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Executive Summary 

Operational testing (OT) provides important information on 
the capability of equipment acquired by the United States 
Department of Defense (DoD).  Operational testing has 
been a vital component of the acquisition process since 
Congress reformed OT conduct with the Department of 
Defense Authorization Act of 1984.  Computer modeling 
and simulation (M&S) can help address the small sample 
size problem in live, operational testing, but M&S must be 
validated in order for stakeholders to believe M&S makes 
meaningful predictions about real-world outcomes.   

The Institute for Defense Analyses (IDA) has published 
documents providing guidance to the OT community on 
statistical validation of M&S, including a handbook and 
papers on the use of space-filling designs and statistical 
surrogates (also known as metamodels).  However, 
important questions remain that need to be answered in 
order to best validate M&S.   

In particular, operational testers need better 
recommendations on sample size selection, determining the 
number of replicates in a design (if any), validating with 
small real-world sample sizes, and incorporating statistical 

surrogates into hypothesis tests that help determine whether 
M&S outcomes match real-world outcomes or not.   

We hope the larger statistical community can help 
contribute answers to these questions.  This presentation 
was given at the Joint Statistical Meeting 2023 in Toronto, 
Canada. 
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We want statisticians to appreciate…

… why operational testing matters

… why computer modeling and simulation matters to operational testing

… the challenges in planning computer modeling and simulation studies

… the challenges in statistically validating a computer model
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Why does operational testing matter?
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Operational testing studies DOD system 
effectiveness in warfighting conditions

DOD – U.S. Department of Defense
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OT results matter to both Congress and the 
warfighter

OT – Operational Testing

Sen. D. Pryor (D-AK) Sen. W. Roth (R-DE)
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OT&E should reduce risk and uncertainty regarding 
the performance of systems in wartime

OT&E – Operational Test and Evaluation
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Why does computer modeling and simulation matter to OT?
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Small data problems are alive and well in 
operational testing

SM-3 Blk IIA

https://missiledefenseadvocacy.org/missile-defense-systems-2/missile-defense-systems/missile-interceptors-by-cost/

Next Generation Interceptor

Missile tests can cost $10Ms to $100Ms 
per shot

PAC-3
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Small data problems are alive and well in 
operational testing

SM-3 Blk IIA

https://missiledefenseadvocacy.org/missile-defense-systems-2/missile-defense-systems/missile-interceptors-by-cost/

Next Generation Interceptor

Missile tests can cost $10Ms to $100Ms 
per shot

PAC-3

COST AND ASSET 
AVAILABILITY GENERATE 

DEMAND FOR M&S
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Modeling and simulation comes in a variety of 
flavors with unique statistical considerations

M&S – Modeling and Simulation

Hardware in the Loop
Digital Simulation

Federation
https://doi.org/10.3390/electronics9030540

https://www.reddit.com/r/dcsworld/comments/mqmvy3/lowquality_steadystate_cfd_simulation_of_an_aim54

https://testscience.org
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If M&S outputs will be used for predicting OT results, 
we must compare M&S outputs to live test data

M&S – Modeling and Simulation; OT – Operational Testing

Develop M&S Live Test Compare Data Accept M&S Report Results

Reject M&S
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If M&S outputs will be used for predicting OT results, 
we must compare M&S outputs to live test data

M&S – Modeling and Simulation; OT – Operational Testing

Develop M&S Live Test Compare Data Accept M&S Report Results

Reject M&S

THIS STEP IS STATISTICAL

HOW CAN STATISTICS HELP 
MAKE THE RIGHT DECISION 

ON WHETHER TO TRUST M&S 
PREDICTIONS?
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What are the challenges in planning computer M&S studies?
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IDA publications introduce and recommend M&S 
DOE best practices

DOE – Design of experiments; IDA – Institute for Defense Analyses; SFD – Space-Filling Design 

https://testscience.org/wp-content/uploads/formidable/20/SFD_Literature_Review_Final.html
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A factorial design with a simple linear model fitted will not accurately 
describe the M&S system’s behavior.

Space-filling design of experiments helps recover more 
trends in simulation outputs

M&S – Modeling and Simulation

True response surface of 
simulated projectile range

Initial airspeed (m/s)
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Estimated response surface of 
simulated projectile range
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A factorial design with a simple linear model fitted will not accurately 
describe the M&S system’s behavior.

Space-filling design of experiments helps recover more 
trends in simulation outputs

M&S – Modeling and Simulation

True response surface of 
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TOO 
SMOOTH

INCREASES 
FOREVER

NOT TRUE 
MAXIMUM

INTERIOR 
PREDICTIONS 

TERRIBLE
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True response surface of 
simulated projectile range
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Analyzing the flights with a Gaussian Process model via a Space-Filling 
Design yields a good approximation to simulation output.

Space-filling design of experiments helps recover more 
trends in simulation outputs
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True response surface of 
simulated projectile range
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Analyzing the flights with a Gaussian Process model via a Space-Filling 
Design yields a good approximation to simulation output.

Space-filling design of experiments helps recover more 
trends in simulation outputs

RETURNS 
OBSERVED 

VALUES

REDISCOVERY OF 
LOCAL MAX

IRREGULAR 
INCREASE
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Many criteria exist, but it is particularly important that an SFD satisfy the 
following three criteria in order to be useful:
• Point-distance: Samples are placed as far apart from each other as 

possible. [Maximin]
• Uniformity: All regions of the design space are equally well-represented. 

[Center L2 Discrepancy]
• Projection: The design is robust to variables being collapsed. [MaxPro]

Just like with classical DOE, there are quantitative ways 
to evaluate a specific design

DOE – Design of Experiments; SFD – Space-Filling Design

A B C D
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I prefer maximin sliced Latin hypersquare designs 
(Maximin SLHD) and MaxPro SFDs

General recommendations: 
Maximin (Sliced) LHD or MaxPro

SFD – Space-Filling Design; SLHD – Sliced Latin Hypersquare Design

Latin Hypersquare
LHD-Maximin

LHD
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LHD-Maximin

LHD

Latin Hypersquare

I prefer maximin sliced Latin hypersquare designs 
(Maximin SLHD) and MaxPro SFDs

General recommendations: 
Maximin (Sliced) LHD or MaxPro

Good spread in the 
design space

Spread preserved if 
a factor is dropped 

Handles a small (<5) 
number of 

categorical factors

Handles more 
categorical factors better, 

while also resembling 
maximin SLHD

SFD – Space-Filling Design; SLHD – Sliced Latin Hypersquare Design
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How should we choose the sample size when 
generating an SFD?

SFD – Space-Filling Design

SCREE PLOT 𝑛 10𝑑
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How should we choose the sample size when 
generating an SFD?

SFD – Space-Filling Design

SCREE PLOT 𝑛 10𝑑

Where is an objective 
cut-off?

This metric is not an 
operationally relevant 
quantification of risk

Seems too small in 
stochastic cases

The minimum may be all 
you get

ADJACENT QUESTION: 
WHEN SHOULD 

REPLICATES BE USED 
(AND HOW MANY)?
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What are the challenges in statistically validating a computer model?
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IDA publications and presentations introduce and 
recommend surrogate modeling best practices

https://dataworks.testscience.org/

https://testscience.org
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A statistical surrogate is a useful product in and of itself

M&S – Modeling and Simulation; T&E – Test and Evaluation; VV&A – Verification, Validation, and Accreditation

T&E

Test Planning

Performance 
Prediction

VV&A

M&S

M&S 
Development

M&S 
Calibration

Operations and 
Planning

Wargaming

Campaign 
Analysis

Exercise 
Planning

Tactical 
Planning

Statistics

Parameter 
Estimation
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Statistical surrogates must allow for relevant 
assessments of M&S prediction quality

M&S – Modeling and Simulation

… discover unanticipated trends between factors and 
response variables

Statistical surrogates should…

… predict observed responses well

… quantify uncertainty in M&S outputs
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Statistical surrogates must allow for relevant 
assessments of M&S prediction quality

M&S – Modeling and Simulation

… allow comparing real-world outcomes to M&S 
predictions

Statistical surrogates should…

… allow expert judgement on prediction quality

DATA:

THRESHOLD:

𝑓 𝑓
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We recommend different statistical surrogate 
procedures based on the M&S output

GAUSSIAN PROCESS (GP) NEAREST NEIGHBOR (NN)
DECISION TREE

GENERALIZED ADDITIVE MODEL (GAM)

CONTINUOUS OUTPUT DISCRETE OUTPUT

D
ET

ER
M

IN
IS

TI
C

ST
O

C
H

A
ST

IC

M&S – Modeling and Simulation
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We demonstrate methods using a simple numerical 
ODE solver

DETERMINISTIC STOCHASTIC

Randomize initial conditions 
for random output (i.e., 

variance in toss) 

ODE – Ordinary Differential Equation
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Consider a study of the effects of initial airspeed and angle of flight 
(continuous factors) on flight terminal range (continuous), while also 
looking for differences in models (a categorical factor).

Model, Airspeed, and Angle Study

WRPA – World Record Paper Airplane
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Consider a study of the effects of initial airspeed and angle of flight 
(continuous factors) on flight terminal range (continuous), while also 
looking for differences in models (a categorical factor).

Model, Airspeed, and Angle Study

TWO LOCAL 
EXTREMA

GLOBAL MAXIMUM

SURFACE “RIDGES”

NONLINEAR 
INCREASE

NUMERICAL 
ARTIFACTS

WRPA – World Record Paper Airplane
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range 𝛽  𝛽 classic 𝛽wrwrpa 𝑓as airspeed 𝑓an angle 𝜖  
Average Range:
Dart: 9.3 m
Classic: 7.4 m
WRPA: 11.3 m

GAMs allow for qualitative assessment of simulation 
system performance

GAM – Generalized Additive Model; WRPA – World Record Paper Airplane

IS THIS 
RIGHT?
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How can statistical surrogates allow for M&S 
validation with small sample sizes?

M&S – Modeling and Simulation
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How can statistical surrogates allow for M&S 
validation with small sample sizes?

M&S – Modeling and Simulation

Binary outcomes are 
operationally relevant but 

contain little information; how 
can we make best use of the 

data we have?
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𝑊 𝑌 𝑌Var 𝑌 𝑌
𝐻 :  Sim Live𝐻 :  𝐻  is false

𝑌 𝑌DATA:

THRESHOLD:

How should statistical testing incorporate statistical 
surrogates? 

M&S – Modeling and Simulation

Reject if 𝑊 𝐶 .
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𝑊 𝑌 𝑌Var 𝑌 𝑌
𝐻 :  Sim Live𝐻 :  𝐻  is false

𝑌 𝑌DATA:

THRESHOLD:

𝑊 𝛽 𝛽 𝑉 𝛽 𝛽 𝛽 𝛽

How should statistical testing incorporate statistical 
surrogates? 

M&S – Modeling and Simulation

Reject if 𝑊 𝐶 .
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𝑊 𝑌 𝑌Var 𝑌 𝑌
𝐻 :  Sim Live𝐻 :  𝐻  is false

𝑌 𝑌DATA:

THRESHOLD:

𝑊 𝛽 𝛽 𝑉 𝛽 𝛽 𝛽 𝛽
𝑊 𝑓 𝑓 𝑓 𝑓

How should statistical testing incorporate statistical 
surrogates? 

M&S – Modeling and Simulation

Reject if 𝑊 𝐶 .
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𝑊 𝑌 𝑌Var 𝑌 𝑌
𝐻 :  Sim Live𝐻 :  𝐻  is false

𝑌 𝑌DATA:

THRESHOLD:

𝑊 𝛽 𝛽 𝑉 𝛽 𝛽 𝛽 𝛽
𝑊 𝑓 𝑓 𝑓 𝑓

How should statistical testing incorporate statistical 
surrogates? 

M&S – Modeling and Simulation

Should these be
- Regression model 

coefficients?
- Response functions (e.g., 

GAM smooth)?
- Average response at select 

factor combinations?

Reject if 𝑊 𝐶 .
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How will we overcome the challenges of modeling and simulation 
validation?
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M&S validation faces many challenges that must be 
overcome

M&S – Modeling and Simulation; T&E – Test and Evaluation

“Minimally adequate” 
simulation studies

Small real world 
samples

Continually changing 
M&S systems

T&E workforce 
statistical literacy Turning policy into 

statistical practice
Operational relevance

Cost
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Small real world 
samples
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We want statisticians to address…

M&S – Modeling and Simulation

… how many observations to 
collect from M&S

… how to best handle binary 
responses

… how to make statistical 
decisions with surrogate models

𝑊 𝑓 𝑓
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