Air Force Institute of Technology

AFIT Scholar

Theses and Dissertations Student Graduate Works

9-1-2019

Sample Size Requirements and Considerations for Models to
Assess Human-Machine System Performance

Jennifer S. G. Lopez

Follow this and additional works at: https://scholar.afit.edu/etd

6‘ Part of the Statistical Models Commons

Recommended Citation

Lopez, Jennifer S. G., "Sample Size Requirements and Considerations for Models to Assess Human-
Machine System Performance" (2019). Theses and Dissertations. 2365.
https://scholar.afit.edu/etd/2365

This Dissertation is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has
been accepted for inclusion in Theses and Dissertations by an authorized administrator of AFIT Scholar. For more
information, please contact AFITENWL.Repository@us.af.mil.


https://scholar.afit.edu/
https://scholar.afit.edu/etd
https://scholar.afit.edu/graduate_works
https://scholar.afit.edu/etd?utm_source=scholar.afit.edu%2Fetd%2F2365&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/827?utm_source=scholar.afit.edu%2Fetd%2F2365&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.afit.edu/etd/2365?utm_source=scholar.afit.edu%2Fetd%2F2365&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:AFIT.ENWL.Repository@us.af.mil

SAMPLE SIZE REQUIREMENTS AND
CONSIDERATIONS FOR MULTI-LEVEL
MODELS AS APPLIED TO
HUMAN-MACHINE SYSTEM
PERFORMANCE

DISSERTATION

Jennifer S. G. Lopez
AFIT-ENC-DS-19-S-003

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



The views expressed in this document are those of the author and do not reflect the
official policy or position of the United States Air Force, the United States Department
of Defense or the United States Government. This material is declared a work of the
U.S. Government and is not subject to copyright protection in the United States.



AFIT-ENC-DS-19-S-003

SAMPLE SIZE REQUIREMENTS AND CONSIDERATIONS FOR MODELS TO
ASSESS HUMAN-MACHINE SYSTEM PERFORMANCE

DISSERTATION

Presented to the Faculty
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
in Partial Fulfillment of the Requirements for the

Degree of Doctor of Philosophy

Jennifer S. G. Lopez, B.Sc., M.A.

September 2019

DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



AFIT-ENC-DS-19-S-003

SAMPLE SIZE REQUIREMENTS AND CONSIDERATIONS FOR MODELS TO
ASSESS HUMAN-MACHINE SYSTEM PERFORMANCE

Jennifer S. G. Lopez, B.Sc., M.A.

Committee Membership:

Dr. Christine M. Schubert Kabban
Chair

Dr. Edward D. White
Member

Dr. Richard R. Hill
Member

ADEDEJI B. BADIRU, PhD
Dean, Graduate School of Engineering
and Management



AFIT-ENC-DS-19-S-003

Abstract

Hierarchical Linear Models (HLMs), also known as multi-level models, are an ex-
tension of multiple regression analysis and can aid in the understanding of human
and machine workloads of a system. These models allow for prediction and testing
in systems with hierarchies of two or more levels. The complex interrelated variabil-
ity of these multi-level models exists in operational settings, such as the Air Force
Distributed Common Ground System Full Motion Video (AF DCGS FMV) commu-
nity which is composed of individuals (Level-1), groups (Level-2), units (Level-3),
and organizations (Level-4). Through the development of sample size requirements
and considerations for multi-level models, this research determined necessary require-
ments and strategies to assess human-machine system performance based requests
for statistical testing and evaluation. This research compares sample size recommen-
dations to previous Level-2 HLM recommendations and extends recommendations
to Level-3 and Level-4 HLMs based on varying effect sizes, level predictor variance,
and error variance scenarios. Depending on the application, results demonstrate that
sample size requirements may be smaller than what literature previously reported.
Further, when sample size requirements cannot be met, this research develops and
assesses re-sampling methods as a means to augment small samples for estimation.
The operational community, DCGS FMV, has a small population of 1,000 and limited
access to analysts. This research provides distributions based on Subject Matter Ex-
pert (SME) opinion for re-sampling methods to the DCGS FMV Level-3 and Level-4
HLMs. These findings provide a foundation on which sample size recommendations
and extrapolation techniques for HLM are made. Such recommendations and tech-
niques with SME input provide simulation based HLM assessments that can give

initial recommendations with limited associated cost, analyst and researcher time,
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and resources. These are initial steps towards advancing the Air Force’s capabilities

and mission understanding for human-machine based systems.
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SAMPLE SIZE REQUIREMENTS AND CONSIDERATIONS FOR MODELS TO
ASSESS HUMAN-MACHINE SYSTEM PERFORMANCE

I. Introduction

The objective of this research is to aid in the understanding of the human and ma-
chine workloads of a system through the development of sample size requirements and
considerations for multi-level models assessing human-machine system performance.
These requirements are necessary to appropriately model and estimate the overall
performance of human-machine systems of organizations at four different levels (e.g.
individual, group, unit and organization). These four levels modeled simultaneously,
are known as a Level-4 model and will be assessed using Hierarchical Linear Models
(HLMs).

HLMs are an extension of multiple regression analysis and can analyze the complex
variability inherent in the multiple levels of organizational structures simultaneously,
accounting for variability both within and between levels. Within organizational
studies, the response of interest (system performance) is associated to the individuals
and the group to which they belong.

The complex interrelated variability of the Level-4 model exists in many settings
including the small population of the Air Force Distributed Common Ground System
(AF DCGS) community, which consists of approximately 6,000 analysts total. This
research focuses on the Full Motion Video (FMV) analysts, a subset of the AF DCGS
community. FMV analysts are a small population od less than 1,000 analysts, even
a census of data may not provide enough information to adequately estimate all the

parameters within the Level-4 model depending on the phenomenon. Sample size



recommendations and augmentations for a Level-4 model is paramount in the design

and analysis of an appropriate study, however such guidelines do not exist.

1.1 Research Objectives

To model and evaluate a Level-4 HLM, such as for the AF DCGS FMV human-
machine system’s performance, the data requirements and collection for the design
and implementation must first be determined. These requirements are addressed by
three primary objectives, which are:

Research Objective 1. Determine the sample size requirements for up to a
Level-4 Hierarchical Linear Model (HLM).

Organizational structures of interest in this research may be modeled with 2-, 3-,
or 4- levels. Although some recommendations exist for Level-2 HLMs, they are mostly
computationally estimated. This research derives the formulas to create sample size
criteria under a variety of scenarios for Level-2, Level-3 and Level-4 HLMs. Results
for Level-2 HLMs are compared to some existing literature and both Level-3 and
Level-4 HLM results add to the non-existing literature.

In order to accomplish the first primary objective, this research assesses a Level-
4 model under the standard assumption of normally distributed responses. Under
various model conditions at all levels, the sample size requirements for each level
of the Level-4 model is determined and based upon criteria of adequate power for
parameter estimation.

Research Objective 2. Develop and assess re-sampling based methods as a
means to augment small samples for estimation in Level-2 and Level-3 HLMs.

When sample size criteria is not met, it is plausible that the existing data may
be augmented to generate a sample large enough for estimation. Assessment of a

re-sampling method will be accomplished by determining the effects of distribution



misspecification as a byproduct of the extrapolation of a small sample to meet sample
size requirements. Similar to Research Objective 1, Level-2 and Level-3 recommen-
dations will be determined. Monte Carlo simulations will be constructed to examine
the effects of re-sampling on parameter estimation and model specification for each of
the HLM levels considered (e.g. group and unit) and the overall system performance.
Note that Level-4 HLM will be addressed through the specific application of interest
to this research.

Objective 3. Demonstrate an application to the notional example of the AF
DCGS community that will focus on utilizing HLM system augmentation of Research
Objective 2 in order to explore the effects of autonomy on the AF DCGS community
Level-3 and Level-4 HLMs. This work will utilize and extend the recommendations
and criteria established in Research Objective 1 and Research Objective 2.

The AF DCGS FMV community application will incorporate known Level-4 HLM
predictor data with simulated novice versus expert analyst distribution error vari-
ance terms. This will help to determine how sensitive the system is to automation-
modifications when comparing novice versus expert analysts in a DCGS FMV Level-3

and Level-4 HLM.

The objectives of this research provide a foundation to develop sample size require-
ments and considerations in order to evaluate measures of merit with respect to the
overall performance of the human and machine workload of a system across different
levels of an organizational structure, especially for small populations. HLM, the sta-
tistical modeling tool and technique, is proposed as the means to develop this analysis
because it can be applied to the nested organizational structures in order to quantify
the interrelated effects of each level of the organization on system performance. Re-

search Objective 1 will define appropriate sample size requiremen