35 and 0.47 (StN¢ ~ 0.05, 0.075, and 0.1).

The results summarized here are based on 1000 macro-replications of J = 100 decisions. When € =0
and 6 = 1, we found that the Type I error rates are quite close to the desired levels of 0.05, although the
AD test did have slightly higher average error rates.

As we change €, keeping 8 = 1, the power of the tests increase, although all tests struggle to detect any
errors when StNg < 0.05. Figure 1 shows the detection rates for € set to 0.24,0.35 and 0.47. As expected,
the more observations (decisions) included, the greater the power, and as we increase the shift, €, we also
see increased power. The AD test outperforms the other two tests.

Figure 2 shows the power and the median number of observations tested before a misalignment is
detected for each test as we alter the difference in variance, but with no shift. The KS and AD tests’ power
increases as |6 — 1| grows, although not as quickly when 6 > 1. The AD test is still the best, both in terms
of power and in time to detect the misalignment. The control chart is not able to perform well for 6 < 1;
a variance-based control chart may be required for that.

Table 1 shows the power of each of the tests in a wider range of experiments. We vary the misalignment
parameters, € and &, as well as the number of decisions used to detect the misalignment, J. From this, we
can see the relationship between the misalignment and the number of decisions it takes to detect it. The
three tests seem to have different strengths and weaknesses, determined mostly by the variance change, &,
and the number of decisions, J. The strength of the KS test is when the variance is reduced, 6 < 1, and
there are not many decisions, where it outperforms the other tests. However, it performs poorly when the
variance is increased, 0 > 1. The control chart appears to perform best when the variance is increased and
there are not many decisions, while it is very poor when & < 1. The AD test is competitive under most
scenarios, but is particularly strong whenever the number of decisions is large or when the variance does
not change that much; it also improves the most as the shift in the mean, €, increases.

5.2 Realistic System

In this section we include a simple simulation model that could be applied in operational decisions, based
on a problem discussed by Cheng (2007). Consider a fire service in a city, modelled as a unit square, that
contains 10 fire stations, each with 5 fire engines; see Figure 3. When an incident occurs, according to
a spatial Poisson process, one or more fire engines from the nearest fire station are sent to the incident.
The key performance measure is the percentage of incidents in which the response time is less than 15
minutes (the target is 90%). Occasionally, the fire service must deal with a major incident, in which case
several fire engines are needed to respond and are unavailable until the incident is over. The cover-moves
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Table 1: Detection rates for each test, at different values of €, & and varying the number of decisions J.

Values in bold show the best performing test.

™

J=10

KS test

25

50

100

10

AD test

25

50

100

10

Control Chart

25

50

100

0.05

0.12

0.24

0.35

0.47

0.09
0.54
0.82
1.00
1.18
1.46
1.91
0.09
0.54
0.82
1.00
1.18
1.46
1.91
0.09
0.54
0.82
1.00
1.18
1.46
1.91
0.09
0.54
0.82
1.00
1.18
1.46
1.91
0.09
0.54
0.82
1.00
1.18
1.46
1.91
0.09
0.54
0.82
1.00
1.18
1.46
1.91

0.168
0.029
0.035
0.043
0.051
0.066
0.090
0.173
0.029
0.036
0.043
0.048
0.069
0.087
0.200
0.032
0.042
0.044
0.050
0.061
0.086
0.247
0.046
0.048
0.052
0.059
0.077
0.099
0.309
0.070
0.066
0.069
0.076
0.085
0.109
0.378
0.094
0.094
0.097
0.100
0.107
0.130

0.968
0.058
0.041
0.046
0.054
0.080
0.143
0.971
0.064
0.043
0.042
0.053
0.084
0.142
0.967
0.076
0.049
0.054
0.059
0.083
0.146
0.972
0.090
0.071
0.072
0.089
0.116
0.166
0.982
0.138
0.094
0.102
0.114
0.148
0.198
0.991
0.210
0.146
0.140
0.149
0.174
0.232

1.000
0.122
0.044
0.050
0.062
0.106
0.207
1.000
0.128
0.047
0.051
0.065
0.110
0.217
1.000
0.147
0.064
0.061
0.074
0.118
0.238
1.000
0.229
0.109
0.094
0.111
0.154
0.285
1.000
0.337
0.174
0.165
0.168
0.213
0.355
1.000
0.445
0.258
0.236
0.241
0.283
0.421

1.000
0.291
0.058
0.044
0.063
0.135
0.446
1.000
0.308
0.072
0.053
0.067
0.149
0.445
1.000
0.359
0.092
0.081
0.087
0.189
0.474
1.000
0.502
0.187
0.158
0.171
0.292
0.558
1.000
0.662
0.305
0.264
0.272
0.399
0.645
1.000
0.788
0.451
0.394
0.432
0.539
0.747

0.088
0.010
0.030
0.046
0.066
0.127
0.258
0.092
0.010
0.030
0.047
0.070
0.125
0.259
0.099
0.017
0.034
0.049
0.071
0.126
0.256
0.097
0.029
0.047
0.065
0.085
0.151
0.266
0.103
0.055
0.072
0.089
0.114
0.173
0.294
0.131
0.078
0.103
0.119
0.142
0.207
0.320

1.000
0.042
0.043
0.059
0.094
0.176
0.434
1.000
0.043
0.039
0.057
0.099
0.186
0.440
0.999
0.058
0.050
0.068
0.102
0.195
0.439
0.999
0.088
0.080
0.105
0.137
0.236
0.471
0.996
0.143
0.126
0.150
0.181
0.275
0.503
0.997
0.218
0.193
0.203
0.239
0.340
0.552
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1.000
0.156
0.040
0.056
0.105
0.252
0.663
1.000
0.161
0.049
0.063
0.114
0.258
0.660
1.000
0.195
0.064
0.077
0.128
0.285
0.658
1.000
0.272
0.130
0.139
0.188
0.355
0.709
1.000
0.379
0.224
0.226
0.283
0.451
0.755
1.000
0.502
0.348
0.366
0.423
0.563
0.810

1.000
0.568
0.062
0.068
0.163
0.466
0.908
1.000
0.567
0.076
0.077
0.175
0.472
0.902
1.000
0.594
0.116
0.124
0.212
0.516
0.918
1.000
0.676
0.255
0.248
0.344
0.639
0.946
1.000
0.782
0.412
0.408
0.514
0.742
0.967
1.000
0.883
0.635
0.628
0.684
0.843
0.978

0.000
0.002
0.017
0.046
0.096
0.202
0.355
0.000
0.002
0.017
0.044
0.095
0.200
0.363
0.001
0.003
0.022
0.048
0.097
0.201
0.365
0.006
0.013
0.031
0.062
0.109
0.221
0.371
0.018
0.020
0.043
0.080
0.122
0.234
0.382
0.026
0.032
0.061
0.104
0.140
0.254
0.399

0.000
0.002
0.011
0.042
0.102
0.262
0.489
0.001
0.003
0.012
0.045
0.102
0.262
0.493
0.004
0.007
0.018
0.049
0.117
0.271
0.503
0.014
0.022
0.034
0.069
0.136
0.290
0.528
0.035
0.040
0.062
0.106
0.172
0.317
0.545
0.058
0.068
0.095
0.142
0.214
0.352
0.576

0.000
0.001
0.010
0.049
0.110
0.288
0.602
0.002
0.004
0.013
0.052
0.110
0.298
0.605
0.008
0.009
0.022
0.061
0.125
0.312
0.616
0.026
0.034
0.049
0.090
0.171
0.355
0.641
0.056
0.062
0.082
0.137
0.219
0.392
0.669
0.114
0.120
0.151
0.206
0.279
0.447
0.703

0.000
0.001
0.013
0.055
0.125
0.354
0.709
0.002
0.004
0.017
0.057
0.133
0.362
0.711
0.016
0.019
0.035
0.078
0.150
0.375
0.728
0.047
0.055
0.071
0.123
0.204
0.427
0.744
0.095
0.114
0.139
0.189
0.279
0.503
0.774
0.178
0.204
0.239
0.294
0.377
0.568
0.811
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Figure 2: The power based on J = 100 decisions (left) and median time to detect an error (right, 101
represents not detecting within 100 decisions) of each test as we vary the variance difference 8 (¢ = 0).

problem described by Cheng (2007) involves moving some of the remaining fire engines to other stations,
to cover those involved in the incident, preserving the desired response times as much as possible.

Following a randomly generated major incident, we use a DT to evaluate a number of feasible cover-
moves (limited to moving 2 fire engines) with the objective function of maximizing the percentage of future
incidents for which the response is within 15 minutes over a fixed time window. The Ranking & Selection
algorithm KN (Kim and Nelson 2001) is used for the simulation optimization.

Suppose that, unbeknownst to the fire service or the DT, traffic signals are altered within a particular
area (see Figure 3), adding a delay to travel times of up to 4 minutes from some stations to respond to
some calls. This could impact to which stations the fire engines should be moved.

Figure 4 shows the results of the KS and AD tests applied to this setting, based on 100 macro-replications.
The left plot is the detection rate as the number of cover-move decisions increases. The right plot is a
histogram of the number of cover-move problems until the error is first detected. The AD test has the edge,
but both tests detected problems within 40 decisions in 92 of the macro-replications. We also applied the
control chart approach in this setting, but its performance was poor.

6 CONCLUSIONS AND OPEN QUESTIONS

In this paper we have highlighted the difficulty of evaluating the efficacy of a DT based on a stochastic
simulation model. The key challenges are that natural variability of a system can lead to poor performance
even under the “optimal” decision, and that the heterogeneity of decisions makes a comparison across
different decisions non-trivial. Our proposed method utilizes the ability to intensively simulate the selected
decision offline to estimate the full distribution of realized system performance for each of a sequence of
decisions.

There are many questions about how to do this in practice, and how this method could perform or be
developed to tackle issues that occur in real DTs. Firstly, our tests have not considered the case when the
simulation starts off matching the real world and then the real-world processes begin to change (either as
a discrete change point or a gradual divergence). This slows detection considerably, and suggests that we
might only want to use a fixed number of previous decisions for testing.

The choice of which output to monitor is not necessarily straightforward, and it interacts with the time
horizon for realizing the real-world response. The output has to be something that will be reliably observed
in reasonable time. In some cases, this can be easily selected. As an example, consider a short-haul airline
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Figure 3: The station locations, contours of the incident location distribution, and the area effected by
altered traffic lights.
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Figure 4: The detection rate (left) and time to detection (right) in the fire service simulation.
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using a DT to recover from disruptions (Rhodes-Leader et al. 2022). In this case, there is a natural break
overnight giving a horizon and reset point (most disruptions will not impact multiple days). Equally, any
resulting delays should be known by the end of the operating day. Costs caused by the disruption may be
less useful, as compensation claims may take weeks to come in.

One of our assumptions is independence among decision epochs. If the simulation state is complete,
then conditional on the system state, the decision epochs should also be independent. However, if decision
epochs overlap (e.g., a second major incident occurs within a decision epoch) then that would force
dependence among the decisions and also call into question the relevance of the simulation output for
the interrupted decision epoch. An incomplete simulation state description might not share this property,
introducing correlation into the observations. This issue and its impact on the proposed method should be
explored further.

The reader may be concerned that many real-world decisions might be required to detect misalignment.
This is, of course, a consequence of system variability. In our experiments we used a Type I error level of
0.05, implicitly taking the position that incorrectly rejecting an aligned DT is of most concern. A larger
Type I error level changes that emphasis toward incorrectly failing to reject a misaligned DT.

If making optimal decisions is all we care about then perfect alignment between the output values of
the real world and the simulation predictions is less important than the alignment of their optimal solutions.
That is, some errors may be tolerated as long as the decision itself is not impacted. For example, a
consistent additive bias between the DT and the real-world system, but no other discrepancy, implies that
they still share the same optimal decision. An important question is whether tests could be designed that
are insensitive to these sorts of errors.
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